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PREFACE

These proceedings contain the papers to be presented
at the "IV European Conference on Controlled Fusion and PLas
ma Physdics", which will take place in Rome, Italy, from 31
August to 4 September 1970. The Conference is the fourth in
a series of which the previous three took place in Munich
(1965) , in Stockholm (1967), and in Utrecht (1969), and the
first to be organized by the European Physical Society (EPS)
through its Plasma Physics Division.

The papers have been selected for presentation by the
Paper Selection and Programme Committee. The responsibility
for the contents of the contributions‘(received on 1 June 1970)
is exclusively that of the authors. In the proceedings, the
papers have been arranged in groups of related subjects, re
flecting the order of their presentation.

Sincere thanks are due to the authors for their co-op

eration.

The Organdizing Commitiee,

Frascati, 18 June, 1970
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TOROIDAL CONFINEMENT (THEORY)

Invited Leeture

COIICLUSIONS OF TIE TRIZSTS “WORKSHOP® O TIZOXSTICAL
PLAS'A PIYSICS

B, B. Yadoptsev*

Intemutima} Centre for Theoraetical Physics, Trieste, Italy.

ABSTRACT. A short review of the rain resulis of the plasma physics
group at ICTF is given, Both papers and results of discussions are
included.

The main topies of the work and seminars of the plasma physiocs group
during April-August 1970, were toroidal plasma confinement and
non-linear phenomena in plasmas.

Goneerning toroidal plaoma cenfinement, many related problemc were
gonsidered, namely egquilibrium and diffusion, instabilities and
cooperative phenomena. In addition to the usual diffusion in rare
plasma, the effect of plasma compression by longitudinal eleciric
fields in torecidal discharges was investigated. It was shown that
in the case of very low collision frequencies, so-called banana and
plateau regimes, the plasma compression is very effective so that
it dominates the diffusion at 4, = #mp/87 <1.*9) This result is

in qualitative agreement with the experimental data on Tokamik-3
concerning the very long time of particle confinement. Probably
better understood is the ion heating process on Tokamak-3 which
can be explained on the basis ef the usual electron-ion energy
exchange and neoclassical ion thermoconductivity. The mechanism

1 of drift temperature instability may also be involved. But the
problem of electron thermoconduction is not solved uniquely. It

‘ follews both from the analysis of energy balance and from the over-
heating instability that electron thermoconductivity is considerably
higher than olassical thermoconductivity. One possible way to

explain this effect is given by trapped electron instabilityj there
| may be another possibility which would be coupled with the anomalous
‘| resistivity cooperative phenomena.

| *) On leave from XKurchatov Institute of Atomic Energy, Moscow, USSR.

“ ##) fThis effect was considered independently by Caleev and Sagieev at
Novosibirsk.

|‘ Different types of toroidal plasma instabilities were considered.

I‘ In particular, a more refined theory of instability of trapped

| particles was developed, It was very nice to learn that, predicted
purely theoretically, trapped particle instability has recently

| been discovered experimentally on the spherator device. More

i detailed theory of flute type instability on tokamaks, both with

circular and elliptical cross-sections, was developed. Some

specific problems of anisotropic and rotating plasma diffusion

were also considered.

The detailed thwory of the cone and drift—cone plasma instabilities
which takes into account the longitudinal inhomogeneity of a magnetic
field was given, It shows that the restriction on longitudinal
dimensions of adiabatic magnetic traps are more severe than was

given previously. But, at the same time it shows that restrictions
on the radius of the adiabatic trap is not so severe as was

previously believed so that some discrepancy between the theory of
the drift-cone instability and the experimental data was overcome.

¥uch of the effort of the plasma group concerned investigations of
different types of cooperative non-linear plasma phenomena. A new
approach to the problems of plasma turbulence was suggested. It
takes into account the two-particle correlation in its motion which
corresponds to some sort of coherent motion appearing as macro-
particles or "clumps." These clumps behave like new particles with
great ohargej they can gemerate waves and interact with each other.
At a strongly turbulent situation they can axplain the anomalous
repistivity; at beam-plasma interactiion they make a qualitative
explanation possible of two-exponential type elactron distribution
at the final state. The different types of anopalous resistivity
and some approaches to strong turbulence treatment were discussed.

The participants of the plasma group also invesiigated and discussed
many problems such as wave propagation, interaction of waves with

plasma, and non-linearwave interaction,

All participants of the plasma group are grateful to Professor
Abdus Salam and the International Atomic Energy Agency and UNESCO

for hospitality at the International Centre for Theoretical
Physics, Triests,

—
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ZFFECT OF LONCITUDINAL ELECTRIC FIELD ON TOROIDAL DIFFUSION
by
P, Rutherford, L. Kovrizhnikh and K, Rosenbluth
“International Cenire for Theoretical Physics, Trieste, Italy.
ABSTRACT: The driving toroidal electric field in tokamaks is shown to lead to
a significant pincking effect. For [ 1 this pincking is more rapid than
outward diffusion in the banana and plateau regimes.

1) that the driving toroidal electric field in

tokamaks produces a much larger drift than the usual M/Bzz EBEIBZ. He
employ the ummal toroidal co-ordinates with concentric circular flux surfaces

It was pointed out bty Were

of radiue r, & measuring the azimuthal angle round the magnetic aris and ‘#tbn
azimuthal angle round the major axis, The major radius is R = HD + r cosf,
and B/a¢ = 0, WaTe reasoned that if cne looked at trapped particlas and usad
the conservation of angular momentum

a-;-JE(RmV”-PReAﬁ) =0 (1)

then, since v, vanishes at a particle reflection point, it follows that over
many bounce periods

;ERA, =+ 2RA, + RYY - -iRE,-ER -0

oo that

: £, E B,
= -t 22 (2)
B, B

This somewhat surprising result may also be understood by noting that the
azinuthal electric field acts like a G-varying static potential for the trap-
ped particles. Hence the "bananas" are displaced and mow have an up=down
asymmetry. Due to this maymmetry the usual magnetic radial drifts no longer
cancel and e simple calculation of the effect yields eg.(2)., However, this
simple picture im not adequate since the effect of the electric fisld on
untrapped particles is rather complex. More important, the collisional frictiom
between particles perturbs the orbits in a similar way to the slectric field.
Since the equilibrium Tield necessary to drive the current must bs of the
order of the frictional forces, & melf-consistent solution of the problem
muat be sought,

We start from the Vlimsov equation in the guiding centre limit:

o e o of _
Ve = + —E =2+ ooVt = C() (3)
Ll Wy
Here v, 1is the ugual magnetic drift, v = {2(€=B) is the velocity
parallel to the magnetic field, f‘o is the Maxwellian distribution and
tl(e,p.t:) the perturbed distribution induced by the elsctric field and
collisional effects; E(fl) represents tbe collision cperatorj n-V indiocates
a derivative alorn~ the magnetic field taken at constant energy £, mnd
magnetic mement y . From eq.(1) we may write

m
i * ®E, 2V OR) (

The surfece aversged radial flur is now given by

e ™ ‘R:': <Rf".¢.-’c. "%’> (5)

where < ) denotes en average over @. Using eq.(4), integrating by parts on
§, and substituting for n.Vf from eq.(3) (with ara/ar = 0) we obtain for the
flur due to the eleotric field

2 }F 3
r .. _]...<R [v”[.e_E hal T C(ﬁ,]dv) (6)
v eRB, R, moP v,
This expression immediately shows the flux to be ambipolar, It will then
suffice to calculate the electron diffusion and to use only electron~ion

collision terms in eq.(6). We must now solve eq.(3) for f,., We ume &

Lorentz collision operator

v A
C(m = Z%"V'”%f“fm% 1)

The caleculation now proceeds in the usual way, Thus in the low collision
frequency (bansna) limit the dominant term in the equation is v"n-Vfl.
Thie yields to lowest order MI/BB = 0 and to next order by averaging over
@ we obtain an squation for dstermining Ty (Eyp)s The solution iz

£/Bran
‘F - e E; 'E, B! Jt
! y T o <"ﬁ)

O (trepped particles) (8)

(untrapped particles)

"

f

The averages of v, are expressible in termn of elliptic integrals for the
tokamak geometry, and substituting into eq.(6) we find for the flux, after
rmumerically evaluating the u integrals

Moo= -6 28(2 A
v 8, (R (9)
The minus sign indicates an inward fluz, Note that the result is roughly
equal to that which would be obtmined by multiplying Ware's Arift by the
fraction of trapped particles, However, if we examine the flux in detail
wa find that it does not come from trapped particles but mostly from the
boundary layer betwesn trapped and untrapped particles. Evidently in this
region of velocity space a large unbalanced collisional friction exists
leading to & large modification of the orbits and particle diffusion.
It should alsc be noted that the displacement of orbits lesds to a large
charge separation and hence a self-consistent potential. However, it is
easily shown that introduction of this polential and the drifts resulting
from it into eq.(3) does not modify tha flux,

Finally, we note that if we had kept the first term in eq.(3) rather than
the second as the driving term,we would have recoversd the usual banana-
diffusion result, Hence it ie simple to compare the flux due to eleotric

field with the usual diffusion flux, Neglecting electron-electron collisions
(and the possible role of anomalous resistivity) we obtain

r!‘u"r‘s / I;:H-r;... I 2/ Be . (0)

whars pa- E“pcentrq/afmfma' Under the usual conditions of tokamak
sxperiments geg 1 and we might expect an inward flow of plasma. However,
it must be pointed out that both the sxperimental time scale and the time
scals for thermal diffusion are shorter by an order of mmgnitude than the
time scale for particle diffusion discussed hers. L
Finally, the above-described calculations may be parformed for other
collisional regimes. In the "platesu" regime eg.{10) remains spproximately
valid, while in the hydrodynsmic regime the effect of the elsctrio field:
‘becomes small although the details of the transition are not yet olear.

1t has been pointed out to us by L, Artsimovich that similar results have
recently been obtained by Oaleav and Sagdeev,

REFERENCE

1) A, Ware, Sherwood Theorstical Meeting (Princeton, April 19‘1'0).
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Classical Diffusion in Tokomak

W. Feneberg, Institut flir Plasmaphysik GmbH, B046 Garching
near Munich, Federal Repupnlic of Germany

abstract: The mass flow perpendicular to the magnetic surfaces
is calculated for rotational symmetric systems .The influence
of an induced electric field on the classical diffusion is
included. The formula will be simplified for a special self-
consistent Tokomak case with magnetic surfaces of nearly
circular cross section. It will pe shown that a stationary
equiliorium with vanishing mass flow has no physical meaning
for realistic Tokomak conditions.

The influence of an induced electric field produced by ohmic
heating in a toroidal discharge has not been taken into account
in the work of Pfirsch-Schliiter on classical diffusion [1]. The
effect of this electric field consists in an additional E x B
drift which decreases the classical diffusion. If we want to
calculate this effect we must start with the magnetohydrodynamic

equation

=_-§5[Vpx§]+}.'d’ suim i w )

From the condition PZ = 0 there results the differential
equation for ,2,

9L9r 91 9r _ _ 2cedpor
Qg 92 920 RdF?e

which is to be solved by the general solution:
2
s MEEL FhE s
A--% 5k * A, e ()

Here we have used cylindrical coordinates (§, @, z), with §
the distance from the torus axis, © - the direction of the main
magnetic fial@ BE = Bc ; . R - the distance of the center of
the discharge vessel from the torus axis, z - the distance fmm
the torus plane. We shall also introduce a system of polar
coordinates:

z = r sind

§-R=-rcos TEELES & W)

It is known that the magnetic field can be generated by a
scalar function F [2],

bo--k3E. 5 -2 g (s)
where the lines F = const coincide with the lines p = const.
The contribution of the magnetic field of the diamagnetic
currents to the main magnetic field B@ is neglected.

f=]
PQ = Bg’ &1, p - the plasma pressure — - - - — (6)
B
o

Bﬁ 1/2

In eguation (2) the assumption was made [Bf= [Bgf1—5) "2 !th
B
e

2 2
where B: = ;—2(@%) + %(gg—) ). This assumption is not used

in the following equations.
The free function .lo(F) is determined by Ohm's law:

?+%[ xa‘}-—(-iz—[vpx'ﬁ_]+%l?)+5:—evlp S

Ohm's law in this form can be received only for constant
temperature.
(That means: U - Mass velocity, n - particle density, e -electron
charge, m - electron mass,l - electron-ion collision time.)The
difference between the conductivity parallel and perpendicular
to the magnetic field is taken into account by a factor 2.The
electric field ..E p —|7¢ . 1’3“
cJc
consists of a scalar field in the meridional (g, z) plane and
the induced field in direction-e.

If we multiply equation (7) scalar with

~==eo=—(8)

(9)

wi Lo|=

and integrate over a
magnetic surface F = const, we obtain:

AlF)= = dp
B

RAF T _ifar)?
: )*31('—':) eld

= - e f10Y

Zue,,t 1__

n J] 1

el 1,9
-J()_J v ol

The formula for the mass flow M is obtained using the vector
product of equation (7) with B

/- 171 4
H= J(“ '/m)l /or/

2 P o ~
- ame LA 2 San)- MR oir) gy,
3R
with

€‘rd> AF e’r  dF
(o2 "aof o2
i J,g_,o,a - J%% Hﬁ) S/ /

oF oyt
ls¢l ”’(;T’) old

( IGE ol iy
Tt ()

The first tem A(F) accounts for the classical diffusion in a
straight cylinder, the second term B(F) contains the Pfirsch-

Schliiter diffusion and the third temm C(F)gives the contribution
of the electric field.

In the following now we shall look for a special simple Tokamak
case. The Maxwell equaticm for the meridional magnetic field is;:

?ﬂ‘fﬁ--a—‘bg s o = )

This equation will be solved in the approximation of a high
discharge current.

2 -
- Lue T Iu-lrtg R
A E = —
e L] e " L1
(14)
We apply a homogenecus vertical magnetic field
2
B_Jq s s & % == (18)

T TR §*
(J - total current, a-plasma radius) and obtain the solution
for the magnetic surfaces:
2 2
F= (Jf—-—x (em)) x= X, o= drust Rk
6 & mc

(16)
In this configuration with nearly circularly shaped surfaces
we can use a si.mplified expression for the mass flow:

__'merr_- hLg E?-F'nl. L o
g e 87 Y ) 8 63) TR --an

For M = 0 it follows for the density profile:
I (1_ rrt e, ner B,
= . e T e e S
2u, 107 J6 Rme &T (18)

For the conditions realized in T-3 we have - = 103,that means

that the electric field in realistic cases i too small to
prevent the plasma diffusion. An interesting stationary stage
with M = 0 can be achieved only when a temperature gradient
is considered IB. 4].

References

1 Ppfirsch, D., Schliiter, A.: MPI/PA 7/62

2 Lilst, R., A. Schliiter: Zeitschr.f.Naturforschg.l2a,850(1957)
3 shafranov,V.D., Reviews of Plasma Physics, Vol. 2,p.l145

4 Feneberg, W., IPP 3/B4

This work was performed as part of the agreement between the
Institut fiir Plasmaphysik GmbH, Munich-Garching, and Euratom
to conduct joint research in the field of plasma physics.
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Plasma Equilibria of Tokamsk Type

H.P, Zehrfeld, B.J, Greenm, Institut flir Plasmaphysik GmbH,
Garching near Munich, Federal Republic of Germany

We present a general formslism for the description of an axisym-
metric plasms eguilibrium. This is s model for the steady operas-
tion of a Tokamak device. We use the hydromagnetic equations ta-
king into account effects such as tensorial resistivity snd fi-
nite thermal conductivity. The reformulstion of this set leads
to an equivalent set,including the generslisation to toroidal
geometry of the Bennett-Finch relation,and an expression for the
resistive plaesma loss which shows explicitly the effect of the
discharge current. This mathematically concise presentation of
the full resistive equilibrium problem is appropriate to practi-
cal calculations. As an example we consider a steady state on
the resistive time scale and for the casse of small inverse as-
pect-ratio calculate the plasme displacement, and the radisl
distributions of all equilibrium quantities.

To describe the stationary staste of & Tokamak plasma, we use the
following MHD equations in M.K.S. units and standsrd notation

rotB «B = . p . 1)

dwB=0 " (2)
EryB-mg ; E--Vp-537s (3)

diwpy = Q (4)

divegy = 4k} - plvy + danr(kVT) + Qg ()

m-nl- (m,~ BB/ (&)

The expression for E follows from the assumption that there is
no time variation of B in the plasms region. U is the ring volt-
age, § the angle about the axis of symmeiry and e the specific
internal energy. To complete the system we add the idesl gas
equation of state. We assume that the temperature T is constant
along field lines. We imagine that the plssma is enclosed in an
ideally conducting conteiner.

The following observations should be made:

(1) We consider a stationary state, by which is meant that the
time variation is slow enough to neglect all partial deriva-
tives with respect to time.

(2) The plasma losses due to ion-electron collisions, as descri-
bed by the resistivity m are balanced by & plasma source Q.

(3) In the stationary state under investigation, plasmz flows
ere retained but are such that inertia effects are negligi-
ble.

The usual description of an axisymmetric situation is carried out

with the use of cylindrical coordinetes. The introduction of flux

functions lesds to a more elegant and convenient description(1].

We employ for B and j the fluxes the "long" and "short" way,

where each flux is evaluated in the sppropriate direction bet-

ween the magnetic axis and & megnetic surface. We casll the mag-
netic fluxes the long and the short way F and G respectively.

The corresponding fluxes of j, the currents, we call I and J. By

their definition, the equations used and the assumption on T,

®,G,I,J,T, p and @ are surface quantities. The labeling of msg-

netic surfaces can be done in terms of any one of these, we usu-
ally emplpy the poloidal magnetic flux G and denote derivatives
with respect to this variable by a dot.

A straightforward analysis revesls that the basic equations can

be rewritten in the follnying form

dm)% +/}2—’:\ +‘r:|:',u.,p =0 0

KL= AN = m . (8)

fedih +pV-0 ®

gg’d-!,'-ﬂ M- 19pl 4 -, DA ids WO ]?.W'} 10)
- 52

p - gkT/m ' wl

C Ay i - &7 & ((ivara) + o e (12)

(7) is tne fundamental equilibrium egustion. (&) is Onhm's law
in the flux formulation and (9) is the differentisl form of the
Bennett-Pinch relstion in the toroidal csse. Trke last twe egus-
tions express mass and energy bslance. The quantities needed to
explain this system we list irn the following lines

B- z"i(vnge r/\V‘i} 5 =,u.(3r3} (1%)
terngISh L v
M = §ou-d R L

Flz)=F

R is the distance from the 2xis of éymmatry. We note that the
determinaticn of the six quentities G,A ,I,p, T &nd g from (7)
to (12) determines the flows, so that the velocity v consists
of two parts

g-ﬁ*(%—%ﬂ}B* %5“"6 (18)

(1) ¥, which is calculable from G, A and ¢, end (Z) the remain-
ing part, which is divergencefree and everywnere tangent to the mag-
netic surfaces. This part depends on srbitrary surface guant:-
ties yg and {f; , which come from the integration of two magnetic
differential equations.

(10) is the expression for the resistive plasme loss and is ma-
de up of three different terms:

(1) the so called "Classicsl Diffusion" term iovolving j,,

(2) the correction due to toroidicity, first derived by Ffirsch
and Schliiter[2]. By Schwarz's ipequality this term can quite
generally be shown to be always positive,

(3) a new term, involving the rin, voltage and always negative.

The structure of the derived set of equations suggests the fol-
lowing procedure for en approximate determination of 2ll equili-
brium quentities. Leaving for a moment the equilibrium eguation
(7) out of discussion, closer investigation of the remaining re-
lztions shows that the prescription of eny family of nested to-
roidal surfaces G=const. ellows the celculation of the surface
quantities I, J, p, ol and T by ordimary differential equations.
However the question now 1s do the solutions so found, satisfy
the equilibrium condition! Certeinly they de not on average
violate the equilibrium condition, because (9) is (7) averaged
over & magnetic surface. But this does not svoid local viola-
tion of eaguation (7).

What is possible and what we propose, is to choose & family of
surfaces, in other words & coordinate system, which anticipates
the expected geometry of the magnetic surfaces and which is
provided with largely arbitrary built-in functions. After sol-
ving for the surface quantities we can use the built-in func-—
tions to modify shape and position of the magnetic surfaces in
such a manner that the approximation with respect to the equi-
librium equation is as good as possible.

As an example we have done this for a large amspect-ratio torus
and for the special csse of no mass and energy sources.

The results will be presented.

This work is part of the joint prograsmme between IFP and Euratom.

(1] M.D. Krusksl, R.M. Kulsrud, Phys.Fluids 1 , 265 (1958)
[2] D. Pfirsch, A. Schiliiter, MPI/PA/7/62 (1962).
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PLASMA DIFFUSION IN TOROIDAL SYSTEMS
WITH ANISOTROPIC PRESSURE

+) 6t)

( "
M. Dobrowolny and 9. Pogutse

International Centre for Theoretical Physics, Trieste, Italy.

Abstract: The problem of resistive diffusion of a plasma with
anisotropic pressure in a toroidal system is considered. The
diffusion decreases, with respect to the isotropic pressure

case, when > and increases in the opposite case,
P> B

It is well known that collisional diffusion of a plasma in to-
roidal systems exceeds that in a similar straight device, The
enhancement factor is due to the combined effect of the toroi-
dal particle drifts and finite resistivity along magnetic field
lines and was first calculated by Pfirsch and Schllter / 1 /.

* We investigate here how this toroidal effect is modified in a
plasma with anisotropic pressure, Such anisotropy is actually
present both in toroidal machines with Joule heating (Tokamak's
for example) where g > p_ / 2 / and when electron cyclotron
resonance is used to heat the plasma (then P> p“).

The basic equations of our calculation are
(1)

(2)
(3)

=+
where the pressure tensor P is assumed to be given by
1P), =5 (B - R —{iiﬁ
T B MR e M ARTE (4)

(+)} = On leave of absence from Labaratori Gas Ionizzati (Ass.
EURATOM-CNEN) - Frascati, Italy.

(%) - On leave of absence from Kurchatov Institute of Atomic
Energy. Moscow, USSR,

and the other symbols do not need explanation. Several authors
have examined more complete fluid equations, in the isotropic
pressure case, including ion inertia and viscosity in Eq. (1),
electron pressure gradient in (2) and allowing also for a plas
ma rotation due to a radially directed electric field / 3, 4 /.
As it has been finally concluded / 5, 6 / that when all dissipa
tive terms are correctly taken into account, only small correc-
tions to the Pfirsch and Schlliter result are obtained in the ca
ses which are more interesting experimentally, we restrict our
attention here to the simpler equations (1) - (3).
These equations are applied to an axisymmetric toroidal system
with large aspect ratio(e = ﬁ-%j) where r and R are the minor
and major radius of the torus, respectively). In the usual to-
roidal co-ordinate system, with the element of length given by
ds2 = drz * r2d92 + (1 + € cos 9]2 dzz. the magnetic field can
be taken as

3 = (0, EE[xJ,ED:t-ﬁ 03 8) (5)
with BO = const and —gf—e i, All quantities can be expanded in
the toroidicity parameter £ so that n=1%lﬂvaﬁr:ﬁl,¢‘€$tr.91. ete,
The final quantity to be calculated is the foroidal contribution
to the diffusion flux across a magnetic surface which can be sim
ply obtained from

E oo oy %
& 1,‘*"‘0 =21

IB
25 s
where< >= 30 f de and the factor 1 +¢ cos ® is the element of

1dd ., (6)
T a8 (teecosdl >

area per unit iength in toroidal co-ordinates, The total diffu-

sion will be given by

=gt . (7)
1 T Tetass
where q is the radial average flux in a plane cylinder,
class

Multiplying scalarly Eq. (1) by B we obtain for the toroidal cor

rection to parallel plasma pressure

OB, B, .—_:E4 z % L, 28l 4 8
35 R R g 5 T o R’ TE " o

where, using (5) and supposing an adiabatic law 45%4 = const
n

(7 = 1 for the isothermal case), we obtain for the density cor-

rection

Lo " Puo

L -—;-E:j—w-cosﬂ 3 (9) ,

n-=

The parallel component of Ohm's law (2) together with (3) gives,
after some algebra

4 4 dh A ul d
TET YR CTei T w, r (0t Agdesfe (e

Using (3) and (10) in (6) and (7) we finally get

d
9= 03 (Po*Pig? (11)
where
5-D L.fEI:EL_] A 2o, 7'
P FRg PR .t_sa‘ o, (hﬂ". e b (12)
Dps is the Pfirsch-Schliiter diffusion coefficient, ¢ being the

rotational transform, The quantity, 2+

Pig = Pus
AiQAE——l now represents
o

the additional correction factor to the Pfirsch-Schliiter result,

related to pressure anisotropy. Since all plasma quantities have

been expanded to first order in e, it is clearly valid only for
¥Pup
Pio

ical reason for it, The additional contribution to diffusion re:

» €. The derivation of the result itself shows the phys-

lated to pressure anisotropy arises because, for p, # £, contra
ry to the case of isotopic pressure, surfaces of constant densi
ty are displaced with respect to magnetic surfaces. When p > p,,
the plasma is displaced towards regions of stronger magnetic
field, so that particle flux outwards dominates over inward flux,
In the opposite case p, > p, the inverse situation occurs, These
tendencies clearly appear in our result., On the other hand, it is
seen that, for small pressure anisotropy, the Pfirsch and Schlll-

ter diffusion is not appreciably chauEEd(*) <

(%) This differs from a result found by Wimmel / 7 / in the low
density collisionless regime.

We have thus pointed out a new physical effect associated with
pressure anisotropy, contributing to radial resistive diffusion °
in toroidal plasmas,

Acknowledgements: The authors are grateful to Prof, B,B, Kadom
tsev for useful discussions. They wish to thank Prof, Abdus
Salam, the International Atomic Energy Agency and UNESCO for
hospitality at the International Centre for Theoretical Physics,

Trieste.

References

/ 1/ D, Pfirsch and A. Schlliter, Max-Plank-Inst, Report No.
MPI/PA/7/62 (1962) (unpublished).

/ 2/ A, Bobrovskii, N.D. Vinogradov, E.N. Kuznetsov and
K.A. Razumova, Zh. Eksperim, i Teor. Fiz. (Pisma) 9, 281
(1969).

/ 3/ T.E. Stringer, Phys, Rev, letts, 22, 770 (1969).

/ 4/ M.N, Rosenbluth and J.B. Taylor, Phys. Rev. Letts, 23,
367 (1969).

/ 5/ A,A, Galeev, JETP Letts. 10, 225 (1969).

/ 6/ 0,P, Pogutse, to be published in Nuel. Fﬁsion 1970.

/ 7/ H.K. Wimmel, Inst, for Plasma Physik, Garching, IPP 6/78
August 1969,




TOROIDAL

Tnvited Lecture
NUCLEAR FUSION REACTOR DESIGN-A REVIEW
by
M. Kristiansen and M, 0, Hagler
Plasma Laboratory, Department of Electrical Engineering

Texas Tech University, Lubbock, Texas, 79409, USA

Abstract: Reasons for recent interest in fusion reactor design are
discussed, The various efforts and studies underway, particularlv in the
USA, are described, I'rhe most significant results to date and the most
apparent needs fer further research are summarized. An appraisal is made of
the current state of fusion reactor development and possible development time

schedules are discussed.

Motivation: Since the last IAEA Conference on Plasma Physics and Controlled
Nuclear Fusion Research at Novesibirsk, USSR, in August 1968 there has been
a considerable resurgence of optimism for the future of thermonuclear fusion
reactors. This optimism is based on experimental evidence, presentad in
part at Novosibirsk, that plasmas dclnot necessarilv diffuse across the
confining magnetic fields at the relatively fast Bohm rate (v1/B). Such
evidence, consisting of significant improvement in confinement times in
several countries rather than a single major break-through, indicates that
under certain conditions, the diffusion rate across the confining magnetic
field may approach the relatively slow classical rate {‘\-liﬂz). Additional
interest has been stimulated by the advantages fusilon reactors offer over
fast breeder reactors in terms of environmental and safety factors, These
advantages Include potentially high thermal efficiency, non-preoliferation
of weapons grade materials, inherent safety from nuclear explosions, negli-

gible after heat, and relatively low inventory of radicactive material,

Summary of Activitfes: Early fusion reactor studies in the USA were con-
ducted by Professor D, J, Rose at MIT, Dr, R, G, Mills at Princeton Univer«
sity Plasma Physics Laboratory, and Dr. F. L. Ribe at Los Alamos Scientific
Laboratory, The first Internatiocnal conference on Nuclear Fusion Reactors
was held at Culham Lahou'aénry in September, 1969, and was followed by a
very successful Working Study Week. Approximately 50% of the papers at this
conference were from the USA, U5% from the U.K,, and the rest from the
Federal Republic of Germany, France, and the USSR, These percentages give a
fairly correct picture of the relative interest in the varlous countries at
that time, The European interest has apparently increased since that time
and several countries seem to be planning larger study efforts. The USAEC
has also conducted several informal fusion technology meetings over the past
11/2 - 2 years, In June, 1970, a Symposium on Fusion Reactor Design,
designed to stimulate Interest In fuslon reactor design problems, was co=
sponsored by the USAEC and Texas Tech University with participation from
several national laboratories, industry, foreign countries and different U.S.
universities [1].

The four USAEC supported naticnal laboratory plasma research groups at
Los Alamos, Mew Mexico; Livermore, California; Oak Ridge, Tennessee, and
Princeton, New Jersey are all now carrying out limited design studies.
Several U.S. universities are also engaged in fusion reactor studies,
including MIT, University of Wisconsin, Texas Tech University, and others.
The USAF, NASA, and several universities are giving consideration to the
use of fusion reactors in space [1]. The U.K. apparently is continuing its
efforts indicated by the Culham Conference and the Federal Republic of

Germany is at least considering an increased effort in this area,

Studies and Problem Areas: The various desipgn studies conducted to date

CONFINEMENT (THEORY )

have made a hold assumption, namely that the plasma stability problem has
been solved, Very little consideration has been given tn specific problenms
in how to stabilize the plasma, except in some cases to allow for pouer
consumption to provide feedback or dynamic stabilization.

In spite of ignoring the stability problem and in spite of the various
assumptions of continuous versus pulsed and toroidal versus mirrar reactors,
certain basie features and troublesome problem areas are becomin: apparent,
It appears that fusion reactors will necessarily be quite large. A commonly
quoted figure is 5000 MW(t). A D-T reactor will be an efficient tritium
breeder. Experimental data on wall damage, both due to neutrons and
charged particles, are insufficient, MNo satisfactory solution has been
suggested to simulate the intense 14 Mev neutron flux frem a D-T reactor,
Unless turbulent heating or shock and compressional heating is successful
the heating problem appears to be extremely severe, There are no apparent
easy ways of incorporating auxiliary heating structures, such as °F coils,
into the reactor design. Injection of fuel into an operating reactor is
another major problem, Theoretical calculations indicate that the enly
feasible scheme may be pellet injection, Even assuming that rsutral particle
or ion injection will succeed in penetrating into the interior o! the
reactor one is faced with truly impressive requirements on beam flux and
energy. Many researchers are actually mors worried about heating and
injection problems than stability problems,

Several very clever ideas and concepts that have caused much discussion
and interest include, among others, the direct energy conversion scheme
proposed by R, F, Post, the "Fusion Torch" proposed by B, J. Eastlund and
W, C, Gough, Urban Complex Design proposed by A. P, Fras, Vacuum Wall Tree
Blankets Using Heat Pipes proposed by R. W. Werner, and Cryogenic Enerzy
Storage proposed by F, L. Ribe, In the space allotted, proper credit

cannot be given to all the interesting and clever ideas that already have

resulted from a very limited study effort,

R dations and Conclusions: Whether or not fusion reactors can

successfully compete with fast breeder reactors depends on the final analy-
sis on the econcmics of the two systems. It is very clear, however, that
any meaningful economic analysis must include future cost factors due to
environmental and societal considerations. The econcmic analyses conducted
so far have largely been carried out by engineers and scientists and not by
professional economists. Environmental and societal factors have usually
been ignored, This cmission gives reason for considerable concern and it
appears that any truly meaningful economic evaluation must be performed by
a team of engineers, scientists, economists, ecologists, sociolog’sts,
lawyers, and others, Some of the most critical technologpy research areas
are: plasma heating, fuel injection, wall damage, direct energy conversion,
eryogenic energy storage, blanket design, and heat transfer,

If fusion research is continued af the present world wide effort, a
successful, on-line, fusion reactor will not be built in this century, If
environmental, political, or societal considerations make the development
of fusion reactors a national or international priority then planmed,
accellerated funding can speed the development up so as to provide such a
reactor in less than 20 years, A "scientific feasibility" experiment will

probably be reported within 5 vears even at the present level of effort.
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thstract: The problems of resistive diffus:on and themmal conductivity

of a rotating torcidal tlasra are considered. It is shown tkat tke co=
efficient of tkermal conductivity is strongly decreased in the case of
sufficiently larpe collision frequency, A large transverse electric
field is prosented in thke plasma and its direction depends on the collision

frequency.

#e consider the problem of classical diffusion of bydrodyramical plasma
in mmx‘d.l systama taking into account its azimuthal rotation (EBtringer's
affnctl‘?. In contrast witk works of Posenblutk and Taylor 2 and

1)

Caleev we use the complate system of Lydrodynamical equations, in=

cluding tke heat—balance ecuations:

% =- divnB. = - dionT, 1

min %LE +VPL=M(E*%,U‘"EJ)‘M;*‘D“’R‘"EH (2)
qP,,_=—m(é*ir_I;:§ﬂ ““"‘{F *ETJ (3)

o &8 2t - b .
%,.L C_l-d% +F,_J.iu§‘ = divg,. (5)

In the continuity Egs.(1), the ion and eleciron densities are mssumed to
be equaly Eq.(2) represents the equation of ion motion; Fl is the vis-
comity tennmory Eg.(3) is the equation of electron moticn, where wo
neglected slectron ineriia and viscosity; Eqs.(4) and (5) represent the
heat-talance equations; dj/ﬂt = Bfat -+ VJ V'| o= Ez"ts/“a iam the

plasma conductivity, H‘I‘ is the thermal force, qj is the thermal flux.
In the viscosity tensor we take into nccoE'nt only the magnetic viscosity
and the lengitudinal ion viscosity q"VE V., + The thermal fluxes in=-

* On leave from Kurchatov Institute of Atemic Energy, Moscow, USSR,

1 T
cluds arift hest flures 285 (v 1] and longitudinad vest

Qa. =
i . nJEE
fluxes Uy = -I’.” Vn Tj .

The system (1)}~(5) gives the poseibility of taking into account some

effects not considered in the previous papers 2),3)

and very important

in this problem, For example, in contrast with Ref.2, we take into
account the effect of parallel viscosity, which im much larger than that
of transverse viscosity considered in Ref,2; longitudinal ion snd electron
thermal conductivity and displacement of the surfaces T. = const from
magnetic surfaces, In contrast with Ref,3 we take into account iom via=
cosity and thermal conductivity mnd displacement of 'I':l = conpt Bur=
faces from magnetic surfaces,

The syntem of equations is solved by a perturbation technique in which
all quantities are erpanded with respect tc the inverse aspect ratio

L =r/R (where r is the radius of a given magmetic surface, B the
major radius of the torus). To simplify thke calculation we introduce
three assumptions: 1) no zeroth order current igg = 9 2) the lengitu=
dinal thermal conductivity 'x“ is very large so that we oan erpand all
quantities in 1,'!_ - Thic ssouwption is valid only in the weakly
collisional case qR/AZ ('i/ma% (where q = RB:’“B » B, is the
toroidal component of the magnetic fieldy By is the azimuibal magnetic
fieldy X is the particle mean free path; 3) the larmor radius of ioma is
smalls: Pj/r « Bs/ﬂz s

With thkese assumptions the flures of particles and heat due to toreidicity
osn easily be calculated, These fluxes are functions of the rotational
velocity 5 -(E. x W}!a . In order to determine this welocity we

derive an additional equation (amalogous to that used in Ref,2),

The results of the calculation are best shown in the following diagrsm
(Pig.1)s

J=pg?

D’

: 1 L ke =
TR e %

B

'
- i PR ®,
For all the region of validity of our treatment 1< B}—i‘i(P—r:E (——'-)i &
b m
[ B e

tkere is a stable rotating state with velocity of the order of the drift
B m, y\
+ . R T Fa 0 .
velocity. When ].(9-; < A i (E)" , this rotation is determined
L
by ion longitudiral viscosiiy ané thermal conductivity; in ibe case
%0 - B r 28 /% ;L
o ol 3R o [l stable rotation ia determined by tle
[ >y P B m L
z L’ (1] z a
electron parallel thermal conductivity. The toroidal correction to the
coefficient of ion thermal conductivity is strongly dacre'asad, vhere

-“f‘- b ?:r 52 . In ihis case we have the ordinary expression for a
L

cylindrical plasma. The coefficient of diffusion within a factor ~2
is constant in the entire region considered, In the cass where the
temperature gradient is of the order of the density gradient, a large
transverse electric fisld exiata, This field in the region

By m.\E
1< 9:\1-!- < ?r. e is (--J*) times lerger than the Pfirsch Schluter field,
. 3 .
The direction of this field depends om the collimion frequency as is
shown graphically in Fig.l.
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CLASSICAL DIFFUSION 1IN AN AXISYMMETRIC TOROIDAL
PLASMA FOR ARBITRARY COLLISION FREQUENCIES

by
-T.W. CONNOR and T.E. STRINGER

United Kingdom Atomic Energy Authority,
Research Group, Culham Laboratery, Abingdon, Berkshire, Enzland

Abstract: Expressions are obtained for classical diffusion in an axisym-
metric torus, valid over a wide range of conditions which includes the
interuediate and highly collisional regimes., Various limiting cases are

considered and the ambipolar condition discussed.

Introduction: Classical diffusion in large aspect ratio, a"l, ax1sym-
metric torii has previously been discussed in certain limiting cases
a
characterised by the value of the ratio S where % is the collisional
c

mean free path and L, the connection length. These are:

resistivity, viscosity and thermal conductivity are the main dissipative

&
=2

03
processes associated with the d.iffusinn“""’)-, {ii) 1 «

«E where
1
dissipation is provided by Landau :lamping“? and (iii) &7F «2'?—}‘ where
-]

().

trapped particle effects are important In many experiments the varia-

tion of L. with radius carries 2%':- from region (i) to region (ii)(z}.
Thus a theory is required which is valid across the transition between

these regimes, In addition the theory should cover a wide range of another
relevant parameter % where a; is the ion Larmor radius in the main
toroidal field B, , @ is the ratio of poloidal and teroidal ficlds and

r, 1is the density scale length,

The General Diffusion Expression: The variation in the equilibrium para-
meters over magnetic surfaces is obtained from the guiding-centre kinetic

(6)

equntiont3) vith s Hhdtnspii—crons<Keaok colliston tera For simplicity
the isothermal BGK term is used, which does not properly describe therual
conductivity effects. The equation is solved by expanding in & with the
assumption that the zero-order distribution is Maxwellian. This excludes
case (iii) since the distribution function for trapped particles cannot he
expanded in & . Integrating the radial drift over velocity and then over
a magnetic surface gives a net outward flux of order €. The velocity

integration introduces the plasma dispersion funetiont?) nzi: where

= x % iy, . = —i and ¥j -‘.’:‘Tc‘j 'cj is the thermal speed of the

i S I S
Jth species, and V, = - E/By is the azimuthal drift due to a zero-order

radial electriec field. The diffusion velocity for the ,jl'h species can

be written: m, av
g~ 4 v[B) e A Ze
J d dj Ejnn at

The slow variation in the azimuthal drift, of order &°, is determined by

the ambipelarity condition, \tdi = \’M . In the above:

R N +%f_){3m{;: (1 - 1)}

vdj 2rBae

"E‘Ti'tf"( [“(‘ *Uv_k:)“u + B U\} uf—)} [u(. . i{z ),:1 )}
‘ “[f‘-}:ﬂi(l + %} + -m:A‘i'(1 + l‘%“ ]

N _ETmepip’ {(
dj 77 Fe Teej(F *17)

), ) mnw) (1 p, 9D Q2 -d) ]

+ F:' o o
2 o2 4 I .2
K- A; i A A
“.:) 2ETlere rp’’m ( i \ +TA, lJ
Yaj we'Te; Fa4 12
where p’ is the gradient of the plasma pressure, 1 is the resistivity
and an the diamagnetie velocity of species |, k denotes the species
complenentary to j. We have defined
T &
© 2
' o= 1 5 F]—T-T s 8 =1 +Tadx +2%x 2

and

where;

& s e T W
L ’j T

F + 1L is proportional to the dielectric constant and near its zeros there

ts an enhancewent of Vij - The dissipative process responsible for \“[l'lu
changes from Landau dawping to viscosity ns 8L gesroing, \gl‘:) isa

Lo
generalisation of resistive diffusion and L((!S) is n small term propor-

a

tional to and common to both speecies.

Special Cases: When !ﬁll <1l or ]zlf » 1 , approximate forms may be used
for 1(1]) and the diffusion expression simplifies., This allows the

foliowing liwiting cases to he treated analytically:

(a) 2 ¢« 9. , x ay, , = 1. Here both ions and electrons hehave

ot | e e

as highly collisional lluids, We find considerable sodifications to the
expressions given 1n reference 2 because of a more exact treatment of vis-
cosity, but the actual ambipolar diffusion 18 hardly changzed. Over part

of this range electron thermal conductivity, which is not correctly described

(5).

by the equations, is important
(b) LS TN P N S R In this case both species are des-

cribed by fiuid-like equations but only the electrons are collision
dominated.  The region is important experimentally but has not previously

been investigated theoretically, We find the ambipolar results:

RETIE | A A, vhen 1 ¢ b ‘\‘
in

o= ps

3
8 \s
|

o™ “Veq s Y4~ Via J

The latter case can show considerabie enhancement over the Pfirsch-sSchititer
velocity V[‘B 8
(e) ‘1 X« I ; _\'l._\'._ a 1. This case corresponds to 1ons and olectrons
undergoing Landau danping. We reproduce the results of reference 5, but
find they are restricted to ri;e-& 1. VWhen '1%‘5 » 1 we must use the
results of (d),

Yo« L. This Laplies that the electrons are

Landau damped, while the ions behave as a weakly collisional fluid. We

. e
Find the anbipolar state Vg~ - Ug, , ¥y L‘pn , valid for e b

Conclusions: General equations are derived for the diffusion valid over

oost of parameter space of experimental interest. In the case (c) these
expressions agree with earlier analyses, while in case (a) they lead to a
sodification of earlier results. The liuiting cases (b) and (d) have not
previously been treated. The general result could be evaluated numerically
to find the diffusion rate when the paramcters fall within the transition

regions,
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BULK VISCOSITY. MAGNETIC-FIELD CORRUGATIONS,
AND CONTAINMENT IN TORCIDAL CDX}:'IGLR.l-‘\TIGNSi=
by
1. M. Dawson, N.K,Winsar, E.C. Bowers, and J.L. Johnsont

Princeton University Plasma Physics Laboratory, Princeton, N.J., USA

Abstract; The dissipation associated with hydrodynamic flow through
magnetic field corrugations reduces the ability of a plasma to compensate
for EX D, gradient B, and other drifts by flow parallel to D. This effect

is investigated for toroidal confinement.

Magnetic field corrugations or field strength variations are common
in toroidal devices, being produced by the finite spacings of the coils, by
helical windings, and even by the toroidal nature of the field itself. Dissi-
pation due to flow through these field irregularities restricts the flow along
the field and leads to more rapid plasma loss then would otherwise be
predicted. Further, cal:ulationsm show that resistivity causes a toroidal
plasma to rotate, but indicate no preferred direction. The viscosity associ-
ated with electron flow removes this degeneracy; the plasma rotates in such
a way as to make the magnetic axis positive.

We modify a previously described numerical mndel(Z: by introducing
a viscous drag represented by phenomenoclogical terms ;;ivi and '“eve in
the respective ion and electron momentum equations. The magnitude of
these coefficients can be estimated by noting that plasma behavior in moving
through the magnetic field corrugations is similar to that of a static plasma
in a time-varying magnetic field, In the analogous magnetic pumping madzl(.”
collisions increase the temperature of the plasma through the dissipation
associated with the finite relaxation time between the parallel and perpen-
dicular degrees of freedom. For the {lowing plasma this energy is obtained
at the expense of translational kinetic energy.

Berger et al‘.s) studied magnetic pumping associated with collisions.
From their equation for energy dissipation we obtain the coefficient for

viscous drag

2 2
) 2wty Vir . (znevth/,\)
= 2 27y g

(4 wz +9 u2 1 v
W< v; €, w and A measure the field variations seen by the fluid,
B= BU( I+€ coswt), and ¢ is classical 90° collision time, The frequency
L for the electrons is larger than that for the ions by the square root of

/2

the mass ratlo tmi/rnell provided the temperatures are equal. For the
stellarator model the pumping frequency w/27% is roughly the mean ve-
locity along the field lines divided by the field period A . The electron ve-
locity is larger than the ion velocity, and w, is about l:nn,‘/me)l"’Z larger
than . Therefore we {ind that Ko is larger than By by approximately
this ratio. In order to include these viscous siresses we introduce the
terms up V and pemeJ/e into the parallel component of the momentum
equation and modify the value of 7, in Ohm's law. This last modification

is normally numerically small (though not necessarily fundarmentally so)

compared to classical resistivity, Thus the equations we adopt are

¥ 1 2
Agp s SIRE - Yy ¥pl=Ryga (LAY -l s Tl ]

S - 2
¥Rt YXB= [al ttdTp fu depen]e T,

v-

L=

=00 ap/et+v-pV=0.

These provide momentum balance for an isothermal plasma, an Ohm's law
with resistivity, charge neutrality, and mass continuity,

For our numerical calculations we choose typical laboratory values
for the density, temperature, B, and rotational transform, take ,u.e and pi
constant in space and time with 1= frni/me)]/?' 1o and follow the time

evolution of the fluid until its flow becomes steady,

Fig.1
The magnitude of the T T
rotation velocity is plotted as
a function of Iy in the first oo 5
A/
figure. To the left it ap- ..E!
0ol 1
proaches its free rotation
velocity, while to the right
0 n n
it approaches zero. Over this " 10, Hilsee™) o,

range l/|_.|i is short compared to resistive diffusion times, but long com-

pared to acoustic times. Fig,’)

The second figure shows Y ¥
the material flux through a

magnetic surface vs Ko Far

Al

small y, the rotation velocity
reaches its maximum value

and there is a pronounced out-

] A I
L] 100 1000
ward shift of the pressure ]‘ilm-"

surface relative to the magnetic surfaces. For large |, parallel flow is
greatly restricted and the plasma drifts out of the system, In the inter-
mediate range there is a slight decrease in the flux, but ir; all cases it is
greater than the Pfirsch-Schiliter value.

The change in the flux caused by viscosity results from modifying the
density variations on magnetic surfaces by restricting flow along the field.
The calculations confirm qualitative expectations regarding the influence
of viscosity in enhancing loss, and agree with other calculations in limiting
cases, The dependence of flux on parameters such as temperature and
magnetic field is determined by the scaling of p.

Rotation (poloidal flows) leads to similar behavior, and the short
periodicity length A makes this dissipation a very effective mechanism
for reducing the radial electric field. In a more realistic model, Hall terms
in Ohm's law would lead to larger flow velocities and make viscous effects
more important. Other dissipative processes (heat conduction, Landau

damping, etc.) would also contribute to the damping,

* Supported by the U.S. Atomic Energy Commission, Contract AT(30-1)-
1238, using facilities sponsored by National Science Foundation Grant
NSF-GP 579.

T On loan irom Westinghouse Research Laboratory; visiting Culham.
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ROTATION AND DIFFUSION IN A SFIF-CONSISTENT TOROTDAL PLASMA

by
M.G. Haines

Physies Department, Tmperial College,

Londen, 5.W.7, England

Abstract: An axisymmetric resistive toroidal plasma is considered in the
Tukamak configuration in which plaema currents produce the rotational
transform necessary for conteimment. The sell consistent magnetic field
resulting from all plasma currents is included in this fluid model, and

the rotations and diffusion are found as functions of time, Several effects,
additional to the PPirsch-Schluter correction, and comparable in magnitude
contribute to the diffusion, in particular one term dePending on the shear

and another on the cutward displacement of the plasma relative to the

magnetic axis.

The additional diffusion arising from resistive effects on the parallel
neutralising currents has been calculated by Pirsch and Schiuter!.
Stringer®*? and Roserbluth and Taylor' included rotation sbout the minor
axis, and predicted a resomant enhancement which is modified by viscosity.
A1l these papers employ an inconsistent model in which the magnetic fields
produced by plasma currents are ignored and yet their vacuum field is not
curl-free. Here we cansider a self comsistent fluid model including also
the correct time dependence of all guantities asscciated with the rotation.
We expand in the inverse aspect ratio e = r/RG ard use the (v, 8, ¢)
coordinate system, and solve the time—dependent rotational problem with a
computer.

The Fluid equations used include parallel viscosity and finite Larmor
radius effects, but, in this treatment, assume unifeorm temperaturs for
each species. For comvenience in the later applications of boundary
corditions on the megnetic field we choose the geanetric axis defined
by the circular minor cross-section of the comducting walls, and expand

about this., The magretic field is

B
=]
S [Brz(r,e),Bﬂl(r)+362(ma),1¢-ﬂ‘2(r)]
to second arder in ¢, and the lowest order pressure balance is given by

(F it Tj) dn_(r)
Jgotm) = TE + gy (r)Bg (r)

The component of Ampere's Law that relates the ardering of currents and
fields is

i . B0
Hig @) = g (P8 (r))

In the expansion we find that the lowest arder s—dependent parsmeters have

simple singé and cose dependence, and accardingly we write, for example,

Bo(r,e) = B (r)sine + 8, (rlcose .

The ordering of %E is essentially gzni where ;. is the ion-gyro frequency,
whilst all centre-of-mass ard diamagnetic velocity camponents are to lowest
order & times the ion thermal spead,except the electron velocity in
ja-l which is of the order of the ion thermal speed. The resistivity is
effectively ordered by the Hall parameter which is e =

We find that the averaged second order radial flux of plasma (1-1_‘ur)2

is given by

n_j =, 0T #1)
(m); = -n % + r..iéL(FE +— 25 e g
LBy 11 By Aoy 2 B 2 ar
(s}
. nreL. 4, _r B 30,
EEBG dr 2 EPl at

where fErE(r) is 2 measure of the ocutward displacement of the ragnetic
surfaces from the geametric axis, and is determined by tre solution of

the inhomogeneous dif'ferential eguation

2
) - T +T.
ﬂrs . Bm ~ 2uc(_E+T1) d.no . EBgy
2 - 2 dr 2 =
ds HOBH]BU E
Hr'c‘ which determines the displacement of the magnetie surfaces parallel to

the major axis, is essentially zero since it satisfies a homogencous differen-
tial equation with an idenmtical operator as above and must also obey the
boundary conditions of zero at the metal wall. It is therefore amitted in
the diffusion formula.

The quantity x, measures the outward displacement of the plasma density

relative to the magnetic surfaces and is defined by

O
e 910 a a1

where ny(r,8) = n (r)sint + n,(r)eost . i
n - (T_+T_)ni i i? dn

S 5 o <] e e o ] i,e (=]
Writing x_ = ——— (with g =0 e vefe daE 0
ME Xg Ba1M, s b ey - fg x8 neB “dr *
™ i
g, = =y, A EE == - ——nD(iE*TiJ + —nDrBrS —d‘)g_l and . )
n ik ST T ey 2<B ar Sy 3w
o -0 o 2

whére v is the kinematie viscosity, we find the time dependence of %, %

and the velocities u, , u  and u from
B0 [.143 95

rIx 3
- = - B 3l 3
I W; x V: Uaol s T Ygs il T
3 B0y - 0 el B o
TOX, i 2e at a8 5 8 5]
5 _ 1 = 1
= =(V O T [ T G Uy 8
at & 8 (:1= 2] e By =]
riu s
B 2 - 2 E -
3t e" Bpy % T a1 (e * Fo1 o) + (Vg Ugo!les
rau n
_ b8 g g2, 2 - - W)
at B Lr¥e T Baatys T (Vg = YagtUye

where uw(r,a) = u‘*s(r)sine + uu(r)ccsa. The time behaviour has been found
over a wide range of parameters ard initial corditions. A typieal result
far v = V8 = -1, ¢ 28,3 = 0.5, ¢, = 0.1, e/, = 2, and e g = 0.2 ie illu-
strated below. In all cases a stable steady state was achieved.

In conclusion we have found the transient acceleration of the plasma
leading to rotation about the major and minor axes. 'The diffusion of the
plasma is enhanced by a term in djtl"& which measures the shear of the
magnetic field and also by X4 the outward shift of the plasma relative to

the magnetic surfaces. An initial transient term in Bxc!at is alsc present.
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Effect of Inertia on Losses from a Plasma in Toroidal Equilibrium

B.J. Green, H.P. Zehrfeld, Institut fiir Plasmaphysik GmbH,
Garching near Munich, Federal Republic of Germany

We investigate the magnetohydrodynamic equilibrium of a
resistive, low-density plasma in a model stellarator field.The
effect of inertia on plasma motion is treated exactly,and its
influence on plasma loss determined. It is shown that the
losses due to inertia are limited by the conditions for the
existence of an equilibrium.

One of the basic theoretical problems in the fusion programme
is the calculation of plasma loss from particular containment
devices. However, because of the complexity of the problem,
brought about by the choice of plasma model and the complicated
geometry of realistic devices, to say nothing of boundary
conditions, it has not been possible to carry through a
completely satisfactory calculation. As an example we can
consider the Pfirsch-Schliiter calculation [1] for plasma loss
from a model stellarator or Levitron device. In this
calculation the plasma flow velocity parallel to the magnetic
field can become very large, and this casts strong doubts on
the assumption that the plasma inertia is negligible.

In the present calculation we have included the effect of
plasma inertia and investigated the modified losses from a
model configuration. We describe the plasma by means of the
one-fluid equatinns (see below,where "standard" notation is
used), and treat the flows and geometry exactly, but consider
resistive effects as a perturbation to the perfectly
conducting plasma motion.

"
l—

PyVy

«B - v
—V¢+!x§ = J

-

Vopy =
v.J

c O

The model magnetic field used, is the axisymmetric Pfirsch -
Schliiter field where we used the cylindrical co-ordinate
system R, Z, and in a meridional cross-section, the polar

co-ordinatesr, .

Two assumptions deserve explicit mention a) isothermal plasma
(i.e.c the sound speed is constant), and b) Q the mass source
term that is necessary to replace losses, as we are considering
stationary solutions. Closer investigation of the equations
reveals that the differential part of them can be brought into
a form g—g = '?’E(G, 8), where G indicates a column of four
known algebraic functionals of quantities to be determined.
Expansion in resistive aifﬁsts leads to easily solvable
differential equations %g— = qR(th_l) ,8), so that the nth
order solution is given by quantities in the order n-1,
together with aurfacs functions

sin) {8 M o q_rda'n(c(“'“. & + 8™ (o).

These surface funct;ons in nth order are determined by the
condition that the (n+l)th order solution is periodic in ©
ie. [dorig'™
we haveoa systematic procedure to obtain all higher orders.What

. 8) = 0. Hence, once we have the zeroth order

we have done is to solve the zeroth order, which corresponds to

non-linear ideal MHD flows, and to derive the plasma loss
expression in the resistive first order.

It is interesting to note that we are led to restrictions on
the ideal plasma flow. In terms of the mass fluxes the long
and the short way, these are shown in the figure. One can see
{for definite values of aspect ratio and rotational transform),
the possible departures from the quasistatic case, which
corresponds to the neighbourhood of the origin. The quantities

plotted are related to the mass fluxes | the short and

the long way. The two regions where stationary solutions are

11

possible, can
be shown to
correspond to
super and
subsonic
meridional
flow, where
the apgropriate
sound speed is
not ¢, but fec.

In first order the mass loss rate through a surface (where Q
is located at r = 0) is

W {gg’?dé
- Sy - ROV )

i .
(M o) - CH PO
s+ ARG

where each line can be identified with a particular force. Note
that this expression is given in terms of zeroth order
quantities, which can in principle be calculated from ocaditions
on the first order solution, as we have pointed out earlier.
These conditions are differential equations and their solution
is a boundary value problem. We can,however, estimate losses
without a full solution of these equations. Different estimates
will be presented which indicate that in representative situa-
tions the "extra" losses caused by plasma flow are of the same
order as the classical (quasi-static)resistive losses.

[1] p.pfirsch, A.Schliter: MPI/PA/7/62 (unpublished),

This work is part of the joint programme between IPP and Euratom.
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ENHANCED DIFFUSICN IN A NON-UNIFORM MAGNETIC FIELD
5. Puri

Institut fiir Plasmaphysik, Garching bei Minchen, Germany

Abstract: A uniform electric field transverse to m spatiamlly non-uniform
magnetic field produces psrticle diffusion even when the electric field
spectrum containe no dc component. This diffusion is additional to the
ususl E x B diffusion end occurs isotropicelly in the plane perpendicular

to the magnetic field direction.

Analytical Solution: From Eq.(51) of Ref.1, the equation of trensverse motion
of a particle in @ magnetic mirror and subject to s x-directed, spatially

uniform electric field E(t) is given by
v'_lt) = -jDH.H'rltl . jnrltlvzft) 07‘““, tn

where v, = v s v, T= X sy, Glt) =1} B (t), olt) -r‘[axm ¥ jayui

and Bit) implies B [x(t), y(t), z(t.’] at the instantaneous position of the
particle. For parexial particles r—=0, nr—ro, end Eq.(1) gives

srp[jlw-ur_ogl\.] -1

-
* 8w
vr[t?-axp[-jwct}ﬁ (u{ﬂ N El)Glg) du dg . e vrtm} (2)
-

" j(wmn-g)
where 0(t) = w_+w (), G(t) = uxpf juglt) dt, and tilde denotes Fourier-
c e
Q

transformation. Integrating Eg.(2) we obtain

. nxp[-j(mc . gH.]

w8

o ~ dw ds dg axp[jtm-ult] -1
) = -*U]] Elw)Glg-51G (g) {
= W %E (8
axp[}lw su s -nt] -1 A exp[_-jtm:-gltl -1
. . jvr(()l G(gldg — 00 or{0)

+ g -8

|u¢u|c i W g

c

By applying 1°Hpital rule to Eq.(3) it is readily verified that the
first branch of poles at w = s represents guiding center drift. The second
branch at w = u—wc-g represents the effect of expending particle orbits due
to particle acceleration from the corresponding poles in the velocity equa-
tion. This spiraling motion does not contribute to guiding center motion.
Unlike the above poles, the pole et w_. = -g produces a drift with a quadra-
tic dependence on time; however, its contribution is negligibly small in
practical confinement systems.

In order to simplify further enalysis, we consider an ideal parabolic
mirror in which uctt) = ucA cos{pt « 8), where p/z is the longitudinal fre-
quency of the particle along the mirror axis, & its initial position, and
A= (R=1)/(R+1), R being the ratio of the maximum to the minimum magnetic
field neen by the particle. We further assume that E{t) is venishingly small
so as to leave wc(tl unaffected; this being tantamount to assuming that E(t)
and G(t) are independent. Then E[g) = 2 exp[-Jﬂ sin B} ‘E. Jp(B) explind)

* blg = nﬁl and Eqe.(2) and (3] become (B= Aw /p)

v () = exp[=gu t = 3P sinipt - 81][Z7) ] Blw) dw exp(nt)

i -lp[jlu M A np!t] -1

+ v (0] exp(i® sin 81] (1)
jlw » w_ + np) o
N
and,
) (-jaB) |
expl-jad)
MU -nZE gy () ———— ] Ew) dw (s)
S™ n a-s . e b

(w=-splt} =
'[- —“P{! ! } ; + u!?{-jlwc + mp:lt}

expljhu U, . np-upltz -1]
w=gp woew

+ mp-sp

exp[-jlw_+ mpit] =1

+ Jv (0) expljP sin GJE Jm(ﬂ) expl-jmd) « r0)

W, + mp
where all summations extend from -= to +=e . In this paper we shall circum-
vent the sinpgularity at W S 0O (which gives rise to the guadratic drift

term) by requiring mc/p to be & non-integer. For e stationary random electric

field E(t) we obtain from Eq.(5),
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2

Plep),

2
ér (1) 4 (B iB)
m m=s e, (6'

e

w, vup
where flw) is the power spectrum of E(t) snd the subscript "z* denotes gui-
ding center diffusion. Note that in general (including the cese of apatially
varying, correlated dc electric and magnetic flelds) the calculations lead-
ing to Eq.(6) &re not so easy to perform, since El(t] snd Ult) may not be
independent. It is to be remembered that the diffusion is isotropic for sz0
and in the E x B direction for s=0.

Using the identity EJMUIJ,D_,I'II = JDTOI, it 1o seen from Eq.(6) that
for w=spf0, the magnitude of the diffusion term is emall compared to the
cnse w=0, for comparsble velues of the electric field. However, the centri-
bution to diffusion parallel to the electric field msy still be important due
to the presence of rather lerge ambipolar fields in the radisl direction.
Fhysicel Mechanism: Consider the case we=p with the electric field "in phasev
with the magnetic field as shown in Fig.1. The particle sees 8 stronger
magnetic field during the poeitive half-cycle and a weaker megnetic field
during the negative half-cycle of the slectric field. Owing to different
E x B retes in the two regions of the magnetic {ield, there is & net dis-
placement of the guiding center in the y-direction.

Although such s simple explanation iz not available for the x-direction
drif't, some insight may be gained by considering the velocity Eg.(4). For e
de electric field the particle velocity oscillates at the frequency w=sp,
in addition to the frequsncy wer During the positivs helf-cycle cf the
electric field of frequency w=p, the order of change in the particle velo-
city is E/"'c and implies an x-displacement Ax~ E[mca. Due to the absence
of a pole at w=p in Eq.{4), the particle is obliged to return this reactive
energy during the subsequent negative half'-cycle of the electric field,

necessitating & further displacezent Ax in the same direction.

The above drifts are first-order compared to the E x B drift st w=C.
There is yet & second-order drift due to the non-exact-adisbatic motion of
the particle as evidenced by the pole at w «+ g=10 in the term containing
vel0) in Eq.(3) &nd is shown in an exaggerated manner in Fig.(2). Since the
particle velocity incresses linearly in time, this drift component has e
quadratic dependence on time. The maximum drift produced in & single transit
ecross the mirror is Olr = Fpinls therefore the magnitude of this drift
is negligibly small for w, 7 p- 2
Discussion: Both the first and the second order drifts would be somewhat
reduced by the inclusion of the term containing Wy in Eg.(1). Thus the
lengitudinal veloeity v, decrenses and the duration of the particle’s stay
increases in the strong magnetic field region (and vice-versa), thereby
partially compensating for the difference in the oppositely directed drifts.
Similarly, the difference between the radil in Fig.(2) would be reduced,
resulting in e still smaller second order drift.

For comparable electric field fluctuations, the drifts and the msso-
ciated diffusion would be most marked in magnetic mirrors, bumpi-tori, and
multipoles decresasing in relative importance for stellerators and tokomaks.
Acknoxledgement: This work has been performed as part of the joint research

srogram of the Institut fiir Plasmaphyeik and Eurstom.

Fig. 1 Fig. 2

Seferences: 1. S. Puri, Phys. Fluids 8, 1743 (1982},
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Stable Magnetohydrostatic Egquilibria without

Rotational Transform
by
Dietrich Lortz
Institut fir Plasmaphysik, BO46 Garching

bei Minchen, W, Germany

Abstract: The general class of vacuum fields B =;'¢- with

closed lines of force in the neighborhood of a given closed
curve C was investigated, where B 1s tangential on C and

q = @iﬁ]”cu' has a maximum on C.

The condition that a toroidal MHD equilibrium have closed
lines of force and vanishing longitudinal current can be

met by the following symmetry:

(A) The current dens:l.tyi. has reflexional symmetry to a plane
and B the respective antisymmetry such tha.t_j is tangential
and B is normal on the symmetry plane.

Such equilibria with symmetry (A) have three major advantages:

a

—

The existence of a toroidal finite B8 equilibrium can be
proved [IJ (in contrast to a stellarator configuration)
b

-~

No interior conductors are necessary (in contrast to
multipoles)

¢) Sufficient stability ecriteria can be satisfied (in contrast

—

to axisymmetric configurations without interior conductors).

It is well known [2]. [3] that for the stability of closed line

configurations without a longitudinal current it is sufficient

to construct a vacuum field
M B =vd=v¥x vy
such that the function
qUreE),x(x) = §121" _
posseses a local maximum. Several speclal configurations of

this kind have already been discussed 4], [5], l&]. IT]

In this paper the general conditions are derived that in the
neighborhood of a given closed curve C there exists a vacuum
Tield with symmetry (A) which is tangential on C and such that
g has a maximum on C. If the independent variables X are
interchanged with the dependent variables d>, ¥ , £ then

eq. (1) is equivalent to

% 29X 2 X
(2) aq: ™ A X%

A solution of eq. (2) has the advantage that the field lines
are explicitly known. If the curve C is described by X (d’, o, o)
one can find a systematic expansion of X (nP, L4 x) with
respect to ¥ and X . The n-th order derivative of eq. (2)
represents a system of 3 (n+1) inhomogeneous linear algebraic
equations r‘urxt.he 3 (n+2) (n+l1)-order derivatives

o .

FraTeaT o (T=a0d

on C, the inhomogeneities depending on the lower order

sy T 1)

derivatives. It is found that the rank of the system is 2 n+3
ifl'gl' is everywhere finite on C. So there are n solubility
conditions for the right-hand sides. If the field has the
symmetry (A), then these conditions can always be satisfied

and in each order two functions of ¢ can be arbitrarily

prescribed.

If the curve C with curvature ¢ lies in the plane‘f’- 0 and,B

has reflexional symmetry to this plane, then the condition

that q have a maximum on C veduces to p
19 /2% = - 1:"__054‘.-,{1 =o A= f
/vt = L ST p-pA g - i glAIAM <0
A9/ = L S LR v AU <o

where |B| = 1 has been chosen on d 13_, j._)-}cu.re symmetric

periodic functions of the arc length £ with period 2T and 4F>O.

Tf .'E is the tangential unit vector, m the unit normal on C,

and {r:ﬁ\’j , then

WELDEL =g m ‘Q}_/:wzﬂig"ﬁ’qli/;\yu_vﬁ*vﬂ ;'

S x et i Um PR [Ivar =473 L, U= £72) w=-f i

ara -, ptemv) valernep’ = 0.

A configuration of this kind has been plotted in the figure:

a) half of the curve C (Of-_ ff_-wr), b) - g) cross sections

of the surfaces g = const perpendicular to C for the values

2= &F‘,v"-_-‘{d=0.-,--.,f) . The figures b) — g) are magnified by

a factor of 100 relative to figure a). ¥ ,%Zhas been restricted

in such a way that the neglected terms cubic in Y,% are

absolutely less than 5 % of the linear terms. This results in

£3/9 ~ 1.5 Y .

l1] rortz, D., zAMP, 21, 196 (1970)

[2] Xadomtsev, B.B., Plasma Physics and the Problem of
Controlled Thermonuclear Reactions, Vol. IV, Pergamon Press
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[4] Johnson, J. and Mosher, D., Plasma Pnys. 8, 489 (1966)
[5] shafranov, V.D., Soviet Atomic Enermy 22, H49 (1968)
[6] MeNamara, B., Plasma Phys. 10, 309 (1968)

| 7] oclagolev, V.M., Plasma Phys. 11, 621 (1969)
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STABILITY OF AXISYMMETRIC MULTIPOLE

CONFIGURATIONS WITH CLOSED MERIDIONAL FIELD LINES

by
Eckhard Rebhan
INSTITUT FUR PLASMAPHYSTK
D-8046 Garching bel Milnchen, Germany

Abstract: The stability of axisymmetric equilibria having
meridional field lines only is investigated. In order to
obtain stability, a hard core must be placed inside the
plasma. The pressure distribution can be chosen such that
absolute stability is obtained. However, a low pressure

layer extends up to the wall.

We consider exisymmetric equilibria with closed meridional
magnetic field lines produced by foreidal currents. By
using a stream functionw;(r,z) the magnetic field B can be
written

B = - eg ¥ V\r,,."r (1)
in cylindrical coordinates qCLl.(gsis the unit veector in
the@direction). The toroldal current j = jep is related
to the pressure distribution p(y) by the relation

Plyl = /. (2)
For equilibria of this type the following form of the
energy principle has been given in ref.[l]

Sw o X +fixf;4ﬁ(%)‘+fa'w><‘] >0 (%)

e
el S fdy Jint V- 2wfdgd 7 - 4189
b - - B(ew) , £ (ax(IDOL VAR

Therebyx_=const. are trajectories orthogonal to the
flux surfacesy = const., k'is the vector of curvature of
the B-lines, and ey =V/I%|. From (3), Bernsteln et al.
have derived a necessary stability eriterion and in two
1imiting cases ( low B and almost circular field lines)
necessary and sufficient criteria.

It is possible to derive further stability criteria in
the general finite B case and to show that stable equi-
1ibria exist. Expanding §W around the center line of the
flux surfaces one can show that the plasma is always un-
stable unless a current carrying hard dore is placed in-
side the plasma. Since the plasma should be separated
from the hardcore we assume that the plasma starts with
p = o on & B-line at some distance from thehardcore. From
(3) 1t is obvious that we have stability in the region
immediately behind since pyo. Towards the wall the pres-
sure must decrease and therefore Vp must reverse direc-
tion on some flux surface. According to Vp= J x B, Vp re-
verses 1f J or B reverses. However, it can be shown that
the second case would be unstable, and therefore j and
p(W) = J/r must change sign.

Except for very singular situations one can [further show

that the average curvature of the fleld lines must be

positive:
= . 0 4)
I EL N EE A T
If X is decomposed into Xy + Xy with {¥% K_uc{’L- ¢ and %IE: o
then (3) splits into the twe independent criteria
= - 4 AXiy- .
dwr = fAki;?rﬁ(-'x)+;n'JDX£]» o (5)

and

. LS ELIN
Twyp =YE{%L:_ijl M{,'_iw,ﬁ:tl e (6]

Inequality (5) can be fulfilled by making|plsmaller than

a certain upper limit. If D > 0 in the whole region of
ascending pressure, then this limitation applies only to
the region with p'4 o. From (6), which is the criterion
given in ref.[l]. no restriction follows for the region
with p'zo because of (4), On the other hand, the pres-
sure in the region with p'¢o may not drop to zero again
within a finite distance from the outer wall. It may
however decay rather fast towards the wall ( in a straight
cylinder pnd/‘]’"?' ). Since finite restivity and other dif-
fusion effects will enforce a low pressure layer extending
to the wall even in cases where an ideal MHD equilibrium
would be separated from this by a vacuum region, the

low pressure layer obtained here will be no serious

disadvantage.

(1] 1.B. Bernstein, E.A. Frieman, M.B. Kruskal and R.M.
Kulsrud; Proc. Roy. Soc. (London) A 244, 17 (1958)
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TOKAMAK EQUIL]BRIUM#
by
A i P J'uhnuon,T J.M.Greene, and K. E. Weimer
Princeton University Plasma Physics Laboratory

Princeton, New Jersey, U.S5.A.

Abstract: Axisymmetric hydromagnetic equilibria are obtained to de-

termine how externally applied magnetic fields, that support the con-
figuration, must be altered to compress the plasma to a smaller major

radius and thus obtain additional heating.

A promising technique for heating a tokamak plasma, above
that obtained with anomalous resistivity, is to increase the strength of
an externally applied vertical field to adiabatically compress the plasma

by pushing it inward into a region of higher toroidal field. m

The purpose
of this work is to determine how this field must be shaped to maintain an
equilibrium and adjusted to achieve the desired heating.

To solve the equilibrium we make the standard tokamak

ordering in an aspect ratio expansion

B 1/2
fogle (22) w2,
t 2]

Here R and a are the major and minor radii of the plasma, Bp and
Bt are the poloidal and toroidal components of the field, and ( is the
rotational transform, We obtain expressions for the stream function for
the poloidal field in the region near the plasma where the aspect ratio
expansion is applicable and in the external region where r/R is finite
and then asymptotically match,

In the inner region
we generalize Shafranov's

(2)

formalism, introducing I r

an r, f, ¢ coordinate sys-
X—

tem with r constant on the kJ‘

magnetic surfaces, p= p(r). R

Thus

X=R-rcosf-A(r)+[E(r)+ P(r)] cosf + ...

Z=  rsin@ +[E(r)-P(r)] sinf + ... .
Here A (r) denotes the shift of the center of a surface of radius r from
the magnetic axis, E(r) is the ellipticity of the surface, and P(r) modi-
fies its label. The magnetic field is

B=RB[f(r)V¢ X ¥r+g(r) V9]
with B a constant, We prescribe the pressure p(r) and rotational trans-
form ( (r), and solve the equilibrium equation JIXB=Vp order by
order,

In the outside region we separate the field into two parts,

E = Euut + Eex‘t' with Eoul associated with current in the plasma and

due to currents in external conductors. Adopting a set of toroidal

coordinates, we write an exact expression for Buut that satisfies the

boundary conditions that B o vanish on the toroidal axis and far from

ut

in terms of its vertical

the plasma, We write an expression for Bext

component Bi and its curvature K at the plasma.

15

Asymptotically matching these expressio B, =
& P tents B ™ Boai l—!ext

in the vicinity of the plasma, completes the equilibrium calculation;

'
o W R I W W
B 2R a a T2
1 RAL Rznf
1 R” )
> bt o+ 3 FikeE]
KR = -= 4 2
= 8R Rna 3 )
[1“—+—.-]
a a 2

Primes represent derivatives with reapect to r; the subscript a dl:‘nales
evaluation on the plasma surface r = a. Note that this equation relates the
eccentricity of the plasma surface to the curvature of the external field,

If the rotational transform is constantand the pressure distribu-- .
tion is parabolic inside this surface,

RA! fa= (14 zs/r: V4,

2 3 2 3

R (rE);/a = 2R Ei/a - (3+432/f:)/3z .

To see how the equilibrium scales, we assume that the
current responsible for the toroidal field is changed so that

= - L J 2

RB = R B 7" and B is adjusted so that R= Ro/‘a . Then conser-
vation of toroidal flux, poloidal flux, and mass determines the scaling

of r, f, p (assuming an adiabatic equation of state), etc. :

20/3 1
B, / TO/3+..

P57 »
- ialit i & “:e'B r% l:'2/31_::,."3
ext _ o (T_“ o 5 o o )
B =% sar’t e A i Za®
o o
= )
3ta o BR T
+(exsi.nﬁ-ezco!8)—°3(hl 2 --:-;-)+... :
16!Ru e

For the parameters of a device proposed at Princeton

—HD= 90 ecm, L /27=1/3,
60
‘890 = 0.56, R/a varying |
from 5.3 to 3.3 with
Jaof
RB 'maintained constant — I

the ion temperature should

increase from 0.3 kV to ] ~
[
1.0.kV with the configuration P r‘l "I
1 1
changing as shown. :l' !
0 .JT) ’ &0 L] |;ll

=
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TOKAMAKS

SPACE-TIME EVOLUTION OF A TOKOMAK TYPE PLASMA |
by
C. Mercier and Soubbaramayer

ASSOCIATION EURATOM-CEA
Département de la Physique du Plasma et de la Fusion Conlrblée
Centre d'Etudes Nucléaires
Boit= Postale n® 6 - 82 Fontenay-aux-Roses (France)
Abstract : A mathematical model is set up to compute the space=time evolution
of a TOKOMAK type plasma. Two examples of applications show that the mo-
del can be used to do extrapolation calculations of TOKOMAK machines or to

carry out numerical experiments to test possible interpretations of measurements.

EQUATIONS.

The behaviour of o plasma stabilized by a strong longitudinal magne-
tic field and submitted to o discharge current can be described macroscopically
/17 with a one or two fluid magnetohydrodynamic model. In one fluid, the
system includes MAXWELL equations, OHM's low, mass continuity, mementum

equation, energy balance and o state equation.

V;E.':—%r _V-xn§=p°7 E"b_B;:D
?:e’(gi-vu-é) -%: +a(r\V)=s E'.P=j.xb§ (1)

=2 —
& J:—g——l‘n%fpa +V. (-4 VT) +R +P,
P:hnT

The system ( 1) is written with usual notations and in electromagnetic C.G.5
units. s is a local source of mass, P_ charge exchange loss and P, radiation loss
(Bremsstrahlung and cyclotron radiation). We assume that a flux N of cold
neutral otoms enters the plasma from the wall. This flux may be emitted direc-
tly from the wall or constituted by the froction of the diffused flux from the plas-
mao which is not pumped ond which is absorbed and reemitted by the wall . One
part of the flux A% gets ionized by collisions with electrons (source of mass)
and another part collides with hot ions exchaonging its charge (charge exchange
l2ss). The system ( 1) is much simplified in the case of cylindrical symetry. But
in that approximation, the derivation of the average diffusion velocity shows
rnat one cannot give account of the toric effect nor the trapped particles ef-
fects.,'We have replaced the diffusion term in the average velocity by an effec=
tive diffusion taking into occount the toric effect or more generally any insta-
bility effect. The system ( 1) in eylindrical symetry end this assumption are

our basic model. The computations are carried out with a IBM=%1 computer.
The values of the longitudinal magnetic field, the radius of the plasma, the
major radius of the torus , the shape of the discharge current function of time,
the initial mass , the coefficient of reemission of neutrals by the wall, cross
sections of ionization end charge exchange are introduced os dota. The model
ean work with any given function of the electrical resistivity , diffusion and

thermal conductivity.

EXAMPLES OF APPLICATIONS OF THE MODEL.

Twe examples of applications of the model will be given here.

1) = Quasi-stationary solution. Such a solution may be considered os valid at
the end of o sufficiently long rectangulor current discharge. We do %— =0

in all equations except the mass continuity where we repiu:u%:-by ~wn)w,
being an eigen value. Physically the solution means that all quan=

tities are stationary except the density which is slowly decreasing. This model
has been tested in the case of ROBINSON": /2 7 =xperiments and there is an
excellent dgreement between measurements and computations. We can use this

model to do extrapolation calculations of TOKOMAK machines.

2) - Possible interpretation of MIRN OV measurements.

MIRN OV observed a strong cooling and ceterioration of plasma con=
tainment during a second rise of the discharge current. One of the possible ex-
planations of this phenomena may be due to the influence of the shear. The
second current rise decreases the shecr over the boundary region of the plasma
and excites some instability previously stabilized by the shear. This instability
increases the dissipation coefficients and causes the cooling observed. We use
our model to do numerical experiments to test this possible explanation. As in
these experiments , thermal losses are predominont, we have considered only

,one dissipative coefficient ( thermal conductivity K). To fix the ideas we
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ossume that instabilities are excited when the absolute value of the shear ©
at the point of radial coordinate 9/10 of the plosmo radius , decreasesbelow o
critical volue 8. and we assume the following rough low :

k=K

c Galeev *

|8 w0.91]> ® |8(0.9] <8, K=3AK

Bohm

A being o foctor. The FIGURE shows the energy evolution computed for one

6 energieEerg
810 | EEe mum s B Zumn pat e SN BN (L am Su SRS BENS S HEm s |.
610% 0

6| |
ax 0.02
2.106‘ 1

Bcritimfo'
0 "0 time tms 20

value of A ond three values of 6:' We see that during the second increase
of the current, this explanation may lead to an energy decrease of the some
order as it was observed, A stematic computation shows the existence of a
very narrow region (A ,8; ) leading to a similar result .

Moareover MIRNOV observed the appearance of instabilities
in the oscillogrom of the current derivative at a time At ofter the beginning
of the second current rise. This interval At corresponds to a current increase

Al. MIRNOV observed that this current increase A | does not depend on the
initial level I, from which the second current rise occurs but exhibits a depen-
dence on the steepness of this current rise (an increase in the steepness of the
rise causes a decrease in Al), These two phenomena are tested clso in o'ur mo-
del and the computations are in quolitative agreement with experimental re-
sults, The explanation of MIRNOV'S results by the influence of the shear is
therefore plausible, Other explanations, like the influence of the tearing mode

may be tested in the same way.
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Current Diffusion and Energy Balunce in Tokamak Systems.

Y.K, Dnestrovskii, D.P.Kostomarov,N.L.Pavlova,

Moscow State University, Moscow USSR.

Abstract. The transport processes in Tokamak systems with the
anomalous resistance and electron thermoconductivity of plasma
are considered. The computational results are in good agreement
with the experiments on two Tokamak devices.

1. In our report /1/ the ensrgy balance in Tokamak systems with
classical trasport coefficilents /2-4/ was researched, The result-
es of calculstions for the ion and electron temperatures ware

in good correspondence with the experimental data. At the same
time the measurements of the plasma resistance have shown that
its value exceeds the classical resistance in several times
/5-6/. Furthermore the calculations of the current diffusion
lead to the large skin-effect for current and electron tempera—
ture if the classical transport coefficients are used. In this
report we study the current diffusion with some phenomenological
picture of anomal resistance and electron thermoconductivity.

2., We have used the following system of equations on ion and ele-
ctron temperatures (Ti(x,t) and Te(x,t) in ev) and current magne-

tic field He:

AT, _ L 3¢ My_Cn (17
ﬁ“?:?x;n{;ax] T“‘( 2

T L 2L B )
‘ﬁfzﬁ' ( ’{Y m;_-)"“—y( “Teit T.w,lli“)x(;t.gﬂ)
I N R Y O

ot X BLLTM L Ix bt JJI

Rzl':f ,H is the longitudinal magnetic

3
is the plasma density 111";".,&:-% 4

Here t is time in msec, i‘h—i—
field in koe,N@®)=~(1-: x?)

R and (. are the large and little radii of plasma torus (in cm).
A=6i0Co —ﬁ:E'f’J;H’}"T&, C-430/p ,p is the relative ion mass, The
classical thermoconduc tivity coefficients . =E6) are
given by the equati.ns /2-4/: -
8o P e P
¥ =00 ._l”_. IS WATE vty ca) i3
e % !
PoOEEE L L (o 3L
55742 o Y
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In the system(1) there are functions Xf‘.t,i)‘md 4 (a,1)
allowing us to describe the snomalous repiatance and electron
thermoconductivity. In the simplest case )(x 1) equals constant,
which determinds from the mean experimental value of the plasma
resistance ("middle™ model), Nevertheless this model leads usua-
11y to too slowly current diffusion. Therefore we have usad also
the "local™ model connected with an idea on ion-sound instabili-
ty couoing the anomality in trasnport coefficients/7/. On this
model )Y is the function of the local relation of the cu.rrent
elecﬁ%n velocity W to the velocity of ion-sound&: “‘(94 5_ .f&d
then y={ and plasma is classical, 'J{ 9x1 then y is fest:ly
increasing. Usually we set that )= 1 1/ le ot Cofrﬁl@ )/ﬂg])
if teB21a80 and fl6)= Jmew if 9>4+28.

In computations we set ~£f-~) and V... was chosen 80 as to corres—
pond: to the experimental values of the plasma resistance.
For T-3 device O~ 1+3 F_or ™-3 0>5 and Y(e)=}  =const (in this
case the local model coincides with the middle model).
3. The system (1) was solved by computer with the following bdfida
ry and initia) conditions: 1;(4¥)=To,p(Lt)= ozgﬂ”an ) Tixo)= T,
pao=p,, I0=[7,+(3-7)4,] i octety | Twr=T, li e, TH

is the total cu.t'l’e.nt in ka. On fig. -5 the results of calcula-
tion.s are plotted for T-3 device /5/ {R=100, CLﬂl."_‘H:;‘?tO‘ =5,
J=410, +,=7, N=4, T,=10) for mixture plamma with 30% hydrogen and
70% deiterium. For the comparison of the various anomality models
on fig.1=2 the current distributions in space are drown for the
different moments of time.
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On fig.1 the “otted lines correspond ta clessical plasma (gzg =L)
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Fig.2 ) Fig 3
the continuous lines correspond to the middle model (ﬂ 'H{, l) .
on fig.2 for dotted lines):¥(e), {i=l, for continuous lines {=Y¥,s=
ﬂ(&]\' 80=2 » Imax=10 ). It is easily seen that only the last
model lesds ta the sufficiently fawt curremt diffusion. On fig,3
for this model the distributione of x(::,{-.) are plotted. The curves

show very high snomality near the plssma boundary at the initial
moments of time. After this the current distributions are smoo-

thing approximating the value 1-—'\‘ which fits to the experimen-
tal data. On fig.4 the electron temperature distributions Tg(t.,t)

T
1500

1000

500

are traced for twe deElH=x=¥(=£ ( dotted lines) and x=‘|=“9]
( continuous lines). The fast smoothing of the continuous lines
is in good coincidence with experiment /8/. Omn figz.5 for these

two models alsa the dependence max Te, max Ti and energeticml
'fl&m time are plotted. The fat
curve corresponds to the experiment.
On the lmst fig.6 the analogous de-
pendence§ for T-3 device are traced
( R=to, a=8, H=27, J, =T,7,-27, t,=2,
=2, Ymax =6). The goed confor-
mity Betweem the theoretical and
experimental results indicates the
resonableness of the used model of
pfsma enomality.
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THE ENERGY BALANCE AND THE LIFETILE
OF IONS IN PLASMA OF TOKAMAR T-3

L.A.Artsimovich, A.V.Glukhov, E.P.Gorbunov, M.P.Petrov.
I.V.Kurchatov Institute of Atomic Energy, Moscow, USSR
A.F.loffe Physico-Technical Institute, Leningrad, USSR

Abstractt The energy balance of ions in the tokamak device
T-3 was examined using ion temperature, obtained from the
analysis of energy spectrum of charge-exchange atoms. The va-
lues of ion energy lifetimes are given. It is shown that the
ion energy losses are mainly cuused by the clessical heat con-
ductivity with trapped particles taken into account.

In closed toroidal devices of tokamak type, where the
plasma coil is heated by the current, flowing throught it,
and is stabilized by the strong megnetic field, the energy
life-time of ions is quite important characteristics of the
plasma thermoinsulation. Introducing this characteristice one
can write the equat:l.on of ion energy hala.nce in the following

form: T
046" ﬁ—v,. KoL-t,+2“K“C )

where A is the atomic weight of the matter (hydrogen or deu-
terium), T, is the ion temperature, n is the plasms density.
The left-hand term of the equation is the energy passed from
electrons to ions by the Coulomb collisions per sec in I cm’.
The electron temperature !l‘e is not included in this term, be-
cause the flux of energy from electrons to ions quite weakly
depends on Te in the range of '!‘e/‘,'l‘i from 1.6 to I0. The expe-
rimental value of the ratio Te/Ti is always in this renge.
The equation (I) assumes that the ions are mainly heated by
the Coulomb collisions with electrons. Several experimental
facts confirm this assumption, when the density of the plas—
ma is not very low /see for instance I [

Fig.I presents the dependences of Ty, 1 and TE on the
discharge time in the center region of plam column in T-3.

‘2-;'5 values presented
have been calculated from
equation (I), using Ty r
and n shown in fig.I. The (0% o,
vaiues of T; have been re- 3}
cieved from the analysis
of charge-exchange atomic 2 ad /\‘\‘
spectra and the values of T
n - from radicinterferomet
Tye 10 20 30 40

The energy losses 24
from ion component of the
plasma are caused byt
I) heatconductivity, 5 4
2) diffusion, 3) charge- mgm.;J
exchange of ions on the
residual gas. Hence: FIG.I

=Ryt (2), where L 1a the energy life-
e Td Te
time die to heat conductivity, Lo 1s diffusion lifetime (or
lifetime of charged particles), 'Z"c_ is charge-exchange life-
time of ions. The comparison of time values including in egq.
(2) characterises the contribution of these three processes
into the ion energy losses. The values ?;_ a.nd Td are de-
termined by the following equations: Ti= < B (37
and in tha stationary case for pure hydrogen plas!a:‘
Td= (4), where n, is the density of atomic hydro-
gen or autar:l.lm in the central region of the plasma colummy
(we are considering here the energy losses Jjust for this regi-
on), £6V). and <6V, are averaged by the Maxwellian
veloclty distribution products of resonance charge-exchange
and electron ionisation cross sections by ion and electron ve-
locities respectively.

The value n, included in (3) and (4) has been measured in
tokamak TM-3 by the registration of absolute intensities of
Balmer hydrogen spectral lines = « There were no such measure-
ments in T-3 device. However, here it is possible to evaluate

54
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the density n, , using the absolute atomic charge-exchange
flux emitted by the central region of the plasma column. The
values B, thus obtained for typical regimes of T-3 during the
stationary period of the discharge are within the limits of
(1.5 » 3.0).108 at/cmB. By the way, such evaluation for TH-3
gives the values of na close to 109 at/um-’, which are in sa-=
tisfactory agreement with the spectroscopic data. The values
of T and 'z'i calculated by eq.(3) ana (4), applying
the above values of Oy essenaially prevail 0.1 sec. The com-
parison of such valuen with LE yequal to I5 & 20 msec during
the stationary period (see fig.l), shows that the main part
of the lon energy iosses in the central rogion of the plasma
is caused by the heat conductivity.

The theoretical consideration of the classical ion heat
conductivity in toroidal s—gntam with regard to trapped par-
ticles is carried out i.n(3 « The theory developed gives the
necessary formula for calculation of heat conductivity coef-
ficients for various experimental conditions. Using these for-
mula as well as energy balance equation (I), it can be shown,
that the ion temperatm:‘e in tokemake should be proportional

-“)IHER[Y' ﬁ ywhere I is the discharge current, R is the
main radius of the toroidal system, H, is the strength of the
longitudinal megnetic field, T is the average demsity of the
plasma. The proportionality coefficient can be fomnd by sol-
ving the heat conductivity equation at the given current and
density distributions by i
the plasma column cross-
section. Fig.2 shows the Tiev -
experimental dsta of maxi-
mum ion temperature in T-3.
The ion temperature in the
central region of the plas-
ma column during the statio
nary period is plotted on
the ordinate-axis. The val-

ues of\ah_'H R’-ﬁ A.yz- are Fig.2.

plotted on the abscisse-exig. &tpenneutal values of '!‘i have
been measured at T being from I.5xI0 3c:m 3 to 3.8xI0 3cm 3

I - from 60 kA to ITO ka, H, ~ from 25 kOe to 38 k0e. R in
T-3 is equal to 100 cm. Black spots are the experimental data
corresponding to hydrogen, the white spots - to deuterium. It
is clear that the experimental results are in good agreement
with the function 3| '_[]-{ERlﬁ'- A ’2 . Straight lines I and II
shown in fig.2 present the function of T; calculated on the
base of classical theory of ion heat conductivity 5 with
two different assumptions on current and density distributi-
ons in the plasma. Line I corresponds to the uniform current
and density distributions by the cross—section of the plasma
column. Line IT is calculated for the case when current and
dens1ty have square-parabolic radial distributions. The
straight line, which epproximates the experimental data,lies
between I and IT (it is shown by dashed line). Bo it is fol-
lows from the experinental data given in 1‘15.2. that in the
range oﬁ}ng?ﬁ B2 £rom ‘ixIDB to 9.2x10° (where I - in A,
H,- in Oe, R = incm, © - in cm ) the follouring formula

ta.kes place: T= (ggxog)io WA /.?_ (5)

This result confirm the assumption that the ion energy
losses in T-3 plasma in the considered range of physical pa-
rameters are caused mainly by the classical heat conductivity.

R R

£ 3 45 67 4 § 00°
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TOKAMAKS

FROM ELECTRICAL AND

THOMSON SCATTERING MEASURRMENTS

by
+ + * 3 x +
E.P. G-rbunov , D.P. Ivanov , N.J. Peacock , D.C. Robinson , V., ., Strelkov

® U.K.A.E.A., Culham Laboratory, Abingdon, Berks. England
+ I.V. Kurchatov Institute of Atwmmic Energy, Moscow, USSR.

Ahsﬁrsct: The radial distributions of the electron density and temperature
have been measured as funetions of time from photon scatter'ng together with
p-wave interferometer measurements, and have been compared with the total
energy derived from the diamagnetic signal ard the electrical wavef'oms.
There is agreement hetwapn the two methods of estimating the plasma energy
throughout the range of ohmic heating curremts 40-150 kA and densities in
13 m-j.

the range 1-4°5 x 10 The transverse electron energy scales as the

square of the current., Beta with respect to the field of the current is
about 0.5 but increases with time to greater than 2 towands the end of the

current pulse, Anomalous resistivity is observed under most plasma comiitioms,

(1)

Introduction: Preliminary measurements of the transverse temperature

using the technigue of laser light scattering on Tokamak T3 have shomn that
local temperatures can be higher than 1 keV and that essentially all the
electrons, at least on the magnetic axis, have a Maxwellian distribution of

(2)

velocities. The photon scattering resulis confimm in order of magnitude
the previous diamagnetic temperatures reported for T3 with a short (15 mwsee)
current pulse,

The total electron plasma energy deduced from the values of T, and
ng, obtained by Thomson scattering has been compared with the total plasma
energy evaluated from the electrical measurements throughout the same dis-

chzrge and over a wide range of discharge parameters. The torcidal field,

Br
B, has in peneral been chosen 53 that g = i‘—‘ 2 2.5, although mildly

unstable conditions, q < 2.5, have also been studied.

The Radial Distribution of Electron Pressure: In omder to evaluate the total

electron energy in the plasma column, 21.,:&!' ne(r) Te(r) dr, it is conven-
ient to calculate the mean radius of the plasma pressure distribution from
the radial density and temperature profiles. The profiles found from the
Thomson scattering were symmetric sbhout the magnetic axis (taking into

account any small displacements of the plasma column), The temperature dis-
tribution during the middle of the current pulse is shown in Fig.1, each

point being the mean fram up to 10 discharges. The profile is described by
P= TED("-(F/E)L){ where T is the value
on the magnetic axis ard a = 17,5 cms is the
limiter radius. A similar radial dependence
is found for the density from microwave and
scattering measurements. The electron

energy per cm in the plasma column in

2
these conditions is givenby xr n_ T ;
P co eo

where rp = 11.7 ams. The temperature dis-

tribution early in the discharge was somewhat different, e.gz. for times =
L msec from the initial current rise, a tempemature ircrease on the outside
of the plasma (of up to 1.5 times the central value) was cbserved due to

skin currents.

Comparison of 2x ‘Er nﬂ(r)‘!‘a(r) dr and the Diamagnetic Erergy: The total

transverse energy was caloulated from the magnetic flux in the plasma column
by a method described by Hirnw(}) and improved by Anashin, The result is

compared with the scattering measurements throughout a typical discharpge in

Fig.2, Taking into account the mean ion Energiea“') (ahout 150 eV in Fig.2),
and the respective errors, there is agreement between the two values. Over
the whole range of parameters studied the agreement is less good (up to 50%
difference), The diamagnetic temperature depends critically on the mean

current radius caleulated from the electrical cireuit equatium(s). This
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[l

" radius is in goneral somewhat less
than the mean plasma radius, z’p, and

this results in a dimmagnetic plasma

_EM tempe rature equal to or highar than

3 the scattering temperature measurements.
=

EPO- The examplos where there is poorest

agreement are correlated with the

largest differences between the cal-

culated esurrent distribution and the

g electron pressure distribution. A
(ev) comparison between the mean transverse
5004 dismagnetiec temperature, Te + ¥T;, the
mean transverse ion temperature, T,
the mean electron temperature T, from
Fig. 2 ‘._ﬂ'ﬁ a the laser measurements and finally

'l'“_. the ecohductivity temperature throughout the same rliachargc,‘ is shown

in Fig.3. The electron tempe rature and density cbtained by the laser tech-
nique on the magnetic aris remains practically comstant after the first

10 millisec. (Fig.4); on the other hand, the diagmagnetic temperature is
more sensitive to irregularities in the current waveform due to plasma drift
and peripheral instsbilities, BEven when the plasma becomes weakly unstaile
during the current pulse the decrease in the temperature on the magnetic
axia is not more than 10 to 20%.

The Value of Beta: The temporal variation of Ta and n, on the axis is

shown in Fig.L. The value of f, i.e. Izpﬁ = 2 NkT, is about 0.45 near the
middle of the current pulse when the transverse energy is a maximm. f,
ean however exceed 2 late in the discharge as the current decreases.

Scaling Belations: For the whole range of discharge conlitions astudied Ty

and the transverse erergy are practically independent of the toroidal field

e
| e ':::_. i
hl‘l-.{ ———
/ \n\ i
.l . 1 " " " ) " kL g
)
. Pl - : C—
i P ous o .
§ ' o Pk e )
L @ w o wm @ w % B, The dependence of the temperature
Al
:l. on n, and T is marked hewever and
s toomt
i * ~ characterised by BB = 0,5 for the time
= of maxisum energy content in the plasma

column. The maximum total energy from
i the laser and diamagnetic measurements
Pip.s is shown plotted against the heating
current over the mange of discharge comlitions studied in Fig.h.
Corclusion: The totzl energy detemmined from diamagnetic signals is in
agreement with the sum of electron energy ocbtained from Thmwnr secattering,
and the ion energy. The total energy increases as the square of the current
and the value o Bg at current maximum is always about 0.45.
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DESIGH OF ALCATOR-THE MIT HIGH FIELD TDRUS*
by
ALCATOR DESIGH GROUP
(Paper presented by L, K. Lidsky)
RESEARCH LABORATORY OF ELECTRONICS
and
FRANCIS BITTER HATIOIAL MAGIilET LABORATORY
MASSACHUSETTS INSTITUTE OF TECHNOLOGY
CAMBRIDGE, MASSACHUSETTS U.3.A.
Abstract: ALCATOR is & nev plasma containment experiment
characterized by high magnetic field, good control of symmetry,
and copilous dlmgnostic access. It will be operated first in
the Tokamak mode with major radius R = Slem, minor radius
a = 12ca, and centerline field of 120kg., The initial operation
will exploit the high allowable plasma current density to
explore the limits of ohmic heating, and to study the questions
of enhanced resistivity and thermal transfer, Major aspects
of the experimental design are described.

ALCATOR is an ecronym for the high field toroldal plasma
experiment under construction by MIT and the Bitter National
Leboratory. It will be operated first as an ohmically heated
Tokamak but other configurations are easily achieved within the
basic design--noncircular minor cross sections, high shear
stellarators, etec,

Initial Goals The advanced technology developed at the Francis
Bitter National Magnet Laboratory makes possible the use of
magnetic fields in the range 100-200kg in devices of moderate
size., This field can be exploited in Tokamak devices to yield
high current densities [ recall that Je*(BT/qR)] which results
in very high energy input rates and the possibility of main-
taining enhanced resistivity (:L.e."_} "Zspitzer) even for quite
large values of density and temperature. ALCATOR should be
able to maintain enhanced resistivity within the Kruskal-
Schafranov 1limit even for densities of 101‘/cm3
temperatures of several keV, Our initial experimental object
will be to explore the limits of ohmic heating in Tokamak-

like devices with particular attention given to measuremente of

at electron

electrical resistivity and possible enhanced thermal trans}er
to the ions. The aspect ratio of ALCATOR was decided on by
simultaneous consideration of the achievable current density,
enercy confinement time and available pulsed power(32M1),
The final dimensions represent a compromise of achievable
current density in order to allow significant ion heating.
Experimental Design ALCATOR is a pulsed toroidal device using
LN, cooled composite copper-steel Bitter plates to produce
120kg on the toroidal center line--the pealt toroidal field in
the plasma region is 158kg, The 2,5mm thickness of steel in
each plate supports the majority of the stress, approaching
65% of yleld at the point of peak stress. The plasma current
is induced by an air core transformer capable of =supplying
1.2volt-seconds of excitation. The 300 turn primary has a
20kv voltage limit and can supply a maximum of 65 volts to

' the plasma, Peak calculated fringe vertical {ields at the
plasma edge aret 5gause, The copper stabilizing shell, also
LNE cooled, 1s outside the vacuum chamber, The time constant
for transverse field generated by this shell is in excess of
250msec, The limiter will be inserted through a full wldth
2cm transverse slot in such a fashion that its size, shape
and position can be changed easily and quickly., Full pover
repetition rate will be one pulse every ten minutes with
reduced power pulses proportionally more often,
egpecifications are detailed in table 1,

The major

TABLE I: DESIGH SPECIFICATIONS

Major Radius Skem Minor Radius(liner) 13cm
Toroidal Field 120kg Pulse Duration 200nsec
Bp Coil Power 21 Transformer Prod, l.2v-sec
¥ " Current 130k % energy 5.0MJ
BN TED, 32.5em " field 1hlkg
Cu 3hell Radius 15.5cm Prog, vert field 500g

" " phickness 1.25em B, Field(Scm) H15g

Uniformity
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Diapnostics

diagnostic access ports are

The major |

illustrated in “ipure 1, There
are four 2cm wide "TV |
two peirs of ohlique access
tubes, and two axial tuies.
These penetrations can te made
with very small perturbations
of the tsraidal magnetic field,
The oblique holes inherently
couse ittle perturbatizn

se~tions,

because the current redis-
tribution in the Bitter plates
reduces first order field
perturbation,
"' eections are compensated
by reducing the thickness of
the Bitter plates near the
slots to increase the local I- DIAGNOSTIC ACCESS
density, The meximwa field perturbation caused Ly éiagnostic
access 1s 2 at the 12cm limiter radius, One of the diecnostic
ports will be completely devoted to a 7 spatial channel Thomson
scattering experiment to measure the velocity spectrum of the
electrons, One of the oblique pair will be used for the
simultaneous measurement of T, and T,Tor the electrons., Other
experimental techniques that will be used, in addition t- the
important magﬁetic field sensing schemes so well-developed in
the Soviet Tokamak experiments, will include a 3374 laser
interferometer, bremsstrahlung monitors and several meth.ds of
measuring ion distributions--charge exchange neutral specira,
doppler shifted L radiation, and analyeis of fusion reaction
products,

Operating Regimee The experimental design vas,
hased on the expected behavior of the plasma in ALCATOR., The
accuracy of these predictione is limited by lack of prior plamma
experiments in the particular regimces to le evplored, hut
reasonale extrapslations can he hased 'n evisting the:retical
rations and experimental results, The transient heating

The transverse

of course,

consice
and confinement of plasmas in Tokamalks iz a conmplex nonlinear
prohlem involwing gqueriions of varying particle and energy

confinement tines, widely changing resistivity, rapidly ch

nging
and possibtly anomalous thermal transfer, current redistriation
and many other su:hk features, '/e have carrled osut extensive
numerical analyses taking these factors ints account, Typical
transient and steady state plascma conditions are plotted in
figures 2 and 3. The results are based on art accurate model
of ALCATOR geometry, classical transfer of énergy from electrons
to ions, energy containment time ae given by Gorbunov 1 and
enhanced resistivity according to the model developed by
Coppi Z where the scaling parameters have been choasen to Tit
the existing data, In the operating regimes near the maximum
ion temperature, p_ ie of order 0,2, 35imilar calculations
allowing for the psssibility of enhanced transfer of energy
from electrons to ions shows great sensitivity to small changes
in this rate,
Ref: (1) E, P. Gorbunov et al, IAE-1681 (1968)

(2) B. Coppi and E, Mazzucatc MATT-T20 (1959)

* Bupported by the United States Alomlic Energy Commission

#% The ALCATOR Design Group is comprised of B, Coppi, D. B.
Montgomery, G. Bekefi, A, Bers, R. Blanken, R, Briges,

H. Kolm, L, M, Lidsky, R. Parker, P, Politzer and K,
Thomassen, and has been augmented at times by other members
of RLE and the Bitter Laboratory.
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TOKAMAKS

LONGITUDINAL HEAT CONDUCTIVITY INVESTIGATION ON
"TUMAN" DEVICE

¥.G.Eaganski, S.G.Kalmikov, K.G.Shahovetz

A.F.loffe Physico~Technical Institute,Leningrad
USSR

Abstract: Measurements of a temperature gradient along the mag-
netic field are made in "Tuman" device. Measured plasma longitu-
dinal heat conductivity coefficient is in agreement with a theo—
ry at plasma demsities 10™-10"%n? ana electron temperatures
I0-20ev.

At obmic heating in Tuman mashine the energy input is maip-
ly in narrow toroidal parts while g main plasma bulk is in
straight parts (figl). It is pointed out in the work /1/ that a
finite plasma heat conductivity along a magnetic field lines can
lead to a temperature difference between the toreidal and the
straight parts. %

In this work experimental data on electron temperature are
obtained for ohmic heating period.
In the toroidal parts electron tem—
perature is determined from plasma

conductivity measurments. At the
centre of the straight part electron
temperature is determined from plas—
ma diamagnetism and density measur—
ments. The electron temperature is
assumed much higher than the ion omne
in accordance with the work //, By~
perimental conditions and diagnostics
are discribed in the work

i

[ A

Fig.I. a. The real plasma
configuration in "Tuman"
device. b. The model used
for calculation. w2=2€

Results obtained from oscillograms
for a typical regime are shown in fig.2.
The changes in plasma density and con-
ductivity temperature are small after
100 ssec. However in the straight part
electron temperature rapidly falls with a
decrease of energy input rate in the
end of the discharge. A comparison of
the curves (b) and (c) in fig.2 shows . b
an existence of a temperature gradient n
in Tuman mashine. Measurments carried
out over range of hydrogen pressures
show a strong dependence of the tempe—
rature gradient on plasma density. Ex-
perimental data are presented in fig.3.

The balance equation for electron
component energy is 8

LGS GGG TP (1)
Here ¢y is the energy input rate per
Icm"3; 7, is the energy loss rate
caused by heat flow along the magnetic
field; ?ﬂ'— the energy loss rate due
to electron—ion collisions; the ener-—
&y losses &g, 5?,, » &, are due to
light emission, diffusion and heat
conductivity across the magnetic field.

Plasma column configuration in "Tuman" device is shown-in
fig.I (a). & correlation between plasma cross-sections in the
toroidal and the straight parts is determined by a longitudinal
magnetic field stremgth. In a typical regime B, = I8 kG, Bj =
= 0,9 kG. For the case of equal plasma conductivity the energy
input rate % = in the toroidal parts is 400 times higher

then the energy input rate in the straight parts. Therefore

Fig.2.
Electron temperature
obtained from conduc-—
tivity measurments.
« Plasma density.

c., Plasma diamagnetism.
The discharge conditions
= Smtorr, U = 750v,

B, = I8G, B= 0,9 kG.

we can neglect the direct energy input

in the straight parts. An estimation n:L"

shows that the basic role in the ener- !
gy balance for the toroidal parts

plays the beat stream along the magnetic
field stimulated by longitudinal con-
ductivity. The heat stream can be o
written in the form 9,,:-.;9%5 . The -
heat conductivity coefficient &£ can
be taken /2 as 2= T, Tor the :
toroidal parts equation (I) can be s (LSt 1~ 0

reduced to
5(5447;/=%+‘~9 =2%) (2

If the energy loss occurs along
the magnetic field only our tusk is
close to the problem of plasma ener—
gy loss in theta pinch /5/.

For the second half of a discharge plasma density and
conductivity changes are small. Suppose a-‘g_()a-?é'j:ﬂ we have

o+ (T5F) <0 @

In real conditions =208 %/ but an essential change
of the energy input takes place only near Z= =€ . Therefore
we assume for simplicity = 9{2-/ .

The equation (3) is solved at boundary conditions g =0
at z = 0 (the condition of simmetry) and ‘1‘e =08t z=¢ . The
condition Te= 0 is a limiting case of a very strong plasma co=~
oling in the straight part.

The solution of the eguation (3) has the form

- Tl r- E

This solution gives a correct description of ‘some experi-
mental results. The wesk dependence of electron temperature
from the energy input rate is in agreement with experimental
data. The solution (4) also shows the plasma temperature doesn't
depend on plasma density. In experiments some temperature raise
was observed with an increase of density.

Por plasme energy balance “analisis in the straight parts
the electron cooling caused by energy transfer to ions must be
taken into account. The energy loss rate Mr" Ta=
pidly increases with a density raise. This eﬁect can explain
the experimental data shown in fig.3.

The equation (4) permits to deter—
mine the longitudimal heat conductivity
coefficient. Temperature calculated
from conductivity measurments is taken
as T, at z = 0; the obmic heating emer- 3 ‘- - °
gy input is calculated from plasma cur- .
rent and voltage oscillograms; L 30cm. e ——————
The values of ¢ obtained from the 1
equation (4) are given by points in
fig.4. The theoretizal values of X
obtained by Spitzer 2/ are given in
the seme fig.4. (solid line). The plas-
ma longitudinal conductivity over the
range of experimental conditions is in agreement with the theory.

Fig.3.
Variation of conductivi-
ty temperature (I) and
diamagnetic temperature
(2) with pressure.

()

T

Fig.4.
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MULTIPOLES

MAGNETIC SURFACES IN A QUADRUPOLE
by
J. H. Williamson, UKAEA Culham Laboratory, Abingdon, England.

ABSTRACT: Local imperfections in the magnetic field can alter
the topology of the magnetic surfaces, thereby allowing plasma
to escape. A modest longitudinal magnetic field will maintain
the nested surfaces near the plasma boundary, so that the residual

copological charges near the separatrix become unimportant.

The etability of plasma in a toroidal multipole is not much
affectad by the presence of an axisymmetric toroidal field B, as
this merely opens out the closed lines of force to produce nested
magnetic sutfacestl). However, in any real device local imperfec-
tions will destroy the perfect symmetry and so cause the magnetic
surfaces to break up and possibly reach the walls. 0On the whole,
the toroidal curvature does not play an important role, soc the
results which follow were computed for a straight unshielded quad-
rupele. The closed lines of force in the unperturbed system were
labelled by the coordinate =z and the z-component of vector poten-
tial Az = ¥. The origin of ¥ was chosen to be the separatrix,
and ideally, plasma can be contained between the critical surface
¥ =1 and ¥ = -3.5 which represents the surface of the conductors
in CLIMAX 2

One important classof local imperfections arises from def-

s Joints .n the conductors within the plasma. Measurements

IMAX showed that the peak perturbation field B, was greatest

clpse to the conducter surface and at a distance of 2 cm from
rhe joint, Before the joints were properly tightened, B; was as
large as 30% of B,, but it has now been reduced to less than 3%
at all joints.

If the perturbation B; is small enough, then the adiabatic
approximation (the method of averaging) can be used. This assumes
that lines of force follow their original closed orbits except for
a slow drift in Y and z. As no lines of force may cross a magnetic
surface, the flux threading any cross-section intersecting the
surface i1s invariant. By Stokes’ theorem this can be written as
§5.d£ taken around the line of intersection which for convenience
is chosen to be the unperturbed orbit. This integral is

a(¥z) = 9‘5—,-‘éf°d‘

because the zero-th order term A,.B, vanishes everywhere. Fig. 1

e

shows the trajectories

in ¥z space of the mag-

netic surfaces when B; is
the field of a magnetic -3
dipole centred on one =
conductor at z = O with
its polar axis in the x

direction. The traject-

ories do not depend on

o] 4 4 8
the magnitude of B,: all
that happens as B, is Fig.l Projection of the surfaces
increased is that the surfaces are traced out more guickly. The
full lines represent the surfaces which encircle only the defect-
ive conductor or both, while the broken lines represent those
which encircle only the other conductor.

Because the separatrix ¥ = 0 has a field zero, the adiabatic
approximation must break down in its vicinity. However, the
magnetic surfaces are well defined for both positive and negative
¥, and the region of invalidity shrinks as B, is reduced. We may
therefore join up the surfaces across the separatrix.

In the stippled regions in Fig. 1, the magnetic surfaces are

nested tori surrounding the tw. magnetic axes. The rest of the

%z plane is occupied by a single surface with a rather complicated
configuration. It can be thought of as being made up of a series
of gloves having a thumb and only one finger, Fig. 2, one inside
the other. The digits of
each glove are pulled
inside sut and the finger
sticks out through its
own wrist, and ends by
mergine onto the wrist

of a larger sized surr-

ound.nc glove. The

thumb eads while still
inside the hand, so it
merges onto the wrist of Fig. 2 Topology

a glove which is smaller than its own. Lines of force move from
one glove to another and, unless they chance upon the right
mixture of thumbs and fingers, quickly reach a wall or conductor.
Thus, no matter how small B; is, only the volume represented by
the stippled regions can be used to confine plasma for an indef-
inite period.

The time scale for the drift motion depends on the size of
the perturbation. When B; is 3% B,, 5 eV electrons on the crit-
ical surface at z = O can reach the conductor in only 4 us, com-
pared with the observed plasma lifetime of 2 ms.

One way of trying to suppress the effects of local imperfec-
tions is to apply a uniform longitudinal field B, of the same
order as B,. The vector potential can be taken to be Ay = -YB,

and hence the invariant (which is the flux the long way round) is
¢ = 0A, .Bg AX/B,? - B_dydx = a (%z) - B v(¥

where v is volume enclosed per unit length within the orbit W.
When Hz = 6.5% X B, is applied (Fig. 3), closed magnetic sur-

faces exist both inside and outside the separatrix so that the

topology of the surfaces 2

in between becomes irrel-
evant and plasma can be
contained along the whole
lergth of the machine. It
is of course preferable

for Ez/B1 to be greater

tha: this minimal value

as the break-down of =@ =4 o a z B
nesting near ¥ = 0 will

allow anomalously fast g BEESSL (GF O
transport of plasma there. Combined with the ordinary diffusion
mechanism in the outer regions, this will lead to an enhanced
plasma loss rate.

Further calculations have shown that if the perturbations
remain within the scope of the adiabatic approximation (B,s 10% Bo),
the necessary B, is minimised. For the worst perturbation now
present in CLIMAX, B, = 3% B,, Bz should be at least 0.17% B,,
typically 15G.

i am grateful to Dr. R. J. Bickerton for his critical apprai-
sal o’ this work and to Dr. A. N, Dellis and his group who
measurec the perturbed field in CLIMAX.
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MULTIPOLES

CONVECTIVE MOTION IN THE CLIMAX QUADRUPOLE PLASMA

J. H. P. C. Megaw, A. N. Dellis, R. Prentice and C. D. King
UKAEA Culham Laboratory, Abingdon, Berkshire, England

ABSTRACT: Measurements of plasma density and floating potential

in CLIMAX indicate large scale convective flow, transporting

plasma across the flux surfaces. A mechanism is pioposed by

which this flow can be set up due to localised regions of cold gas.

The Langmuir probe measurements of plasma ion saturation

and floating potential, V in the CLIMAX toroidal

1
guadrupole { l.

current, is £
have baen extended by simultancously using six
probes positionedaround the major toroidal azimuth at angles

a = 27, B85, 155, 207,

pinch gun (at & = 0) used for plasma injection.

295 and 333 degrees from the conical theta
Great care was
taken to correct for slight differences in probe area by inter-
changing the probe positions.

Figure 1 is a plot of contours of equal is (representing
plasma density n, in arbitrary units) in the ¥, 8 plane perpen-
dicular to the magnetic lines of force, at time 600 pus after

injection. The flux function ¥ measures the total magnetic flux

surface and the
dd
0, where §E= =,

between a given
separatrix, ¥ =

b di
The minimum SE
is labelled ¥ =

critical surface

+3 and the private

=
g ~Is0
'§ n) ;:: O (\ flux surfaces inside the separa-
5 (;\) Q) i
2 s Lt trix ativi values.
= /\> 2NN rix are given negative ¥
23 ____/—_{ggﬁ Figure 1 shows n to be strongly
—5-—-_._/'__:: ~— peaked near ¥ = 0, but with almost
T /—\ — - 2:1 variations in the @§ direction.
o e — h i
i e 180 770 350 A plot 1 ms later shows this g
Bidegrees) variation to be maintained as the

overall density decays, in con-

Figd tradiction to what one would
expect for plasma inside the critical surface, where E x B flow
should be generated to egualise n along §.

Figure 2 shows equipotential contours of Vf (in volts rel-
ative to the wall) in the same ¥ -p plane. The arrows indicate
the direction of E x B. This plasma flow is essentially perpen-—
dicular to the expected egualising flow near ¥ = 0. Note the
large disparity in linear scales
_] between 8 where 360° corresponds
to ~500 cm and ¥ where ¥ = O and
+3 average ~2 cm separation.

One possible reason for the
maintenance of the gradient

9n/3g is that the charge sep-

Flux function(y)
-~ o

-2
,5‘ aration field produced by the
_‘] YB particle flow is short-
‘ = . circuited because magnetic
0 90 180 270 360 | . B
ldegrees) imperfections open out the lines
i 5 of force to form magnetic sur-
L.

faces, which connect regions of

opposite space charge. These surfaces would correspond locally

with the equipotentials. To test this, a 100 volt electron beam
was injected along the field lines at § = 90 on ¥ = -2 and inter-
cepted, after undergoing 9vB toroidal drift, still on ¥ = -2 at

§ =279,

with the magnetic surfaces in this region,.

The observed egquipotentials do not therefore coincide
Further measurements
will show whether there are field imperfections elsewhere.

and V

£
quadrupole ring current are shown in Figures 3 and 4 respectively.

The contour plots of n obtained on reversing the
The regions of high density are still strongly correlated with
those of most positive VE so that the E x B flow is approximately
reversed.

Although the base pressure in CLIMAX is ~10"° torr, the

23
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Flux function ()
Flux function(v)

180
O(degrees)

B(degrees)

Fig. 3 Fig. 4

0.06 em® charge of hydrogen gas in the plasma gun will produce a
diffusing cloud of neutral gas of pressure ~10"* torr localised
This could be a
The initial

near the gun at about 1 ms after its release.
major factor producing the convective flow observed.
ion energy (T:L # 50 eV) will be removed in a few microseconds from
ions vB drifting into this neutral gas. The direction of the ion
vB drift velocity v, reverses across ¥ =0 and with the reversal
of ring current,and is along +@ for negative ¥ in Figures 1

and 2. Since v

B
the ions enter the neutral gas and are cooled.

o« Ti’ positive space charge will accumulate as
The negative space
charge produced by the electron flow will be much less, since their
rate of energy loss is less by a factor --(M/m)%.

This model is consistent with the observed sheared E x B flow
at g ~ 0, and with the shift of the positive space charge centres
The @
components of E x B velocity are in the opposite direction to v

across ¥ = 0 when the ring current direction is reversed.
B
and so a mechanism for limiting E to the order of Ti divided

‘by the magnetic field scale length is produced. ILarger E fields
would prevent hot ions from reaching the neutral gas to produce
the positive space charge.

The sheared E x B flow also observed near g = 180° may be
due to cold gas evolved from the wall during the initial injection
phase.

Considerably help with the measurements by A. Marshall is
gratefully acknowledged.
Reference
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Prentice, R.,
Proceedings of the 3rd
European Conference on Plasma Physics and Controlled Fusion,

Utrecht, 1969.




MULTIPOLES

PLASMA MEASUREMENTS [N
A LEVITATED PULSED OCTUPOLE
Ry

H, K, Forsen, D, W, Kerst, R, A, Breun, A, J, Cavallo
. J. R. Drake and :J. C. Sprott

PHYSICAL SCIENCES LABORATORY

THE UNIVERSITY OF WISCONSIN

Madison, Wisconsin U,s.A,
Abstract: Studies with levitated hoops in a pulsed toroidal octupale were
undertaken with gun injected and microwave produced plasmas. Density decay

rates were less than Bohm and -were less with levitated hoops than with

supported hoops .

A levitated toroidal octupole has been constructed to study plasmas in
highly axisymmetric minimum B geometries in the absence of hoop supports.

Major dimensions are shown

in Fig. | and the magnetic ALL DIMENSIONS |

IN CENTIME TERS
field is supplied by a 5 kV,
0.6 MJ capacitor bank which
provides 1,3 MA peak current
with a half sine duration of
43 msec. Pesk field is 14
k6 and this gives aminimum
of 22 gyroradii for 100 eV u;unnWPBIAMETER-ﬂBtu

protons. FIGURE |

Magnetic field errors were minimized by distributing the primary and
image current continuity windings to match the wall current density. The
excitation ga‘p edge was resistively trimmed to give an effective width
proportional to the major radius. Tapered port plugs insure a thick skin
contact when wedged in. Field errors at the surface of the hoops due to
resistivity differences in the welds were measured and are less than 1%,

Sixteen pneumatically driven; bellows-sgaled levators are used to
support the four aluminum hoops whose total mass is 2300 kg. These
supports are subsequently reinserted to catch the hoops.

Gun injection and vacuum pumping are all accomplished through a
sin.gle 10 cm diameter opening. The aluminum vacuum tank of 8.6-]06 em?
reaches a base pressure of 2-I0'6 torr with a turbn'molecu!ir.pump in
parallel with a 25 cm diameter titanium orblt;‘nn pump. Pressures Z-E.Oq
are reached using a single filament Mo-Ti wire located in the center of
the lid but outside of Yeritica) 2nd heated with 40 amperes to evaporate
spproximately 5 mg/hr,

Hot ion hydrogen plasmas with densities of = 109 ™3 and kT, = 3-5
eV are produced by & coaxial gun. Cold ion plasm;s are produced in the
field by electron cyclotron resonance heating using either high power
(100 kW), pulsed (144 psec), microwave heating at high pressure
(ﬁio.h torr) to produce a plasma with n = 108 en™3, or by low power
(100 W), cw Eeating at lower pressure (231077 torr) to produce a
plasma with n = 109-10'% e and kT, = 3-5 eV. The CW source can be
turned off abruptly to study the plasma decay in the afterglow. Hotr
ele:Eron plasmas in the kilovolt range are produced by gun injection
or by CW microwave pre-ionization with subsequent high power pulsed
microwave heating at low background pressure.

The decay of plasma density has been measured using Langmuir
probes, 9 and 24 GHz |.nicrowave perturbation techniques and by integration
of the ion flux to the wall, hoops, and supports. Electron temperatures

have been measured using an admittance probe and a swept Langmuir probe.

24

For the hot ion, gun injected plasma and for the cold ion, microwave

plasma, the density decay rate at peak magnetic field is somewhat slower
than the rate cal:.uiated for Bohm diffusion and decreases slightly when
the hoops are levitated, but further adjustments to attempt to decrease
the decay rate have not yet been made. Figure 2 summarizes the results

for gun injection, -

Magnetic field

Levator position 7 em/div

Probe ion saturation current
on axis 50 uA/div {supported)

Prabe ion saturation current
on axis 50 aA/div (levitated)

Ion flux to hoops and supports
50 mA/div

Ton flux to wall 50 mA/div
(supported)

Ton flux to a support 2 mA/div

e———— 50 mS ———=

FIGURE 2

The lifetime of energetic eleczrung'in the tail of the nonmaxwel | ian
distribution, produced by pulsed microwave heating of gun injected plasma
and measured with a scintillator probe near the edge of the plasma, shows
a pronounced increase when the hoops are levitated, indicating that these
electrons are lost primarily to the supports as suspected from measure-
ments on the small octupole. The intensity and decay rate of the signal
from the scintillator probe depends strongly on pressure even at the
lowest pressure attained indicating that ionization losses are an '
important cooling mechanism for these electrons. 4

The density profile as measured by probes is peaked near the separa-
trix at early times with the péak moving out to the wall as the magnetic
flux leaves the machine. The plasma is generally quiescent in the j'dl/B
stable region, but l;arge ( = 100%) fluctuations in jon saturation
current are observed in the flute unstable region near the wall. To get

a measure of losses in the machine, and thus of plasma lifetime, the

.four hoops with their sixteen supports were used as ion collectors.

Ion current to the hoops and supports was measured with all Ffour hoops
and their supports hiased- to -45 V relative to the tank wall. [cvnl
current to the wall was measured by bissing the hoops and supports to
#45 V. These measurements give & lifetime of = 10-20 msec in agree-
ment with measurements using Langmuir probes and microwave diagnostics.
Ion current to a single support was measured by withdrawing a )
support a short distance from the hoop and biasing it to =45 V, Ion
flux to individual hoops and to hoops with and without supporis are
being measured to establish the validity df these loss measurements,
Acknowledgment: This work was supported by the U.S, Atomic Energy
Commission. Fabrication was done by the staff of the Physical Sr.iem:e‘é

Laboratory, The University of Misconsin.




STELLARATORS

CONTAINMENT TIME SCALING LAWS FOR PLASMA INJECTED
INTO THE PROTO-CLFEO STELLARATOR

D.J. Lees, R.A.E. Bolton, C.R.J. Hoffmann*, 5.5. Medley* and
P. Reynolds

T.K.A.E.A., Culham Laboratory, Abingdon, Berks.,
England.

i1} Introduction

It is important to establish the scaling properties of con-
tainment experiments in fusion since these can give useful guidance
for the design of future experiments and illustrate the feasi-
bility of a particular configuration as a possible reactor. This
paper describes measurements made on the scaling of containment
time with magnetic field and rotational transform using the PROTO-
CLEO stellarator. The apparatus has already been described in its

1,2
original form(

but a 13 field period helical winding has now
been fitted which gives almost twice the rotational transform and
shear of the previous 7 field period windings. The parameters of

the experiment in its later configuration are shown in Table 1.

Table 1
Parameters of PROTO-CLEO L=3 stellarator experiment
Trap
Major radius R 40 cm
Helical winding radius s 10 cm
Separatrix radius (to apex of trefoil) Tn 5 cm
Number of field periods on torus 13
Current at BQ = 5 kGauss., Helical winding I 67 kA
Toroidal winding I, 33 ka
Computed rotational transform at separatrix i l.08
Mean shear length Lg = R/L 37 cn
Mean shear parameter § = rp/Lg 0.135
Useful time duration of magnetic fields ~ 10 msec
Plasma
Injected from hydrogen occluded Titanium injector 10 -3
Iinitial density 3x10 cm
Electron temperature ) measured 1 msec 4 ev
Ion temperature at 3 kGauss ) after injection 20 ev

*National Research Council of Canada, Post-Doctorate Fellow
CR70-92

(ii) Diagnostics

The average density across a diameter of the plasma is
measured with a 16 mm microwave interferometer. In the absence
of recycling the particle containment time is taken as egual to
the density decay time. Electron and ion temperatures are measured
with a swept double probe and a multigridded analyser respectively.
{iii) Scaling of containment time with magnetic field

The dependence of particle contaimment time on magnetic field
is shown in Figs 1 & 2 for the 7 and 13 field period helical
windings respectively. These measurements are made with the
electron temperature, as far as possible, kept constant and with
a constant i, that is to say a constant ratio of BO/I{. The ion
temperature is however varying with field: it has been established
that T, is a linear function of B,- This is possibly due to the
method of injection in which the force driving plasma across field
lines to within the separatrix depends on the value of the magnetic
field.
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(iv] Scaling of containment time with rotational transform

In this case the containment time is measured as a Ffunction
of the current in the helical winding with the confining magnetic

field, electron temperature and ion temperature constant. Aas IL

is increased from zero the separatrix radius remains constant at

~ 0.8 5 and i increases until at a critical value of I&, i has

reached its maximum value of 30D per field period. As IL is
increased beyond this { remains constant but the separatrix
radius decreases. The results of Fig.3 therefore show 7 plotted
against the computed value of imax ri, rather than as a function
of IL for both 7 and 13

field period windings. It B8
is seen that the results B, =38 kgauss
for both windings lie on n=3xi0"en
a smooth curve. J
(v) Discussion ¢

The significance of

Fig.3 lies in the fact that X 13-Mield peried winding

at the same value of i the =] © 7 field period winding

shear parameter at the

Containment time (msec)

separatrix for the 13 field
period helical winding is 2

about twice that of the 7

field period winding, but
that nevertheless the

results lie on the same 0 20 40 60

H
s t
curve for both windings. m

G : Figd Containment time as a function of the maximum rotational trans-
Thus the indications are form * (separatrix radius)® for 7 and 13 field period helica!
. . windings.
that the containment time

appears to scale with ir; and not §, at any rate in our case in
which 8 > 0.06. Since the containment time is given, for a
Bessel function distribution of density, in terms of the diffu-
sion coefficiint as T = ri/S.? Eil thus we conclude that Dm

scales as 1 This scaling appears to be true except at large

values of tr?. It is possible here that the computed value of 1
may be large;“than the actual value due to non-closure of magnetic
surfaces. This scaling is in agreement with the predictions of
the theory of equilibrium in toroidal traps. Since for the case
of PROTO-CLEO with the parameters given R/1 <lei <R/1 (R/rm)a/z
where kei is the electron-ion mean free path, the appropri;ti)
diffusion coefficient is that given by Galeev and Sagdeev '
modified by St:ringer(sl, viz:— D‘ =/m/2 rce/RL k(Te+Ti)/eB. This

predicts a containment time which should scale as Bz. If, however,

' we take the observed variation of Ti with B into account we find

that the predicted containment time is given by the full curves of
Fig.l and 2. This scales with field approximately as the experi-
mental points although the absolute value is greater than the
observed value by a factor of ~ 5. It should be noted that the
above formula applies only to the axisymmetric toroid. However in
this density range localized particle diffusion is not expected to
be important and thus we may expect the axisymmetric formula to be
applicable to our results.
(vi) Conclusions

We have shown that if we fold in the observed variation of T,
with field the agreement between measured containment time and
theory is correct in scaling and differs by only a factor 5 in
magnitude for the intermediate collisional region, except for
high values of rotational transform.
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PLASMA LOSS RATE IN THE CLASP STELLARATOR
COMPARTSON WITH CLASSICAL DIFFUSION

J. Hugill, G. W. Reid, K. B. Axon, W. G, F. Core
UKAEA Culham Laboratory, Abingdon, Berkshire, England

Abstract: Experiments on a small stellarator with 4 = 3 helical
windings at i1ield strengths up to 2000 Gauss show nearly class-
ical confinement of an argon plasma with ng ~10'%em™3, Te ~1 ev.
Experimental results are compared with the theory of Galeev and

Sagdeev in the intermediate collisional regime.

Introduction

The Clasp stellarator has 4 = 3 helical windings with 8
field periods on the torus. The major radius is 300 mm and the
helical winding mean radius 116 mm. The vacuum vessel is inside
the helical windings and has a limiter with a radius of 58 mm.
Field strengths up to 2000 Gauss are used.

We have studied the confinement of an argon plasma with
n, ~10*%cm™* and T, ~1 eV as a function of field strength and
rotational transform, with a view to establishing whether this is

claseical or Bnhm—liketl).

Plasma production and diagnostics

The plasma is produced by the ionisation of neutral gas
-filling the vacuum vessel, by fast electrons from a hot tungsten
filament stretched across the minor diameter. The emission current
is 3 mA, and the bias -200 volts with respect to the conducting
walls.

Plasma confinement is studied after switching off the fil-
ament and isolating it electrically.

The frequency shift of a cavity resonance near 20GHz is
used as a measure of the total number of electrons in the vacuum
vessel. Together with probe measurements of the plasma profile,
this gives electron density, decay time and plasma radius.

The electron temperature is measured from the current -
voltage characteristic of a probe obtained by applying a ramp wave-
form at intervals of 1 ms.

Results
Two scaling experiments were done:
1.

Gauss keeping the rotational transform,

The magnetic field strength, B, was varied from 500 to 1500

v, constant. The plasma
density decay time, 7, increased more slowly than B? because ng
and Te increased with B.

However, the magnitude of the decay time

is within a factor 3 of the theoretical value, in the Galeev-
Sagdeev intermediate collisional regime, and is 13 x the Bohm
time.

2.

v < 0.1 radians,

t was varied, keeping B constant, first at 1620 Gauss, For
the plasma appéared to be in contact with the
limiter, Under these conditions the equilibrium is influenced hy
arrents which flow through the limiter or conducting vessel, and
the diffusion time is approximately equal to the Bohm timatz)
As 1 in increased the decay time increases while the Bohm time
falls, because T, increases slightly, and the plasma radius
decreases. =+ is within a factor of Z of the theoretical value,
for 1 up to 0.B radians.

At BlO Gauss U can be increased up to 3.5 radians. Again
7 is approximately equal to the theoretical value for t < 1.4
radians. At higher values of 1 a larger discrepancy appears. The
theoretical decay time continues to increase while 7 levels off,
or even falls slightly. This is accompanied by a reduction in
the plasma radius beloy what is expected, such as may be accounted
for by the magnetic surfaces near the separatrix being open,

In conclusion, we find the measured decay time agrees with
the classical diffusion time in magnitude, and in scaling with
B and 7, except for ¢ < 0.1 and 2 > 1.4 radians. The variation

of T with B is incompatible with Bohm diffusion.
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One characteristic of the plasma profile is worth mention.
Typically, the maximum of the plasma density is not co-incident
with the magnetic axis, but is displaced away from the major axis.
Fig. 1 shows an example. L marks the position of the limiter, and
S the calculated position of the
outermost closed magnetic surface
inside the limiter: in this
case the separatrix. The outward
displacement of the plasma is
11 mm., This phenomenon may be
associated with the breakdown of

the condition that the flow vel- =

Maon radius at
20% 24 £05cm.

| \ Ion eurrant (k)

N

ocity around the torus necessary

™

for equilibrium does not exceed

the sound apeed(4). Near the
centre of the confinement region,

where 1 is very small in L = 3

stellarators, this condition is _§

-2 1
Frobe position (em)

difficult to satisfy. The profile

can be made more symmetrical by Pig.l.
applving a vertical field such as to move the magnetic surfaces
towards the major axis. This also removes the zero in 1 at the
magnetic axis, but there is no significant change in confinement
time.
Comparison with theory

As noted above, it is difficult to do scaling experiments
in which only one parameter is varied. Very often density and
temperature variations and changes in plasma profile accompany
changes in B and . However, an overall picture can be obtained
by allowing for these unwanted variations.

Figure 2 shows a plot of the ratio of 7 to the Pfirsch-Schltiter
confinement time (assuming a Bessel function profile, and
ignoring variations in ¢ and B across the plasma column) against
a parameter, g, egqual to the ratio of cnqnection length to the

electron-ion mean free path.
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The solid lines show the theoretical confinement time, and the

experimental points are those from the experiments described above,

and from another stellarator experiment, PROTO-CLEO, which uses

a gun-injected H, plasma with T;~20 eV, Tg~5 eV and ng ~10'%cm™,
All the experimental points are within a order of magnitude

of the theoretical curve and show a similar trend with a. If an

average value for i instead of the maximwm value, is inserted in
the expression for the Pfirsch-Schliter confinement time, the
dotted curves represent the theoretical values, and show better
agreement with the experiments,
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CONTAINMENT OF STEADY-STATE, ELECTRON-CYCLOTRON
HEATED PLASMA IN A STELLARATOR

by
K. M. Young and W. Stodiek
Plasma Physics Laboratory, Princeton University
Princeton, New Jersey, 08540, USA

Abstract: Low density steady state hydrogen plasmas created by low
power electron cyclotron heating in the C stellarator show containment
times close to the Bohm value. The ralative containment increases by
about a factor three with helical transform, similar to results obtained
for gun-produced and Ohmic heated plasmas.

Under conditions for which the electron mean free path was longer than
the axial length around the C stellarator, modest improvements in con-
tainment over the Bohm value have been reported. [1,2] The relative
containment (defined as the ratio of the containment time to the Bohm
value obtained from the magnetic field and temperature) increased with
the transform up to a value about four, [1,2] We describe here a study
of low-density steady-state hydrogen plasmas produced by electron cy-
clotron resonance heating, the resonance region being located in the di-
vertor. [3] The plasma has typically an electron temperature of 7 eV
with an electron mean free path of ten machine lengths. The electron
density is about 1 X qucm_s in a neutral background of 3 X lD]Dcm'3 for
a power input of a few watts, The confining field strength is 10 kG and
the radius is 5 cm. Although the primary heating of the electrons takes
place in the divertor, measurements of total light and the effects of in-
sertion of large probes into the plasma at points outside the divertor mir-
ror demonstrate that ionization takes place all around the machine.

The plasma confinement time and its dependence on the héli:n] field has
been investigated for these discharges. The confinement time is deter-
mined from measurements of flux and density during the steady state and
from the decay after the power is shut off. The electron density is deter-
mined from 8 mm microwave interferometers, ion saturation current of

Langmuir probes, and low amplitude, low frequency (500 Hz to 10 kHz)
impedance measurements. The density determinations, from the inter-

ferometer and Langmuir probes are in fairly good agreement and the in-
terpretation of the result is not very sensitive to a correct knowledge of
the density profile. But for the determination of the density from plasma
impedance measurements, the correct density profile must be considered.
The flux was determined by flux collectors in the divertor and from the
consumption of the neutrals. The temperature was determined from
Langmuir probes, an energy analyzer, and the low frequency impedance.
Within the experimental error, the temperature measurements are in
agreement, but the energy analyzer also indicates the existence of a
higher energy tail. During the density decay after the power is shut off,

a comparison of the density decay time

and the time obtained from flux and den-

sity measurements indicates that plasma L
production continues for at least 30 milli- ; E
seconds. The light observed by a detec-

tor viewing the divertor throat has only de-

cayed to about 25% of the steady value in

this time. This level is inconsistent with

»
L . . L o Ll
recombination or with uniform ionization 2 wien

FE T S B
L AR 1 e AT

at the observed "temperature” of Z eV.

From this result we conclude that about Fig.!l  Comtsimmant time, density and elzc-
tran lemperatare a8 & fanction of £ ) faal

10% of the electrons have an energy as high 'watierm for comstam power input

2s 600 eV, soas to survive as long as 30 milliseconds as ionizing parti-

cles, when the power is switched off. Although the falsification of the

electron temperature of the bulk plasma by this tail may be small, ioniza-

tion rates computed from this "temperature’ can be underestimated by

orders of magnitude.

Instigated by the investigation of gun-produced plasmas, the main empha-

sis of these experiments with long mean free path plasmas was on the de-

pendence of the confinement on helical transform. Figure | is a summary

of data from various series of scans of the helical field currents with

closely the same input power, As the helical field current is increased,

the most obvious effect is the increase in density, and neutral consump-
tion. We note that the measured temperatures of the bulk of the plasma
are not greatly different over our range and the observed change with
transform in decay time is not greater than a factor of 4, The longest
observed decay time gives 7/7 Bohm 1Ot more than 3. Measurements of
magnetic surfaces by Hosea and Sintlair [4] indicate a smaller effective
aperture at high rotational transforms which would increase our values
slightly. Because density and flux measurements refer essentially to the
bulk of the plasma of about 7 eV so does the derived confinement time,
The electron mean free path is about ten machine lengths under these con-
ditions. Although the range covered for the electron cyclotron heating

was quite small, no significant de-

. B
-% BeMa

pendence of the confinement on the i /'/.—'—ﬂ Pt
rimet it
mean free path was observed. We ! e !

T (] ™
cannot make a definite statement 7 i T insml
» PR i
about the containment of the high i //f ® =4
energy tail of the electron distri- "

bution. The apparent contradic-
tion between these results and

those reported by Gorman et al.

[5] can be removed by direct
measurement of ionization rates rather than computing them from the
conductivity temperature which is very inaccurate in the presence of a
high energy electron tail providing most of the ionization. [6] All the
containment results are then closely similar to previous work with gun
plasmas. [1]

On the basis of our present knowledge the scatter in the gun experiments
can be attributed to icnization and heating by energetic electrons if their
population varies irreproducibly from shot to shot. There is probably
very little difference, if any, for the confinement properties of the bulk
of the electrons in the gun-produced and microwave-produced plasmas in
the C stellarator. Both show about a factor 3 longer confinement than the

Bohm value with a weak dependence on the helical transform. The infor-
mation about the dependence of confinement on helical transform in Ohmic

heated discharges, at much higher density, is contradictory but the de-
pendence could possibly be of the same order as observed in these dis-
charges. [2,7] An example is given in Fig. 2. The physical reason for
the observed dependence of the confinement an the helical field is not
clear. It is also not known whether the dependence is on transform or on
shear. No sudden change in containment is observed which would be re-
lated to the suppression of an instability at a critical value of transform.
This work was performed under the auspices of the U. S Atomic Energy

Commission.

1. D. I. Grove, E. B. Meservey, W. Stodiek, K. M. Young, Plasma
Physics and Controlled Nuclear Fusion Research, Conference Proceed-

ings, Novosibirsk, 1-7 Aug. 1968 (IAEA, Vienna, 1969), Vel. 1, p. 479.

2. 1 G. Brown, D. Dimock, E. Mazzucato, M. A. Rothman, R. M.

Sinclair and K. M. Young, Plasma Physics and Controlled Nuclear Fu-

sion Research, Conference Proceedings, Novosibirsk, 1-7 Aug, 1968
(IAEA, Vienna, 1969),.Vol. 1, p. 497.

3. W, Stodiek, D. J. Grove, and J, O. Kessler, Plasma Physics and
Contrelled Nuclear Fusion Research, Conference Proceedings, Culham,

6-10 September, 1965 (IAEA, Vienna, 1966), Vol. II, p. 687.

4. J. C. Hosea, G. V. Sheffield, R. M. Sinclair and T. Tamano,
Princeton Plasma Physics Laboratory Report MATT-785 (1970).

5. J. G, Gorman, and J. Orens, Bull. Am. Phys. Snc._ll, 1538 (1968),
J. G. Gorman, I. G. Brown, G. Lisitano, J. Orens, Phys. Rev. Letters
22, 16 (1969).

6. K. M. Young, W. Stodiek and J. G. Gorman, Princeton Plasma
Physics Laboratory Annual Report MATT-Q-27 (1970).

7. R. M. Sinclair, 5. Yoshikawa, W L. Harries and K. M. Young,
Princeton Plasma Physics Laboratory Annual Report MATT-Q-21 (1964).

27




STELLARATORS

ION CYCLOTRON RESONANCE HEATING EFFICIENCY
IN THE MODEL C STELLARATOR

by
J. C. Hosea, R. M Sinclair, and T Tamano
Plasma Physics Laboratory, Princeton University
Princeton, New Jersey, 08540, USA
Abstract: Inan attempt to elucidate the cause of the reduced ICRH heat-
ing efficiencies previously observed on Model C, we have measured this
efficiency over a broader range of density than hitherto [lﬂw = ntcmdl
= lﬂm]. We find that the efficiency is very strongly dependent on density,
suggesting a density dependence of wave absorption in the \i:gl:h and/or

wave attenuation along the plasma column,

Diamagnetic pressure measurements taken previously on the Model C
stellarator show that under optimum conditions, at a density of 6 X 1012.
only about 20% of the power delivered to the plasma at the Stix coil is
transferred into ion energy. [1] We have recently demonstrated that the
coil loading attributable to the plasma is caused by ion cycln‘lron waves
alone and thus that extrancous losses in the coil circuit cannot be invoked
to explain the reduced heating efficiency. [2] Therefore, wave attenuation
along the plasma column or incomplete absorption of the wave at the mag-
netic beach would appear to be responsible for the mysterious loss of
power.

In an attempt to explain this last unresolved feature of ion cyclotron reso-
nance heating (ICRH) in the Model C stellarator, we have performed & ser-
ies of heating experiments which cover a wide range of operating para-
meters. The effect of the magnetic field, for several axial field pat-
terns, [1,3] has been studied using deuterium plasma, formed at several
background pressures, with plasma densities over a broader range than
hitherto [wmf_ n(cm'31£ Luu]. For diagnosing the effect of the ion
cyclotron waves on the plasma, we have employed diamagnetic loops,
neutron counters, and parallel conductivity measurements in addition to
the coil loading and density diagnostics.

First, we have observed neutrons due to heated ions in the plasma over
the entire range of plasma density quoted above. The hot ions appear to
have been confined primarily to the mirror regions in the ICRH straight
section [1] of the stellarator racetrack where 2 horizontal acan with a col-
limated neutron counter indicated (marginally) that the neutrons were
coming from the plasma volume s opposed to the vacuum vessel wall,
Secondly, both (1) direct ion heating under the coil and (2) wave heating in
the beach occurred for = w/ﬂi (coil excitation frequency divided by the
cyclotron frequency) equal to or less than the value | respectively, Neu-
tron and diamagnetic pressure measurements combined to prescribe an
ion temperature of a few keV in the straight section of the stellarator for
both types of heating [ (1) and (2) above] over a wide range in density with
the power incident to the coil for 1 meec set at 1,5 MW, (This power also
supplies coil losses and the power actuaily delivered to the plasma de-
creases as density decreases.[3] ) And finally, it was poasible to utilize
the ion cyclotron waves to produce the plasma, rather than an Ohmic
heating current. Complete ionization was obtained with a | msec power

2 - .
~ 6 X I[!i cm 3) and for

pulse for a gas pressure of Z X HJ.Ii Torr (n

© gy max
the lowest pressure considered, 1 X 10 = Teorr, the ion cyclotron waves
developed a plasma cven though the breakdown osacillator preionization
was imperceptible.
Heating efficiency was investigated over an extended gas pressure inter-

val (2 % m'&

to‘} b3 lﬂ_5 Torr) for the magnetic field configuration of

Fig. l{a). A breakdown oscillator produced a moderately ionized plasma
and then a 1.5 MW, 1 msec, 25 MHz ICRH power pulse was applied, By
varying the magnetic field level it was found that for the higher gas
pressures the diamagnetic pressure was maximized when the field level
wan sufficiently elevated to place the mag:;el.ic beach in the U-bend as was
the case in Ref. 1. The line for § = 1 ar this diamagnetic pressure maxi-
mum is indicated in Fig. l{a), and the axial profile of diamagnetic pres-
sure in the stellarator straight section is presented in Fig. 1(b). (The
U-bend diamagnetic pressure was typically one-half or less of the mini-

mum recorded for the profile segment of Fig. 1{b),) When the gas pres-

sure was sufficiently reduced (% 5 x10-6

Torr), peak diamagnetic pressure was

observed for a lower magnetic field level

(larger ) and, consequently, for a mag-

netic beach in the straight section, How- T N
st Wty NG AL
ever, the pressure profile retained the \r Gatn ot

I e i L U]
form of Fig. I{b).

= oaf 4
The final heating efficiency found for the 2 v
eosk 4
maximum diamagnetic pressure con- z |
= i
LU -
dition is plotted in Fig. 2 versus plasma _“3 .w'
density at the end of the ICRH pulse, L Y. ) 1
'3 z th o 1 " i L .m
along with the rf energy delivered to the e U T IO L

ion cyclotron waves at the Stix coil, the

Fig. l{a). Flat magnetic field con-
figuration. (b)Diamagnetic pre3§-
sure profile (n = 3.7 X10 em™).

diamagnetic pressure in the mirror
region adjacent to the coil, and the
neutrons emitted irom this same
mirror region. This efficiency is for the time just preceding the end of
the heating pulse and is equal to the percentage ratio of the power sustain-
ing the perpendicular plasma energy Px * to the power actually delivered
to the plasma at the Stix coil (exclusive of copper losses), with

df pyav/dt=PF - prdV/Tc m
where we assumead T is equal to the cooling time constant immediately
following the pulse. Figure 2(a) shows that the efficiency for wave heat-
ing of the plasma decreased rapidly with decreasing density and was
anomalously low even at the highest density considered. The level of ef-
ficiency is somewhat uncertain (+~factor 2), since we did not have diamag-
neti¢ loops under the Stix coil, but the relative dependence of efficiency on
density should not be affected by this uncertainty since the diamagnetic
pressure profile was the same for all the densities studied.

The final efficiency obtained for the "long beach” magnetic field case in

3

Ref. | is also plotted in Fig. 2(a) for n = 6 %1012 em3, Lastly, the ef-

ficiency for the "10% beach" field configuration, [4] obtained in the present
study for an ohmically heated plasma, is

also plotted for n = 10%cm™?, These data

ol

combine with the flat ficld data to demon-
strate that the low heating efficiencies are

not attributable to the magnetic field profile

WEATING  EFRIGIENCY (%)

but result from a density dependence of wave

absorption in the beach and/or of wave atten-

uation along the plasma column, [ The effi-
cioncy for B66[6] (49% for n = 2.5 X 108eri}
also falle in line with those of Fig. 2(a). ]
The reduced wave absorption interpretation
requires that wave energy not be absorbed by
the plasma beyond the beach, If wave atten-

uation is to bethe explanation, there must be

an enhanced heat transfer from the plasma

during the ICRH pulse.

An earlier attempt to obrerve ion heating  Fig. 2(a), Final effici¢ncy of
ICRH. (Field profile:®-Fig. 1;
B-Rei.l;A-Ref.4.) (BHRF ener-
gy supplied to plasma W, max.
diamagnetic pressure p , and
neutrons emitted from the mag-
netic well adjacent to Stix coil,

at lower densities [5] appnr'em.l.y failed
due to the very low heating efficiencies

in conjunction with the reduced coupling
at the coil because of the axial nonuni-

formity of the magnetic field configu-

ration employed. [3]

[1] M.A. Rothman et zl., Phys. Fluides 12, 2211{1969).

[2] J.C. Hosea and R. M. Sinclair, PPL Annual Report (1969).

[3] 1.C. Hosea and R. M. Sinclair, Phys. Rev. Letters 23, 3 {1369).
[4] 1. G. Brown et al,, Phyas. Fluids 12, 1318 (1969).

[5] 1. G. Brown et al., Plasma Physics and Controlled Nuclear Fusion

Research {IAEA, Vienna, 1969), Vol. I, p. 497.
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NEW DATA ON PLAGMA CONFINEMERT
IN THE HIGH-SHEAR "URAGAN" STELLARATOR

Diky A+G., Zalkind V.M., Konovalov V.G.,
Pavlichenko 0.S., Pavlova G.P.,, Souprunenko V.A.,
Tonkoprysd V.M., Tolok V,T.

Physical=Technical Institute of Academy of Sciences of Ukr.5SR,
Kharkov, USSH.

Abstract: The results of measurement of charged particle con=

finement on "Uragan" stellarator are given in this report.The

raecycling effect has been excluded by a spectroscopical proce=—

dure, Results reported esrlier in Dubme [1] are confirmed,

The results of measurement of charged particles and ener—
gy confinement times in ohmically heated plasma in the high =
shear "Uragan" stellarator were reported in Dubna in 1969 [‘I].
1t was shown the confinement times of particles end energy lo
increase significantly with increase of transformation angle
end shear, and to reach the value of 300, and 47,, respecti-
vely (Zs~- is so-called Bohm time). Bome assumptions were made
about mechaniem of particle end energy losses.

In these experiments the plasma confinement time was de—
termined from escape rate of charged particles over an active
discharge phase, Possible contribution of ionization of gas de-
livered into plasma during the discharge (recycling) was esti-
mated in indirect manner on & basis of data obtained on "C"
stellarator [2]. It wes of some interest, however, to make a
direct account of recycling influence, especially because the-—
re exists a procedure developed [5]. In the report given the
results of measurement of the charged particle continement
time with allowance made for recycling are presented.

The experiments were made on ohmically-heated helium
plasmas in the racetrack-stellarator "Uragan". Conditions of
the experiment and plasma parameters are illustrated by Table 1.

The charged particle conrinement time can be defined from
the particle balance ecuation for electrons which takes the
following form for helium plasmas

O @+ N*ne @’ - z_i:_e 1)
where n, no. o* - are elec tron, neutral and single-ionized

helium densities, Qi'* - ioniza-

tion rate coefficients of neu -~ ?g
tral end single-ionized helium ln i
respectively. Densities of neu— g
trel end single-ionized helium | o
can be obtained from measure = E c)
ments of absolube lotensities 0|
of spectral lines. If corona mo- U a)
del is applicable, eguation (1) 0 | 2 3 i t
.msee

will take the form: Fig.1

O e Forr & At Q;'+ T EHFns Q:_ e @)

TE - Bl HenBe - Bb B Tn

where I°'* are intensities of spectral lines Hel and EeII,S°'+—
corresponding excitaticn rste coefficients.

In experimental conditions on "Uragan’ stellarator, the
applicability of corona model for deBcription of population pro-
cesses of excited levels of neutral helium atoms must be confir-

med additionally,., It should be noted, however, that corona model
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gives the lower limit of excited level population and there-—
fore the upper limit of atom (or ion) density n°r* determined
from spectral line intensity. With allowance made for this fact,
we perform an upper extimation of ionization rate in squation
(1) by measuring absolute intesities of apectral lines Hel

0 i 150 % (32 o
5015,7 & (28'5-3p 'F°) and HeII 4685,7 A (3d°D-4£F°) on & basis

of corona model.

Plasma radiation from +E
=
discharge was recorded side-on =< |{ - a)
=y A 1
on the racetrack plans through = |
the window en a straight sec - gg W
tion by the two-channel mono - fg b)
4
chromator calibrated with a 0

standard radiation source.The

electron density was measured

NN «le T o

] ©
tn

by the microwave interferome=-

!
>y

ter (_)|= 8 mm), and the electron 0
temperature was estimated from

plasma conductivity.
Fig.2

Fig.1 shows typical traces of voltage across the bypass
(a), discharge current (b), intensity of spectral lines Hel
5016 : in 1012 3.vlmt:cu.\.f'l::m5 sec units (c) and Hell 4686 OA in
1012 photon/cm%ec units (d). In Fig.2 one can see the history
of temperature (b) and densities (a) of electrons, neutral
atoms, and single-ionized atoms (¢). Fige.3 illustrates the de=
pendsnce of confinement time Z,,, reduced to a constant plasma

POzOmeter

A
dismeter, upon Cc""y: obtained earlier without recycling cor-

T

rections (h5 is the first harmo- k.-

nic of helical field). Data cor-

rected on ionization are marked a

with dots. The ionization ac =

count is seen to lead to a cor- 4 ] gl

rection in 7, which doeen't ex- 4 /é

ceed 10%. /
Thns, in the present commu- 9 Ar

nication the results obtained ‘(

earlier about collisional plas— {

ma confinement in the high=

shear stellarator are confirmed. 0 0.25 (1H] 075 E’
Pig.3
Table 1
—EEERE——
Magnetic field - 4,8 kos.
shear & i - O.MS.__#
Pressure = 1,410  "torr.
Electron density - 1e6,1012cn™2.
Electron temperature = 410 o 40 oV,
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THE EFFECT OF THE DIVERTOR MAGNETIC SURFACE

ON TOROIDAL DRIFT OF A PLASMA

V.G.Zykov, VeI.Karpukhin, N.I.Rudnev, V.T.Tolok.

Physical-Technical Institute of the Academy of Sciences
of the Ukr.SSR.

Kharkov, 4108, USSR.

Abstract: It is shown that divertor megnetic field decrsases
the toroidal drift of a plasma, This is caused by the fact

that polarisation electric field is removed by current which
flow along magnetic limes of force and are shortened through
the annular region of the divertor where the magnetic field

equals zero.

It was shown recently [1 ,2] y that when a plasma is injec-
ted into a stellarator through divertor magnetic slits a
stable cylindrical plessma surface is formed in a region adja -
cent to annular line of magnetic field zero, i.e., in the re =
gion of divertor magnetic aperture., The stability of a plasma
at the divertor surface is connected with the fact that the
latter is a bottom of a magnetic well where H = 0 and poten-

tial U= ~j at has its minimum [3]. The stability of di -

vertor or "helic};ltron" configuration was shown also in [li-]. it
was of interest to make clear the influence of that configura-
tion on plasma toroidal drift in closed magnetic traps. One
end of the stellarator "Syrius" divertor [1] was joined to a
half-toroid, the large radius of which being 40 cm and inside

of the tube = 7 cm (fige1).

Fig.1. A. The principal scheme. 1 = plasma gun,
2 - diafragma, % - central coil of the diver-
tor, 4 = electrostatic probe; 5,8 - horns of
microwave interferometer, 6 -~ probe-collector,
plasmascope, 7 - magnetic aperture, 9 - glass

tube. B. 1 ~ point were H=0, 2 - magnetic aper-
ture, 3 = lines of force, 4 — lines H=const.

A coaxial plasma gun injecting plasma salong the magne-—
tic field of the device was placed at the another end of the
divertor. Plasma stream cross-section at the entrance to the
divertor was limited by a diafragma whose diameter (3,5 cm)
exeded slightly the magnetic aperture in this cross-section
in order plasma to fill the divertor surface. Changing the
current direction in the central coil of the divertor it was
possible to create both divertor and solenoidal configuration
of magnetic field.
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Plasmagramms of the plasma stream cross-section relating
to the plasma going along the half-torus are shown in Fig.2
(top - in divertor configuration of the magnetic field, bottom-

solenoidal one).

IP2D
9999

¥ig.2. From lef't to right: H=2; 4; 6 and 7 koe.

If the plasma stream drifts entirely to the external wall
of the half-torus in solenoidal configuration then in the diver-
tor configuration the picture essentially different. For the
last cuegse the central "kernel" with the diameter equal the dia-
meter of magnetic aperture, and narrow plasma jet ("tongue")
from the surface of that "kernel” to the external wall of to -
rus are cleary observed. The drift of the "kernel" with res -
pect to the axis is practicelly absent and the total light of
plasma "tongue" grow weak when the magnetic field strength in=
creasess

An electrostatic probe collector placed at the entrance
and at the exit of the half-torus was used to measure relative
losses of the plasma charged particles passing the half-torus

(Fig«%; curve I —divertor configuration; curve 2 = solenoidal
configuration).

“%

100
75
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25

r 2 & &4 7

Figs3. The coefficient of plesma losses vs magnetic
field strength.

1t is seen from Fig.3 that the losses are considerably

less at the divertor configuration then at solenoidal one.

Thus divertor magnetic field, which has its own potential
well at the divertor surface, considerably decreases toroidal
drift and plasma losses in toroidal magnetic field configura=—

tion.
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DIRECTIONAL ION PLUXES IN A FLASWA COWFINED IN A
POROIDAL MAGNETIC TRAF,

u.5.Berezhetsky, S.8.Grebentshikov, 1.A.Kossy,
I.5.Shpigel.
P.N.Lebedev Institute of Fhysics, Academy of Sciens,
Moscow, USSR.

Theoretical studies ™ dealing with equilibrium of
plasma column in a toroidal magnetic traps, predict the exis-
tence of closed axial ion and electron fluxes. We are not
aware, however, of any experimental work, which have regis-
tered this lkind of motion of plasma compononts.

Earlier{s-l'we have described the method of measurement
with double flat and multielectrode probes of small longitu-
dinal ion fluxes with Vo, << Uy (where s, is the velocity
of ion motion directed along the longitudinal axis of a toro—
idal chamber; and Uy is the velocity of thermal motion). In
this paper the analysis is made of the data on experimental

measurements of the directional motion of ions, received by
+the method, described in{f'] . The measurements were made at
the stellarators "L-1"®lana "mor2" Dat the Lebedev Institute
(Moscow, USGR).

The main measurement results are as follows:
I.The existance of longitudinal lem ewrrvemts jor.=VvUon @
was obserwed both in "I-I" amd"Toar-2".
2, The directiom of am iom current depends en the direction
of the main magnetic field H, (the sigm change cauwsed the
reversal of the velocity directiom ).
3. With the umchanged H, the welocity ( \%, ) direetion
is detarmined by the sign of the angle of rotatiomal tranaform
of magnetic limes of foree Lm (which is defimsd by the
direction of a hslical winding of a gtellaratar). Thes depen—
damee On the Bign ‘. was established at the "Tor-2" -
gtellarator; its desigm features enmable to change the direc-
tion of the retatiomal transform.
4,Radial measurements (in two mutually perpendicular dirsc—

tions) show that the direction of the veloclty vector remaims
unchanged across the chamber(i.e. the averaged directicnal
motion of ions increases to-

ward the periphery of the [
chamber, reaching the maximum
at 2~25mm (Fig. I).

5. The value of the directional
velocity of ions \Jo,, depends
on ULm .The measurements made [
at Tar-2 show that at L,.<02a:

the directional flux can not T T
be registered.¥When L.7023 the
increase of the angle of rota-
tionel transform causes a con—
siderable growth of Vos; (see £ig.2).

6.The ratio S22 at the marimmm of radial distributien
/Fig.1/ Is estimated to vary within 0,1 - 0,5. This corres-
ponds /at . =30ev and n-.';IOIUm"'/ to the ion current
density along the chamber axis approximetly I - 4 "1,—,"’,:; .
7. The directional flux is quesistational and it is
registered within the time periods, Aug(ewn)
which are greater than relaxa- "n.‘
tion time for the ion compoment. LU
The observed phenomenon |

Ve Loma 2}

Fig.I.

{
may be analysed qualitative- 9

ly in the frame-work of the ¢

hypothesis, developed iuu] 62l

and based on taking into ac- |

count the influence of the ¢ w W W in
radial electrical field E Fig,2.

on the motion of charged particles in a toroidal magnetic
trap. Ions mooving along one of the axsial directions in a
torus are characterized by the existance of the "resonance"
group " “of particles for which electrical rotational trans-
form compensates the magnetic rotational transform. The reso-
nance longitudinal velocity is given by the relation Uaf -e-'-

/where Uezg.%{ ., B= 'LE%'LE,_ 7
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Por typical conditions of the experiment at 1-I, when a sub-
stantial radial electrical field is formed 6 , the value of

deviation of resonance ions from magnetic surface (estimated
on the basis of the reswults, obtained in (49 ) is found the
same order as the chamber radius. In that way their orbits

should be intersect the
wall of the chamber. It
results in the formation
of the "cone of losses" in
the velocity space and the
distribution function ass-

()

)

—

umes the shape shown in 0 .%. (73
fig. 3. In practice the de-
velopment of instabilities Fig.3.

may lead to smoothing
out the "gap" and to an effective displacement of the dis-
tribution function, These kinds of asymmetry of the distrib-
ution function result in the appearance of a longitudinal ion
flux.

The experimental data do not contradict To the discussed
mechanism, Really, with the decrease of Lwm the resonance ve-
locity shuld shift in the "tail" of the maxwellian iom distri-
bution. The resalt of this - the decrease of the axial flux-
is qualitatively confirmed by the results shown in fig.2.

The sign of the directicnal veloclity observed in the
experiment coinsides with that predicted by the hypothesis on
the dominant role of the eacape of resonmnce lons into the
"losses cone", The radial distributien shown in fig.I does not
comtradict to the suggested nature of phenomena.

If we assme that ion distribution in spacs correspands
to that shown in fig.3, then it will be posaible to estimate
the ion flux into the "losses come". This problem is similar
to-that solved for the traps with magnetic lirrorsno « The
flux estimated in this mamner is found to be close to the
longitudinal experimental flux.

The phenomenon observed by us cannot be explained gue~

litatively and gquantitatevely by the equilibrium fluxes cal=-
culated in pape:r.'s["a"ﬂ, as well es by the frictiomn between
passing and localised ions ].

The analysis of the experimemt shows that the lomgitu-
dinal motiom is not associated with the initial comditions of
a plasma or with the existenee of vortex elestrical flelds.

The final comclusiom about the dominant role of the
comsidered mechanism of resonance particle losses requires
additional theoretical and experimental studies.

The authors wish to thank MyA.Ivanovsky, L.H.Kovrizh-
nikh, I.S.Svitnikova, A.P.Popryadukhin and S.N.Fopov for their
valuable edvice and useful discussioms,
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Influence of superimposed shear on the confinement properties
of the Wendelstein f = 2 Stellarator (WIT a)

G. Grieger, D. Eckhartt, J. Eisert, G. v. Gierke, W. Ohlendorf,
G.H. Wolf.

Institut fir Plasmaphysik, 8046 Garching near Munich, Federal
Republic of Germany

Abstract: The effect of whear on the confinement properties of
the Wendelstein Btellarator was studied and a strong influence

observed.

The WII a stellarator is equipped with f = 2 helical windings
producing a large rotational transform, (, (L= 1 corresponds
to 3600) on the magnetic axis and very low shear. For MHD stabi-
1ity the magnetic field has a mean magnetic well, typlcally
of a few per cent. Minima of the cenfinement time had bkeen
observed whenever the rotational transform was a rational
fraction of not too high an order /1/.+) Whatever their
cause, they are related to rational surfaces, being establi-
shed over a large part of the plasma cross section =imul-
taneously. Introducing some shear affects this state and
might cause these minima to disappear.

Equally directed currents in three
additional coils, as sketched in
Fig. 1 enable us to vary the shear
over a limited range. These coils

+)

Similar results were observed in
the L - 1 stellarator at the
LEBEDEV-INSTITUTE /2/, but there
the minima in confinement time
were obviously connected with A
destruction of the magnetic

Fig. 1: arrangements for
the coils

; maln magnetic field
B: Helical windings,
4 2

surfaces. S
C: additional coils
preducing Bs

are arranged coamially with the deviece; their magnetiec field,
Bs. vanishes on the magnetic axis /3/. Caleculations of the cor-
respending combined magnetic field configuration have shown that
the mean-minimum-B properties are only slightly affected By
varying the shear in this way, but that too large values of Es
lead to destructien of the magnetie surfaces.

The major and minor radii of the WIastellarator are 50 em and

5 cm respectively. The toroidal magnetic field Bo of 4.5 kG
was maintained throughout the whole experiment. A barium plasma
was generated by contact ionization on a tungsten sphere., The
lon-density and its radial profile were measured by resonance
fluorescence /1/.

In Fig. 2 the dependence of the steady state density on iota
for B! = 0 and for B=1> o is shown, with the input ion flux,

#, and the superimposed meridional field B kept constant. In
Both cases the magnitude of the shear ( ) is a funetion af

lota as shown on the top curves of Fig 2. with

AL _ L (r=bem) - L(r = o)
L L (r = 0) e

In those
regions

i) 8.0

where
5. B0

the shear __ﬁ4.__44‘—-44——'4’_‘*‘__'4—"—ﬁ—r—ﬂf

is noti-

ceably I5:

n08fem 3] Bp=45kT
o= 4
increased 12

over the

s
the confine- 3 / i'Aw U
l
ment time i f /ﬁapo \‘(

Ba-0 $ =25102 sec!
(which is

;T
9 (/« s '\ “W
value for A A i ”
B w0 5 "fJL‘ wﬁ L\ Iy
ol 02 03
proportional =
to the steady Fig. 2: top curves: éfl vs. ¢ for two cases
state density) B, =0 and B :7 o
is considerably

1
bottom curves: Hvs.L for the two
‘reduced. For

cases shown in the top curves.

iota less than 0.14 extremely poor confinement is achieved;

we are inclined to attribute this particular fact there to

the break up of the magnetic surfaces as indicated by com-
putations. However, it should be noted that our present know-
ledge of the magnetic field structure for B5 # 0 is based on
calculations only. There is therefore still a slight possibili-
ty that the observed reduction of confinement time beyond iota
= 0.14% might also be caused by the above mentioned destruction
of the magnetic surfaces rather than by the effect of shear.

Consequently, another experiment was conducted where the direc-

tion of the additional field B_ W&S reversed so that the weak
shear originally inherent in the f = 2.f1eld could be compen-

sated 1n the average. Thne corresponding results are shown in
Fig. 3 . In this

case one observes o &gy

an imprevement in

the confinement C ]
a <0

time for any

applied average 154
n 108 fem-3) Bg=45kT

shear, which is 2 220 102sec”!
smaller than the
value for B_ = 0. )

8 Bru P pﬁ ¢
This improvement & e a A
approaches an 3
optimum for
’J—L’on. Here § )
again, however, ° a 0z g LY us 06
the imen=bip Fig. 3: tTop curves: Q—— for two cases B, = o
surfaces seem to and B_ < o
break up when buttc- curves: n vs L for the two ca-

ShE vRlGR of ses shown in the top curves

lota crosses a lower limit, i.e. fort<O0.1.

It should be noted at this point that the superposition of

B &lso leads to a small change of iota. Since the iota scale
p:esented on the curves in Figs. 2 and 3 is obktained ky means
of an en-line anologue computer which accounts only for the
main and the helical field currents, it 1s slightly incorrect
for BE ¥ 0. However, the true iota scale can easily be ob-
tained by following the displacement of the individual ma-
xima and minima.

Summarizing one may conclude that already for rather moderate
values of additional shear the amplitude Between the minima
and maxima is reduced, but so is the confinement time itself.
By analysing these data one can find a gross relation as plot-
ted in Fig. 4, where the relative . LS
depeandence of the maximum confine- ‘
ment time (steady state density) on
QHL is plotted. This flgure shows a N,
reduction of the confinement time
with increasing shear, provided that

A mE

a destruction of the magnetic surfa-

ces can be excluded. Our results do Fig. 4: Relative varia-
not rule out, however, that higher tion of the con-
finement time T
vs. shear being
represented by

values of shear eventually will im-

prove the confinement properties. ﬂL

Such experiments will become possible with our next ltellarator,
WII ¢, which will be equipped with two sets of helical windings,
{ =2 and £ = 3, so that iota end * can be varied indepen-
dently of each other.

A1/ E. Berkl, D. Eckhartt, et.al. Proc.3rd.Int.Conf.on Plasma
Phys. and Contr.Nucl.Fusion Res. Novosikbirsk (1969) Bd, I,
8. 51% -

/2/ M.C. Berecheskl, et.al. Proc.3rd.Int.Conf.on Plasma Phys.
and Contr.Nucl.Fusion Res. Novosibirsk (1969) Bd. I, 5. 529

/3/ This arrangement 1s very similar to the one used by
Hartman; private communication

Work performed on asseciation with Euratom.
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Confinement of Photo-Ionized Plasma in the Wendelstein
{f: 2 Stellarator (W IIa)

D. Eckhartt, J. Eisert, G. v. Glerke, G. Grieger, ¥W. Ohlendorf,
H. Wobig, G.H. Wolf

Institut flr Plasmaphysik, 8046 Garching near Munich, Federal
Republie of Germany.

Abstract:Photolonization of & neutral barium beam provides
a steady state point like plasme source for the W IIa gtella-
rator. The resulting confinement properties equel essentially
those obtained with contact lonization on a tungsten sphere

present in the confinement volume.

The previous experiments (1,2) in our stellarator were carried
out using & Barium plasma, generated by contact ionization on
a hot tungsten sﬁhere of 3 mm diameter. This sphere, suspended
by 2 wires, each 10 /um thick and positioned on the magnetic
axis, was heased by laser radiation te 2.300°K. ¥We now wish

to report on the confinement of the same type of plasma, but
generated by Photo-ionization. Several reasons made it neces-
sary to change the production mechanism to this method:

Up to now, for example, it could not be ruled out completely,
that the presence of the hot sphere within the plasma might
have damped instabilities by line-tying for example, thus
being respensible for the long confinement times observed.
Secondly, it was impossible, to decide whether the observed
minima in the iota-dependence of the confinement time are a
particular stellarator guality or if they are generated by

the sphere-suspending wires which could originate convective
cells, for instance. In addition to this the presence of the
elect¥on emltting sphere inhibits a heating of the plasma due
to the very intense thermal coupling between sphere and plasma.
For the benefit of better comparison with the former experi-
ments we-imposed several conditions on the new plasma source:
Barium-plasma should be produced again, d.a.-operation would
be desirable, the source region should approach & point source
on the axis and the interactlion between the ionizing mechanism
and the plasma already produced, should be negligible. These
requirements rule out any ionization by electron impact, for
example, and therefore the application of r.f.-flelds. However,
crossing a beam of neutral Barium-vapor with an intense light
beam provides a plasma source with the desired qualities. When
looking forza d.,e. light source of sufficient intensity in the
relevant spectral range, two possibilities of approach have to
be considered. At first, one could excite the metastable levels
of a certain percentage of the Barium atoms by running the beam
through a gas discharge, before entering the stellarator, or as
suggested by E. Hinnov, by resonant charge exchange between neu-
tral Rubidium atoms and{Barium ionbeam. In this cage the
threshold wavelength for ionization is about 3,200 A (3,4) and
it is easy to find an intense light source in this region, a
Xenon high pressure are, for instance. The other posszibility
is the lonization from ground state. Here the threshold wave-
length is 2.3%80 R and most of the d.e.-light somrces show only
poor emission in this speetral range. Therefore one would be
inclined to chose the ionization via an enhanced metastable
population. But since the generation of this enhanced popula-
tion, too, turned out to be technically not easy, iéenization
from ground state was seﬁzted as a first attempt.

The light source used was a Maecker-type high power cascade

arc (5) running in Argon. (Fig. 1). Typical operating conditions
werelAtm. Argon pressure, 900 Ampéres and 110 Volts, resulting

in 10 kw/em arc length.

Fig. 2 gives a schematic drawing of the stellarator W IIa, The
important changes are: no probes used anymore, the sphere being
removed, end the heating lamp replaced by the cascade arc.
Also the emasuring cirecuit for the lon input flux had to be
changed slightly. After having removed the sphere the two re-
tractable spoon probes were used as a double probe. If they
are aligned with respect to the source wolume by virtue of a
magnetic field they represent the only wesential plasma sink
and under those conditions the ion input flux can be deduiced
from their saturation current. It was checked that the ion
collecting spoon did not emit any measurable amount of secon-

dary electrons by photon-bombardement. Unfortuiately, it
turned out that the saturation of the ilon current was not
as satisfactory as expected so that there remained a slight
uncertainty of about + 30 % in the magnitude of the ion in-
put flux.

A low base pressure 1s required, otherwise the ions are cooled
down to room temperature due to ion-neutral collisions. This-
cooling would increase the classical diffusion rate, resulting
in a lower peak density, as compared to the earlier measurements.
However, the peak density will be reduced nnywéy because of the
increased cross section of the source region. In addition, the
Bohm loss rate is decreased due to the lower temperature. The
difference between Bohm and classical loss rate is therefore
reduced by one or two orders of magnitude. Fig. 3 shows a pre-
livinary plot of the ion density, as obtained with photo-ionized
Barium, versus the angle of rotation transform . For an input
fon flux of 10*! ions’one would expect a density of 10° em™
from Bohm-diffusion, whilst from classical theory one estimates
3.107cm-3. This measurement yielded a density of 1,6 x lDTcm-j,
one order of magnitude more than:the Bohm value and in fair
agreement with classical theory. Qualitatively one observes the
well known behaviour of the density as a function of iota; i.e.,
strengly pronounced minima of the confinement time at the ratie-
tal values ufﬁ . This strongly supports the conclusion, that our
previous results with the sphere.do indeed reflect general pro-
periies of our stellarator and are not caused by the sphere,
Furthermore, those plasma loss processes connected with the
rational values ch , are investigated and which reduce the

peak density for some orders of magnitude. Because of the short

confinement time in this case, probe measurements do induce negli-

glble further losses and thus can be used for obtaining detailed

information of the flow pattern.

/1/ E.Berkl, et.al. Proc. Int.Conf.on Plasma Phys. and Contrl.
Nuel.FusionRes. Novosibirsk (1969)

/2/ Paper presented at this eonference

/3/ L. Haser, Proc.of the NATO Adv.St.Inst.,Keele, Engl.Aug.1966

/4%/ S.Drapatz, MPI-PAE/Extraterr.13/67, Nov. 1967

/5/ H.BReacker, S. Steinberger, Z.angew.Phys. 23,456 (1967)
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ECR-Cenerated Noble Gas Plasmas in the Stellarator W IIa

R.A. Ellis, Jr.*) and D. Eckhartt
Institut fiir Plasmaphysik GmbH, BO46 Garching near Munich,
Federal Republic of Germany

Abstract: Argon and xenon plasmas were produced by electron
cyclotron resonance in the W Ila stellarator.Densities ranged
from 3-10% to 2-101em™3
12 eV. The confinement time was estimated to be five to ten
times the Bohm time. The general features of the density versus
rotational transform curves were similar to those observed with

and electron temperatures from 4 to

parium plasmas produced by contact ionization except for some

cases with xenon.

The confinement of contact ionized barium plasmas in the W II
stellarator has been interpreted as approaching the classical
collisional limit for axisymmetric fully ionized plasmas and
exceeds the Bohm value by about two orders of magnitude [1] .
The present paper describes preliminary experiments with noble
gas plasmas generated by low power electron cyclotron resonance.
The aim of these experiments was to get an estimate of plasma
confinement at higher electron temperatures and hence longer
electron mean free paths than those in contact ionized barium
plasmas and to see whether or not the sudden decreases in
density for particular values of themtational transform
observed in barium plasmas were related to the presence of the
solid plasma source and its supports.Wendelstein IIa is a
circular stellarator with major diameter 2R, =1 m and plasma
diameter 2r°= 10 cm.It has continuously wound €= 2 helical
windings which produce a nearly shear-free stabilizing field.
Technical details have been given elsewhere [1].1:1 our experiments
the microwave power was radiated from an open X band wave-guide
which is flush with the inner surface of the vacuum vessel.

+)
Permanent address: Plasma Physics Laboratory, Princeton
University, Princeton, N.J., U.S.A.

Various magnetrons and klystrons with frequencies around 9.8,
13.3, and 15.7 GHz were used with output powers ranging from
the minimum value required of 20 to 40 mwatts up to 7 watts.
The magnetic field strengths for resonance are 3.28,4.74, and
5.5 kG.For these values the main magnetic field and the helical
windings could be operated in a steady state up to values of
t= L/2mof about 0.6.0perating pressures of argon and xenon
ranged from 10 °to 107%torr.The base pressure was usually a few
times 10  'torr. Plasma density and electron temperature were
measured using cylindrical Langmuir probes with tips 4mm long
and 0.1 mm thick.The probes could be moved in radial direction.
The probe data were evaluated using the theory for infinitely
long cylindrical probes by Laframboise [2]. The microwave power
could also be switched off suddenly in order to observe the
subsequent decay in particle density by means of the probes.
Depending on neutral gas pressure and microwave power,the
peak particle density LI attained values between a few times
10B and 2-1011cm—]. The electron temperature ranged from 4 to
12 eV. The degree of ionization thus varied between lf.\—4 and
0.6. Rough measurements of the space potential in a few cases
indicated that the plasma was charged positively which implies
that- the electrons have a higher intrinsic loss rate. As
indicated from the time decay in the afterglow,the mean plasma
life time was of the order of milliseconds.This time is short
compared to the time of equipartition between electrons and
ions.Moreover,the ions are strongly coupled to the neutral
atoms via resonant charge exchange collisions.The ion
temperature, therefore, is practically egqual to the neutral
gas temperature.
The question of plasma confinement was studied by computing
the mean particle life time T, for a number of steady state
discharges in argon, where Tis the ratio of the total particle
number N, and the production rate N. The rate coefficients
have been taken assuming Maxwellian distribution of electron
energies. This assumption is gquestionable for lower electron
densities since the electron-electron collision times are too

long. On the other hand, one can estimate the total productim
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rate from the microwave power absorbed and the energy required
to produce and to heat an electron to the observed temperatures.
Taking the latter energy equal to 50 eV and assuming that all
the power entering the discharge tube (i.e. about half the
output power, W) is absorbed, the two estimates for the
production rate agree reasonably well as seen from the Table
below. (The lower numbers N refer to the /a-power estimates.)
The mean particle life times are given in the same Table. The
plasma decay times were usually found to be somewhat higher. A
proper interpretation of these decay times which are taken from
the 1on saturation current traces requires a determination of
Te during the afterglow which has not been done. From the plasma
life time an effective diffusion cosfficient is deduced,
(r°/2.4}2/‘r . This value is compared with various

Dogs™

theoretical estimates. The Pfirsch-Schliiter value,D is by far

too small to account for the observed life times. NZit we
computed the values,Dg, (at max. Ty and neJ from the theory of
Kovrizhnikh [ 3] for weakly and strongly ionized axisymmetric
plasmas which takes the self-consistent radial electric field
into account. (The numbers in brackets refer to the respective
values for both weakly and strongly ionized plasmas as neither
of the criteria given by Kovrizhnikh strictly apply to these
discharge conditions). The coefficient DSt from Kovrizhnikh
for an 8= 2 stellarator, which should reflect the influence
of particles trapped in the helical mirrors, is given next.
Pinally, we quote the values of the Bohm diffusion coefficient
Dy . Except for the case with high neutral pressure the effec-
tive diffusion coefficients range between D;‘ and DB' As the
electron temperature decreases radially outwards and D: depends
stronger on electron temperature than Dy, the departure from
the Kovrizhnikh value becomes still more pronounced. For
discharges with higher microwave freguencies and correspondingly
higher magnetic fields the peak densities become somewhat
higher at the same power level. 3

The plasmas in our ECR discharges exhibit relative density
fluctuations generally of the order of 10 to 20 %.Measurements
with the spectrum analyzer indicate strong activity in the
frequency range of the drift waves which is not surprising sinm
the € = 2 helical windings produce only weak shear.

T T o A
iy T.Bo Peo | H_l i Dl!f._*’ Dpg| Px Dit Dy -3
“ar | & T eV E3 ms|| x1 x10 xlo
g e [ 2
5 8 15
dome _ 3.2 |3.8x10% |1.3x10%%| 1 | 4.3
6x10-6 |0.125| 8.6 3i5x3018| 2 || 2ig| 94 o4 [TTy-1640
9 16
4comw |4.62 |6.3x10° |4.8x10%[0.79 | 5.5 (016
7x10°6 |0.2 | 7.4 2.5x10%6[1.5 | 2.9| 1% faocos) [1-0] 10
1 18
Jwatts |3.28 |2.4x10*1|1.6x1018]0.3 | 15 (o)
4.5x1090.328| 12 0.5x10%8 4.5| 3 | oos [O-2] 22
s00me  [4.62 |2x10° 1):101616 0.1 | 43
2x10-4 [0.2 | 4.4 2.5x10%%|0.04| 133| 0.56 0.24[1.8] &

The dependence of the particle density on rotational transform
§ in argon was found quite similar to that observed in contact
ionized barium plasmas. An analogous pattern is observed with
the annular grid-plate particle detector which encloses the
plasma and measures part of the radially outstreaming particle
flux., This indicates that at the particular values of ¢ the
total plasma production rate is reduced. At higher pressures
anc microwave power levels the density decreases become less
pronounced. With high enough power it is possible to maintain
the discharge at all values of ¢ . In contrast to these results
we found a different behaviour in xenon for a wide range of
discharge parameters. Superimposed to the general appearance
of broad minima there are pronounced density peaks at rational

values of ¢ .

[1_] Berkl, E.,et.al. Proc.Novosibirsk Conf., 1,513 (1969)Wien
[2] Laframboise, J.G., UTIAS Report Ro. 100
[3 Xovrizhnikh, L.M., ZhETF, 56 (1969) p. 877

This ‘vork was performed under the terms of agreement between
the Institut filr Plasmaphysik GmbH, Munich-Garching, and
Euratom to conduct joint research in the field of plasma physics.
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THE TORSATRON WITHOUT TOROIDAL FIELD COILS

AS A POSSIBLE SOLUTION TO THE DIVERTOR PROBLEM
by

C.Gourdon , D.Marty, E,Maschke, J.Touche //_,_{

ASSOCIATION EURATOM-CEA
Département de la Physique du Plasma el de la Fusion Conlralée
Centre d'Etudes Nucléares
Boite Postale n° 6 - 92 Fontenay-aux-Roses (France)

Abstract : A stellarator type configuration , with only helical conductors and
no torofdal field coils is investigated by numerical calculations. Interesting
properties are found for the configurations with high ospect ratio (R/a ~10)
(4 up to 4,and ?/L"g 1).This configuration (Torsatron) is particularly well

suited for the construction of a divertor.

Introduction : In earlier numerical studies /1/ a systematic comparison has
been made between stellarator configurations of the classical type (22 helical
conductors which alternately carry currents + Land -1jand o new type colled
Torsatron (Lconductors only which all have currents +1 and @ campensating ver-
tical field). This study has shown certain advantages of the Torsatron configu-
rations, in particuler the possibility to have simultaneously shear and average
magnetic well.In the present work, configurations of the Tors-unnn type are in-
vestigated in o regime in which the torofdal field is not created by separate
field coils, but is due to the helical currents.The properties of this configu=
ration have been investigated by numerical integration of the field lines.The
study has shown interesting properties for the configurations with high aspect
ratio (R/a ~+ 10) and numerous field periods (~ 30).1t is shown that a particu=
lar form of the separatrix allows the construction of an efficient divertor.

Numericaly investigated properties : In the Torsatran without toroldal field

coils the multipolar field and the azimuthal field are beth created by the he-
lical winding and the relative strength of the two fields is fixed when the pitch
of the helical winding is fixed.We have chosen helical winding with

. d@
m =T = const, where is the angular position around the z oxis ond B the
angular position around the circular axis of the torus.£ = m o/R is then the
mean value of the tongent of thepitch angle. The porameters of the study are
A =R/a andE . We define "I}"ul the volume enclosed in the last closed mogne-
tic surface (separatrix) and normalized with respect to the volume of the torol-
dal chamber (2 30 Ra? ). On the picture number | we have represented ¥

againstE. We observe that for a given value of E the curvature effect yields

to o significant reduction of v *for R/a < 8.

1
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We have colculated the rotio of the two extreme values of the magnetic field
encountered on the last closed magnetic surface. The figure 2 shows that this
mirror ratio is independant of R/a (at last for R/ia = 4), The picture number
3 gives the maximum value of the mean rotational transform(t = L/_?Jr) on the

last closed magnetic surface. We found that the value of -t per field period is,
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(for R/a = 8), a little greater than the value ( +/mt 21/12) given by

A.GIBSON /27 for the classical stellarator.
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The picture number 4 gives the value of F/‘-s on the edge of the volume A,

d+t

aF

A and £ for a realistic experiment (or reactor),we hove to take account of

We define ? by ar*- [P/t:l,‘r2 and "4 = P/ x . If we will choose
L, R

the real size of the windings and to provide the distance between the winding

and the separatrix according to the thickness of the required screens.

We are then limited to

Parameters Experimental ' Reoctor scale

little values of ( AX™). R/a 12 13

m 10 10
We give on the table the & 0.83 0.77

Lvg 0.24 0.14
values of the parameters R 245 cm 32,5m

a 20,4 cm 2,5 m
for an experimental ma- = 20 KGs 105Gs

& 4000 A/em? | 2000 A/cm?
chine and for a reactor P plasma 10 em 100 em

X 3.5 3.5.
scale experiment. P/Ls 0.6 0.5

Sing 1.28 1.19

Bmin

Schematic description of a divertor : If we study the escape from the confi-

guration,of magnetic lines storted just outside the last closed magnetic surface
we observe that all these magnetic lines leave the configuration through a
narrow helical region between the windings and then go around the windings.
The picture number 5 gives the schema of o divertor taking advantage of this
behavieur .One helical slit through the wall, allows the charged particles to
leave the internal chamber. These particles are received on massive targets

in the external chamber wich is provided with large pumping surfaces.

7—' pumping surfaces

blanket

A realistic calculation mode for the reactor size experiment given
" 14 x i . "
cbove, with n~ 10 ; T~ 1s. gives an equilibrium pressure in the external
chamber of about 5.1078 Tor with the assumption of a 10 L.‘:"—cm-2 pum-

ping speed for the active surfaces.

[lj C.GOURDON, D.MARTY, E.K.MASCHKE, J.P.DUMONT
Proceedings of the Conference on Plasma Physics and Thermo nuclear

Research, Novosibirsk, 1968, Paper CN 24 / F-2.

27 A.GIBSON, Phys. Fluids 10 (1967) , 1953,




STELLARATORS

Drift Waves and Plasma Diffusion
in a Straight Stellarator

by
P.E. Stott and J. Burt

U.K.A.E.A. Culham Laboratory, Abingdon, Berks.,,England.

Abstract: The effects of magnetic shear on unstable drift waves are
studied in a straight 4=3 stellarator. Increasing the shear reduces
the amplitude of the instzbility and also the cross field diffusion

coefficient.

It is well known that unstable drift waves supported by a density
gradient may seriously weaken the containment of a low B plasma in a
stellarator. We have investigated the effects of 1agnetic shear pro-
duced by an 4{=3 helical winding on the drift instability and on plasma
diffusion. A straight stellarator was used for these experiments,
since in a toroidal device it is difficult to vary the shear signifi-
cantly without disturbing the toroidal equilibrium.

The essential features of the experimental apparatus (STAMP) are
shown in Figure 1.

Lithium or sodium “vaments  End plate Vooum tube

plasmas are produced U 00 []ﬂ gooonoooondo

by thermally ionising

Lithwm sproy mamfold

a beam of neutral TN

atoms sprayed onto a
rhenium plate (dia-
meter 7.5 cm) heated Avol fwid cods Mool wedeg  Longmin probe Shtectblle ey o 04
to over 2000°K. The

Tig.1. Schematle of the STAW experiment. For clarity, only one

basic principles of of the helleal conductors 1s indicated,

Q-machines are well known and the detailed design of the sources used
on STAMP has been reported previoualyu). Two identical sources which
(can be moved axially produce a plasma whose length may be varied between
40 and 400 cm. The axial magnetic field is variable up to 4000 Gauss

and at that field the Larmor radius of lithium ions a; = 0.3 mm. The

periodicity of the 4=3 helical winding is 80 cm and the maximum
current is 48,000 Amps.

Computations of the helical magnetic fields are in good agreement
with measurements using an electron beam to trace out field lines onto
a fluorescent screen. The magnetic field lines lie on a nested set of
trefoil shaped cylinders. The rotational transform { has a nearly
parabolic radial dependence and at the separatrix the transform per
winding period is 2n. It is convenient to express the magnetic shear
in terms of the shear length L_ = [(2n/8B0)r at/ar)™t which varies
roughly as the inverse square of the radius and is about 7 cm at the
separatrix.

When the current in the helical winding is zero, we cobserve spon-
taneously occuring oscillations of the plasma density n and potential
% which we have previously identified as collisionless drift wavestz).
At a density of 108 cm_3 the electron-ion collision length "ei = 600 cm,
and electron-ion encounters within the length of the column are too
infreguent to generate collisional drift waves. The density and
potential oscillations have peak rms amplitudes ny and @9y close to the
radius £ where the density scale length A = [d(log nulfd:]_l is
smallest. Typically n1/no = eml/kT = 10-20%. We observe that the
amplitude of the unstable drift waves is reduced as the current in
the helical windings is increased.
Typical radial profiles of n, and
ny with and without shear, are shown
in figure 2. 1In this case the effec-
tive shear was b/LE = 0.0?3)

Krall and Rosenbluth have
calculated that the normal mode of
a drift wave should be stable if
A/I.s > ai/A. An additional stability
criterion due to Rutherford and

(4)

Frieman requires that ;:‘./T..5 >

(me/mijé to prevent the local growth

of non thermal fluctuations. For Fig.2. Radial profiles of mean density h, and

4 ras level n, compared for & shear fres
plama (dashed eurves) and for a bellcal
eurrent of 30,000 Amps {full curves). .

the ghear case, the profiles were seansured
parallel to the base of the separatriz
triangle (seo insat diagram) which lies Just
inalde the dlamecer of the endplates. The
length of the column was 200 cm and the
axlal rield 1300 Gauss.

lithium plasma ime/mi)é = 1/20 which

is fairly easy to satisfy and usually

in our experiments the normal mode con-
dition is the more stringent. In figure 3

2
4 i i
ni/no is plotted against s = 4 /Ls ai.

Extrapolating the experimental results
suggests that ny/ng would reduce to
zero in the vicinity of s = 1. B

There is a corresponding ]
decrease in the rate of cross-field ’ | |
diffusion. This results in a slight
increase in the central plasma [
density but only amounts to 10% or so

since recombination losses at the

e

endplates exceed the radial losses "

in this plasma. The radial plasma

flux can be calculated from the ¥
cross-correlation of the density
and potential oscillations Fig.3. n/m .and D, (normallged ta D = okT_[16e5)
plotted against I.sz. 5. e thearstical

j (wave)= <
LS ! thruhold of scantltcy laap&7L 8 = 1

n
=(1/xB)d < n 5 >/&.
We have measured < n 5 >

Ee/B >

using two probes with a variable separation and we observe that a
leads g , typically by a phase angle of 20 degrees. This results in
an outward plasma flux which is a2 maximum close to the peak amplitude
in n. At small radii j‘_ (wave) agrees well with values of the radial
flux estimated from the small axial gradient in the central plasma
density. The radial flux at the outside edge of the plasma was
measurad on a ion-biased ecylindrical collector positioned just out-
side the radius of the endplates. The total flux measured in this way
is equal to the peak value of j (wave). Close to the edge of the
endplates, j (wave) falls off, i;dicating an additional loss mechanism
in this regi;n. This is probably due to convective plasma motions

(5) Appmia-

tries as small as 10°K would be sufficient to ptovida_ the observed loss

caused by slight asymmetries of the endplate temperature

rate at the edge of the plasma column. Thus our measurements of
plasma diffusion are consistent with transport due to unstable drift
waves in the body of the plasma assisted by convection close to the
edge of the column.

The radial diffusion coefficient D_ has been calculated from
these flux measurements. In a uniform field Dy is nearly inversely
proportional to the field strength and is of the order of
Dootm ™ ckT/16 eB. This is roughly two orders of magnitude higher
than the coefficient of diffusion due to binary collisions. We
have not investigated in detail the dependence of D (with shear)
on either the axial magnetic field or the column 1an;th.

The main limitation in extending the measurements closer to the
theoretical threshold of stability at 8 = 1 is that the density
gradient steepens rapidly as the helical winding current is increased.
This reduces the effective shear across the density gradient to much
less than the total shear between the centre of the tube and the
separatrix. The plasma density profile is determined by the spray of
lithium atoms onto the end plates and ideally this should match the
trefoil shape of the magnetic surfaces. We are modifying the spray
pattern in order to make the density gradient less steep and thus
improve the effectiveness of the magnetic shear. We are also improv-
ing the circular symmetry of the end plate temperature in order to

reduce the convective losses at the edge of the endplates.
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HIGH 8 THEORY - A REVIEW OF PINCH PLASMA STABILITY+)

by
W. Grossmann
INSTITUT FUR PLASMAPHYSIK

8046 Garching b. Miinchen, Germany

Abstract: This report attempts to outline progress towards under-
standing instabilities in high 8 plasmas and to compare theoreti-

cal results wherever possible with experiment.

It is not feasible to review all high B instability investiga-
tions, in fact one would not even want to do.'so. We concentrate
here on those instabilities which appear to be the most danger-
ous and which have either been identified in an experiment or are
suspected to be present in an experimentally produced high f
plasma. The particular instabilities discussed here are classi-
fied in the following categories: 1. unstable behavior due to
lack of equilibrium, 2. mirror like instabilities, 3. long wave
length Kruskal Shafranov modes, 4. tearing modes, and 5. rota-
tional instabilities. Most of these instabilities have impor-
tance for both straight and closed systems. The stability ana-
lysis for all the above mentioned instabilities was carried
out for a straight system and one must use caution in applying

the stability criteria to closed or toroidal systems.

+)Thisi work was performed as part of the joint research program
between the Institut filr Plasmaphysik, Garching and Euratom.
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REQUIREMENTS FOR THE STABILITY OF CYLINDRICAL AND TORDIDAL PINCH DISCHARGES
by

. D.C. Robinson

U.K.A.E.A. , Culham Laboratory, Abingdon, Berks., England
Abstract: The essential features for a stable diffuse pinch configuration
ars derived from the hydromagnetic energy principle. Tt is shown that for
stability the pitch (langth) must never possess a minimum and the E_B (i_g,
average P with respect to the axial current) must always be less than
umity, Stable configurations with f = LO% exist wi.t‘.h reversed axial field
outside the plasma provided th- axial flux has the same sipgn everywhere.
Without field reversal stable configurations with &, -1 P are only

posaible when currents flow outside the plasma.

)

Introduction: From the hydramagnetic energy prlnciple“ necessary and

sufficient comlitions for stability can be obtained. Here we shall consider
the non-localised displacements or kink modes and obtain various necessary
conditions for stability.

Pressure and Current Driven Instabilities: The energy integral can bs

written, in cylindrical geometry, ( )2
a p \2 (K"E_ + B
W(ﬁ):%f f(%j +g€2] dr where f = = 32 2 s
o 1+k

a2’ ap —,kzr i 22 22

= + (kP + 1)(kP(Z + K r°) + K" - 1)
1) T (1)

form =1, where E amd k are the displacement amd wavenumber, a the

B
radiug of the corducting wall, P being the pitch B_z’ the other sywbols
]

have their ususl meaning. The maximum potentizl energy available to drive

an instability is given by the lower bound on g which is made up of a

pressure gradient term 2 dp and a current temm - Bg/m%. Current driven
ar

modes are stronger form = 1. Ignoring the pressurs gradient tem we see

that the stability for current driven modes can be detemined if the
the pitch variation is known. Fig,1 shows all possible classes of toroidal

piteh variations if' we inelude a piteh going to infinity near or on the axis,

Choosing a wavelength and displacement s shown in Fig.1(b) and (d.), then as

B ocan Bl'!wa be made negative for these regions and choosing € mmall
Pl @ P © enough the energy integral
is negative and therefore
N
M the configurations are
. umsteble. Fig.1(b) corres-
oo " ponds to a linear TORAMAK
) el
¥ ) configuration where m = 1
is posaible mnd (d) to a
Ny
1 1 akin current or ordimry
“(‘ L ' diffuse pinch with a vacuun

d © Figa ko w T

outer region. Hence configurations with a m un in the pitch are always

unstable (for %ﬁ £ 0). Fig.i(a) and (¢) can be stable. If we consider
Fig.1(0) ard wavelength 7\5, anl a displacement az in (b), then a necessary
cordition for stability, i.e. g > 0, is that E(r) > - 3p(p), where P(r)
is the pitch at the conducting well, A more restrictive necessary condition
for such a wmrnlenlgth is that ‘,:':E g dr > 0. Pig.2 shows the maximum degree
of field reversal for stebility as a funetion of the cmpr‘eaainn ratio of
It can be shown that this condition is slmost sufficient for

(2) 4 e

Steble configura-

the plasma.
such configurations
tions of this class are possible with p

Type (a)

can also be stable but there is z limiting

sbout LOF for example see Fig.3.

p obtained by combining the SBuydam criterion

T,
with the condition [ ° gdr > 0, whers T,
o

is defined by kP(rg) = -1. TIntegrating W

(Eq.(ﬂi by parts with & wavenumber such that
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a

¥P(a) = -1, and then applying the comdition [ £dr » O gives the neces-

o
sary criterion for stability _

By <1
—_— —__2 a
where Py is defined by the Bennet relation B T~ = b [ rpdr. Applica-
o

tion of these criteria to a diffuse screw pinch configuration, Fig.(a),
gives the stability diagram shown in Fig.i(b), whers the maximum P ias
5%. If an appreciable current flows outside the plasma then stability is
posaible for B's up to about 30,
Currents below the Kruskal-Shafranov Limit in Toroidal Gecmetry:
ing only the cylindrical energy integral, then for a plasma with a vacuum

Consider-

outer region m = 1, kink instabilities are no longer possible when

B
q= -gm—z > 1(3) (R = L/2n where L is equivalent cylindrical length).
[:]
Instabilities with m = 2 are possible but very local in charcter because g

is only negative over a small distance, A, given from (1) by
1
£
49 2z ’3_3,.
EERC I

whave 59 is small then weak current driven instabilities become possible,

ol

P = ;_2 dr

(i}
depending upon the radial pitch variation. BSuch a localisation is believed
to be the reason why the toroidal equivalent of Suydam forms a necessary and
aufficient criterion in a TOKAMAK, i.e. q > 1 gives stability to all modes.
However if [3B is small near the magnetic axis it has beer ahmrn(i*) that
> 1 is not sufficient, the further reguivement being S > 0.

Conclusion: The stability to current drivenimnstabilities is determined by

the radisl variation of the pitch. Corditions are given which show that
limiting values of beta of 30-40% are obtainable when the axial magretic
field reverses outside the plasma or when there are appreciable currents

ﬁfnning in that region.
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EXPERIMENTS WITH A LINEAR

(£=1)-HIGH-BETA-STELLARATOR +)

by
M. Kaufmann, E. Finfer, W. Lotz, J. Neuhauser
INSTITUT PR PLASMAPHYSIK
D- BO46 Garchlng bei Mlinchen, Germany

Abstract: This paper describes a linear (f=1)-Stellarator ex-
periment with a helically shaped coil, preparatory to a future
toroidal experiment with a major diameter of 2.7 m. Stability

is found to be comparable with a pure linear theta-pinch or with
an (fnl)-stellarntor using a pair of conductors.

Recent theoretical work suggests stable equilibria for a to-
roidal (£=1)-Stellarator with high betu. 13 In order to sepa-
rate the problems of stability and equilibrium, we tried to test
possible toroidal configurations by doing linear ciﬁerimPan
with a pair of helical conductors.“) In this paper we desecribe
experiments with a straight {Enl)—Stellarator whera the magnetic
aurfgnes are formed by a helically shaped coil (Fig. 1) instead
of tne pair of helical econductors. For technical reasons, a

shaped coll would be more convenient than heliecal conductors.

The inner surface of this coil 15 not exactly heliecal but is
approximated by excentric cylinders of 23 cm diameter and 3 em
width. The period length is 60 em, 9 periods fitting within the
coil length of 5.4 m. The amplitude of the helix is 1.5 cm, the

rotational transform in vacuum is 0.01 per period.

Fig. 2 shows stereoscopic smear-camera pictures of a dis-
charge in 10 mTorr of Deuterium at a bank-energy of 1.5 MJ. Af-

ter about 14 /Ms we see the onset of instabilities, which is

within a few microseconds the same onset-time that we observe in
a straight theta-pinch of equal parameters. Fig. 3 shows that
with 3 % added oxygen instabilities set in much earlier, an ef-
fect which we observed in the straight theta-pinch as well but
do not understand yet. Fig. 4 shows stereoscopic pictures of a

discharge in 40 mTorr at 0.5 MJ (low impurity level).

iesaee s

i

ow e

Fig. 3 Flg., 4
a) 0.2 % .mpurities

b) 3 % oxyg
oXygen 10 “S

The displacements of the plasma to be seen in Fig. 2 are re-
solved (slightly smoothed) in Fig. 5 in a plane perpendicular
to the axis. It turns out that the plasma tends to drift into

the equilibrium position near the magnetic axis at x = 0, y =

15 mm off the axis

of the vacuum ves-
sel. This is shown
more clearly in
Fig. 6 as position
¥ vergue time. The
10 ps
Figures shown are
only examples for
a typiecal set of
parameters. Chang-

ing the parameters

does not alter the

overall behaviour -5 0 5 x[mml

of the plasma.

In contrast to Fig: 5

our experiments with E -
>

a pair of helileal

conductors, we
were not able to 10 I}
vary the time

difference bet-

ween the main 0

1
5 10 15 t[ps]
field and the he-

lical Fteld.q) Fig. 6
But, obviously, this turns out not to be essential for success-

ful experiments.

The parameters of the experiments were: bank energy up to
2.6 MJ, bank voltage up to #0 kV, magnetic field up to 31 kG,
rise time (quarter cycle) 7 or 9 /9, coil length 5.4 m, inner
coil diameter 23 cm, inner vacuum-vessel diameter 10 cm, tem-
peratures between 20 and 500 eV, densities between 1016 and

10]7 per cmj.

At the time of completion of this paper we displaced the
vacuum vessel out of the axis of symmetry of the coill, in order
to test the restoring forces that should be present after the

initial implosion.
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Helical Equilibrium and Stability Experiments in a
3-Meter Linear Theta Pinch

by
W. E. Quinn, F. L. Ribe, and R. E. Siemon

Los Alamos Scientific Laboratory, University of California
Los Alamos, New Mexico 87544 USA

Abstract: Helical ¢ = 1 fields on a high-p plasma column are observed to

produce a helical equilibrium and to induce Iz currents in the plasma. The

m = 1 instability growth rates are reduced by applied Iz currents.

It may be possible to use helical fields to contain a toroidal high-f
plasma column. [1] The 2 = 1 system [2-6], has been found theoretically to
have the most favorable stability properties against the predominant m = 1
mode. The Scylle IV especlwent [7] has been modified to have a J-meter com-
pression coil and a 120-psec

crowbar [Bz(max) =60 k¢]. Ex-

periments with added helical ¢ =

1 fields have been carried out

in preparation for the Scyllac

toroidal theta-pinch experiment
[8].

Case I - Operation Without
Helical Fields With a coil of

uniform inner diameter (10.5 cm)

Scylla IV-3 produces a stable

plasma as indicated by the stredc

photographs of Fig. 1. Filling
with 10-mtorr deuterium and no
bias field gives a peak density

of 3 % 10*%em™ (interferogram)

and ion temperature of about 1.0

Fig.l. Operation without Helical Fields

keV (neutrons). A rotating m =1

SCAN

RETURN CABLES
FOR LONGITUDINAL
GURRENT

QUARTZ

WINDOW PLASMA

TO_CAPACITOR
K FOR

LONGITUDINAL
CURRENT

Fig. 2. Diagram of § = 1 coil arrangement with end electrodes

displacement with an amplitude which varies between discharges (Fig. 1) sets
in after an Alfvén transit time of 5.0 psec and is thought to be due to the
onset of plasma rotation [9] resulting from end-shorting. [10]

Case II - Superimposed Helical Fields and Opposing Current I, (Shorted End

Electrodes) An £ = 1 field, 9 periods long, with a wavelength of 30 cm was
introduced by shaping the inmer surface of the compression coil, using heli-
cal grooves of rectangular cross section (1.6-cm deep) as shown schemati-
cally in Fig. 2. Except for the different coil and externally shorted end
electrodes to observe plasma-induced Iz' the theta pinch was operated under
the same conditions as Case I and gave results shown by the streak photo-
graphs in Fig. 3A. The column moves quickly sideways on every discharge and
hits the wall 2.2 + 0.5 psec after the start of the main field (growth rate
¥y = 3.0 £ 0.4 MHz). The observed Iz is interpreted as an axial current
arising because of the plasma's high conductivity, which opposes the estab-
lishment of a rotational transform characteristic of the helical equilibrium
f11]. I, opposes a rotational transform whose direction corresponds to the
vacuum fields of the right-handed helix.

Case IIT - Superimposed Helical Fields with Applied I, In order to embed

the rotational transform in the body of the plasma, I, was generated by a
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Fig. 3. Operation with Helical Fields. Case II (A) and Case III (B and C)
separate capacitor circuit which applied_a current as shown in Figs. 3B and
3C. A noticeable improvement in stability was observed, which depended
critically upon the timing of Iz relative to Bz, its magnitude, and the
waveform of T_ (although not its sign). The more stable condition shawn in
Fig. 3B (y, = 0.6 £ 0.1 MHz) required that I, reach its peak at the initia=-
tion of Bz and then quickly return to zero. With a Ié-periud groove in the
center portion of the 3-meter coil, applied Iz stabilized the plasma.

Figure 3C shows the stable configuration resulting from a small bias
field, Bu =+ 0.5 kG. We conjecture that in this case the transform is
embedded by the bias field before the implosion, as is borne out by the
observation that the opposing Iz (observed with shorted end-electrodes) is
one-half that of Case II.

By means of end-on holographic interferograms [7] the integrated den-
sity j'nedz was measured at peak field as shown in Fig. 4. Case ITI, which
corresponds to Fig. 3B, gives clear evidence for the helical equilibrium
(streak photographs show a 1.3-cm columm). Casé II (no Iz] is intermediate
with a smaller helical displacement, while Case I (no helical groove) has
none. All profiles show conservation of deuterons from the filling pressure
of 10-12 mtorr.

In Case III both the fractional helical distortion

30
(& == 1.3) and the growth f"l di (FRINGES)

rate (y; = 0.6 MHz) agree
reasonably well with the

theory. [3,4].

20
RADIUS (em)
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THE m=0 TEARING-MODE INSTABILITY IN A LINEAR THETA PINCH WITH
TRAPPED REVERSE MAGNETIC FIELD

L. Kénen, P. Noll, F. Waelbroeck and H. Witulski

Institut flUr Plasmaphysik, KFA-EURATOM Assoziation, Jillich, Germany

Introduction. The stability of a current sheath has been investi-
gated in several experiments /1-5/. In some cases /2,3/ the plas-
ma behaviour is in disagreement with predictions for the resis-
tive tearingmode instability /6,7,8,9/. In our previous experi-
ments /4/, the stability of collisional theta pinch plasmas with
trapped reverse magnetic [ield was sludied in a coil of 10.5 cm
diameter and 120 cm length. The growth rates of the m =
were observed to be about two times faster than expected; it was
not pessible to vary the plasma radius a sufficiently to derive
experimental scaling laws. In the following we present new re-
sults obtained in a coil of 21 cm diameter and 120 em length.

0 mode

Experimental details. Deuterium gas was preheated by a low ener-
gy theta discharge and permeated by aslowly rising magnetic bias
field B,, and then compressed by a magnetic field of opposite
polarity. In most experiments we had Bloy © 28 kG, T/4 =
11,955300,usec after crow-bar at Bmax.

The plasma evolution was followed by simultaneous streak pictures
made at 8 windows in the central region of the coil (spacing 8 cm)
and by measuremert of the diamagnetism A¢ along the axis with 16
compensated magnetic loops. The average electron temperature Te
was derived from X-ray absorption measurements and from the
occurence of impurity lines. The radial distribution of the mag-
netic field in the midplane z =
probe of 2 mm outer diameter.

10.5!usec,

0 was measured by a magnetic

Experimental results. Pure m = O modes growing to large amplitu-
des were observed for example for Py = 50 mTorr and Bo = =600 G.
Shortly after the start.of the main discharge the plasma is

essentially homogeneous (3/0#xz0) in the central coil region.

After t = M—S,uaec the plasma constricts radially at two axial
positions. The growth time and the axial wavelength of this
0 instability are, resp.,T= 3,usec and A& 33 em.Tis deri-
ved, independently from the relative perturbation ¢ of A¢
(see fig. 1la, T = 3.1/usec} and from the relative perturbation
§h /o of the halfwidth 1j,,(z,t) of the radiation profile

(T=3 % 1,usec).§? is defined by 1-Ed¢minf{6¢,+dg} where
‘dﬁnin is measured at the position of a constriction and A#,',_
are the neighboured naxima.‘ﬁjz is analogously defined. At

t o= ﬂ!usec, the beginning of the instability, we have

T, = 90 oV, B, = 15 3, h, 2 3 x 10% on™3 at the B = 0 neutral
zone assuming Tj = Te’ and a B(r) profile as given in fig. 1b.

m =

bof [0

05

Fig. 1 (a) relative perturbation 5?{t) of the diamagnetic signal
AP for U discharges with pg = 50 mTorr, B_ = =600 G.d¢= 1
corresponds to a complete constriction a+o . End effects are ex-
pected to play a role after about 8 ,usec.

(b) B(r) at t = b ,usec. Curve 1: frbm magnetic probe at z = 0
(open circles), cdrve 2: average from Abel inversion of light
profiles at z = -8, 0, +8 cm, whereby we assumed 3Te/dr=0T;/0r=0

It should be remarked that strong deviations from axisymmetry
( m21 modes) occur when By>1 kG and that the amplitude of the
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m = 0 modes is usually small when pos 30 mTorr.

Discussion. T and A can be compared with theoretical predictions
for the resistive tearing-mode instability /6,7,8,9/. Numerical
calculations for an imcompressible axisymmetric fluid model have
been performed by Kaleck /U/. When B(r) is parabolic'with a smooth
transition to the outer region B, and -B(0)/Bg=0.5"... 1, the
growth time‘l:‘l11 of the fastest growing m = O mode and the corres-
ponding axial wavelength ]m can be fitted by, resp.,
T, * 0.58 al'uT T, O'uﬂuaen andlm = 7.3 si* Ten'32 o
characteristic thickness of the current sheath s = BE’(H;%-n is
in ecm, Ty is in eV, classical resistivity transverse to a strong

cm. The

magnetic field is assumed.

In the previous experiments with a 10.5 em coil B(r) was deduced
from light profiles only and approximated within the limits of
error by a parabola. The resultT = 2Tobs can possibly be
attributed to an overestimation of the skinlayer s.

In the 21 cm coil the plasma radius is about two times larger
than*the smaller coil and the initial unpertubed pericd lasts
longer. For this reason is was possible to obtain more accurate
light profiles and to use a magnetic probe as a second indepen-
dent method, i.e. to determine B(r) with better accuracy. Fig. 1b
shows that both methods yield approximately the same B(r)-pro-
files. B(r) cannot be approximated by a parabolic distribution
which fits B(r) at r = 0 and r = a (=2.6 cm); the current is
strongly concentrated in a relatively narrow sheath. Using the
above mentioned formulas (i.e. an osculating parabolic fit at

ro where B = 0) we obtaint® = 2.8,u5ec andA = 23 em. T is
in good agreement with the experimental value, the value of A =
is probably not of much significance since the minimum of the
computed T(A) relationship is broad., The error caused by the
deviation of the applied fit from B(r) in the central region

r %0 is estimated to be unimportant: the discontinuity

A= Wy), -(4/¥)- of the field perturbation calculated for the
applied parabolic B(r) distribution increases only by about 10%
when the parabola is cut-off by a flat bottom B = const. which

fits the experimental B(r) near r = 0. Theoretically,dahould

scale as'A “V5 s/,

For t< uluaec the radial oscillations resulting from the implo-
sion are rather large in amplitude. The fact that long wavelength
m = O modes grow only artsrimh/usec may be attributed to acce-
leration effects /7/: from the observed oscillation amplitudes

we estimate for the gravitational term G20.1 for t< ll},ue:.
Thus, the condition G 52’i< 1 for purely growing tearing modes

is possibly violated (S-Tﬁlth # 3000 is the ratio the resistive
diffusion time to the hydromagnetic transit time).

Conclusion. The growth time of the observed m = O instabilities
are in good agreement with values predicted for the resistive
tearing=mode on the basis of a simplified model.

The authors thank Dr. H. Xever for useful discussions on theore-
tical aspects and Mr. G. Giesen for his help in the evaluation
of the light profiles. The assistance of Mr. J. Schwarz during
the experiments is gratefully acknowledged.
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THE INITIAL BEHAVIOUR OF TOROIDAL DISCHARGES WITH PARALLEL MAGNETIC FIELD

by
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# Centro Gas Tonizzati C.N.R. - Universita di Padova, Italy

# Los Alamos Scientific Laboratory, New Mexico, U.S.A.

% U.K.A.E.A., Culham Laboratory, #bingdon, Berks., England.
Abstract: In a study of preiomization by the "ourrent trapping" tec}irﬁ.que(1}
the experimentally determined times for current growth suggest a two stage
multiplication process. Results in "2 and D2 at 10 to 40 mtorr in parallel

fields % 4 kG are presented and discussed.

Introduction: Measurements of breakdown have been made at Culham in a quartz
vacuum vassel of 32 cm major radiuvs, L cm minor radius with a superimposed
quasi-steady magnetic field, B, parallel to the circular axis, An eluminium
shell surrounds the vessel carrying a current parallel to B driven by a
voltage V() = ¥V sin (2rt/T), applied across a cut in the shell (T = 7 psec).
During the first microsecond an additional decaying high frequency voltage

< * 40% V due to cirwit transients is also present. More detail is given
in reference(1).

Two electric field components are present: an induced Eg(t) and a
conservative Es(t) in the region of the voltage feedpoints. The latter has
been reduced by a guard ring inside the shell, In some cases s further
reduction is made by covering the vessel with a resistive material (250 2/o)
everywhere except at pumping ports. Its response time (evaluated by the
method of reference(2)) is a few tens of nsec.

The breakdown time, T, is defined as the interval between applying
V at t = O and the sudden rise of current in the gas Is, which is taken,

for consistency, as the time when I, reaches 3 khmps. Values of T have
been measured for various B, V and pressures, p, with and without resistive
screening for both gases.

Results: Figure 1 shows T plotted against Bz for p = 21 mterr Hz

at three values of VH= typical results for the resistive screen are

E
5 3
=]
= V2BkV
§
.
: &/
—t (V0
a
-1
2
¥ <
I ,L\ﬁ_"“g
i
Bk gauss) - T
Fig.I i__g________,— W
included. The effect of variations (B-ao—o
0
in p is shown in Figire 2. For low I H 3 4 5
Bk gauss)
values of T the product (pt) is Fig.2

approximately constant for fixed G,B
but when T~ % (V= 10) procise values of T are hard to measure.

Discussion: Since during 7T the elsctric fields vary with time we discuss

only data with 7T € 1 psec, As B is increased from zero T falls from

T, to a minimm <=

. This is interpreted as a reduction of electron loss

min®

to the walls (e.g. see (3)) and can be represented by
1

) u[] - ap/v(1 + bmb:/u;‘)jl awe (1)
(1).

where v is the growth rate of ionization without losses D isa

diffusion coefficient when B = 0, Ben is the electron gyro frequency,

v is the total electron-molecule collision rate, b ia the ratio of ion

am
and electron mob ilit_y(t‘)

] 1

,and a 1is a geawetrical factor. For HE

Von = 5:10° p sec” ' and b = 1/LD(5). In figure 3 results are compared with

equation (1) ani agreement can be obtained with aD/v ~ 0.5 to 0,6, With the
resistive screen T = 1min when B = O suggesting that radial components of

En are responsible for the above losses.
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Since < . 4s roughly independent of screening and {pT) = constant

we infer that i is determined mainly by volume processes. Then the

electron density at breakdown, By is related to the initial electron den-
sity, n,, by n, =n_ exp(pt, ), where P is the ionization mate. Hrtre-

polating measured values of electron drift velncityte) to our Efp we

estimate n, ~ 10'2

£ild n ~ 1% 10 107 a2,

when Il = 3 kA, Using known values of ﬁ(?) we

This initial density must be produced in times << 7. One possiblo
fast mechaniam is jon induced secondary emission from the walls which can
occur if the electrons do not screen !a from the veasalta) (i.e. if
%)

n, € 105 ™ - The radial component of E_ -~ 107 v/om is sufficient for

this mechanism. The electrons liberated produce more ions by collision and

the generation time is determined by the ion motion, The secondary emi

coefficient, v, is thought to be in the range 1 to 10(8). After N

tiona the electron deraity ia inoressed by ¥

(e - 1) where @ 1s
first Townsend coefficient and d i3 the distance travelled by the zlecimmus
At high E/p the value of « is weakly dependent on E/p amd ¢~ 10p for
Hz. We estimate a generation time of 20 nsec at 20 mtorr so that subston-
tial multiplication is possible within the sereen response time.

The rate of this process increases with V¥ and decreases with B. In
the latter oase the ions are prevented from reaching the wall because 32
limits the amplitude of their cycloidal motion fo my 21/52. On this model

Ti when B ds a critical value -which is an increasing functicn

of p, v and my. The effect of the resistive screen (see Fig.1) can be inter
preted in a similar manner.

Essentially the same behaviour is observed in deuterium but with an
erratic shot to shot variation superimposed. The influence of ion mess =t

large B is seen when averaged velues of T for the two gases are comparel.

Conclusion: We infer that current grows in two distinct phases; dnitislly
by ion induced wall secondary emission driven by the conservative elesctric
fields, and subsequently by volume processes due to currents driven by the
induced electric field, Large values of axial field inhibit the first pro-
cess by limiting the ion motion and small values of axial field aid the
second process by reducing electron loss to the wall.

Tt is a pleasure to acknowledge L. Firth and M. Holloway for essist-
ance in the laboratory.
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Preionization Studies for Toroidal High-Beta—EerrimentsH
by
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Abstract: Preionization is achieved in toroidal geometry by in-
duced azimuthal currents. Favourable breakdown properties down
to filling pressures of 3 mTorr D, and suitable preionization
plasmas were established by application of a rf- predischarge and
superposition of small azimuthal magnetic fields with only l0 kv
potential difference around the 2 meter long torus circumference,

In the presant studies preionization of deuterium was investi-
gated in toroidal geometry for subsequent high-f experiments. A
torus vessel with a major radius R = 30 cm and a smaller radius

r =5 cm was used, It was surrounded by a 1 mm thick copper shell,

which was to simulate the current leads in case of a toroidal
high-energy experiment. The preionization of the gas was achieved
by azimuthal currents which were induced inside the torus by pri-
mary currents tIz-cur:ents) in two current belts. These two belts
encircled the circumference of the torus ocutside the copper shell
on the outer and the inner major radius, respectively. Shortening
of induced currents in the copper shell was prevented by corres-
ponding insulated slits. The primary Iz—currents in the belts
were supplied by a bank of 16 kvolts charging voltage, which cor-
responds to 10 kvolts potential difference along the 200 cm long
belts around the torus. This relatively low value was chosen to
reduce the danger of adverse coupling of the preionization cir-
cuit to subsequent discharge circuits. The quarter period used
was correspondingly relatively long. It had a value of 10 usec

and enabled sufficient breakdown in the same quarter period with
delaytimes of up to 7 psec. In addition to the induced currents
azimuthal magnetic fields of up to 5 kGauss could be generated
inside the torus by separate meridional windings and the corres-
ponding Ez—bank. Finally,it was possible to investigate the
breakdown behaviour of deuterium in the presence of a preceding
B-MHz-rf-predischarge. It was coupled into the torus by B pairs

of loops around the smaller diameter of the torus vessel, which
were equidistantly distributed along its circumference. The

average peak to peak voltage of these rf-oscillations was 10 kV.

A) Breakdown properties of the toroidal discharges.

The distribution of the electric fields inside the torus vessel
before breakdown corresponds to the equivalent situation in the
thetapinch geometry, which was discussed, e.g.,by Chodura et al.
(1). It results from the superposition of the curl-field due to
the increasing I,-currents and of the electric potential field
from the charges on the surface of the electric lead outside the
torus vessel, which in the present arrangement is the copper
shell rather than the current belts. The azimuthal curl-field
contribution, which provides a longer path for the charges in-
side the torus for further ionization, is established only after
the potential field is screened on the inner vessel surface by
charge carriers initially formed.

The breakdown characteristics of the discharges investigated,
i.e. the rrlationship between deuterium filling pressure Pg
(mTorr) and delay time [t (usec) between start of the Iz—cu.r-
rents and actual breakdown, are summarized to a first appro-
ximation by the relationship:

Po * At = const,

In this representation any cor- Pxat
rection is omitted such as pro-
posed by Malesani and Newton(2).

The experimental results are shown b
in the diagram. The plotted values
connected by the solid line refer 4

to the case where no rf-predis-
charge was applied. They indicate: b

(i) The hyperbolic relationship ©

cited gives a suitable represen- @

tation of the results, which were 3 = r v .B‘
1 2 3 [

obtained for filling pressures
from 50 mTorr on downwards.
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(ii) At complete absence of superimposed magnetic fields break-
down with delay times \ t =7 psec could only be achieved for
filling pressures po=-15 mTore.

(iii) Application of small B_-fields improved the breakdown be-
haviour considerably: At B, = 700 Gauss breakdown occured for
p,==3 nTorr D,. This can be understood from an extended pre-
sence of accelerated charge carriers inside the torus volume
before they are lost for ionization processes by wall contact.
(iv) At higher Bz~£ields the breakdown behaviour worsened again.
This is attributed to the fact that screening of the electric
potential field on the inner vessel surface by charge carriers
is increasingly impeded by the higher azimuthal Bz—ﬁielda.

Also shown in the diagram are some results where the discharge
was preceded by the 8-MHz-rf of 10 psec duration. A substantial
improvement was cbserved in this situation, e.g. even in the ab-
sence of any Bz—field breakdown did now occur for P&igﬁ mTorr.
The duration of the rf-predischarge had only a minor effect on
this improvement when longer than 2 psec. The simple hyperbolic
relationship cited, however, is no longer valid: At higher fil-
ling pressures breakdown occured together with the start of the
I -currents, whereas at low pa—values breakdown rapidly failed.
since only small amounts of impurities were found liberated by
the rf-discharge the observed improvement in the breakdown pro-
perties is interpreted as an enhanced screening of the poten-
tial field by additional charges formed in the rf-oscillations.

B. Properties of the toroidal preionization plasmas.

Without superimposed Bz—fielda the plasma was compressed after
breakdown to a current channel of about 2 cm diameter which be-
came unstable after 2 psec. After this moment the impurity le-
vel rapidly exceeded values of 1 %. In order to avoid this unde-
sired behaviour of the plasma two measures have been taken:

(i) A crowbar in the primary I,-current circuit 1 psec after
achieved breakdown provided a limitation of the rapidly increa<
sing plasma current to values between 15 and 20 kAmps.

(ii) As was indicated already, it was tried to reach a stable
equilibrium position of the toroidal preionization plasma by
superposition of azimuthal magnetic fields.

Probe measurements of the B - and Bs- fields in the plasma gave
evidence that even small superimposed fields of B, = 400 Gauss
were sufficient to attain a stable plasma in the torus when the
crowbar in the primary I_-circuit was used. In this case the
plasma current flowed fairly homogeneously across about 2/3 of
the diameter of the discharge vessel such that the copper walls
could support stabilization of the toroidal plasma column. The
ionization degree achieved was derived from the Qj3(4860) - line
profile and was found to be ol = 0.7 at 15 psec after breakdown
for p, = 15 mTorr. The plasma temperature was then estimated to
be below 1 eV from the electron density values obtained and from
the absolute intensity of the DA- line. The impurity level from
carbon and oxygen contaminations was of the order of 0.1 %. App-
lication of a preceding 8-MHz-rf predischarge did not alter the
above findings, except that the impurity level increased to
about 0.2 % at 5 psec rf-duration and 0.8 % at 20 psec rf-dura-
tion.

(1) Chedura,R., Keilhacker, M., Zs.Naturf. 17a, 977 (1962)

(2) Malesani,G., Newton,A.A., Paper on this conference (1970)

+)This work was performed as part of the joint research program
between the Institut filr Plasmaphysik, Garching and Buratom.
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HON-LINEAR (IN)STABITITY 'MMECRY OF PINCH.
hy
D.K.Callebaut
Instituut voor Nukleaire Wetenschappen
Rijksuniversiteit,Proeftuinstruat,40.Gent.3elgium. B-0000.

Abstract.The oscillation and instabilities of a mhd pinc!,hra
etudied to second order in the amplitnde of the perturdation.
The stability critiria of the lineur theory ure not. directly

affected.limits for the linear thuvory appearjBSingularities in
the second order coefficient do occur.

I.Introduction.The method for uviudying finile perturbations in-
vestigated extensively
vitational cylinderBI 2)
aim is to treut the non-linear behaviour,to look for the influen=-
ce nn'\the stubility critiria,to set limits on the linear theory
and to huve a guiding model in the study of dynamic stability.
2.}lodel.At equilibiium the column is an infinitely long cylinder

by the author for liquid,plasma and gra=-
is exposed here for a simple pinch.The

of radiue R,.The plasma ic homo eneous,isotropic,of zero resis=-
tivity and incompreogible.The magnetic field in it is homoge-
neous and purallel to the axis (z-axis)of the cylinder:ﬁn-—-ﬂ;prﬂli}l

The surrounding field is a wvacuum field I’r:"“":n‘,(o,%u) where o
and{&ara parameters.A metallic concentric cylinder of arbitrary
radius qR, may be present(q>I).Extensions are given at the end.
3.lHerarchy of higher order systems.Consider first in the 1i-
near theory a Bingle; Fourier component.at the surface the cor-
responding perturbation is RnionsfimﬂnTJ where It and m have
their usual meaning and where

o BT (1)
is dimensionless,as well as¢,the relative (ije.divided by R,)
initial amplitudc.otis the corresponding time conetant given as
a function of m,k,(,Aand g by the dispersion relation of the
1iokr theory3 2 may be positive (instability) or negative
(escillation) in the following.
To make a series development in € seoems quite logical in the case
at hand; however, to make a series development in c’f.ﬁ may seem
to be looking for a very particular case; morcover, when o >0
the divergent character of the terms when t grows larpe sscus
disastrous. Nevertheless we argue the necessity of this develop-
ment as follows:
a. Mathematical arpument. Substitution of the first order solution
in the non-linear terms of the equations generates second order
terms in LL « We infer that the remaining second order terms which
are related to the particular first order perturbation under con-

sideration also depend on time like £,J' +Similarly for higher oriers.

b. Physical arpument. As initial amplitude we may choose (within
some limits) & at any time instead of € . Since a series develop-

ment in the initial amplitude seems legitimate the development in
€ is equally legitimate (within the same limits).

As to the convergence when 0>0 we point out

a. Mathematically. 1) Although e"0°

grows infinitely layge for n

large, En approaches zero when £<| . 2) The series is useful up

to the radius of convergence.

be Physically. When 0>0 the cylindaxf.lsuall}' breanks for a trinite
|

time;

1 i
Substitution of X = X,+£X, + £ Xz, L X!*" (2)

and then the basic system has to be chaiged.

where )( denotes any guantity p, H, ® or L‘L(: the r-coordinate
of the surf‘aco] in the basic set of equations leads, for each
power n of £ , to a system of equations. These systems are all

independent of time; they are coupled; however any system con-
tains only quantities of its own order or of lower order.

Fron the nature of this series in £ 4t becomes clear iiwr an
instability (msp.uscillatiun)oi‘ the linearized theory will re-
main an instability (resp.oscillation) to all highesr orders and
that the dispersionrelation is unchanged as long as £ is smallex

than the radius ol converrence.
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4. System of second order. It cam be shown (with a minor restric-
tion in ti.e case of oscillations) that the wveloecity field l_l2 is

a gradient. (This Fenture is lost for compressible nlasnin) .
Moreovar ithe solution ean be shown to be based essentinlly on

the second "harmonies" i.e., if the first order solution corres-

nonds Lo U{' :’ROE cos (liz + nlfJ'l (5)

then the second order solution has te contain 121_"11];1:)
KZN(2Icz-] (these beinp the modified bessel functions ) amd more-
over cosines of 2kr and 2m{ or constants. Selving the sacomd
order system and applying the boundary conditiocns leads to the
o = jvac

T, HE‘ UE

Mg -
‘L{L='R° a-{-+-§(1+:—2)’jm(lj

where ® = k R and where

bux i N i Jym (25 Ty (29
{{mﬂ ;’[;’m(u) . ‘wd £ ]»r[«i__m_

o ) 4, )
= [‘l * _....—-5"!'
44, w

expressions of and

R
cos (zkz+ ZmT )=2
L

(4)
- (1 %‘J Llu1] + 17w+, ¥)

+(m1:"}l -ax‘wfmt*l —fj% +(1*-?(§l)(l—jm[t(;9
HK ™

+Lz;milﬂi(i+%;)[sz“J -1 (3)

« I (x)

b 3 5
4in whioh we have used the abreviations { = //S J/j (:)_
=)

™

2= [T K- KT, )]
" [IL-.(K)K;H"}— K;_(KJI;(V)] - . (7)

The coeflficient a has heen investigated extensively. We mention
that when K- 0 singularities do occur (alsa in the higher order
terma). Similarly when K—5 % , The

EX <<

Iinear theory is limited

by the requiremcnts £<<| (or exleed  in some cases)

and l.fK <<l , while we can roughly say that the nonlinear saries
will become useless when ¢t , X (or ent Jor gfs=1.

This can be interpreted physically,

ousions

(a) The ealeulations are sasily extendad to the case when u force-
free field surrounds the plasma cylinder.

(b) When compressibility is taken into account the calculations
are more involved but similar. See also ref.b.

(e) Ineluding higher orders gives o principal diffienlties.
In the case of the linuid jet we periormed the caleulutions

up to fourth order and verified them in various ways.

(d) The samse caleulations (q = e ) were performed adding self-
cravitation.

Fourier terms of the linear-

(e

Interference between two or more
izod theory leads to no principal diffiecul:ies. This is impor-
tant(a) for the dynamie stabilization (lb) for the penerality

of the method.

Re fereices.

-

D.K.
. D.¥. Calleliaut, Ar reration Thesis (1970) (Rijksuniversiteit
Gent)

Callebaut, Plasma Phys., 10, 440 (1965)

L8]

3« S.Chundrasekhar. Hydrodynamic and magnetodynamic stability.
Osford (1961) p.503 eto.
4, Z.Schnnrwan. Rijnhiuizen renort 65-48. (Ass.Burctom-Fom, the

Zetherlands .)
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DYNAMICS OF A @—PINCH WITH A SUPERIMPOSED

AZIMUTHAL MAGNETIC FIELD
by
T.A. El-Kbalafawy, A.M. Youssef,
V.0. Diatlov® and Ys. F. Volkov®
PLASMA PHYSICS AND ACCELERATORS DEPARTMENT,

Atowic Energy Eateblishment, Caire, U.A.R.

Abstraci: A magneto-hydrodynamic siesdy flow model, on the ssmumption of
ideal plasms conductivity, bas been used. The theoretical calsulations
of the discharge radius and the peried of magneto-hydrodynsmic oscilla—

tions are coafirmed by experimental results.

I. Theorstical Consideration: Ta suppesition of an ideal conductivity of

plaeme a wagneto-hydrodynamic wodel is used. It iz supposed that o thin
ideal conductive current layer is confined between internal and external
magnetic fields. If the kinetic pressure of the plasma is lov the bala-
nee of magnetic pressures registrating the change of magnetic fields

during the discharge can be written as follows

2 2
e bt et % 0 ()
e A A

where

Ware the amp-

R X

2 . R 1 1 o
I o TaWty == ud e — Quln— /én—; B
Zo 2o s P 2o f-‘/nﬁi“’

o
o
litude and frequency of the external mugnetic field; By is the value of

the pzimuthal field on the initial radius 'zoi Bn is the initial value

of the 'trapped' axial field; Z is the redius of the discharge; R ia the

* On leave from the Atomic Energy Committee USSR,

radius of the external magneiic field coilj and Ry ia the radium of the
axiasl rod, the current of which gives an azimuthal field.

For aismplicity the mecond term of the equation can be approximated with
enough accuracy by 0.5 B (l—d - 1). The solution of equation (1) in I,
nllows to evaluate the diu:lxmrge radina. This solation for typical dias-
charge paraweiers {B“-la EG; By = 2 KGj B =1 KGj o «1.3j w -2.105--='1x
2,6 em) is displayed in Tig. 1 (curve a). The approximated equation

for a minipum discharge radius is

-‘f ) 2 1/2
. ; -& Bn+0.5 B rz)
omin 2 7 5

ES BDI+VE°+0.5 B

In suppomition that all the particles are 'trapped' by the current layer

the equation of motion im written am follows

) 2.2
Ann?.'
d Lo dX, I 2 2 1 21
LA i v Ak L R AR T

where M ia the linear masa of the current layer

K. {1+-/;1-I:) -)u(j‘-tf)
where Ho 18 the initial linear mass of the currenti layer.
 is the sggregate linear mass of the discharge.

The qualitative consideration shows that the current layer is compressed
wvhile making oascillations round the equilibrium position which is deter-
mined by equation (1). The estimations of oscillations smplitudes based
on the characteristica of s potential pit and meximum kinetic energy of
the current layer mhow that for typical working conditiona the emplitude
does not exceed & = 4 0.1. For small amplitudes it is possible to find
the solution of equation (8) in every point of the equilibrium radius in

#uppoeition of the frequency of oscillations being high in comparison

with the frequency of the external field. In this case the frequency of

cscillations in

0.5 Bzv]'_J.E(a + e o01-5 )] 4 4o B 1z (4)
tw? pxi(dfad) (7 xf)

wﬂ=

For typical conditions of the dimcharge the period of oscillations is
sbout T = 0.1/. Gec. Such radial oscillations of the plasma are of mag-
neto-hydrodynamic nature. A simpler consideration of similar oscillations
in & O-pinch for & no-szimuthal magnetic field case was given
(1).

I1. Experimental Set-Up: The experiments were performed with the aid of

the set-up demcribed in paper (2). For measurements of radial velocity

in paper

of & @—pinch with an azimmthal wagnetic field plasma an axial eleeiric

polarization field method has been used. This field appears due to

*adial plesma motion in an azimuthal magnetic field. Knowing the value
of the polarization field it is possible to calculate the radial veloci-

Ly V3 uaing the expression

E
A 10f .B_‘_
¥

The discharge radius was graphically calculated using the date of the
radial velocity. The meamurements of the magnetic field By war performed

with the aid of u magnetic probe and that of the polarization fields with

s double electric probe. High speed camera measurements have been taken
teo. Fig. 1 shows the time dependence of the radius of & G-pinch dis-
cbarge with an azimuthal magnetic field, obtained by different methods;
a) by mageetic pressure balance method, b) by o high speed camera method,
¢) by an axial polarization field method. The dotted curves show the
shifts of inwer plasma layers,
calculated sccording to the

axial polarization measurement.

As the figure shows, all the 06

a

. _tusec
In Fig. 2 a typical oscillogram 1 2 & 8§ 6 7 8 3

methods used give wimilar re— 04
02 N

sults.

wh

of the axial electric polarize~ FIGY

tion signal is presented. This

signal has a high frequency

component which is csused by

wagneto-hydrodynamic oscilla—

tions, The oscillations peried

tusec

is close to the calculated one, T o 3 4 & 6 7

If the period of magnetdé-hydro- FIG 2

dynamic oscillations is of the

order or shorter than the jon-ion self-collimion time, such oscillations

can centribute to plasma heating. As the amplitude of rediasl oscilla-—

tions is small, such oscillations cannot actuelly affect the plasma con-

finement.
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SURVEY OF SCREW PINCH STUDIES
by
P.C.T. van der Laan

Association Euratom-FOM
FOM-Instituut voor Plasma-Fysica
Rijnhuizen, Jutphaas, The Netherlands

Abstract

In many types of experiments the plasma column is confined
by a helical magnetic field; in the screw pinch the two field
components Hz and nu are applied simultaneously and with a
similar time history. The first pinch of this type was studied
in Livermore by Colgate et al!J in 1958, At present many labo-
ratories study the screw pinch; these various investigations
will be described.

Already short delays (e.g. 0.2 us) between the application
of the two field components lead to a considerable modification
of the screw pinch. Longer delays and a different time behav-
iour for Bz and BB are used in the older stabilized pinches, in
the new high B torcidal experiment at Culham and in the Toka-
maks where the strong quasi-stationary B field prevents the
plasma from pinching.

In most cases the programming of the fields determines the
field distribution outside the pinch because of the presence
of a well-conducting low-density plasma which f£ills the region
between the main column and the wall. If this plasma has zero
resistivity and if end effects are absent the pitch of any
moving helical field line remains constant. The limitations of
this model will be discussed. More general MHD-code calcula-
tions have been carried out at Culham for five different pinch
configurations, Measurements carried out in a toroidal device
will be compared to the computer results; the agreement in the
outside region is good. The calculations also explain why the
low-density plasma is present; if the pre-ionization is not
complete neutrals are left behind in the outside region and
are ionized later.

Calculations on the equilibrium and the stability of a pinch
surrounded by a constant-pitch fieldz) suggest two favourable
regimes for toroidal confinement, namely at g - 3/4 and at
g = 2, where q is the ratio of the pitch of the field to the
circumference of the torus. Experimental results confirming
this theory gqualitatively will be presented. Two screw pinch
devices are being fitted with better copper shielding of the
torus so that fewer field and current lines will intersect with
the guartz wall.

A calculation on kink instabilities in toroidal geometry
(Schuurman, Bobeldijk) shows no effect in first order of the
toroidal curvature on the growth rate of a kink; however, the
basic mode in the torus consists of a triplet of modes with
mode numbers m+l, m and m-1 where m is the azimuthal mode num-
ber of the equivalent mode in the cylinder.

Especially for the experiments at g > 1 the construction of
the primary z-circuit should be such that the longitudinal
plasma current increases when the plasma ring moves to its
eccentric equilibrium position close to the metal wall. This
increase of current can also be found in a second order equi-
librium calculation,

This work was performed under the association agreement of
Euratom and FOM with financial support from ZWO and Euratom.
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BY FORCE-FREE MAGNETIC FIELDS

by
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Association Euratom-FOM/FOM-Instituut voor Plasma-Fysica
Rijnhuizen, Jutphaas, the Netherlands

Abstract

Stability of pinch experiments is discussed from the point
of view that the outer region is approximately force-free.

It has been firmly established by now that the outer region
of a pinch discharge is of great importance for its stability’,
This is one of the reasons why sharp-pinch theory fails to ac-
count for the observed stability of screw pinches. If this the-
ory is modified by replacing the vacuum by a pressureless plas-
ma with a magnetic field of constant pitch, this failure is re-
moved. On the other hand, completely diffuse models for the
high-beta toroidal-pinch experiment, under construction in Cul-
ham, are predicted to be stable against all ideal MHD modes. In
this paper some common features and some differences of the two
models are discussed from the point of view that the outer re-

ion of the pinch has a low density and pressure and therefore
approximately must be force-free.

The stability criteria for a dense plasma surrounded by a
tcnuous plasma with a force-free magnetic field, defined by
VxB =a(r)B, read: .

1) The following inequalities should be valid at the plasma

boundary:
a) If there is no singular point (k+um=0) in the surface layer,
(1-s)kIm(kr) p?r o (k+pm)kpr?®-m) 2 (k+um) ? (ra)*
Iiikr)  Liudr®  (mAeciriflepir?) (miek®riNlente?) ro,

where Qr is the radial magnetic-field perturbation.
b) If there exists a singular point:
2 tiz2_n8 2
L > —XIr [1 . (Btl (B)7) R,
mi+k?r? (%) 2- (P2}

where L and R are the expressions of inequality 1l)a) and BS,BP,

and B are the magnitudes of the magnetic field at the singular

point,and at the inner and outer boundary of the surface layer.

2) The solutions to the marginal-mode equation for Qr'

tror)‘+% 5215;5;(ror1'+(u2-k’ o, 2kma -% mkur? g <o
mi+k?r r? mi+kir? k+um L

should not have more than one zero in the outer region or the

independent subintervals of it.

Violation of the three criteria yields: kink modes, resulting
in a displacement of the dense plasma column;surface-layer modes,
being of importance as limiting cases of instabilities possible
in diffuse pinches; instabilities of the outer region itself. It
was shown that a force-free field of constant pitch effectively
stabilizes the dangercus kink instabilities, thus providing an
explanation for the observed stable behaviour of the screw pinch

In some respect the constant-pitch force-free field is rather
peculiar. In particular the division which is usually made be-
tween localized interchange modes and non-localized kinks no lon~
ger makes sense. Because of the absence of shear interchange
modes are not localized in a constant-pitch field. Moreover, in
a force-free field of constant pitch it is not clear at all
whelher interchange modes can vecur because Suydam's criterion is
marginally satisfied. In the limit k+um+0 the last term of Eq.2)
blows up and, as a result rapidly oscillating solutions appear?,
showing that the constant-pitch force-free field is in fact un-

gtuble. The unstable region can be visualized by a plot of L

and R as a function of k. Every
time rQt has a zero point R blows
up. Therefore, for the parameter
values of Fig.l the force-free
region of the pinch is unstable
for k-values from 18.4 to 20 m .
The instabilities of the
force-free field with a constant
pitch arise in the situation
that Suydam's criterion degener-

o

L(p=0}

— k(")

Fig.l.Stability diagram for
U =const. m=1, T, =0.03 m,

ates, and so one expects the
) =0.06 m, y=- 20 m"

growth rates to be small. In the

47

local approximation with kr>>1 and k,<<k the equation of motion
gives unstable solutions for k,r =0(kr)”' and the maximum growth
rate is given by: pw® =-278:Bé2/t4u0k~rsﬂi‘). This expression
strongly depends on the value of y. Indeed, for local values of
pr-0.1 {the Jutphaas experiment) this growth rate is negligible
for the tenuous plasma. For local values of pr-1 (the Culham
experiment) the growth rate of these instabilities would be
rather limiting. However, for the Culham experiment the con-
stant-pitch model does not apply because the fields are program-
med in such a way as to have a high shear.

The growth rate given above also strongly depends on the as-
sumption of zero-pressure gradient and therefore it is more re-
alistic to look at constant-pitch fields in the presence of a
small pressure gradienlL. From Suydam's critcrion one knows that
these fields are unstable. On the other hand, it was argued by
Ware® that the instabilities which develop are not important
because the growth rate is sc small that finite Larmor radius
effects will stabilize them. However, this argument is based on
an expression for the growth rate which is only valid if k,r+0.
Again in the local approximation the maximum growth rates occur
for k,r=0(1). Then pw® is given by:

2vpB}y 2 2 ZypBiym 2
I T - o [
B ZYpBB rB

which for small negative p' reduces to: pw?s —uofp'/ZB}z. These
growth rates are not small at all and therefore Ware's argument
does not apply. For practical values of p and B growth rates in
a tenuous plasma will be very high, even for modest pressure
gradients. The fact that for most of the instabilities that oc-
cur the assumption of locality is invalidated makes the situa-
tion even worse. Indeed, from the equation of motion it can be
shown that the instabilities having the largest growth rate are
never local and their growth rate is always higher than that
given by the expressions above. '
Instabilities of the outer region of the pinch can be avoided
by dropping the restriction of constant pitch. For force-free
fields with a constant o for example the last term of Eq.2) van-
ishes and oscillating behaviour of rQr is absent, at least if

a is not too large. So the outer |
region of the pinch is stable. Lipe)
Moreover, one has a free parame-
ter to fit experimental data. In

Fig.2 L and R are plotted for

20
three values of a: a=0 (the vac- — kim"
uum field); o=-24.6 m~',

sponding to a field which is on

corre-=

the average close to a censtant
pitch field; «=-50 m~', giving a
high shear field. The a=-24.6
field conserves the beneficient
effect of the constant-pitch

Fig.2.Stability diagram for
=0.03 m,
r, =0.06 m, uir ) ==20 m~}

=const. m=1, r

field with respect to kink modes. Moreover, the small shear of
this field is sufficient to remove the instabilities present
in the constant-pitch field. A draw-back of the a=-24.6 field
is that it has a minimum in the shear. So a small negative
pressure gradient will again produce instabilities. Fields
with a higher absolute value of a have more shear and the sta-
bility diagram of Fig.2 becomes optimal. The value a=-50 m~'
gives a field profile which can be regarded as a limit of the
diffuse profiles of the Culham experiment. For this value of o
the pinch is completely stable for a B up to 20%. For the much
lower values of utrol of the Jutphaas experiments the optimal
value of a gives a field which is close to a constant-pitch
field. Instabilities in this case mn be avoided by the intro-
duction of enough shear so as to satisfy Suydam's criterion.

The author thanks Dr. M.P.H. Weenink, Dr., W. Schuurman,
Dr. C. Bobeldijk, and Dr, P.C.T. van der Laan for helpful
comments .

This work was performed under the Euratom-FOM association

agreement with financial support from ZWO and Euratom.
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NUMERICAL CALCULATION OF SCREW PINCH STABILITY+l

by
W. Grossmann
INSTITUT FUR PLASMAPHYSIK

B046 Garching b. Miinchen, Germany

Abstract: A calculation of the M = 1 MHD long wavelength Krus-
kal-Shafranov mode of instability is presented for experimental
conditions corresponding to the Garching toroidal and linear

screw pinch experiments.

The Method used, first introduced by Freiberg / 1 /, involves
solving the linearized dynamical equations of MHD for diffuse
magnetic field and density profiles. A particular eigenvalue
problem along with boundary conditions must be solved by nume-
rical means yielding the growth rate and the form of the plasma
perturbation as a function of radius. Results for growth rates,
from the analysis based on a straight plasma column, agree to
within 10 percent with experimental values obtained from the
toroidal experiment. The calculated form or shape of the di-
sturbance also seems to agree with what is observed experimen-
tally. We conclude that the method is applicable for the calcu-
lation of the m = 1 type of instability. Information concerning
growth rates for the higher m numbers is being obtained using

this method and will be presented.

Finally we are using the method to study a family of magnetic
field and density profiles which can be produced in the Gar-
ching device. These profiles are parametrised with § in an
attempt to find more stable plasma configurations to the m = 1
mode of instability. These results will also be presented.
References:

/1 / J.P. Freidberg, Los Alamos Rep. LA-DC-10793

) This work was performed as part of the joint research program
between the Institut flir Plasmaphysik, Garching and Euratom.

48




PINCHES

Plasma confinement in a toroidal screw pinch

at reduced B - values+:
by

P. Grossmann, R. Wilhelm, H. Zwicker

Institut filir Plasmaphysik, Garching, Germany

Abstract: The stability behaviour of a torcidal screw pinch

plasma with trapped parallel and antiparallel B,- fields is in-
vestigated. For trapped parallel field of B,=1 k[ improved
m=
lifetime of the plasma is limited by instabilities starting in

1 stability was found as compared to the case Bzo = 0, The

the pressureless plasma region surrounding the dense plasma co-

lumn,

Earlier investigations of a toroidal screw pinch with B - values
of about p = 0,75(TE + Ti between 100 ev and 1 keV) /1/ had
shown, that the equilibrium position and the m = 1 growth rates
can be represented by the constant pitch model./2/. As a second
step of these sxp&ri@ents the influence of superimposed Ez -
fields was studied. For negative bias fields the lifetime of

the plasma was clearly reduced compared to the pure screw pinch
with the same temperature.

0554

Fig. 1 shows the radial field- [Kaknd] K]
[ 1.Compr. )

distribution at the moment
of the first compression for 2

B,, = -1Kk['. The plasma 10
temperature is about 150 eV.

From these measurements, the o

radial distribution of the

i
pitch pl(r) = Ea/rBZ was
evaluated. This can be com-

pared with the time beha-

viour of the pitch n(t) at
the inner surface of the
compression coil which is Fig. 1

determined by the programed. time behaviour of the fields B, and
the current I . The result is shown in Fig. 2. One recognizes
that the radial distribution p(r) represents directly the time-
behaviour n(£) at the
wall. This gives experi-
mental evidence that a
wanted special field
distribution can be pro-
duced simply by correct
time programming of

the outer currents.

For the case with po-
sitive bias field the

m = 1 growth rates were

strongly reduced and
the lifetime of the
plasma (n;&olﬁcm_a.
Te;Ti~'70 eV) was im-
proved compared to the case without bias field. This should be
mainly a conseguence of the decreased value of f which for our
conditions was reduced typically from 0.75 down to about 0.25,
Fig.3 gives a typical streak picture taken from above of the to-
rus and showing that the dense column remains more or less stabh-
le for at least 10 psec. The radial pitch distribution p (r) at
various times is shown in fig.4, as it follows from the measured
field distributions.
The constant pitch
is maintained only

in the regions of

the pressureless

plasma which are
directed towards ¥ L
the inner wall O
of the tube while

in the opposite

Fig. 3
region of the pressureless plasma the pitch increases towards

the wall and passes over a maximum which is shifted towards the
wall.
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For the same conditions as in fig.3 the stability behaviour of
the toroidal plasma column is shown in a longer time scale in
fig.5, One sees, that after about

6 psec the pressureless plasma be-  wim’]

Streak-p
comes luminous and that in the fol- b

™ Kruskal-Limit

lowing the dense column starts to
drift toward the outer wall and is
destroyed. This seems to indicate
that at a stable stage of the den-
se column the pressureless plasma
becomes unstable with the conse-
quence that the equilibriumposi-
tion is lost. Measurements of the
plasma current Iz(t) show that

at the time when the luminosity

in the pressureless plasma ap-
pears the plasma current I, which
flows mainly in the pressureless

plasma regions is strongly damped.

Therefore it seems to be not un-
likely that there is a connec-
tion between the instabilities in Fig. 4
the outer plasma regions and the

strong damping of Iz(t) which of course destroys the toroidal
equilibrium. So far detailed reasons for the cbserved instabi-
lities are not
quite clear.
Measurements in

a linear screw

pinch showed how-
that for
comparable condi-

ever,

1
25 us

o

tions instabili-

ties in the outer
plasma regions do
There-

fore it seems that the instabilities in the pressureless plasma

Fig. 5
not occur.

are due to the necessarily asymmetric distributions of the cur-
rents in a toroidal screw pinch equilibrium. Stability calcula-
tions including the pressureless plasma are being made by a new
MHD code developed by W.Grossmann /3/. Comparisons with the
experimental results will be given.

/1/ P.Grossmann, R.Wilhelm, H.Zwicker, Z.Phys., 1970, to be pub-
lished

/2/ W.Schuurman, et al., Plasma Physics, 11, 495 (1969)

/3/ W.Crossmann, Paper presented at this conference.

*)his work was performed as part of the joint research program
between the Institut fiir Plasmaphysik, Garching and Euratom.
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Absolute Measurement of Radiation Losses from a Theta Pinch

)

Plasma in the Wavelength Region from 10 to 200 gnqstroms £

by

W. Engelhardt, W. Kdppenddrfer, M. Minich, J. Sommer

Institut fiir Plasmaphysik, Garching, Germany

Abstract: A calibration procedure of a grazing-incidence spec-

trograph is described to allow for measurement of the radiation
losses from a theta pinch plasma. The losses turn out to be
small compared to both the electron energy content and to heat
conduction losses.

1, Introduction There is lots of experimental evidence for the
limitation of the electron temperature in linear theta pinches
One of the possible loss mechanisms are
radiation losses by impurities within the plasma. According to
the plasma temperature most of the radiation is emitted in the
grazing-incidence region from about 10 to 200 K. Because of the

by energy losses /1/.

little knowledge of ionization and excitation cross sections,
especially for more complicated ions, predictions on radiation
losses from such a plasma are only possible within one order of
magnitude accuracy. In order to get more accurate information
the radiation from the plasma has to be measured.

Measurements therefore were performed on a linear theta pinch
device (Isar II) having a stored energy of 200 kJ, a maximum
magnetic field of 52 kG, and a 2.75 psec quarter period. Coil
length and diameter measured 100 cm and 10 cm. Typical plasma
= 1-4-10"%cn™3 = 0.5-IkeV.

parameters were: n i Te= 200-300 eV, Ti

e
2. calibration procedure of the Spectrograph The spectral reso-
lution was obtained by use of a grazing-incidence spectrograph
with either photographic plates or scintillatopfaultiplier com-
binations as detectors.

For relative calibration of the instru-
ment advantage was taken from ratios of lines from hydrogen-like
ions such as CVI, NVII, OVIII being emitted from the plasma.
Within either the Balmer series (76-1B2 R) and the Lyman series
(15-34 K) line ratios were calculated by assuming corona equi-
librium. The relative sensitivity of the apparatus was gained
in these two wavelength intervals from the measured photogra-
phic densities. The intervals were then connected by branching
ratios., For that the first Balmer line and the second Lyman

line were suited since both start from the same level n = 3. A
difficulty was the fact that the sublevels of level n = 3 showed
deviations from statistical population which the branching ra-
tios had to be corrected for. The correction was enabled by
measurement of the intensity ratios of the fine structure com-
ponents of the Balmer line. The relative calibration of the in-
strument, thus gained, (within 20 % ac-
curacy) by checking with known intensity ratios of lithium-like
lines emitted by the plasma. The branching ratios 25-3P/35-
3P of these ions finally allowed to hang the grazing-incidence
spectrograph absolutely on a monochromator absolutely calibra-
ted for the 35-3P OVI line at 3811 £, Usually the lines used
were optically thin, with few exceptions, which could be cor-

could be well confirmed

ion

rected hy extrapolating their optical thickness by seeding im-
purities of known amount.

3. The Results of Radiation Loss Measurements, Using the calibra-

ted instrument the time integrated total energy losses were
measured for different added impurities at filling pressures of
40 mtorr deuterium,
tration the following radiated energies were obtained: carbon
27.7 J (CVI:24.9 CV:2.8), nitrogen 14.1 Joule (NV:0.95 NVI:5.1
NVII:B.0), oxygen 21.1 J (OVI:4.4 OVII:14.1 OVIII:2.6). No dis-
tinct dependence on the kind of the seeded impurity became evi-

Normalized to 1 % seeded impurity concen-

dent. The distribution of the radiated energy on the different
ionization stages of the atoms however showed characteristic.

features. The lighter the atom,
stage by which most of the energy is radiated. Comparing these

the higher is the ionization
total energy losses, for example at 40 mtorr filling pressure,

with the energy content of the electrons (ne=4-1016cm-3, TB=2003V)
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they turn out to amount to 6 % only. Thus radiation cooling
does not affect the electron temperature as long as the im-
purity concentration does not

exceed 5 %.

Values for radiation losses

2

from discharges without

Liwptt]
seeded impurities for dif-
ferent filling pressures T : 3
and cases with bias field /

L108
included are summarized 10

in table 1. For 40 mtorr
filling pressure and zero
bias field the natural con-
tamination is 0.085 %
oxygen, 0,095 % carbon,

and 0.0025 % nitrogen. For
other pressures it is of

the same order of magni-
tude and in any case smal-
ler than 0.5 %. Only for
low filling pressures

and with bias field the
more intense wall con-
tact at the beginning

of the discharge leads to
unreproducible contamina-
tion and therefore often

Radiation losses L and

Figure 1
thermal conduction losses Q

(Pg= 40 mtorr, Bg= 0G, no impurity
to larger energy losses. added)
The contribution of free-

free and free-bound con-

tinuum radiation to the

losses is way below that of the line radiation.

In fig. 1 the time dependence of the radiated power is displayed
as determined photoelectrically. Absolute calibration stems from
comparison of the time integrated power of a line with its photo-
graphic density on the plate. Losses by the thermal conduction
estimated according to a model proposed by Green et al. /1/

are included in fig. 1. They exceed the radiation ‘losses by a
factor of 100 throughout the discharge. Except for impurity
concentrations larger than 5 % the power radiated can exceed
thermal conduction, predominantly by the ion OVI. These re-

sults agree essentially with measurements of Bodin et al. 2/«

References:
/1/ T.S. Green et al., Culham-Report CLM-P 124 (1966)
/2/ H.A.B. Bodin et al., Culham-Report CLM-P 198 (1969)

Py B oxygen | nitrogen | carbon
o

mtory Energy in Joule

11 o 1,3 e 0.14
500 19.0 0.017 0.035

17 o 5.0 0.012 1.3
500 55 0.025 0.15

40 o 1.8 0.046 2.4
500 14 0.025 0.73

] o 1.0 0.056 2,3
500 28 0.097 0.64

Table 1 Radiation losses under different initial conditions.
No impurity added.

H'rhis work was performed as part of the joint research program
between the Institut fiir Plasmaphysik, Garching and Euratom.
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On_the Influence of Ion Collisions on the Population

%,
Distribution of Atoms in a Theta Pinch Discharge

by
W.Engelhardt, W.KSppendfrfer, M.Minich, J.Sommer

Institut filir Plasmaphysik, Garching, Germany

Abstract: Line intensities of the Balmer series as emitted in
the early phase of a theta pinch discharge show unexpected de-
viations from thermal equilibrium conditions. Because of the
high ion temperature (-l't =2 10) ion collisions can compete with
alaectron collisions in populating levels with quantum numbers n3,

1. Introduction. Line intensity measurements on a plasma fre-
quently provide datas from which important plasma parameters can
be deduced such as electron density and electron temperature.
Usually lines are chosen starting from levels which are supposed
to be thermally populated. Criteria for estimating whether local
thermal equilibrium (LTE) exists have been reported by several
authors /1,2/. Measurements on hydrogen or deuterium plasmas pro-
duced by fast theta pinch discharges /3/ however have shown con-
siderable deviations from thermal equilibrium population distri-
butions, although all criteria for LTE were fullfilled. Spatial
and time resolved absolute intensity measurements of the first
three members of the Balmer series of hydrogen have been carried
out in the early phase of a fast theta pinch discharge. All ne-
cessary plasma parameters were additionally measured. Several
possibilities which may be responsible for the departure from a
thermal equilibrium population distribution have been discussed
leaving the influence of ion collisions on higher lying levels
as the most likely cause.

2. Experimental Results. The plasma investigated has been pro-
duced by a theta pinch discharge of 52 kG maximum field and
2.75 psec quarter period. The discharge coil measured 100 cm in
length and 10 cm in diameter. The filling pressures used ranged
from 10 to BO mtorr. Two axial current pulses of 1 psec duration
each served for preionization providing an about 40 percent
ionized plasma at the time when the main discharge is fired.
The electron temperature of the plasma was measured by Thom-
son scattering of laser light, the ion temperature was calcu-
lated from the neutron emission rate and from diamagnetic
measurements, The electron density was gained from free-free
continuum radiation measurements from Thomson scattering and
from Mach-Zehnder interferometry. The radiation emitted in the
visible from the plasma has been investigated by scanning the
plasma radially with an absolutely calibrated monochromator.
The emission coefficient of the observed lines was then ob-
tained as a function of radius by Abel’'s inversion. Thus the
emission coefficients for Hy , Hﬁ. and HB’ . were determined in
discharges of 11,17,40 and 72 mtorr filling pressure.

The lines peak rather independent of filling pressure at 0.3 to
0.4 psec after the ignition of the main discharge. Afterwords
they fall off rapidly in intensity and are essentially vanished
after 1 psec. They are approximately homogeneously emitted over
the whole discharge volume with slightly increasing intensity
towards the wall of the vessel. The relative radial distribu-
tion does not alter during the whole time this radiation is ob-
served. The intensity ratios of Hy : Bp 3 83' for all filling
pressures are typically 100:10:1 with deviations not larger than
30 % for either of the ratios., Using the Boltzmann factor this
would yield an electron temperature of 0.4 to 0.6 eV. Quite dif-
ferent temperatures result if the absolute value of the emission
coefficient and the electron density (at a distinct radius and
time) is taken and the temperature calculated via the Saha
equation again assuming LTE. Temperatures determined this way
are usually by a factor of 10 to 100 higher than those evaluated
from line ratios. Hereby H, yields a lower terperature than

Hg.' and Hp a lower temperature than Hr. The by Thomson scatte-
ring reliably measured electron temperature is at 0.5 psec 100 eV
for 11 mtorr, 70 eV for 17 mtorr, 45 eV for 40 mtorr and 20 eV
for 72 mtorr filling pressure. All these findings indicate that
the relative population density decreases much more rapidly to-
waxés increasing guantum numbers than as given by the Boltzmann
factor. The absolute population density however exceeds at least
for n=3 (#,) the density as given by the Saha-equation.
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3. Discussion of the results. Estimates considering relaxation
effects for the population of the levels njp2, transport of ra-
diation by resonance charge exchange or lack of LTE by inhomo-
geneities do not reveal that any of these processes is respon-
sible for the observed anomaly. The strongest deviation from
thermodynamic equilibrium is the difference in electron and ion
temperature. The ratio of ion to electron temperature as deter—
mined from the neutron yield, diamagnetic measurements and from
laser scattering is 8 <A < 12 during the first microseccnd
and depends only weakly un‘lt'he filling density since both elec-
tron and ion temperatures decrease at higher filling densities.
Drawin /4/ has mentioned that under such circumstances higher
lying levels might be influenced-by icn collisions.

Therefore the stationary rate equations, as described by Mahn
/5/ for a limited number of levels with collisional rate coef-
ficients for ions included have been solved numerically for a
set of the parameters ne.Te and 'l‘i. To calculate the ionic rate
coefficients the same cross sectionsas functions of the rela-
tive velocity of the colliding particles have been taken for
the ions as for the electrons. The results show two effects.

1) Overpopulation of low lying levels "< 3 for electron den-
sities n_ < 3.10™en? and high electron temperatures (T‘E‘?l’rt
=13.6 eV).

2) Depopulation of high lying levels n > 3 by proton colli-
sions if ;E-» l.

Altough the;e solutions are well in the direction of the experi-
mental observations they do not guantitatively meet the measu-
red population densities. The observed anomaly still exceeds the
calculated one. Possible causes for this discrepancy may bee: the
crossections used for the ions in the calculations, the non Max-
wellian velocity distribution of the ions in the plasma and re-
laxation effects for levels n<£3. The last possibility will be
checked by solving the time dependent rate eguations.

We thank Mr.R.Wunderlich for having written the computer pro-
gramme.,

References:

/1/ R.Wilson, J.Quant.Spectros.Radiative Transfer 2, 477 (1962)
/2/ H.R.Griem, "Plasma Spectroscopy" Mc.Graw-Hill, 150 (1964)

/3/ U.Schumacher, Laboratory Report, Institut filr Plasmaphysik,
Garching, Germany, IPP 1/93 (1968)

/4/ H.Drawin, Zeitschrift filr Physik, 211, 404 (1968B)

/5/ C.Mahn, Laboratory Report, Institut f,Plasmaphysik, Garching,
Germany, IPP 3/52 (1967)

*) This work was performed as part of the joint research program
between the Institut fiir Plasmaphysik, Garching and Euratom.




PINCHES

STUDY OF A NON CYLINDRICAL Z-PINCH BY HOLOGRAPHIC INTERFEROMETRY
AND U.V. SPECTROSCOPY
A. BERNARD, J.C. BUGES, A, JOLAS, P. GENTA, [.P. WATTEAU
Commissariat a 1'Energie Atomique, Centre d'Etudes de Limeil

B.P, 27, 94 - Villeneuve-5aint-Georges - France

Abstract - The electron density and electron temperature of a non-cylin—
drical Z-pinch are studied experimentally by means of the double exposure
holographic interferometry technique and the ratio of iwo oxygen lines in

the vacuum U.V. . Comparison are done with computations.

1 - EXPERIMENT - The linear Z-pinch is known for tke rapid rise of insta-
bilities when the plasma sheath reaches the axis. To increase the sus-
tainment time of the column a few authors /1,2 / have considered a cur-
ved rather than a straight pinch, The present experiment is aimed at veri-
fying the influence of the initial curvature discharge on the final plasma.
The two quantities studied here are the density and the electron tempe-

rature.

The experiment vessel is glassmade, axisymmetric with a narrowed central
part (Fig, 1) filled with 0.1-1 Torr deuterium or hydrogen. It is energized
by a fast capacitor bank of 25 kJ-120 kv,

We foresee to study the plasma theoretically by using a two-dimensional
magnetohydrodynamic (MHD) model, as that written by POTTER /3 /, but
in the present report we used two available programs. One is a two dimen-
sional snowplough model /4 / that is useful for comparison with the density
front obtained experimentally by holographic Interferometry, The other, a
one dimensional MHD program /5 /, is used Ulenn

Electrode Electrode
fot the measurements done in the symmetry | I |
|

|

plane, For instance at t = 640 nsec the pro- |

files of density and electron temperature

are given by NMHD and TM_HD in Fig. 2.

From such graphs the curves NMHD and 20 kv Shock Insulater
T 24 kJ

functions of time are plotted in

MHD

Fig. 6 Fig.1 NON-CYLINDRICAL Z-PINCH
2 - DENSITY MEASUREMENTS - The density measurements use the techni-

que of double exposure holographic interferometry /6 /, required in the ex-
periment because of the poor quality of the chamber glass. The first expo-
sure is taken without plasma, The second is taken at various times of the
discharge dynamics. A hollow wedge, filled with & gas for the second ex-
posure, gives a background of straight fringes - Fig. 3 shows a typlcal in-

terferogram (at time t = 760 nsec) at 0.5 Torr hydrogen filling pressure. The

dotted line indicates the location of the

T T
shock as glven by the two dimensional
snowplough model. The computed sheath

velocity is seen to be smaller particular-

Ht10' emdy

ly on the sides of the central part, It is
tried to obtain the density profile in the

shock front from an Abel inversion. From Filand
the ID-MHD model and assuming & sim-
pler rectangular density profile the maxi-
mum value ILN: dl has bean calculated
in the symmeh% plane. For instance at

t = 640 nsec we use the profile

Ne =4 x 10” cm_s for 1<r¢l,7 cm and
Ne =0 eisﬂewh?;e giving (Ne I)Max =
1,110 cm ~ora 3,5 fringes shift
at 6943 .; . Comparlson is made with a

hologram taken &t the same pressure as In

the computation and at a time when the frontm =777
1s at the same distance from the axis. The 4§ :
maximum shift is 4 fringes which is in fair- i
ly good agreement with the computed value,
but the actual front thickness - 4 mm - is
smaller than that from the program, which

might be caused by the choice of the vis-

Pig. 4

cosity coefficient. A hologram taken 100 nsec later shows (Fig. 4)
larger shifts with matter not regularly located on the axis.

3 - ELECTRON TEMPERATURE MEASUREMENTS - The plasma radiates
mainly in the U.V, region of the spectrum. The usual difficulties of
observation are increased here by the experiment itself : the U.V.

paort oscillates to tens kilovolts and the solution found was to isola-

te the whole detection line (from the port to the oscilloscope).

The electron temperature is obtained from the measurement
of the ratio R of two lines intensities, ‘The lines from oxygen added
in small amount (5 x 1072 T) are OVI (1032 A) and OV (1371 A ) as
indicated by GRIEM /7 /.

The plasma evolution being fast (characteristic time about
50 nsec) a quasiequilibrium cannot be reached between the two ions
OV and OVI and a transient model has to be used - (Contrariwise
there is a quasiequilibrium between the upper level of each line and
the corresponding ground state). The population densities are solu-
tion of a diffential equations system and the measured ratioR is a

function of temperature, density and past evolution. Drawing the tem-

perature from R measurements assumes T T E L] ]

that the density is independently known,
Short of experimental results at this time
the curve NMH‘D (Fig. 6) has been used.
Then from the R measured values - dots

I
on Fig. 5 - the curve kTSPECT is deduced
(Fig, 6). Actually for computational sim-
SPECT is assumed and
the computed R is compared to the dots.
The curve kTSPECT of Fig, 6 is that
giving the best fit between the compu-

plicity the curve kT

ted and the experimental

R values, It is checked by varying the

30,
curves kTSPEGT and NMHD that R is very
sensitive to the temperature while very = =
much less to the density. I ;5
T m =
- = £
The comparison between kTSPECT and 15
kT of Fig. 6 shows good agree-

MHD
ment between the spectroscopic mea-

surements and the MHD program. i
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Z-Pinch Driven By Magnetic Energy Storage*
J. N. DiMarco eand L. C. Burkhardc
Los Alamos Scientific Laboratory, University of California

Los Alamos, New Mexico, U.S.A.
Abstract: This experiment attempts to achieve a high temperature (keV)
z-pinch by shock heating. The low inductance emergy source uses the
technique of magnetic energy storage. Voltages of ~ 60 kV and currents
of ~ 200 kA at a rate of 2 x 10°® A/sec are obtained with deuterium:at
20 mTorr; shock velocities of 4.2 x 107 cm/sec are weaksureds Thi plasma
column, grossly stable for B usec,has an initial temperature of l'keV as

determined by pressure balance.

Description of Expertmént: A schematic representation of the experiment

is shown in Fig. 1

PRE-PREIONIZATION
2BMH, CERAMIC
: ; @ TUBE
103em — 1 5]
m& [5/BBIAS COIL
= 1’ | [
HEDE&UL!C = B pREONIZATION
o i |uH SYSTEM
i

450pF FUSE spARK
: GAP

Pig. L

*Hnm performed under the auspices of the U.S5. Atomic Energy Commission.
Gas is prelonized with a 25 kA axial current pulse. The primary energy
storage is a 450 uF capacitor bank, charged to 12.5 kV. The electrostatic
energy is then rransferred into the magnetic energy storage inductance of
35-nH. The fuse[l:i which consists of a copper foil 2.54 x 10°® cm thick
l4-cm wide, and 15-cm long, is vaporized by joule heating. The large
voltage developed across the fuse fires an air gap switch which transfers
the eurrent to the z-pinch, The resulting large B causes a shock to form
in the, plasma.

Experimental Results: Typical voltage, current, and iis displayed in

Fig. 2. Voltages of 40-60 kV are developed across the discharge tube.

-+ 200 microns
By 32006

30 microns
B 32006

Voltage: 49 kV/div, Current: 60 kA/div
Sweep Time: 0,5 psec/div

Fig. 2
The large I permits B0% of the current to transfer in ~ 0.1 usec. A BB
probe signal shows that the current sheath moves off the wall. Assuming
a symmetrical current distribution, at least 90% of the current is flowing
in the pinch inside the probe radius,

Shock generation is indicated by smear photographs which show
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luminous fronts propagating with velocities of 4.2 x 10" cm/sec, through
deuterium at 20 mTorr, This éorrusponds to an Alvén mach number of ~ 3
at 3000 G bias field. A shock structure similar to that seen by nthsr-r 2]
is obtained from the B, and B, probes. .

In a pmw.cuuea[31 fast z-pinch experiment a secondary breakdown is
observed along the wall of the tube uhin-:h is not detected in this experi-
ment. A secondary breakdown would have prevented flux from escaping from
the pinch tube and the oscillation of the voltage in Fig. 2 would not -have
been observed. In addition, the streak pictures do not show a secondary
breakdown on the wall of the tube., This breakdown is inhibited by the use
of a magnetic energy storage system. Such a system maintains a constant
current so the voltage across the discharge is small at the time of peak
compression when L=o. However, if a low-inductance capacitor bank were
used, at the time of maximum compression almost the full capacitor-bank
volcage is across the pinch. The discharge tube is then required to hold
off a high voltage while exposed to the radiation of the hot pinched plasma.
Figures ] and 4 present the current obtained, by calculation, from the la
signals of two probes placed on a diagonal equidistant from the axis. Also
plotted is the I:o.tal current in the z-pinch. Current symmetry is maintained
for ~ B psec for the case of 30 mTorr D, and 3200 G bias field. Conversely,
when the filling density is increased by a factor of 6.6 to 200 mTorr with
an implied reductiom of the plasma temperature, it can be seen from Fig. &
that the current symmetry is lost in < 5 psec. It should be noted that
for low value of bias Bz field the symmetry is lost within L psec of pinch

formation.

32006

Fig. &
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INSTABILITY OF ELECTROSTATIC WAVES IN COLLISIONLESS SHOCKS
by
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' and
8. P. Gary
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Abstract: This paper presents a linear
analysis of electrostatic wave instability in collisionless shocks
propagating perpendicular to an applied msgnetic field. E x B, VB, and ¥n
drifts are included and the meximm growth rates are compared with those of
the zero magnetic field ion acoustic instability.

Drift wave theory [ 1] has been used in & mumber of recent papers to
find linear growth rates for the instabilities giving rise to the
fluetuations observed in collisionless shock wave experiments. The model
is well known; one considers perturbations of an equilibirium configuration
in which the electrons experience an E x B drift (v,) and other drifts due
to inhomogeneities of the type B = B (1 + ex)Z whereas the ions are
effectively unmagnetized because the shock thickness << ion Larmor radius.

The linear dispersion relation for electrostatic waves in a Vlasov
plasma has been solved numerically for both cold and warm ions including
E % B and VB drifts [2,3]. The results of these calculations are
summarized in the figure which shows the growth rate y as a function of 8,
the angle between the wave vector k and B,, the applied magnetic field.
The parameter values chosen are those appropriate to the Culham Tarantula

experiment [b]; v,,/t're/-e); = 0-10, T /T; = 10,

2
Ne

0.010F

0.005

90 85 80 75 70 65

8 Degrees
w/f, = (hﬂnoeimeJsf(zBolmed = 68, m /m_ = 1836 and B_ < 0.360. At
8= ";' the instability is due to the coupling of electron Bernstein modes
(vhich show & k.v, Doppler shift) with the ion acoustic wave. In this
case the maximum growth rate can be substantislly larger than that for the
B = 0 ion amcoustic instability (represented by the dotted lines), in
contrast with the results of Krall and Book [5]. For oblique
propagation the Bernstein waves are strongly damped and no coupling
oceurs; the dispersion characteristics are then the same as for the B = 0

ion mcoustic instability and an appropriate non-linear theory should

resemble the Kadomtsev-Sagdeev mpproach [6].

o

TURBULENT HEATING

These results msy be extended to include m ¥n drift by choosing for the
equilibrium electron distributien function
9 < o(m /2vm T + €¥(x = 310 ) dexpln (x - 32028 ] Tor k > ¢t
e = Bpim,/2¥T e'(x )'l'erp—meglnlﬁ'ej. or k >> €
this then leads to the dispersion equation [ 7]

14K +K, =0
e i

i
£ e fer))? ©
K = 1 e—=—2_(, - k(vu-v )sin @) J u du expl=m u?/27 )
ey ¥ cos 8 B ) “ s
2 . (rna."E'['!)i )
Jl(ku sin e/na)z m—a—(u + - l!.(vEl - va)sme) (n

P P i
L (kilﬂl.t )z [m(milETi] 123
vhere ke’ ki are the electron and ion Debye wave numbers and v -:"l‘ep’nﬂe.
]
the term (vc| = vﬂ) in egn.(1) the extension of the sbove results is a

= ;uz,fznr__ are the ¥n and VB drift velccities. Since v, occurs only in

simple matter. An approximate analytic expression for the growth rate is

at b = T
¥ 2 i e
{h’ﬂe) = Ene(k(vn = an'ln) »'Smiﬂeﬂehnl /(1 +T).
e
Since 'nhil "~ B the conclusion is thet for e low £ plasma the effect of

the ¥n drift is negligible. One can contrast this with the VB drift for

which we also have vB,fvo ~ B, For@ = 'g'
2 2 2
x2 m, @ u du e::p{-'meu "ETe)Jl.(Wne)
L Mg 1-T—lm—k(vﬂ-wn”I w+ e = k(v = v )
K2 e g 0 e 0" B

and the presence of vy in the denominator of the integral produces a
significant change dué to a "smearing out" of the resonance; for the
parameters chosen the VB drift reduces the growth rate by a factor of

about 2 compared with that for the E x B drift alone. Since !‘!. drifts

give rise only to additional terms in the mmerator of the integral one

expects the effects of such terms to be negligible for & lov B plasma also.
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COLLISIONLESS SHOCK WAVES AND ANOMALOUS ZLECTRON
HEATIKG AT VZRY LOW DENSITIES

K.H. Dippel, K. ESthker, E. Hintz
Institut fir Plasmaphysik, Assoziation KFA-EURATOM, Jiilich, Germany

Detailed studies of the structure of hydromagnetic shock waves
(at medium Alfvén Machnumbers MA) by means of Thomson (see for
example ref. 1) as well as cooperative scattering have conflirmed
the notion, that collective processes are predominantly respon-
sible for energy dissipation in the shock front. It appears that
mainly electrons are heated by scattsring from non-thermal col-
lective fluctuations which are the result of ion sound instabi-
lities.

Reliable measurements of electron temperature and -density dis-
tribution by the light scattering methed have so far been done
in a very narrow range of plasma parameters. Besides, the plasma
properties (electron density Ng» - temperature T , magnetic

field B ete.) were suck that the shock transition was not truly
collisionfree, i.e. the ratio of the rise time of the shock T;

to the electron-ion collision time V@h‘was much larger than one.
(The subcripts 1 and 2 refer to the plasma state ahead of and
behind the shock.) Shocks were also investigated at very low
densities, where [, v, ¢4, however in this case information on
shocks has mainly been obtained by magnetic probe measurements.
This means that the knowledge about heating rates and turbulent
resistivities is rather indirect. The purpose of experiments
reported here was to extend the scattering measurements on

shock waves to initial densities as low as it was possible with
existing light sources. Since the shock width A increases with
decreasing density this would also permit a better spatial reso-
lution of the shock front and result in more accurate determina-
tion of plasma properties in the shock, e.g. of current densities
and drift velocities.

Shocks were generated in a deuterium plasma by means of a theta
pinch (2). The diameter of the discharge tube was 20 cm, the

coil length 45 cm.

Electron temperature and electron density at a distance r=3,5 cm
from the tube axis were obtained by 90°—Thomson scattering mea-
surements using a 500 MW giant pulse ruby laser. For the deter-
mination of the electron temperature the Doppler-broadened scat-
tered laser line was spectrally resolved by tilting a narrow
bandwidth interference filter (a\1/2 = § R, typically). The elec-
tron density could be obtained from a direct integration of the
entire scattered profile. This was possible because the stray
light level could be kept down to values eguivalent to

nea 1013 cm_j. The magnetic field profile in the shock was mea-
sured with small, open loop magnetic pick up coils. These mea-
surements also yielded the shock velocity.

The properties of the initial plasma were the foilouing: Elec-
tron density Ng,q = 1,7+10'3 em™3, electron temperature

Te,: = 2,5 eV, and magnetic field By = 600 G; this corresponds

to 8, = (8 -2n,\,KT, 1)/B,% 11072, = (e 0% 201073,

and wce.lhrei,la 120, where W
tron and electron plasma frequency, respectively. In contrast
to former measurements the initial magnetic field 31 and the
compressing field were parallel. This way heat flow from the
piston region to the shock front and to the initial plasma by
electron heat conduction parallel to the field lines (this is
possible for antiparallel fields) should be avoided. Further-

andndpe are the electron cyclo-

more it was still an open guestion whether shock waves could be
generated at all at parallel fields and low electron densities.

The shock wave investigated had a velocity of Vs:h,1-107cmlsec,
E?rresponding to an Alfvén Machnumber of NA,l:i‘B' The rise
time of the shock front was T=25 nsec. This corresponds to a
width of the shock front of A=1,1 em. WithT, »2A1=2'2 a value
wWas reached which lies considerably below those values (50-100)
at which scattering measurements have been performed till now.
The observed shock is nearly collisionfree. The density and mag-
netic field in the shock are shown in Fig. 1. The measured density
Jump is q = 2/ne 1= 2,2; for the electron temperature behind

s s

95

the shock we obtain Te,Z = 140 eV and this yields a temperature
jump of Te,EITe,l = 56. The measured values are in good agree-
ment with those resulting lfrom the shock relations for X: L7559
if only tne electrons are heated. At these low densities the

i shock thickness is again

S A=10 cfu.'pe. Since T‘/.E‘-ill“ 1/‘30
energy dissipation must be
chiefly due to collective
interactions. The classical
o heating of the electrons

s obtained as the sum of

Joule heating with the re-

11

2

e e %

&= sistivity given by Spitzer

= 1 and adiabatic heating amounts

+ tc less than 10% of the mea-
sured heating. It is note-
worthy that the spectral
profile of the scattered

$ light does not show the de-

viation from a Gaussian
e - ] e [

distribution in the form of
Fig.1 Measured profiles of n_ and B a pronounced peak in the
neighbourhood of ak=o as it was observed for shock waves with
antiparallel bias [ield for higher Machnumbers (3).

The effective collision frequency as determined from the power
balance equation is Vézr* 0,8-109 sec'l, while the calculated
collision frequency for binary collisions behind the shock front
is v;i,2 B “,8-105 sec”). For the electron drift veloeity in the
shock front we obtain vy~ 10" cm san_aa 0,2 Vihe? where v,

the
is the mean electron thermal velocity. At higher initial elec-

tron density for comparison a value of vdz(J,l Vine is repor-
ted (1). Considering the differences in the experimental con-
ditions and in the measured \er this variation goes in the
rigth direction. From the measured distributions of B, n, and T
it follows that pressure equilibrium exists approximately across
the plasma-magnetic piston contact surface. Near the piston the
density drops sharply. Previous investigations on shocks in
theta pinches had shown in contrast (4) that the plasma pressure
in the piston region may increase by a large factor.

With regard to the scaling of the effective collision frequency
the values given here can only be compared with those obtained
by (1); only these measurements have been performed under com-
parable conditions (514 1, MA14 Mﬁcrib) and include a direct
determination of the temperature. The densities in the two

cases differ by a factor of about 40, the ion plasma frequencies
by a factor of about 9. Since the effective collision frequen-
cies differ only by a factor of 4 it appears that a simple sca-
ling with upi does not exist. On the other hand the observed
scaling agrees quite well with the scaling proposed by

Sagdeev (5): Verr"‘(Tevdhﬁi)’(Ti'cs) tcs = ion sound speed), if
the measured values of T, n,, and v, are inserted and if one
assumes that the ions are heated adiabatically only.
Conclusions: Shock waves at M= 1,B were generated under condi-
tions where‘ralfei =2, i.e. at maximum two binary collisions
oceur in the shock front.M=~2,2,AT = 138 eV, and the energy of
the drift motion corresponds to 2,8 eV. An effective collision
frequency V.. 0,8-107 sec™? !
sults and those of (1) the secaling contained in Sagdeevs formula
for Véff, which was calculated for ion sound turbulence, seems
to be right. It is furthermore shown that also at low initial
densities and in case the compressing magnetic field is parallel
to the initial field a fast rising piston is formed and nearly

is derived. According to these re-

stationary shocks are generated.

References:

/1/ Paul, J.W.M., Goldenbaum, G.C., Jiyoshi, A., Holmes, L.S.,
Hardcastle, R.A., Nature 216, 363, 1967

/2/ Hintz, E., Proc. 3rd Conf. on Plasma Phys. and Contr. Nucl.
Fusion Res., Hovosibirsk (1968), Vol. 1, p.

/3/ Dippel, K.H., Hintz, E., Conf. on Collision-Free Shocks in
the Laboratory and Space, Frascati (1969), unpublished

/4/ Keilhacker, ., Kornherr, M., Steuer, K.H.., Z.Phys. 223,
385 (1969)

/5/ Sagdeev, R.Z., Proc. Symp. Appl. Math., New York 1965,
Vol. 18, p. 2B1, AMS Providence, (1967)




COLLISIONLESS SHOCKS AND TURBULENT

On_the Mechanism of Enerqgy Dissipation in
+
Collisionless Shock Waves )
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Institut filr Plasmaphysik, Garching, Germany

Abstract: In shock waves with Mach numbers H'("Mcrit strong
electron heating is observed indicating a suprathermal level of
fluctuations. Collective scattering of laser light shows that
within the shock ion wave fluctuations are up to a factor 10
above the thermal level, whereas electron waves are thermal. For

M> Mcrit non-adiabatic ion heating takes place.

This paper deals with the investigation of collisionless plasma
heating by shock waves. The shock waves are produced by the fast
rising magnetic field of a theta pinch discharge (0.5 ps rise to
12 XG in a coil of 15.8 cm diameter and 60 cm length) /1/. They
propagate into a high p (Rl = 3
plasma of density 2 - 5 x 10" "em

ionization/2,3/. In contrast with similar experiments at other

0.3 - 5) hydrogen or deuterium
formed by a theta pinch pre-

laboratories, the ion temperature in the initial plasma is lar-
ger (Til = 20 - 50 eV) than the electron temperature {Tel =3 -
8 eV) and remains higher during the shock heating process. By
properly choosing the initial conditions and the voltage of the
shock bank almost stationary collision-free shock waves with
magneto-sonic Mach numbers M ranging from 1.5 to 5 can be pro-
duced /2,3/.

Electron heating for M< Morit

As reported previously /2/, in shock waves with intermediate
Mach numbers (M=2 - Séucrit
served yielding an effective collision frequency about two or-
ders of magnitude higher than the frequency for binary colli-
sions. To gain an insight into the nature and magnitude of the
collective fluctuations causing this effective collision fre-

) strong electron heating is ob-

quency, two diagnostic technigumes were employed that are sensi-
tive to fluctuations of electric field and density respectively:
Observation of satellites of forbidden lines and collective
scattering of laser light.

As pointed out by /4/, strong oscillating electric fields can
cause satellite lines disposed symmetrically in pairs about for-
bidden atomic lines, their total intensity being proportional
to ¢E® and their distance from the forbidden line being equal
to the frequency of the electric field. In our experiment we
used the He I line at 4922 ﬂ, the profile of which was recor-
ded with high time resclution using an 8 channel photomulti-
plier arrangement. The plasma to which 15 % He was added was
viewed end-on through an annular diaphragm (r = 3.5 em, Ar =

1 ecm).

Fig.l shows typical measured
line profiles at different
times within the shock. Poss
Owing to the relatively
high plasma density the for-
bidden line already shows

allowed
l line 4821934

e 180 na

y e i front of shack
1 ‘nn [

o
| o

up as a result of the mi- | 2

crofield of the ions(c.f. L 4

line profile in front of ';':’:-m
shock), thereby reducing » +

the sensitivity of this me- } - \_L
thod to fluctuating fields. R N A
Therefore only an upper li- D]“nm N S
mit can be placed onh the am- \ withien praton
plitude of fluctuating elec- - ,}-f \\

tric fields, this being

(Ez) = 6 kV/cm averaged
over the observed plasma

annulus. This value would
be about two orders of
magnitude above the thermal level.

Fig. 1

'I"he experimantal arrangement for the laser forward scatterxng
measu.rementa is shown in fig.2. The scattering angle is 4°

giving & = 1/k }‘D = 1.5 for the mean conditions in the shcck.
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90" Scatlering 4" Scattering
as the first F.-P.
transmits only
the ion line, Fig. 2

which is then

spectrally resolved by the second F.-P.. At the same time the
density and electrun temperature of the plasma at the point of
cbservation are measured by 9%0° laser scattering.

Fig.3 shows the measured level of fluctuations within the ion
feature of the scattered light (absolute calibration was ob-
tained by comparison with Rayleigh scattering from Hz). Within
the shock the fluctuations are clearly enhanced, being up to an
order of magnitude above the thermal level which was calculated
using the measured plasma parameters. On the other hand, elec-
tron waves do not seem to be enhanced, as indicated by measure-
ment of the total scattered light (electron plus ion line).
Measurements of the spectral profile of scattered light are cur-
rently under way and will be presented at the conference to-
gether with a discussion of the possible nature of instabili-
ties involved.

Ion heating for M >Mcrit

Since the shock waves are almost stationary the total shock
heating (TE + 'l'j_)2 can be derived from the steady state conser-
vation relations /3/. As Toy is measured by laser scattering,
the ion temperature behind the shock T;, can be calculated
separately. In fig.4 the ratio of observed total ion heating
to calculated adiabatic ion heating 'l‘j2 / ';I'v2 - is plotted

as a function of M - M_ jp- For MEM .. the ions are only
heated adiabatically, but for M>Mcrit additional non-adia-

batic heating takes place that increases with Mach number.
This indicates that above M__,, a collisionless dissipation
process that heats the ions sets in,

oSk - ey B 01T
30 lem .

E== I
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thermal fevel vl (A —
o as 18] 4 | ? 3 & H-M
Fig. 3 Fig. 4
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MEASUREMENT OF SPECTRUM AND ANISOTROPY
OF TURBULENCE WITHIN A COLLISIONLESS
SHOCK BY SCATTERING OF LIGHT

by

Daughney, C.C., Holmes, L.S., Paul, J.W.M., Summers, D.D.R.
U.K.A.E.A., Culham Laboratory, Abingdon, Berks., England.
Abstract: Scattering of light from the shock reveals a spectrum
of ion waves with highly random phases and a sharp cut-off for
k,>l/AD. This turbulence is highly anisotropic about the direc-
tion of the driving electron current. The significance of these
results for non-linear kinetic theory is discussed.

Introduction

: (1,2,3)
We have shown previously

that collisionless shock
heating results from plasma micro-turbulence. The nature of
such turbulence is also of current interest for the development
of non-linear kinetic theory.

(2,3)

We have now measured the frequency (w) spectrum the

(3)

wave number (k) spectrum and the anisotropy of the turbulence
within a collisionless shock. The level of turbulence is meas-
ured using the technique of scattering ruby laser lighttz). This
yields the Fourier transform of the density fluctuations

S ki= < 6n’(w,K) >/n, with s(R) =[ s(u,®) du and 5 (w) =Slw.k)

for constant k.

Experiment
The shock is produced by the radial compression of a magne-
2 =3
tized plasma by a linear z-pinch (n_, = 6.4 x 10 ©m " Te1= Til

2 el (4)

= 1.2 ev, B.. =0.12 wbm ~). The shock is in a steady state

with velocii; v, = 240 Xm s71 (alfven Mach number M, = 2.5).
width 1.4 mm and compression ratio 2.5. The electrons are shock
heated to 44 eV, which reguires about 100 times the classical
resistivity. The level of turbulence S(k) for kr-l/kD is more

: : (1
than 100 times thermal and has g ~ wpi corresponding to ionwaves.

The scattering experiments reported here have geometries
which define mean wave vectors im with IEJ ~ l/lD and k in the
(r,8) plane at various angles @ (0<g@ <n/2) to the intersection
with the tangent plane to the shock. For g = 0O, k is collinear
with the azimuthal current in the shock front.

Wave Number Spectrum S(i

We have measured S(k) for g = O by varying the scattering

angle. The spectrum is shown in Fig.l together with the form

predicted by Kadomtsevls)

. The agreement is good, but within

the observed range the logarithmic cut-off is important. This

cut-off is observed for k > l/lDlrn (mean shock conditions).
Similar cut-off phenomena have been observed at constant

K b i i
Yy varying le through changing Bz (hence HA and TeZ) or

1
o1 In both cases the cut-off occurs for ADm ~ 1/k.

n

Measurement of S(k) as a function of p shows a cut-off
for o > P~ 45°.  fThis corresponds to a cone of turbulence
which is much smaller than the cone of linear instability for
the mean shock condition (i.e. Cerenkov cone oy~ 750),
Freguency Spectrum S

We have measured Sk(m) by spectrally analysing the
scattered light using a Fabry-Perot interferometer (resolu-
tion 20 mR). The incident ruby line of width 20 m} (Fig.2a)
is broadened, by the scattering, to &% = 55 m® and also the
peak is shifted to the red by &k = 70 mA (Fig.2b).

The direction of shift corresponds to scattering from
Plasma waves moving in the same direction as the azimuthal
electron current (drift velocity ;D) in the shock front. The
direction of GD can be reversed, without affecting the plasma

behaviour, simply by reversing Bz This results in a reversal

1
of the shift as shown in Fig.2c. This anisotropy with respect
to electron current direction indicates that this current

drives the turbulence.
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The shift Al corresponds to a wave frequency g = 28 GHz
which together with the effective km =7.1x 105 m ~ fits the
ion wave dispersion curve for the mean shock condition. This
identification of the fluctuations as ion waves is further
verified by a scaling experiment in deuterium. This shows
that Ak scales with mpi for constant kLD and MA‘

The width of the shifted line is interpreted as measuring
the lifetime (7v) of the mode (mo.km). For 6% = 55 m{, T=0.2ns,
which is comparable with the period (ZW/ND). There is apprec-
iable randomness of phase.

Discussion

Apart from the broad fregquency spectrum, Sk(m}. and the
narrow cone (wc <mB). the results are consistent with
Kaﬁomtaev‘s(s model of current driven ion wave turbulence.
This model is based on the scattering of ion waves by ions.

Recently Tsytovichlﬁ)

has shown that this scattering
process produces appreciable angular diffusion in k-space and
is inconsistent with the observed anisotropy. He suggests an
alternative non-linear process; ion wave decay. This can occur
for a broad sk(w). He has shown that this process does lead
to strong anisotropy.
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COLLISIONLESS SHOCKS AND

ELECTRON TEMPERATURE MEASUREMENTS IN OBLIQUE AND NORMAL
COLLISIONLESS SHOCKS IN MAGNETIZED PLASMAS

J. Sheffield, G. Decker, A. Bh:yMacmahon, and A. E. Robson
The University of Texas at Austin, Austin, Texas, U.B.A.

Abstract: Measurements are presented of the electron temperature behind
shock waves in magnetized plasmas for Alfven Mach numbers in the range
MA’- 2-6 and at angles of 550-'900 to the magnetic field. Below MA*Z.S
only the electrons are heated, while at higher MA an increasing fraction of
the available energy goes to the luns. The 1esulls are compared with the
predictions of a theoretical model,
Introduction: The conversion of flow energy to thEml‘a] energy by a shock
wave in a magnetized plasma can be calculated by applying conservation
relations across the shock without reference to the dissipative mechanisms,
However to determine the division of the energy between electrons and ions
requires a knowledge of the internal processes in the shock front. The
measurement of the electron temperature through the shock should throw
light on the nature of these processes.

‘We have previously reported measurements of the magnetic and
electric structure of shocks generated i.“ the University of Texas oblique
shock axperlmemm. A curved shock front is generated by a short f-ceil
around the midplane of a 50 cm diameter glass tube. We are able to study
shocks moving at angles from gn° to 40° to the magnetic field. Initial
conditions are BZD(ZSU-IDOD gauss), nED{Z .5-6 x 10“cm5_3):'1'au-'l‘m-lav:
305{).3. Changes in MA are effected by varying both Bm and the shock
coil voltage (70~ 180kv). Shock velocities vs(l.a-z.s x 107cms/53c) are
determined from time of flight measurements with two accurately spaced
electric probes. These show that the shock is close to stationary
conditions at around 8 cms radius.

Measurements of T : We have measured Te using_the Thomson scattering
of light from a ruby laser (6943A°, 100 MW, 2 Joules) on both oblique
(550, ?50} and normal (9003 shocks in hydrogen and deuterium for MA in

the range 2-6. A schematic 90" SCATTERMNG ASSEMBLY

SHOCK LOOP

e
SLIDING BEAM

o MOUNT oUW

diagram of the collection

system for scattered light in

bem

relation to the shock apparatus " Lm..\\zm-:rm:

. LEJ »
appears in Figure 1. Accurate 7?9 sewor 2-%Cm MLTKLE?ED
positioning and timing were B
achieved using the combination m———-——i

RISCOPE LENS
periscope and electric probe. E.. wew CRomE———— ¥
The light was analyzed by a § FIGURE 1

channel diffraction grating polychromator, which allows a single shot

temperature measurement to be made. The variance of the channel signals

from a best-fit Gaussian was 200 voLTs o
typically +10%. A typical set S + = *_‘E'l;
e s (]

150 50

of temperature measurements % + =
o = 75 HYDROGEN |4
Byo= 500 GAUSS
Neo=55x10°CM°  _lyg

is shown in Figure 2 with the

shock potential profile for

‘

1

1

I

i
100,

-
/
/
/

Vy = 205210

reference. In Figure 3 the M, =42 |
2 & fo =018
dimensionless ratio of the Jia
T+

measured Te to the flow energy "

~ioo

FIGURE 2 0 secs

per ion is plotted as a function

of M_for an abligue shock (o = 75°). Similar results were obtained for a

(@)

Results for a normal shock (@= a0%), including those of
(3), (a)

other experiments

557 shock
are plotted in Figure 4. Shown on these diagrams
is the total temperature Te + Ti' computed from the conservation relations,

and also the predictions of two theoretical models.
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Discussion: Tt is well known that below a critical Mach number {MA‘- 2.7)

steady continuous shock solutions of the fluid equation exist wit"

resistivity as the only dissipative mechanism.

75" cauouE mﬂ‘—

0%
dissipation (e.g. viscosity) £
or dispersion (e.g. charge #_
. [ TN, heoeeL
separatlon) is necessary in + =5

order to obtain continuous

For higher MA a nonmagnetic

solutions. If the scale length o
«  DEUTERRS
of this mechanism is small, / Q@  Wvemoom
it acts only within a namrow 5 +—pt t & T
foumg 3

region which may be treated
as a gas subshock (B = constant). The additional assumption that e

electrons are compressed adiabatically (model 1) in the subshock permits

us to calculate the final 90"
NORMAL SHOCK y
03 T
temperature ratio from the
(5) P
conservation eguations . ¢+
Model 1 describes the small o + ++ Koo d
B
viscosity limit of the two fluid ,‘;’,
equations which, with L x
. DEUTERIUM
“anomalous" resistivity and 0 ' HYDRDCIN
AU n e SHva
viscosity, give good agreement L
1 ¢ 1 5 b )
Fiaumi & o

with the observed electric and

(1

magnetic structure It can be seen that the observed Te lie close tc
predictions of this model.
In our experiment the plasma behind the shock is contained b

the curved shock front while in Paul's apparatus it is in contact with the

metal electrodes. It appears likely that the difference between our
measurements at high My (broader shocks) is connected with this. Note
that while Paul observes a decrease in temperature behind the shock, =
our case the temperature remains constant.

In our model no assumption is made about the actual mechanism by
which the ions are heated. Recent numerical experiménts by I.indmann(s}
show the growth of an ion acoustic wave subshock at the back of
supercritical shocks. Ions may be reflected from ti-ns wave train and
after a single looping orbit carry significant internal energy into the
downstream flow. This is a possible collisionless mechanism consister”
with our model.

Acknowledgements: We are indebted toJ. E. Goebel for his contributior
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for their assistance with the experimental work.
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PLASMA HEATING IN IDW—P COLLISIONLESS
SHOCK WAVES

M, Martone and S.E. Segre

Laboratori Gas Ionizzati (Associazione EURATOM-CNEN), C.P, 65 -

Abstract:

00044 Frascati, Rome, Italy

Measurements of electron density and temperature (by

90° laser scattering) and magnetic field in the radial implo-

sion of transverse shocks (or different Mach number) and in the

oscillations following the implosions confirm the excistence of

a critical Mach number above which also ions are heated by col-

lisionless phenomena,

Low—P cylindrical shock waves are produced by compressing a

well ionized magnetized plasma by means of the fast rising mag-

netic field of a theta-pinch discharge:diameter 18 cm,

length

80 em / 1 /. The distributions of magnetic field, electron den-

sity and temperature in the initial plasma measured by magnetic

probes and double electric probes / 2 / are reasonably uniform.

Measurements on the compression have been made mainly by magnetic

probes and 90° laser scattering.

Changing the initial conditions, shocks of different Alfvén-Mach

number M

A have been produced, where‘the shock is well separated

from the magnetic "piston" and it is stationary over a few cm .

Fig.

1 shows the magnetic field profile at radius 3 cm for

MA = 3,6.Figs. 2 and 3 show the electéun temperature Te across

the shock, for MA = 3.1 and 3.6. As the jump in magnetic field,

electron density and temperature across the shock are thus known

and the shock is stationary, it is possible to use the conserva-

4 tion equations to determine the ion temperature behind the shock,

The table summarizes the results.

-3 = l
MA o (cr!r:4 ) Ho (kG) 1;:;;: TE(eVJ Ti(ev) Id (mm)
x 107 i I
3.1 5.2 0.78 23 | 54 o 5.3
3.8 5.2 - 0.78 27 l 55 30 6.0°
3.8 4 0.68 28 61 35 6.3
4,25 4 0.68 31.5 I ¥i A 54 6.8

It is therefore found

(cfr, / 8 /, / 4 /) that below some criti

cal Mach number M: the ions are not heated. Furthermore the meas

ured shock thicknesses and temperatures are not consistent with

classical collisional dissipation, Below M: ion wave turbulence

is indicated.

Measurements on the axis of magnetic field, electron temperature

and density confirm that above M: the ions are heated appreciab-

.ly. Indeed the radial oscillations following the first implosion

/5/ give'rise to oscillations of TE and n_ on the axis (see

Figs.

4+7);

for M

= 3.6, although the compressing magnetic field

is stronger, the peak compression is weaker than for MA = 3.1,

iued

weaker,

the peak electron density,temperature and magnetic field are

This indicates that the ion temperature should be appre-

ciable, however the ions are certainly not heated by electron

collisions since the equipartition time is about 6 jus.
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SHEATH FORMATION AND PLASMA HEATING IN LOW DENSITY THETA
PINCHES WITH ZERO INITIAL MAGNETIC FIELD

K.J. Dietz and E. Hintz

Institut fir Plasmaphysik, KFA-EURATOM Assoziation, Jiilich, Germany

The rates at which electrons and ions are heated during the im-
plosion phase of a theta pinch and the eventual formation of a
shock wave depend to a large degree on the width and on the struc-
ture of the plasma-magnetic field interface. Il for example a
shock shall develop the transit time T_of the piston across the
radius R (T = R/U_; Up = piston velocity) muftabe ghort compared
to the magnetic rgeld penetration time Tds R:npelc v eff (:upa =
electron plasma frequency;y eff = effective electron-ion colli-
sion frequency). For the low density, magnetic field free plasmas,
discussed here the mean free paths and the ion cyeclotron radius
are larger than the radius of the discharge tube and a comprehen-

sive theory of the plasma sheath does not exist. Results of colli-

sionless shock wave research have suggested (1,2) that eurrent
driven ion sound instabilities which provide a strongly enhanced
resistivity may dominate the sheath structure, at least in the
early phases. The resulting fast magnetic field penetration may
inhibit the development of shock waves (Tds Tp).

The experiments reported here were made with the following chief
objectives: a) to examine whether collisionless shock waves can
be generated in a fully ionized plasma at densities between

1012 t:m-3 and 1013 cm-j; b) to determine the magnetic field pene-
tration rates at different electron densities, ion masses and
piston velocities, in order to learn something about the scaling
of the effective collision frequencies; c¢) to gain experience

on the behavior of high voltage theta pinches at very low gas
pressures, i.e., on the achievable temperatures, compression
ratios and B-values.

The experimental setup consists essentially of a large diameter
theta pinch. Coil length = 80 ecm, coil diameter = 42 em; i.d. of
the tube = 40 cm. Bank characteristics: Energie = 14.4 kJoule;
max. voltage = 120 kV; internal inductance = 20 nH. The initial
plasma is generated by first preionizing the gas and then star-
ting an electrodeless discharge, by which nearly full ionisation
is achieved. Filling pressures of 1 mTorr (deuterium) and

0.5 mTorr (argon) were used. The compression pulse was applied
during the afterglow phase at times where trapped fields had
almost disappeared andelectron density distributions across

the radius were constant to within 10%. Initial electron den-
sities could be varied between 1017 cm™> ana 1012 em™3, Magnetic
fields and electron densities were measured with high time and
space resolution by means of small, open loop, pick up coils and
2mm (4 mm) fast microwave probes (3), respectively.

Results. The fast magnetic compression of low density plasmas
was studied for various initial conditions. Table 1 gives a

Case| Gas pufdcm’|ud0cms| B,/k6 |vnf0’s’| B | Survey of the cases in-
P [ 0 24 2 o7s| vestigated together with
2 |Deuterium| 1 5.6 2.9 no |oso| @ summary of the results.
3 |Deuterium| 025 74 2.1 b 040 Most measurements were
4 | Argon 1 2.2 &5 18 | 088 gone under the conditi-
5 | Argon 05 2.8 o e 11 |99 5ns of case 1, where it

Table 1 B = average & = (B:-Eg)!Bs

§i= ayverage magnetic field
inside the plasma

was thougth that colli-
sionless shock waves
might be generated.
Fig. la shows radial magnetic field distributions at various
times. As in the other cases, the driving magnetic field Bp and

{ e 320 nsec

; /"‘L

o

2 A0 nseE piston is rather diffuse, the width
. _""“,._——*-~“ A of the current sheath reaching

770 nsec almost 10 em at later times. Un-

der such circumstances a shock
) 10 20 Rl should not be formed. Indeed, the
Radial magnetic field distributions teMporal behavior of the magnetic

at various times (case 1)

the piston velocity u_ soon reach
nearly stationary values. The most
noteworthy observation is that the

2

Fig.la
field profiles could only be ex-

plained by shocks if Y would approach one or if a strong heat
sink (e.g. electron heat conduction to the ends) would be pre-
sent. This conclusion is confirmed by space resolved electron
density measurements. They show the development of an electron
density perturbation travelling ahead of the magnetic piston
(see Fig. 1b). The risetime of the front is strongly time depen-

.”“m dent reaching 200 nsec near the
20 axis. At later times a density of
\ about 10" ¢m™> is observed on the

axis, i.e. an 7=n, Final’"eo of
about 10. Using this value in the
pressure equilibrium relation one

_elsctron density arrives at a temperatuge
L porturbution T, = Ty + Ty= 7.5 % 10 °K: The
shock relations together with the
adiabatic expansion law (Y = 5/3)
give in contrast T = 2,6 X 107 %
Time/ngec and p = Sl
o For comparison the fast compression
T :":I::::':,:::;:,::l,:,:,,. of argon was studied at the same
teaze 11 4 initial electron density. The mea-
sured radial magnetic field profiles are shown in Fig. 2. The
width of the current sheath is considerably smaller. At later
times (800 nsec) when pressure
el equilibrium is reached, the plasma

¥ 320 neec s
"‘)"—— diameter is about 9 cm. Using the

radial compression ratio and assu-
"",t"*'—“" Ty ming that only ions are heated

= (electron temperature should be

» #0neec  limited due to heat conduction

0 "’,yf’""du*dﬂ to less than one hundred eV) one
v L ® Mem  ohtains an ion temperature of al-

most 10 keV in agreement with the
value obtained from shock relations.

piston

Fig.2 Radial magnetic lleld distributiens
at various times {cased)

Investigations were extended to even lower densities (see Table 1).
The dynamic behavior of the fast compression can best be described

B, by the relation
k6 i
Bp = up“r +1 180 . This is
i demonstrated in Fig. 3 for
/ Y= 5/3.
“~calculated It is possible to get an esti-
i mate of the effective colli-
sion frequency from
¥ gpai =7 czhupezt (t = time
= of observation). When n,, and

25 5 Wi WS/ my are varied it is found,
Fig. 3 m::dmk:.ﬁ:mfm:;hm"- that the scaling can best be
described in the following way
(see Table 1): Veff4; 1#{;;. It seems that the effective colli-
sion frequency is propertional to the ion plasma frequency. The
value of Verr for case 1 is in reasonable agreement with that
obtained from microwave measurements under the same conditions.

Conclusions. Because of an anomalously fast magnetic field pene-
tration shock waves cannot be formed during the fast compression
of a collisionless deuterium plasma. The observed broad plasma
sheath is explained by an anomalous resistivity resulting from
ion sound instability. The effective electron-ion collision fre-
quency scales as peff-f; 1/{;}. This leads in case of an argen
plasma to a considerably reduced sheath thickness. From pressure
equilibrium follows that the mean energy of the argon ions

should be of the order 10 keV.

1.) E. Hintz, Plasma Phys. Contr. Nucl. Fusion Res., Proc.
Cont., 3rd, Novosibirsk, 1968, Vol. 1, p. 69, IAEA Vienna 1969

2.) H.A.B. Bodin et al., Plasma Phys. Contr. Nucl. Fusion
Res., Proc. Cont., 3rd, Novosibirsk, 1968, Vol. 2,
p. 533, IAEA Vienna, 1969

3.) H. Hartwig, KFA Report , Jil1-U473-PP, KFA Jilich 1967
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A TURBULENT HEATING EXPERIMENT
by
H. de Kluiver, A.M.J. Paans, H.W. Piekaar and H. Schrijver

Association Euratom-FOM
FOM-Instituut voor Plasma-Fysica
Rijnhuizen, Jutphaas, The Netherlands

Abstract

Results of turbulent plasma heating by a current in a
straight hollow cathode arc situated in a maghetic mirror are
presented. The duration of the turbulent heating is controlled
by short-circuiting the discharge capacitor at a preset time.
Heating efficiencies are proven to be in the order of 3 to 4%.

Experimental procedure

In & linear geometry a 20-100 A arc with a length of
60 cm is run between a tantalum or tungsten hollow cathode and
a copper anode (Fig. 1).

20-40kVE T3] Fig. 1
54 == T S Diagram of the apparatus
7

1 cathode

2 anode

3 auxiliary anode
4 coils
5
6
7

= —
'1_|—1—|‘-F-a 2

purup O1H
H

i ot

spark gap
crowbar spark gap
gas feed

The inner diameter of the cathode is 9 mm. Gases used are Ar,
He and H2' The vacuum system consists of 2 15 cm diameter pyrex
tube that is evacuated to a few times 10~ Torr. During arc
operation the gas pressure is between 10“4 and 10_3 Torr. The
arc is struck by means of an auxiliary ring anode in an E x B
discharge. When the cathode is heated sufficiently, the main
anode takes over. The magnetic configuration is a magnetic
bottle with a mirror ratio of 2 and a 0.4 T peak induction;
the electrodes are situated just outside the mirror. The elec-
tron density of the plasma prior to the turbulent state is de-
termined by a 2-mm microwave interferometer bridge, and is a
function of arc current and gas feed. The plasma column has a
density of 1015 to lﬂznjma, and a temperature of about 1 ev.

The turbulent state is excited by discharging a capaci-
tor of 1.86 uF at 20-40 kV across the length of the plasma arc
by means of a spark gap. The coaxial current paths ensure a low
self-inductance. An auxiliary spark gap enables us to short-
circuit the capacitor at a chosen time. A resistance of 1 9 in
series with the arc provides critical damping and dissipation
of the superfluous capacitor energy after crowbarring.

Thus far the heating has been investigated by means of
diamagnetic loops, X-ray scintillator counters, Rogowsky loops,
spectroscopy, an image converter, and a 2-mm microwave inter-
ferometer.

Results

Heating by turbulence is observed when the capacitor
voltage exceeds a eritical value depending on the plasma den-
sity. In our experiments this critical wvalue appeared to be
20 kV. After initiating the discharge the current rises to
2 or 3 kA depending on the voltage of the capacitor. The tur-
bulent state is characterized by a high resistivity, in gen-
eral around 10 2, and may last in excess of 4 pus. Following
this highly resistive phase the plasma breaks down with a sub-
sequent current rise up to 15 kA. If the capacitor is crow-
barred the current surge can be avoided. The results refer to
heating times of 1-2 us (Fig. 2).

Fig. 2a

The voltage across the arc vs time.
Vertical scale 20 kV/div.
Horizontal scale 1 us/div.

Fig. 2b
The current through the arc.
Vertical scale 5 kA/div.

It has been verified with the 2-mm interferometer that the
anomalous resistance is inversely proportional to the square
root of the plasma density. The absolute value of the resis-
tivity agrees with the value calculated for the two-stream in-
stability, for which the conductivity is given byl):
o= 1.4 £D|ﬁpe(|‘-1/m)l/3_.

From the intensity of the light emitted by the plasma
at wavelengths of 4686 S(He II) and 3889 R(He I) across the
width of the discharge vessel, the diameter of the plasma
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Fig. 3 [
Scanning of the
intensity of a

He I and a He II
line at t = 4 us, Hel
relative to the Holl
axis of the %
vessel.

— (cm)

column is determined to be about 3 cm (Fig. 3). By observing
the rise time of the spectroscopic signal the speed of expan-
sion of the plasma column is found to be nearly 10° m/sec.
Similar results have been obtained with the image converter.

The Bremsstrahlung has been measured in the afterglow.
Scintillation counters with organic and inorganic scintilla-
tors are used for photon energies between 4 and 60 keV. During
turbulence there is a short X-ray burst from 20-25 keV elec-
trons. After a pericd of 20 us of low intensity, there is a
quick rise to a considerable radiation with a maximum around
40 pys after turbulence, followed by a slow decrease (Fig. 4).

Fig. 4
X-ray emission.
Time scale 20 ps/div.

The diamagnetic loop signal.

Time scale 5 us/div.
Impurity gases have a characteristic time of 40 ps to reach
the axis and may be responsible for the increase in the Brems-
strahlung emission. Pulse height analysis leads to the conclu-
sion that the X-rays seem to arise from a Maxwellian electron
distribution with a temperature of 12 + 3 keV. This is con-
firmed by a statistical analysis of the results with the or-
ganic scintillator in a region of heavy pile-up.

From the diamagnetic loop signal (Fig. 5) the following
conclusions are drawn. The signal decays to 40% in approxi=-
mately 4 pus, followed by a much slower decay. Half of the fast
decrease can be attributed to direct loss=-cone depletion where-
as the other half may be due to scattering of electrons into
the loss-cone. This agrees with a leakage current of 1 kA dur-
ing 3 us (Fig. 2b). From the ambipolar diffusion time along
the magnetic field an electron temperature of 500 eV is cal=-
culated. If we' apply Berger's expression for the transverse

expansion velocity, VkTe/M. to our result of 105 m/sec, the
same electron temperature is foundzl. The remaining loop sig-
nal can be explained by the 12 keV electrons, being lost at a
much slower rate:

We aée thus lead to an electron distribution at the
moment of crowbarring which consists of 1ﬂl'E,o'm3 of a tempera-
ture of 12 keV and 5.10”/1!13 at a temperature of 500 eV. The
energy content of our plasma is .3 Joule for a capacitor volt-
22 avlmj. Up to 25 kV
the energy content is proportional to the capacitor voltage.

age of 35 kV. This corresponds to 5.10

Beyond this value the energy content increases proportional to
the third power of the voltage. Related to the energy dissi-
pation, 1 ¥ V ¥ t, an efficiency of 3 to 4% 1s attained.

Many thanks are due to Messrs. B. de Groot, K.L. Buis-
man and Dr. W. Strijland for their enthusiastic assistance.

This work was performed under the association agreement
of Euratom and FOM with financial support from ZWO and Euratom.
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PIASMA TURBULENT HEATING IN "VIEHR - 3" TOROIDAL The diamagnetic signal traces of fig.2b indicate that after
DEVIGE. current cut-off some thermal energy was left accumulated in the

. G P hent plasma. In typical heating conditions with n = 1.1012 and
«A.De ov, S.D.Fanchencko.
E = 50 v/cm the hot plasma pressure at current cut-off amounted

Ve TUTE (8] ENERG' M
%+ ¥ KURUEATOV. - THELT OF ATOMIC Ts. MOROEW, to nT 22 1.10"7 ev/em’. The exponentially decaying diamagnetic

USSR. L
signal could be observed for 30—40/1500. The nT e~fold decay-time

o

Plasma turbulent heating and loss mechanisms in "Vikhr-3" versus turbulent-heatéd-plasma temperature is plotted in fig. 3.
closed magnetic trap were studied. The plasma was confined in a Tests were made with higher
longitudinal magnetic field B, and outward-rising quadrapole neutral gas pressure in the
field By combination [1]. A twice repeated current pulse tech— E‘,_ discharge chamber, demonstrating
nique has been developed to test the dependdnce of heating and - z;. decrease with increasing
losses upon initial comditions. neutral atom concentration.

I'. Experimental arrangement Fig.1 shows the "Vikhr—3" g III. Discussien. New expe-
layout with a guarts vacuum chamber 1 (10 cm minor and 150 cm y ) rimental data on the energy
major radius toreid), 30 longitudinal-field magnetic coils 2 ! confinement time of e partiells
and four comductors 3 with anti-parallsl currents wound around & + e ionized turbulent-heated plasme
the torus and producing & quadrupole By field. in a hydride-field toroidal trap

The effective mirror ratio Fig. 3. have been obtained over a wider
R = W was Te range then previously, supporting the ionization loss mechanism.
equal to 2.2. Twelve titanium- Since some speculations have been put forward concerning the

hydride plasma guns wers used possible importance of large-scale plasma and magnetic field

to get a 10"2en=3 density prei- inhomogeneity as a cause of anomalous resistivity, it is of inte-

onization plasma. Specisl win- rest to compare the effective plasma conductivity dete of "Vikhr-3"

dings 5 served to apply arvound with the results obtained elsewhers (see the Table). The table
Ehe/ torus a B '= 50 v/om pulssd lists the & ape VBlue for the first electric field pulse in
Fige 1. slectric field of £ < 1 juses "Vikhr-3". For the second electric field pulse acting on a plasma
duration. Two low-inductance condenser bauks wers provided, sach presunably homogeneous along the column lenght, G eff was found
independantly dischargable through widndings 5 vis = separats to have nearly the same value. Note, further, that in both
spark gap. The electric field applied, which was much in excesa "Yikhr-2-B" and "Vikhr-3" the plasma current was clear off the
of the Dreicer limit, drew a plasma current producing turbulemt walls while the field corrugation ratio differed by at least two
heating. The plasma density was measured with ,\ = 8mm and 3ca orders of magnitude.
microwave diagnostics.
IT Experimental results. The pre-ionization plasma column Device B, n, ca™> E,v/cm CGBE Ref.
effective diameter was measured to be about 2cm for n 2101201-3. 12 12
Vikhr-1 |quasiuniform 10 50 1.10 2
This lesa than 10 % ionization degree plasma would decay exponen— !
12 12
tially as shown by the broken-line curve in fig. 2. Vikhr-2-A| quasiuniform ( 10 40 1.10 3
With the pulsed electric field
- (Bz)max 12 12
applied (see fig.2s) n and nT Vikhr-2-B e =20 10 40 1.10 3
z
behaved as shown in figs.2s,2b.
12 1 12 |Present
It is evident from fig.2 that Vikhr-3 |quasiuniform 1.10 50 2,5.10°° "L ork
dur: th
ing the period of observable Twist — orm 1012 50 1.1012 a
diamagnetic signal the density
of the plasma would smoothly rise R=-0 quasiuniform 4'1-0]:2 100 IOIZ-I- TOIS 5
due to neutral gas ionization by
turbulent heated slectrons [1] . The date provide string evidence in favour of small-scale
H , if the second electric turbulence as the main cause of anomalous resistivity.
field pulse was sufficisntly References

Fig. 2. delayed relative to the first
1s B.A.Demidov, S.D.Fanchenko. Intern. Symp. on. Plasma Conf.

in Closed Traps. Dubna, USSR, 1969.
field applied one was able to observe anomalous plasma resistivity 2. '8.D.yenchenko. st al. JHIF,. 46,497 (1964)5 38, 45% (1965).
3« B.h.Demidov et al. Doklady Akad. Nauk SSSR, 174, 327 (1967).
4, S.M.Hamberger et al. Phys. Lett., 19, 350 (1967).
5« R.A.Demirkhanov et al. "Conf. Plasma Phys. and Contr. Nucl.

Fusion Res". Culham (IAEA, Vienna Austria, 1966) vol.2, p.327.

one, it would act upon a higher ionization—degree plasma with a
presumably uniform denmity distribution. With the strong electric

and hyper-thermal microwave radiation peculiar to turbulent heatimg
[2,3]. The effective electric conductivity of 1.10“2:'.1:1_5 hydrogen
plasma during the turbulent heating was measured to be around

2.10"@ GGSE unita.
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COLLISIONLESS SHOCKS AND TURBULENT HEATING

TURBULENT HEATING OF IONC BY THi CUHAENT OF 4 LIN®AR DISCHARGE

V.5.Koydan, A,G.Poicaarenko

Institute of Nuclear Physics, Siberian Division of the USSR
Academy of Sciences, Novosibirsk, USSR

The investigation of the mechanism of ion heating in a
turbulent linear discharge is one of the important problems
/1,2,3/. In thiz paper the dynamics of ion heating was inves-
tigated and the ion distribution function had been determined
by means of the multichannel analyser of charge exchange
neutrals.

Pig.I shows the principal scheme of arrangement on which
the experiments were carried out. The initial plasma ( 7, =
ﬁe-/o'?:m-f ¢, ~2*544 was produced by a discharge of the Pen—
ninge-type in a metallic chamber of @ 6,3 cm at the pressure
of hydrogen P‘ :5.1(}"4“ Hg. The basic discharge current flow-
ed between electrodes of @ 3 cm placed in the distance of
80 em from each other in the mirrors of quasi-stationary
magnetic field H =12 koe (/Twer/y =2). under typical condi-

T"—.‘g;; [;,-?,’, TP | tions the initial
T= 200
53 '—'jg:]HCE | veltage between
?—EL electrodes was U -

50 kv.

Fig,1,The prineipal
scheme of
arrangement .,

The energy distribution function of the hsatsed ions at
the different stages of current was defined by our nine -
channel amalyser of the fast charge exchange neutrals, The
using of ion-electron converters together with scimtillator
detectors for ion registration provided the analyser sepei-
tivity of ~ 5.70"11A at time resolution af~I0 Csec, The
analyser can register the charge exchamge neutrals in the
range of ISD‘Z.IO“‘ eV with energy resolution of 3430 %.The
calibration of analyser was made by means of proton beam.
Simultansously with the ion analysis thers earried out the
meagurements of electron temperature T, and its variatien
4%,/d ¢t (by X-ray two-channel detector), plasms density and
microwave radiation at _A = 0,8 em, plasma turbulence degres
by means of external ion beam /4/ etc,

As in the previous experiments /5/, the shape of the
current pulse in the discharge and the energy absorbed in
the plasma depended essensially om the parameters of the

_m[ Pig.2.Typical oscilloseope
a traces: a)discharge
B — current; b)microwsve
radiation at A=0,8ca;
c)soft X-ray radiation,
To=3+5 kev; d)signal
of charge exchange
atoms with energy E=
3,8 keV; e)hard I-ray
radiation, E .. ~200kel

sv ]
|

¢ psec
3
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initial plasma.The flowing of the current (Fig.2) was charac-
terized Lu( the intense absorption of energy, by the excita-
tion of powerful microwave oseillations of the Langmuir'a
frequency (W, and by the heating of electroms and ions of
plasma,The signals of analyser showed that in same time

after the beginning of current the fast (during the time of
300+50(msec) and intense heabing of ions is observed.Fig.>
shows the distribution function of the heated ions dni/ﬂ=
f(£) drawn for the moment when signals from the analyser
reach its maxi=um value,At E>I,0keV the experimental points
coinside satisfactorily with the Maxwellian function at

Ti-_-: 8008V.At low ion energies the disagreement of experiment-
al points and Maxwellian is observed.This disagreement may
correspond to the presence of the cold lon group in plasma.
Besides,the distortion of experimental dependence dn,/dE-f(®
is possible because af the inaccurate imowledge of changing
of stripping cross-eection of hydrogen atoms at low energies.
The absolute density of loms with T;=800eV was defined from
the absolute value of neutral flow registered by the amaly-
ser,.it the calculations the analyssr sensitivity and gee-
metry of experiments g%.a?ﬁum'{s
Fig.3.lnergy distribu-

tion function ef heat- .
ed ions.Solid curwe is

the caleculated Raywél— -
liem with 'rl:aoo ev.

9 ! 2 [} 5 [

3
E ker
was teken imto account and isotropic distribution of newtral
flow was suppossd.The density of hested ions determimed by
such method 1s ny~I.I0 ’ca™>,.This value shows the high affi-
ciemey of iom heating im the tortolant discharge.

Fig.2 shows that the electrom compomsmt (Fig.2e) is
being heatsd faster than ions (Fig.2d).It was dstermimed by
nmutl—rardntuﬁrtm“tmmdm:uﬂqm-
rent the electrans are heated Gill ¥ =DeSkeV far ~I0/sec.At
this moment the stopping of the current increxse 18 shasrved
and the quasi-stationary regime is established ot which the
resistantce of discharge gap approachkes to the donbled che—
racteristie resistance of the discharge cireuit.Assuming
that the current is transfered by all plasma electrens them
the current velocity at this moment V. =2.10%22 is nigher
than the velocity of ion sound at T F3+5keV . Thus, the ion
heating observed experimentally may occur as a result of
excitation of ion-scoustic instability as Kovrizhnikh/6/
shows ,However the presemce of microwave radiation at the
frequency Cubeand the formation of fast electrons with .

B, p7~200keV ( Fig.2e) indicates the possible plasma heating
due to two-stream instability.

The authors thanks greatly to Z.I.Soloukhin for the
displayed interest,A,J,Rogosin and N.K.Berger for their
assistance,
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COLLISIONLESS SHOCKS AND TURBULENT HEATING

Microwave Scattering from Density Fluctuating
during Turbulent Heating

by L.E. Sharp and S.M. Hamberger
U.K.A.E.A,, Culham Laboratory, Abingdon, Berks., England.

Abstract: The spectral distribution of density fluctuation is
studied for the case of current driven turbulence using the collective
scattering of 2 mm microwaves. Preliminary results show short
fluctuations at freguencies above the ion plasma freguency and

characteristic of ion-electron streaming instability.

The density fluctuation spectrum which occurs during the turbulent
heating of a toroidal hydrogen plasma column has been investigated via
the radiation scattered from a 2 mm wavelength microwave probing beam.
The heating current pulse lasts ~ 300 nsec, is produced by electro-
magnetic induction of a strong electric field (~ 400 V cm-ll parallel
to the axial confining field (3 kG) of a stellarator (TWIST), and
rapidly raises the mean particle energies to 2 kevtl}.

Fig.l shows typical waveforms for: (a) applied electric field E@,

(b) induced current, (c) A = 3 cm microwave emission, indicating the
time of maximum turbulence, (d) mean electron density n =I ndl measured
by 2 mm interferometer, (e) the direct transmission of 2 mm radiation
across a plasma diameter. Trace (d) shows n is essentially constant
during the heating pulse. Since mi'wpe, and binary particle collisions
can be neglected, the attenuation shown in (e} during the pulse cannot
be due to absorption and must therefore be attributed to the collective
scattering of the microwave energy out of the received beam by the
density fluctuations. Since the fraction Sy of the power scattered
from the main beam is related to the mean square density fluctuation
spectrum < 6n° (w,k) > by §_=n’Lo, [ < bn’/n’ (%) >dk du du, where

on is the Thompson cross-section, |x|= 4n/1° sin 6/2 we estimate the
r.m.s. level (for all scattering wave vectors not accepted by the
forward receiver) to be 6&n/n~0.1.

To resolve the wavelength and frequency spectrum we use the
arrangement showr. in Fig.2: the incident beam of 2 mm waves is focussed
on to a non-reflecting "dump" to minimise unwanted specular reflections,
and the signal scattered in various directions by the plasma received
by a set of lens-horn antennae, each of which is connected to a low
noise balanced crystal mixer. The local oscillator signal is derived
from the primary microwave generator, so that the difference frequency
output corresponds directly to the freguency w of the scattering
Eluctuationstz). Three scattering wave-vectors i (Hl —H3) in the
(horizontal) plane of the torus and four [Vl-v4) in radial directions
can be simultaneously observed, each with a bandwidth of 1000 MHz.

Each wavelength channel can be subdivided into eight eguispaced, 50 MHz
wide bands between 10 and 500 MHz, or by heterodyning, into eight similar
bands between 400 - S00 MH=z.

Fig.3 shows the (rectified) scattered signals received by one
antenna (H_, |k| = 40 cm-l) time resolved into various fregquency bands.
The gain of each trace shown has been adjusted for equal noise amplitude
(i.e. they have unequal sensitivity). These semi-quantitative results
show that large collective density fluctuations, with frequencies of
the order shown, occur during the current pulse. Similar but weaker
scattering is also seen on the six lower frequency channels (not shown).

The presence of fluctuations at frequencies > fPi-BOO MHz is
probably associated with an ion-electron streaming instability, with
characteristic frequency f* ~ % (M/ml%a fpi ~ 500 MHz. Similar
frequencies are seen in the potential spectrum using electric probaa(ZJ.
The lower frequencies may be associated with current-driven ion sound
turbulence.

Although the system has not yet been sufficiently calibrated to
compute absolute and time-resolved density spectra, it is apparent
from Fig.3 that various "dominant" frequencies oeccur on occasions
together, within the volume observed (V ~ 10 ch}; since v|kl3 ~6.105,
many possible independent oscillations could co-exist, so that the
flugtuation gpectrum may be concentrated in several localised large-
amplitude waves, with correlation times of the same order as our

resolution time i.e. ~ 15 nsec, or several periods.
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COLLISIONLESS SHOCKS AND TURBULENT HEATING

ELECTROSTATIC POTENTIAL FLUCTUATIONS MEASURED
DURING CURRENT DRIVEN TURBULENCE

by J. Jana¥ik and S.M. Hamberger
U.K.A.E.A., Culham Laboratory, Abingdon, England.
Abstract: Results are presented of the fluctuation spectrum for a
turbulently heated plasma, and show that three distinct types of spec-
trum can be seen depending on initial conditions. The 'anomalous'
conductivity is shown to be related to the particular type of insta-

bility present.

We report a more detailed study of the frequency spectrum of
collective electrostatic fields excited in a toroidal magnetically

confined plasma during turbulent heating by a large induced axial

(1,2)

current applied electric fields (1 MHz ringing) between 100

and 500 V Cm-l, and hydrogen plasma densities ~ 1011 - 1013 em™3 are

used in this investigation. The spectra are obtained by numerical
computation from oscillograms of signals received ( lOMHz - 2GHz) from
a calibrated differential electric probe with small (lmm) electrode
spacing, and in this paper are evaluated for various time intervals

during the first current pulse. The first current peak occurs between

~100 nsec and ~400 nsec, depending on the plasma impedance, which in turn
depends on operating conditions, and varies from purely resistive to

mainly inductive. The probe can be oriented to receive different

signals parallel to or across the axis.

The type of spectrumobserved depends primarily on the density and
applied electric field, and may change with time during a single pulse.
Typical examples which we use to characterise three main regimes are
shown in Figs.(1-3):

Regime A (Fig.l)the fluctuation spectrum is concentrated at freguencies

s i 8 -1
< wpi- It appears when the drift velocity vd.s (2-3)x 10 cm sec ,and
applied field Ews_nto Eo (En is the critical field for runaway
12

~2x10 n/T(eU} (vem—1)) . we interpret this as a spectrum of ion-

sound turbulence. For small v the fluctuations are seen only in the

d

parallel direction, the transverse components increasing with v until

d
they are undistinguishable from the parallel for vd== 3x108 cm sec”

Regime B (Fig.2) occurs for larger fields, E:wzlio E:D and vda, (z—ijlca

sec™l. The spectrum includes strong components at frequencies > “"pi and

{3)

characteristic of ion-electron streaming instability i.e.,

w* ---%(M/m)]"S w .. A detailed examination shows that this condition is
Pl

preceded by a large amplitude low freguency ion-sound spectrum occurring

during the current rise (Vd.SleOch sec_l

). This is immediately
followed by a short (~20-40 nsec) burst of very intense signal ~ w¥%,

which then decreases to a much smaller steady level which persists until

- - |
410
n= 10” cm -3
i 8 I o
X 3 maxV, - 110" cmsec. H
Bt v
»
EaY
3 E o
g % z20 Ei02
Z 2 E £
< o 2
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2 8
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g L E |
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: = £ o
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B 3 E
i I i
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Fig.2 (a) Fig.2(h)

the current decreases. Somewhat

similar bursts have been obser-

)

21073
ved by Suprunenkc:(4 The signal
cbserved does not depend on the
probe orientation. The micro-
wave emission in this regime is
much more intense than in A.
Regime C (Fig.3) is the least

explored and occurs at largest

Spectral density <V (w (V2 HZ)

3
EﬂD and least n,lEmz 10 EOJ: much

o
higher frequencies ~w, are 1
.
observed, which may arise from Tpi 05 fpe
electron-electron interaction Frequency(GHz )
(from runaway electron beam).
Rotice this regime has w_ >w__.
ce pe Fig.3

The early stages are as B.
Fig. (4) shows the relation
between measured electrical

conductivity o and drift velo-

city for various regimes, plot-

fon sound conductity o 2

ted separately according to the -
class (A,B,C) of spectrum obser- E |
ved at peak current, i.e., when ¥
the measurement of ¢ was made. |

The solid lines show the semi-

m )
empirical predictions of Buneman

. "
and Saqdeev‘s) for the respec- g: IOIO " “hg] L .

= + regime A
tive cases of two-stream and H * o regme B
ion-sound excited turbulence. é p * 8 el
Fig,4(b) shows the correlation B + ¢
time x frequency (i.e., the gi X ti E
number of distinet periods of © I‘ﬂ’. 3 T T E l'd,,

oscillation observed) for the Dett welocily (em/sec)
three regimes. For A and B the
trend is towards shorter correla- Fig.4.

tion times, i.e.towards stronger

turbulence, with increasing vé.

Fig.l(b) shows a typical ion-sound spectrum plotted logarithmically.
Assuming the maxima to be true wave potentials, we obtain the spectral
distribution shown in Fig.5 (for four separate shots). The solid curve
has the shape first predicted by Kadomtsev (&) for steady-state ion-smound

turbulence in a current-carrying plasma.
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COLLISIONLESS SHOCKS AND TURBULENT HEATING

TURBULENT CONDUCTIVLITY OF FLASMA IN MAGNETIC FISLD
WITL 4ERO LINE
S5.1.Syrovatsky, A.G.Frank, A.Z.Enodshaev
P.N.Lebedev FPhysical Institute, Moscow, USSR

Abstract: In the experiments described, the preperties of cur-
rent flow in plasma placed in a magnetic field with zero /neut-
ral/ line were determined. The current distribution in such a
field was obtained. The current region is rather broad in spite
of the presence of a strong transverse magnetic field., Plasmae
conductivity is shown to be turbulent.

It is known that the appearance of accelerated particles
in solar flares is connected with solar plasmz motion in the
vicinity of zero /neutral/ lines of magnetic field. It has been
shown by Syrovatsky [I. 2] that two-dimensional plasma flow near
zero lines produces magnetic energy cumulation and acceleration
of charged particles along a zero line.

We have investigated experimentally phenomena taking place
in the vicinity of a magnetic zero line. Our installsation has a
quadrupole magnetic field with 5.I0 30'/5:: gradient, The vacuum
chamber, 7 sm in diameter and B0 sa long, is surrounded by con—
ductors producing a magnetic field with zero line along the
chamber axis. A plasma source is placed at the end of the chamber
inaide the quadrupole field. Flasma from this source flows slong
the chamber &xis and fills the chamber in about IO/vaec. The
plasma has the shape of a cross in the transverse plane with
rays directed along magnetic force lines /see fig. la/. The
transverse dimension is about 4 sm in the direction of the quad—
rupole field corductors, and the marximum plasma density near the
zero line is about 10t? cn—j. Beaides a magnetic gquadrupole
field there is an electrical inductiaon field E;r applied along
the zero lime, its value being up to 500 v/em.

This field induces plasma motion in the plane /X,Y/ which
is perpendiemlar to the zero neutral line /Z-axis/. Flasmsa mot-
ion towards the zero line, for example along the Y -~ axis, is
accompanied by its motion from the zero line along the X -axis
/see fig., Ia, the directions of flow are shown by arrows/.

As has been shown experimestally [3]plasma motion is actmally
of such a nature.

b/

Pig.I.

If the magnetic field is frozen in /ls carried over with
plasma/ then the magnetic field distributior must change signi-
ficantly near the zero line. Here the fiald gradient increases
and a current aheet appears. Under such conditions we can expest
the generation of energetic particles.

The electric field is produced by a discharge of low-induc-
tive capacity c=0,IJuF through conductors arranged parallel
to the vacuum chamber tube as in the case of the guadrupole
field conductors. The electric field frequency is about I MHz
whereas the process is studied during the first quarter of peri-
od ~ 0,25 fsec when the electric field does not change direct-
ion.

In this work we are interested in the current produced by
this electric field in the plasma which is placed in the wuadru-
pole magnetic field. Pig 2. shows oscillograms of applied vol-
tage and plasma current. Their phase relation shows that resis—
tance of the plasma column is rather large. It depends on the

magnetic field gradient and plasme density and verles from 245
to IS5 ohms. The resistance is measured at the instant when plas-

ma current is & maximum and hence di/dt =0. Plasmsa current ris-

es linearly with applied voltage, this means that plasma resis-

tance does not depena on the

electric field when the latter J e

changes from 80 to 300 v/am.

To investigate the nature of plas-

ma reaistance we have changed L ey
: a a2 03 ak 26

the plasma colomn length, for half

the leugth we obtain halfl the re-—

sistance /see table/. This means

that the resistance is nearly

uniforaz along the column and is

not dependent on electrode

Vs

phenomena. Fig.2

The current distrioution was determined in two ways:
with magnetic probes which measure the magnetic field of the
current and with mmall Rogowsky coil. Magnetic probes are moved

Table: -
3 1079y s, 2,107 0e/gn
60sm | 4,5+ 1,20 6,2+ I,2 0
30sn | 1,6+ I, 4.0 3,0+ I,2 4

inside the glass tube of outer diameter 2,8 mm,the probe dimen-
sions being smaller than 2 mm. The probes are moved in two direc—
tions AA' and BE' 2t an angle of I5%o the Y ana X sxes, Tes-
pectively /see fig.I b/. The field component which is perpendi-
cular to the displacement direction is measured. Fig 3 shows

the magnetic field for the instant of plasma current maximua.

We see that the width of current distribution /along the X-axis/
is definitely more than its thickness /along the Y-direction/.
These dimensions ara sbout 3U and 10 ms respectively. The same
result was obtained in measuremsnts with a Rogowsky coil.The mag—
netic field strength is small compared with the initisl field
hence there is no significant change of guadrupole field. The
measurements allow to calculate the average plasma conductivity

It equals 3.I0°°CGSE. With this value of conductivity the magne—
tic field cen be frozen in a region of I sa only for a period of
Ebﬂ'l-ltfg'ﬂ-.IO—! sec, i.e.~5-10 times shorter than the duration of
the process.

The obtained conductivity
is much gmaller than the col-
lision conductivity and is the
result of generation of plasma
instahility in a strong elec-
tric field /ion-sound or Bune—
man instability/.This prosess
should be followed by plasma
heating, as it takes plase in
a number of experiments[4,5].
Current distribution measur-
ments show that there is cur-
rent practically everywhere
where the plasma exists inspi- Pig.3.
te of the presence of & strong transverse magnetic field. The
nature of current across a strong magnetic field can be explained
only as a result of rapid plasma heating due to instability. In
fact the measured current is & diamagnetic plasma current which

Hy

shows that plasma temperature is about (Tc *’Ti.)" {xev. .
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BEAM - PLASMA

EXCITATION OF LANGMUIR OSCILLATIONS IN AN ION BEAM-PLASMA SYSTEM
G.J. Brakenhoff and J.M. Houtkooper
Association EURATOM-FOM
FOM-Instituut voor Atoom- en Molecuulfysica, Kruislaan 407, Amscerdam/Wgm.,
The Netherlands

ABSTRACT: We report the observation of spontaneously excited Langmuir waves with
frequencies between "'pi and . and with phase velocities a factor 2.5 to 4.1 higher
than the ion beam velocity. From the radial amplitude dependence of this wave it is
identified as a Langmuir wave on a plasma column with the diameter of the ion beam.
The mechanism to explain this excitation appears to be wave coupling in the end-—
sheths of the Langmuir wave with the unstable slow ion beam wave and slow secondary
electron beam wave.

]. INTRODUCTION: Spontaneously excited Langmuir waves have been observed previously
in experiments with electron beams [1], and ion beams [2]. In this paper we compare
the spontaneous wave with a wave excited in the system by a probe., This latcer
wave turns out to be even faster than the spontaneous wave and can be explained as
a Langmuir wave on the broader diffusion plasma column sruund the ion beam. Typical
parameter values of the syar.em are: a, = 5x 107 = 5 x 10 cm/s; '1‘ = 4,5 + 0.5 eV,
Ve = 0.85 x 10 cm/s; tie" ion beam 20 keV, Vb - 10 cm/s.

2. THEORY: Consider a beam-plasma column of radius a with uniform densities of the
constituents, in a eylindrical metal waveguide of radius b, in a homogeneous axial

magnetic field. We take the dispersion for b >> a, [3]:

[l'wibn‘((m-kvb)z = mzh) }Ta J;(Ta)/J’a(Ta) = ka l{;(ka)/l(n(kﬂ) )
2 2
W w
R (H,ze [ {0 B z)',( - ph 2) s
PE ) (w=kv) (umkv, ) Gk 3= iy

We take for £(v) the Maxwellian velocity distribution for the electrons. Further

assumptions are: Quasi-static approximation, “pe 7w g, no contribution from the
plasma ions. We can separate the treatment of the dispersion equation in two parts:
1. Dispersion of langmuir waves: w/k_>> vy .

Since in our system, the thermal electron velocity is of the same order as the lon
beam velocity, the Langmuir waves are far from synchronism with the beam waves, so
that the beam contribution in (1) and (2) become negligible. Equation (2) can be

simplified to:

2 2.2 245,22
3k v, W W =w" /2k"v,
2 2 5 Te), . / T
T--k(l—JL;1+——2—-°)+J%—LJe £y (3)
w w (k VTE)

If we consider w <, ...Fa,'r’_z and w/k > 3 Vs Ve get a simple expression for the
wave dispersion:

2 52 2,2

upefm T /K (4)
Using (4) for the wave dispersion we can derive from the imaginary part of (3) an

expression for the spatial Landau damping of Langmuir waves:
2
kifk, = iE S R o with o = w/k v (5)

II. Growth of the beam waves: w/k ™ v, = vy .

To calculate the wave growth of the beam wave, by the resistive type of interaction
with the plasma electrons, the set of equations (1) and (2) was solved by means of a
computer program. This gives growthrates of the beam wave of about k;/k = 1072 ac
our values of the parameters.

3. EXPERIMENT: The He' ion beam energy, 20 keV, current 0.5 mA, is injected through
an entrance tube into the interaction vessel (fig. 1). The slightly diverging beam
passes through the plasma, created by the beam itself through collisional ionizat-
ion of the gas in the interaction space. The length of the interaction space, boun-
ded by high transparancy grids, is variable. In the homogeneous (+ 1/2X) magnetic
field in the interaction space the beam plasma column has a nearly constant diameter
of about 1.5 em. Measurements were performed by means of movable probes (Langmuir
probe, R.F. interferometer and spectrum analyzer) and a microwave cavity for demsity
measurements. The measurements presented in this paper were done at a magnetic field
of 0.26 W'l:p'm2 and at helium gas pressures in the interaction space up to 1.3 x 10"
torr. A typical spectrum of the spontaneously excited oscillations received on a
probe in the system {'s shown in figure 2 for a pressure of 1.3 x 107* torr. Very
noticable are the sharp spikes on the low frequency side of the spectrum. Changing
the distance between the grids that limit the interaction space shifts the frequency
of the spikes, but does not influence the shape of the envelope, indicating a reson—
ance phenomenon connected with the finite system length. When we move a probe axially
and record the intensity of the oscillations at a fixed frequency we find a standing
wave pattern (see figure 3). From standing wave patterns the phase velocities of the
detected waves can be determined, the distance between two maxima being equal to A/2,
as the intensity of the oscillations is recorded. We have measured the phase veloci-
ties in a range of the plasma demsity which scales with the gas pressure. We found

at the lowest pressure p = 3.5 x 107°

torr (w ot 72 MHz) the phase velocity to be
2.5 x 108 cm/s, while at the highest pressure p = 2.7 x 1D_ﬁ torr (w o™ 130 MHz)

the phase velocity is 4.2 x lus cm/s. These waves are faster than the velocity of the
ion beam (.IDB em/s) which excludes direct excitation by the beam of these waves.

Our next step was to compare these results with measurements with an R.F. interfero-
MELer on probe excited Langmuir waves. Figure 3 shows at the same frequency the stan-
ding wave pattern  of the spontaneous wave and the interferometer pattern of the

Probe excited wave. We see that the probe excited wave has a phase velocity abouc

INTERACTIONS

the radial dependence of both waves, beam density and plasma density, shown in fig.
4. We see that the probe excited wave follows the plasma profile, while che spontan—
eous wave is restricted to a much more narrow profile, corresponding with the beam
cross sectien.
4. DISCUSSION: I. The observed difference in the phase velocities of the spontaneous
wave and the probe excited wave, can be explained using (4). The values of T differ
by a factor of 2, so do the diameters of the ion beam profile and che plasma profile,
The result is that T.a values can be calculated in both cases to be about I, as is
expected from (1) in the range 0,15 < k.a < 0.5 as is the case for the waves studied
here. II. The influence of secondary electrons. The measurements presented here are
obtained with the electrodes of the collector grounded, in order not to apply D.C.-
voltages over the plasma. Then a current of secondary electrons of the order of
200 yA Flows from the collector inco the plasma. The velocity of rhe electrons, as
estimated from the plasma potential, is Z x IIJH co/s, too slow to be able to account
for the observed phase velocities. When we suppress the secondary electrons we obser-
ve the spontaneous oscillations to diminish in amplitude by a factor of about 5,
retaining the previous characteristies. III. The possible waves in the system are!
Langmuir waves, ion beam waves and secondary electron beam waves. Of chese, only the
first propagate fast enough to be identified with rhe observed waves. However, they
are stable, unlike the other waves. We propose the following mechanism: Noise will be
amplified by the ion beam as 1t traverses the plasma. When arriving at the sheath in
front of the grid, this signal will be reflected, as a Langmuir wave and possibly the
secondary electron beam wave. The latter will increase in amplitude travelling to the
other grid, while the Langmir wave will be damped by Landau damping. At the other
grid borh waves will be reflected, exciting now the unstable ion beam wave and the
Langmuir wave. Dommaschk [2] has made calculatioms on this type of wave coupling and
found that the Langmuir waves could become unstable. IV. Landau-damping. If we con-
sider the wave excitation by wave coupling, neglecting the secondary electrons, a
minimum condition for the existence of the waves is that the spatial Landau damping
of Langmuir wave is smaller than the spatial growthrate for the slow ion beam wave.
We calculated from this condition, using (5) respectively (1) and (2), a condition
for the phase velocity of the Langmuir wave. The observed spontaneous waves fulfill
this condition.
REFERENCES:
[1] Etievant, C., (1964) CEA-R2456.
[2] Dommaschk, W., (1968) Conf.on Plasma Phys. and Contr.Nucl.Fusion, Novosibirsk,
CN24/L-9.
[3] Trivelpiece, A.W. (1967) Slow wave propagation in plasma waveguides.
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ION HEATING BY BEAM PLASMA INTERACTION
F.Bottiglioni.
ASSOCIATION EURATOM-CEA
Département de la Physique du Plasma et de la Fusion Controlée

Centre d'Etudes Nucléaires
Boite Postale n® 6 - 82 Fontenay-aux-Roses (France)

ABSTRACT : A powerful electron beam is injected longitudinally in 2 magnetic
mirror configuration. By ionisation of the Hg gas, o plasma is produced which
is heated by interacting with the beam itself. The hot plasma density and the
fon temperature are respectively a few 101Tem™3 and a few hundred of eV,
INTRODUCTION : The production of fons, with energy exceeding several KeV
has been observed in some particular regimes of low pressure discharges, con-
fined by a magnetic field (1)(2)(3)(4), when an intense beam of uncupled
energetic electrons (o few hundred of eV up to several KeV) is produced. The cri-
tical parameters of the electron beam to heat the ions are not yet well defined,
Several different explanations have been proposed (5)(6)(7)(8) but anyone
doesn't fit the whole of the experiments. We describe here only our experimen-
tal observations made on a plasma which is heated by interacting with a pawer-
ful electron beam, The plasma is produced by the ionisation of the beam on the
HZ gas,

EXPERIMENTAL APPARATUS. (Fig.1).

An electron beam (IMax: 1A ; VMux =10kV ;

- @=1 cm ; beam pulse ; 10ms up to 2s) is injected

in a magnetic mirror configuration with a mirrer

1 K ratio R changeable from 2 to 8 and with a maxi-
LA
INGON N

by daw

mum fieldstrength at the mirrors of 0.6 T, Expe-
riments are performed at R=2 , In the mid plane
between the mirrors an electrostatic analyser mea-
sures the energy of the ions obtained by stripping

the fast atoms moving radially out of the plasma

Fig.2. Fast atom radial flux, measured by secon=

dary emission detectors, are used to estimate the

hot plasma density. The oscillations are detected

Fig. 1: Experimental appara-

tus, by on electrostatic antenna ond the plasma dia-
magnetism is measured by o two diamagnetic loops. The H, gas is injected in
steady-state through o gradient pressure system, opposite fo the electron gun.

The pressure inside the configuration is ebout (1-4) x 1073 torr,

oy K]
v x

leV et

: s
‘ |
|
_FiG.2. L \
Fig.2 : Energy spectrum of fast atoms |
i s T, e
measured by the electrostatic analyser. g3 T G- E of fast

Hor. Unitsy:: 1 KeV /division

atoms versus By, the magnetic
Vert. Units : 10 pA /division

field strength in the middle plane

Sweep time : 10 ms, b=tween the mirrors

PLASMA PROPERTIES: The hot ions are confined near the middle of the magne-
tic configuration in a volume of about 200 em?. The longitudinal density pro-
file , opproximatively parabolic,drops of o factor 2 af cbout 2,5 cin from the
ceater , The ion transverse temperature T, is deduced from the slope of the
fost atoms energy spectrum. T, and the maximum transverse energy of the fast
atoms ELdepend on the maognetic field as sl'mw:\ in fig. 3. Tluncl El decreases
slowly (of a factor 1.5 ) when the pressure increases from 7 10-¢ torr to 7 10-5
torr. The plasma diemagnatism growths with  the magnetic field, The trans=-
verse energy density of the plasma, averaged ona diameter of 10 cm, is in the
range of 1014 eV em-3, The radial flux of the fast atoms IN exhibits two im=~
portant characteristics : it increases with B, as plotted on Fig.4, and with the
ratio B, /B, , where B4 is the mognetic field in the midplane between the
mirrors and B, is the magnetic field of the electron gun. IN doesn't change , in
spite of what one would expect , in o rather wide range of the pressure

(10_5 -5107° ). Moreover, the mean hot jon density n,, deduced on the basis

of the charge exchange between the fast protons ond the Hy gos, doesn't fit
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4
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Fig. 5 : Modulation of the cur-

2000
_FIB4_

3000 {gauss|By
rent of the collected beam
and of Ty,
Hor. Units =0,1 ms / division
“Vert, Units = I, =1A/ division
Vert, Units 1= 0.2 mA/division

Fig.4 1 Fost atom flux T versus

R, for several values of I!.",/I!u

the density of (2-5) 10 Lma, inferred from diamagnetic ond energy measurements
unless the base pressure greatly increases owing to an importont outgasing of the
liner . Nevertheless o satisfactory ogreement is found if the charge exchange of fast
protons on H(9) or H2+ (10) of the cold plasma are considered , As the whole gas
ought to be in the otomic state, the charge exchange reaction on the H; could be
the most effective one in producing the energetic atoms,
At the edge of the plasma region (@226-Bcm) is observed o strong emission in the
band 50-120 MHz, in correlation with the fon heating. This is the ronge of the
ion plasma frequency, for a plasma density of about ]0” em=3 |

BEAM PROPERTIES. The current I of the primary electron beam is collected, af-
ter passing through the plasma, out of the mirrars, In the heating regime Iy is mo-
dulated with an amplitude reacting 30 % at a frequency of about 20 Ke/s. The
modulation of IN is well correlated in frequency, phase and amplitude with the
beam modulation Fig.5. It has been observed that the longitudinal energy spec-
trum of the beam § (W:.,), before interacting with the plasma, spreads out with increo-
sing the ratio By /B_ . When B4 /B €1 HW,)ise & funetion, while for
By/B,=3,5 ¥ (W, ) has an half height width of about 700 eV and its maximum
at 3,8 KeV. (Acceleration voltage ~ 4,7 KV),

REMARKS : The heating regime is obtained only ifseveral physical conditions are
fulfilled, For o given current and power of the beam, the ion heating eccurs if

the initial cold plosma density exceeds o threshold value and if the gos pressure

is lower thon a given value. These two limitfs are respectively in the range of

a few 1010 cm™3 and 1074 torr, in the present experiment. By injecting the

gos through o pressure gradient system in the high pressure region out of the
mirrors is produced a plasma dense enough which diffuses into the magnetic
configuration where the pressure is lower, The threshold on the plosma density
islikely to be connected with o necessary condition for the starting of the oscil-
latioms which heat the plasma, whereas the pressure limit seems rather to be con=
nected to the energy imput in beam=plasma system. The high frequency emission
so as the low frequency modulation of the beam are strictly related with the hea-
ting regime. The observed dependence of I on the spread of ¥ ( '\, ) of the

beam affects mostly the heating efficiency (11) , which in our case is obout 1 %.
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MEASUREMENT OF THE TRANSVERSE VELOCITY DISTRIRUTION FUNCTION OF THE
BEAM_ELECTRONS_IN A BEAM-PLASMA EXPERIMENT

J.A. Cabral, H.J. Hopman, J.H.A. van Wakeren
FOM-Instituut voor Atoom- en Molecuulfysica, Kruislaan 407, Amsterdam
The Netherlands

ABSTRACT: We present measurements of the beam transverse energy as a function
of the beam-plasma parameters. The transverse energy is seen to increase with
the increase in the total radiated microwave power, It has been proved that
the beam transverse energy is acquired at the cost of an axial deceleration
of che beam electrons. With a simple model for the electron movement inside
the analyser we could determine the beam transverse velocity distribution

function.

|, INTRODUCTION: As it is well known, theory predicts that the development
of any beam-plasma instability leads to an increase of both the parallel
(5'1'”) and the transverse (8T ) beam temperature. In case of excitarion of
Cerenkov instabilities 8Ty >> 6T [1]. On the contrary, during the instab-
ilities caused by the anomalous Doppler effect, the energy lost by the beam
goes over essentially to the increase of its transverse temperature and so
6T) >> 61'“ . Although there is a relatively large number of theoretical papers
concerning this subject [2], only recently some experimental cnes presented
measurements on the beam transverse energy [3] [4].

2. EXPERIMENTAL DETAILS: Our Leam—plasma experiment, described in a former
publication [5], consists essentially of a cylindrical (§ = B cm) interaction
chamber with a length of 73 cm. The background pressure amounts to 3 x 10-,
torr, Th!t‘itlte'ﬂntiﬁﬂ chamber is filled with Helium at a fixed pressure p =
4.8 x 10

tube (within 1Z) and can be varied from 0.01 to 0.1 Wb m-z. An electron gun

torr. The axial magnetic field is constant along the experimental

injects continuously a beam of 1500 eV and a current variable up to 20 mA.
The injecrion is parallel to the magnetic field and the beam is collected on
the external wall of a specially designed electrostatic energy analyser. This
analyser permits the measurement of the transverse velocity of the beam elec—
trons and its first part is df conventional design, having a small entrance
hole (¢ = 0.2 mm) and two electrodes for the reflection of the ions and the
application of the retarding potential, A third electrode can be used to mod-
ulate the parallel electron velocity. The electrons which pass the potential
barrier strike a first collector which alsoc has a hole (§ = 0.2 mm) in its
centre. Electrons which pass tlrough this hole are collected on a second col-
lector. The assembly of these two internal collectors can be moved in the
transverse direction over a maximum distance of 9 mm, This transverse scan of
the second hole of the analyser is accomplished by 200 turns of a motordriven
axis equiped with a helipot for X-Y recording. This permits a very precise
measurement of the Larmor radius in a direct way. If Zru is the extension in
the transverse direction where we can collect electrons in the second collec~
tor, then there are at least some electrons which possess a Larmor radius

equal to r, = {(2r, = &, - 6,). Here & and §, are the diameters of the two
L M 1 2 1 2

10

holes in the analyser. The leak current between the two collectors 107" A)

sets a limit to the accuracy of the measurements.

3. EXPERIMENTAL RESULTS: Measurements were only done at the beam centre as
only there is the expression for the Larmor radius valid (rotational symmetry).
We began by measuring the "maximum" transverse energy of the beam electrons as
a function of the beam current for different values of the magnetic field. For
these measuremencs we assumed that we collected electrons if the current on
the second collector was a factor 2 higher than the value it had in the ab=
sence of the electron beam. The axial retarding potential was continuously
swept (50 Hz) from =100 V (to reflect the plasma electrons) to =2000 V (to
reflect the whole beam). In this way the helical electron path inside the
analyser (length about 10 cm) varies periodically in pitch. Thus we cam, in
first approximation, expect that, when the beam electrons arrive at the first
collector (second hole), they will have the same probability of being at any
particular position of their transverse circular orbit. This means that, no
matter what their paraliel velocity is, there will be moments at which the
beam electrons will strike the first collector at their maximum distance from
the analyser axis. Only so are the measurements of the maximum transverse ener-
8y trustwerthy. Figure | presents the obtained results. We verify:
a) For all values of B the transverse energy begins to increase with the beam

curreat i, , atcains a maximum and then decreases with a further increase

in the beam current.
B) The value of iy associated with the maximum transverse energy is some 20%

lower than the one corresponding to the so-called yiE;0d
ion [3] [5].

c) The higher the magnetic field the higher the transverse energy.
d

regime transit-

The dependence on ib of both the transverse energy as well as the total
radiated microwave power (measured with a bolometer) is similar.

With the largest values of the beam current the plasma is, for every value of
B, deep in the second regime. The beam axial velocity distribution function
is then a plateau (f(v) = C) in an energy range extending from 0.1 to 1.3
times the beam initial energy. Looking for a relationship between the trans-
Verse and the axial energy of the beam electrons, we measured the "maximum"
transverse energy possessed by the fraction of the beam which has an axial

energy equal or greater than IJ“. for constant sets of beam—plasma parameters.
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inis is simply done by sweeping the axial retarding potential of the analyser

from (U/e) to -2000 V. In this way we reflect electrons possessing axial ener—

gies smaller than U = eV, Figure 2 presents the results. We verify:

a) For all values of the magnetic field the electrons which possess the high—
est transverse energy are the ones which are strongest decelerated. So, the
transverse energy seems to be acquired at the cost of a decrease in the
axial energy. This result is also referred by SCHUSTIN et al. [4].

b

-

Electrons which are accelerated to velocities greater than the beam initial

velocity have very small transverse energies.

If we make a plot, on an X-Y recorder, of the current on the second collector

(j) as a function of the radial distance (r) over which the assembly of the

two collectors has been displaced, we obtain a curve j = j(r) peaked at r = 0

and monotonously decreasing-with !1". The position r = 0 represents the situ-

ation in which the two holes of the analyser are aligned with the magnetic

field lines and with the axis of the retarding field structure. From j = j(r)

we can determine the beam transverse velocity distribution functienm S(VLJ.

Due to the parallel velocity modulation (sweep of uﬂ) and by rotational sym-

metry it is easy to find that

:—r [r. i)
ECv) ~ —_—r m
¥

Here v = i T (r is the Larmor diameter). Figure 3-gl‘.IGatl the obtained

distribution functions for the case of B = 0,027 Wb m °. From identical mea-

surements, made for other values of B, we can say:

a) For all values of B the shape of the distribution functiem is similar.

b) Every distribution is constituted by a cold bulk of electrons amd a "hot"
tail which is found to be Maxwellian.

e) The tanpeur.urle of the "hot" tail increases with the beam current.

d) The ratio n between the mumber of "heated" electroms and their total number
increases with :I.h and, for a given beam current, with the magmetic field.
This ratio seems to be related to the discontinwous character of the plas—
ma radiation which, as is well knewn, occurs in bursts.

e) The fact that we found Maxwellian distributicns probably !QV;.III the
stochastic nature of the beam-plasma instabilicies.

f) For ih = 20 mA we got the E;aults: = (B = 0,0270 Wb " N = 10.9%, 1‘. -_2

11.2 eV); (B = 0.0385 Wom ~, n = 17.5%, T, = 15_.6 eV); (B=0.054 WMo m ",

n=45%, T, = 22.2 eV). Therefore both n as well as ‘I. imcrease with B.
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Figure 1: "Maximum" transverse enerer
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tion of the beam current, for differ-
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Figure 3: The influemce
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PLASMA OSCILLATIONS IN AN AXIAL INHOMOGENEOUS
BEAM PLASMA SYSTEM
by
H. Renner
SEKT10N PHYSIK der UN1V. MUNCHEN, Lehrstuhl Prof.Rollwagen
B00O Miinchen 13, Schellingstr. 2 - 8, Germany

Studying phenomena in the negative glow (NG) of an abnor-
mal glow discharge we are interested on the importance of
: collective processea compared to binary collisions.As a mo-
del of NG beam scattering and the production of HF energy
are investigated in a beem plasme system at corresponding
experimental parameters |1 ]: Plasma H, gas 1072 - 5 107?
Torr pressure, nP plasma density 3 - 8 109 cm'ﬁ. Beam qﬁ 3 mm,
current lb = 0,5 - 2 mA, voltage Uh = 500 - 1500 V. B=10
no magnetic field.
EXPERIMENT
As Pig.1 shows, the electron beam running in the axis of
a cylindrical metal tube (96 30 em, 30 cm length) produces
a plasma. The plasma density can be influenced by a cross
burning glow discharge. The static parameters n, and elec-
tron temperature TE at the point z are deduced from Langmuir
probe measurements. The beam density nb(z) and the energy dis-
tribution after interaction path z can be determinated by an
electrostatic energy analyzer (E/AE = 600). Also with a mo-
vable HF probe and a registrating spectrum analyzer the HF

energy in the interamction regime is detectable.

Pig.1

Schematic of Apparatus

THEORY

Starting from the linear theory of a homogeneous beam plas-
ma -as done by SELF | 2]- we get a dispersion relation D(w,y ),
where y =a + i gives the wave vektor. D(w,y ) = O repre-
sents for real w to |i > 0 plasma oscillations, whiech lead to
instabilities of the system. At our exp. parameters we found
g=1 up/? vc,‘l/? i vy collision frequency belonging to
W wp The convective instability for an axial inhomogens-

ous plasme is described, if we define g [ 3] along the

eff
interaction length z as a WKB approximation:

g(z) dz ngJ compuied from local para-

1
Beff “az
o meters at point z.
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RESULTS

a. Parameters

Fig.2 presenis the relative axial plasma density np(z.‘l and
the measured beam density lb(z)mnb(z) at various pressure:

1Al The simple scattering re-
PhOBE CupmEnT PLASMA TENSITY r=0
Ue =750V
1o 05mA

oY - ’
lation 1,(z) = I,(0)

exp (Qpz) is satisfied.
LANGMUIR - PROBE ME4SUREMENTS
CYLINDR PROBE @ 0012cm
03em

Q is the total cross sac-

tion. Also to p < 60 mTorr
0 the same exponential fune-
Ju ~expl-One 00151 '
tion is valid for nnkz).

Ll -t g
-—-..i\\k enpi-Omy 0001 50 Lhau wp/mb is v con-
) stant at fixed p and U,.
o Ji—expl-Ox 00621
M b . A Electiron lemperature is

Fig.2 Axial Density always messured to 650°K.
b. Oscillations
The HF probe indicates spatially growing oscillations along

Z. Analyzing the received signal at various 2z one is able to

¥
&” Us =1000V determine B (w ) and
Jp=20mA
pb=l3mTcrr' compare the exp. value
.,"'\\20 z = 75¢em with the theory. rig.3
! \ -0 T::.,EOR demonstrates the agree-

ment with the theor.
pr'edictiéna. The at z

measured max. amplitu-

[ - _ de to w, . is found

Fig.3 urowth Exponent
near mp(z). As n“{z) decreages with growing z, as decreases
mmax' in Pig.4 one can find specira at various p and z. The
saturation of the amplitude is caused by thz axiul inhome-
genety of the sysiem. The zmplifikation to w is only effec-
tive in regions w near mp. Analyzing at z longer than
one receives not higher amplitudes. Estimations of the ef-

AMPL. 5- fective interaction length
Ust0ky
Jg=12m. g
/_//:_E}::: HOmlorr for growing amplitude ex-
o = e perimentally could be veri-
o .
P o Tiede
5" = In contrast to the axial
_-'?”“’ 3 homogeneous system of LEVI-
7 b . TINSKI1[4]even at large
=
f ,.}«:‘\ z the amplitude is restric-
/O 16 Smlorr
& A /\‘N ted. Therefore in our system
5
-?; electron heating and beam
} .;‘:(i’ ‘\‘ Bmlorr

| i//"-‘/“‘“-\ -scattering caused by collec-

500 600 700
Fig.4

B0OO f[MHz] tive processes could not be

Oscillation Spectra observed.
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LOW FREJUENCY INSTABILITIES, DIFFUSION AND ION %_. ~ I, T % T) the maximal Ti~ 6 ev, Because of dependence
HBATING IN A BEAU-FLASHA SYSTEM of Ty on correlation time one can suggest that heating me -
by chanism is of stochastic type. In such a case the heating
2
& ; & . o d7y 82 Ew
V.T.Astrelin, N.S,Buchelnikova, A.L.Kudryavisev can be described by formula /3/ aTt_- M f»(u-u,..-)’i‘;'
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wall of the machine by ions with large larmor radii (fzIOcm)
The experiments were performed on & Q-machine.Plasma
9 one can compare calculated and experimental values of Ty
column diameter 2R=4 cm, its length I=80 c¢m, H~800 G,n~I07=
10, =3 (Fig.2). It is seen that experimental dependence of T; on
I0"Yen™, T,~0,2-40 ev, The electrons were heated by high-
oscillation parameters is in good agreement with calculated
frequency (~ I00-I000 Mc/sec) plasma oscillations beoing
one, the absolute values of 1, are agreed in order of magni-
excited by electron beam /I/.The experiments were carried
tude,., It is worth to note that energy flux connected with
out in the electron sheath regime.The plasma density and
diffusion is
density oscillation amplitude were measured by Langmuir prole, Tev
much lower than !
the electron and ion temperature - by two-grids analysers,
energy flux [
The diffusion coefficient was found through direct measure- |
carried to the s
ment of the plasma flux from the column or through measure-
wall by high
ment of plasma decay time,

The instability. In cold plasma (T,~0,2 ev) there is practi-

energy ions.So
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cally no oscillations.When increasing T, the oscillations |
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are excited. & L L b & e
limited only by
Their freguency
Jeru ‘ P low dimensions of the machine but not by diffusion.
and amplitude |
' . The diffusion across the magnetic field, When oscillations
increase with v
g are absent the diffusion coefficient D is near classical one,

T, .In case ] i ‘

| p 5 The excitation of oscillations causes increase of diffusion,
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D on parameter " (-Ew) Te ~R Ep is weaker (Pig.3).
It is found that in case Te>3 ev the drift velocity GEW is

more than ion-sound velocity., This fact can explain low de -

city (Fig.I, curve I). When increasing T  above 7 ev the de-
pendence of frequency on T, H is getting not so strong,being

in limit (2,240 ev) £, /7 £42(H) and in absolute value
endenc ot
is near to the ion-sound frequency F; = 25 =51 /Te pendence of D Dige 52
s s a because the rﬂ’1 2
where ey is ion sound velocity (Fig.I, curve 2), In all E

re as |
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#> f,; - ion-sound instability is excited, .
on Ey . The
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maximal D is

excited usually, The oscillations are regular (the correla- = 2
tion time T, ~ I5-50 T - periods of oscillations) and observed in case T,~ 40 ev,} ~ I: D~2.10*E%, (D, ¢ Toun’/sec),
correlated in space.When increasing T, the second and higher Dee1/H. It is worth o note that this velue of Dis an
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Gauses increase of transverse ion temperature T;. Ti in-
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time decreases. When turbulence is developed (T, 240 ev,
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Coupling of Electron cyclotron Harmonic Waves with Electron-
beam induced Plasma Waves near the Upper Hybrid Freguency

A. Clinckemaillie, V. pirr1*)
Institut fiir Plasmaphysik, 8046 Garching near Munich
PFederal Republie of Germany

In several experimental works dealing with electron-beam -
plasma interaction, 'the observations of energetic plasma
electrons and the presence of high-freguency 1nstabilitﬁes
associated with the "cold-theory" plasma waves have been
shown Lo be related in frequency ranges near the electron
cyclotron harmonies /1,2 /. On the other hand it has seen
shown experimentally that noise-emission from a guasi-
Maxwellian plasma is strongly enhanced near the electron
cyclotron harmonics whe#Vsmall electron beam is fired through
the plasma /3/; these results have been asecribed to the pre-
sence of longitudinal electron cyclotron harmonic plasma
waves (Bernstein waves). The
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present investigations have Lq T AT W h‘ &
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generated electron-beam )

(f =6 mm, 1 kV, 10 mA) is in-
Jected axially and parallel to

harmonie.

The plasma is produced in the
positive column of & low-pres-
sure Argon glow-discharge A/

and a separsete continuously i
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the homogeneous magnetic field.

The emission signals are de- Fig. 1

tected with small cylindrical antennas outside the beam region,
and recelved with a Spectrum Analyser and a Radiometer.

Emission spectra measurements were performed with a fixed
magnetic field and constant electron-beam conditlons, with
the discharge current(- plasma density) as variable parame-
ter (fig. 1, emission amplitude in log.scale vs.frequency).
At low- and for inereasing discharge currents, the emission
peak (fH) is shifted progressively to higher frequencies and
can be identified with the upper hybrid
plasma

as far as EHAS efue
frequency branch of the beam-induced
waves /1,3 /. Moreover, when the emission signals appeared
just below the 2nd harmonic, ion-saturation current measure-
ments showed a relative increase of the plasma density of 50 %
and more; this suggests that the beam-induced emission is
accompanied by an additional heating, which in our plasma sy-
stem corresponds to an extra-ionization. Therefore we have 1i-
mited the analysis of the emission spectra to the case

when: roe“/‘ £ 2fce.

With measurements of the

radial amplitude dependence ‘rd
= F o H

of the nolse-emission, we
could verify that in this fre-
quency range the beam-gene-
rated wave-signals have dis-
persion properties wich are
identical to the well kmown
Bernstein waves whieh propa-
gate perpendicularly to the
magnetic field /5/. These re-
sults are summarized in fig.2
together with the transmis-
sion-comparision measurements

/A

Spatial phase correlation

‘ measurements were also per-
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formed between two antennas movable in the r- and z-direc-
tion. The emission signal detected by each antenna is mixed
through an interferometric-like system (fig.3), one arm of
which 1s used as reference signal and the other arm is connec-
ted to the antenna which is swept and the frequency is selec-
ted at the receiver. The measured phase differences are a
function of the distance ®etween the r- and z-antenna. Typi-
cal results (fig.3a) appear when the r-antenna is fixed and
the z-antenna varied parallel to the beam. The parameter 4 1
corresponds to the variable coaxial delay-line inserted be-
tween both arms. We see that the parallel wavelengths satis-
fy the Cherenkov-synchronism relation (= k '/ Vbeam). In the
other case when the r-antenna is moved and z-fixed (with the
position of the z-antenna as parameter as shown in fig. 3g)
we can conclude from these measurements: (fig. 3b, 3p)

1) the "parallel" and "perpendicular" phase-components of
the observed waves are linearly correlated;

2) the "perpendicular" phase
velocity component of the
Beam-generated Bernstein
waves 1s directed towards
the axis of the beam-
plasma system;

%) the "perpendicular" phase
component is space depen-
dent in the outer region
of the plasma profil, un-
til the limit layer cor-
responding to the local
upper hybrid frequency is
reached (fig. 3c); wheras,
close to the beam-axis no
variation of the phases
can be observed when

varying the external de-
lay-line (Aal);
4) the phase correlation mea-

Fig. 3

surements, perpendicular to the magnetic f'ield, corro-
worate the results of the radial amplitude dependence of
the emission signals: the beam-induced, Bernstein wa-
ves propagate across the radially density-inhomogeneous
plasma proflle with wavelengths which are only deter-
mined By the local plasma parameters (density, tempera-
ture).

So far our experimental results agree with the theoretical
predictions, in /6/, about the coupling conditions between
the Upper Hybrid and the Bernstein wave modes. However,
the enhanced plasma heating which has been observed in the
same frequency range, is believed to be a consequence of the
coupling of both waves parallel to the electron beam, because
Bernstein waves with a wave component parallel to the static
magnetic field are Landau damped /7/.
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THE INFLUEKCE OF ELASTIC COLLISIONS ON BEAX PLASMA AMPLIFICATION
IN THE ICK FLASKA FREQUEKCY RANGE
R. Leven and J. Wisliceny

SEKTIOK PEYSIK/ELEKIHONIK, ULIVERSITAT GREIFSWALD, DDR

Abstract: Beam plasma interaction is considered taking into
account elastic collisions. The dispersion equation is found
and solved for the cese of drifting electrons. As an example
the amplificetion curves are plotted for electron-ion collisions.

It iy shown, that for sufficient high collision frequencies

the amplification is disturbed.

We start from the system of Vlasov-equation, including a simple
colligion term, the hydrodynamic equations for ions and neutrals,

the equations of continuity and Poisson-equstion. All equations

longitudiral waves only.

are used in their one-dimensional form, since we look for
* *
Doy e e g e o 4 ([ g5)-A(ff)
2t ox W T Teq e leml TTp e ey
Ten'te* - relaxation tines. The f:k should be chosen as
simple as possible, but so, that the conservation of particle
number and momentum is guaranted:
* *
(2) fik = fhi J‘(V—Vik)
with ¥ -4
Vie = (&Y + SM)(%+8)

' v5 is the hydrodynamic velocity of the i-th component, .9[ the

[l

mass density.

dv,
2 ﬁ - Z%EE = -&BE+W+_V9]

el vy
d—:— = —_f’qu-.-,[Vh*Ve] ".?+B+1|{V11—V+)

where ‘}fk= [rik(8i+9k)]
ere not depending from the 3 ,.?k
(5) —l r

+ 8 Q_L i=+,e,m
(in the case 1 = e, (5) follows from (1)).

o35 = e[Zm,~e)

Now we linearize, taking all perturbation terms in the form
@ 646 expfi(ist- k]
Teking into account, that (2) gives J‘ *
LI * Ddv=Vige) *
® ffh1 . T‘,’ J(V—vilm} _’nio'atva. o) Vik1
and allowing E, +0, ¥io,F 0 we obtain from (1)

%
e, =ﬁp, dv =2-F 3‘““&_“{3];:; ov + nnj;&:ﬁzﬁ +
%
o “oted/Iv
e nx‘%q t jn?ufukwr dv + "
= ﬂ(u ‘991 + PH)JH ‘II\’V‘!’T ﬁe'nmﬁi*g-q} i)-l'(\l'l'
H Y= Bek(?er" £ko) Te=Tes+Yen

Fow we suppose, that the de-field E, ie so weak, that the term

- 9‘nﬁ+'h(v*_v\ll

(4)

We suppose, that the ‘}ilt
(see [‘l] ) 1A

(6)

d
Te

with ED is negligible. We also neglect the last two terms in
(3), assuning ther sufficiently small. After this we are able
%o exclude all variables from (9) and the linearized equations

(3) - (6) exceot the nyq. #ith the assumntions 90’.(‘.‘ << ?-,m I
v"‘-‘. V‘IO. I%EVM]%"VQD 44% we get the coefficiert determinant

of the equation system for the n;, in the form
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. or . R > .
A= ziLtfi‘+|we+ -E—%&&"'fugw—l(daﬁ%“) 14
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3 % 2
with b Mop O m 1
Wp = ’WIE:E., Qp = by Nep = Fac Sio Bek

The condition ﬂ = 0 4is the dispersion relation for our
problem. From (10) we see, that this equation can be written
in the form 1

(11) %Pl_ = C * iD

where C gnd D are functions only of W and the parameters,
but are not dependend on the wave number k = k, + i‘]" e
Assuning the electron distribution function f__ &s a lu-en.ian
with a small drift velocity (v <¢ v T)' we can approximate

the integral I as was shown in [2]. After this it is eesy to
find k, end 'E‘ ae functions of (J end the parameters.

The figure ghows the increment T 'E‘Veo/w for the case of
electron-ion cellisions for Ver = 5 Wooe m+"e = 7500. The
curves (1) - (4) correspond to the following values of the
frequency ratio TH/QP
that for collision frequencies ?e’

0; 1073; 1072; 2.1072, We see,
Z ‘0-390 the influsnce

~

of the electron-ion collisions is not essentisl. With increa-

sing collision frequencies the increment 'T" decreases, and

for 'I'H/QP>

~

3.10_2 no amplification takes place.

)
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}
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0

(1] J.Wilhelm, J.Vieliceny, Beitr.Plasmaphys. 6, 89 (1966)
[2] k. Leven, Beitr. Plasmaphys. 10 (1970)
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ON THE THEORY OF BEAM-PLASMA INTERACTION
by
B. B, Kadomtsev*, O, P. Pogutse *

International Centre for Theoretical Physics, Trieste, Italy.

Abstract: Using as the simplest case the Lungmuir wave excitation by an
electron beam, a new theary of beam-plasma interaction is proposed in
which the generation of waves by bunched electrons is taken into account.
This fact naturally leads to a final distribution function similar to two-

Maxwellians as was shown by many numerical calculations,

It is well known that the interaction of a beam with a plasma is determined
by co-operative phenomena related to beam-plasma instabilities, At the
early stape of investigations this interaciion was considered qualitatively
in terms of bunching of beam electrons, But later this argument was re-
placed by a more formal quantitative theory, so-called quasilinear approx-
imatijon, In quasilinear theory the beam-plasma interaction is described
as some sort of diffusion in velocity space which leads to the plateau on the
beam distribution function, But this result seems to be in contradiction
with many numerical calculations which give, as a rule, two-Maxwellian
distribution. We shall show that this discrepancy can be overcome if we
take into account the beam space charge fluctuations - which are analogaus

to the bunching effect,

Let F be the distribution function of the beam and plasma electrons, Its

temporal behaviour is determined by the Vlasov equation

ar aF e ar
B S s B s DA
at ¥ ox mDE)v

where the electric field E is given by

9E
W:‘;’fEVFdV' (2)

We suppose that F' is one dimensional and that ions are at rest. Due to
instability, the thermal fluctluations exponentially increase with time so that

F_may be written in the form

* On leave from Kurchatov Institute of Atomic Energy, Moscow, USSR.
=f + 3
F=f,+t, (3)

where f, = ¢ FY-average over x of F . Supposing that (E>=0 , we
find from (1) by averaging:

af
0 &8 ,
5 =S g, CED, (4)
af 3t _ e 8 T
3tV By ooy (Efy tEL {E) , (5)
aE _
Ht—41rfevl‘dv . (6)

In the quasilinear approximation the last two terms on the right-hand side

of Eqg, (5) are neglected. But at the {inal stage, when afu,fau becomes
very small, this approximation is definitely not good. We shall use another
approach, Let f be a sum of two terms f=1f + fz . where [1 cor-

1
responds to the linear approximation in (5):

of. Bfi’-
R

af

=gl . ()
If we substitute the solution of Eq. (7) in (6) neglecting the slow dependence
on time of the function fu , we obtain the following equation for E

a A

ﬁ£E=4rfevrzdv 5 (8)
where E is the usual dielectric operator. The distribution function fz
is coupled with chaatic motion of trapped particles and can be considered
as weakly correlated with electric fields E . Therefore the term on the
right-hand side of Eq. (8) can be considered as some external source which
generates plasma waves, From the equation for the two-point correlation
function it is possible to show that the external source intensity is pro=

portional to f This leads to an equation of the guasilinear type but

0
with an additional friction term which corresponds to the wave generation
by bunched electrons, Taking into account the spread of electric field
spectrum with respect to frequencies, it is possible to show that the dis-

tribution function will tend to two-Maxwellian type distribution, The de-
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tails of this theory will be published elsewhere,
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SHOCK TUBES

SHOCK WAVE GENERATED BY A DISCHARGE PLASMA
APPROXIMATE DETERMINATION OF HOMOLOGICAL PARAMETERS
by
Rybowski (L.) and Renneboog (J.)
UNIVERSITY OF BRUSSELS

Ave. F, Roosevelt, 50 - 1050 Bruxelles - Belgium

Abstract The Legendre representation of the experimental
propagation law of a shock wave allows a fast and rather
accurate calculation of the homological parameters.

Results are given for different experimental conditions (gas,

pressure and discharge voltage).

Introduction : The homological theory [1] describes the move-
ment of an intensive, non-stationary and plane shock wave
spreading in rest medium by the law

A

8=t + K(x—xn) (1)

where : - (8 - tﬂJ is the time spent by the shock-front to
travel through the distance (x-xu)

- Ky Ay t, x, are the characteristic constants of

)
the movement
- K depends on the pressure and on the initial energy
- A the homological exponent, is a function of adiaba-
tic exponent.
An experimental law for the shock wave propagation along the
expansion chamber of an electromagnetically driven shock tube
can be deduced from the photographs of the luminous fronts
(wave and discharge plasma), taken by means of the smear camera.
This yields
t(xl"_-‘}i} o P, (x) . (2)
where Pi(x) is the Legendre polynomial of i— degree.
If 8(x) represents a good approximation of t(x) its associated

Legendre development

9(x) =T h Pn(Xl
an ™

must be nearly identical with the right side of relation (2).
Consequently

2n+1 3
el 8({x) P (x)dx
n n R -1 n

Calculation of the homological parameters.

When n 21 it is easy to show that
A+n+2 A-n+1 1
2n+s m+l T xuhn T TZn-1 hn—l = -cgn tn A (3)
1 ;
where J; is the Kronecker delta.

Relation (3) gives

@ a a
5. =1 3 LI =
(7_3)k-u2xu+?u3+370 (n=2) (%)
and
3(h+3)a, Alhr2)M
53, - qu - (1+‘1H,*xu”o =0 {n=1) (5)
where
M w (1o PN o Tt

The resolution of equations (%) and (5) gives x_ and A , and
the prineciple of least squares leads to

20 (A+1)(As2)

K = (6)

3 xuMD+ +1 H1
and to
13 50.x =~ 3%
2 1o 2
t, =0, -5 (7)
so, from (4) and (5) we obtain
A1
1+ F(A) 1 - mh - p
I—F()\]'(-l-m}\,-p) =0 (8)
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where
A+l
== (& +p) + A FR
L (Gm—r)h+3(p-r)
3¢, 70 5 3
2 2 1

The resolution of equation (8) by am iteratiem methed fimally
gives A . Hence by means of relations (4), (6) and (7), we cam
calculate X K and tn' which determime completely the kunc-
tion @(x) and allow us to check the kemelogical expomemt A
preliminarly found.

Experimental resulis

The shock tube (similar to the one used by Kelb [2] ) amd the
experimental arrangement are described im [3].

The values deduced from (8) for our experimemts are summarized
in the following tables. We have considered emly the experi-

ments which give a shock-wave fremt separated from the plasma

one.
Helium g
Discharge veltage
(kV) # 8,5: 130
Pressure
(Terr)
2 1.64 (A =1.60
i 1.65(1.47|1.43
6 1.67(1.55|1.48
10 1.65(1.62|1.60
Hydresgen .
kV
Torr 7 8,5 10
b Helb <Ay =1.64
6 1.69 [1.64 |1.60
10 1.63 [1.61 [1.64
Conclusion

The results obtained by the calculatien methsd developed kere,
show that the law of propagatien ef eleciremagnetically-drivem
shock wave (separated from the plasma ene) agree with the heme-

logical standard theery.
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SOME ASPECTS OF PLaSH: FLGY
IN AN ELECTAOMAGNEIICALLY DRIVEN 37CCK TWBE

by
J. BENSIMON and A, LASEK
Laborztoire d'Electrodynazique Laboratoire d'Adrothermique
\ia Gn'lwdaéu Centre National de la
Faculié des Sciences Recherche Scientifique
quai Ssint-Bernard 92 - i.eudan
Paris Ve
FRANCE

4n experimental study of plaswa flow in an electromagnetically driven
shock tube iz reported. Snecial considerztion is given to the behavior of the
contact surface betwsen shock wave compressed gas and the discharge plusma. Com=
parison with the theory of stzbility is made

The experiences aimed to obtzin a sample of gas at a very hizgh temperature (1)
are often accompanied by & very rapid gas flow The phenomena which are related
to the stability of these flows have a particular importance.

We studied (2) these phenomena in electromagmetically driven shock tubes : one

with a comical discharge chember, the other with a T-form discharge chamber of

the type described in (3). The T-tube hac two distinct gas arrivals at the two

ends, and a ges pumping exit situsted on an anmilus &t a distance of 5.5 cm froa

the electrodes . As driver and driven gas, we used recpectively the cosbinations

He-He, He-A, A-He and A-A; the pressures were between 1 mm Eg and 4 ma Hg, the

discharge tension - 25 kvV,

The flow of the plasma column satisfies the relation given by Sedov (4) :
x=oth

It is possible to evuluate the theoretical value 4X of the distance of the

shock wave front and the contact surface which separates at the abscissa x the

plasma from the shock hezted gas

If one compares (Fig.1) the theoretical curve obtained by this formula with the

4X 4
X
experimental results obtained qi-
with a streak camera, one obser-
ves that the experimental dis-
tance AX is inferior to the
theoretical limit. This discre-

pancy may be due to the phenome-

005

na of ionisation and of instabi-
lity of the frent of the plesma
column,

In fact, the velocity of the gas
diminishes along the tube axis
and the gas is submitted to the

L] r v -
1o g 20 M
X=ap(pt?? Fig. 1

action of a varisble accelera-

tion

which changes in time and space., This accelerstion acts on two gas columns separa-—
ted by a contact surface; the discharge piaama is heated in a volume V, and is
expanding along the tube axis, Its initial density being @, the density of the
placma at the abscissa X is Vo
2 ()= ¢, v
Between the same contact surface and the shock wave front, we find the gas heated
and coupressed by the shock wave. If the initial density of this gas was o
its density behind the shock wave is . n

g =g == )
In this situation where the gas of two different densities separated by a contact
purface are submitted to an acceleration, there is a possibility of the existence
of a Hayleigh-Taylor instability (5) in a somenow generalised form bechuse : the
gas iz comprescible, the acceleration is varisble in time, the densities on both
sides of the contact surface are varying with time.

Some particular cases (cosprezsible pas with constunt acceleration) have been

treated (6) and srove that in genersl the resulis of Taylor should be nuslitative-
1y valid.
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In fact, the &-He couvination discharge (A - driver gea, He - driven gas) proves
stable at lower pressure (rig.2) but, at a higher
prezsure, importint instabilities zuvpear. Their
evolution velocity is high as coupared with the
flow velocity. In the A-A discharze, the situation
is the same, but the evelution velocity of the in-

stavility seems less important, In the He-A dis-

charge, .the contact surface is instable at all
pressuras experimented (.—i;.. 3); the evolution
velocity of the instability seems small. The

He-He discharze czse seeamc nnalogous to the i-A case. The nhotographs comparsd

Fig, 2

were taken with the same tiue lag ufter the beginning of the discharge.
‘Yhe initial discharge form could have an influence
on the development of the instabilities; it is

less stable in Helium than in Argon (Fig.4).
The initial form of the discharge does not seem
to influence the stability of the contact
surface in the He-He discharge case, but it
could eventuzlly have more influence in the

He-A case.

Big., 3

There seems to exist some discrepancy between

the stability theory and the phenomens we are

obgerving. We believe that this discrepancy may =
be due to a particular variation of the acceler-

ation vhich characterises the electromagnetical-

1y driven shock tubes.

Fig. 4
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SHOCK TUBES

On the Steady-State Current Sheet Speed
in a Magnetically Driven Shock Tube

by
C.T. Chang
Danish AEC Research Establishment Risd
Roskilde, Denmark

Abstract: The discrepancy between the predicted and the measured steady-
state current sheet speed is examined by taking into account of the effect
of impurity, finite compressibility and finite conductivity.

Introduction. A simplified analysis based on the snow-plough model Las
indicated that a current sheet moving at a constant speed can be produced
in a magnetically driven shock tube, when a constant voltage bank is
chosen as an energy source“ ). Subsequent experiments carried out in a
shock tube consisting of parallel planar electrodes showed good agree-
ment with the prediction in the experimental range of discharge voliage
and pressure used (7 to 18 kV.; 0.1 to 10 torr); after a short accelera-
tion phase, the current sheet moved essentially at a constant speed.
However, the observed speed was much lower than that predicted theo-
reticslly(z).
lowing some recent investigations concerning the possible effect of im-
purities, finite compressibility and finite conductivity on the steady-state

For examination of the discrepancy we report in the fol-

current sheet speed.

Speed of the Current Sheet. According to the snow-plough model, the cur-
rent sheet speed, G, is at the steady state related to the driving current,

?, and the initial density, Pys of the filling gas, expressed as

L,
" 1 1)2
= 1
= gy /1. ik
where LI is the inductance per unit length of the electrodes, b is the

width and d the gap of the electrodes. Fig. | gives a comparison with
the measured value deduced from the onset time of the seli-field.

Snowplough, =
15

_<Z n=4,14=098 e

el Test Gas: He
v [13]kv
+ [10[kv

ENEGT

(k)

L
5 10 15 20

Fig. 1. Variation of the current sheet speed, {, with the driving current

?, and the initial gas density, Py-

Impurity Effect. In a magnetically driven shock tube impurities can be in-
troduced through cathode sputtering, hot spots, desorption, or ablation of
the insulator material, Among these ablation of the insulator material is
probably the most important. The introduction of insulator material into
the discharge can have two effects: a) increase of the apparent density,
Py, of the plasma, b) formation of a standing arc near the driving end of
the shock tube and thus reduction of the effective driving current 3).
Spectroscopic investigation of the plasma together with magnetic and cur-
rent probe measurements taken near the insulator plate indicated that this
could not be the main cause when a high-purity alumina plate (99. 9%
A1203) is used as insulator p]ate('ﬂ.

Finite Compressibility and Finite Conductivity Effect. The usual snow-
plough model assumes that all the swept-up mass as well as all the de-

livered current are confined within a thin sheet; these assumptions in
turn imply that the shock and the current sheet are indistinguishable, and

g

the region behind the current sheet is a vaccum.
By application of the conservation laws across a strong shock it can be
shown that when finite compressibility is considered, eq. {1) should be

replaced by
L .
G = 2h {-gﬁ-:;;a'le, 2)

where 1 = pfpl is the compression ratio, and p is the density of the
compressed gas. For comparison, eq. (2) is also shown in fig. | with

n = 4, corresponding to an ideal monatomic gas, Note that finite com-
pressibility tends to lower the expected current sheet speed, but not suf-
ficiently so to account for the experimental departure.

From fig. 1 it is seen that most of the experimental data fit reasonably
well into a straight line with a slope much lower than expected. .\n addi-
tional possibility, besides those already examined, is that the inductance
gradient, l‘l . under actual running conditions might be much lower than
that determined by the short-circuit method, Since a detailed account of
this effect will be published soon('n, it is sufficient to state thal this is
possible when, instead of being confined within a thin sheet as originally
assumed in the theoretical model, the current is distributed u-vet- a layver

growing with time.
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Abstract : The feasibility of increasing plasma Hf‘eli_me in mirror machines
by using resonant RF-electron plugs is examined (for comparison the case of
FF-lon niugs is also briefly considered). An investigation I{nto the basle
physical mrebanisms Involved -hows that a net thermonuclear rower yleld would

renuire s{ficient plugging of 100-150 KeV electrons aver several hundred

erleciron mean deflection Limes.

in a steady state mirror machine. in which losses are balanced by
injection, 2 negative ambipolar potential eV, develops in the absence of
cold plasma, Lf the elec<iron plugging i= efficlent encugh. Thus an lon dis-
tribution which is isotropic un %o the energy le\fﬂ| can be confined inside
a two sheet hyperboloid which replaces the ion loss cone in velocity space
for this case. If |pv,_,| ts larger than kT the fon lifetime T s the
Spitzer energy relaxation time T, (at the temperature Ti) multiplied by
the factor (2/3)expiléV;| T} 7=/ wnich is only tmplicitly dependent on
the mirrer ratis R and is also much larger than 1°512R' The electron lifeti-
me t’e is the same as the ion lifetime because of charge neutrality and
eV, Is therefore determined by the equation

't;(']:.)nl-\fo) :’q(r[;;ﬂ)\é) ERF) (i)

In the absence of Lhrrulugs, the condition eVo< O implies very high tempe-
ratures ’];} mi’”‘] 5’]". fiF-electron plugs bastcally should result in
7=mT
e &

shown that an electron suffering random small angle elastic deviations can

with m3»1 without overly increasing T, during such a long time /2/,
On the basis of numerical single particle caleulations, it can be

be reflected by plugs situated in the two mirror regions before it crosses
the exact gyroresonance surface W=U) (T ). In this case, efficient confi-
nement of a steady state anisotropic f'l'l ’f'l"')ll electron distribution can
be achieved in a mirror trap without apprecilable heating. However, over time

intervals larger than E&A= . large angle collisions shoot the elec-

tron through the gyroresonance well inside the loss cone ., Then, in order to
mantain particle confinement, the increase of parpendicular energy on a sin-
gle crossing of the r-qllm-l.nm:-.A!?_l must be such that

- leV|+ B, < (R-1)AE, s V™ (2)
where R 15 the ratio between the maximum and the gyroresonance B value. In-
side the trap. the kinetic energy is assumed to be E" only. If Lha_B’ profi-
le at the resonance is smooth enough, ﬂ E_L can be taken to be as large as
the relativistic 1imith ’(E“./B)z"’nhieh 1= independent of particle energy
/2/. The energy of a particle which crosses the gyroresonance in a mirror
trap (several times) increases rapidly until a value of the order of a few
times the relativistic limit Is reached. A subsequent increase of energy is
then usually observed only in the presence of collisions. This latter ef-
fect 1=, however, an extremly slow stochastic process resulting in a very
moderate temperature increase unless the confinement time becomes too
large. A=msuming that e(V"~|V;]) can really be made much larger thun kT,,
the electron lifetime 15 roughly TW;‘E' exP{e(V*-IVDI)/hTe}. Fig. 1 shows
eV_/¢Ty (dashed lines' and m&A:%exFie(v"_| Vqulﬂé} (soltd 14-
nes) versus T, as given by the solution of Eq. 1 for twn different values
of both T, Ty and ror€V=S*103%u3KfeV . with T = 10,
eVo> «Ti, large values n{ F (2 12} are requlred which in turn, imnly
mehA?, 1{)1—103 Space dependence has been neglected by supposing a

uniform confinement region much longsr than the mirror regiona, Mereover,

In order to have

both the electron and ion distributions have been taken as Isotropic. A few
complementary results for a more elaborate model are given in Fig. 2, with
R@-19sirt(Lz) V=2V peaed me aunerey s@=TAT, @1
(sol1d lines) is plotted ae a function of z for soms values of XIZ) at 2= 0,
assuming charge neutrality. The other set of curves represent ;-:IE)S.A!'ME')
for the same ol{0) values. Curves | sorrespond to an electron isotropic Max-
wellian distribution.

Now, If we consider a possible D-T reactor, positive power yield

’i(%#i nk('l;+'lp/m't5)>%nkﬁ*e+ﬂ3/m’% +B +B (3

Here (20.25) is the efficlency of conversion from thermal to plasma par-

requires

ticle power. P“'T‘ !5 the thermonuclear power density release, We have assu-
o

med no o particle heatinz, 8iso, T,? Ty since the e-i epuipartition time

is longer than WmT, if menﬂ.‘{a-io? Py 1s the e-e and e-{ Bremsstrahlung

tenn which {r relativistiealiy correst un to first order /2/. P, |a the
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Jynchratron lo taking self-absorption and wall reflection (Hw = 0.3) into
account. The Black-Body portion of the Synchrotron emission W™
by the factor 1 - By and can be less than the "transparent” portion, W+,
(relatively unaffected by the wall) at high Te and large plasma thickness,

L /4/. The relative importance of )({- 13 Pype PR, and Pg is shown in Fig.3
for a typieal case. Condition (3) can be transformed to find the critical

m value as & function of T,, with B, )B . Te/T{, and L as parameters, This

m value is plotted in Fig.4 for B = 50 (dashed lines) and 100 KG (solid 1i-
nes), L = 100 cm.ﬁx 0.5 end 1, and T, /T4 = 2 and 5, The corresponding va-
lues of pVJ/KTy are plotted in Fig. 5. It is seen that |eV,| is large enough
to make the truncation of the ion distribution above that energy irrelevant
with respect to the evaluation of Ppp. It appeara that in order to have MQ\A.
less than a few 1000's in the useful Te interval (50-150 KeV) the ﬁ factor
has to be close to 1. At such values stability of a plasma with isotro-
plc ions (@ .?u):;) and anisotropic electrons (wns_O(mce)) in the pre-
sence of imbalance betwsen na. and ny (not encugh to have diocrotron insta-
bility /5/), shear flow and finite Larmor radii effects /6/, is still an

is reduced

open question,

In conclusion, remembering that the plug efficiency depends ecriti-
cally upon ﬂEJ_/EFlEq.Q) which is a decreasing function of m, we infer that
the reactor requirements are difficult to achieve. This adds a supplementary
physical difficulty to the well known technological handicaps of this ap-
proach. Most of thess difficulties do not appear when the case of the reso-
nant RF-ion plugs is considered since, in principle, m values of less than
a few tens would be sufficient in this case /7/. However, an overly high
temperature increase is unfortunately still possible at such m's becauge
of the ineffectiveness of the relativistic energy limitation in the case of
the fons.
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ECENT RESULTS FROM THE PLEIADE MIRROR DEVICE
by
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Zn tnls experiment energetle electrons [N‘: ?h’") are trapped in a

magretle mirror and energetic inns[“‘. b >4 H‘: ] are confined by electrostatic

The energetic particles have lifetimes of several milliseconds with

and ’\{‘:ﬂ ‘J:x fkev

potentials.

nkTy ¥ 100 eV en®

; On the left sids of the device (fig. 1) the prefonization is created
s =102 torr) by the RF leakage field of a

=zre genarzted at the resonance U‘i l.ﬁJnobtainEd
Miz, Ppp = 500 W) inside the RF cavity
steady state gradient of a magnetic

tube

"
T VI

~5 1 ce3uit ol fhis

ent, the

raling electrons zre driven towards

z magretis fieid, ant hydirszen ions are sccelerated in the same

; an arbipalar span
HJ_ A w_. ~ B 1is given by :
W= mc‘/;_ﬂ 45:,9"3 &= 1/p(BB}Ar)cfw); g= eEppimés

5 4 paten-

znavgs field + E along the axis. The electraon

.r'

)“', RfGo ko~ 0= R fnd ;

G and Q reprezent the unloaded

cld plasma. In the present
WI -N: = 1 ¥eV 1s expected.
Un the Tight side of the device a pul-
-=3 magnetic fleld is established by

zurrent. Tnis

ta gnergetie elec-
trons (WL.’H, '»1.} and thelr

symmetrical

4n creates a

rrace ‘fala -E for the lons whlch in turn are also reflected. In this mannar,
auring the sxistance of the mirror, spiraling electroma and axially acceleratad

iom: ime rafisctsd and mccumulated imslde the aagnetic bottle.fif.

The witimate vanuum pressure inside the magmetlc bottle is 10-9 torr and the
P> w0t
70000 1=

torr. This performance is obtalned by

at p‘“"

torr due to the addition of

a turhomolecular purp (10007 1/s ) and 2 liquld nitrogem cooled titanium evapora-
tion pwsps (FO000 17232/,

Diagmostics : & calibratel dlamagmetic loop. resomant frequancy shift of a micro-
wave cavity amd X rays provide information on hot electron emergy and demsity. The
pressnce of a cold plasma in the bottle has to be aveided, and therefore the mbail-
toring of the Hp line was necessary to determina the presenoe of cold plasma.
Pyrometric and RF probes measure the energy flux amd pp noise in the plasma.
Floating probes measure the slectro s*atis pctential build up im the mirror reglom.

Mea~:renerts of anarzetic E¥*  ions :

e to charge exchange om the residual gas,

Theses leaking particles are reionized in
After pasalng through

an £,3, analyzer they provide informations on ion emergy w; , and consequently

fa=t neuirals are crested in the bottle.

= - .
stripping cells on bsin sides (Ho,Ho) cf the magnetlc bottle.

on the ion transit time T = L'v} between the mirrora. The riss time of the

-trippad H® =igmal during the mirror pul=e i= assumed to be the iom life time im
the bottle ¢ £*) . The ratio of the saturatinfiux of H® durieg the tims the mirror
is om with respect to the flux obtained befere tha mirror is established, gives the

‘on arcumilation Tatio A. By multiplying (4 T) we obtaim an other check of < 8%

ects 57 the rezombinaticn target and floatimg walls om the plasma stabilicy.
the reflecting
ragion which have the same order of magmitude as the particle enlrgieafh'r-‘-1u)
sre ralated to the s=<able reaflection regime. The establishment of these potentials
should not be hindered by the following wall ef

1) Pecauss of wall

We heve 31lrsady pointed out that the E.3. potentlals measured in

Tects :

barkdifiusion of leaking particles on the wall

benind the n

particles (1o

& large amount =7 thy s-cone diffusion amd cold plasma, ar-s

intc the magnetic botile where they Zform an undesirable plasm

pant improvement! with stable accelaration and =

=1 +hen these leaking particles are deflected from

= they are abscrbad or recombined.

1 Forced wall potentlals : !n the mirraor ragion when the accumulatisn regime !s

. potential=

ave devaloped with respect to ground (+ ¥), Yhen a loating

ring elecirade is introduced in the vielnity of the mirrcr region , collision

a

limited & mc

ard ion accumulation is obtained, andE.Z potentials are present
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“n this case, r.f. probes detect only very low freguency nolse. Tf the reflecting

reglon is clo=e to a grounded wall, or whenever the ring electrode is connectea

to ground, the E.S. potentials are destroyed, the lon accumulation ls perturted and

3 wide nolse -pectrum is detected where a strong peak at Qt 1s observed.

The rea=on tor the supypresdon of the instabilities by the floating walls is not

clear as yeti. One might assume that when - conducting wall in the vicinity ol thoze

E.S. potentials, is ‘croed to ground peotertial. a short circuit ot the potentlal

It czn oe triggered by a low densi-

ty cold plasma existing in this ares -r by the

lezking particles. It could represent a strong
perturbation mechanism (ares, undesirable =
fields, currents and noise enission) the effect

of whieh may strongly influence the n7

visur inzide the mamne-fz b
kind of instabilities f3f.

Ein=s that due o the onzet

a might also ima=

¢ an in-tability,

one pola

floazing -

uzpress the erternalcomple
nit fuf.

exparimantal rasults

positive feedback cireo

Feo

Accumulations

ratios :f A as 10 arv
of 107°

~ttained in the rangs
torr working pressure. They are dster-
mined by measurinz the leaking rast neutrals on

th= axis with a digital counting system.ﬁ};’

By keeping the plasma injection flux mnd |

energy constant, we could check the depan-
dance of the energetic ion lifs-time (r‘}
and the eccumulatlon retlo A with neutral presmme p
was shown that both vary as expscted like |Ip . The results show alsoc that steile
umulation is pessible durimg the entire mirror pulse (7 milliseconds) and tl-*
oharge exghange 13 the liwiting loss mechanism for the emergetic loms. ff TR

:l.‘,' 1617 g

in the masaetic tctils, 1

life-time= o7 several milliseconds with energetic particle densit’e=
availables.

Tn “igures 2 and 3, the absolute experimemtal ion life times are ccepared tc tas
the thecrical charge exchang®collision-time for differemt iom emargies amd verl
meutTel pressure, The agreement locks very gaed. The measured diamsgnetism I3 &
$09¢ n kT, ¢ 1o event
of the diemagnetism is similar to the fast msutral rise-tims, imdicatiny that U -

..In the stable accumnlation regimes, the riss

energetic electrons and ions are accurmmlated mt the same rate im the mammsti: 1. .
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Abstract : The Fokker-Planck equation describing Coulomb seattering into
the loss cone in the presence of an ambipolar potential has peen written in

a velocity coordinate system in which the loss hyperboloid is a coordipate

surface..The equation 1s numerically sclved for the case of ion-ion cellisien.

A large body of 1literature has been devoted to the collisiona! losses
from open-ended magnetic traps //. BenDanlel and Allis /3/ considered only
losses from ion-ion collisicns, and simplified the Fokkar-Planck sguation
by assuming the isotropy of the diffusion coefficients (Hosenbluth potentials
#4/) and searching for a separate variable solution PEO=UFL )Py, where
M= U,',/U’. § was shown to relax in a time much shorter than Spitzer time to
the most isotropic eigensolution of Legendre's equation
b Lle-m2B]aam =0 )
satisl‘yins ?[p.} =0 on the 1'6:5 cane boundary!u_#‘__-m , where R is the
mirror ratioc, The role of the ambipolar potential and collisions involving
elactrons was first investigated by Fowler and Rankin /4/, They maintained
the separability assumption but allowed the sigenvalue] in Eq. (1) to depend
on the particle energy tc take into account th=t the loss region for the ions
in velocity space becomes 2 one-sheet hyperbolold in the presence of a poten-
tial well /5/. Fowler and Rankin model is remarkably simple, while its assup-
tions are made plausible by the previous single-speclies Iinvestigations, Since
however these calculations are critical for the future of open-ended traps
as thermonuclear reactors /2/, a mathematically more rigorous approach seems
of some interest. We limit ourselves here to ion-ion collisions only. As a
first step to solve the problem i{n the presence of the ponentiaL'V;. we
transferm the independent variables from (v,}g ) to {u= W,’-q»n'-l, :}“’/W‘
where d_':.t\L{Zm(k—iJ,In the new coordinates, the loss hyperboloid coincices
with the coordinat line ﬁ:)l‘: On the other hand, the transformed F.P, equa-

tion is no longer diagonal in the eigenfunctions of the Legendre equation, ‘E’
Thus, if a development of the form 'ﬁ“.'%l E l!ﬂ!. tj'f'([i) is used, coupling het-
ween the different mnder "s art-a=, "his enuplin@ is clearly handled much

more easily in this way than by trying to satisfy a "non-diagonal" boundary
condition in the original variables.
The partial distribution UI satisfy the following system of equations :

Ny Uy _ D9 misfo: 4| N
A ?_1 = wiZ fivg UV, - ;_u!%m,(m,u)u,u“

3 2, La iu. 4 U whoq¥ -‘;U'
w[ Weat3q | Wted J]NJU}"-&L [y aued s_qh U,

W dw wr ou W45 QU T Bul '

. 2 (W=at)? 9% _ q‘(,m'm’)gj‘] NACRY
2p? w> out W oul ‘A
o* M 3uta*0% o2
ﬁz[ un 9‘&:— g_ —5] < X«f‘u ¥ (2)

% LZ[ whatQy ng_g] v
w W Pur wrow J“’?u-

iy ["LZQJ W *Zj]

Ny o
3 .
anzlwewt 3 r 56

JL
Here g (u) is the Rosenbluth potential as defined in _/}/ Eq. (59). in which
the isotropic part of the distribution function, U =£:u,ZIU ,m‘ must
be used (C is a2 normalisation coefficient such that L:gjuob..)y_._'alu n, the den-
sity). 1 (ml4—l) is the J-th eigenvalue of Eq, (1}, and

Nj = ju i ()5 Iiagn’ﬁ,i@olﬁ xa‘g ]BE(@P,H
Yi{‘_’jo?mj‘#zg?gmg)d? d”,;h X ? olg @

This system, truncated at the S-th teh15 was sulved numericr.\lly by &8 well-
known implicit unconditionally stable scheme 77/, The results are shown in
Fig. 1 to 3. Fig. 1 shows the esvolution of the density n and of the mean ensr-
gy E for various values of «®. and for R = 10.2¢, The source was very peaked
in v with a mean energy Eg of 100 Kev. This cholee allows comparison with the
results of Bing and Roberts /7/ in the case when u(z: 0. The accumulated den-
sity was found to agree to within a few percent with the "unseparated" case
of Ref. /7/ for in)ected currents ranging from IOA to 20% particles/cm®sec.
All the results presented here are for J = 10“. Time is measurad in units of
':°=lu5Al"'| E;ﬁ'/a Ya (A = 2 for deuterium, 2, 3.-?5-|0-25ec for the parametears
chosen here),

' It is seen from Fig. 1 that n lowers and E increases when ol.a inereases.
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whe .ushes . tie wrcler

part of the ion population; on the other nand the i%s time ‘ncreases

with the energy. Tne curve marked F,H, was ohtaimed by =alving an equation

eguiv = Q5

lent to that of Fowler and Rankin for the isns only, witn g%

We found that the discrepancy is due to ZInaccuracy ‘n tue reoresentaticn
of tue f.zt.em (the first in Eq. (2} rather than in the representation
af the loss term (the =econd of En. [2').

Fig, 7 represents the velocity distribution at varisus times fore'= 7
and u!x= 0.7. Filg. * shows the asympiotic angular dependence of the distri-
bution function. When u’.z = 0, the angular distribution is almost independent
cf v, and quite close to the most i- iresic Legendre eiganfunction, as
expected. The same is true when ‘H‘lﬂﬁtin the gmeneral case; kowever, fcr ‘!Z.ée(l
the distribution is much less :sotroplie.

Definite conclusions cannot be reached unti! the collisions with tie
electrons will be taken into kccount. Indeed, the relatively weak depen-
dence of our results on 11 (note that for a mirror ratia of 10 values of
M‘! in excess of 0.7 are hardly conceivable! proves that the e¢ffects of
eollisions with the electrons ls much more important than the enlargement
of the loss reglon due to the potential. This gives indirect support to the
model of Fowler and Rankin.

As our next step we will, of course, introduce the electrons, and evaluate
the potential in a self-consistent way, Note that the terms of the F.P. equa-
tion whien contain the anguiar derivatives of Rosenbluth potentials can also
be treated as "coupling” terms. This would afford a means of verifying the
"isotropy” approximation introduced by BenDaniel and Allis without facing
the aifficult problem of solving the F.P. eguation in two dimensions, as

was done recently by Marx and Killeen /3/.

‘17 Rosenbluth M.N.. McDonald W.M., Judd D.L., Phys. Rev. 107,1,>

/2/ For a more complete bibllography see Kuo Petravic , 1...3. Petravic M.,
Watson C,[.,H,, Nuclear Fusion Reactor Conf.. Culham 19-9,paper 2-U.
/*/ BenDaniel D.J., Allis W.P., Plasma Physics &,%1,19:7,

‘4! Fowler T.X., Rankin M.. Plasms Physies 4,311,197,

‘5/ RenDaniel D.J., Plasma Physies 1,235,191

7/ Ritchmeyer ®.D., Morton K.W., Difference Msthods for Initial-Value
Problems, Interscience 19{7.

/7/ Bing G.F., Roberts J.E., Phys. Fluids 4,1039,19-1.

#*' Killeen J., Marx K.D., Methods in Computational Physics, 19€9.Ch. 2.
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ASSOCIATION ’
Départemant de la Phys »t deu la Fusion Controlee
Service I.Gn Ce pueleaire
Cedax 85, 38 Granoble Gore (Fronca)

TGM -CEA

spstract : Plasm= confinement in a FF susnlemented magnezic trap is studied

4n the single particle approximation. The conditlon for quasi-resonant and

tor exact resonani interacticn are determined, Trie mean energy =xchange
betiween particles and field Is computed as a Tunctien of the initial velio-
city. The Infiuence af elastic eollizions on particle confinement is

=tudied by !ntroijucing random deflections of the velocity vector.

A particleinjected into the symmetry plane of a RF supplemented mag-
netlie bottle, is reflecied -even if It Is initlally inside the "loss-cone -
provided its parailei velocity V, is rufficlently small. Let V;/; be tne
normalised Initisl valocity and « , s normaliszed perpendicular velocity :

o= (v,+1V7)/{c VE VA-A*]  (n the absence of the ¥ fleid. Jot|¥*
ir *he yrual reiativistic ‘nvariant i.e., the magnetic moment). In the

[~}
above erpre‘sion, b = =

is the statlc magnetic fleld normaliced o its
resonance value and/ﬁ i5 the total speed divided by c. Then, in a confine-
ment diagram (Fig. 1). a !imiting zone may be defined batween the initial
representative points of particles that are reflected before and after a
given value of the confining magnetic lleld /1/, The finite thickness cf
this zone i3 due to the fact that the reflection point depends upon the
azimuthal direction of the injtial veloclty. As already pointed out in ‘L’
and ?', a particle reflacted before crossing the resonance plane undergoes
no net change In energy. This 1s true as long as the representative point
ix _ocated on the .e’t of a curve parallel to the "loss-curve” which corres-
ponds to reflection at the rescnance plane. The polnt VDF ‘e? where this
curve crossea the [ol| % © axis can ba obtained by considering the relati-

visiic equation for the lrangverse motion in the following integrated form /%/:
Bl o<,+j[3/vr]up(f.<ptr1)dt eH
]

where g = E/.'B charact

frequency €J .

i H(r) :jh(w- we)dt (2

ses tne HF space-independent electriec field at

2 32 db
c - S
b )
determines the 3-1al motlon. Tn the non relativistic limit, V, can be
5, 5 4 /¢ db
founc ruch that Vo /C =9 /&54dz whieh is in good agreement
with the numerical results, Consider now the reflection of an electron with

1
Jee=i

a given initial normalized magnetic moment [dsl as a function of its initial
phase in the azimutha! plane. Integrating the equations (1) to (2) numerical-
1y by a Runge-Kutta method, we obtaln as a result, the representative points
0! the particles after they have come back to the symmetry plane (fig. ? and
L), Thase points are distributed around a parallel to the loss line which
passes through the representative point of the initial conditlons (indicated
by arrays). The dispersion i{s maximum when the initlal point ls close to
the b = 1 "loss-line”.

Figure € shows the representatiwe point of an electron in a mirror
trap at each crossing of the symeatry plane. The motion is followed for a
few hundred back and forth oscillations. The large dispersion Ln]q{'nburved
15 mainly due to the beats between the RF field and the cyclotron motion,
These beats ars particularly large when the spesd approachss the relativis-
tfe 1imit c. A functlon which deseribes the "distribution” of I«|> that 1a,
the numhar of occurences of I¥i'which appears in an interval AlR|*centered
nbuutl-(l‘uy be plotted as shown in fig. 7. As a result of the gquasiperiodi-
eity of the motion /4/, this distribution tends to an equilibrium function
when the sonfinement time i1s long enough.

Obvicusly, this property disappears in the presence of a "randomizing"
effect like collisions or turbulence, In order to simulate the effect of
elastic cellisions, we introduce a random variation in both the "pitch"and
the azimuthal "phase” ahgle, when the particle crosses the symmetry plane.
More precisely, we write : Af = &€ Qae sin A’ where A‘, is a random
value choosen by the computer in the interval [-1. *'I.] , B0 is the varia-
tion of the pitch angle, and € is an amplitude factor for the deflection,
The variation of the azimuthal phase angle is treated in the same way.

The results show, for. low £ values, a diffusion of the representative points
outside the loss cone (fig. B) associated with a widening of the distribution
function {fig. 9). When the deflection approaches 90°, one obssrves simulta-
necusly a reduction of the distribution width (fig. 11) and a penetration of
the representative points well inside the loss cone (fig.10). The latter
effect leads to particle losses if an upper limit is assigned to the static
magnetiec fleld strength..

References :

/i/ F. Brami, T. Consoli et G. Ichtchenko, Rapport C.E.A. R 3115, (19€7)

2’ £.J.H. Watson and L.3. Kuo-Petravic. Physical Rev. Le
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SIMULATION OF RADIOPREQUENCY HEATING AND CONFINEMENT OF A PLASMA
{COMPUTER - FILM)
by
a
J. L, SHOHET
ASSOCIATION EURATOM -CEA

Dapartenant da la Physique du Plasma et de la Fusion Controlee
Service I.6n. Centre d'Etudes Nuclidire

Cedex 85. 38 Grenoble Gare (Fronce)

Abstract : A computer model of & plasma has been used to dem-
onstrate electron cyclotron heating and confinement by means of
eleotromagnetio waven. The basic problem is to solve Poisson's
equation for the self-consistent electric field and then add in the
external r.f. field. The

then moved by solving their equations of motion simultaneously by

particles making wup the plasca are

maans of a finite difference scheme. feating and confinement
oan be shewn effectively.

Experimental research has shown that effective heating of a
plasme is possible by means of elsciron cyclotron resonance. When
the r.f. heating field is oriented perpendicularly to a uniform
d.c. magnetic field, highly anisotropic plasmas are produced.
Theory to sxplain the heating mechanism is largely based on three
assumptions, They are (1) at any instant of time, it is equally
likely for a particle to be decelerated as it is te be accelerated,
(2) since a net heating occurs, some sort of collisional process
must "throw" the electrons into the proper phase to produce a net
heating effeot, and (3) after heating, a non-Mazwellian velocity
distribution, which wsually has a colleetion of "hot"™ and "gold"
particles, is often the result.

It is the purpose of this paper to show that a computer
sinulation of a plasms in the resonance (huating) plane will Bat-
isfy the above three assumptions. TIn addition, the oame medel,
in the absence of a d.0. magnetic field, can be used to demenstrate
the r.f. confinement of a plasma.

The basic preblem which is solved is to follow the motion of
a large collection of "super-particles” in a 2-dimensional rect-
angular region. A super-particle is essentislly a cloud or group
of real particles, and has the sazme charge-to-mess ratio as that
of a real particle. The present work uses both "super-ions* and
"guper-electrons®.

The rectangular region may be immersed in a d.c, magnetiec
field.
or confinement may be made uniform or inte & seetion of the TEIV

The external s.o. seleetriec field used for either heating

mode of a rectangular microvave cavity.

The solution is obtaimed by initislly placing all the par-
From their initiel pesitions,
Poisson's squation may be aulvod1 to obtain the self=-coneistent
electric field of the The initial velocities of the
super-particles are given a Maxwellian distribution, corresponding

tioulee where desired in the region.
particles.

to & given initial temperature, whioch was typically about 10 EV,
Bach super particle was assumed te obey the following finite
difference squation, whioh inecludes z relativistic mass ocorrsction.

In componsnts, the equations of motion aret

- 95'*‘ and V _2“64-5'

o g W e
whers ?E
£ 3 )
@ A0 o o= [1— VirrVin
W, = ct

= Vit L8R Byer @V 5. U+ 106 X By B Vi
Mg L

. is the rest masms, B is the d.c, magnetic field, A\t is the time
step, and q is the charge. ?J.x and Vj', are the components of
velooity in the x and ¥y directions at the time t.
j+#) refers to the vqlues of quantities [Lt unita of time later.

The eleetric field in the above expressions, SJ. and B \ is the
sum of the self=gonsistent field plus the external r.f. field.

Once the new velocities are determined, the change in position may

The subscript

be easily cemputed to produce the changes in position of the par-
tieles, by using the average of the old and new velocities.
After s#ich caloulation, the new average values of kinetio and
potential energy of the particles is cogpputed, and the velocity
distribution itself may be examined in detail to obmerve changes.
In sddition, the positions of the super-particles were recorded on
motion=picture film after szch time step.

The specific problem consisted of a colleetion of 200 super=
ions and 900 super-electrons of equal and opposite charge. The
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doos magnetio field was 3000 gauss and the r.f. field amplitude

was 100,000 volts per meter. By varying the number of real PaT=

tioules per super-partioule, the plasma frequency oould be changed.

Results of the case when “_’E 2= .01 are shown in Figure 1.
Computations were

made up to 11 cyclotron

periods. The total

1010 ex1C
kinetic ensrgy of the e :
electrons increases =
with time, as long ae
heating was applied, —

and beoomes asymptotic
to a heating rate of

1.75 = 10°
The ions do not in=-

per second. -

orease in snergy, and,
when the heating is re-
moved, the electren Figure 1
kinetic energy remains conatant. This can be seen from Tigure
1 for heating turn-off st two different times.
the veloeity distribution of
after heating. Each

set of pointa cor-

Figure 2 anows
the eleetrons before, during, and

responds to a differ=
ent time of sbservation.
The solid lines are Max-
wellians whose temper-
atures are fixed by the
relation 1/2 n ‘QVE>-
kT, where (Vz}.l.l the

averege value of the

o ..\\ \\
square of the velocity o e 2
at the time the distri-
bution was plettidd. A
olose fit to a Mazwellian

is seen for ell three cases.

Figure 2
It must be noted that the self=-con=
aistent field is necessary for this result, otherwise the velocity
distrivution rapidly becones non-Maxwellian, with a drift velocity.
Heating of this type ocourred in both the uniform and TE11| fiald
configurations, as long as the collisional effects are incikuded,

When the plasma frequenoy was increases, the veleoeity distri-
bution became non-Maxwellian, and the ions were heated as well.

A further inerease in density resulted in the plasma becoming un=
stable. Under these conditions, the collisional effects have be-
gun to dolinat32 and are over-emphasiwed from reality, by about

the ratio ef the number of real particles per super=particle. In
order to observe heating at higher plasma freguenocies, it is ne-
cessary to inersase the number of super=particles, thereby lovering
the number of real particles per super-particle for a given value
of plaema freguency. The instability cen then be controlled in
this manner.

By eliminating the d.o. magnetioc field, and using the TE!il
mods, the theoretical model of r.f. nonrinumuntj of a plasma can
It produces a striking conetriction and compression
It was found that

confinement did ocour in short timea when the ion mass was low-

be cbserved.
of the plasma in accordance with the thaory.
ered to about 5 electron masses., Otherwise, if the correct valuc
is used, the heavy ion mass slows down the rate of confinement

due to the ionloc space charge fleld acting ou Llhe rapldly moviug
The lower mass permitted confinement. to be observed

The fal=-

eleotrons.
within 20 r.f. periods. (40 minutes of CDC 6600 time)
lowing motion pioture shows the results of the confinement cim-
The electrons are reprasented by a tﬂ& and the ions
The theoretical region of confinement is a recteng~

ulation.

by a ak .
ular region in the center of the plasma. The particles are scen

to effectively coalesce in this area as time progresses.

‘Pernnnant addrass: The University of Wisconsin,Madison,Wis. (USi)
1. R.¥. Hockney, Phys. Fluids 9, 1826 (1966)
2, R.¥. Hockney, Proo. Conf. of Computational Phyni:a,Culhnm(1965)

3. G. Schmidz, P High Temperature Plashbas (Academic

i Physiocs of
Fresa, Ine;, lew York, 1966)




INTERACTION OF PLASMA BUNCHES WITH COMBINED VHF - MAGNETOSTATIC
MIBRROR IN THE RANGE OF ELECTRON CYCLOTRON RESONANCE.

K.3. Golovanivsky, V.D. Dougar-Jabon

Plasma Physic Laboratory, Patrice Lumumba University,
Moscow W-302, USSR.

Avstract: It is shown experimentally the possibility of setting
aside the cone-loss leakage in a mirror confined plasma using a
VHF field near electron — cyclotron resonance.

1. Deflciency of principal of the right mirror traps 1s an lnevi=-
table particles leakage thro-*cune-loss. The object of this paper
is to 1limit this losses by creating in the mirror an electrosta-—
tic barrier for the ions. This barrier 1s formed by giving a
transversal energy to the electrons with a velocity vector inside
the cone-loss range from standing VHF wave near electron cyclotron
resonance. In this case electrons leaves the cone-loss and are
holded by the mirror-trap. Space charge of this electrons creates
an electrostatic barrier which reflects the ions leaving the cone-
loss. ESsentially this mechanism is opposite with relation to
plasme accelerating mechanism in the Pleade system [I] .

2, Block scheme installation is shown on fig.1. Plasma generating
by & coaxial gun has the shape of two bunches propogating with a
residusl pressure of 107> — 107 torr-within a glass tube with a
# 30mm snd 1.2m long. Energy and density of the particles passed
thrcq*the mirror are registrated by an electrostatic analyser of
energy. In the sone of the mirror where field' magnitude becomes
848 oersted amd 1ts gradient 53 oersted/cm a cylindrical cavity
was situated being excited on a mode TE444 by @ magnetron oscil-
lator with a regulating power from zero to 2.5 k¥ (A =12.5cm).
Cyclotron electron rescnance takes place in the middle plane of
the cavity. Transversal pressure before cavity was appreeiated

by the mean of a diagagnetic signal. Plasma density determined

by cutting off the microwave signal (A = 3cm).

Parameters of the plasma bunches remching magnetic mirror are the
following : (potential of a capacitor is 28 kV) :

density velooity 123&“,,,“2;1"3;1
18t bunch 10" w2 2:10 cmesec™ >3 kev
24 bunch 10"2en™3 [).‘i’'1l‘1)';,um'sac:"1 ~1 kev

MIRRORS

identical to the upper oscillogramme. Thus the collector signal in
the case of combined mirror is conditioned maihly by the rapid neut-
rals. Oscillogrammes on fig. 2 are obtained as the potential faeed
were about 2.8 kV and VHF power 700 W. Simultaneously with plasma
leakage elimination through the mirror a plasma density incresse is
observed in front of mirror when the VHF field is put in. We can

see it on oscillogramme of cutting off the microwave signal

(XA = 3cm ) presented on fig. 3. If the maximum density of plasma
in 27em from the middle plane cavity in case of the ordinary magne—
tic mirror ig lower than full cut off level, then while putting

1. T.Consoli, VIII Intern. conference, Vienna, 1967.

Wearated
MACGHNETIC FIELD PROFIL

lag pema et
I ang

Jcm SIGNAL CUT _ OFF

DIAMAGNETIE AHD EATEAWAL
ELECTROLTATIC PROBES

C-75pF ; U={+i0uv

M_A_Q_N__ITIL cons Jcm

DIAMAGHETIC AND
EXTEAWAL ELECTRO-
STATIC

in the comhbined mirror, the accumulate plasma density exeeds 10 "cm_3

The velocity of plasma and longitudinal ion energy are founded
independently by a transit time and by the analyser data.

3. The resultsof the initial experiments are given. Decrease of
longitudinal leakage of the plasma in a {ransition from magneto-
static mirror to combined fields in the range of electrom cyclo-
tron resonance is demonstrated. The essence of the experiments is
reduced to investipgate the plasma parameter modifications before
and after VHF power feed to the cavity. For registration of
paseing plasma through the mirror the electrostatic analyser

of energy is used, a signal from which is shown on an oscil-
loscopa. The secondary electron emission is suppressed by means
of giving -100V on an earthed grid. The current of the collec—
tor without external fields ( magnetostatic and VHF ) is shown
on fig 2. The shape of this signal which doesn't ehange when

2 maximum transversal magnetic field of 1000 cersted is created
near the analyser and it is independent of sign and value of the
grid analysing potential (to 2.5 kV ). So plasma gun generates
together with a plasma the rapid neutrals which is the csuse

of the secondary emission from earthed grid. Without external
magnetic field the plasma scstters by ambipolar diffusion on
the 4ube walls without reaching the analyser, whila rapid
neutrals incident on the collector. When the magnetic mirror

is working a radial plasma diffusion is limited by marsnetic
field. In this case the collector signzl essentially is changed
by plasma passing through cone-loss as it's shown on middle
fig. 2. Lowsr oscillog'ram.m corresponding to combined mirror is

"3
E: g *b—maztam VARIA-
o g a
2 Fig.i
MASNETRON
A-@3cm; P-25aw
wigotmpninguinge: Wi LhOUT
f;‘setﬁ o magnetic
A SURAE IR NI N and VHF
tasma - i : _
Pand ‘ o & .simple
fast 4 magnetic
nevtrals 2
only combined

fast
nevtrals

‘ . mirror

Fi_g.2. Signat fromrco[hctur‘ ofana!\jsqr'

& ' simptet.
% T1 | £+  magnetic

N<A0es Ik Mmirror

— magnetic+VHE

- combined
magnetic +VHF
mirror

12
N>10 e -

Fig.3 Ptasma accumulation before
the mirror (3em signal cut off)
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ON THE STABILITY OF MICROWAVE-HEATED PLASMAS*
by
G. E, Guest and D. J. Sigmar
OAK RTDGE NATIONAL LABORATORY

QOak Ridge, Tennessee, U,S.A.

Abstract: Magnetically-confined plasmas, created and heated by electro-
magnetic fields near the electron gyrofrequency, can support several
modes of instability driven by inherent temperature anisotropy or pos-
sible loss-cone effects. If Ty << T, , both electrostatic and electro-
magnctic waves can grow in time; while if Ty =T, , eloctrostatic vaves
at the hybrid frequency can be driven unstable by the loss-cone effect.
Here we review the relevant known criteria and develop several new
criteria to deseribe the stabilization of the temperature-anisotropy
modes as Ty - T, . We also report the results of a detailed analysis
of the electrostatic loss-cone mode, for which temporal growth rates
greater than anticipated electron bounce frequencies are obtained only

for electron densities near microwave cut-off.

Microwave-heated plasmas confined in magnetic mirror traps have
been observed to support various modes of instability which limit the
charged-particle lifetimes. These include interchange modes in simple
mirror traps and electrostatic and electromagnetic microinstabilities.
Under some conditions, however, it has been possible to stabilize all

instabilities in dense, energetic microwave-heated pla.lma.[l] In

*Research sponsored by the U.S. Atomic Energy Commission under con-

tract with the Union Carbide Corporation.

this report we review the known stability criteria applicable to these
plesmes and develop additional eriteria for the occurrence of two
electrostatic modes, one driven by temperature anisotropy of the heated
electrons, the other by the loss-cone effect inherent in mirror confine-
ment. Here we summarize briefly the modes considered and the associated
stability criteria.

A. Electrostatic temperature-anisotropy madza[zj in the freguency
range 0.5 & w/0 & 1 , where () is the electron gyrofrequency, can oceur
if T = Ty/T, € 1/6 and mz 2 0%/ , vhere w, is the plasme frequency cor-
responding to the total electron density.

B. Electrostatic loss-cone mdeltj] in the frequency range
N<w< (‘":c + I.']E']i s Where e is the cold-electron plasma frequency
can occur in anisotropic plasmas if m:c/ﬂa 4 TIL/TJ. - As Ty =T, this
criterion becomes inapplicable and detailed stability boundaries must
be obtained by numerical solution of the complete electrostatic disper-
sion relation. For densities below microwave cut-off instability growth
rates (in time) are very slow, and the mode mey be stabilized by effects
neglected in the model used for the present computations: infinite,
homogeneous, collisionless plasma with mirror confinement simulated
by "loss-cone" distribution functions.

C. Electromagnetic waves propageting in the "vhistler" mde[h] can
grow rapidly in time 1221 /T, < (B ﬁlf??)i , where By is the perpen-
dicular plasma pressure relative to the magnetic field pressure. If
the anisotropy is less extreme, the growth is convective and decreases
repidly with further increases in 'I"/'I‘l .

D. Mirror mmbuities[ﬂ are expected to occur under similar

circumstances, namely, T/T, € B (1 - Ty/T,) .

MIRRORS
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E. Interchange modes in simple mirror traps are apparently stabi-
lized only by line-tying, through cold electrons, to the conducting
cavity wall. Although relntii'aly small densities of cold electrons
are expected to provide adequate line-tying, it is difficult in practice
to utilize this stabilization technique at low ambient gas pressures
because of the tendency of the plesma to charge negatively and expel
all cold electrons.

Other slowly growing microinstabilities such as negative-mass modes
seem likely to be stabilized by the electron-microwave interactions
which occur at twice the electron bounce frequency.

We note that for typical microwave-heated plasmas the critical
values of temperature anisotropy predicted for electrostatic, electro-
magnetic, and mirror modes are similar in that if /T, = 1/6 , (the
eritical value for electrostatic modes), whistlers are stable up to
cut-off for v /e m 0.3 and mirror modes are stable up to B =~ 0.2 .

Since mirror confinement in 2 trap of mirror ratio R permits equilibria
such that T,ﬁrl SR=-1, temperature-anisotropy modes need not ececur
if R> 7/6 . However, microwave-heating can cause heated electrons to
turn near the "resonant surface" (on which the loeal gyrofrequency
equals the applied microwave frequency), giving rise to equilibria in
which density and anisotropy are maximum near the resonant surfaces.
Such configurations, which are likely to exhibit the instabilities dis-
cusged above, can be avoided in simple mirror traps by applying small
amounts of off-resonant power at frequencies well above the gyrofrequency
to smooth the distribution of electron turning puints.[]'] Magnetic-
well configurations require special eczre in design to minimize regions
in which the field lines are

ial to the r rface.
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PLASMA TRAPPING AND MICROINSTABILITIES IN THE
PHOENIX I1 EXPERIMENT
by

E. Thompson, D.R. Sweetman, E.G. Murphy and M.J. Ghurch,

U.K.A.E.A., Culham Laboratory, Abingdon, Berks. England.
Abstract: The existence of plasma trapping in a high energy neutral injection
experiment has been demonstrated. An estimate of the observed ion lifetime
against loss due to mioroinstabilities ham also been made and found to be

independent of ion density.

Introduction:
mirror experiment is a "minimum B" or magnetic well uanfisuratiun!

The plasma containment region in the Phoenix IT magnelic
A plagma
with ion energy of several keV and density of up to 5 x 109 jons um-3 is
produced by Lorentz ionization of a beam of neutral atoms. By improving ths
ion source used on the Phoenix injector we have been able to double the
injected current of neutral atoms to 40 mA equivalent whilst reducing the
energy from 20 to 8 keV. The most significant feature of the preliminary
results obtained using this improved injector is the strong evidence for the
contained plasma making a contribution to the trapping of the injected beam,
The equation governing the ion density n in a neutral atom injection

experiment is given by

Lol

I
=P aBpald e 1
-!v-lvncr I"r

* ex
where F is the fraction of the total beam I, which is Lorentz iomiged,

¥V is the plasma volume, Ut is the cross-section for trapping of the injec-
ted beam by the plagma, L is the trapping length and 'Fux the ion lifetime
apgainst charge exchange which is assumed to be thg only loss mechanism, The

equilibrium density is given by
FI'x
n

vee(1)

=
.
L N R

i X5

where I = -",— « The possibility of plasma trapping due to collisional iomi-

o
sation of excited states has been known for some time and earlier msasursments
on Phoenix II showed enhanced trnppi.ngl However the obssrved trapping was
rather small and confined to a small region so that effects due to plasma
redistribution could not be entirely ruled out.
Results from the present experiments are shewn in the figures which show
the measured density plotted againet the product In "ch. The graph on
the left relates to the central axial density determined frum the cold isn
current through the mirrors whilst the other curve was obtained using a fast
neutral emission detector sensitive to the whole plasms volums, If Lorents
ionisation was the only trapping mechanism the density should follow the
dashed line, but as can be seen the effect of plasea trapping is quite pro-
__ mounced and itas contribution can equal, or even exceed Lorentsz trapping.
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By fitting a curve of the form given by equation (1) to the measurements of
the axial density we calculate O, ® 2.8 x 1015 cu? which 15 consistent
with a theoretical estimate by Berkmer and l!.i.viu:'e.2 The theorstical model
considers collisiomal exeitation and upward cascade of excited states, as
well as the ground state, into levels which are Lorentz ionized. The
unusually high value of the cross-section is primarily due to the contribution
of the excited states.

The deviation of the measured density from that predioted is due to
plasma losses associated with the microinstability which is still observed
to be present. Although detailed measurements have not yet been made, the
RP emission is in genei'al similar to that reported nrliersin that it appears
at harmonics of the ion cyclotron frequency - the higher harmonics oceurring
as the density is increased.

By taking the predicted density variation with I_T __ we can estimate

0 ox
the average ion lifetime (in the region being observed) mgainst loss due to
the mieroinstability, This lifetime is found to be of the order of 200 msec-
comparable to that found for 20 keV injection - and appears to saturate at
this value and does not decrease ms the density is increased.

Because of the sensitivity of the equilibrium plasma density to the
dominator of equation (1) ever these relatively long loss times have a signi-
ficant effect on the density. However the density is still rising with

increasing Ic o due to the effect of plasma trapping. These results

are mich more encouraging than those obtained with lower current 20 keV
injection which showed a saturation in ion density with increasing Iu Toxs

Refersnoes
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INVESTIGATION OF PLASMA DECAY IN THE PR-6 DEVICE
Yu.T.Baiborodov,Yu.V.Gott,M.5.Ioffe,
R.I.Sobolev,B.E.Yushmanov,
I.V.Kurchatov Institute of Atomic Energy,Moscow,USSE

Abstract. Disappearance of ions of various energies was

measured during the decay of plasma with the initial density
of'10¢|2cm"5. The results obtained indicate that non-classical
mechanism of losses should exist in the initial stage of the

decay.

In the experiments on the magnetic well mirror trap plas-
ma confinement conducted in the PR=5 devica/‘v it was found
that the decay of plasma occured anomalously. During‘tha first
100=-200 Msec after the injection the density of plasma quicly

dropped from its initial value n ~ 10" lca™2

down to a level of
5.109cm_3. after which a stage of significantly slower decay
set in. At that second stage the plasma confinement was stable
during many milliseconds, and the decay times were close to
the charge-exchange.

The foregoing experiments in the PR-6 devioa"’ 2/ showed
that the anomalous plasma loss at the initial stage of decay
could not be attributed to the drift-loss cone instability
though its presence could be expected in those experiments.

Investigations of other possible sources responsible for
anomalous plasma loss led to an assumption that during plasma
decay there should appear an ambipolar electric field, which
could greatly decrease ‘th mirror confinement of the main

fraction of ions. The basis of this assumption is as follows.
Measurements of the ion energy distribution carried out earlier

could be performed with sufficient accuracy only beginning witn
4#00-500 ev, and it is not excluded that the energy of most
ions is lower than the above values. In this case the positive
plasma potential set at the initial stage of the decay due to
Coulomb electron scattering may be sufficient for pushing out
low energy ioms, The six-bar magnetic field configuration may
cause the ions to disappear mainly through relatively weak
radial mirrors.

The pattern of plasma decay observed as a function of
perpendicular-mirror ratio O, supports this point of view.Upon
increase 0(1 the initial drop of density is reduced, and the
density of stable plasma increases correspondingly.

The above considerations can be directly checked by mea-
suring the disappearance of various energy ions. If the plasma
potential is positive in the centre region of the trap (with
respect to the mirrors) the minimum energy of the ions confined

E; min 18 related with § through E; where X is

i minT %-/
the mirror ratio along the considered tube of the magnetic
lines of force. Such a potential should not influence the con-
finement of higher energy ions. Thus, observing the variation
of ion life-time as a function of energy it is, in principle,
possible to determine the potential and its variation with
time.

An analyzer with threshold of energies measured reliably
reduced to 200 ev has been used in such measurements. The
analyzer was placed in the central cross section of the trap.

A charge-~exchange neutral flux entering the analyzer was
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collimated at an angle + 2.5%ith respect to the trap radius.

Therefore, the perpendicular energy component was essentially

measured.

To make the analyzer signals o ' [

sufficiently large the initial plasma i
density was increased up to 10"2ea™3 que i \ N

to foreing the injection regime. The

ions were heated by r.f. pulses as in

kef./1/. The plasma decay pattern re- | ’ i |

corded by the radiointerferometer was L

of the previous character. The only exeption was that the den-
sity of the stable plasma increased up to 10Men™3, Fig.1

(the upper curve) shows the energy distribution of ions at the
moment when the injection was ceased. Fig.2 illustrates oscil-
lograms of the analyzer signals for four energy values during
injection and subsequent decay of the plasma.

We can see Ghat the plasma decays in a more
complicated way than according to our idea-
lized model. The most unexpected is the peak
appearing in the oseillograms during the
decay. When considering such oscillograms
for a large number of daescrete energy valu-
es, we may see & lot of other characteris-
tic featurea, namely, ma) the most fraction
of low energy ions (up to O.8kev)disappears
during 400/wsac after injection; b)for the

ions of intermediate energies (0.8-2 kev)

the initial phase of the decay is covered
appearance of the peak. After this the decay occurs with two

time constants due to two diffrent mechanisms of loss of such
ions; c)after the peak, the high energy ions ( > 2 kev) suffer an
exponential decay with time close to charge-exchange. At present
we are not able to interpret all these features unambiguosly.
However, if we do not enter into details one may resume as fol-
lows. The behavior of ions of various energles does not contra-
dict roughly the idea of the ions being pushed out by an elec—
tric field. Indeed, at the initial stage, when the density shar-
ply drops,low energy ions constituting the main fréiction of the
entire lon density escape from the trap. (See Fig.1). The high
energy fraction of the ion distribution exhibits rather comp-
licated evolution at this period of time. It, however, remains
within the trap and continues being confined during a long pe-
riod of time.

It is, however, important to emphasize that the totality
of the phenomena occuring in the initial phase of decay cannot
be attributed only to pair Coulomb Collisions. It concerns, in
particular, the nature of the electric field as well as the
peaks mentioned above. The latter are, most probable, associa-—
ted with certain collective phenomena which exist for an appre-
ciable period of time after the stage of fast decay and cause
deformation of the high-energy tail in the ion distribution.
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PLASMA CONTAINEMENT IN A CIRCULARIZED
QUADRUPOLAR MAGNETIC WELL : DECA |1 B.

D, Launcis, P. Lecoustey, M. Nicolos, J, Tachon,
ASSOCIATION EURATOM-CEA
Département de la Physique du Plasma et de la Fusion Conlrélée
Cantre d'Etudes Nucléaires
Hoite Postale n° 6 - 92 Fontenay-aux-Roses (France)
ABSTRACT : The focalization of magnetic lines out of o quadrupolar well redu-
ces the wall plasma interaction. Such @ trap confines a 500 eV hydrogen plasma

with an initial density of 1012 cm=3 | The decay time is 400 psec.

The confinement of the compressed plasma in DECA |l was limited by
charge exchange with the desorbed gas from the walls /1 7 . In order to reduce
the plasma wall interaction the magnetic well conliguralion is circularized so

that the magnetic line is bended towards the axis out of the mirrors (Fig.1).

PRINCIPLE OF THE EXPERIMENT; As the previous experiment /2 /7, the plos-

ma is injected along a longitudinal magnetic field by o thetatron gun.Afier a
five meters path, the plasma goes into the confinement stage. The magnetic
quadrupolar trap iscreated by circular coils and rectangulor windings. This static
trap is opened during a short time by a pulsed coil which cancels one of the mir-
rars.

REALIZATION OF A "CIRCULARIZED QUADRUPQOLAR WELL" : The configura-

tion was optimized to adjust two conflicting properties of the magnetic lines :

1) Good curvature to suppress the flute Instability.
2) Weck concavity to minimize the radial extension of the circularized
flux tube.
The quadrupclar field distribution olong the magnetic bottle was adjus-
ted to obtain the same energy well for all the particles, IF E is the porticle ener-
gy + J (r,E) the second adiabatic invariant, we define the depth of the energy well

SE _ 1 2IrE) Buw-B,
E I(0.E) ar B,

where By, is the magnetic field modulus where the porticle is reflected, B the
intensity of the field at the well center.
Fig. 2 shows the claculated distribution ﬂ{u] of the quadrupolar field
between the mirrors to verify the stabilization criterion.
To perform such a distribution, we have divided the quadrupalar win-
dings in five groups of four coils each, as shown on fig.3.
The first three groups, one central winding and two reinforcing coils,
create the quadrupolar well. The focalizaotion of the magaetic lines is ensured
by four circularizing coils on each side of the well, The current flows in this
coils in the opposite direction of the stabilizing current. The effective quadrupolar
field distribution rrl(u) obtained is shown fig,2. We have also plotted the depth

of the energy well for a 5 em radius.

The main characteristics of the magnetic configuration

are :
- Intensity at the well center : 3500 gouss
- Axial Mirror Ratio 1.84 . Distance between Mirrors 130 cm.
- Transverse depth of the well : 1, =4 em R, =1.004
. =20 cm Ry =1.07

Ta maintain the quality of the circularization during the plasma injection, the
pulsed coil have to simultaneously reduce the longitudinal and the radial field. A
double base ball coil around a glass chamber carries out this purpase . Fed by

a 43

rise time.

'p.F = 15 kV condenser bank, it produces 3.5 kGs on the axis with a 10 psec

In the final static configuration the flux tube without any wall contact
is7 cm in diometer, measured in the median plane,
EXPERIMENTAL RESULTS.

The plosma gun operates to produce an hydragen plasma with 1013 cm=3
density and 200 eV of mean longitudinal energy, The useful flux tube is defined
by a 6 x 4 cm diophragm, placed at 1.5 m from the medion plane,

The confined plasma is investigated by microwave interferometer
(A=4 mm) and two fast atoms detectors, One of them is o secondary emission
type one, the other uses o refonization gas cell { Air pressure = 5.'I0-3 torr,
length = 10 cm) and on electrostatic analyzer 7.

Fig. 4 show: the signals without and with quadrupolar field. In the latter,
the plasma lifetime is much longer. The neutral signal suggests on increasing of

the pressure during the confinement.

87

We con generally adjust two exponential decays : from 500 psec to 900 psec
& 400 psec and from 900 psec to 1600 psec & = 300 psec.

The electron density is meximum during the injection. At t =100 peec
the density is ﬁq 2 =10'3 cm™? and decreases with on e-folding time of
400 psec. If the eharacteristic length "L " is taken as the diameter of the last
Flux tube fig e 1012 cm=3.

A fast atom spectrum was measured along o direction which is inclinated
102 with the normal to the magnetic oxis. The neutrols are counted during 2 msec.
Fig.5 shows this spectrum, taking into account the reionization efficiency [3).
The mean energy is 500 ev which is compatible with the energy of the injected
plasma. We have also measured the angulor dependence of the neutral flux
(for E = 600 ev), The flux presants a minimum for the normal direction and in-

creases by a factor of 5 from 07 to 102 . That indicates on anisotropy E—;’ < 10,

CONCLUSION,

The circularization of a quadrupolar well allows to confine o 500 ev
plasma with a 300 psec decay time. The total density of the plasma af the beginning
of the confinement is obout 1012 cm=3. However , the plasma lifetime is proba-
bly limited by charge exchange. To improve the vacuum, we are going to place

o liquid nitrogen=cooled wall with titanium evaporation.
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BOUNCE EFFECTS IN THE NEGATIVE MASS INSTABILITY.

D. Lounois , G.laval, R, Pellet, J.Tachon.

ASSOCIATION EURATOM-CEA
Deépariement de la Physique du Plasma et de la Fusion Conltrdlée
Centre d'Etudes Nucléaires
Boite Postale n® 6 - 92 Fontenay-aux-Roses (France)

ABSTRACT: Unsteble modes at bounce harmonic satellites of the ion cyclotronic
frequency exist for any density. The thermal spreading reduces slightly the uns-
table domain. The decreasing of ion bounce frequency does not stabilize dilute

plasma.

In different magnetic mirror traps /1.7, one can observe a same kind of
'Flute type" instability, ot ion cyclotronic frequency ()~ Q:) ; the perturba=
tion, mainly electrostatic, is constant olong the line of force (k‘,/ﬂ_-a 0 ) ond has
~a long radinl wavelength compared with the mean ion Larmor radius (k, a;<<1).

A recen! theory proposed independently by Kodomtsev and Pogutse /2/ ond
Clorke and Kelley /37 seems to fit with the observations. These authors have sup-
posed that the ion bounce frequency ((_,Jtlismuch larger than the spread of ion
cyclotronic frequency. In that cose, with no sprecd in the pitch angle distribu-
tion function, the instability has a rather low density cut-off. Mare recently
Callen and Horton /4 7 have shown that thermal effects introduce a density thres-
hold. Our paper presents the effect of a finite bounce frequency. We find new
unstable modes and an unstable density domain larger than the previous one.

1) With o monoenergetic distribution function, pesked ot some value of the
pitch angle, the dispersion relation is

J(q)s =22 Jn(v)-rnm}

]
S o

_ AQ Wy . wW-< >

where k w S Y is the bounce

Bl I 20 2
averaged cyclotronic frequency, as given by <@>= 1 ; (‘I + 2?) where L is the
axial characteristic length for the magnetic field ; () = 2L ;X is the axial

L
excursion of the ion is the argument of Bessel functions.

ey
+ 1 Ao, L2
Unstable roots are found near each value of n. With n = 0,the result is
Kodomtsev's one :
}1

With n> Othereis instability if ;with n <0 , the uns-

ww) B L® ¢
table domain extends to any density. The maximum growth rate is ~— 9 Wy
for n=%1,

2) To demonstrate that the instobility is not due to our first choice of distri=
bution, we consider two cases : a Gaussien distribution function inpitch angle
centered around :\u

nishes for A 22

, then a centered parabolic distribution function which va-

o+ which is of course much relevant of experimental situations.

A=~ Gaussian distribution function :

3 y
Let £=WE6{VJ-*‘)"P'{LA}E)'tHB dispersion relation, derived for

n=0 , in the limit n «<1 ond a weaok dispersion t =L 1, is given by :

{2(5 3-ty }=j+z(;)[a Ly’ ;-9]]_;,
wnhk=—a—J’— " iBeazde 5==-L“°,-a-l_ 2(w a2 ]]"’
kp

CIm
ond Z ( ;) is the plusmu dispersion function.
We find again the & function results in the case ufj > 1 and Is | » T

—wcy Now , with 541 |5 | =1, we find stabili-

There is instability if 5

Ko 442
That corresponds to the very low density range ond this result is similar to
Collen ond Horton's one /6 /.

zation for

B~ Centered parabolic distribution function :

EEpe— — e .

Let: £, ("’117\)_ T d A, & (wy %) [‘ (7‘) ]
Expanding the Bessel functions we obtain the equation, by picking up the
n=10

;1 terms @

1+K{ (38-4x%) Logll——|—4+r)" [: (1—27')(1-%)

L=q|1 |+-—-ya 2? (1-22) (1+—)Lng]1-——%¥_zz“£,]]=o

1 2 _W-Ng
—_— H a = 2[_. —_—
? S

The figure 1 shows the unstable ranges for the density ond the & function

2
Where:X:-ra—; = = H - -+
L y= X Z=aX+ 7 7

limits, The main effects we find are that the thermal spreadingr : 1) displaces
the & function limits lcut-off for n=0 , threshald for n = 1) ; 2) introduces
a density threshold for n = 0 and a density cut=off for n = 1 , 3) The unstable
domain disoppears for n==1. The growth rate is always of the same order :
3) The physicol situation where N 221 hos been solved only for a rather

dilute plasma.

Y s 0‘4‘?mr
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Let us consider the following distribution function :

f= S B(=-1)a(y)

23!")‘, n:a! <y"'>
k] n n
2%y = <y = fyma ) 4y

the dispersion relation is :

Yz ha .
°=(Lm,ﬂ J +‘+<1>% [
y2dy 3% (—'3,-'-)-:_,(#)

+(1_c7u_')/ . m'—ny

2 A
D42, &= W=R0. 1+ ——521

e b, B 2./

with o= = (

y”dxdyJ (E) v
) +(1—x39_-n7

with :

When w' << J the n =0 second term befween brackets gives the main con-

tribution in cnmpuring the real port of w’ . One gets :
W' - <¥%> |, (22040 ﬂm)
3r<yz> Lcopr

Qur assumption is.valid if :_‘: WA'

imaginary port comes from the resnnanr term of the first integral between

. The main contribution to the

brackets ;

2g

>y

g? a result independont

L SRR 3 2 (P= _
6w~<y3>u zn/.y dy-fn(), n)

with 0<n ¢ 2= , which shows that 5(4:"\.-30.)’1_443.
of Da +
For that value of the density ( < V2 —)‘l-) , we get on instability if
f—(p. That result shows that increasmg 9 to vulu:s larger thon ene does
>\f§—"-) it s likely

not stabilize dilute plasmas. When density increases (
that the plasma remains unstable with Re ) Jm w'n V.
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LOSS CONE MODES IN INHOMOGENEOUS MEDIA
by
H L, Burl_g,’ L. D, Pear]stein: J,G. Cordey**

Lawrence Radiation Laboratory, Livermore, Calif., USA.

Abstract: A general treatment of standing wave loss cone modes is present-
ed in a spatially inhomogeneous medium. Critical scale lengths for stabil-

ity are found,

As is now well known, the intrinsic nature of the loss cone distribution in a
mirror machine is a strong instability souree even for a collisional mirror
distribution. Post and Rusunb]ulh”' 2 showed that a rapidly growing con-

vective inatability always exists at high density, and they estimated Lthe per-
missible axial lengih that could be tolerated, They also found that limita-
tions on the permissible cross-sectional length exist due to a drift cone

Subsequently, it was found that unstable standing waves exist in a

sufficiently long system 9,4

mode.
These waves can be classified as either an
waves that are destabilized

4)

in a spatially varying system due to a radiative-like dissipation mechanism ',

absolute instability it or as negalive energy

Recently we have developed a model that follows these loss cone modes as
a function of axial scale length to the stable regimesl. We [ind that all the
above modes are related to each other and,at thé scale lengths needed for

stability, none of the above classilications is particularly unique,

The equation we use thal describes a wave,
tb{f] = ¢(s) exp (v EEJ IB { ky"f") exp(—‘wt}

along a field line in an axially symmetric system is:

BLsy 4. . "";Pi-_l;} El,j

Wieeli) ds  pis) d:

=l w* o .u_i‘i_,' £ 00 uy
=Y g Ve e whols) noAv g, w

v ) H ) ] bt -

N
where klo =k 'r{0) B(0) and H(s) is an integral operator defined as:
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In Eq. (1) the electrons are treated in a fluid approximation and the integral
operator describes ions whose guidin~ certres have constant speed. This

approximation can be justified when (u*l\lrdcm]b "-B >> 1, where A-rB is the
spread in the ion bounce frequency,  We have also included electromagnetic

effects due to eleciron motion along a field line. The boundary conditions
for these equations are outwardly propagating waves,

Under many condilions the integral operator is accurately approximated by

a relatively simple expression; namely when

L 1
o ] il
M | kavy, l l ke Vo, I‘L lh\. Ve l i) o |
- T ) NUJ:.: I N we,

f (3)
where k= ¢'/¢ and the primes indicate the spatial derivative., In this
case we find 1

HNfS) = tea) (4)
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and Eq, (1) becomes a relatively simple second-order differential @quation,

The simple form for !-]N(s) also breaks down if two resonance points tend
10 coalesce at the centre (or ends) of the machine, The addilional resonance

condition that must be satisfied is:

| >

l w - Nweo 5)

W s ?- (3
‘ Ln Wes

When the simplest differential equation ean be used, we can usually solve thy
problem through a WKB analysis where we study how waves can propagale
through regions where k (s) = ~, when chi{s) = w ., In stable positive
energy systems this singular behaviour in k,, leads Lo wave attenualion,
such that for real frequenciles

T z t

Lol > [ d 1"« | %l

where *i 3 ét and ‘r are the amplitudes of the incident, transmitted and
reflected waves,respectively. However, in a ncgative energy system we

find that the singularitivs induce wave amplification, and therefore

.t z 3
L i ¢ Lol + 1l
Since the incident signal is amplified at the singular points, standing waves

can arise even though the signal convects away from the central regions.

The rough eritical scalv length critenion that arises as a resull of the WKB

analysis is

) s ™ -
L R ERE 9

where 1. is the magnetic scale length in jon gyroradii and N the harmonie
number, as long as a
LY/
N < ( Wee, &
= Wey
which results from vielating Eq, (3), This resull is more pussimistic than

< : 1),2
previous estimates 2 ).

In addition, we find a mode that tends to resonate al the central cyelotron
frequency which is never stabilized in the simple differential equation
approximation, However, the critical length for this case accurs from
ion transit effects that are important when Eq. (5) is violated, Unfortunately,
the dependence of the frequency shift fo density and scale length is very
model sensitive so that it is difficull to ascertain the proper scaling of the

resonant mode in a realistie mirror machine,
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PLASMA CONTAINMENT IN THE MAGNETIC WELL M.T.S.E. II

by
D.E.T.F. Ashby, E.L. Bydder, J.W. Hill, M.H. Hughes & D.W. Mason
U.K.A.E.A., Culham Laboratory, Abingdon, Berkshire, England
ABSTRACT M.T.S.E. II is a large pulsed magnetic well, filled by
injection from a plasma gun. Experiments show that ion scatter-
ing is not caused by Coulomb collisions although the energy
transfer between ions and electrons does appear to be classical.
Electric fields of ~ lv/cm are observed at frequencies up to wg-
INTRODUCTION The results to be described have been obtained
since the Novosibirsk ConferEncegl) Several extra diagnostics
are now employed including a diamagnetic loop, an 8 mm inter-
ferometer, an atomic beam using Kr or Xe for determining Te(z)
and double electric probes for measuring fluctuating electric
fields. 1In addition titanium getters have reduced the back-
ground pressure in the vacuum system and desorption from the
walls of the vacuum chamber; as a result the duration of fast
atom emission has increased by a factor of 3-4. Finally a new
divertor system has reduced considerably the amount of cold
plasma which drifts along the injection line and into the trap

after the initial filling stage;
(2)

in the past the presence of
this cold plasma confused the measurements of [ndf and T,
EXPERIMENTAL RESULTS Typical parameters are as follows:

Bz = 1.8kG, mirror ratio R=1.7, well depth = 1l.3-1.1, ion

energy W, 1.5 kev, A 15 eV and the initial plasma density
n,~4x 10'? em~®. The contained plasma shows a rapid initial
decay for ~ 200ysec, when 70% of the plasma is lost, followed
by a steady loss lasting for ~ 1.5 msec. This rapid loss is
associated with the initial velocity space distribution which
peaks near the loss cone angle Gc: hence small angle scatter-—
ing causes ions to move into the loss cone and escape. The
distribution has been estimated experimentally by comparing
the initial trapped diamagnetism at different mirror ratios
and hence at different values of ec'

The measured values of [nd¢ and diamagnetism have been
The behaviour of Wi shows that the

The electron

used to deduce Wi and n.
ions are cooled by the trapped electrons.
temperature deduced from dwi/dt compares with Te measured by

the attenuation of the Kr and Xe beams as follows:
Te(Kr]/Te(cocling) = 1.9 % 0.7 (standard deviation of 23 obs.);
Te(XE)/Te(COOIing) = 2.8 + 0.9 (standard deviation of 13 obs.).
From this result it is concluded that the energy transfer

rate between ions and electrons is essentially classical.

The measured plasma loss rate has been compared with theory
using the equation (r/n) (dn/dt)=1, where 7 is the time for an
ion to be scattered into the loss cone. Classical behaviour
predicts that r=riildg‘DR. where Ty is the ion-ion collision
time given by Spitzer. When the values of wi and n, deduced
from diamagnetism and Inds measured at 200ysec, are
substituted into the above equations

(r/n) (dn/dt) = 32 + 22 (standard deviation of 26 obs.):
this result shows that s is an order of magnitude smaller than
the classical value and does not have the WiWE/n dependence
characteristic of Coulomb collisions. (The latter fact is
demonstrated by the large standard deviation). The behaviour
of density with time suggests that the ion-scattering time 7
is constant; this is shown by evaluating (1/n) (dn/dt) for the
previous data, i.e.

(1/n) (dn/dt) = =% = (4.71 + 0.95) x 10" sec™.

The behaviour of (r/n) (dn/dt) is shown more completely in

the two figures. The curves show the expected behaviour as the
initial angular distributions A, B and C, assume steady profiles;
they were obtained by numerically solving the diffusion egquation

on the assumption that the ions are monoenergetic.

90

Fig. 1

(r/n) (dn/dt) against
n/n, for r=250psec.

The solid curves show
the effect of the three
initial angular

A c distributions A,B,C.
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The behaviour of fast atom emission from the confined
plasma also suggests that Coulomb collisions are not
responsible for the ion scattering. The signals from three
detectors, viewing the plasma from different angles (+ GHD.
900, - EB° with respect to horizontal axis) differ initially,
while the velucité space distribution is changing, and then
decay smoothly. The time at which the smooth decay commences
(~400uaec) is the same for both lkeV and 4keV emission; if
Coulomb collisions caused the ion scattering the 4keV ions
would take six times longer to reach a steady distribution.

Double electric probe measurements show the existence of
fluctuating electric fields of ~ lv/cm at frequencies up to
W Measurements across the plasma diameter show potential
fluctuations of ~50V between r = + 15 cm. Together these two
measurements show there is probably no more than one complelLe
wavelength around the plasma circumference. Simple calculation
shows that fluctuations of lv/cm are capable of causing the
plasma to escape with the observed e-folding time of 250ysec;
however it has not been possible to identify the instability

responsible for the fluctuations and plasma loss.

(1) ©. Francis, J.W. Hill, B. McNamara and D.W. Mason
Proc. 3rd Conf. Plasma Phys. and Controlled Fusion,
Novosibirsk (1968) CN-24/H3 II 239, Pub. IAEA Vienna
(1969) .

(2) M.H. Hughes, J.W. Hill and B.D. Cooper, 3rd Eur. Conf.
Controlled Fusion & Plasma Phys. Utrecht (1969).
Gromingen, Wolters-Noordhoff 13, (1969).




HOT IONS AND DIFFERENTIAL ROTATION IN A NON-MAXWELLIAN
PLASMA WITH A STATIC PARALLEL ELECTRIC FIELD

by
Hopfgarten, N., Johanason, R.B., Nilsson, B.H,
and Persson, H.

Division of Plasma Physics,
ROYAL INSTITUTE OF TECHNOLOGY,
Stockholm 70, Sweden,
Abstract: Energetic ions of a Penning discharge in a strongly inhomogene-
ous magnetic mirror field are investigated. The measurements strongly
suggest a fast rotational drift with violation of the isorotation law, and
non-Maxwellian velocity distributions. An explanation involving both par-
allel and transverse electric fields is proposed. In one of the mirror re-
gions a shock-like structure is observed.

We have studied a Penning discharge in a strongly ix;hamogeneoul
magnetic mirror field, with two cathodes in the mirrors, and a ring-
-shaped anode in the midplane, [1]. The aim is to investigate a) whether
a significant electric field component Eyis established along the magnetic
field, b) whether energetic ions are produced in such a discharge, c) the
energy distribution of such ions, and d) the role played by the parallel
electric field for the ion heating.

Theoretical investigations show that electric fields - of other origin
than v x B polarization, or classical resistivity - can be produced by a)
a longitudinal magnetic gradient, [1+ra{. cit. , 2,3]. b) sheath (shock)
structures, [4+ ref. cit., 5}, or c) turbulent resistivity, [6,7]. None of
these possibilities can be a priori ruled out in the prasent experiment.

Among the consequences and applications of a parallel electric field
we wigh to mention the following:

1. The frozen-in condition, (with the special case the isoratation law),
will no longer be valid. Thus any heuristic description in terms of mag-
netic field lines moving with the plasma will be doubtful.

2. In nuclear fusion research E,, has been suggested as a mechanism for
ion heating, [B.l], as a natural constituent of the loss-production balance
in mirror devices, [3]. and as an important feature of practically any
plasma under fusion conditions.

3. E,, is believed to be essential in geophysics and cosmogonic theory.

Hydrogen gas of (1. 5-!il!l)'1€l'4 Torr pressure is used in the discharge,

[11 The mirror ratio of the magnetic field can be varied between 20 and*
100. The burning voltage was found to be 0.5-15 kV, and the current 1-10
A/cathode. )

Two modes of the discharge were found to exist, with the pertinent
mode determined by the magnetic field strength in the ancde plane. In the
high magnetic field mode energetic ions are moving perpendicular to the
moagnetic field, and the discharge is burning unsymmetrically, i.e. the
cathode voltages are different even with equal cathode resistors. The high
magnetic field mode appears when the gyro radii of ions with sufficiently
large magnetic moments to be axially confined are smaller than the radial
dimeneions.

The classical mean free path for energetic ions, determined by charge
exchange, (2 m at the lowest pressure), is larger than the dimensiona.
Electron gyro radii and Debye length are negligibly small. From measure=-
ments of the cathode heating the density and energy of the current-carrying
ions are estimated to 1n'°-1uu cm'3, and 1-5 keV, respectively. The de=
gree of ionization becomes 10731072,
the high magnetic field mode, in particu-
lar the properties of the emission of fast neutral particles. Their velocity
distribution faithfully reflects that of the ions. Two instruments have been
used; one is a scintillator with a photomultiplier, in the other the particles

The p: report

are stripped in a gas cell and then electrostatically analysed. Both instru=
ments accept particles from a line segment through the plasma. A deter-
mination of the iocal velocity distribution is not possible in this case,
since the angular dependence of the emission is not a priori known. The
measurements discriminate between different models of the plasma, and
suggest a unifying interpretation of all types of measurements, The ana-
lyser provides energy spectra, but is complex to use. Often detailed infor=-
mation from energy spectra is not needed, and the scintillator detector
can be used. The signal from this detector is proportional to the excess
energy above the threshold 2 keV.

Moasurements with different position and orientation of the instruments
reveal a remarkably high reproducibility, and - concerning measurements
Perpendicular to the magnetic field - a high azimuthal symmetry as well,

The results can be summarized as follows:

A. Energetic ions, (3-8 keV), moving perpendicular to the magnetic field,

'
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are found mainly in front of the low-voltage cathode, while no such ions
are observed in the opposite half of the apparatus.
B. The detector signal, with
the detector oriented perpen-
dicular to the magnetic field,
is shown in Fig. 1 as a func-
tion of axial distance z and

the distance r (with sign) bet-
ween the line of sight and the
axis, In the lower part of the
figure the cathode is indicated.
Clearly, the signal is highly
unsymmetric with respect to
the axis. (Qualitatively the
same phenomenon is ob-
served with the analyser.)

The sense of the asymmetry

is changed with the direction
of the magnetic field. The
low-signal side is opposite to
what one would expect on the

Sl L

Fig. 1

basis of a plasma without ro-
tatl.un.. or a rotation much
slower than the gyrational
motion. This suggests the explanation that the plasma is rotating with a
velocity of the arder of the total velocity. This conclusion holds, even if
very special distributions of gyro centra are considered.

C. Fig. 1, taken at 31074 Torr, exhibits oscillating structures both in
the r and z directions. With increasing pressure the structure becomes
less pronounced; the radial structure disappears, and the curves become
symmetric with respect to r at 9-1()'4 Torr. The axial variation persists
as far as 4'10_3l Torr. Thus, no Totation, (item B above), takes place at
high pressures, which may be due to neutral gas drag. Incidentally, a
structure similar to the axial variation is found, when the detector is
fixed, and the magnetic field is varied.

D. Analyser measurements reveal an essentially monoenergetic ion dis-
tribution for a line segment with =0, For some valuesa of z the peak of
the spectrum is split into two for r#0. It is remarkable that such pro-

d dev from N

llian distributions occur in a gas discharge
without any external injection, and this may be a result of an acceleration
mechanism that involves E,,.

Using the picture of ions with given energy of rotational drift in the
cathode region (in our case 5 keV), and different assumptions on the trans-
fer of angular momentum along the inho gnetic field, we can

calculate the rotational energy in the anode region. With the angular velo-
eity constant - isorotation - the energy would (in the present geometry) be
increased by a factor equal to the mirror ratio (40), resulting in an energy
of 200 keV. With the hanical angular t
would instead be decreased by the same factor, giving 125 eV ions in the

constant, the energy

anode region. All measurements favour the latter picture.

Thus, when the ions move into the funnel-shaped part of the magnetic
mirror field, the velocity of rotation is not decreased like in an isorotat-
ing medium, but instead increased like in a free whirl.

From the energy of rotation the radial electric field can be estimated,
and it is found that the magnetic field lines are not equipotentials.

The complicated structure in Fig. | may be due to some interference
or shock phenomencon. The axial structure would then be associated with
the linear momentum of the ions, and the radial variation with the angu-
lar momentum.
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PLASMA INJECTION AND ADIABATIC COMPRESSION EXPERIMENT
( PIACE ) BY FAST RISING MAGNETIC FIELD
by
K. Hirano, H, Kishimoto, M. Ushio and H. Itd

Plasma Physics Laboratory, Faculty of Engineering, Osaka
University, Yamada-Kami, Suita, Osaka, Japan.
Abstract: High B plasmas from two conical theta-pinch guns
are injected and ceollided with each other in the mirror field
produced by four single turn coils. Observation by S5.T.L.
framing photographs shows that two plasma puffs seem to meet
just at the center of the apparatus and stay about 16 usec or
longer. The main compression field, which rises to 3.0 Wb/m?
within 1.4 psec, is powered by 60 kV and 126 kJ fast condenser

banks with crowbar circuit.

The aim of our experiment is to study fast collisionless adi-

abatic compression which seems one of the most efficient meth-
ods for heating high density plasmas. To realize such a com-
pression, the temperature of the plasma to be compressed must
be so high that the mean free path of ion-ion collision is

The fast

rise of the compression field is also required, since the com-

much longer than the radius of the discharge tube.

pression phase must be finished before considerable amount of
energy -is lost from the plasma.
tions, we have constructed the apparatus called "PIACE"

Taking account of these condi-

(Plasma Injection and Adiabatic Compression Experiment).

Since the detailed construction and performance of our apparatus
will be reported in the coming symposium on fusion technology
held at Aachen, we shall describe it only briefly here. Its
schematic drawing is given in fig.l. As shown in this figure,
it has a bisymmetric construction. It consists of a pair of
conical theta-pinch guns on each end, plasma guiding parts and
the main compression part equipped with four single turn coils.
Each high B plasma produced by the gun is introduced into the
main compression part through the guiding field which makss the
plasma free from touching the wall of the discharge tube. Each
compression coil is connected to its own condenser bank,

.so that compression field can be excited at any time with

chosen polarities,
50cm
- =

B
B

Fig. 1.
1) Gas Valve Bank PI) Pre-lonization R.F.Power Sou{ce 2) The-
3) Pre-Heating Bank 4) Theta-Gun Bias Bank
6) 1st Coil Main Bank 7) 1st Coil Bias
9) 2nd Coil Bias Bank

Schematic drawing of the apparatus. G) Gas Reservoir
ta-Gun Main Bank
.5) Plasma Guide Bank
Bank 8) 2nd Coil Main Bank
As a result, several field patterns are realized. It is noted
that the first compression coils can be used as a gate coils to
prevent the inflow of low temperature plasmas to the compres-
sion region. Characteristic parameters of our device are sum-
marized in the table below.

Charging | Stored Field Max. Mag. |Max., Mag.
Voltage Energy Rise Time | Field Rise Speed
(kV) (kJ) (usec) (Wh/m?) (Wh/m?sec)
|Gun 60 18x2 1.1 3.5 4.5%10°
1st Coil 60 15x2 8 ) 2ad 3.5%10°
2nd Coil| 60 48x2 1.4 3.0 3.4x10°

Table 1. Characteristic Parameters of the fast discharge

system of the device.

["2usec/div |

Fig. 2. Crowbared current
._f'-/

wave form through the coil.
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A typical current wave form through the compression coil is
seen in fig.2Z. As the first stage of our experiment, we have
studied the operating conditions of the gun using He gas. We
have found some suitable conditions under which the guide field
is completely excluded by streaming plasma along the axis of

A typical magnetic probe signal in the
The flight velocity of the

the discharge tube.
guiding part is seen in fig.3.
plasma puff is about 2x107 cm/sec. We could make no big dif-
ference between the operating characteristics of the both
guns. For the preliminary experiments, we tried to let two

plasma puffs from the guns encounter in the central part of the
device initially appling the mirror field. Field distribution

along the axis is shown in fig.4.

| I | J Magnetic Field Distributions.
/**— 2usec/div-—T—"1 (Fast Bank Discharge)
(a) Bz
(Wb/m?)
-~ I~ 3.0
R —
2icll
1.0
Fig. 3. A magnetic probe signal Z(Cm) 100 50 0
in the plasma guiding part. . = jng.Coil 1st.Coil Gun Coil
(Wh/m?) (60kV) (60kV) (60kV)
(b) .10
ks Fig., 4. Magnetic field distri-
bution along the axis. (a):
main compression field. (b):
Z(Cm) 100 50 0

bias and guide field.

We have succeeded in encountering that two plasma puffs just at the
central plane of the apparatus. Such a process can be seen

from the §.T.L. framing photographs shown in fig.5.

usec

Fig. 5. S.T.L. framing photographs; plasma puffs are seen to

encounter just at the center of the apparatus.

I I [

Susec/div Fig., 6. Magnetic probe
.?ﬂx\_47 signal at.the center of
the apparatus.
- PP

B \\ﬂ_‘g‘_.‘,_ﬁ-——;’

The mirror ratio of our field is 1.7 , but the plasma seems to
be very stable all the time before if fades out. On the mag-
netic probe signal shown in fig.6, high frequency oscillation
does not appear, although the B value is greatly reduced from
that in the guide field. This was due to the dip of the guide
field formed by the pumping port. The exclusion of this dip
was furnished by insertion of some correction coils into the
vacuum tube, Consequently, we could obtain #=1 plasma at the
central region of the apparatus. Experiments are now going on
to realize the fast adiabatic compression of the high density

plasmas.
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Particle loss from the Polytron

J.D. Kilkenny and A.E. Dangor
Physies Dept., Imperial College,
Lordon, England.

Abstract: Single particle caleulatiors of the ion motion in the pelytron
configuration show that particles situated inside a volume close to the
minor zais are contained indefinitcly. Particles situated outside this
volume are lost. Experimental confirmarion of this loss region is presented.
The polytron experiment attempts to contain & high tamperature plasma
in & series of magnetic cusps arrarged in the form of a torus. Leskage from
the ring cusp should be prevented by accelerating the plasma in the toroidal
direction by the application of a toroidal slectric field E o In previous
experiments (1,2) it was found that a rapid leakage occurred about 1 psec
after the application of the electric field. Doppler shift measurements and
speciroscopic temperature estimztes indicate that the condition V d<\i'H where
v

d
velocity of the ion is only marginally satisfied. This eondition is thought

is tne ion drift veloeity in the toroidal direction ard VH is the thermal

to be necessary to avoid the normal thermal losses through the ring cusp.

However a single partinle calculation shows that VB forces on the particle

cen give rise tu additional leakage, which is found to dominate experimentally.

The equation of motion of a particle is solved numerically, taling the
actual vacuum magnecic fieid produced by the %€ toroidally placed cusp coils,
and sterting the particles at rest. The motion = dcns [all irto three cate-
gories. Firstly thers are those partizles loeated rear the magnetic axis

which zre meaclepated in the toreidal divection straight through the magnetic

. $
Fig.l. Trajectory in R-# plane. R measured relative to minor axis.

cusps. Secondly, further away from the axis, the particles are reflected by
the magnetic field towards the minor axis, whereupon reaching a region of
smaller radial magnetic field they are accelerated and behaye as particles in
the first category. The third category of particles are still further off
the magretic axis. These particles are lost straight through the ring cusp.
In all cases the instantanecus Larmor radius of the ions is comparable with
or larger than the dimensions of the cusp field, and each coil acts as a
focussing magnetic lens to the ions which are accelerated through.

In the toroidal configuration all of the ions which are accelerated
initially are eventually lost, because of the dominance at high velocities
of the centrifugal force. However when collisions are included we would expect
& limiting ion velocity v, =oE¢/ne. This is simulated in the model by making
the toroidal electric field E °=Ec(l-‘J @'""d)' With this modification the lons

Iy
can be contained indefinitely as long as 5.0 1DGV:Z!A >vy >2.110

VCZ.’A m/s
for this gremetry. Fig. 1 chows such an ien trajectory in the R-4 plare. The
field strergth is specified by Ve, the charging voltage of the cusp bank in
KV : 1KV is equivslent to an average radial field of .3tesla. Z and A are the
ionie charge and atomic weizht respectively. Thiz can be conpared with a Busch
formula, fig. 2, for a magnetic lens
“eB. 2
sede—L O g

lwd
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We require Ty = &~ = 32 where R_ 15 the major
o

radjus. So a particle with a large § undergoes a

large deflexion. There is also a rotation of the
eB

particle about the minor axis of 48 = L(—“});E

o

Fig.2. Focussing of
particle by cusp field.
In order that particles do not accumulate a large

which alternates in sign through successive cusps.

angle between their trajectories and the mincr axis we require 48 < 1 and as

i _ B v
§ < a (the tube radius) both conditions can be satisfied i %‘e—mﬁ < vy ;—Eﬁ"-i’é‘ﬂ;

Mumerical agreement is reasonable.

@ (0)
orputed Lkl
Er=0
- TiA A I
i
ey SO T
[ experimental
/
)
[} computed 1 usec
| = .2 10 v/m r
I Fig.3. Experimental and earputeta current
| waveforms in (a) argon E=0.5 10 v/m,
V =1k, 2=3, (b) hydrogen E=0.5 10%/m,
chjld.’, Er=0.
1 1
2 4 psecs

The number of electrons which belong to the fird ard secord category is very
small and criginate very close to the magnetic asis. The radial loss of these
electrons will be prevented by electrostatic fields and to allow for this a
radial field is included in the calculation. To compare the particle motion and

losses in this computational analysis with experimental results a reasonable

number of particles (256), distributed io® 5°
uniformly throughout the region of ; \
the discharge vessel are taken. As i"—"" I

particles reach the wall in the cal-

culation they are removed. It is
found that losses are limited to the |- y
ring cusp region, and shift in the

_~
e
N ~
direction of the applied electric N\ .//—

field. Experimental evidence for

Al

Bels 1 e chonea o hrcogan,
this exists in framing camera photo- ¢ P CURDL 35 BEIERO.Se
graphs of the discharge which show that at the time losses are predicted the
wall at the ring cusp becames luminous. A shift in the E, direction is also
observed. Ion probes measuring the flux of particles also give an appreciable
signal at this time. Fig. 3 shows the calculated and experimental toroidal
currents. The fall off in the current is caused by particle loss. Good expe-
rimental agreement is obtained by including a radial electrostatic field equi-
valent to a temperature of 7O eV.

The volumes from which lost and accelerated plasma originates are shown
in fig. 4. The dependence of the contzined volume cn B, E, and ©/m can be
obtained as follows. Assuming cylindrical symmetry and using the constancy of
cancnical angular momentun and energy |recoskz - rgccskzul M IE—{Q%HI
where (ro,zc'l specify the initial position of the particle. '[‘heufield is taken
as Ez=Bocaakz, Br=lisinks. Since r<a, the tube radius, particles are lost if

1

o »5 ey (25 l

This dependence is in agreerent with the calcuiations and the experiment.

Ref.: (1) Dangor et.al., 1968, lovesibisk, Vol.I, £.255 (IAEA).
(2) Dangor et.al., 1963, Utrecht, p.83 (Wolters-Hoordhoff).
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THE BUILD UP OF A PLASMA IN A MAGNETIC WELL WITH
A MULTI-ENERGY AND MULTI-ANGLE NEUTRAL ATOM

INJECTION SYSTEM
by

R.Dei-caos, F.Hennion
ASSOCIATION EURATOM-CEA
Deépariement de la Physique du Plasma et de la Fusion Contrdles
Centre d'Etudes Nucléeares

Boite Postale n° 8 92 Fontenay-aux-Roses (France]

Abstract : Numerical colculations of the plasme build up, anisotrapy eond
energy distribution are presented for a neutral multi-injection system (10 in=
jectors ) in a quadripolar coil. With an equivelent current of 0,72 A ; po=
3.]0‘sforr.' Bo= 10 KG: ; well depth R = 2, we can cbtain a plasma having
the following characteristics :ni> 103 cm™3, T; =2 5-10 KeV ; AE/E 51 ;

T,6/ Ty i=0,4in o volume of 30 liters.

The present experiments on fost neutral injection in o magnetic well
(ALICE,OGRA 2,PHOENIX 2) are limited in density by the instabilitias resul-
ting from anisotropy of the distribution function due te the injection method.
These instebilities cause a loss of particles and prevent the build up of the
plasma. In order to suppress this kind of instabilities wa have to spraad the In-
jection angles. At higher densities, when the ion plasma frequency Is of the
‘arder of or exceads the cyclotron frequency, the drift loss cone instabllity can
develop ; on enargy spread and o smooth density gradient will stabilize this
instab)lity . To satisfy these stobility conditions, a multi-angle neutral injec-
tion expariment in a quodripolar configuration haos been proposed 7. The
enargy distribution and the isotropy of injection should be obtained by the help

of ten injectors at differant potential and located in a 50° sector in such @

way that the Lorentz capture © == s i
IMJECTION X
is opti fig.1).1n th 3 é
is optimum (fig.1}.1n the LINES —
ALICE device the broadening
of the distribution function
]

should be obtained by colli-

sional affects /2/.The object

,of this work is to study the

density build up and the svo-

lution ‘of the distribution fun

Fig.1 - Injection lines and capture zone
(hatehured)
The injection plan is the xz plan in the fig.1 a

tion as a function of time and
space in realistic conditions
/37 .Each injection line is
divided into ten source elements, thus
with ten injectors we have to follow the
evolution of 100 partial densities ; at
each ionisation point we know the first

adiabatic invarant (W) of the particle, ne 108__D®

! =51 . 20

30 we can attribute a velume for each L Mo 1H—2@
source element, that is to say we sup-
pose that the particle fills uniformly

the volume defined by thegconservation .

By different sommations of these por-

tial densities we can obtainthe local

Fig.2 - Plasma build up.Curves 1,2,3
plasma density and 4,5,6 neu-
tral density inside the plasma.

density, the anisotropy ond the ener-

gy distribution.

95

In our model we take into cccount the Lorentz
trapping coefficient , the cascading effect, the
variation of the residuol pressure inside ond out-
side the plasma, the wall desarption effects.We
don't take into account the energy exchaonge
between the hundred partial populations, which

is a valuable approximation in our case for

densities up to 10'2 10 10'3 cm_a_ The density

build up depends on o number of parameters ;
Fig.d Effect of the desorption

the figure 2 shows, for a typical cose, the evo-  cocfiicient  on the plasma

build up.Curves 1,2:plasma
density ; 3,5 : pressure inslde
the plasma ; 4,6 1 pressure
outside the plasma.
=1 for curves 1,3,5 ond
I": 1,5 for curves 2,4,6.

lution of the plasma density ond the residual
pressure at the center ,for different initial pres-
sures. The main porameters are the following :

equivalent current and energy are dis- el

tributedfrom 125 mA, 20keV¥ for the
injector n®l to 20 mA, 2 kaV for the

injector n°10; desorption coefficient

02 (6 8 00U B B BN
‘f: 0,2. The total injected currant is :

0,72 A eq, for a mean plasmo volume Fig.4 1 Distribution function at diffe-
rant radius,

of 30 liters and with an inltial pressure

in the range of 1078 1o 3,'I0-s mmHg. That is comparable to the necessary

condltians for a reactor : injected current of the order of 1 A for 25 I1t. of

plasma, In Fig.3 is shown the Infleence of the wall dasorption coefficient

under particle bombardment.In Fig.4 is shown an exemple of the energy spectrum

r
* -

ot different radius, Fig.5 gives the density

P

gradient and the meon anisctropy -r.-T,i./TJ_'; as !
o

a function of the radius ; we see that we can ob-

tain @ mean anisotropy of the order of Tn0,4-0,5,85

i I
Above o density of 10 cm 3 the plasme g4

outside the capture zone will be opeque o the

excited atoms and the Larentz trapping becomes '

ineffective , the injection should be done along

o line where the non trapping region is minimum  Fig.5 - Mean anisotropy

z=Tl - Tii ond
density profil.

for axemple alang the line n® 11 (fig.1). For
these densities the collisional effects will
broaden the distribution function.

In conclusion we con say that :
= this multi-injection system should allow to control the distribution functions
which is important ro understand their effect on the microinstabillties,
- with the anisotropy (fi3.5) and the energy distribution obtainad (fig.4) this

12 t0 10" ¢m™3 thar is to say in the range of

plasma shoeuld be stable up te 10
thermonuclear interest : mpi/w ci10 to 30, mean energy 10 KeV, B, =10 KG;
life time 0,1 to 0,2 s. These parameters are those of a plasma "model” for a
thermonuclear plasma. if these values can be obtained, this will demonstrate the
possibility to confine a thermonuclear plasma in an open ended system.
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PLASMA FORMATION BY DISSOCIATION OF AN ACCELERATED becomes smaller than the vacuum vessel rodius 1, since it will then cross several

HYDROGEN CLUSTER BEAM times the plasma target ; this defines o critical mass number N, which is a func-

tion of magnetic field B, vessel radius 12 and fragment velocity, Nc is the se~

c
iglioni at « Folf.. p
FuBattighioni, J. Coubaar,: M. Fef cond impartant parameter of the model.

ASSOCIATION EURATOM-CEA CALCULATION RESULTS : For each set of parameters and a given maoss number
Departement de la Physique du Plasma et de la Fusion Contralée
Centre d'Etudes Nucléaires N of the initial clusters, the mass distribution funciion F(N,Nu ¥) is caleulated
Boite Postale n® 6 - 92 Fontenay-aux-Roses (France) 2 9 :
as a function of ¥ by solving a system of N_ integro-differentiols equations. The
ABSTRACT ; The dissociotion rate of an hydrogen cluster beam crassing on elec~ computer gives :_!ZO the copture ratio KH_, Nc( ¥) defined os
tron target is calculated with a model involving spontaneous breaking of mul- KH=— 2_ F(N, N_, ) Y= }I
He, N o o
ticharged clusters. M N, i
INTRODUCTION : Dissociation of accelerated condensed particles (clusters) % : traversed length in the target ; A :initial N_ cluster mean free-path
Pliadf it MV B s
appears to be on attractive way for hot ion plasma formation, K1 = - K 1 . = . - =

pli}=canstant

Since Becker and his co-workers have produced the first cccelerated beam of
condensed hydrogen /1 /, severol similar clusters sources have been built in

different plasma loboratories. The expected advantages of this method are :

- high cccelerated flux with lower spoce charge problems ‘072 corve N, N, | ol
- velocity spread of protons produced by dissociation, due to initiol mass dis- 72 "gg%% gg n 1=10
persion of the clusters 3 2500 27
il e -3 & W0 W | oA
- easy penetration in magnetic fields due to high moss-to-charge ratio 0 5 ?Eg 1ﬂ'\
B 5
In Fontenoy-oux-Roses, the INGRA device, recently achieved, can provide 7 00 4 plF)=a 1t =5
K -4 . N=1000 N=17
i - = 1 . = . . 10 . L sl 5
a beam of nitregen or hydrogen clusters accelerated up to 600kV, The first pur 0 0 1 0 R E 0 Rl ¥] E] Ty i g
pose of this experiment is o study the process of cluster dissaciation in a plasma Fig.1 : Capture ratio K for 600 keV * Fig.2 : Captureratio K for 600 keV clus-
target, as o function of initiol cluster mass. Interpretation of experimental results clusters, as a function of Y, for seve- ters asa functionof 'Fa,Fnr several va-
initi : = V.| f W = .
requires the working out of o dissociation model ; some preliminary calculations ral initial mosses, Welenfmns L ues af 1 Welecrrsns 100 &V
made with such a simplified madel are presented in this paper. Fig. 1 shows for example the capture ratio K for 600keV clusters and 100 eV
2, DESCRIPTION OF THE MODEL, This model must take into account the follo- electrons . The critical number Ng corresponds to B = 10 kG and e =12,5 cm.
wing experimental facts : In this case p (F) is uniform i.e. the probability density is the same for all possible
- the cross-section for jonisation by electron impact increases with cluster mass /27 values of F.
- the mean mass of a cluster beam passing through an electron target decreases Fig. 2 shows, for N_=1000, the capture ratio K os o function of £ for
with increasing of electron density [3_]. This is generally attributed to mul- P (§£)=8¢ *J{n\ , and several values of ¥

tiple ionisation : a multicharged cluster being instable breaks, giving rises te
two lighter fragments.
The ‘assumptions,this model is based on, are :

1) the reaction occuringwhen ionisationbyelectronic impact tokes place s

K
1 —r
the following : 5 : la’ﬁ\;}{;ﬂ_&msﬂts /
+ ++ 5 W, = X0V
Hy te —= Hi'+2e === g+ Hi g + 22 b, el
=125
~The same reaction con be written for fonic impact. { rE’ A m‘;m )
If the double-charged cluster is stable or if one of the fragments remoins 04 /
s
neutral, the reaction should be written in two steps ] =T J ) eure o)
e ++ + + ¥ 4 o i) / J 1 6i|_—ﬂ§i
o ——— — + + 2 &i-008)
HN‘t-tzz—--'HN +2e Hy, Te n T2e HFN H(1—!‘)H Ze | L
or |U-‘ 'l ? -
=
% ++ +%+ +
Hive—=H 0 +2a—= Hpy b W oy 72 g ter = Ny - q,
i 04 PR ; ; o w0 P w0
Anyway, final results should nat be appreciably offected because these processes 0 0 20 30 40 50 60 70 80 90 10 10 j N,
could be expected only for heavier clusters whose mean free path is very short. Fig.3:Captureratio K for 600 KeV Fig.4 :Capture ratio K for 600 keV
2) the electronic ionisati —sacii bo clude e R, clustersas a functionof ¥ for several clusters asa function of N _forseveral
) the electronic ionisation cross-section o r containing valuesof N_. p(F) = (1 -0.201 aloes ot iF
is taken as Welec!rons: 100 eV.

T (N, \,,,‘2) SR %/3 [1_ anp (_ fe N‘I‘a)} W, is the electron energy
Fig. 3 shows K versus ¥ curves for several values of Nc ;
In this formula, the term into brackets is the probability of ionisation for on

ST Fig. 4 gives the final caph tio K typical pl K i
electron passing throughtheclus'rer, the density of which is assumed to ig gives the final copture ratio on a typical plasma target as a funetion

of initial cluster mass. It shows that K increases steoply with No. For N> 103,

1

bethe solid hydrogenone's:the N “3 term represents the cluster geometrical
K is weekly dependenton the fraction rate except for f, = N~  correspon-

cross-section.

ding to the case where the electroni Ilisi
The factor A, which depends, like k,upon the electron energy, is determined 9 ectronic collision would pull out enly one proton .

for each volue of electron energy, by equaling the formula for N=2 with the This case gives on the other hand a higher value of K for smoll clusters.

corresponding experimental cross-section of Hy.

REFERENCES.
This formula does not take info account any recombinotion effect of secondary —_—

electrons inside the cluster; therefore one could expect aver evaluated values L7 W . HENKES, Zeitschrift fur \NururforSchung 17a, 9, (1962).
for heavy clusters. /27 O.F. HAGENA, W.HENKES, Zeits, fur Naturforschung, 20a,
3) The velocity of the fragments remains alwoys equal to the initicl cluster 10, (1965 )
y .
velocity.

£37 J. COUTANT, M, FOIS, A.MLE BIHAN, Note Interne EUR-CEA

4) At a fraction ratio f is associated o probability density FH- }, which is
n® 1011 ( 1970 ).

an essentiol parameter of the model ; up ta now p (£) has been considered as
independont of the cluster mass.

5) A fragment is considered fully dissociated when it's Larmor diameter

96




H.F.  PLASMAS AND

X B TOR PLASMA INJECTION

HIGI

E. Sinduni and H.

PRINCETON PLASMA PHY

Princeton. Xew Je

Abstract: We present an experimental investigation of electron cyclotron
resonance plasma accelerators as a source of high intensity, low energy
{keV) ions in which ion current and electron and ion energies are related

to rf power and zas pressure.

Considerable interest has developed in fusion research toward achieving
high current, low energy 1on hearr, sonrces fur inigction, usually as neu-
tral beams, into confinenient devices. The desire for high currents at
low (keV ) energy is mol particularly compatible with the space charge

parcnt, hnwever, that the plasma acceleraturs studied

equation, it
extensively both theoretically and experimentally by Consoli's group '
embody many attractive features as an ion source in this regard. We
reler to that general class of plasma acceleratnrs which transfer rf

eneray to plasma electvons through electron cyclatron resonance in a
magnetic field gradient, Efficiencies can be high in terms of plasma

kinetic energy and input rf power but most important, ions can be acce.-

erated to keV energies via an internal electrostatic sheath,

DOUBLE PROSE DIAMAGHETIC COIL
— 1
Experiment: The cxperimental g E(_LN &
apparatus is shown schemat- ACEELETRTON =] | gamoip
. . (o) C==—=10N BHIGY
ically in Fig. 1 with the plot of s J = / - | ] AHALYZER

b [ Prr————— .
5 - s ie -
axial magnetic field. The maeg- ne O L et = A—
; 2 waviduoe COLLECTON
netic field gradient i5 fixed and
3
cqual to 130 gauss fom at the 5 e (373 1)
: 3
resonance plane. The micro- “m"
wave source is an X band gen- U nu- 0 W e
.5 GHz, .
erator at 10 H Fig. 1

Three basically different accelerating structures have been tried

(a) slotted lines or "Lisitana" cc-ils:5 axially and radially fed from X band
rectangular guide and having 1 and 2 cm 1D and 2X length, (b) a rectan-
gular microwave cavity operated in the TEm mode with a 1 cm diameter
plasma aperture, and (c) standard X band rectangular guide with a 1 cm
diameter aperture. In the first approximation all perform similarily in
regard to variation in power and gas pressure and provided they have
insulating liners to bound the discharge from the metal wallEq will pro-
duce ions - 1 keV at about | ampere. In terms of ease of fabrication
and absence of any resonant tuning requirements the waveguide has much

to be said for it.

The radial profile of the plasma was made with a double probe by assam-
ing constant temperature. Line density was obtained from an & -mm
microwave interferometer, a 100 turn diamapgnetic loop served to indicate
the electron pressure Tcl since the ions should have negligible velacity
perpendicular to B, and a multierid retarding potential probe yielded

Teu for the electron motion parallel to B. The aperture size for this
probe is less than the local Debye distance. Ion distribuations were also
made with this probe and with a 907 radial electrostatic analyzer located
downstream of the magnetic field, The gridded probe vields absolute
current densities although with some uncertainty due to the fact that the

grid transparency is a function of the velocity distribution V”/Vl-

All accelerating structures show

miean ion and electron energies

~8- 2600 WATT FWD PWR

a-180Q W mom which decrease with increasing pres-

sure as shown in Figs. 2 and 3.
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The total current increases slowly
with pressure in this range, how-

ever, as does the electron density

0 0o 0 30 W .
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put rf power up to a point, be- Fig, 3, Mean Ion Energy vs. Pressure,

yond a cer input power level, the exact value varies with the aceel-
erating structure, abrupt decrease in beam output occurs which for the
axially fed "L' coil could be traced to arcing across the slots and for
the cavity and waveguide usually resulted from breakdown outside the
Pyrex or quartz liners, The waveguide appears capahble of handling the
largest input power which for our case was about 4 kW. Normally all
high power results are taken with 2 msec pulses at about 3 pulsus/sm:,
but we have varied the pulse width from 0.1 to 8 msec. At the higher
powers of = 1 kW, plasma is pumped from the accelerating region ata
rate in excess of the neutral gas feed, which in long pulse operation pro-
duces considerable change in ion energy over the pulse width because of
the pressure dependence. This results in, for certain applications in

F 5 . e e
plasma confineruent experiments, a nicely smeared energy distribution
17

whose halfwidth is comparable

3
T

"
i
>

/ with the mean energy(Fig. 4
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One of the most interesting
results of the experiment is

the measurements of T | for
e
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along the field is tightly

coupled to the ions such that

T  «T, . Inreality we find
ell il

a group of electrons for which
TB" = Ti:i' Although the
density of this group must be

down from the total electron

N 1/2 E
density by roughly (Mi/me) [ -+ 2600 WATT FwD PwR
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Fig., 5. Electron Energy Distributions,
Coulomb or gas scattering of the primary large VL/V,, electrens cannot
i

account for any large V), Broup which constitate of the order of 2% nf the
density. We are lad therefare to the conclusion that this 2% group of
electrons must arise from a sheath rendered leaky by \;::Lrtua of secondary
or reflected cald electrons which flow back into the sheath region and
provide partial neutralizatien., True adiabatic expansion of electrons
from the cyelotran region would yield T ~ 0.7 the initial T_ |, a value
comparable with the diamagnetic loop estimates of Tei' To separate the
pressure effects of sheath leakiness from the effect on the primary pro-
duction is beyond our data at this time. We are pursuing this further as

it may be crucial in any attempt to neutralize the ion beam.

This work was performed under the auspices of the U. S. Atomic Energy

Commission.
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H.E PLASMAS AND

"MICROBE": Microwave Ionization in a Crossed Beam Experiment

HEATING
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p=110"° Torr p=83.10"" Torr
G. Cattanei, and J.-G. Wegrowe, Institut fiir Plasmaphysik GmbH, N[em-3]
B046 Garching near Munich, Federal Republic of Germany Nfem™] sii0}
= z 1" L
Abstract: A new plasma source using microwave power focused on T i Trasiarrttes
a neutral beam has been developed. Same results are presented. |
5 21
Introduction: An adeguate plasma source for various confinement | ﬂo[ﬂ] A E:.[A]
and heating experiments in stellarators should possess the 1200 1300 1200 1300
following characters: E 3
- Small spatial extension compared to the dimensions of the zm"{n .k
vacuum vessel.
- Absence of electrodes, antennas, limiters etc. in the source |
region.
- Measurable intensity. | “nn{
= Ability to produce continuously a guiescent plasma of high
density with respect to the background gas density. 5 i Center Center
For this purpose a source was deviced using microwave power at
the electron gyrofrequency focused on a collimated neutral-gas Eﬂ[’“] | Buiﬁ}
beam. The neutral and the microwave beams are perpendicular to 1200 1300 1200 1300
each other and to the static magnetic field BD. NE"“_JJ
The minimum neutral flux necessary for breakdewn is 1o N[cm"}
inversely proportional to the lifetime of the plasma particles 310104
and to the ionization cross section. Even with the poor 5 Receiver 2 Recarver
confinement of a straight device this flux is realizable by 8, ] 1
using alkali metals. = | oo 9_{?]
We present preliminary results obtained in such an 1200 1300 1200 1300
experimental set-up.
Experimental set-up: Figure 1 shows a blockdiagram of the Fig. 2 Fig. 3
machine. The stainless steel vacuum vessel has a diameter of
17 cm and a length of about 1 m.
The magnetic field may be varied up to 6 kG and is homo-
geneous to within 5-10_3in the interaction region. The micro-
wave power (up to 20 watts at 13.3 GHz) is fed through horns
and ceramic lenses (12 cm in diameter) which are also used as
parts of an B mm interferometer.
Purther diagnostic tmils
are: a Langmuir probe, a
diamagnetic coil and a -
contact ionization pr S S 11 e
for neutral flux Fre ':-7'15' s
measurements. J—“r__' 9 —_—— ;
Results: The plasma was i J‘[_L':E[{: pro be
produced using a collima- ¥ al current
ted beam of Cs.The oven RSN ) (e i
could be moved to vary the z T b-::-_-'_"'-
width of the beam on the ‘“(ET
axis of the device between %:_;5; : ﬁ..-........ b
1 and 2 cm. DERPTRL 2
Fig. 2 shows the dependence ; '
of the ion saturation O A ¥
current of the Langmuir Figl MICROBE Esperimental si-up
probe on the magnetic
field for three different
radial positions: on axis =
A!TA:EB cm apart on each . : " - . . g
side. L
For comparison, Fig. 3 shows the corresponding results obtained -6 -4 _2 2 4 ch
without Cs beam and filling the machine with Argon. Fig. 4: Radial Profiles
As may be seer a good spatial limitation of the plasma is a) Cs Ream
ootained with the Cs beam.( a radial profile is shown in Fig.4). bt Na (P w h.5 % !3-5 Torr

Half-width down to about 2 cm could be measured. This corresponds ,
as expected, to the dimensions of the interaction region
between the microwave and neutral beams.

The density was evaluated from Langmuir probes and checked
by the microwave interferometer. Peak densities up to some
times 10%%cm™? have been obtained.

The results obtained up to now indicate the feasibility of
a source possessing the required properties. More gquantitative
measurements e.g. particles and power balance, are in progress.

This work was performed as part of the agreement between the
Institut fiir Plasmaphysik GmbE, Munich-Garching, and Euratom.
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H.F. PLASMAS

DESCRIPTION OF WAVES T0 ALL ORDERS IN ELECTRON AND ION
TEMPERATURES IN A NONUNIFORM MAGNETIZED PLASMA .
J-L MONFORT™ and P.E.VANDENPLAS
taboratoire de Physique des Pla—:mas", Ecole Royale Militaire, 1040 Braelles,Belgiia..
Laboratorium voor Plasmafysica’ ,Koninklijke Nilitaive School,1040 Brussel, Belgium.
Abstract.d general description of waves (with the differential equation for the
alectromagnetic field) in a nommifore magnetized plasma is given to all orders
in the T, glectron and T ion temperature and permits the complete treatment of

a bounded plasma. The influence of T and T, on the waves occurring in the magneto—

ion domain (ineluding the reg ! the lower hyi frequency) is investigated.

New resonances in the magneto-ion domain of hot bounded plasmas have been
prerlicl.ed on the basis of the standard fluid model of a hot electron plasma in

which the equations are closed by assuming p:.:,a_l:;rl,,u

fa=e or 7] for the pertur-
bed exp(=iwt) pressures [1] and experiments have confirmed their existence [2].
The basic character and the possible thermonuclear importance of these resonances
render a complete description of the plasma in Che magneto-ion domain necessary.
We use an operator method to give a general description of waves in a non-uniform
magnetized plasma to all orders in the clectron and ion temperature and obtain
the corresponding dispersion relation.

Consider a mon-uniform plasma jmmersed in a uniform magnetic induction
Eo = }-:o ?;.The rather general theory we develop concernming the waves in such a
plasma is nonrelativistic and linear,i.e.,the product of two perturbed quantities
is neglected. The steady electric field Ea is neglected;this is warranted either
when "Lu‘ <, or when rbn PR =37 fr'L“ and "!Ju are respectively the Larmor and the
pebye radius of particles, L the characteristic length of the density gradient
and ) the local wavelength;a=e, fy...).The linearized Boltzmann equation for the
exp(~iwt) perturbed distribution Function f can be written as [2/24+E_(42)f =4 (%)
in which f‘le is a linear operator containing 3/dz, 73/35; and #/9z;the velocity v
= [:JJ_cos ¢,u&a:}: ¢, vyl and L means perpendicular to B’D. The collision term is
represented by - fu. The use of a single L although rather crude can be useful,
among other things, in a practically collisionless plasma to remove the infinities
that would otherwise appear in some integrals. The above operator equation can be
interpreted and furnishes fn under the form of an operator represented by a pro-
duct of 10 infinite series and acting on the perturbed electric field £ and on the
nonuniform equilibrium distribution function ‘F’nv.fhis expression for f-fu> enables

one to calculate all the macroscopic quantities that are necessary to solve Maxwell's

* Chercheur agréé de 1'Institut Interuniversitaire des Sciences Nucléaires.Presently
at IBM Belgium, Brussels.
“Aunclar.ion Euratom-Etat belge.
equations and to state the boundary conditions pertaining to a bounded plasma.
In particular, if ~Fn' is Maxwellian and centred on zero and if 3/32:0 (the
wave vector k is thus | to Eﬂ).the first of the ] equations for the components of
the electric field,to all orders in Te and Ti,is of the form [3][4]:

o2 BEVE £ 5
?[ Elyz 'a.ray]*EJ:"EpI-':a B+
ul o 2
121” Wag l’ufiuh} 1
;2P 2P 201 -
Hl,m A5 ':2,0 Ey A uu‘&_,n Egl TS “pa ~ 0 (1)

where T,’ absolute temperature, "pu: plasma frequency vt phenomenological colli-
sion frequency, a=¢ or i for electrons and ions. We shall see later that this leads
to a convergent description when the cyclotron frequencies mcuﬁﬂ.fzp is a linear
differential operator of order 2P in z and y. This method is particularly interes-
ting to use when one considers a nonuniform plasma with different species of parti-
cles, since it furnishes a temperaturc-ordered description.

The three equations of type (1) lead,when V? is replaced by (-k?), to the general
electromagnetic dispersion equation, which is temperature—ordered,of an uniform plas-
ma under the not too Testrictive assumptions made. If,furthermore,the quasi-static
approximation is made (E=-V¢; note carefully that this issdl] more general than consi-
dering purely longitudinal waves,see e.g.pages B-10 of [5]),the above dispersion
equation leads to a simpler one:

KT N
X2 ® W (ZR1IE
U+£h=0fk1} m———{ﬁy} ;32]:_‘1 [¢3)

n {178 ~2) =

1=1 o
which {s equivalent to Bernstein's dispersion relation. Eq(2) has,however,attractive
features: It consists of two infinite series (a=i and e) which are absolutely conver—
gent when Yog and mm-'r“O. A sufficient condition for interrupting the series by re-—
taining the terms up to order ¥ in T, is that erIJ"méu > w? and that
|(3ﬁ*“k2ﬁ1'n/mu| << \(JWZJZuéa - w?|. These conditions show that the power of ¥ of
the terms'which must be retained cannot be a priori decided but depends on the values
of wopr @ T, m, ¥ in the domain in which the wave is being investigated. For
instance, when the magnetic field is low (u"‘u/wull, we must use a rather high ¥ and
introduce the First (N+1) cyclotron harmonics for a detailed description of the pheno-
mena. This does not necessarily mean,however,that a satisfactory description cannot
be obtained when the above sufficient conditioms are not met.

A systematic comparison between the k° given by the above general description
[electromagnetic and quasi-static (F*-94) ] and the standard hydrodynamical k! obtained
with the closure P, = lﬂ:!nnwu has been carried out. Because of lack of space, we only
sumarize the results in the magneto-ion domain. Tn this domain we mostly have

ka7 2 i
(L |>>1, Fig.l gives the dispersion relation for different values of

AND HEATING
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Fig.2.Dispersion relationa o{ the extra-
T fe)ip = A ordinary wave with elliptical polariza-
k:j(;{f}‘m‘?g:fu"nﬂu' Thaly ater te tion with respect to B, (wai”uz). The

LI parameter is kz.'ﬂ'i/mi 't P

Fig.1.Disperaion relations of the gquasi-
longitudinal extrasrdinary r'rE and %15 J
wave for three descriptions((a)f=;(b)f

kEKT{/miw2 in the region uzfmz in which the waves are quasi-longitudinal

(quasi-static approximation fully warranted); three approximations are consi-

dered: (a) T, i.e. all orders in T': and Te (b) 7!, i.e. order 1 in T and

(c) p=ynKT. The electrons have mo influence as soon as wr__':/u”ﬁffﬁi. When

|k2)('1‘i/miuz|<1, the 7' and T descriptions agree except around the cyeclotron

harmonics; the same is true of the scalar pressure description when |wm:/u|<‘lz_
Fig.2 gives the dispersion relation of the waves having elliptical polari-

zation around 50, i.e. in the region m;_,: >> w?, This region can be very impor-

tant for thermonuclear plasmas. Except, of course, around the cyclotron harmonics,

the three descriptions are in satisfactory agreement especially when

|k:KT.,;/'ﬂi“2|<"1- The quasi-static approximation is generally warranted when

|k2LZ | <<,
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HFE PLASMAS AND HEATING

HICH FREQUENCY ION-ELECTRON RESONANCES AND ABSORPTION
IN A STRONGLY MAGNETIZED PLASMA COLUMN

AM.MESSTAEN™, P.E.VANDENPLAS and J-L MONFORT®
Laboratoire de Physique des Plasmas’™-Laboratorium voor Plasmafysicd™

Ecole Royale Militaire-Koninklijke Militaire School; 1040 Brussels,Belgium.|

Abstract. We give the main results of a fluid description of a bounded hot
ion-electron plasma which includes collision effects and a full electro-
magnetic treatment. The importance for rf absorption of the boundedness
and of the hot character of the plasma is again emphasized. Ezperimental
results agree satisfactorily with theory.

1.INTRODUCTION AND THEORETICAL ANALYSIS. The possibility of rf energy

fw, ?

ce ce
cisely at the lower hybrid frequency Wy has been investigated by several

absorption for w << w electron cyclotron frequency) and more pre-
authors [11[2]1[3], In parilicular, Lhe imporiance of considering the boun-
dedness of actual plasmas has been demonstrated[2][3]. In [2] we theore-
tically investigated a hot {Te and Ti}‘o) uniform magnetized plasma column
(ED magnetic field // axis) submitted to a rf F-field (£ and vacuum wave-
vector ia"ﬁa‘?' The hydrodynamical equations for ions and electrons wi-
thout collisions are closed assuming a perturbed scalar pressure and the
quasi-static approximation (E 2. V$) is made. This theory predicts the
existence of new resonances (and particularly of main resonances)in the
magneto-ion domain which are due to the boundedness and to the hot cha-
racter of the plasma. We also show that a theoretical treatment with
Tfa but Ts;fo glves a good first approximation of the resonances exis-
ting when both 7, and T _#o.

We now consider the same model with Tefo and T£=o but use the full
electromagnetic treatment and introduce collision frequencies v, and vy
for momentum transfer. The plasma column of radius aq is excited by a
TE wave (cylindrical coordinates r,8,% with B/a = 0) with magnetic
tield iy = F, J|, (kr) SLmewt) ratiod = D, HV

n
between scattered and incoming #, field at r=a is computed. One can

Z

¥ Chercheur agréé de 1'Institut Interuniversitaire des Sciences Nucléaires.
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2|n|
2n ka‘l

M :ﬂln (lu—l!.’ rTJ lpnlz

absorbed power in the plasma, €= permitti-

dPp

easily show that a—zibﬁ- = Iman

when kon << 1. (Paba
vity of vacuum).

The calculations lead to the following conclusions: (1) The vali-
dity of the quasistatic approximation as discussed in [2] is fully
confirmed, A typical curve of |23| versus w is shown in Fig la (n=-1).
The peak on the right hand side is the low frequency continuation of
one of the two well-known magnetic main dipolar resonances which exists
for w 2 Wage
sonances. These two resonances satisfy the following equation:
K fm—nmw) fwen “ni”m ut)

The peak on the left hand side is one of the new main re-

2 = =
= in=#+1 (1)
e w-w  wSe

with w : electron plasma frequency, ¢ ion cyclotron frequency,

“'r:ﬁs k‘l‘e} 2 /a, K : geometrical factor depending on the outer medium,
Ye L
dashed regipn corresponds to a fine structure of narrow resonances (see
(3)). (2) Fig 1b and lc show the influence of the collision frequencies
on the absorbed power. At high v the main resonance on the left spreads out

¢ pressure law constant. In the center of the figure, near w the

and disappears while a narrow absorption peak remains near w e (3) Fig
2a shows a typical finme structure of absorption peaks near wrpy fdue to
real eigenvalues of the relevant k). The decisive influence of increa-—
P

abs
II.EXPERIMENTAL SETUP.A rf resonantly sustained plasma [4] Ls created

sing temperature on even when v >> w is apparent on Fig 2b and 2ec.
in a glass tube placed across a waveguide (Fig 3) by a microwave signal
of frequency w, (~3GHz). The density of the plasma can be easily ajusted

by a small change of Ba when w_/w ¢ 1 and the plasma is then practically

quiescent. The plasma is furl‘.h:smo’:: excited at a frequency w << wt (i)
either direectly by a w signal applied to a plane electode A inside the
waveguide and received by probes B (ii) or by nonlinear mixing.The “
microwave signal is amplitude modulated at frequency w and the nonlinear
behaviour of the plasma provides a w component which is picked up by A or
B. The latter excitation is much easier at low w. Experiments were per—
formed in Hg (p ~ 10—3 forr, Te ~20000°K, Ti ~ 300°K, .B‘J ~1kG)
IIT,EXPERIMENTAL RESULTS FOR w

<< W << Uogt Using a continuity analysis

L
, we followed the n=-] main electron resonance down to the do-

from w = @
main w << @t Eq (1) is plotted on Fig 4 (with ¥ = 8, Ts:2 eV, X=3,1,
n==1) and compared to the experimental points. We find good agreement es—
pecially concerning the existence of a cut-off value w=w_ for which the
resonance vanishea. The existence of this resonance when m“/m».i‘ is also

important in connection with the obtention of overdense rf plasmas. More

)
| (ka) frd In] (k a)
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details will be given in [5].
IV.EXPERIMENTAL RESULTS WHEN wéuy g AND u;—lm“f.ExpertmEntal data mostly

obtained by nonlinear excitation are presented in Fig 5 and compared
to the theoretical location of the main resonance and of the resonance
region near up, positive k% between the solid line corresponding te

@, and the thin dashed line). The strongest effect observed is the

rinme situated in the domain at the right of o Since the expe—
rimental v, 2 25 MHz >> w, theory leads us to expect that the main
resonance (left of Fig lc) shall be strongly damped.In fact we obser—
ve in the vicinity of the theoretical location of this resonance, a
series of swall ones. A part of this series has already been obser-
ved by an indirect method [5]}, It has not yet been possible to deter—
mine the exact nature of this series; it may be related to main re-
sonances (possibly with values of |n|,1‘1, parametric effects, etc)or

to non~uniformity phenomena.

CONCLUSIONS. We have observed most of the effects which are, in our
present experimental conditions, predicted on the basis of hot uniform
plasma theory. However, more experiments are needed with quiescent
plasmas having lower v and with a stronger coupling of the rf energy.

The inclusion in the theory of nonuniformity is alse desirable.
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NON LINEAR EFFECTS IN TRANSIT TIME MAGNETIC PUMPING
by
E. Canobblo

ASSOCIATION EURATOM -CEA
Déportement de la Physique du Flosma et de la Fusion Controlze
Service I.6n, Cenire d'Eludes MNucleoire

Cedex 85, 38 Grenoble Gare [Frence)
ipstract | The conditions for the validity of the collision-independent
&M power absorption by Transit Time Magnetic Pumping as derived by the 1i-
near theory are investigated. In the case of very low collision frequency,
non linear effects result in power absorption that is proportional to the
jen-ion collision frequency.

3y slightly modulating the toroidal component of a closed magnetlc confi-
guration at a low frequency (W <<W,;, the ion gyrofrequency) with a phase
velncity of Wi zflJ‘aE(sz;fn)m. which s the lon thermal speed, direct
eonversion of FM energy into thermal energy of the plasms ions appears. This
results in a uniform heating which i{s independent of the density, without
need for "beach” modifications of the .E-); field /1/. This modified version of
the original concept of Transit Time Magnetic Pumping (TTMP) i.e. a strong
field modulation over a short section of the toroid /2/, is a potential method
for overcoming the limitations of ohmic heating in toroidal traps both for
prasent day experiments and for thermonuclear reactors /3/.

We consider the following situation. External azimuthal currents that flow
through an array of coils (radius R) surrounding a uniform plasma cylinder
(radius r << R) produce a modulation of the static field wiz.

P - —
B(t,Flay T8, (1 + b cos (Kz - wit)), (1)
where the constant b will be independent of the presence of plasma provided
that vq-«v“r““. EE i # Vg this last condition will imply that @i << 1.
(3
invariance, hence conservation of the magnetic flux within the plasma i.e.
Br-i = const. and also neglect ion collisions ()J; <€() ). The opposite case
f}).—>())) has been considered
the following linearized Vlasov equation (b<xl) for fy(t,z,vy;.vy ), for

is the ratio of fonic to magnetic pressure. We assume magnetic moment

in ref, /4/, Ton dynamics can be described by

smal! departures {rom the equilibrium distribution function f :

f, [k +92 94, 92 + (3 Eu- 2. 32)0ho/or, 12532 0B ohjoui=0, (2)
(VJ. is the gyration velocity). If the electron collisien frequency is lar-
g=r than (1), the electron fluld can be considered in mechanical and thermal
fguilibrium : ""es,rf - m\..’Bc\,Rz- 0, By assuming plasma charge neutrality
and using the lon continuity equation with Eg. (2), it can be shown that

eE, = - R B/oz 3¢, (Velte klT) = - Kl 9B/2z . (3)

The function Br, 1s given in ref. /1/ assuming a Maxwellfan distribution

function f,. The approxima®ed expression (which we shall use in the follo-
wing) holds as long as T, Ty, so that ion sound wave excitation and elec-
tron heating can be disregarded /la, 4/. TTMP both puts energy preferential-

ly into the parallel component of ion velocity uniformly within the colummn
and keeps the plasma as close as possible to thermodynamic equilibrium. As-
suming f_ to be an isotropic Maxwellian distribution, we may integrate Eq.(3)
over v; and use Eqs, (1) and (?) to obtain an equation for B (t,z.vz). This is

BB/t + 72 9F/2z + KUS(b/2)(Te T+ Vphtp) sm(Kz-wB)dR =0, (4)
where Fy(v) = exp(-vza’vswvaﬁ-' . We notice that under the asaumed condi-
tions no supplementary enhanced collisional and/or turbulent cross-field

diffusion should substantially shorten the plasma confinement time in a
toroidal configuration during the heating phase. Eg. (4) is identical to
the equation used to derive Landau damping, after the substitution

- &€ —» KVG(Te [T+ Tp/i5) b/2 )
is made. Notice, incidentally, that this substitution is written incorrectly
on p, 234 of ref. /5/. In order to obtain the expression for the power absorp-
tion per unit volume, we use the same procedure as when computing power ab-
sorption by Landau damping. That is, in terms of a given EM field and a gi-
ven set of () and K wvalues, without using Poisson's equation. By using sub-
stitution (5) we obtain in our case

P =ﬁw@f&eﬁi(ﬁjﬁ+ﬁh@hrﬁ-”@/ﬁ) '(782—?1' ()

We will let 13"!1! the absorption rate. Tnen, invcking conservation of energy
we may write P = 29-W, where W, the energy density of the wave, is (Bob)::
{4"'0(6})”}/“&))/457T . In our case, we obtain for ¥

2.
F = 40T 0 (VU8 (Te T+ g UB) [Be expCTRIE).  (F)

For order-of-magnitude estimates we shali use the maximum b“'value for the
isothermal case (T, = Ty), sz’l.a (U(3£ << (). Tt oceurs for %:’]]é.

The llnear collisionless theory used to derive the above results holds
under the follewing condition. The non linear distortion of the Maxwellian
distribution produced by TIMP in the resonance region must be destroyed by
ion-1on collisiona sufficlently rapidly. The effects of like particle colli-
sions on the distribution function in the resonance region can be described

by the Fokker-Planck term /f/ shown below (g)

3 (2002, (2f/30% VB/2 +V=F)
"'hﬂfét,ﬂ.ﬂis the Spitzer det‘lecuo: time m’ﬁ!ﬂéﬂé'ﬁ)ﬁnl\l. Expression (8)

is exact in the limit of a sufficlently narrow cne-dimensional resonance re-
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g'on in velocity spsce which is far from the thermal velocity. It is correet
t. within an order-of-magnitude for all possible values of vy,
In discusring non linear effects, as in the electrostatic case /6/, we will
distinguish between narrow and broad wave packet modulations, depending on
the phase velocity spread A@'{Q . We compare A‘U_Q with the velocity inter-
val [(v - "'lt_]“ Av = vg (b(e(T; +1h'¢f'l.?'9))m' A resonant particle will be
trapped in the EM wave under consideration when its velocity falls in this
tnterval, TrAU <« AV~ (narrow packet) strong correlationa among trapped
particles occur and the spatial periodicity of F, in the resonance zone 1s
important /7/. In the opposite caseAﬂ'qtrA'\f, no particle can be considered
to be trapped in any one wave and F, is homogeneous in space, i.e. the basic
assumption of the quasi-linear approach. In both case, a non linear treatment
which takes account of the collision term (B), gives the following modifica-
tion of the power absorption /6/ : Py & P/(1 +%%), whereTq s the charac-
teristic time for remaxweliization in the resonance zone lnd'tll.u the charac-
teristic time for the non linear distortion of the distribution function in
the resonance zone. The remaxwellisation condition will be satisfied if ﬁ&
«z'i This inequality, when applied to the two cases, produces two different
threshold values for))'-./w. In the monochromatic (nmarrow-band) case with imsuf-
ficient remumuuniun'ai-x'ly. we may use the results of ref. /7/, and
substitution (5) to obtein the following sxpression for thke non-linear power
absorption P,.,,_:(szTr/#'tD)@?ghE)"B’g gk-(-rem +Dip [ﬁtﬂzﬁﬁw@j (@)
By equating the r.h.s. of equations (6) and (9), we obtain a critical value
of )); below which (6) and (7) hold and above which (9) holds
Vie ) = (o) = (VB[ STV Eb(TlT + g 8) >, B . G10)
In the broad-band case, but still conasidering insufficient Maxwellization,
we can use the results of ref. /B/ in a similar way to obtain C
41)

i
2 2 i’
RuL =(3H6VT)5; Bi (W fa)* B 2:p CVE/067) .
This equation holds below the following criticnli value of 'l)‘n_
v
Vie [w = (Vo [UY (b(Te/T:+Rfu)y3 = 4B/2 @)
A comparison between Eqs. (10) and (12) shows that the uritiunl\).; value for
b < (4mry2
Tt ia interesting to notice /9/ that the behaviour of the absorption rate as
s function of collision frequency &s given by Eqs. (6), (9), and (11) 1is qui-
te analogous to the corresponding behaviour of the equilibrium diffusion coef-

the broad-band case is lower than that in the narrow-band case if

ficlent in a toroidal plasma at very low and intermediate collision frequencies
16/, 1t is also instructiwe to compare the collizion term (8) to the forcing
term in Eq. (4) for the perturbed distribution for the case when 1)(-)'))m. Col-
1sions dominate whenever the velocity is in the range l‘l];_—%ls AM,E‘IEO’._@)H}
/e now compare Aql with the width of the resonance zone in the case of colli-
sionless absorption (AU=/K w‘f_@r‘.). We see that the velocity distribu-
tion of resonance particles is not collision dominated when A’l" SAU 1e.
B >(vi/co)"’. Remeaber that Y;>M;c. When this condition is included (3¢
must satisfy the following :(3?> ‘: . Even in the collisionedominated case
(A'D’ «A'll-) It 15 easy to show /9/ that the power absorption is still given
by the collisionless formula (6) !
Equations f6)}(9) and (11) give the power absorbed by &N resonant particles,
5NH4\.HEH‘VL|,-:%‘DT/§_ <-!I.(£ﬂlfﬂb)2«4|. . Substitution (5) can no lon-
ger be used to calculate thé ‘collisionless power transfer to the main body
of the ion distribution, using the electrostatic analogue, because wave dis-
persion is involved in this process. Assuming equipartition of energy between
tons and electrons so that Pa3mkdT/dt we rind from Eq. (6) that aT/dtz
WBT. Hence, under the condition Vv, ATt [l so thatihe heating of the
main body fons is mainly collisional, When (9) and (11) are valid , then
non linear processes would have to be considersd to show complete ther-

malization.
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HIGH FREQUENCY HEATING OF A DENSE FULLY TONIZED PLASMA

by
B.Lehnert,J.Bergstrém,M.BureX ,and E.Tennfors

ROYAL INSTITUTE OF TECHNOLOGY
S-10044 Stockholm 70, Sweden

Abstract,A dense fully ionized plasma with a neutral gas blan-
ket is confined in an internal ring device.High-frequency power
of about 0.5 MW is absorbed by the plasma at the magneto-
acoustic resonance.The plasma can be sustained when the power
input exceeds a certain minimum level.The losses along the mag-
netic field affect the plasma balance at small fluid velocities,
as expected from theory.There are indications that the plasma
can be stabilized against flute disturbances by line-tying
effects which are controlled by external means.

1.Experimental Aim and Arrangement.A dense fully ionized plasma

with a neutral gas blanket can only be sustained when the hea-
in(l,z,a).Fur mag-
netic confinement in an internal ring device with magnetically

ting power exceeds a certain minimum level B

screened supports,it is also necessary that the fluid motions
are slow compared to the thermal particle velocities(4).

As a first step along these lines experiments have been per-
formed with device F IIA in which an internal ring-shaped coil
is suspended by unscreened supports.Only the fraction xwzo.Uﬁl
of the confinement volume consists of field lines ending on a
wall surface,i.e. on the supports.A rotating plasma of density
10103 is created by a discharge across a magnetic field of
mean strength 0.44 Vsecfm2 in the mid-plane of the device.High-
frequency heating is imposed at the magneto-acoustic resonance
of radial oscillations,at about 1.3 MHz.To study the effect of
losses along the magnetic fleld,a glass plate can be made to
cut the field lines passing through the area inside the internal
coil.This correspends to a change of «_ from 0.061 to 1.

2. Large Rotational Velocities.The behaviour of the voltage ¢12
between the electrodes of th= rotating plasma and the correspen-
ding current J  are shown in Fig.l for two superimposed shots.

When the plasma is sustained Ly shear heating from the rotation
only,the minimum power input is reached at time tm(U)=D.B msec.,
after which a transition takes place to a lowly ionized mode of
high impedance IlzlJr.If high-frequency heating is superimposed
by applying 9u=15kv on the power supply of the high-frequency
generator,the transition is displaced to tm(15)=3.u msec. The
time tm changes abruptly from zbout 1.2 to 2.4 mseec. when nu
passes about 11.5 kV, That the plasma state makes a sharp tran-
sition is also seen from the azimuthal high-frequency current

J,, induced in the plasma (Figs.Z2a,b). Thus the required minimum
power input has at least been passed at the observed transition,
the heating being mainly due to an absorbed high-frequency
power which can be estimated Fig1

[
to about 0.5 MW.The decrease |I". —#
in J, at t>ty in Fig.2b is [
due to the decay of the power jL &Pﬁi == e
supply voltage 8. ok : ;
3.Small Rotational Velocities f !
The duration of the main rotating
plasma mode has been shortened in

the experiments of Figs.3a-e. The
shear heating power from the
rotation becomes less than0.3 MW
for times t:tr=D.7 msec. and de-
creases to a value below 0.1 MW
at t=1.3 msec.These levels are
much lower than Pmin'ln the in-
terval tpctet; a slowly rotating
holding mode is sustained by a
small current J. which drops to
zero at t=t;.During this mode
part of the voltage le arises
from sheet potentials,and not

timsec)

from induced voltages due to
the rotation.With x =0.061 and
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a small high-frequency power input (ﬂu=7.5 kV), J, de-

creases rapidly to a low level at times t»t_,i.e. when the
shear heating becomes small and Figda  o,eI5k¥ 1w, #0081

the plasma cools off and decays | !

(Fig.3b). When By is increased
to 15 kV,however,high-frequency
heating is provided by a large

current J, which sustains
a fully ionized plasma also
after the time t.» all the way
to t=t; where the plasma ba-
lance breaks down (Fig.3c).

et

With the plate position 2

Figdb  4y-130Y  wgs008
|

corresponding to x = 1 in Fig. b

3d there is no change as com- |

pared to Fig.3c in the behaviour ] é] ﬁﬂ ;hmﬂ
3

for t<0.5 msec.where there is a

LA Figde  ageSW % =0081
1 T 1A | )
later times,however,the current b S
,

J? becomes smaller and the o a

4 | -

£ occurs I =

4 ‘::"Em

LA Fig 30 &y ri5av 1
= et

strongly developed rotation. At

plasma break-down at t
earlier.This is explained by

the increase in longitudinal
losses which occurs in a slow-

ly rotating plasma when L is

being increased (1). v

It is likely that the el 1 ] i -
breakdown at t. is not due to k. i | T | .
a sudden decrease in the avai- v [ g’ (G

lable power input,but to a flute
instability which arises when ,{ i i I |
e |

. N

1.4!1‘.! Fig Ja 8,15k %, =006
]

the current J,, has dropped be- "

low a certain level.This is ° 5 if'.
supported by Fig.3e where the a | '.\ J ] ! )
current J_“ of the holding mode § Iﬂ][d;ll Timse-1

has been cut off instantaneously by a shert-circuit at t=t; .
A possible explanation of these results is that the plasma

is stabilized by the joint effects of line-tying and the
finite Larmeor radius (5), and that line-tying between the
plasma boundary region and the electrodes is weakened when tae

electrode current J,, becomes small.

The authors are indebted to Mr. S.Holmberg, Mr. R. Ekman,
Mr. D, Haslbrunner, Dr. B. Wilner, Mr. A. Brah=e, Mr, P,Matt-
son, Mr. G. Hidgerstr®m, Mr. G. Kindberg, and Mr. L. Asbrink
for valuable help with the measurements and the development
of the experimental equipment. The work has been supported
financially by the Swedish Atomic Research Council and the
Bank of Sweden Tercentary Fund.
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lon Cyclotron Excitation and Extended Containment by RF Fields
M. L. Pool and Paul Arendt

Ohio State University, Columbus, Ohio USA

Abstract: By means of two-phase cyclotron excitation ions can be driven
to arbitrarily chosen energy values in the thermonuclear range and
maintained in energy in prescribed parking areas. The orbital guiding
centers walk toward the central axis of the magnetic bottle, Small

angle scattering losses in energy and in direction of motion are removed.

An inspiriting approach to a realistic thermonuclear reactor is now
evinced through experimental results and through computer analyses.
The former is secured by an auxiliary rotating electric field and a
revolving magnetic field, both at the ion cyclotron frequency, impressed
upon the main B, magnetic field of the magnetic bottle employed. The
latter is secured by submitting various pertinent boundary and operating
conditions to a 360 IBM computer. The auxiliary rotating electric field
is normal to the direction of the central=axis of the magnetic bottle and
is obtained from neighboring electric currents. The auxiliary revolving
magnetic field is paraliel to B,{1),

The experimental results were obtained from a plasma produced by
two 30-kW amplifiers operiated at 4. 225 MHz in quadrature and
controlled by a erystal, The plasma was contained in a 10-cm diameter
pyrex tube in a magnetic bottie. The action of the rotating electric field
and revolving magnetic field accelerated the ions and prevented them
from reaching the wall of the container. By means of a Faraday cup
energies in the neighborhood of 1.0 keV were measured. lon densities
of 5x 1012 em=3 v;-ere oblained. The cyclotron resonance was sharp.
The computation results have been carried out for a plasma to be
produced in a 20-cm diameter container by two-phase excitation at 5.0
MHz for the deuteron and 3.4 MHz for the triton. Both two-phase
frequencies are present at the same time in a deuterium tritium mixture,

As an example, the rotating and revolving fields can readily heat the
tritons from an energy of a few electron volts to a maximum of 57 ke V.
From then on the ion's energy slowly oscillates between 7 keV and the
maximum. Simultaneously in the same plasma the deuterons are
energized to a maximum of 58 keV and then slowly oscillate in energy
between this value and 20 keV. Even though the guiding centers of the
low energy ion orbits may start many centimeters from the mirror axis,
the centers gradually move to within 0,5 cm of the mirror axis and
remain. “Thus no ions are lost through energizing beyond controll,
Mation in three dimensions also has been numerically analyzed., Although
the magnetic mirrors tend to put the ion ahead in phase relative to the
phase of the cyclotron frequency of the oscillator, the electric field
impressed by the oscillator continuzally tends to rephase the ion in its
orbit so that the gain in phase caused by the mirrors is nullified,

The effects of scattering on the motion of an ion have been considered
at each 0. 15 degrees of arc of the ian's orbit, Many small angle
scatterings contribute to give a single large scattering angle, The
rephasing action of the clectric field during the mean free time reduces
the net scattering angle, Consequently, nearly all the ions which
initially have energies of even a few terths of an electron volt, and
therefare have many scattering experiences, reach energies in the
keV range without being scattered out of the system, In most cases
calculations were made where the small angles varied between 10 and
15 degrees of arc and where a scattering event occurred whenever the
deflection probability reached or exceeded 40 percent. lon diffusion
losses across magnetic lines of force are thus effectively eliminated,

Scattering in more detail: The root mean square of the net deflection
is related to the total namber of individual deflections and to the root
mean square average deflection in such a way that 81 random 10-degree
Scatterings are needed on the average to oblain a 90-degree deflection.
Thus the mean deflection for a scattering angle of 10 degrees will occur

approximately in « time T =T 81, The probability of deflection at
i0 90 P ¥
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a particular angle, b, for an ion at a constant speed depends on time in an
exponential snanner, By =1 = e"/T. To take into account the cyclotron
acceleration of the ions, the mean deflection time, Ty, was recalculated
during each iteration of duration

YTpa +. .

t, sothat Py =1 - exp [- At ( /Ty +
e )], Whenever the deflection probability equaled 0. 40, a
reasonably conservative criterion, a deflection was assumed to take
place. These small angle scatterings were not varied in a random
fashion. Scattering sequences were chasen which were maore conservative
than average. Alsc the deflections were not restricted ta the plane
perpendicular to the axis of the magnetic mirror. The calculation of

the velacity nf the ion after a deflection proceeded as if the ion
encountered a stationary particle, The ion thus experienced a continusus
loss of energy to its neighbors. Ina plasma of density 2 x 1013 jons
em=3 with a 50-volt em~! accelerating electric field a deuteron with an
initial energy of only 0. 25 eV is shown to have a high prabability of being
accelerated into the keV energy range without being scattered out of the
plasma volume. (2)

Energizing in more detail: For the numerical calculation of the motion
on an jon, an orbit is partitioned into many small arc lengths. At the
beginning of each small arc the ion's position, velocity, radius, and
guiding center are known. The parameters of the ion halfway through
the arc are determined as well as the DC magnetic induction and the
electric field parallel and perpendicular to the direction of motion,

These values are used as averages over the arc segment in calculating
the new radius, velocily, guiding center, position and incremental phase
change at the end of the segment. The above process is then repeated.

A similar program for analyring ion motion in a three dimentional
mirror geometry has been used. The strength of the electric field
increases with radius in order to force a drift of the guiding centers
toward the symmetry axis. The strength of the magnetic field decreases
with radius in order to force a phase lag as the ion encrgy increases.
When the phase lag is n/2 relative to the impressed electric field, no
additional energy will be given to the ion. Calculations have been made
for ion motion in a plasma of density up to 1014 em=-3,  ar these
densities the depression in the magnetic field becomes significant, The
positions of a deuteron after each of many rotations of the electric field
is shown in the sketch., The positions oscillate aboat the phase lag
angle of w/2 radians, and in so doing form a parking area as indicated.
Since the ions are not lost by excessive energization nor by scattering,
greatly extended containment time accrues through the above unique use
of R F ficlds, (3}

Pyrex container, r=10cm

Resonance magnetic field

ic field
VER B wShape of electric fie
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INVESTIGATION OF HIGH FREQUENCY WAVE ABSORPTION BY PLASMA
BETWEER ELECTRON CYCLOTRON AND LOW HYERID FREQUENCIES

B,V.Galaktionov, V.E.Golant, V.V.Djachenko, O.N.Scherbinin

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

Abstract: In experiments described the conditions of hf wave

absorption by plasma apnd efficiency of plasma heating were deter-
mined. The sharp boundaries of absorption and heating were revea—
led. Data on efficiency of electron and iom heating were obtained.

In recent experiments /I=3/ tne absorption of hf waves by
plasma was observed between the low hybrid frequency (W) and
the electron cyclotron frequency (Wgy). In an inhomogeneous plas—
ma the absorption can be accounted for by the linear transforma—
tion of electromsgnetic waves into plasma waves possible in 3 se~
parate transformation ranges 8/ « For a one-dimensional plasma
layer the boundaries of these ranges are determined by the angle
ol between the density gradient and the magnetic field. In our
frequency band the transformation range extends from W, up to

() » where GJ:-*U:MU;,. "
2 m; ay/)- sl i : 2
wr=a? (1+ e cos o) = Gy, T, (l+—r;;:us a{) (1)
((A)P - plasza frequency for the maximal plasma density,{ey Wy, =
gyrofrequencies of electrons and ions),.

An analysis made by A.D.Pilija and V.I.Fedorov has shown
that in a real plasma with axial symmetry the one-dimensional
theory remains true qualitatively if the dependence of plasma
parameters on one of coordinates i1s much stronger than on the
others (for instance, if V’l’.n >>Vzn )« In the opposite case
some peculiarities can arise., In particular, new transformation
reglons become operating near the flex points of lines of equal
plasma density.

The results of two experiments are presented below which
were obtained with an impuls device described in 4 « In the
first experiment an argon plasma was used at pressures 2.‘!04-
‘IO"am Hg when the role of transverse diffusion in plasma for—
mation was rather high (o # 90°). The boundary of effective
absorption was found from gtudying the conditions under which
plasma was maintained by hf power at frequencles much lower
than electron cyclotron, The power of 50w generator (f = 100-
300 Mhz) was delivered to a single turn 8cm diam. x 20cm long
coil placed in the middle part of the device. Plasma behaviour
was checked by integral light emission. The average density
was measured by a resonator near the coil.

The plasma with N = 1010 = 1077 cn™> emerged at the strong
enough magnetic fields and ceased when the magnetic field de=-
creased below the critical value (Heyr). Fig.1 represents the de-
pendence of light emission intensity on the magnetic field ab
a steady hf power level ( f = 116 Mhz) for various pressures,
It is shown that there are sharp drops of light intensity at
some critical magnetic fields (Hcqy, Hexa )» The number of such
drops increased with pressure snd power level, whereas the va-—
lues of the critical fields diminished.

b o f em
o oot BEh

o f ey

Fig.1.

Fig.2 shows the values of Hery (1ower group of points) and
Hug_(upper group of points) for various operating frequencies
and power levels (i.e. plasma densities) at pressure pP= 7:5.10

mn Hg. Both groups of the experimental points are close to theo—

Fig.2.

retical curves culculated from -éq,-(‘l) for the angles of of 687
(Heey) and 82° ( Hew). OF significance is the fact that the
critical field wvalues do not depend of wave freguency but on
plasma parameters. So the dependence on pressure mentioned can
be accounted for by larger longitudinal density gradients at
higher pressures (and consequently by smaller { angles). It
was observed also that the change of discharge structures (dia=
meter) occured at the magnetic field equal to Heval Tt might
be related to"switch-off" of the additional transformation re-—
glons mentioned above.

The second experiment was carried out in hydrogen at P =
F 5.‘\0'4 mm Hg when the axial density distribution was practi-
cally uniform (of = 90°). Flasma with M1 = 510" = 5.10'%
was obtained by 3-cm microwave power under the cyclotron reso-
nance conditions in mirrors. An impulse hf generator (‘f = 1164hz,
P = 3w, T = 2wsec) was used for plasma heating, The pewer de-
livery remained the same. The change of transverse energy of
charged particles measured by a diamagnetic probe in dependence
on the magnetic field is plotted in fig.3. The efficiency of
heating is shown to decrease abruptly at the magnetic field less
than the value corresponding to the low hybrid frequency (marked
by the arrow), i.e. at leaving the transformation range.
o fallesTley " L 29 f(T.'ﬁ)/".,;
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Fig.3. Fig.te.

The diamagnetic measurmente of the temperature distribution
(£ig.4) disclosed that considerable part of absorbed power went
to ion heating. Curve 1 shows the decrease of the summary tempe-
rature with the removal from the hf coil at the distance of order
of the ion charge exchange path (for the conditions of the experi-
ment }\;_",.‘; 5cm). The flat part of the curve corresponds to the
temperature of electrons for which the length of energy relaxation
was much larger thar the system dimensions. The uniform electron
heating in these conditions was confirmed by the distribution of
diamagnetic signal at applying a short pulse of microwave power
to the middle part of plasma column (curve 2, fig.4).

It should be noted that the energy input efficiency decreased
at the maximal plasma densities (h > 1012 cm"3). It might be due
to the influence of ecvanescence region. The data obtained on the
corralation between elelctron and ion heating are in agreement
with the calculations of collicional damping of plasma waves. In
the experimental conditions the effective collision frequencies de-
terminant electron and ion parts of energy absorbed were the same
order of magnitude ( X° . jg ~ 1073).

W "
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TWO-ION COLLISIONAL ABSORPTION OF LOW FREQUENCY
ELECTROMAG NETIC WAVES IN A TOROIDAL HARD-CORE CONFIGURATION
by
J. Adam, F. Alvorez de Toledo and D. Feltin.
ASSOCIATION EURATOM-CEA
Département de la Physique du Plasma et de la Fusion Contrélée

Centre d'Etudes Nucleaires
Boite Postale n® 6 - 92 Fontenay-aux-Roses (France)

Abstract : The absorption of the fast hydromagnetic wave propagating in a

il oL

two species plasma (H + D ) has been investigated in a Levitron-type device,
In ogreement with the calculations, the wave could be excited for experimen-
tal parometers appropriate to the collisional obsorption and the demping length

outside the emission coil wos found to be minimum for Q3 > < > @y -

Collisions between two ion species provide o simple way of thermali-
zing the ordered motions induced in a plasma by electromagnetic RF waves,
with subsequent heating of the ion component,

An analysis of thot process shows that the power fransfered from the

wave to the ions is given by

_ 1 + oz -1F12
W= gag (YET+37IE1?) :
with P wh wh [ @0 - @) | )
Qe Wz [ (@) ([WWe))
and amact ® = L%: '“ZT‘?N_

E ¥ are the rotating components of the RF electric field perpendicular to the
magnetic field ( the-sign corresponds to the ion gyration direciion). The oihar
symbols have their usual meoning . Examination of equatian (1) and of the phase
relations of the electric field shows thot the efficiency of the heating mecha-
nism is maximum for co., ey > Qo . For these conditions, the ions motions of
the two species are opposite in phase : the space chorges generated tend to
neutralize each other and especially large ion currentsare ollowed to develop
in the plosmo. Thermalization of these motions is achieved by ion=-ion collisions,
the efficiency of the process being larger for higher densities ond lower tempe-
ratures,

Thot heating mechenism was checked in the hard-core configuration
described below . Figure 1shows the radial

prafile of the heating rate computed in that

T T T
configuration for the parametersindicated n.rl,.Z.‘ID“cm_!
w-507s""

T, =100eV
IE1=100v/em

in the figure. An appreciable heating requi-

) ﬂmﬂt (E'V/}.IS)

res o high value of the RF electric field
(2100v/ ¢ ). However o considerable
amplification of that field con be expec-

ted if the conditions for maximum absorp-

tion con be made to coincide with the con- 2 4' 5 8
-FI6.1_

wave. Fig.2 shows the dispersion relation of the fast wave computed by nume-

r{em)
ditions for exciting the fast hydromagnetic

rical integration /1/ for a hard-core geometry and a plasma cantaining 50 % Lo
and 50 % 02 . For W > - the

L i

wave should propagate for n = s B E
2_!0”’ cm"a. These conditiens actually z
coincide with the absorption conditions S
indicated in Figure 1, 't
The purpose of the experimental work
was two-fald : ue't

- To check the possibility of
exciting the fast wove in the expected &5 W 35 35
conditions. =FIG.2. [SVERN

= To investigate the doamping of the wave,

Experimental Device,

Stator B is o toroidal Levitron-type device with supported ring. The
major diameter of the ceramic vessel is 150 cm, the minor diameter 20 cm,
The torotdal and polotdal fields rise-time is 300 ps. After crowbor, the fields
decay witl a time constant of i ms. The jas is ionized by
the electric field associated with the time-varying magnetic fields and heoted
by the current induced in the plasma, The average density, measured by 2mm

interferometry can be varied between 21013 em3 and 210" cm™3. Electron

AND HEATING

temserature deduced from the plosma resistivity reaches 10 to 20 eV,
Trewavesare generated bya helical coil periodic along the toraidal (k,=0,1 :m")
and azimuthal (m = 2 ) coordinates. The coil is supplied by c power oscilla=
tor, the frequency of which can be varied from 5 to 12 MHz. The omplitude

* and profile of the wave field can be measured ot different locations along the

torus by a number of small magnetic probes.

Fast wave propagation.

The plasma density ond the magnetic field both vory during the dura-
tion of the discharge. With the oscillator triggered at the breckdown-time,
an amplification of the RF field is observed in the plosma, outside the coil,
when the experimental parameters match the propagation conditions. The va=
lues af n and B, meosured at the time when propagation occurs can then be
plotted for comparison with the theoretical curves.

Figure 2 shows the result of that comparisen in the case of uI:SO % H + 50 % D]
plasma, The agreement is satisfaclory : as expected by calculations, the fast
wove can be excited in o two-ion plasma at the parameters appropriate for
collisional damping (M/Cd,_., ~0,75; n, =10y =ite 21014 cm~3 ot *he can~
ter of the plasma).

Wave damping.

Measurement of the RF power absorption via the increose in jon tempe-
rature was discarded for this experiment, owing to the short energy canfine-
ment time in Stator B (T, € 100 s ). The domping of the wave could be de-
monstrated however by measuring its attenuation length outside the coil. The
decay of the wave amplitude away from its emission source con be due to two
differents couses : an actuol damping or an evanescent character of the wave,
if the experimental conditions areslightly different from the propagation con-
ditions. Special care was token to differentiate thase two effects by comparing
the wave behaviour in pure D3 and in the mixture Hy + D3,

In the case of purs D3, experimental conditi ans carresponding to negligible dam=ing
can be found for any value of [m/c..:n“)n( meosured at 4.5 cm from the axis )
between .5 end 1, In the case of the micture { Hy + D2 ), similar measurements

show that no-damping propagation is observed anly for (w /ey, ) volues larger
than.85 or smaller than,55. Between those limits , the wove amplitude, 84 cm

oway from the coil , is 2 to 3 times smaller than it is in the corresponding

experiments using D . The measured values of
-1

the damping length as a function of ( m/-‘;.)" W = dw:wm-lm‘;‘
are plotted in figure 3, 15'[er }exp. ponts
Tke solid curve in that figure wos computed 4 ;‘:\dp“;;";
or the basis of o model assuming cylindricol 10+ + 4 T;:l’ﬂaV, i
geometry, a given density profile consistent - i L=SAN g
with independent measurements, and o uni- ST ‘*{- + A
form ion temperature of 20 eV. Although no i Utﬁ 08 o
direct measurement of T; wos made, thot vo- Fie3. (w/w,,),

lue is consistent with Te deduced from the
resistivity measurements, The reasonable fit between the curve ond the expe-
rimental points gives confidence that the observed demping con be explained

by the mechanism we have considered.,

J.Adam, F. Alvarez de Toledo, P.H. Rebut and A. Torossion
Plosma Physics, 11, 297 (1969)
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HARMONIC ABSORPTION OF MICROWAVES
IN MAGNETIZED LOW DENSITY PLASMA
by
R.Cano, l.Fidone, M Schwartz, B, Zanfagna
ASSOCIATION EURATOM-CEA
Département de la Physique du Plasma et de la Fusion Controlée
Centre d'Etudes Nucléaires
Boite Postale n°® 6 - 92 Fontenay-aux-Roses (France)
Abstract : Increased ionization and temperature due to harmenic cyclotron
absorption haove been observed in a low density, wam magnetized plasma sub-

jected to high power microwaves.

I. The absorption of high power microwaves in a low density, warm Argon
plasma has been indirectly detected by increased ionization and temperature
at the electron cyclotron frequency ond its second harmonic. This differs from
the direct measurements of Arunasalam et al, /1 /7, in which absarption in a
low power transmitted beam by o high density plasma was observed, The absorp-
tion was investigated as a function of microwave power, pressure and magnetic
field. The average density was determined by interferometric measurement of
the phase shift of the ordinary wave. Temperature wes determined by o
Langmuir probe placed perpendicular to the magnetic field,

The 17.6 GHz microwave beam , modulated at 500 Hz, was propa=
gated in the extroordinary mode at an angle of B0® with respect to the applied
DC maognetic field. Focussing of the beam at the center of the discharge was
accomplished with teflon lenses. The power of the beam was variable from 3

te 100 watts.

I1. In figures | and 2 the ion current to a negatively biased Langmuir probe Is
shown as a function of mognetic field for two different levels of input power.
It is clear that relatively little power is required to initiate the discharge near
the fundamental ond second hammonic of the electron cyclotron frequency. If
sufficient power is applied the dischurge. can be initiated throughout the fre-
quency range 2¥. = £ = £, where f_ I, are the cyclotron and inci-
dent microwave frequencies respectively /2_7. In figure 3 the thre shold power
for discharge initiation is shown as a function of magnetic field. The minimum
required power at £, =f_ can be accounted for by single particle resonance phe-
nomena and is well known in the theory of microwave breakdown in o mognetic

field /37

o, densily lau)

"5 ey L

Mjen
jan

-Ps2_

lon saturation current of a Lengmuir
probe located in the center of the dis-
charge vs. magnetic field,
Ff=17,6 GHz ; P;=100W

Py = 103 torr.

lon saturation current of a Langmuir
probe located in the center of the dis-
charge vs. magnetic field.
F1=17,6 GHz, P;=10W

Py = 10-3 ‘torr,

E — r
! |
o { 1 We speculate that the apparent resononce pheno-
i mena at ﬁ =2{_ represents a plasma assisted mi-
e i crowave breakdown. The high frequency micro~
i waves may cause sufficient ionization resulting
4 i i in a low density, warm plasma that escapes detec-
! tion by the relatively insensitive method used to
o | detect breakdown. Cyclotron absorption (to be
¥ discussed shortly) then results in further coupling
s A .v i of power culminating in o clear breckdown condi-
0 05 T B
_Flg3. F  tion,

Thre shold power for discharge
initiation as function of mag-
netic field,

Fi= 17,6 GHz Po=10"3Torr
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111, We now tum our attention to the plasma aspects of the experiment, In

figures4 and 5 the measured temperature, T (V), and density , n (cm ™ 9), at

the fundomental and second hamonic are shown as a function of input power.

The density is seen tovary linearly with power.

TO Piwratt)

0 Ld
_FIEd.

Measured temperature (4) and densi=
ty () vs. input power ot the second
harmonic, The dashed line is calcula=
ted from eq.(1)

Tolev) nfermd)
= 1]
o, 5=0

ki [ ] i Flwatt)

Measured temperature (4) and densi-
ty () vs.input power at the funda=
mental.

Po =104 Torr = F;=17,6 GHz

Po = 103 Torr = F;=17,6 GHz

The temperature exhibits linear behaviour for low power, but is constant for
P % 20 watts, For low input power the relativelylow values of n, T suggest that
only elastic, binory collisions are of importance. If we assume the dominant
heating mechanism at the second harmonic to be cyclotron absarption followed
by collisional thermalizafion we may write :
M Z5E=nseT

where & = fraction of energy transferred per collision

¥V = collision frequency for momentum transfer = Po Pe Vi

P = pressure in Torr
R = collision probability (token to be constant for simplicity)

V= thermal velocity

\
Now T2 = i o LB ALY ()% cbons
Ty 3 Y 2VzZ c?
where L = geometrical poth length of rodiation through the plasma
w’p
A 7]

b= 30°7ﬂng|e between the direction of propegation of the wave and
D.C. magnetic field,

V = interaction volume.

We use the experimental values to separately colculate each side of
(1). Thus farT=5¢V,n:3.s\05m_5,F:fud‘0\J, B0 Terrthe collisional thermaliza-
tion (RHS) =2§?;,whn= cyclatron absorption (LHS) =6 Z25in reasonable
agreement.

The constancy of temperature for R 2 20 wotts moy be indicative of
inelastic processes such as excitation, and ionizetion now dominating the plas-
ma behaviour, The calculation of absarption near {_ is considerably more com-
plicated as the wave must first travel through a cutoff region by tunneling, be-
fore reaching the resonance ot the upper hybrid frequency, §, . Here we make
use of a simplified expression for absorption, due to Budden /4 /7, to calculote
J.E. In Budden's madel the energy accumulated ot the resonance in the limit
of V—=0is determined . The introduction of a finite Vresults in heating os inthe

case of absorption at the second harmonic. We can write :

@ Re ™ A%osvTay

where Ax=Ax(n,B)= distance that wave must propogate beyond the cutoff to
reach the upperhybrid resonance. We have separately calculated both sides
of (2) with experimental values ond find ogreeement to within an order of mag-
nitude , We believe better agreement would be illusory because of the diffi-

culty of determining AX , and its appearance in the exponential in (2),
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THE INFLUENCE OF AN ELECTROSTATIC FIELD ON
CYCLOTRON RESONANCE BEHAVIOUR OF A PLASMA
by
D.C. Schram, P. Manintveld and E. Oord

Association Euratom=-FOM
FOM-Instituut voor Plasma-Fysica
Rijnhuizen, Jutphaas, The Netherlands

Abstract
The theoretically predicted influence of an electrostatic

field on the energy gain of electrons at e.c.r. is confirmed ex-
perimentally by measuring the loss tangent of the plasma as a
function of an applied D.C. voltage. The applicability of this
effect as a heating scheme is discussed in general terms.

1) the influence of an electrostatic

In a recent publication
field on the energy gain of charged particles at cyclotron res-
onance has been studied. Here a circularly polarized TEM wave
(w, k) was assumed to propagate along a uniform static magnetic
field. In the following g=eEN/mmc. a=eEDfmmv # 8=eB°/mm—1, are
parameters defining the e.m. wave, the e.s. field, and the stat-
ic magnetic field resp.; o=n e /m5°m2=w;/w2, is a parameter
for the electron number density, n,. Close to the resonance
even a weak external effect, here an e.s. field, has a consider-
able influence on the motion of single electrons, resulting in
a change of the characteristics of plasma.
field, the so-called "undisturbed
case", the energy of the particle is a periodic function of
time, Fig. 1 curve "O", and an oscillation time tos can be de-
fined. This remains valid if the relativistic mass variation
and axial velocity variation due to the Lorentz force are taken

In the absence of an e.s.

into account:

In the presence of an e.s. field two regimes can be distin-
guished, depending on the time scale on which the e.s.field cau
a certain change of the resonance function, r(t)=(m-kvz-ﬂ(ﬂ)h2h
-~ "strong external effect", the particle is pulled cut of res-

onance within the first oscillation period. A stepwise energy
increase is found (curves "1.03", "2" of Fig. 1).
- "weak external effect", the particle remains close to reson-

ance: a continuous increase in energy is added to the undis-
turbed oscillatory behaviour (Fig. 1, curves ".1", ".5"}.
At the transition, a=asynchr.' defined as the synchronous case,
a continuous increase in energy occurs (Fig. 1, curve “1").

T The reactive and resis-
tive behaviour of the plas-
ma has been studied for

power of the e.m. wave in

2'4 B 1 N the "undisturbed case" in
1/2 my Ref, 3. Using the same ca-
—_
mc2 libration for the electric
field strength of the e.m.
03} wave as in Ref.3, we find
for B=0 (at cyclotron res-
| 5 onance) , a=0(no e.s.field):
: . 1- N -1/3
— = 900 P
-: L /é=0 1a=0 i
02} i n where P, 1s the incident
!

Watts. If an e.s.field is
applied a part of the elec-
trons is accelerated and

01 |- ; = a part is decelerated.
Wmmo:’ This leads to resonance
i I‘\/}‘. ‘\‘/-O functions of opposite
i f \ { ‘ " sign and, consequently,
o 2 “‘L"r ‘\ " to dielectric currents of
LA e . opposite phase. For high
i Tes i Tos : values of the e.s. field
parameter a, the permit-
o 10_0(2._ wt 2000 tivity, €, tends to the
Fig. 1. vacuum value 1.

Numerically calculated gain of kine- The loss tangent of
tic energy as a function of time;

2 =%
©/v5=0.75, g=2.1077, v(t=0)=0,8=0,
asynchr. =1-2‘10—4. The guantity

a,
Ia'synchr i

the plasma can be calcu=
lated if the time of es-
cape of the particles is

is curve parameter. known. Experimentallyl)
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. ing L95 2 -1/3
tes 1/2 to?/ yielding - 620 Pin F
£=0,a=0 B=0,a=0
Evidently, the loss tangent will show a weak maximum for

a . Por values of a>a

'asynchr. synchr.
creases with increasing a. Consequently, if the escape time is
assumed to be independent of a, the loss tangent decreases.

The experimental facility shown in Figs. 9, 10 of Ref. 3 has

the step in energy de-

been used for the measurements. Two electrodes were mounted on
the axis and a negative D.C. voltage was applied. The magnetic
field strength of the static magnetic field was chosen such that
the cyclotron frequency was equal to the applied frequency (B=0).
The loss tangent, the permittivity, and the density of the plas-
ma were measured as functions of the applied D.C. voltage for
several values of Pin' The result for Pin=ZDN are plotted in
Fig. 2 (normalized to the density):; the loss tangent shows a
maximum at V=2.2.Volt, taken to be V « Values of V

synchr. synchr.
for various values of Pin are plotted in Fig. 3.
= T e
N T
i N P a20W .
1= 2836 GHz 2 o 5F
Q-e) i g st
1 1 3h -
! i 4
t 4Lz A il
| 200 /3 I - Waa
1 ! ‘.
i #
tas i e 1
a i 7 N—Vaynene - 027 x B2
! | #
100 4 i ~2 L
d o1
i 1 10
o i1} 1 1 1
-2 0 2 4 & B 10 — B W)
—V
Fig. 2. Fig. 3.
Measured loss tangent and dielec- Vsynchr as a function of
tric constant as functions of the pin' The dashed line is the

theoretically predicted curve
for a Debye length AD “ 1 cm.

applied D.C.voltage. Vsynchr.is

the value of V where tgé/a is max.

As predicted in Ref. 3. Taking the field

1 we find vsynchr.[ Pi: :
calibration of Ref. 3, we find theoretically “synchr.='92"1°_ x
*Pfi3. The e.s. field is assumed to be constant over a shielding
length AD of 1 em, which corresponds to the measured ne=3xiﬂlzkm
and the estimated parallel el;;;ron energy of 50 eV. The experi-

mental result, vsynchr.='27xpin » 1ls in agreement with theoretic-

al predictions.
Discussion

The mechanisms discussed here may, in more general terms, be
applied to heat plasmas. A discussion of both cases, weak and
strong external effects, may be of interest.

If the external effect is weak, the energy grows without any
limitation but time. However, even if the density is small the
plasma can become extremely reactive, while for higher densities
cyclotron absorption will damp the wave before large energies
are reached. As a heating scheme it is only attractive in very
tenuous plasmas of large dimensions, e.g. extra terrestial plasmas.

In a strong e.s. field a quasi-collisional energy gain occurs.
The reactive components of the current are relatively low and
can be chosen zero by choosing a value of B slightly different
from zero. The permittivity of the plasma is close to the vacuum
value. This mechanism could be applied as a heating mechanism in
which the heating rate can be chosen. It should be remarked that
the external field need not be static: e.g. an e.s. field vary-
ing slowly with respect to tGE leads to repetitive heating. Such
electrostatic waves can be introduced into the plasma.Frequency
modulation is an attractive alternative as an external mechanism.
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Neutron Production by Vortex Annihilation in the "Plasma Focus"

W. H. Bostick, L. Grunberger, W. Prior, and V. Nardi

Stevens Institute of Technology, Hoboken, N. J. U.S5,A.

ze-converter photographs show that when nsutrons are being
"plasma focus" the hot dense plasma is not concentrated on

the axis but is in the regions where plasma vortex filament annihilation

is tsking place. Analytical solutions for particle distributions and

1ds have been found which predict the existence of these plasma filaments.

Inage converter phuth,’!‘Eiphs]'z of the continuum light coming from the
plasma focus essontially provide the equivalsnt of time-resnlvad X-ray
photographs. Figures 1 are 5-nanosecond I.C. axial-view phetographs taken
of a "plasma focus" (3.5 kj energy storage) operated near the threshold of
nedtron production. The center conductor (3.4 em in dia.) is hollow and
therefore the light which usually comes from the copper plasma with a solid
centar conductor does not interfere with the detail of the photographs.
Figure la is taken at the moment of maximum compression (minimum radius)
when the luminous plasma diameter is about 4 mm. and there are on the peri-
phery of this 4 mm disk a series of bright dots whlch represent locally the
beginning of the simultmeous annihilation of the several vortex Filament
pairs. Note that the photo Is taken at the sharp minimum of the dI, when
thers is maximum back emf due to I dL, 40 n sec before the neut!‘oitpulﬁe
has started. Figure 1b taken abautdtlo ns later shows more clearly the
orignt spots at filament apexes where filament annihilation is occurring,
but the neutron production is still essentialiy zero. Figures 1c and d are
taken when neutron production ls occurring and on the back slope of the dI
signal. The bright spots in the region of vortex annihilation are quitedt
clearly seen in figure 1d. Figures id and e are taken after the dI signal

dt
has essentially returned to normal and neutrons are being produced. MNote

Fig. 1. 5n sec.. image converter
photos along the axis of a plasma
1 accelerator

B ————y o n production) are
= ht correction
) o Peem

that in none of the photos, when neutrons are being produced, is there a
marked plasma concentrarion on the axis, and in figure 1f there is no illum-
ination at all from plasma in the vicinity of the axis. The maximum concen-
tration of plasma on the axis has vanished 150 nsec before the peak of neu-
tron production oeeurs.

With a hellow center conductor one has a "two ring cireus": the con-
figuration of plasma vortices and current sheath inside the center conductor
is quite similar to that accurring outside the center conductor. Figure 2
taken obliquely shows the two hot areas representing the regions of vortex
aru'u'hil.at-infn1 proceeding in both directions along the axis, one inside the

center conductor, one outside the center

conductor. J.P.Baconnet3=| al, with sch-

lieren measurements and Thompson scatering
&measumments also observed that the plasma
;is not concentrated on the axis when neu-
ih:“truns are being_produced. X-ray pinhole

photographs by J. H. Leeu and by

Hatherset al, show X-rays produced from
an extensive halo pattern as well as from the region on the axis. All of

these abservations show that the moving boiler model which explains neutron

and X-ray production on the basis of an adiabatic compressien on the axis

is inecorrect, as indeed the product of d-d axial center of mass velocity
(1Uchf$ec.) and neutron production time (1 te 2 p sec.) has shown it to be.
These cbservations also show that the traditional simple beam target model
which assumes a single pinched current channel on the axis with an acceler—
ating eleetric field produced by the I g& is incorrect: the neutrons come
considerably after the peak of this eleczric fisld. Even Eernstein'ss
mcxd_ifie.dl beam target model which assumes a single pinched channel, is un-
tenable. The cbservations suggest that the deuterons gain energy from the
electric fields (Vx E = - 3_3) in the region of vortex annihilation and
that these desuterons are :h::\ projected forward into the as-yet-uncom-
bined portion of the filament pairs. These stable vortex filaments act

as partlele guides (see bright portions of Filaments in figures 1d,e,

and £) and it is within these filaments that the accelerated deuterons
encounter target deuterons. It must be recognized that the accelerated

deuterons have complicated trajectories in the magnetic field of the

filament. The model of neutron production can explain why neutron yield
with a posltive polarity center conductor is higher than with a negative
center conductor. J. H. Le=7 has measured an X-ray spectrum (> 100 kev)
from the plasma focus and finds thar it follows a power law as does the
¥-ray spectrum from solar flares. We believe that the vortex annihila-
rion process observed in tha laboratory plasma focus is essentially the
solar flare process.

Solutions of the aquarions for the particle distributions account
for the generation of these filaments in the current sheath and provides
theorstlcal profiles of the magnetic flelds, density, and.mass flow with-

in the filaments.
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Theory of Magnetic Bundles in Dense Flowing Plasma

V. Nardi
Stevens Institute of Technology, Hoboken, N.J., U.S5.A.

Abstract: An exact theory of plasma filements observed in coaxial accelera-
tors (CA) is derived from a steady-state (@/pt = 0) description of the three
dimensional flow of reacting deuterium plasma. Neutron and x-ray production
at the muzzle of the gun is associated by this theory with the rapid varia-
tion with time of the magnetic structure of the filaments (bundles of heli-
cel field lines)} in the final (focus) stage.

By considering shock-wave conditions for the current sheath (cs) in

1 that the plasma vortiecityw = -]2*!){ u is large in

CA, it can be pruved(
the region of space where the filaments are located, immediately behind the
shock front = {5 cen be considered, essentially, as the foremost luminous
face of C8). Vorticity and filament axis have the same orientation & (pa-
rellel to the z-axis; see Tig. 1; without & relevant loss of generality wve
take D/22z T 0, the Tiloments are considered as parallel cylinders). The
existence of & largew in &

narrow region of space (con-

outen ELeeTaose
taining the filements) is not
ACTUAL €5 PROFILE

. sufficient to conclude that
IDEALIZED FLAT C3
—_— vortex structures exist in that
MASS FLOW AKEAD OF C3
I T8 FRAUE OF AEF

.region. More stringently an

enalytic description of the

1 ans [M Cs aND W FLANG OF PaPER
WHICH 1S CATHOGQNAL TO

a BOTH ELECTROOEY]

FIG. | picts the vortex neture of the

INNER ELECTACOE plasme can be deduced which de-

filaments. We can show that a
strong component BZ(E.IDB gauss and larger) of the self-consistent magnetic

field exists slong the filement axis (orthogonal to B&g By) inside the

filaments. This fact was elready pointed out by megnetic probe measure-
ments(z). The density in phase space for ion and electrons fy satisfies
[11 dafy / dt = Sy where d/dt is the Vlesov's operator

with self-consistent fields E=-¥¢, B =9 x A; D /Dt = 0 in the €S frame
of reference (moving with a velocity u, v 10T em/sec in the lab, system);
the source term 8 accounts for ionization and recombination reactions.
The role of the neutral atoms is simply to affect the anisotropy in velo-
city of the newly-born charged particles and to function a&s a reservoir for
S is chosen ad

ions and electrons. HNeutral stoms ere further disregarded.

hoc, according to the criteriz: I) A solution of [1) can be obtained at a
glance if a solution fv of the Vlasov eq. dfvldt = 0 is known; in our case
fv = fv(E ,pz); the corresponding macroscopic quantities and their relevant
derivatives are continuous functions. II} The sclution f must generate
specific mass and current flows [m+P+g+ and j = e(}!+g+ - P_g,)] which are
suggested by experimental evidence. This is conveniently accomplished by
considering § as a collection of many (including a continuous distribution
of) typical terms, i.e. § =£i1'IS:ri'
zation), or removed from (by recombination) orbits which are defined as in

The particles are ejected on (by ioni-

the Vlasov theory and can be labelled by some constant of the motion. We
chose/u (E,p)=£ +P with
£ E ot s b e
Ei = [Vx -wy +(vz+ct? ]miJ'E % r‘i = ta(,ﬂ--t- ciﬁz) # .
Ct = constants, ::_r) 0; the typical term SSi = S_s(/.li) is then depending on a
specific numerical value/-li uf/u. As an example if
S =8, 0w) = £ () Liu) d/de [ety, ;) el )]
where C is the Heaviside's unit function [the ionization spectrum L(/ui) is a

1/2

constant and =._~D._.
Y% ® DX]

8 ¢

2 2 2
,uxi-(/li-f‘); -v,“=(v +2)°] then
£, ¥ LY ;) C(D ) £,
For the non-linearity of [1], the self-consistent

i
= £ +¢f =
v 5
gives a solution of [1].
fields in d/dt, f, Ssi are always determined according to the total S. The
complete theory is presented elsewhere; we list here some of the results for
-

e it = i =i j == - 5
the case fvi const.e » Por FSV T s WO i O E(PW‘C* Pv-c—h]?_s .
uzt:_Pvgcn,:$(PVt+Pst) x = speed of light , uxs,uys # 0 (i.e. no contri-
bution to the net charge comes from the source-controlled part fs of £, ete.)
and [‘+, I"_ > g. Az,gﬁ(u.e.m. ugits) S;tisfy 2 i.r'

= "l TR

v lm‘e{?m(co fede Pm(cn .v'cf)e 1
and'similar equation forg; Pos? j?c_ i e
. ¢ = - =1 + = -
nient solution { A =lelc~c )17 In{F, Fy ) {P\H P

(21 e-fed, ¢ Lk 2

= constants » 0. We find the conve-

¢ =c /e(c -c_) In(F
7 2 4 ,2+ A2 2 2.-2
with Fo=tuf K Dlog /anl T + |2y | 177, Py=(u/m i, D) lpy| L1t |g,| 7]
where By £, BT arbitrary functions of the complex vavial:le)l = x + iy
2
o fo+
is operated with a positive center electrode. The conditions r‘; >0 imply

Po- :ZPD-FQ

25 5D i 2 y 7
and Kl = -a'c (c+-cﬁ) 2We. K2 = -c_Kl ,?n-,fo+c+ 3 o< 0 if the gun
A,> 0 and, if ¢ >0, Ilc_l >c, , i.e. j_ is mainly carried by electrons.
The magnetic field lines in the %, y plane,

BRI = =T (T-lines)
are in general different from the equipotential lines ¢= const. (they

const.

become nearly coincident if e, Vel s this case is consistent with a
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negative center electrode; different solutions must be considered if ¢+=c_).
In the particular case Fl = const. 1:'2 the two systemsof lines are coinei-
dent and the net charge density is proportional to the mass density (slightly
positive plasme; some electrons are removed at the ele:troﬂes;P'ac Az),

By s By are chosen according to physical conditions on ? end on the fields,
in perticular to the periodicity of the filament arrangement (e.g. a simple
period glzl:an the y exis). Since ionization is high on CS and much smaller
far from €8, we consider f‘_ —-0 for x —}focovhere practically only neutral
atoms exist, ete. For convenience we can take By s By both of the same

form g = a + (1+52)l"'2 em"Z(al ., 8
(3)

2 = constants > D) already used in a

known treatment of the plasma filaments (that treatment was confined to

Bl = e =0 e =0l

in 8 define mnct.ians‘f’ofgb.ﬁz, ++y locally, with x,y which play the role of

the parameters determining the connections between successive branches. By

The explicit expressions ror\f/(f;‘,AZ, s |

i3
g 5
placing v_ , vy) for M t:/u“u we have a particle flow collinear with the

Iy
T-lines in some (x,y) region; with the spectrum L = %4 (b_#by p+...abyp )
2 o g A 7
((3)(Ta,) 1%, Mametic field lines and collincar flow

ta.l(ing*’ti =V - !)_L_j_l 2 (the pair of orthogonal components Vaoa W, EeE

we have u_ =
(

Fig. 2. E // y-lines; Fed{cosh mx + rcos'nw)_g‘r=a(1+n2)_u2
on (x,y) are depicted in Fig. 2] 51 ¥3s are the values of F respectively
on the filament axis (maximum of P ) and on some close line T, =T.(u)
crossing in M the y axis (we have considered ¢°C Az for simplicity). N is
given by the T-line which is best fitting the optical profile of the fila-
ment; for high currents across CA, M N can coincide with y=0 (then C5
has no filament structure but is optiecally a continuum; see Fig. 2). From
the expression of Jt we estimate Bz;hhe upper limit of Bz (maximum value
on the filament exis) can be estimated, apparently, only by a stability
Esch filament is & bundle of helical magnetic field lines with

A Tile-

enelysis.
& pitch increasing from the periphery to the axis of each filament.
ment on the CS can perform as a "corkserew" ﬂevite(h) (8inel'nikov magnetic
trap) for particles reaching CS with a large velocity companment v . A cy-
clotron resonant transfer of kinetic energy occurs from z-direction (that
we consider from now on as defined by the filament axis) into the Larmor
rotation. At the dense focus stage, the CS is partially collapsed in the
column but the filament still exist both in the column as well in the off-
exis, still advancing, part of CS5. Time-dependence as well as z-dependence
become then necessary. It is possible, however, to see from the statie
solutions that even a smell rearrangement in mass flow or net charge dis-
tribution can produce drastic changes in J and so large'bgﬁat and large
E-fields which can accelerate relatively few particles. The Bz variations
ere responsible in part for the acceleration of reacting deuterons which
collide predominantly in the radisl direction 5 ; Bg variations are res-

ponsible for the axisl center-of-mess-velocity ( 2.10° em/sec.) of reacting

(5)

deuterons . There is some evidence that the delay of the commencement of
neutron production (with respect to the time of meximum of compression of
the central column) corresponds to the relaxation time of the u, .P regrrange-
ments which trigger the field decay at some point of the column. As an
exemple, fgf'_l

the maximum compression but before the neutron commencement.

(by Schlieren) disappears on the central column after
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DENSE PLASMA FLOW FROM AN ELECTRCDE CONIC SOURCE

by

T.A. El-Khalefawy, E.E. ¥ofal, M.F. El-Menshawy,
M.A. EL-Yasry, M.S. El-Gwaily and Ya. F. Volkov™*
PLASIA PAYSICS AND ACCELERATCRS DEPARTMINT,

Atomic Energy Establishment, Caire, U.A.R.

Abstract: Density, velocity and temperature of a plasma flow have been
measured as a funciion of time, distance and intensity of the magnetic
field. A change in the composition of the flow head-part has been inves-
tigated. Parameters of plasma which appears in the Lube under Lhe effect

of fast electrons and discharge emission have been measured.

Experimental Set-up and Methods of Measurements: 4 plesme was injected

from & plexiglass cone inte a glass tube f0cm in lengih and 4cm in diame—
ter. The fube was placed in & logitudinal mwagnetic field which could
range from 0 to PkG. The plasma was produced by discharging the capaciior
bank of capacity of C=30uF, veltage of V=3:fKkV, and current half cycle
equal to 4.3psec. The plasme density was determined from Stark-Broadening
measurements of Hﬁsllect-rnl line. The monocromator was used to acann the
Eﬁapec(.ra.l line with very narrow exit slit. Relative time variations of
the width of the spectral line during s single discharge can be obtained
knowing the ratio of the total line intensity II. to that at the line cen-
ter T ax 81 every instant of time. The change in the plasma composition
was investigated by measuring the ratio of Hpapar.!.rnl line total intensi-
ty to the total intensity of impurity line. If the temperaiure changed
are alight (b'ra':-‘ 0.5eV) the ratio of the total intensities equal to that
of the density of the radistors. The eleciron temperature wasm determined
+ On lesve from the Atomic Energy State Committee, USSR.
from ihe Balmer-sprung measurements. The electron temperature in the
aource was estimated according te the plasma conductivity. To measure
density of a plasma which appears in the tube before the plasma flow ia
formed, the microwave interferometer (]-m) was employed. The flow
velocity was measured with the high-speed camera. The arrangement of the
.mnin units are shown in Fig. (1).
Resulisa and Diacussion: As aseen from Fig. (2a) the shock wave ia formed
at a distance of sbhout 30cm from the source., Up to this moment the plasma
flow existed, the density of which monotonically incresses, Fig. (E)lhnvl
density variations with distance. The flow maximum density is taken for
o(x,\(ascm and the density of the shock wave front is taken for x)/ 34cm.
With the increase of the distance from the source, the density of a
plasma falls off and the maguetic field starts to reduce particles scap—
ing to the walls. With the increase of the magnetic field gas pick up of
the shock wave begins to dominate over diffusion and recombination and
density gradually increases with diatance Fig. (3). For inveatigation of
the changee in flow composition, the most bright line of the visible
spectrum was chosen (Fe I 4271 i}. Fig. (2) illustrates the measured re—
sults, (E’i) is the intensity ratio of the lines H,and Fe I at the
Ire £
instant of time when the intensity line of iron is maximum. It coincides
with the shock-wave front. The content of impurities decreases with dis-
tance due to the loss of fast impurity atoms on the tube walls and
hydrogen is brought to the shock-wave front by the wave propagation along
the gas, i.e. the snowplough model can be applied in this condition.
Fig. (2b) illustrates temperature measurementa, Knowing the degree of
ionization, the temperature of a “foreplasma" wae calculated from Saha's
equation. The plasme temperature in the source proved to be equal to 4eV.
It is possible that this value have been understated, for no-multiply

charged ions was assumed when calculating. For X 30cm the temperature
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of the wave front doesn't change with distance and it is independent of
the magnetic field. As the plasma is injected into the magnetic field a
deceleragtion of the flow is possible. The induced current can reach 400
A./cmz at the tube walls and the decay time can be equal to 2:3paec.
Generally if the shock wave propagated through a homogeneous longitudinal
magnetic field the velocity change doesn't depend on the magnetic field
intensity. In the present work the shock velocity change depends on the
magnetic field, see Fig. (4). With the increase of the magnetic field the
plasma velocity grows at any position up to X(33cm from the source. At
X}aicm the velocity doesn't depend on the magnetic field and this pheno-
mena can be observed more at higher capacitor bank voltages. From the
snow plough model [ 1) the dependence of the shock wave on time is

¢ § ulfer my - (1)
t >> mg/ mg e (2)

is plasma mass for L:O,ma ia the increase of the mass of the

= a4
X P/mz

X = (2P t/ma)*
where L
plasma per unit of X,P is the plasma momentum, Messurements show that
plosma density and velocity do not depend on the magnetic field for X=0,
i.e. the quantities my and P are independent of the magnetic field, It
can be assumed that when the magnetic field increases the plasmas flow is
compressed and gas pick-up takes place not in all the cross—section of

the tube, i.e. the quantity m, decreases. This indieates that the veloci-

3
iy time independence increases. In the course of the decay of the curremt
which appeared in the plasma the flow fills in all the cross—section of

the tube and the velocity rapidly decreases. The flow energy is dissipate

in ionization, dissociation and gas pick-up.

Referencea:

1 Cormack G.P., Canad. J. of Phys. 41 (1963)1561.
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Fig. (2) Denasity (a) and temperature (b) as a:function of time and
distance. Voltage of the source V.-Bk\‘, P=200m.Torr, Ha0,
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FUSION BY LASER DRIVEN FLAME PROPAGATION IN SOLID DT TARGETS In the flame propagation regime without electron heat conduction inequa-
J.L. BOBIN, G.F. TONON lity (3) is fulfilled when the pulse duration T Is greater than /5/ :
Commissariat & 1'Energie Atomique, Centre d'Etudes de Limeil £y >T T
(4) T, =2 611D

AR
>\ being the laser light wavelength in pm Tns inkeV, On Fig. 3 are

B.P. 27, 94 - Villeneuve-Saint-Georges - France

plotted critical Nd glass laser charactéristics (energy, duration and flux

impinging on the target) for fulfilement of inequality (3)as functions of

Abstract

EY - o the plasma temperature, It should be noticed that optimum values are
After a review of plasma flow properties, inequalities analogous { T = 8 kev

to Lawson criterion are derived and conditions for a positive energy balance !: 7 >/ 300 nsec (target lengh ~» 3 cm}

are discussed. ) (D v 2.3, 101‘1 W/crn2 (quite a reasonable value)

L ’( W F; 7.107 jcm.les/c:rr\2 or 7.10° joules for a

Advances in the knowledge of laser created plasmas, allow us | target of (100 qu SeEs snation

to set up a satisfactory description for the generated flow. In the high Tem-

perature plasma fusion reactions can occur / 1 / and higher temperature Fluxes of about 10" W/‘crnZ are within the possibilities of present

would yield a large amount of thermonuclear reactions. state laser technology and focusing lenses technology. However such fluxes

have been so far associated only with nanosecond laser pulses. A power
drodynam | nder laser in producing reactor using the laser driven flame propagation as a hot plasma

generator would require reasonable fluxes but considerably longer pulses.

The main features are described In /2 / and /3 / for non conductive
(deflagration) and purely conductive regimes respectively. Further investiga- REFERENCES

tions taking into account electron heat conduction lead to the laser flux, tem-
/1/ FLOUX (F.) et alii - Nuclear fusion reactions in solid deuterium laser

perature and density profiles displayed on fig. 1. ?c is the critical density produced plasma. FPhysical Review - 1970. vol. 1 A n® 3. pp. 821 824
for which the plasma frequency equals the incident laser flux frequency. For /2/ FAUOUIGNON (C.) - FLOUX (F.) '
fusion conditions ( TZN 10 keV and long pulses) it can be shown that the Hydrodynamic behaviour of solid deuterium under laser heating

Physics of Fluids - vol. 13 n® 2 - février 1970. pp. 386-391

/3/ BABUEL-PEYRISSAC (j.P.) - FAUQUIGNON (C.) - FLOUX (F,)
the interaction process both for Nd laser light and co, laser light. Effect of powerful laser pulse on low Z solid material. Physlics

Letters, vol. 30 An® 5 3 novembre 1969 - pp. 290-291

build up of the stationary deflagration structure occurs in the early stages of

Reactor efficiencies will be evaluated with /4/ LAWSON (].D.) - Some criteria for a power producing thermonuclear reactor
@ 1’3 32 T; Proc. Phys, Soc. 70 B, 6. 1957, pp. 6-10
-9 4 ¥t [ : - !
1 T = §40 = ) (1b) =2 == A /5/ TONON (G.F.)
o L e X° 5 5 fe Le laser et la fusion thermonucléaire (Onde Electrique - & parafire)

sk
where W, is the ion mass, a the Boltzmann constant; PIT is the non-

linear electron heat conduction coefﬂcient.q) is the incoming flux, i

Criterion for a power producing reactor R
FIG.1
Two parts of the plasma flow are interesting viz : the isothermal-

ly expanding plasma the characteristic length of which increases linearly
with time, and the deflagration structure. Let 'J be the overall efficiency
of the energy conversion process in the reactor : kinetic energy of escaping
reaction products —>thermal energy —> electrical energy —> laser light
energy. Then following Lawson reasoning /4/, the reactor efficiency C.R.
reads .

R f'?tud.r +7R 6240 mzcavy [T+ M)
“l ’_I!E;NJ:H cTR £k G T My 5 23 € T NN ]
where P is the power emitted as escaping particles, K the radiated power,

i
251

& and ¥ the thermal and kinetic energles in the flow respectively, NMthe
total number of particles involved during the cycle duration T . Indices ¢
and S refer to the isothermal expansion and the structure respectively.
n= g/m and the total energy in the flow is roughly twice the thermal
energy of the Interesting parts, For a given 7, (l.e. given laser light),'S{
isafunctionof © and 1 . A typical plot isshown for Nd glass laser
light (m, w0 3 , Noaw X,  N= -EF:_"/:) on tig. Z.

The fuel is a 50 % DT mixture.

If a satisfactory cycle efficiency n could be achieved,then a
successful reactor would operate with long laser pulses (T > 100 ns) and

due to (1.a) only moderate fluxes. The CO, laser offer a promise of a cycle

2
efficiency Nl of about 10 %. Roughly the same curves as in fig. 2 hold

but with duration 10 to 100 times longer. Pulses over 10 us in duration and

fluxes of about 1013 - 1014 W/r:mz would prove successful.

Condition for a positive energy balance 1
T (KeV)y!0
!0? N

FIG.3 |;

the energy released by thermonuclear reaction WFwould exceed the invested 1

The above stated requirement are several order of magnitude greater

than actual laser performances, A first interesting step would be achieved if

i

0
Iilllll’l do L1 11

laser beam energy WL. Then instead of (2) one is to investigate the condition

@) R .—\uﬁ‘)i
L
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EXPERIMENTS ON A LASER-PRODUCED OVERDENSE PLASMA
J. Schliiter and W. Winkelmann

Institut [ir Plasmaphysik, KFA-EURATOM Assoziation, Jilich, Germany

Abstract. The optical thickness of a laser-produced plasma has
been measured as a function of wavelength. For power densities
;2.1010 WJcmE the plasma becomes optically thick at wavelengths
shorter than the wavelength of the ruby laser. It is concluded
that the electron density is 2 8-10°1 en™3,

Introduction. It is generally assumed, that the rapid icnization

and heating of solid materialsin the focus of a giant pulse ruby
laser should generate electron densities of the order of
1022-1023 cm-j, i.e. a medium where the plasma frequency is larger
by a factor of about 10 than the laser frequency. In this medium,
transport of radiation energy at the wavelength of the laser is
not possible. Other mechanisms for the heat transfer have to be
considered, if such "overdense" plasmas with n.> 2-10°1 cm_5 are
to be generated. It has been calculated /1/ that in the case of
hydrogen, heat conduction by the electrons may not be neglected,
when the power density N of the laser is larger than

2-10]] Hattslcme.

Experiment. The laser radiation. was [focussed with a lense of

10 cm focal length on thin foils of polythene, which were mounted
in an evacuated vessel. The plasma radiation was measured at an
angle of 20° (Iv) and 200° (IH) to the direction of the incident
laser radiation. Spectral resolution was achieved by interference
filters. Fast photodiodes were used as detectors; the overall

time resolution was about 2.5 nsec.

In Fig. 1 the ratio IV.IIR measured at the maximum of the laser
power is plotted against wavelength. If the plasma is optically
thin for the wavelength concerned, this ratio should be one. If
the plasma is optically thick, a ratio T,/ 1 {4 1 should be ex-
pected, except if the temperature and density profiles are
symmetric with respect to a plane parallel to the surface of the
foil. Fig. 1 shows that for N » 3-10'0 Watts/em® this ratio is
about 0.35 in the whole of the investigated wavelength domain.
We conclude, that this value characterizes an optically thick
plasma. This is further justified by the fact, that if the

laser radiation is totally absorbed, the ratio IVIIR 0.3-0.4

is always obtained for h>l uby
value of the ratio IV/IR in the limit of high laser powers is
not yet clear; it may be influenced by radiation emitted from
the periphery of the focal spot, where presumably the plasma

is optically thin. The possibility of contributions of scattered
light at the wavelength of the ruby was excluded by additional
experimental tests.

(o}

. The meaning of the absolute

If Ng 1.2-101 Watts/em, the plasma is optically thick only
ror h 2 “ruby' At a laser power of 2.7-1010 Watts/cm, the
transition from optically thin to an optically thick plasma
occurs between 5000 and 4000 R.

Fig. 2 shows the ratio IV/IR plotted against time for A= 3960 R
and A= 7500 fi. At the longer wavelength the plasma is optically
thick {IVII # 0,3) during nearly the whole of the laser emission,
whereas at <Kmhy the time during which the plasma is opti-
cally thick is much shorter.

Comparing the plasma radiation with the radiation of a carbon
arc, the temperature of the absorbing layer is about 15 eV.

Discussion. We suppose that the observed jump of the optical
thicknessT from f<«l te T >3 at the wavelength fig indicates
directly the maximum of the electron density in the laser pro-
duced plasma, il we equate the corresponding frequency Qc
with the plasma frequency vp, we have
| [T
4T hee
We (1)

D% vp =

It is experimentally known /2/, that the originally produced
absorbing layer at the surface of the solid has a thickness
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d = 10_“ cm. With a layer of this thickness, the absorption

coefficient i should be larger than 10 cm-l, irTt=ra>1.
Using the formula for the absorption coefficient (/3/, see
also /4/)

- 1 L
W | 2@ QL_\[\. = i
A 3 AT BT - 3%)"
it follows that for a given frequency Yy , the condition

€« >10 ::m'l is fulfilled when V _=- V is very small or negative,
that is when the plasma is (nearly) overdense.

According to this derivation, our investigated plasma becomes
overdense at N = 2-1010 w/umz. From the observation, that
plasma at higher power densities is optically thick at

It = 3960 &, we conclude further, that the plasma frequency

is then at least a factor of 2 higher than the laser frequency;
this implicates n_ = g8.10%1 em™2.
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Fig. 1 Ratio of the plasma radiation emitted parallel (Iv)
and antiparallel (IR) to the direction of the laser
light as a function of wavelength measured at the
maximum of the laser-pulse.
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Fig. 2 The ratio I /I, as a function of time for two diffe-
rent wavelengths. For comparison the power density
of the laser radiation in the focal spot as s functiap
of time.
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INVESTIGATION OF LASER PRODUCED PLASMAS IN A MAGNETIC FIELD
by
F. Schwirzke
Naval Postgraduate School, Monterey, Califormia 93940, USA
Abstract: The influence of finite conductivity on the dynamics of a laser
produced plasma has been studied. The expanding plasma forms an elliptical
shell of hot plasma due to enhanced resistive heating of the electroms at
the plasma field boundary. The long lasting plasma shell could be utilized

as a target plasma in neutral beam injection mirror machines.

High powered lasers are currently applied in the following four areas of the
CIR program: 1) Production of a clean plasma within magnetic field
configurations for basic studies of collisionless shock wave phenomena, stabi-
lity and confinement. 2) Utilization of a laser produced plasma as a target
in neutral injection mirror machines. 3) Scattering of laser light for
plasma diagnostics. 4) Short time plasma heating for thermonuclear neutron
production. Neutron emission has been obtained by focussing a giant laser
pulse on a solid deuterium target. However, the power levels of the presently
existing lasers are far too low to achieve a self sustaining fusion process,
For this reason the other above mentioned laser applications seem to be more
useful at the present time. The purpose of this paper is to discuss the
interaction of a laser produced plasma with a magnetic field and the

implications of the results for the creation of a target plasma.

Long confinement times in mirror machines have been achieved recently. In
addition, a highly efficient method has been proposed [1] for regaining the
energy of the particles which escape through the loss cone by direct
conversion. These encouraging results provide the motivation for considering
mirror machines as one of the prime types of possible fusion reactors.
Estimates show that the fonization probability may be increased tenfold or
more in comparison with Lorentz ionization if a laser produced target plasma
is utilized [2].
produced target plasma over a longer time localized within a small core

Certainly, it would be highly desirable to keep the laser

volume of the mirror machine. Obvicusly the interaction of the expanding
laser produced plasma with the magnetic field is of special importance if

we want to create a target plasma.

A dense and hot plasma was created in the central region of a magnetic

mirror field with a mirror ratio of 2:1 by Ffocussing a 150 MW 20 ns pulse
from a Q-switched neodymium laser on the tip of a 30l pyrex fiber. It is
advantageous to use a heavy ion plasma for the investigation of the

dynamics of a laser created plasma expanding in a magnetic field because the
macroscopic flow velocity is reduced and tte behavior of the plasma can be more
easily analysed by magnetic probes, Langmuir probes and high speed photo-
graphy. During the initial expansion phase of the B > 1 plasma the tempera-
ture decreases rapidly according to the Form e Ta(r“,’r)3 where T and r  are

the temperature and radius of the plasma when it becomes transparent. The
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Fig. 1. Magnetic field profiles measured in radial direction across Bo.

Parameter is the time elapsed from firing of the laser pulse.
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T =900c
o

Fig. 2. Image converter photos of laser produced plasma.

rapid decrease of Tr implies that an asymptotic plasma expansion velocity V
is reached in a rather short time while B >> 1. Resistive effects, associated
with surface currents in the front of the plasma expanding against a

magnetic field, form the most effective means of rethermalization of the
kinetic energy of expansion. The skin depth for which B penetrates into
the plasma is determined by the effective resistivity. We would expect

from Spitzer's formula for the conductivity o that with decreasing Tr the
width of the front of the expanding plasma, d = ¢ fang V, increases pro-
portional to d = 1'1_.;’“a /V or as function of the radius d = r°/V, The measurad
magnetic field profiles of Fig. 1 do not show such a relationship between d
and r. Furthermore, the magnetic probe measurements, Fig. 1, and the image
converter photos of the expanding plasma, Fig. 2, clearly show the develop-

ment of a shell structure in the plasma at t 2 500 ns.

Resistive heating becomes more efficient with decreasing Tr' Correspondingly,
the temperature of the expanding plasma goes through a minimum. Computer

calculations show that the minimum value of 1‘r and the time of its occurence
is a function of B . With increasing Buﬁiiaid the minimum occurs earlier in
time and it is less pronounced. The B - field penctrates the whole plasma
if at low temperatures d becomes larger than the plasma radius, Later, with
increasing conductivity this field will to some extent be "frozen" into the

plasma, Even a weak B - field in the plasma reduces the transverse heat

flow in the plasma considerably due to the 1/8° dependence ©Of the coefficient
of thermal conductivity, Since the resistive heating of the electrons is
mainly due te the surface currents, a raduced heat flow backwards into the
plasma leads to an enhanced temperature increase in the outer shell of the
expanding laser produced plasma. If the growth rate of the two-stream
instability becomes larger than the electron - ion Coulomb collision
Erequency, turbulence developes in the wave front and contributes also
Actually 'the half width of the shell

structure in Fig, 1 at t = 500 ns corresponds to a Bohm-diffusion like heat

effectively to the plasma heating [3],
transport. Later in time the shell remains almost stationary and the
density decays relatively slowly. The experimental results indicate that the
plasma losses along the field lines are considerably reduced probably due to
a captured poloidal field. In conclusion, such a long lasting plasma ring
produced by laser irradiation of a pellet would represent a useful target

plasma for meutral beam injection machines.

Research sponsored by the Air Force Office of Scientific Research, Office
of Aerospace Research, United States Air Force, under AFOSR Grant No.
MIPR - 0004 - 69.
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FORBIDDEN OPTICAL TRANSITIONS INDUCED

IN DENSE LITRIUM PLASMAS

by
B. Ya'akobi
Department of Physics and Astronomy
UNIVERSITY OF MARYLAND
College Park, Maryland, 11.5.A.
and
E. V. George, M. Pawlak and G. Bekefi
Department of Physics and Fesearch Laboratory of Electronics

MASSACHUSETTS INSTITUTE OF TFCHNOLOGY

Cambridge, Massachusetts, U.S.A.

Abstract: The line intensities and profiles of the forbidden 2P-3F transi-
tion of LiI and of its neiphboring optical satellite (induced by collective
electron plasma oscillations) are studied experimentally and theoretically.
The plasma 1s produced in two ways, by exploding electrically a fine lithium
wire and by {lluminating a lithium surface with intense radiation from a

co, laser.

In a sufficiently dense plasma, transitions normally forbidden by the usual
selection rules radiate as a result of the strong electric fields produced
by the charges lying in the vicinity of the radiating atom. Thus a forbid-
den line adjacent to an allowed line can be made to radiate through the ac-
tion of the essentially random, quasi-static electric field of the fons. In
addition, the high frequency almost monochrematic field produced by collec-
tive electron plasma oscillations gives rise to optical :muui:es“_s]
flanking the forbidden line and separated from the latter hy * 1..:n where ”o

is the oscillation frequency of the collective mode.

&

INTENSITY
w

RELATIVE

6600 6400 6200

WAVELENGTH (4)

5800

Fig. 1. Part of spectrum observed from an exploded lithium wire after sub-

traction of the continuum. A is the allowed line, F the forbidden line and

S the plasma satellite. The dashed curve represents the unfolding of the

partially overlapping lines.

In Fig. 1 is shown a section of the time inteprated spectrum from a plasma
produced by discharging a 50 J capacitor through a 0.05 mm 0.0 lithium wire,
The plasma lasts for approximately 7 u sec during which time the electron

density N and temperature T have the following typical values:

ol? 3

101 e i ¢ 3:10%8e73, 6x107 1 ¢ 2010% k. The speccropram exhibits the

allowed 2P - 3D line (A) which is self reversed due to larpe spatial temper-
ature pradients in the plasma; it also exhibits the 2P - 3P forbidden line

(F) and one satellite (§). The other satellite is within the line width of

the allowed line. The frequency separation u between the satellite and for-

bidden line is very nearly equal to the plasma frequency u = (Ne-",'msm)”2

18 -3

from uhfch we deduce an electron density N = 2x10 ecm -. This density occurs

at approximately 2 p sec after initiation of the breakdown and it is at this
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time that most of the emission from the neutral atoms occurs. At earlier
times the plasma is highly fonized and the density of neutral atoms is low;

at later times the electron density is low.

The intensity of the satellite is proportional to the sauare of the electric
H.eld“' in the collective plasma oscillations. If the latter are of ther-
mal origin, a determination of the strenpth of the satellite (relative to

the allowed or forhidden line) vields the electron temperature. On the

basis of our measurements we Flnd“l that the plasma is indeed close to he-

ing in thefmal equilibrium with an electron temperature of " 1 eV,

A study of the forbidden line it- 1 ¥

self can be used for diapnosing the

LA |
N0 em

plasma density. Fipure ? shows com-

putations based on the work of LITHIUM T

161 )

Griem of the profile of the al-
o

lowed 2P-3D (6103 A) line and of £

z
the neighboring forbidden 2P-3P E

°
(6241.5 A) line of LiI, As the & &(" -
plasma density increases, two ef-
\._/
fects occur. First, the peak of the
forbidden line moves away from the
allowed line by very appreciable '
p 60004 61004 [F1.113 ssnnl
amounts (w25 A as N changes from WAVELENGTH
17 18 -3

10 to 107 ecm ~). Secondly, the Tip. 2. Calculated nrofiles for the

ratio of the peak intensity of for- Lil 2P-3D allowed line and

bidden to allowed line chanpes; for the 2P-3P forbidden line for

7 -3

example, when N = ml cm = the various electron densities

ratio s A(200) N. Self absorntion is

-3

and when

= 10887 the ratio 1s na07h neplected.
However, to compare these computations with experiment, self absorption of

radiation (not taken into acecount in Fig. 2) must be allowed for.

The laser-produced plasma is penerated by means of a novel, high-power, hiph-
repetition rate Cuz laser described in a companion pnuer.l” The laser radi-
ation is focused by means of a 3.8 cm focal length lens onto a cylindrical
post of lithium, housed in a cell containing helium as a buffer gas. The
lithium post is rotated continucusly to prevent excessive pitting of the sur-
face by the laser pulses. The radiation from the intense plasma plume thus
generated i1s studied by means of a 1.5 m spectrometer, focused on a small
section of the plasma. Excellent spatial revolution of 0.1 mm is achieved
so that the spatial plasma profile can be readily observed. To date, the
2P-3P forbidden line has been studied but the plasma satellites have as yet

not been seen.

Acknovledgments. We are grateful to Prof., H. R. Griem for fruitful discus-

slons. This work was supported in part by U.S. Atomic Enerpy Contract

AT(30-1)-3980.

References

1. M. Baranger and B. Mozer, Phys. Rev. 123, 25 (1961).

2. H. J. Kunze and H. R. Griem, Phys. Rev. Letters 21, 1048 (1968).

3. W. 8. Cooper, III and H, Ringler, Phys. Rev, 179, 226 (1969).

4. B. Ya'akobi and G. Bekefi, Phys. Letters 30A, 539 (1969).

5. G. Baravian et al, Phys. Letters 30A, 198 (1969).

6. H. P. Griem, Astrophysical J. 154 111 (1968)

7. E. V. Georpe, Optical Production of High Density Plasmas with a Novel
Cﬂz laser (Paper in this conference).




DENSE PLASMAS

NEUTRON PRODUCTION MECHANISMS 1IN THE PLASMA FOCUS
by
D. E. POITER

Imperial College, Prince Consort Road, London, S.W.7, England.

INTRODUCTION
Results from the application of a two-dimensional magnetohydrodynamic
codel to the plasma focus E-xpnsl"ﬁ.mer'd:2 have provided good agreement with
experiment in deseribing the dynamics and structure of the plasma i'c:cus:'.

ced in the numerical

The behaviour and parameters of the focus pinch pro
fluid model suggest two mechanisms for the production of reutrons. In this
paper estimates of the neutron yield are determined for each mechanism,
and the neutron properties on the basis of the caleulations are compared
with experiment.

The fluid model used and numerical methods applied in the two-dimensional
magnetohydrodynamic code to describe the plasma focus have been discussed

previwslyl’u.

STRUCTURE OF THE PLASMA FOCUS

The calculation is initiated with a voltage of 40 kvolts. applied across
the breach of a coaxial gun, with an initial filling pressure of 1 torr deu-
terium (n;ﬂ.ﬁxlOlﬁ cmA}). A steady state shock is established and driven
between the coaxial electr'ndas“. I At the end of the centre electrode an axi-
symmetric shock collapses radially to the axis. The structure of the shock
just before it meets the axis is illustrated in Fig. 1. The peak shock velo-
city immediately prior to meeting the axis reaches 50 cms. usec.-l and in con-
sequence of this large shock velocity together with the low compression ratio

in the imploding shock, the subsequent focus pinch formed on the axis attains

very high temperatures. The axial
dependence of the variables in the
resulting pinch are illustrated in
Fig. 2 at early times, 10 nanosecs.
after the pinch has formed.

Two features in the focus pinch
in particular are clear. Firstly
a hot pinch zone in which the para-
meters reach 'I‘i .5 kaV. nem}xlﬂls

s, ™3, pr0.2 ems. (the high tem-

peratures are achieved by adiaba-

Figure 1. Structure of radially im-

tic compression and viscous heat-  Ploding shock prior to meeting axis.

Secondly a fast ‘axial shock is produced where

ing).

ne‘\.l()]‘B ems.”? and an axial velocity of 80 cms. ysec.”
ion temperature in the shock is 600 eV.

At later times (Fig. 3) the hot pinch region is more than a centimetre
long and axial flow occurs (Vg = 30 cms. usec._l). The axial shock has
moved downstream a considerable distance, while the pinch does not translate
significantly. Though the pinch is stabilised by ion vis o:iL:,'z‘h the peak

pinch is corrupted after long times (40 nanosecs.) by an m=0 instability.

NEUTRON EMISSION

On the basis of these results it is clear that two mect s are avail-

able for the preduction of neutrons, Neutrons will be emitted due to therm—
ally reacting deuterons in the hot pinch region, where the yield may be estim-

ated from,
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+10

focus at early times: ~“pinch

aNnosecs. . F ' i
where i 1s the length of the hot pinch, r the radius, n the dsuterium number
density, T‘i (keV) the ion temperature and t the lifetime. Using the values

given above (Fig. 3) then,

= 5x109 neutrons.

This value is rather smaller than that sugeested by experiment. The

yield however is z very strong function of ion t rature, Taking into

ion viscous coeffi

el certain-

account the uncertainty in the ent, a fluid

ly provides a thermal plasma capable of producing the neutron yields found

experimentally. While the source remains relatively stationary with respect
to the anode, flow occurs through the pinch (V, = 30 oms. usuc._l) leading to
a small anisotropy in the neutron energy fluxd.

A second neutron emission mechanism® exists as the result of the inter-

n

streaming of deuterons in the axial shock ) which attains very high ve-

iz,

- o A =1 2 . s
locit. of 80 ems. psec. ~. While this mecharism

e neutron energy flux®, t

sotropy

the [luid calculations (

N, = 2x10" neutrons.
Indeed to account for experimental yields a shock veloeity well in excess
= ] =1 : - . ‘
of .108 cms. sec. ~ would be required and no such velocity is apparent from

the caleulations. In addition the shock would translate the neutron

source over consi

On the results of the caleulations, trons would oceur in the focus

as the result of the First model fl-ll') emanating from the hot pinch due to
thermally colliding deuterons. The anisotropic properties of such emission
do not however agree with experiment.

n time “ii"' 20 nanosecs.) is of the order

ion distributien function in ti

It is clear th

ore, that a.singular c

:les may be produced on the field free 3

the pinch, where

particles not trapped by cyelotron orbiting, are freely : rated by the

axial electric field. While such singular particles are restricted to a

small volume in

fect on t

ROEI .8 YPTER ds 81 ional Physies,

Vel. 9, Ae:
(2) fy}_r'm»ut, Pis <.D. and WILLIAMS,
AH. ma Physics and

(%)
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SCALING LAWS OF PLASMA FOCUSES

Ch. Maisonnier, M, Samuelli, B, Robouch, F, Pecorella

Laboratori Gas Ionizzati (Associazione EURATOM-CNEN) ,
C.P. 65 - 00044 Frascati, Rome, Italy

Abstract: The variation of the neutron emission N of a
/= o

Plasma Focus device as a function of the voltage (U) and
capacity (C) of the condenser bank has been experimental
1y measured for 20 < U < 40 kv and 30 <W<120 kJ, It is

4.5 2.5
found that Nc varies as U and C

Description of the experiment: Using the experimental de

vice deseribed in /. 1 / and whose sketch is represented

in Fig. 1, a detailed investigation of the variation of
the neutron emission as a function oi the voltage U, the
capacity C, and some geometrical parameters of the dis-
charge chamber has been carried out. In particular, it has
been possible to vary U from 20 to 40 kV, and C from 144uF
to one quarter of this value,maintaining anyway a symme-
trical distribution of the cables connecting the bank to
the collector.

| e susisiiz

P

/ By 1RO
IHPLIING FLASH SREMTK l—mm TS ‘rlllltl\ﬂl o BEUTERIVH

ey ’r - - IRHEHON 0F 1ERIN
B e e
FRNE LRNETE w & 8 - .

T USRS — 7 sy
| —t

(Rt . [-—w _] |

— T

UM

HOM - 40

LI !umiuu DUERTE O ALGMInL

Fig. 1 Sketch of the experimental chamber
For each value of U and C,the static filling pressure pc

and the pressure Fl behind the fast valve were varied in

order to find the combination giving the optimum neutron yield.

Fig. 2 and 3 show that this occurs always for about the same

value of the collapse time.

va=25 KV; p =1100 F;pltlE,S atm. c=72 ’up‘ po:l{)ua M pl

>

Fig. 3

ser bank.

V =LoKy:
o ~HOKY;

P:=1500 M, p, =12 atm.
1

Fig., o
Optimization of the
neutron yield at var
ious voltages -

c=1kY ﬁ?; p°=lh50‘ﬂ; pl=11,5 atm.

Optimization of the neu
tron yield at various
capacities of the conden

When the device was working properly,a very good
reproducibility of the neutron yield has been observed
(Fig.4),so that it was possible to get well defined
values of the mean neutron yield (mean yield of the
good series).For each point (a given C and a given U )

a few hundred discharges have been made.

NUMBER V=06 kY
0 [ ]
NEUTRONS “_
W A
—a N/ = 1 A
= Ll

o I o

il
. 5 0 L] 0 5 k] %
NUMBER OF SHOTS

FIG.4-Neutron yield in 40 successive identical shots.

Experimental results,

The variation of the maximum and mean values of the
neutron emission No as a function of U and C is shown
on Fig.5 .ND is found to vary as U4'5 at constant capacity,
and as 02'5 at constant voltage in the range of
parameters under consideration,It is seen that ND varies
roughly as the enmergy W of the bank to the power 2.3,
indipendently of the fact that the variation of W is
due to a variation of U or to a variation of C.This fact is
of great pratical importance,as an extrapolatiun of tﬁe
present devices in the MegaJoule range will not require to
face the difficult technical problems linked with-very

high veltage large condenser banks.

€214 pF V0K

K af
neutrons

e =

'l
o=t . KoL
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WIIBIIINWW 0 30 LS50 70 00 WL 200 uF

FIG.5-Scaling laws (experimental).

The influence on the neutron yield of some geometrical
parameters,of the nature of the background gas (for
instance the fast valve injecting deuterium in a
hydrogen or argon atmosphere),of polarity,etc. as well
as a confrontation of the experimental results with
theoretical models / 2, 3, 4 / will be presented soon

in another paper.
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DENSITY, TEMPERATURES AND NEUTRON MEASUREMENTS OF A PLASMA FOCUS

J.P. BACONNET, G. CESARI, A. COUDEVILLE, C. PATOU, 1.P. WATTEAU Ti=270 eV
Commissariat & 1'Energie Atomique, Centre d'Etudes de Limeil parameter /3 = 0,7 electron density osl- B- o7 |
18 -3 135 @V ¢ Te< 220V

B.P, 27, 94 - Villeneuve-Saint-Georges - France

Abstract : The plasma focus electron temperature and neutron emission are

analysed in space and time, Density and ion temperature are studied by

schlieren pictures and Thomson scattering respectively. Preliminary reports

of recent studies with various capecitor banks are given.

Several diagnostics are used to know more about the plasma which focuses in

PL

ASMAS

the electrode. From this spectrum the
following values are deduced : Salpeter
n>3.10" cm 7; 135 eV (Te<220 ev
and ion temperature '_'l‘i = 270 eV. Te is
lower than Ti like in a cylindrical
shock wave before axis thermalization.
Thomson values of ’I‘e at differents
times before the main neutron emission

are drawn on figure 3 and lower than

11 Arbitrary Units |

the X-rays values. It is not possible 5935 CLTE] 6955
front of a coaxial gun working at a high pressure regime. The coperating data to do 90° measurements during the hiay
are : 50 mm inner clectrode and 100 mm outer electrode diameters, 190 mm gun main emission because the signal to
length ; 3 torr deuterium pressure ; 90 |,1F‘ - 18 kV - 15 k] capacitor bank. The noise ratio is too low. This can be Fig. 4

9
maximum value of the current is 500 kA and the average neutron yield 1,5,107,

We choose as time origin the negative peak of the current derivative when the

beginning of the main neutron emission /1/ occurs.

Schlieren pictures (Fig. 1) show the unstsble /2/ plasma sheet pinching on the

gun axis from which a very irregular filament originates. These schlieren pictures

are quite different from the time-

interpreted as a spread of the scatte-

red spectrum due to a decrease of the Salpeter oA\ - parameter, Te increasing

faster than n during the collapsing phase. Consequently to keep a collective

behaviour of the plasma during the main emission it seems necessary to look

forward. Attemps are made but at present the stray light is too high.

Finally trials are made (Fig. 5) to

integrated X rays pictures on which i
g ¥Ys P increase the neutron yield by changing Exp RZ/R = v € [imax|
the filament appears well defined /3/. the capacitor bank voltage and energy. U] ELoi i O L
‘When the polarity of the inner elecirode From these trials no simple law can be 1 2 3 18 15 | 050 15
is negative it seems that before th
g SEem = drawn apparently. 2 |2 |2 || w |os| 2s
sheet reaches the axis, it breaks, or The energy spectrum anisotropy results
thickens near the inner elecirode, the give an axial velocity of C,M. which 3 2 3| 45 | 30 | 077 BS
n ; i 8
density gradients becoming less sharp. isvg 44 = 1B L) c:ré/sec when neutron ) o | 2z | g sz Y 65
The soft X rays and neutron distributions yield is lower than 10 . Neutron flux
A g 5 15 L | w |2 | 2
along the gun axis z are indicated monotically decrease from 0° to 1807 in

on figure 2-a. The 5 mm resolution is agreement with the value of v Ryinner and Ry outer electrode radius, P pressure,

GMy ¥ charging voltage, E storage energy, | maximum

obtained by collimating the X rays beam This means that relative velocities of

current and N average neutron yield
with metal and the neutron beam with

neutrons appear isotropiec. We need to
polyethylene and paraffin. A plastic Fig. 1
as a detector and an aluminium

measure directly T.l by Thomson scat- Fig. §

scintillator with a photomultiplier are used tering in order to ascertaln a thermal plasma, but the boiler model for instance

thickness of 50 p is placed in front of accounts for present results,

7 o w SENT TR N R TE T R Ref

the X rays detector. The distributions L e i Relerences
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] 3 B B
cing a 1,5.10" neutron vield. We note >, i ! t, 29 n° 11-12, 1968, pp. 973-984.
: g i -a = {a}
the correlation in space of the soft Z -i ! | /2/ BACONNET (J.P.), CESARI (G.), COUDEVILLE (A.) and WATTEAU (J.P.).-
X rays and neutron emissions which 5 2 _': :"'"‘. Al Ninth International Conference on Phenomena in Ionized Gases, Bucharest,
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o — L
Assuming a free-free bremsstrahlung i T g /3/ PATQU (C.), SIMONNET (A.).- Note C.E.A. n® 1189, aont 1969.
% 1oL
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bing materials and thicknesses. 'I'e Zimml Romania, 1-6 September 1969.
measurements are delimited by two
curves between which a dotted curve Fig, 2
stands for the average value of Te' -
Before the plasma sheet collapses ¥
L I e e o e L
on the axis and during the primary
neutron emission /1/ 'I'e is of the N O] Al [ 27-11¢)mgfem? | a
i
order of 500 eV ; then it reaches @ :a r,.ﬁf::j::‘:ﬁ::: P
such high values as 5 keV when the 5t Al L11EL54) mgfem? o |
(3) Al INL-324) mafem? /

main emission is maximum, Fig. 2-b Hi ¢ 8.9-392) mg fem? i
gives an example at time t = 50 nsec A

>
of the z variation of Te ; it decrea- E :.

o3l I

ses away from the electrode as in the
two-dimensional MHD model /5/.
These temperature measurements have
to be compared with those obtained from

Thomson scattering /6/. A 90° scatte-

Thomson scalleting
p ) measurtements al 80°
ring ‘spectrum is shown on figure 4,

40 nsec before the main neutron emissior 4 -00s tlyusl I :'U-IUS: —

it is symmetrical and its shift to the red

may come from an axial plasma velocity

of .7, 10" cm. sec-l directed outwards from Fig. 3 11 8
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HIGH ENERGY DENSITY CONCENTRATION BY MEANS OF A CYLINDRICAL
OR SPHERICAL COLLIDING PLASMA LINER
M. Haegi, R. Keller, J.G. Linhart and B.,V. Robouch

Laboratori Gas lonizzati (Associazione EURATOM-CNEN), C.P. 65 -

00044 Frascati, Rome, Italy

aAbstract: Experimental results are reported on the structure of
snowploughed cylindrical shells and on the axial magnetic field
compressed by them. These results compare well with numerical
calculations showing that the model used for describing the proc

esses is realistic,

Introduction: One of the main problems of applying a very high
density plasma to CTR is to produce locally a high energy densi
ty /1, 2, 3 /. We analyse the physical processes involved in
the snowplough collapse of neon-plasma liners as one of these
concentration experiments. The experimental device / 3 / is made
of a 25 KJ, 40 KV low inductance condenser bank which can be
used with an either cylindri-

cal or guasi-spherical experi

; i) WS alator .
mental chamber operated in the syrmemetry &
0,1 torr range with meon as Middic

Tpiare
driving gas and supersonically
injected deuterium as target
o
gas, i
In this report we will limit
ourselves to the study of A\

P Poste cecione

shape and structure of a snow- Fig t
I Srape ot a magnelc constant i fube 1 e
-ploughing current layer in the o the rarped lett & dfferore rorar
< of & shrorg oeal ‘el (%= 350V 00 L Ny
cylindrical case with and with

out and axial magnetic field,

used instead of the deuterium

target so as to measure the compression ability of the plasma
liner,

Current-sheet dynamics: The following results have been obtain-

ed by means of triple magnetic probes which give simultanpecusly,
for one point. the three components of the field, Without ini-
tial magnetic field and ocutside the perturbed zone near the elec
trodes, the current sheet assumes a cylindrical shape which fol-
lows well the numerical results based on a mean transparency of
the magnetic piston of 60% to 95%. Applying an initial axial mag
netic field to be compressed, introduces complexe but reproduci
ble behaviour for the azimutal field / 4 /. The "snowploughed"
axial field behaves quite simply (Fig. 1). The departure from
the cylindrical symmetry is essentially due to 1) the magnetic
field lines being "frozen" in the electrodes; 2) the coupling
with the azimutal field dynamics, This departure increases with
the initial axial field intensity.

Structure of the liner: Outside of the perturbed zone near the

electrodes and excluding regions ncar r — 0 and » — the

"initial’
magnetic field compression occurs in two different modes: 1) In

very slow and resistive shots the compressed field increases

gt erreson
Feotatic

e ol e

o iz By e

ok e pertarbed Zore rear I @
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nearly uniformly in the whole space in front of the piston. 2)
In normal and rapid shots the magnetic field is no more uniform
but "accumulated" in front of the piston (Fig. 2), in spite of
the unperturbed medium having an Alfvén velocity an order of
magnitude higher than the liner velocity., One can explain this
fact as follows: Mass accumulates in front of the "snowploughed"
axial magnetic field thus lowering the local Alfvén velocity and
impeeding the propagation of the increased axial field away from
the liner front, The density needed therefore is equal to that
found for the liner, The ratio of "snowploughed" to unperturbed
axial field intensity can reach 50, Inside the liner the mag-

netic pressure is spatially uniform., Thus augmenting the initial

axial field will in-  Radus | L { | |
&m) .
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are some 10~3 cm and the Larmor radius 10z times larger,

The axial collision: We have already reported the results / 3 /
obtained inserting destructive magnetic probes and microfuses in
the axial region where the energy density reaches 10 I(J/cms. Time
and space-resolved spectra of this region have been taken in the
visible using a Kerr cell shutter. Presently, the full spectrosco
pical data are not yet worked omt / 5 / but it can easely be seen
that the observed transitions in M¥e_ and Ne come from an elec-

I II
tronic level population correspomding to temperatures :> 40 eV,

The spatial distribution of the global spectral intensity has
been plotted against time in (Fig., 3). The expansion velocity
being less than half of the implosion velocity indicates that
about 80% of the kinetic energy of the liner has escaped from
the axial zone as electromagnetic radiation.

Numerical model: The previous model / 3 / has been completed by
introducing a finite constant thickness and a finite resistivi-
ty for the liner / 6 /., The magnetic field is supposed to be ho
mogeneous in front of the liner, .

For an optimum parameter-set one gets at the collapse: that of
the stored energy 65% is transformed in heat by Joule effect and
inelastic particle-pickup and 35% appears in the total magnetic
energy 10% goes into the magnetic energy of the Bz field,

This model allows maximum compressed field of about 106 gauss

which is coherent with experimental data,
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A METHOD FOR THE DETERMINATION OF ELECTRONIC
DENSITY AND TEMPERATURE IN AN INHOMOGENEOUS PLASMA
by
R. Vanhauwermeiren

UNIVERSITE DE BRUXELLES
Avenue F.D. Roosevelt, Brussels

1050, Belgium

Abstract : A method has been devised to give an estimate of the
electronic density and temperature, as a function of the depth,
in a hydrogen inhomogemeous plasma, by spectroscopic means. It
is assumed that the plasma is in local thermal equilibrium.
Introduction : It is often difficult to give even an estimate
for the electronic density and temperature in a plasma which is
inhomogeneous along the line of sight. In many experiments, the
large irreproducibility of the phenomena excludes the usa of
spectroscopic measurements under different angles, as required
by the Abel inversion technique. The method presented in this
paper makes use of the alteration of the line shape due to the
inhomogeneity.
General methed

As it is well kmown 1) , the eutgoing intensity of radiation,

at the wavelength) may be writtem :

tﬂ
]
Q

where B is the block-body intensity and

B(T) «"Cac (1)

the optical depth

L
T (s) =f k'(x)dx (2)
s

with k' , the absorption coefficient (:l“lﬁ, function of the
coordinate x through N(x) and T(x), the electronic temperature
and density. .

We approximate N(x) and T(x) using a Lagrange interpolatiem

formula [2 ]
L“(y)

n
N(y) =% N(y,) ——
1 iy
whare Ln is the Legendre polynemial of degres m and the y; are
the roots of this pelynomial.
We mow integrate (1) and (2) by the Gauss techmique [2,3]
-Cx.
To by ~"o i
IK -5 B('Cnxi} e @ (3)

z
1
n
E
1

(Ml

Toa = k‘(xil w, (4)

are the gaussian weights and the x, are related to

where the @ 3

i
the roots ¥y -
In eq. (3), we have

with T

B('l;ﬂ!i] = B(T,) = T(zil

z. being the root of the eguation

i
Ty -t(zi)
If we give a fixed values for (n-1) couples T(x ), Nix;) and
allow T_ to vary, squation (3) is, for each value of T _, an
equation with a single unknewn T‘ . When this equation is sol-
ved, equation (4) gives the corresponding Nx . We thus obtain
two curves Tx(ﬂ'nl and NI(ED) for (n-1) given couples (Ni'Tij'
or a function Tx‘“x)'
If we apply the same process fer different wavelenghts, the
curves Tx(Nx) for different A wmust intersect in a single point
if the n couples (T,N) are correct. This fact gives rise to an

iteration process, which is possible to be completed by means

of an electronic computer.
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The Parabolic approximation

As an example, we treat the simple case of the parabolic appro-
ximation. Let us assume that the plasma is a slab, symmetric

around a median plane. We take for T(x) a parabolic approxima-

tion
T(x) = T_+a (T,_-T )(x"-b)
c ex ¢
where T = T(.33L), Tex = T(.072), and a and b are known cons-
tants.
Eq. (3) becomes
L = %; (pB(T,) + qB(T,)) (5)
p and q are known functions of ™~
T, = Tlz,) with 65214 C  =T(z)
Tz = T(zzl with <33000 bc = t(zzl

In this case, for given N amd T , k' = k'(N__,T ) is fixed
c c ex ex ex

for each tu .

The roots z, and %, are given by the equation
T(=z) (1-z) " . " -
T g (et o+ (k! -k!).1.59(.218 +

It is important to notice that the position of these two roots
describes the inhemogeneity of the medium.

When, for given t:o ¥ Tc and Nc i T.x has been determined from

equatiom (5), Ne! follows from the knowledge of k' i

x
The iteratiom is thus to be performed on T: and Nc for different
wavelemghts.

Example

The line shape of the Hr Balmer Line and the neighbouring conti-
muum was calculated for a parabolic electronic distribution, the
temperature beimg determimed by the requirement that the total
pressure should be constamt,

the geometrical depth was 3.67 cm.

The computer code used 49 points to calculate the integral

L = f:‘ o7

Three wavelemgths were selected to apply the method 4340 ;,
(center of the lina), 4366 A amd 4600 A (continuum).
For the cerrsct values of T_(=9089 *K) and N_(7.21 L

the curves N-x{T-!) imtersect at the point Tu = 8550 *K ,

16 -3
K, = 4,70 10 "cm

5.6 1083 |

x
the correct values being BB34 *K,

The relative discrepancy is attributed to inaccuracy im the

interpolatiom im the table of absorption coefficients.
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PLASMA DIAGNOSTICS USING LANDAU DAMPED LONGITUDINAL WAVES
by
Nguyen T.Dzoanh and Howard Pinsky®
Depariment of Electrical Engineering,University of Notre Dame
VNDt‘l:‘e Dame,Indiana 46556,U.5.A.
Abstract
A method of measuring accurately the plasma temperature and density,using
the Landau damped electrostatic waves is reported. It is based on the ana-
lysis of the Landau damping length and dispersion relation of longitudinal
waves propagating in collisionless plasmas. This method is particularly
useful when a magnetic field is involved because the characteristics of

the Langmuir probe is not reliable in this case.

There is considerable controversy about the accuracy of Langmuir probes

dd The measurements of electron

when a magnetic field in plasma is present.
temperature are somewhat In doubt and may differ from the actual values by

a factor of three or higher depending on the case. An alternative and much
more reliable method for measuring the temperature and density of a plasma

is reported in this paper.It is based on the analysis of the experimental
data concerning the Landau damping length and dispersion relation of elec-
trostatic waves propagating in the direction of the magnetic field. The
method consists of continuously exciting longitudinal electron waves in
plasma by a high frequency electric field and recording the interferometric
output of the wave amplitude versus the propagation distance.

The wave launching and interferometric detection system is shown in
figl. The launching probe is connected to a R.F. generator and frequencies
in the range of 15 to 40 Mhz are used.The detection probe is connected to
a receiver which is tuned to the same frequency as the R.F. generator. The R.
F.output from the receiver is fed into the Y axis of a XY recorder through
a wave analyzer. The X axis of the recorder is connected to a gear down
precision potentiometer mounted on the shaft which makes the detection pro-
be moving along the plasma column.The output of the wave analyzer is ampli-
fied and used to modulate the R.F. signal launched by the probe. A reference
signal taken from the R.F. generator is properly attenuated and mixed with
the received signal before being applied to the receiver. Connected in this
fashion,the system operates as an interferometer. When the refernce and receiv
ed signals are in phase,an amplitude maximun will be seen on the XY recorder.
The interferometric response of the plasma is shown in gig.2.Both the dis-
persion and Landau damping effects are readily apparent, From these wave
patterns the wave length,the frequency and the Landau damping length can
be obtained with accuracy. From the above data the phase velocity of the
wave \rp can be computed. To ascertain the electron temperature Ta we com-
pare the measured values of the Landau damping length with the theoretical
values given by Landauaand corrected for finite temperature and finite size

by Drusmond “.That is:

2
b, = Vo [a ¢ 1+ 37202 4 k@) [ Y

where a is the radius of the plasma column,k is the wave number and x is the
ratio of phase veluc.i.ty to thermal velocity vplve. A computer program is
generated to calculate the Landau damping length as a function of both vé
and k.The value of x can be decremented to the third significant figure until
the theoretical value of D, agrees with the experimental data. It is then
@ simple matter to solve for the electron temperature Tc since ve=(K‘1‘e/m)”2
The temperature so computed,together with the freguency and the wavelength
will be used to derive the electron density from the dispersion relatlcn:s

2 2

W = w

2 2 1/2 3 3 Do B
» (Lravy ot -i(/2) v /v, exp -vp,u’?ve }

where wp = (Nez,' m]l"2 = plasma frequency,N is the plasma density to be
deduced .

The above procedure gives a very accurate value for density and temperature
and is much more reliable than the probe peasurements.
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Comparison of Ton Temperatures Measured with an Ion Sensitive

Probe and Spectroscopic Doppler Broadening
)

Research Institute for Atomic Energy, Osaka City Univeristy,

I. Katusmata+

Osaka, Japan

M. Otsuka and K. Ishii

Institute of Plasma Physics, Nagoya University, Nagoya, Japan
R. Ikee

Department of Physics, Hiroshima University, Hiroshima, Japan

A purpose of a present experiment is to test the reliability
of an ion sensitive probe in high density plasmas. The probe
was proposcd by one of present authors as a method to mecasure
the ion temperature of the plasma in . magnetic fieldll. The

characteristics of the probe were experimentally studied and
the results were fairly satisfactory as expectedz‘ar.ln

addition, a calibrating experiment was made using a cesium
plasma in a Q-machine, since the ions in the Q-machine is in
the quasi-thermal equilibrium with the plasma emitting plate
if the plasma is in the ion rich regime. The good agreement
was observed between the measured ion temperature and the

temperature of the emitting plate as long as the plasma was in

the ion rich regime ’. TP—D*[
In the present experi-
ment, the ion tempe- oxide
s . cathode
rature measurement is ==
== H,
made in helium plasmas,
whose densities are -
= floaoting
10310 /cn?, witn ; PP anods " locirods

discha ]

o — Ll I{ region

the ion sensitive RL T .
tloating oritice

s

probe and the Doppler
im

broadening of an helium
ion spectrum line of
4686 R by means of

a Fabry-Perot inter-

Fig. 1: The experimental arrange-
ment in horizontal view.

ferometer.

The plasma is produced in a modified Duo-plasmatron which is

"5). The inner diameters

shown in Fig. 1 as "discharge region
of the anode and the floating electrodes are 8mm. In order

to make the differntial pumping efficient, a floating limiter,
whose orifice is 30 mm in diameter, has been set just before
the vacuum connection to the pump 2. The helium gas is fed
through a leak valve behind the cathode at the rate of 8&0
torr cm3/sec and the pressure in cathode region is sewveral
torrs. The discharge tube is evacuated always by the pump 1
and the fine control of the pressure in the plasma region is
made by opening of the valves of the pump 2 and pump 3,

The pressure at the pump 1 is of the order of 10_4 torr and
that of at the pump 2 is appracimately 1072
The magnetic field is kept constant throughout the experiment,
which is 1.8 kG at the anode and then increases gradually to

3 kG to the position of I.5.P..

torr or less.

The structure of the ion sensitive probe is shown in Fig. 2,
which is speciallly designed for the use in the present experi-
ment. Because the probe must be able to hear up against the

large dissipation of power on it,

t—— lon Col. [W}
.;.,,A.V‘
o7 b f/——Guard EL (Mol

in such a high density plasma as
of the order of 1013/cm3. it is
which is 2o

supplied at the rate of 1 cma/sec.

Fim) |

coogled with the water

h=05

B

3 Ceramic
R 1Ba0l

The upper limit of the power
dissipation on the probe is limited
by the thermal conduction of the
guard electrode and the ceramic

insulator jacket and is somewhat
lower than 100 watts.
collector of the probe is a flat

The ion

end of a tungsten rod 0.7 mm in
diameter. The other electrode is
a guard electrode to prevent the
electrons to the ion collector.
To make the electron current to

the guard electrode small, Fig. 2: Ion sensitive probe
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the top of the guard electrode is lowered 0.2 mm from the top
of the outer insulator. The depth of the ion collector, which
is shown in Fig. 2 as h, is 0.5 mm from the top of the gunard

electrode.

The value of h is the most important parameter in the ion
sensitive probe and it should be made larger than a eritical
value hc to prevent the electron cu{fent to the ion ccl%?ctor,
which is expressed as 10}22 hcé }.Ofe + lo?\D. Where fe is
a mean Larmor radius of electrons and)\D is a Debye distance.
The equality at the left hand side holds for .Lo)\n?_,d (diameter
of the probe) and that of the right hand side holds for
10?\6&& 3). The plane of the ion collector should be arranged
parallel Lo Lhe magnetic field and the same voltage should be
applied to both the electrodes.

The insturmental width of the Fabry-Perot interferometer is
0.0015 ﬂ, which is good enough for the present measurement,
because observed half-intensity breadths are larger than 0.2 R .
The seperation between two strong peaks, 0.099 % . in the fine
structure of 4686 &

which is produced in a hollow cathode discharge. The ion tempera-

line is used as the wave-length standard,

[CREERT

ture is obtained from the 3 ]
B« 3KG +

half-intensity breadth of the

A |
line profile according to éiiﬁlm
the calculation of K.E.
Welmer> in which the fine
structure and the Zeeman

effect are taken into

lon Current (4]

account. The sprecrometer |
) 0L rimml TileV]
is arranged so as to observe a 5?

1 mm thick layer of plasma

snoins

2
1
L
L

£
B
“rha

at its axis. A window of
the discharge tube to the L ,

20 -0 a

Probe Voltage (V)

A5 = . 0 F
spectrometer is just opposit

to the probe port of I.S.P.. Fdg. 3: Typical examples of ion

current characteristics

of the probe.
Fig. 3 shows typical examples of characteristics of I.S.P. taken
at different radial positions in a plasma. The pressure indi-
cated in the figures awe the value at the position of I.S.P. It
is clear in Fig. 3 that the energy distribution function of the
ions is not Maxwellian near the axis of the plasma but it becomes
good Maxwellian as going to

: Probe Doppler
outward. This is a characteri- S 0
stic feature of the plasmas in g gg L]
this experiment. This fact may = 6F & 75 P=L1x10-319n
be explained in terms of the i} s + 10 £
deformation the distribution g 5
function of ions in the strong [ J A
radial electric field (24 V/em in E
the case of Fig. 3) near the axis 2 3t
of the plasma column. As a measure E 2t
of the mean energy of ions, the
steepest tangent on the low energy 1F PAg 10ﬂ{
part of the curve is taken as the - i X :-I“] ore
ion temperature. The results, thus GG 50 100

obtained, are shown in Fig. 4 to-
gether with the results by the

Discharge Current (A)
Noppler broadening measurements. Big. 4%
The plasma density is 9 x lolz/cm3 at I3 = 20 A and increases to
B8 x 1013 at Id =
into account the radial intensity distribution of the spectrum
line, which is well approximated, in mm unit, <2 (r - 4)2, one
can conclude that the results of the ion temperature measurements
with both the methods agree well each other.

per cm’ 100 A on the axis of the plasma. Taking
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Measurements of the Ion- Velocity

Distribution Function in a Single- Ended Q- Machine
by
S.A. Andersen, V.O. Jensen and P. Michelsen

Danish A.E.C. Research Establishment Rist
Roskilde, Denmark

Abstract; An electrostatic energy analyser with a resolution better than
0.03 eV was constructed and used to determine the ion-velocity distribu-
tion function at different conditions in a single- ended @-machine. The in-
fluence of a neutral gas on the distribution function was examined. Doubled-
humped distribution functions were obtained.

1. Introduction: In recent years many experiments have been performed
in order to study the propagalion properties of density perturbations in
single- ended Q- machines. In order to malke quantitative comparisons be-
tween experimental results and theoretical predictions knowledge of the
undisturbed ion-velocity distribution function is essential. To the best of
our knowledge, careful measurements of this distribution function in plas-
mas in single- ended Q- machines have not been performed. A few attempls
to measure the distribution function were reported recently L . In this
paper we will describe the results of measurements of the distribution
function under different working conditions. Details of the measurements
will be reported elsewhere.

2. Experimental Set-Up: The experimental sei-up is shown in Fig. 1. The
Cs-plasma column is confined radially by a magnetic field and is termin-

ated on an electrostatic ion-energy analyser movable along the axis. The
analyser, which is similar to the one described by Buzzi et al. 2. consists
of a collector electrode in front of which a copper mesh, 35 pm thick -
40000 25 pm x 25 pm holes,’cmz, is placed. The mesh is biased negative-
1y (-6 to =10 V) with respect to the earth in order to reflect the electrons.

The distribution of ion energies parallel to the magnetic field is de-
termined by measuring the current-voltage characteristic of the collector
plate. The connection between the ionvelocity distribution function [(v)
and the collector current, I, is given by dl::",d g (v = _E_W%T-CFPL
where g is the collector voltage, lel the plasma potential and m the ion
mass. The electrical circuit shown in Fig. 1 displays the collector current
differentiated with respect to the collector voltage on a scope.

Experimentally the plasma-potential is found by introducing a small
group of slow, cold ions, which is detected as a narrow peak when g ey 1
(see Fig. 2). This group of slow ions is produced by charge-exchange in
a neutral Cs-cloud confined in the copper tube shown in Fig. 1.

3. Experimental Results:

(a) Low-Density Region (n< 108 em™3

). In this density region the ion-

ion mean free paths are long compared with the length of the machine.

Fig. 2 shows a typical oscillogram of the distribution function. The main
peak corresponds to the contribution of the main plasma, while the small
left- hand- side peak is made up of ions formed by charge exchange in the
neutral Cs-cloud in the copper tube. The sheath potential drop, ¢ _, infront
of the hot ionizer plate accelerates the ions to velocities corresponding to
this drop, Experimentally we find good agreement between this accelera-
tion and 7, 88 calculated from a balance equation involving the formula for
the Richardson electron emission.

!b) Medium-Density Region (IOB cm'a.s n<5- 109 em’ 3). In this region,

where the ion-ion mean free path is comparable to the length of the plasma

column, the velocity distribution function is expected to vary with the dis-
tance from the ionizer plate. Near the plate the dislributilnn function is like
that described under (a), and it changes along the column to approach a
drifting Maxwellian, We find that this change agrees with a simple model
based on conservation of mass-, momentum- and energy-flow.

(c) High-Density Region (n& 5 109 cm'al. In this region the ion-ion mean
free paths are short compared with the length of the plasma column, The

distribution function is therefore always very close to a drifting Maxwel-
lian. The temperature and drift velocity is determined by & physical pro-
cess which is not present at lower densities. This process consists of
charge exchange interaction between the neutral Cs-flux from the generat-
ing oven (A in Fig. 1) and the ion flux from the ionizer plate. Fig. 3B shows
the drift velocity and ion temperature as a function of density for a fixed
plate temperature. This variation agrees with a rough calculation of the
rate of charge exchange processes taking place in front of the hot plate.

4. Shaping of the Distribution Function; We have used the analyser to ex-

amine the effect of introducing a neutral gas into the plasma column, a
method used in the past for the purpose of ion cooling S
grams in Fig. 4 show the distribution function for increasing neutral Cs-
pressure in the copper tube (Fig. 1). Note that a double-humped distribu-
tion function, suitable for the study of Landau growth, is obtained.

. The oscillo-
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When a neuiral background pressure of an inert gas covers the full
plasma column we find that the distribution function varies considerably
with the distance from the ionizer plate. Fig. 3 shows this variation.
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gure Captions
Fig. 1. Schematics of the experimental set-up.
Fig, 2, Typical example of differentiated analyser characteristic. Sweep
0.5 V/large div. Analyser positioned at x = 26 cm, Ta-plate at x = 0,
n=10% em .
Dg__i (A) Examples of distribution functions measured at different densi-
3, b)n= 8- Iﬂgcm-a, c)nm3- IO|0

e Thp =
24007K. Analyser positioned at x = 62 ¢m, Sweep 0,5 V/large div. B)Ex-

ties. a) n=3.10°cm’
perimental values of drift velocity and ion temperature as functions of
density.

Fig. 4, Examples of distribution functions obtained at different neutral

Cs-pressures in the copper tube. a) rather low Cs-pressure, b) medium

Cs-pressure, c) high Cs-pressure. n= 1.5+ IU" cm . Analyser posi-
tioned at x = 26 ecm. Sweep 0.5 V/large div,
Fig. 5. Distribution functions at three positions along the column in

em, ¢) x = 106 em. Argon

partly ionized plasma. a) x = 26 cm, b) x
background pressure 2 - Il;i_'l torr. Plate temperature 2400°K. Sweep

0.5 V/large div. n=~ 10% em™3,
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CONSTRUCTTON OF ELECTRON DISTRIBUT&ON FUNCTIONS

FROM LASER SCATTERING SPECTRA

J. H, Williamson, UKAEA Culham Laboratory, Abingdon England
and M, E., Clarke

Abstract: The full three dimensional electron velocity distri-

bution function of a low density plasma can be constructed from
Thomson scattering spectra observed in several different directions.
Most of the complications which arise at relativistic electron
velocities can be avoided by placing a diffraction grating in the

scattered laser beam.

Thomson scattering from electrons can be observed when a
plasma is illuminated by a laser beam. The frequency of radiation
scattered through an angle 8 by an electron moving with a velocity
v will be Doppler shifted by an amount w = k.v, where k = Esm Ei
and hi and 55 are the wave vectors of the incident and the scatt-
ered waves, Fig. 1.

The contributions from each electron Fig.l

(1)

will combine incoherently when collective

=

effects can be neglected; i.e., when
o= l/kLD << 1 where Lp is the Debye length.
The form of the spectral function is then ki
Sik,w) = [ £(»)6 (w - k.v) dv wew A2
where f(v) is the electron yelncity distribution function., Thus
all the electrons with the same component of velocity, v.n = w/k
in the direction n (=k/k), will contribute to a single point w
in the spectrum. The problem is to disentangle £ from these
spectra.
We first express (1) in terms of the parameters R = W/k and
n. The spectrum as a function of R for fixed n is
S(R|n) = [£(v)8(R-v.n) dv = kS(k,w) ...(2).
The Fourier transform of the distribution function f(v) is
f(p) = J£(v) exp(-ip v.n) dv
where p = pn. If we now introduce a dummy integration over a 5-
function with argument {R-v.n),
F(p) = [[£(v) exp(-ipR) & (R-v.n) dR dv
= [ exp(-ipR) S(R|n) ar wae LY
Thus f(v) can be restored by taking the three dimensional
Fourier transform of ?(g) which is itself the one dimensional
Fourier transform of S(R|n). In its simple form this method
involves a large amount of computation and we now show.that the
number of integrations can be reduced.
The Fourier transform of Egn.(3) can be written
£(v)= 0/8r") [[[ exp(ipR-ip v.n) S(R|n) 4r p2dp dn
where dil is an element of solid angle, and where we have separated
the radial and angular parts of the integral over p. After inte-

grating over p, we obtain finally

1 a

Thus f(y) can be constructed by integrating over solid angle
the second differential of each spectrum at the point R = v.n.

It may easily be shown, using Eqn.(4), that a spherically
symmetrical velocity distribution £(v) is rclated to the spectrum
S{R) by

It is important to note that these inversion formulae have
been derived in terms of spectra for fixed directions n. 1n
practice a spectrum will be observed at a fixed angle g. The

direction n is given by the angle 7 (Fig.l) where
— Y Sl w~e
n=% (n-9) Ckcos%e + O(Ck) :

Hence there will be a small variation of the direction n with

w at a fixed angle §. Usually w/ck is very small and we can

assume that a spectrum observed at fixed g will be the same as a
spectrum at fixed n. If the assumption of constant n cannot be
used in a particular experiment, there are several possible
courses of action:

1. The dispersion effect can always be eliminated by performing
back-scattering experiments in which cosk8 = 0,

2. The scattered light can be passed through a diffraction
grating to correct for the dispersion. A grating with 6000 lines
per cm gives perfect correction at 68° and 130° for A = 69434

3. Brown and Rose[ﬁ

have shown how an expression equivalent to
Egn.(4) can be derived in terms S(R|e). Their solution is very
complicated and difficult to use.

It is implicitly assumed in this work that the Thomson scatter-
ing cross section Oy is the same for all electrons. Although
this is true in the non-relativistic limit, Brown and Rose have
shown that in general the dependence of Opon v is 0(v/c). However
if the direction of the incident electric vector is perpendicular
to the direction of observation, as is usually the case in Thomson

scattering experiments, any variation in o, is only of order v®/c?,

]
The part of this due to the relativistic increase in mass is
easily dealt with and the remaining errors are usually extremely
small for electron energies up to 30 keV.

We have tested the inversion formula using a model loss-
cone distribution function having azimuthal symmetry. The
original f£{v,g) at & = 37° and B0° is shown by the solid lines
in Fig. 2, and its reconstruction by the circles. Only four
spectra, two of which are shown in Fig. 3, were used but the

resulting root mean sguare error in f was less than 1%.

o
f
S
80°
51 54 \106°
= 20°
37°
0 : ee 0 T ;
0 5 0y 0 5 0 g
Fig. 2 Fig. 3
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MAGNETIC FIELD MEASUREMENT BY LIGHT SCR'I‘I‘ERING*,
by

L. Kellerer
INSTITUT FUR PLASMAPHYSIK

B046 Garching b. Milnchen, Germany

Abstract: The conditions for measuring magnetic fields in plas-
mas by light scattering are discussed. In experimental obser-
vations of laser light scattered by & magnetized arc plasma we
have measured deviations from the normal thermal spectrum. The

observed spectrum fits best with the theoretical curve due to

the probe measured magnetic field.

Local measurement of magnetic fields in hot plasmas is very im-
portant. Unfortunately, the methods used hitherto have marked
disadvantages, e.g. changing the plasma parameters and vielding
integrated values /1 7. On the other hand, laser scattering
offers a possibility of locally determining magnetic fields
with negligible disturbance of the plasma, in addition to the
usual measurement of temperature and density. This methed is

based on the fact that under certain circumstances the spectrum

of the scattered light is influeced by the magnetic field with-

in the scattering volume. s
ki (laser)

In theoretical papers (e.g./1-37) /
ks {
.. scattvector |8

the scattering spectrum is calcu-

lated for B ks (Fig. 1) . If, fur-

L

thermore, a = llksD (D = Debye

'I'(;Iscuu. light)
length)' is lower than 1, only the

electron spectrum is considered.
-

- .
It consists of lines whose sepa- kg = ky=ky ="TT°rsmel'2

Fig. 1
ration equals the gyrofrequency of

the electrons and whose envelope is nearly egual to the thermal

scattering spectrum,

In this paper first we specify the conditions for measuring
such a modulated spectrum. We then describe a light scattering
experiment which shows the irfluece of the magnetic field in a

laboratory plasma on the spectrum of the scattered light.

The inequality « = 1/k_D 1)

ensures

:m ceconst € 1
that we have only the electron spectrum and that collective ef-
fects disappear. A second condition means that the modulation of
the spectrum is well marked. This requires that the half-width

11,2 of a line is small enough compared with the separation AA

M _Yeni¥s | sing Ve
AX R a B

The half width is determined by the Doppler shift A

of two lines. const' & 1 (2).

17217 Venn'*s
which, roughly speaking, is governed by the component parallel
to the magnetic field, while the perpendicular component is re-
sponsible for the envelope of the spectrum, The separation is
proportional to the electron gyrofrequency. ( is the mean value
of the angles between fﬂ and the perpendicular to the magnetic
field. Therefore § is a measure of the divergence of laser
light as we'l as of inhomogeneities in the magnetic field within
the scattering volume. A third condition recuires that the scat-
tered light per channel I is sufficient to keep the statisti-

cal error small: L ~ 42 B2 const® KLl (3).

Conditions (2) and (3) call for large a , as opposed to (1). In

accordance with the general scattering theory we mav have a to

about 0,5 ang then get BO % and more of the whole scattered
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light into the part of the electron spectrum. Then condition (2)
is satisfied by electron densities of about 1016 en™3 and magne-

tic fields of about 100 kG and divergence angles j§
2

of a few
10™° rad, Usual scattering experiments work with

1, Therefore, the main difficulty in our experiment lies

p values of

about 107
in the small apertures and hence small scattered signals, The

scattered light intensity depends only on o« and B . With o« = 0.5,

B = 100 kG and 100 MW laser intensity in the scattering volume,
the statistical error is about 20 %. Electron temperature and
scattering angle can still be freely determined, but are related

by the condition « = 0.5 . Theretore there exist the possibili-

T 2 5100 | leV)
0| 90| 20| {gra

dulation and the same scattered signals.

ties . For all pairs we have the same mo-

For a first experiment 7 4 7 we chose Sccfscattering in order to

keep the stray light sufficiently small. Therefore the parameters

of this experiment should be: R, = 101EI cn_a, TE % 5 eV, a = 0.5.
The appropriate plasma is formed in a hydrogen arc in an axipa-

rallel magnetic field B, . The

e
ky

homogeneous magnetic field of
120 kG is produced by a pulse
discharge via two parallel

coils (Fig. 2). The arc burns

parallel to the magnetic field

lines. From normal 90°-scatter-

catteri
ing we get the parameters s ng geometry

n, = 1.2 x 10t cm_3,

T ™ 3.2 eV and o =

Fig. 2
0.6 . The giant pulse of a Ruby laser is fo-

=
cused in direction k1 into the plasma, when B_ has reached

z

its maximum value. We observe the scattered light emitted in the
direction i; . The scattering vector i; is perpendicular to
E;. Deviations in the planes szl and szz originate in the aper-
tures around il and—i;. both 0.02 rad, in the homogeneities of

B, and the magnetic field Be of the are current. In spite of these
deviations we expect a modulation greater than BO %._Fig. 3 shows

the scattering spectra both

with and without magnetic

fields. The crosses and circ-

=
-

les are mean values of se-

ven discharges each. We could

=)
~

not measure at the laser
x measured (B £0)

INTENSITY [arb.unita) ——a=

wavelength because of exces-

I . = (B=0)

sive stray light. The curve is = theory (Lehner)
['] » - 1
the best fit according to the 0 5 ©

— ath
theory of Lehner /1 7. -

Fig. 3
From the separation of the laser wavelength and the wavelength of
the first minimum we can determine the electron gyrofreguency
which then gives a magnetic field of 150 %20 kG. Deviations from
an uniform modulation frequency have been calculated by Platzman
et al. /5 7 for cases where the condition ¢ & 1 is not satis-
fied. With their numerical computations for cases, similar to
ours, the magnetic field is lower, but by a factor less than 30%.
£ 1 7 G. Lehner, F. Pohl, 2. Physik 232, 405 (1970)
/2 7 Th. Laaspeere, J. Geophys. Res. 65, 3955 (1960)
/3 7 E.E. Salpeter, Phys. Rev. 122, 1663 (1961)
/74 7 L. Kellerer, Z. Phys. 232, 415 (1970)

5 7 P.M. Platzman, P.A. Wolf, N. Tzoar, Phys.Rev.174,489 (1968

This work was performed as part of the joint research program
between the Institut f£iir Plasmaphysik, Garching and Euratom.
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OBSERVATION OF MAGNETIC FIELD MODULATION OF THE THOMSON SCATTERED
LIGHT SPECTRUM IN A LABORATORY PLASMA
by
D.B. Evans, R. Peacock and P, Carolan
U.K.A.E.A., Culham Laboratory, Abingdon, Berks., England.

Abstract: A 2.7 i band of the broad, nearly Gaussian spectrum of laser light
scattered by a plasma in the presence of a 15 kG magnetic field has been
isolated and passed through a 0.1 R resolution interferometer, Magnetic
modulation of the spectrum has been detected. There is close agreement
between the field atran'ghh calculated from the modulation and that measured

by Faraday rotation,

Introduction: Thomson scattering of laser light is favoured as a diagnoatic

technique for laboratory plasmas becasuse of its many desirable features

which include high spatial and temporal resolution, freedom from perturbing
influence on the plasma, and applicability to a wide range of plasma conditions.
The motivation for the present work is to bring magnetic field into the set

of plasma parameters which can be measured by laser light scattering,

The effect of static magnetic field upon the spectrum of light scattered
by a collisionless plasma has been calculated by a mumber of authors 1-5 who
have shown that the presence of a magnetic field can be ignored unless the
differential wave vector for scattering, k, is nearly perpendicular to the
magnetic field vector B. When this condition ia_ satisfied, the speotrum
exhibits peaks at near-integer multiples of the electron cyclotron frequency
mue' The basic process from which the magnetic structure springs is the
sinusoidally-varying Doppler shift experienced by light waves scattered by
slectrons which are performing gyrations at the Larmour frequency about the
magnetic lines of force. If the vector k is not exactly parallel to B,
then the camponent of the motion of the electron along B introduces a Doppler
broadening of the peaks proportional to the projection of the electron
themmal veloeity v, along the k direction, namely v, cos ¢, where ¢ is
the angle between k and B as shown in Fig.1. Should the resulting fre-
quency line breadth, 2 lwe cos $,
approach the spacing between the L
lines, w_, then serious smearing

ce Incident Scattered
of the resonances will occur. light light
B'-k'l-'ho s
Accordingly a necessary condition

for the appearance of magnetic

structure is that 2kv°nan¢<mn, T
Experiment: An axpur.lmentl Stk.Ao)

designed to put this magretic
modulation in evidence has been

constructed. A small pre-ionized

theta pinch discharge (~3 KJ)

2 |kwg|cos ¢

which generates a magnetic field —
peaking in the neighbourhood of 16 kG is the pla;-m: source. Light from a
100 MW ruby laser is directed through the centre of the theta coil at an
angle of 15° to the direction of the magnetic field. Provision is made to
detect and disperse light scattered in the plane containing the incident
beam and B, at an angle of 50“ to the fomer and isn to the latter, The
scattering vector k is thus perpendicular to B. The optics which bring
the laser beam into the scattering volume and the detection optics are
arranged in such a way that each point within the scattering volume is
characterised by an identical cone of k vectors occupying a range of angle
£21° about the perpendicular to B.

Scattered light passes through a rarrow (2.7 Jnl) band dielectric inter-

ference furnished with a device to tilt it with respect to the incident

light direction and so * \m.,...,
shift the wavelength of —
S

the passband. This faci- ‘](' i =

| T

rmi t: to build e

1lity pe 3 us to e ’ i
up, over a sequence of Ay
B = Titing interterence it //7/$~ A ot
machine dischargss, the CEELL ‘-rmm‘-.__

;
PMOACA T308) S ronge 241 N
Pu(ACA C21000E)

spectrum of scattered FIG.2
light from which the ple-.-ma temperature and density are determined. It algo
serves to isolate a marrow band of the spectrum which is then further dis-
persed by a Fabry-Perot interferametsr having a resolution of 0.1 i. Pressure
ascanning ia uaed for the latter, and the wavelongth distribution of the fine
structure of the scattered light spectmum is constructed from the results of

a series of separate experiments. Fig.2 illustrates the experimental arrangement.
Results and Discussion: Preliminary measurements were carried out using the
tilting filter apparatus zlone. The total spectrum for the plasma formed from
45 millitorr of hydrogen was measured at the peak of the first half-cycle of

the thetatron current and was consistent with an electron temperature T, =20 eV,
and a density, confimmed by an independent Rayleigh scattering measurement of

15

a few times 10 ~ glectrons m_j. The corresponding correlation paremeter a *

o fmee-2el

""i'_)]'.' lies between 0.2 and 0.3.

The spectrum of scat-

g ~ B~ 15546
tered light measured through

the Fabry-Perot with the
interference filter centred
at the laser wavelength and

o
then shifted by 1.3 A is

$
| i

LR\ % f\ shown in Fig.3. The spec-
vqi\ f \L ! trum is split into a
by
: ﬁL— S sequence of psaks each
e 3

3 -2 -1 43 -t 1
FIG,3

displaced from its neighbour by approximately 0.7 R Four such peaks count-
ing the central one are resolved. Assuming that these arise from the
magnetic field effect, their spacing corresponds to a field strength of
15.5 kG. This is rearly an order of magnitude smaller than the field for
which a similar observation has recently been reporteds, and is in fact
typical of fields commonly found in laboratory controlled fusion experiments.
An auxiliary field medsurement using Faraday rotation of the plane of
polarization of the beam of an He-Ne laser in a small cylinder of dense glass
placed at the coil's centre gave a value of 16 kG. Thus, there is close
agreement between the field calculated from the scattered light spectrum and

that measured by Faraday rotation,

Conclusion
In an experiment in which the scattering vector k is almost perpendi-
cular to the magnetic field B, fine structure consisting of a sequence of
peaks 0.7 2 apart has been detected in the nearly Gaussian spectrum of
scattered laser light. The magnetic field calculated from the spacing of the

peaks, 15.5 kG, agrees closely with that measured by Paraday rotation.

References

1. J.P. Dougherty, D.W. Barron and D.T. Farley. Proc. Roy., Soc, A 263
238 (1961)

2. J.A. Pejer. Can, J. Phys. 39 716 (1961)

3. T, Hagfors. J. Geophys. Res. 66 1699 (1961)

L. T. Leaspers. J. Geophys, Res. 65 3955 (1960)

5. E.E, Salpeter. Phys. Rev. 122, 1663 (1961)

6. L. Kellerer. Z. Physik 232 415 (1970)

126




DIAGNOSTICS

DIAGNOSTICS FOR HOT-ELECTRON, MAGNETICALLY CONFINED PLASMAS
by
A. J. Lichtenberg, M. J. Schwartz and M. A. Lieberman
Department of Electrical Engineering and Computer Sciences
Electronics Research Laboratory
University of California, Berkeley, California U.S.A.

Abstract: Diagnostics have been developed for measuring the temperature,
Abstrac:

density, velocity distribution, axial and radial profiles, and decay rate,
of a hot-electron ('.I‘e between 20 and 200 keV) plasma confineu in a magnetic
mirror field. Comparison among a number of diagnostics is made. It is
shown that measurements of temperature, density, and axial profile can be
considerably in error if the experimental results are compared with Maxwel-
lian velocity distributions, rather than self-consistent, mirror distribu-

tions.

The experiment employs a magnetic mirror field which rises

I. Experiment:
to a peak midplane value, typically 50 kG, with a rise time of 500 micro-

seconds and decays with a time constant of T = 10 milliseconds [1]. The
ax

mirror ratio R = § is equal approximately to 1.4 at peak compression.

A washer stack source injects plasma into the mirror region. At peak com-
pression of 50 kG, the plasma parameters are typically k.'l'a = 60 keV in the
tail of the Maxwelliam, n, 12 .3

=5x 107" em ~, length L = 6 cm, and diameter
D= 0.5 cm,

Fig. 1 shows some of the diagnostics. Four radial ports sample syn-
chrotron radiation, light, X-rays, and microwave radiatien. The vacuum
chamber itself can be made into a microwave cavity in which a resonance is
perturbed by the plasma to obtain the deasity. A moveable light pipe with
a 45° mirror at its end samples either synchrotron radiation or visible
light emitted radially. sigheBald 2ol
II. Measurement of Temperature and llm-uée“:mlr;r
Speed Distribution: The energies of Fmmasue

single X-rays are measured by depo- | i
fump

sition in a Nal erystal which emits
light proportional to the X-ray en-
ergy. In Fig. 2 we compare the
experimentally determined X-ray

heights, with the theoretical values for a loss come distribution vSexp
(~mv2.f2k1:'). for the two values of s and kT that best fit the experiment.
We see that it is impossible to determine kT independently of s from the
X-ray data alone.

Synchrotron radiation is detected with a cryogenically operated, indi-
um-antimonide photodetector [1]. The spectral distribution of the radia-
tion is obtained with an echelette grating monochromator that has 10% band-
width at the central frequency in each grating [1]. In Fig. 3 the experi-
mental spectrum, somewhat smoothed, is compared with the theory using the
loss cone distribution of the form used for X-ray calculations. For the
distributions that bracketed the experiment from the X-ray data, we see
that kT = 80 keV, s = 0, has neither the correct shift of the maximum nor
the correct slope near w = w5 kT = 60 keV, &8 = 4 has the correct slope but
too large a shift in the peak. kT = 60 keV, s = 2 has the correct shift
but slightly too steep a slope.

keV, s = 3, which is also consistent with the X-ray data.

Our best estimate, therefore is kT = 60
Collective plas-
ma behavior may be responsible for the additional structure at lower

frequencies.
107
1000+
09
Experiment ——
Theary 320 ===
Theory g24 —— 084
071
100+ 08
‘g' 1 = 05
3
} £ 04 |
5-4/
N 03
o NG s-u/.'f
X
02 =2/
Esperimenl [ 11y monthed ——
0.4 4 smooihed Theory GOKeV —— \ .\
200 d 100 % Theory BOKeV —— \\
ug i) i L
05 06 or o8 oy 10
Fig. 2 Fig. 3

127

III. Heasurement of Diameter, Length, and Angular Distribution: A light
pipe, as shown in Fig. 1, rotating about its own axis, is used to measure
the radiation intensity as a function of angle. Depending on the detector,
the radiation measured can be either synchrotron radiation in the infrared,
or atomic transitions in the visible. Another method for determining the
plasma radius is to detect fast electrons with an end loss camera. The
radial profile can be obtained from each of these l;:ethnds, but the accuracy
is rather poor if the plasma radius is small. In Fig. 4 we compare the re-
sults of the radial profile as measured by the end loss camera (a) with
that obtained from synchrotron radiation and light (b).
hot plasma core with a diameter less than a centimeter is confirmed by a
Both the light

and the end loss measurement suggest the existence of an guter plasma shell.

The existence of a
comparison of the synchrotron radiation and end loss data.
The axial hot electron profile is determined from the synchrotron ra-

diation intensity by sliding the light pipe axially along the plasma cham-
ber. In mirror-confined plasmas, the angular velocity distribution can be

10 — Collisional loss cone distribulion
e -— Bl-Mowelfion distribulion
094 \\ o Experimental points

ok L 2
0% -030 -028 0 OB 0% 075

T T T T T T T T T T T ~5 5'0
A5 -(25 -0 -079 -0%0-025 0 023 030 05 10 123 2= oxial distonce (cm)
% fem) -

Fig. 4 Fig. 5

determined from the axial profile. In Fig. 5 the profile measured using
synchrotron radiation is compared with the theoretically predicted pro-
files.
loss cone normal mode and from a bi-Maxwellian with anisotropy ratios
8 = T,/Ty.
anisotropic distribution than the normal mede.

The theoretical profiles are calculated both from the collisional

The experimental points are found to give a somewhat more

The results using visible
light are in substantial agreement with those for synchrotren radiatiom.
IV, Heasurement of Density: To determine the absolute intensity of radia-
tion measured by the combined monmochromator-detector system, the aobserved
The line
density of hot electrons can then i determined from a theoretical know-

radiation is compared with radiation from a mercury arc lamp [2].

ledge of the radiation per particle.

For our plasma, which is small and dense, the combined hot plus cold
electron number has been measured using a microwave cavity perturbation
technique [3].
line density found from the absolute synchrotron intensity, indicates a

The total number of plasma slectrons when compared with the

plasma length of 12 cm, twice as long as the direct measurement of plasma
profile from Fig. 5.
plasma to cold electrons, and this conclusion has been confirmed by other

The discrepancy is resolved by assigning the excess
evidence [3]. A density decay constant of 5 msec. has been determined by
both techniques.
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LINEAR WAVES AND

"WAVE PENETRATION IN A MAGNETOACTIVE PLASMA"
by
M. Moresco and E. Zilli
Centro Gas Tonizzati (C.N.R.), Istituto di Elettrotecnica e di
Elettronica! Universitd di Padova (Italy).

Abstract: The anomalous penetration of an extraordinary wave
in a magnetoactive plasma is studied. The effect of the ion mo
tion is investigated in two cases: cold ions hot ions with low
collision frequency.The displacement current is not neglected
in this analysis.

In a previous paper |1] , the skin effect in a dense plasma
in a d.e. magnetic field was studied, the case of the extraor
dinary wave (l_{_J-_BO ' §-|~§°] was considered. It was found that
if the conditions:

2
ce

(1) |lt'.12u2e > w . Ikl 2ui > w2+u§

(ue is the most probable electron speed, ve is their collision
frequency, [ 3. their angular cyclotron frequency) are satisfi
ed, then the penetration becomes anomalous and the skin depth
independent of both collision fregquency and m;gnetic field.In
this paper, the anomalous penetration of an extraordinary wave
is studied without neglecting the displacement current term in
the dispersion relation, the solutions so obtained are valid
for all densities. Ion motion is at first neglected, later it
is included in two cases: cold ions, hot ions with low colli
sion frequency. Attention is devoted to the cases where the
anomalous penetration may be affected by ions.Maxwelllian ze
ro-order distribution functions are considered and all the
oscillatory quantities are assumed to vary as exp [J (wt=kg)]
8iNce the ugual boundary condition (specular or diffuse re
flection of the particles) is neglected. The conditions (1)
for electrons are always assumed to be valid.

In the cases which are considered here, the dispersion rela
tion can be written as:

(2) k- ak+ 98 = o0,
and the solution of eq. (2) as:
Vi 1
(3) k ="5 (Cy4Cy) 3 3 (CyCy)
where:

e, ={lern? + [V a2} 172

(4)
1/2

c, ={[@n? + w12 4872} 173
The skin depth is given by: & = -1/Im(k).
NEGLECTING ION MOTION.
In this case A and B are given by:

2.2 = 172 .2 2
(5) A= w"/c” (6) B=7 wpew/c u,
and C1. Cz are real positive quantities with C,>Cqe It follo

ws that Im(k) < 0 and Re(k) > O, this means that wave attenua-
tion occurs even at low densities, the skin depth being:

(7) d= 2/(c,c,) ;

and at high densities there is no cut-off but a gradual tran
sition between propagation and skin effect conditions.To se-
parate these situations, a criterion can be estabilished loo
king at the displacement current term in the dispersion rela
tion (2):depending on whether this term is important or ne-
glegible, propagation or skin effect can be assumed to occur.
The application of this criterion is straightforward using
(3) and (4); it is interesting to notice that the skin effect
condition:

(8) wnia m?

taking into account (5) and (6), becomes:

2 2
(9) @he /w®» 0.2 u, /e,
which is different from the one given by the cold plasma the

ory. If the condition (9) is valid, eqg. (3} and (7) reduceto:

k= 03 - 172970 W2 wpetu 'l

it 1/6,.2 2 143
S=2m (e ue/mpew) 2

COLD IONS.

In this case, B is given by (6), and
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. P B 2 2
& =£3 (1-3 Di/w-mjilw ) -w‘___i/w
¢ (miv el /el -wgilwz(l-j v /w)

If (9) holds, the effect of ions will be noticeable if :

(1 Cla) /3® > wa?

This can be expected to occur in resonance conditions,provided

that ion collision fraquency is small enough. Actually, for
w= Hugi+ﬂ)ii+ D§)1/2, condition (11) is verified if

21 2 , 2.2 2 /3,2 .2 2
mgo.sswpi/c (e q./wpem) tm-mpil/(zc.?-wpil v

and the wave number and the skin depth are given by :
1/2 1/4

2
-~ @ a)—aﬁ i 4 2 2
k&= (4 /W py) {cos@/2 =3 sinf@ /2)
| Zmz_zgi) vy : :
1/2 -1/4
2 2 4 22
sl 2a) "‘ﬁi) (4+nég(w »y)
e (u2 -m;i sinf /2
where :

_ -1 2
8 = tan (mpifzwvi)
HOT TONS WITH LOW COLLISION FREQUENRCY.
1f _— 2.2 Z 2 242
the conditions for ions [kl uy» | uy > w L]  are
v

verified (u, being the most prubahlecl'on speed), it follows :

A=l 4 B -n”zw/czwge/ue +u,§i/u1) A

If skin effect condition (8) holds, which in this case yields:
2 2
Lo c/w’u, +n§i cﬂﬂgui » 0.2 .
we obtain :

k= - 172 9V ave? Wl ugrad o) |

5= zn'“ﬁltcz/w}/(m:gue*“gi ) I 1/3 -

Comparing this result with eq. (10), one notices that the skin
depth can be affected by ion motion, when :

Te/Tiz mijme P or: Re 2R

1/3

1 ¥

1. NEGLECTING ION MOTION

1/6 2 2 1/3
(e ue/&ﬁxfd

§=2xn"

2. INCLUDING TON MOTION

a) Cold ions:

2 2 an 4,22 -1/4
5o __D-(ZM -, “'"_"iifw vy) o
<\ “";L sin 8/2

where: .
- =
8= tan tw;ilz ww,)

if: w= (“’;i”"éi* vh T

and :

o< 0.36af,/e? (c?u ol ) ¥/ tn?-ugl)m.?-n{i)

b) Hot ions with low collision fregquency :
5= 2::'”5[(czfg/(afpe/ue%i/ul) | *#

Table. I.- Depths of penetration in anomalous skin
effect conditions for electrons .

where Rez"e/mce ¥ Rf"iﬂ"ci are the mean cyclotron radii .
The skin depths which have been calculated in the cases con
sidered are summarized in Table I.

[1].- M.MORESCO, E.ZILLI - Proc. Int. Conf. Phys.Quiescent
Plasmas, Paris, I, 175 (1969). See also: Lett.Nuowo
Cimento, 3, 581 (1970).




LINEAR WAVES

PENETRATION OF A STRONG ELECTROMAGNETIC WAVE
IN AN INHOMOGENEOUS FLASMA GENERATED BY ECR
ON A MAGNETIC BEACH

J. Musil, F. Zé&Zek

Institute of Plasma Physics, Czechoslovek Academy of Sciences,
Nademlynské 600, Prague, Czechoslovakia

Abetract: This paper deals with the penetration of a strong RHCP
/right-hend circularly polerized/ electromegnetic wave in a den-
se inhomogeneous plasma generated by eleciron cyclotron absorption
of this wave on a magnetic beach. Experimentally was proved the
existence, movement and overcoming of the evanescent region. The
experimental results are in a good qualitative agreement with
the theory.

The RHCP wave propagating in an infinite homogeneous magne-
toactive plasma parallel to a static megnetic field is strongly
absorbed at & =&, ; @ is the frequency of the wave, &, is
the electron cyclotron freguency. The strong ECR absorption of
the RHCP wave has been recently successfully used for the produc=-
tion of a dense plaeeme in which fv': >4 ; w, ie the plasma
frequency. As the reflection on a plasma in a homogeneous megnetic
field is too high it is better to generate plasma by ECR absorp-
tion of REHCP wave on a magnetic beach, where the efficiency of
the energy transfer into plasme is much higher. This method is
successfully used for gemeration of a dense plasme in magnetic
mirror machines.

However, in a plasma generated by ECR on a magnetic beach
electron density along megnetic field N(z) increases in the di-
rection of decreasing megnetic field. Propsgation in such an
inhomogeneous plasma cen considerably differ from propasgation
in a homogeneocus plasma. The study of propasgation under this con-
ditions was carried out on the modified ER-2 device [1,2], see
Fig. 1. The plasma is generated by ECR absorption of microwave

Loty 1y

ol
0 —'_\ G L]
as ECR 0 Lt T 10

7 20 20
CIRCULAR WAVEGUIDE A

STRONG RHGP}E ‘l‘_
WAVE J—:-—-—- v PLASMA — —-—— -%—- —_
£ da

GLASS DISCHARGE
TUBE

llrERFERQ'-‘.EIERT

1, msec

- i L

Lo 05 10
pawer 3 kW at a frequency of 2350 MHz. S
The puls length is 200-500 us and repe- -
tition rate 350 Hz. The typical time de-
pendence of the eleciron density N mea-
sured with 8 mm interferometer at z = 35 ecm is shown in Fig.2.
It may be seen that the strong sdditionel incresse of N oceurs
at the time t,+ The new value of N, correspending to 'te(tB,T)
is seversl times higher than Nl correaponding ta t and depends
on the power of the wave and on the gas pressure.

To explain the causes of this considersble increase of N we
have measured the time dependences of the reflected power Eﬁ and
the pawer trensmitted into the plasma Ei, see Fig. 2. From Fig. 2
it may be seen that time display can be divided into two regions

corresponding to time intervals 0-1.4 and 1.4-T, where T ie length
of the magnetvon pule . In the first region where NAN, the Zo
Periodically oscillates and its increase carresponds to the de-
Crease of the Ep end on the contrary. It is important that in

the second region Es decreases and E.% is epproximately the same
a8 at the beginning of the puls when rd:a. w® and wave freely
Penetrates . These facts show that in the time t4 the qualitative
change in the penetration of RHCE wave takes place. Fig. 3 ehows
the distribution of a saturated ion current
the movable langy

o
(5]

t « msec

FIG. 2

4

i,(z)~N(z) from
G o ur pf‘ohe along the axis at different times.

Y Seen that N increases in the direction of the wave pro-
Pegation. Thie situation can be well followed on dispersion cur-
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ves of the RHCP wave propagation
in a magnetoactive plasma for
the propagation at & small angle
d#0 toa static magnetic field
[3], see Fig. 4. n is refracti-
ve index, indexes 1,2 and 3 mark
the extraordinary, ordinary and
plasma wave, Y= %e/y . To make
the problem more simple we suppo- r 55 i
se that in an inhomogenecus plas-
ma the wave propagates in the di-
rection of deneity gredient. In
Fig. 4 the time
evolution of
the pleasma den-
sity diatribu-
tion N(z) is
given as well.

TIME

The grea-
test aignificen-
ce for propaga-
tion of the RHCP
wave at Y >4
hes the fact,
that at o =0 the wave 1 (dashed line) freely passes through
the inhomogeneous plasma but at small angle ®+0 only a partial
penetration into & region of X,>X,  takes place. This is con-
sequence of the existence of the evanescent region in the viecini-
ty X, 8t #4+0. It is clear that megnitude of wave penetration
depends first of all on geometrical width Az of this region.

In our case plesma is produced in a waveguide and %% 45° at the
density corresponding to the beginning of the evanescent ragion;
details are given in [4].

From Fig. 4 it may be seen that the qualitative jump in the
propagation have ta occur in the moment t4, when AZ achieves
a critical megnitude at the beginning of the tube . Fram this
moment the wave freely passes through this region smnd is absor-

TIME

bed in the point of ECR on the
megnetic beach. This results in Ei
further very considerable incre-
ese of the plasma density. This
model is in good agreement with
measurements of the distribution
E,g(z) of the wave penetrating
slong the axis in different times,
see Fig. 5. Moreover, from Fig. 5
it may be seen well the movement
and overcaming of the evanescent

region caused by the sudden chan=-
ge of the geometrical width Az
of this region at the beginning
of the tube.

So, the penetration of the RHCP weve into a dense plasma
generated by ECR on a megnetic beach can be explain on the basis
of properties of the RHCP wave propagation in an inhemogeneous
magnetoactive plasma. The existence of the evanescent region has
heen verified experimentally. The free passage of the RHCP wave
through this region results in a strong edditional increase of
the density; in our case N increesses five times and is propor=-
tional to the wave power.

The authors wish to thank to Dr. V. Kopecky and Dr. J.Datlov
for velumble discussions.
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REFLECT ION AND DAMPING OF ELECTRON CYCLOTRON WAVES IN A HIGH
DENSITY PLASMA
by
S.Bernabei,R.De Dionigi and M. Fontanesi
LABORATORIO DI FISICA DEL PLASMA DEL C.N.R. - Istituto di
Scienze Fisiche = Milano - ltalia
and by
G. Lisitano

INSTITUT FUR PLASMA PHYSIK =~ Garching - Germany

Abstracl: Reflection measurcments of an electron eyclotron wave
propagating along a magnetic beach was made by means of a multi
fringe interferometer.

It is generally assumed that the absorption by means of eyclo-
tron damping of jon or electron cyclotron waves, propagating
along a weakening magnetic field (magnetic beach), oceurs when
the local ion or electron frequency (ﬂJbE and W bi) become suf
ficiently close to w and the local wave number k“is sufficien
tly large. The experimental results reported in this paper show
that generally an electron cyclotron wave is progressively re
flected by the
reaching the gyromagnetic resonance region. However the refle

established

increasing refractivity of the plasma, before
ction of the wave does not contradict to the well
phenomena of rf energy transfer to the plasma in electran or

ion cyclotron heating devices (1-2). In these devices the energy
absorption by means of cyclotron damping occurs either in proxi
mity of the rf coupling system or in regions of cyclotron resa
nance, where the rf power, filling the whole device, is really
available. In this experiment however the electron cyclotron
wave, coupled to the plasma in a region where @ be»con refle
cted before reaching the resonance region. The amplitude
and phase variation of the electron cyclotron wave in the fre
quency range from 1 to 2 GHz was measured, along a magnetic
for a wide range of parameters of an almost ful ly-ioni

3-10eV;

beach,
zed argon plasma, i.e. S(m?/m <30; 1< Lob/td(ﬂ): T

12 13 -2 c
n. + 10 - 10 em .

mirror {mirror ratio 3:1) by non resonant absorption of rf po

The plasma was produced in a magnetic

wer (at a fFixed Frequency of 2.4 GHz) coupled to the plasma
by means of a retarding structure (3) which was placed at one
end of the mirror. The electron-cyclotron wave has been laun
ched into the plasma column, either by means of the same slow
wave structure used to produce the plasma or by a second simi
lar structure placed at the other end of the magnetic mirror,
The wave was detected by a very thin screened radial probe, im
mersed in the plasma. The wave propagation path, between the
wave coupling system and the probe, Fforms one branch of a va
riation (4) of the Wharton interferometer with a multifringe
display of the phase angle of the wave. In Fig.l the lower
trace refers to the amplitude of the wave along 10 cm propaga
tion path of a magnetic beach, the zero cm point to the left
of the figure corresponding to the center of the mirror. The
upper traces showing the multiple fringes refer to the phase
shift of the wave along the same path. The fringe cal ibration
is 29t/cm. The wave was launched from the right at a distance
of 20 cm from the center of the mirror. Fig. la) shows that
the electron cyclotron wave is almost completely reflected at
the region of increasing plasma refractivity near the gyroma
gnetic resonance region rather than being absorbed. In the ca
se of a collisional plasma we have observed a smooth damping
of the wave (Fig.1b). The standing wave pattern (of the wave
amplitude variation) is supported by the corresponding 130°

phase change (nodes of the pattern) as indicated by the phase

AND
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shift interferometer.We
w
h&d , have always noted that
I f =t t it t Ll the wave .i's reflected at
11 14 18 18 20 2.2

values Df&!b/‘ﬂ » 1. De-
pending on the dischar-
ge conditions we ohser-
ved a shift of the refle
ction point which is qu
alitatively in agreement
with the approximate di
spersion relation (5-6)
o= (/5 5-p-)
valid For  @py,y 1
(Sﬁ :;;é;;and !b=:4!%g)

For our magnetic Field

profile along the neasy
red propagation path was
possible to assume

We_{=C e]<“
7 ¥

C and K are constant and

where

x is the axial distance
From the mirror center.

The expression for the

Wpfy 12 14 18 18 20 2z Phase shift Kx
W 2t W g [*o 7
p=ZF2c[ e = dx
Fig.1 for the simple case of

5= P== 0 gives us a |linear relationship between [n?and Kx. In
Fig.2 this |inear dependence is shown for two discharge condi-
tions having the same K (that is the same test frequency and ma
gnetic Field profile). For values of § andl@ # 0 the slope of

this curve should give a dependence on the electron temperature.

U o wooOd
T

While the general

proper
ties of this linear rela
tionship have been obser
ved for all the data, we
have not yet enough corre
lation measurements bet
ween the nbsgrved slope
and the density and the

temperature of the plas-

¢ (arbitrary units of 21)

ma.However the prelimina—

ry results presented in

position (cm)
' 1 1

H 1 I Il
4 6 8 10
LS LA O BB LA L B R A B

1.4 6 18 20 2.2

this work demonstrate

o
[y

t LA |

GJBQJ 11 1;

Fig.2

thHat almost total reflec
tion of cyclotron wave

p may occur in a magnetic
beach for a large range of plasma parameters,
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LINEAR WAVES AND

NUMERTCAL BOLUTTONS OF THE FULL WAVE EQUATIONS IN AN
IUFHOMOGEREQUS COLD PLASMA 5LAB NEAK THE LOWER HYBRID
HESONANCE
oy
V., Agnello, D, Colombant, P. Fleffé.Prévost, 5. Ichtchenko, S. Kulinski.
ASSOCIATION EURATOM-CEA

Département de lo Physique du Plosma et de la Fusion Controlee
Service I.6n. Centre d Etudes Nucleoire

Cedex 85. 38 Grenoble Gore (Fronce)

Apstract : The absorption of an E.M. wave in an lnhomogeneous cold plasma slab
{s considered, Por perpendicular incidence, the absorption coefficlienl presents
sharp geomeiric resonances and depends strongly on the length of the region of
evanescence. The case of oblique ineldence is then discussed. In a second part,
we compute Lhe resistive loading of a coll imposing an axial wavelength so that
the accessibility cordition /1/ is fulfilled. It is shown that this resistance
varies little with density gradient and that the lower hybrid resonance may be
masked by coupling resonances,

1. In the first section, we calculate the reflexion, transmission and absorption
ceefficients of an Inhomogeneous cold plasma slab (fig. 1) where the frequency nf
the E.M. wave passes through the lower hybrid r : u:: Ype :“‘::;"“ Wl
In this model the accessibility condition is not fulfilled.Since the W.K,B. method|

cannot be used near cut off and resonance, we solve numerically the full wave

equatlons. Few collisions (Wu.ib”) have been included in order to facilitate
computations near the resonance. The equations are integrated twice, starting
in the vacuum from two different sets of initial conditions /2/. When §,=0
each initisl condition excites one mode in the plasma independent from
the cther. In this case,only the extraordinary mode (initial condition A)
possesses a resonance, We have plotted on fig. 2, the absorption ceefficient
A, of the extraordinary mode versus £ . Geometric rescnances appear when :
L=mA (1)
where m is a positive integer, J'\, is the wavelength in the vacuum and W
is the average refractive index in the slab. The absorption is negligible if
condition (1) is not fulfilled. On fig. 3 A,is plotted versus W fw for
threa values nf the maximum density when condition (1) is satisfied. This
{igure shows that a conditlon exists for which the value of A, is maxioum (50 %).
This occurs when the length of the region of evanescence is such that the energy
transmitted by tunneling £s exactly equal to the energy reflected. If this length
is too small, the tunneling is very efficlent and most of the energy is transmitted
Conversely if it is very large the wave is prinecipally reflected. In oblique inci-
dence, the two modes are coupled in the plasma, The initlal eondition A glves rise
to a component Eg of the E.M. field which is not absorbed by the particles.
Similarly the initial condition B gives rise to a component E,, which may be
absorbed by the same process as in perpendicular incidence, These remarks can
ezpiain fig. 4§ where the absorption coeffiecients associated with initial condi-
tions A and B are plotted versus @,.

n

. In this section, the resistive loading of an oscillator coil inductively coupled
to a Tinite plasma slab (see fig. 5) is computed near the lower hybrid resonance
when the accessibility condition is met. These calculations follow those of
Skipping and al. /3/ but differ in that the plasma is now treated as inhomogeneous|
This approach insures that once the maximum plasma density is greater than the
lower hybrid resonant density, the resonance will occur at some layer in the
plasma and not over a whole plateau. After /3/, the resistance is defined as

R = i"" where V is the coil voltage amplitude and P, the
power dissipated in the plasma. Resonances are revealed by minima in R. Because of
the aceasszibility condition, the fields are wvanescent in the vacuum.Using the
full wave equations and matching tangential components of the fields an their
derivatives at the vacuum-plasma boundary and at the coils, R is found to be :

exp (-Nidw/2e) gint mTla G!z
R = &#ZoL b N< n? 2L
1 exp (-Nidw/2¢c) gn* mlla T
T =g =9

where - < et o
G= exp (Nidw/2ec) - enp[u:* (t'i)] { (x;.- '.?Eél-.)(iﬂ:l_ N’-E;,_) —(’C;;_ 35{)(‘7({—"..%:) }
e T (G 3]~ (- o)
Jl, .'K, ,EJ,,E:' are the field amplitudes at the vacuum-plasma boundary for modes
! ana 2, z_._.\lmf,w;‘,r;:_[,n,,zl_ﬂ:_], The
Beom=<ric paremeters a, d, 1, L have been defined on fig. 5 and the current

€istritution in the coil has been assumed to be uniform. Since we are interested
in the case a = L, the resintance has been computed for the Fourler component
n =1 . However, higher order terms cannot be neglected when <€ L.
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The variation of the resistence with density gradient Is shown in fig. 6. This varia-
tion is small since, when the accessibility condition is met, the energy absorption
15 not dependent on a tunneling effect. In fig. 7, it has been atsumed that the
plasma expands steadily in the x direction and that its density decreases in order
to conserve the number of particles. The figure shows the resistance due to the
plasma as It fills the space up to the coils. At point A, the maximum density

falls below the lower hybrid resonant density and therefore, none of the resonances
after this point are lower hybrid ones. It is seen that in this case, the coupling
resonances which ere natural modes of the system, are more important than the

lower hybrids ones. The importance of the lower hybrid resonance mey be Judged by
compariscn with the homogeneous case which appears as a dotted line.
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BE.M TRITWBILITY, TRANSFORMATION AND EIGENMCDES
IN AN INHOMOGENEOUS PLASMA

V. Kopecky

Institute of Plasma Fhysies,
Nademlynské 600, Prague 9, Czechoslovakia

Abstract:
across the magnetic field, eigenmodes are a suparposition of

In a hot anisotropic plasma with an inhomogeneity

long waves of cold plasma and short-wave Bernstein modes. As
a consequence, threshold currents of beam instability increase
comparing with the case of homogeneous plasma.

As follews from the linear theery, in anisotropic
plasma there exist a branch qk of potentiel waves of cold
W > We

plasma for freguencies (W is the electron cyclo=-

tron frequancy)w1th the dispersion
2

o=+ {wgrf + Wi+ - haBFREARERTT 1,

where W, is the plasme frequency and k, , kz

are the transver-
sal and longitudinal wave numbers respectively. k, approaches
infinity as ) goes to the hybrid frequency Wy = m§+w§ .
Apart of these waves in & hol plusma there exist wave branches
@B propagating normally to the megnetic Tield - the so called
Beranztein mcdes [1] ; for them k, approaches zero as W gcoes
to the hybrid frequency. Influence of temperature on waves of
cold plaama in such a
way that this branch matches with the branch of the Bernstein

modes in the region of the hybrid frequency.

appears considerably only at k; >> kz

Thus for freguencies W > W there exist

D . .2 2 2 2
mex (Wf,uy ) < W < Wy +u.
in a hot anisotropic plasma, where two kinds of waves with the

same fregusncy and same k, but different k,
1). However,

the region

(1)

in an inhomogeneous plasma these two kinds sre not
at the
£th %% shortens when waves propagate from
the region of greater density towards the hybrid resonance and
the wavelength of the Bernstein modes lengthens (Fis. 1). In
the region of the hybrid rescnance, where the wavelengths are

independent. Both weve types propagates in regions (1);
sare time the wavelen

equal, a courling of both wave types takes place [2 : P =
= (pc'_ (PE , where the superscript sigh & denotes a direction

of the phase velocity.

2
ko |
1 -
o5t
02+t
01 5

-2
10 [

-3
10|

3

for potential waves in a hot plasma
(w/we)?

Tig. 1. Dispersion réurves
for (kg Vrp /)" =107 ama

as a parameter,

In an inhomogen=ous plasma eigenmodes must therefore

be (in the WKD approximation) a combinatior. of the short and
long waves. Gelutions satisfying transformeticn conditions in
the region of the hybrid resonance (x = 4+ xo) are

lnﬂ + 4+ (T

P= fe- on e g =

or-its cnm&¢h1t1nn. Here n is inteper and It determines the

can propagate (Fig.
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quantum conditicn
(n__ - S"uv.z{uuc- W)= W S k2 (= g o wutx})“k .
TOavrai) w’[w,{(x!-wzl
faa 'r;earq that such LGTb‘!eﬁ aigenmcdes can also be tra-
velllng waves, energy being transmitted by the wave q% in oni
direction snd by the Bernstein mode in the opposite one.

Because in the region of hurmonics of the electron cy-
clotron frequency a wave damping is mostly determlneﬂ by the
Doppler damping (being proportional to (k U3 /Ur,) ) the short
wave Bernstein modes are damped more intensively thuan waves of
cold plasma. Therefore a damping of eigenmodes in inhomogeneous
plasma will be more intensive than that of modes in homogeneous
plasma. In this way also threshold currents of the beam instabi-
lity increase.

The threshold eurrent of a beam of the radius r in &
homogeneous plasma of the radius R can be approximately deter-
mined by the relation ¥pI'~ ¥c5=0, where ¥p is the instubilit:
inerement and Y is the decrement of the waves l]Dc . In the cu-
se of inhomogeneous plasma the comrdition of the threehold cur-
rent has an approximate form

(2) br/"-"'.L 1R/} gL = 0,
where ¥ is tha decrement of the waves (p , 1§L and 1Jb¢ are
the group velocities in the direection of an inhomogeneity of
the waves qk and LPB y respectively. Because of X > %
a < 'U'gJ_ the increment of the beam instability in an
inhomegensous sase must be greater and therefore the denaity
or current of a bsam must be grester. From accurate computa-
zf a8
beam in & hemegemsous plasma layer of the width R is obtained

I - 2,710 R Vit 1 (0% WS- w0d)
(3 h e v, ww’(oﬂ ~w?)

(ool 8 12 Hekied= 2]

and in an inhomogemeous layer with the parabolic course of
density

and

tions the following expressions for the threshold current

I = 27 mR w02~ (Wf e~ W)

(wz wamm:){m wt ) k2 Uu

. 4fire w? wiwZ | -w?) Y
o Ui Vo E(E,]’uﬁmrd )ex [ (u -, Uu)J+(11w3Au2Xu2-w2)_
U?; 2 h%nmx F w ﬂ# 12ub"nxu{

i 3 ) 2

W (I, Winag— W )7]_—(1, wH,,?rw )ex _(u-2uc @) .
2 2

W T\ W 2 Wy rmax 8 lq'p

where F and E are eliptic integrals of the first and second
kind, respectively, Yo is the beam weloeity, va,b is the ther-
mal velocity of a plasma and beam, respectively. Expression (4)
agrees approximately with estimatien (2).

Ceomparing expressions (3) and (4) we see the thresholds
current for frequencies near (J in en inhomogeneous case teo he
Ub/lh? times greuzter. For frequencies near 2‘”: in the ease
of an inhomogeneous plusma the threshold current is of the sume
order as for frequencies near ) and therefore (UB/lﬁ?) times
grester than in & homogeneous plasma. also plasma heating in-
creases together with an increase of threshold currents compa-

ring with the homogeneous case.
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EXPERIMENT ON THE EXCITATION OF BUCHSBAUM-HASEGAWA-RESONANCES

LINEAR WAVES AND

F. Leuterer

Institut flr Plasmaphysik,

In a hot inhomogeneous plasma column in a magnetic field reso-

nances known as Buchsbaum-Hasegawa-modes 1

the low freguenc:

guencies. They are attridited to electrostatic electron plasma

waves which can propagate perpendicular to the magnetic field
3 2 2 2

Garching b. Minchen, Germany

side of the electron cyclotron harmenic fre-

(Bernstein waves 2 ). If w "Dw

then for frequencies w/w_=n-2 (m/m

c

are observed, these waves propagate as backward waves, This
implies that in an inhomogeneous plasma column and for w near

2 w_, these waves can only exist in the dense core of the column
bounded by the hybrid layer. Within this dense core these os-
cillations form a standing wave pattern, which manifests itself
in the resonances whenever the phase condition

is fulfilled '1,3,6 .

It is generally assumed that the Bernstein waves, which lead to
the oscillations, are coupled to the electromagnetic field at

the hybrid layer 4 | .

cylindrical plasma column the group velocity of the thus excited
waves should be directed radially inward, from the hybrid layer
towards the higher density region. However, Gruber and Bekefi [5_7
report the observation of just the opposite direction of pro-
pagation which would require another excitation mechanism in-
stead of a local coupling at the hybrid layer. They propose a
continous coupling throughout the volume where the waves pro-

pagate.

In a steady state experiment _r6: where the waves have been
excited by means of an externally applied high frequency capacitor
field, we cobtained results which are contrary to the findings

of Gruber and Bekefi. In such a steady state experiment, how-
ever, the group velocity of a wave cannot be measured directly.

Fig. 1

2008 mvfem

#0 1 fosac]
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Fig. 2
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This implies that in an inhomocgeneous

Pulse records at various probe

positigns, w/w_. = 1.89;
wnoS/u“=2.4; different sensi-
thities

locity of the excited Bernstein waves in a steady state experi-

region. From the dispersion relation we can calculate the group

This direction is identical to the direction of the group ve-

ment, i.e. away from the hybrid layer towards the higher density

), where the B-H-resonances

can be observed at

(= hybrid density),

S -
c

Therefore, a short microwave
pulse (= 20 nsec, 940 MHz)
was applied to the capacitor
plates and the transient plas-
ma wave response was observed
with an antenna inside the
plasma. Fig. 1 shows the ex-—
perimental arrangement. Fig.2
shows a set of recorded probe
signals for different probe
positions between the axis of
the column and the wall. We
see, expecially for 4 mm<r <
8 mm, four clearly separated
pulses arriving at the probe
which indicate that the ex-
citation is mainly a local
one. The first one of the
pulses is due to capacitive
coupling from Lhe capacitor
plates to the probe. It is

an electromagnetic signal
which arrives without appre-
ciable time delay. The second
and third pulses are the
Bernstein wave pulses which
are excited on both sides of
the plasma column in the re-
gion of the hybrid layer (at
r=% 12 mm). It is seen from
fig. 2 that the wave pulses
travel radially inward with

a considerable time delay.

INSTABILITIES |

velocity lgr=3w/a'._as a function
of density. The time delay
assuming excitation at the
hybrid layer thea is:
o e
i“‘lﬂv teter ¥
Fig. 3 shows a camparison bet-

4 2, .ol - =
R I T B D L

ween measured and calculated
Fig. 3 time delays. When the two

Comparison between measrued
and calculated timedelays

wave pulses travel just once
across thes plasma column and
reach the hybrid layer at the opposite
3Ima) side of the column they couple out to
...-0———— 120 the electromagnetic vacuum field which
we again detect at the probe withoit
pe—=m—em——— 120 zppreciable time delay. This is the
fourth pulse we see in fig. 2. His
D 100 g delay is just twice the time de-
lay of the pulse at r = 0. With the
0""‘-’—' S0 probe situated outside the dense
core, we could detect up to 4 coupled
"“‘_‘-‘T“ '80 put pulses, which are due to mulitple

reflection of the Bernstein wave pulses

inside the dense plasma core. One set
of measurements is presented in fig.4.
Q"-.___—_ T '™ e see how with increasing peak plasma
density (or discharge current), the
QP""""__-__ 200 time delay of the coupled out pulses
H 1 increases due to the increasing dia-
150 tiesecl meter of the hybrid layer in the
Trpae i weleny column. From the relative amplitudes
of successive coupled out pulses we
can estimate the coupling coefficient:

o= 4- Y- N‘”%;“

& represents a damping of the pulse

during one transit time from a hybrid layer to the opposite one.
In fig. 5 the dots show experimental
results neglecting damping, i.e. for

{a,, & = 1, The heavy lines in fig. 5

: correspond to the results of Kuehl['.l ].

who has calculated this coupling

coefficient for excitation of the

Bernstein waves by an extraordinary

Fig. 4
Records of ccupled out

pulses for various den-
sities, w/u_=1.97

wave in an infinite inhomogeneous
plasma. Taking Kuehl’s parameter
n‘z_:x (x #e<) (refractive index of
the extraordinary wave for x==e)
equal to nix (r = o) in our ex-
periment, we obtain the dashed line
in fig. 5, representing the coupling

coefficients expected in our experi-

Fig. 5

Comparison between ex-
perimental and calcu-
lated coupling co-
efficients., -~

ment. We find agreement within an order of magnitude. Matching

our experimental results to this theoretical line would give a
reasonable value of 0.65 for the neglected damping term & .

These ohservatious, together with the results in |6] show that
Ruchsbaum-Hasegawa-resonances can be well understocd in terms
of Bernstein waves excited mainly in the vicinity of the hybrid
layer.

This work was performed as part of the joint research programme
between the Institut fdr Plasmaphysik and Eurataom.
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LINEAR WAVES AND INSTABILITIES |

LINEAR STABILITY OF EXPONENTIAL DENSITY

PROFTLES bution gland T;= T ). In the range Vip, & |‘f{’-ll L Vg
i
l
by wich is the most unstable, and in the limit 4 ¢ KLR; £ (Mi/mt)’b
R. Croci and R. Saison where the local approximation is expected not tec be valid, cne

TNSTTTUT FUR PLASMAPHYSTK gets the following results:

8046 Garching bei Miinchen, Germany .
' Xo/a -1 w-R B A= ) = KA RIE,
Ky Viw, Ky Vo
Abstract: The exact dispersion relation for a plasma with density I
-2da K;;/Kf - (‘l‘[ '1'3)/-‘/ XD ¥ A) >0 Fnl‘ Shl.blf(rj
profiles n(x) exp (-ax) in a homogeneous magnetie field B=i, B, mi

is derived. As example, we consider the low-frequency drift instabpility.

or:
The problem fo the linear stability of a Vlasov plasma whose equi- er'/Kl-] > %‘-(T[’ %?I)VL KJ- RL ]K,/Kﬂ‘]
librium distributlion function depends on space ccordinates leads
to an integro- differential equation for the Laplace transform of the with the restrietion 14 (kﬁf)_ll 2 E& & (Ei )VL
electric potential 50 . In general, considering only wavelengths K S me
much larger than the mean Larmor radius R. Then, in the further One sees clearly the stabilizing effect of RX =
limit where the wavelengths are smaller than the inhomogeneity In the limit JKLR;|(1, one obtains the known results (exept
length, one applies the WKB method. The most severe of these two for corrections of the order of I*/kxF) of the local approxi-
limitations is, of course, the first cne. mation.
In this paper we shall consider exponential density profiles n(x);e
exp (-ax). The results have a physical meaning for prefiles with
n’/nn;-a over a length L if the aonsidered wavelengths lx in the
x-direction satisfy A, < L. Acknowledgements:
Since the density lsamonotonic function of x with 1¢41 =Cte, We wish to thank Dr. D. Pfirsch for useful discussions.
the electrostatic waves cannot go back and forth in a finite
reglon. Then it can be expected that in the dispersion relation
the part of the density profile with n— <= will play an important
role. In other words, the dispersion relation can be expected to z

Thls work was performed u
be very similar to that obtained in the approximation of quasi- P nder the terms of the agreement

on associati bet
neutrality. We will show that the exact dispersion relation is in oL Between  the:- Enstd tut: il Plasmaphysilk and

Euratom.
fact the same as in the quasi-neutrality case. It follows that the

proposed profile can always be used to get a dispersion relation

valid also for [kyR[% 1, if the approximation of quasi-neutrality
is reasonable.
Let us consider a plasma inhomogeneous in the x-direction, in a
magnetic field E;zzED with BD= const. We treat the following
case of equilibrium distribution functions:

Boj = 9 (2 0 exp [ (2 /)] (4215 3 g = o4 Bo/mg)
where ]ﬁi_nlgﬂgvf ,v#‘) exp(r,vj_)= 0 for any positive constant P
We shall consider electrostatic perturbations, although the
treatment could be extended te electromagnetic ones. If the
initial peaturbation decreases faster than E’q$1! fcr]L|Ja=§‘the

same will be true for the solution T (electric potential) at all

times t. Then de E"("x*"‘“‘)"(‘,(l) - Lf(i{_ljrl:o.)

and the integral equation rorlfhecomes
(K + kg4 K3) Ylke) = Gu ko) + C(w, katéa) § (Ky+i0)
where G contains the initial cnnditioﬂf and ) p
: P . PR AV, —
BT hTes —iww CK-(r-R f] /> Ky
L(W,KL)-:&;_ ;-a—ﬁjdlw adu_ e e '3 K V\,g} T“%‘.-i
)

It can be shown that q(KL)has poles in the complex kx—plane at

KJ- = Ka(w)i-ih.m (n_,:ujj_ri)_;)where ko is a solution of

C(@) ke 5 Hyky) =0
with Im(k) »o wheéwiies in its convergence half-plane, which is
the same as in the"quasi-neutral” approximation. The above con-
dition is necessary and sufficient lor the singularities.
As an example we give here the stabllity condition for the

low-frequency drift instability for an isotropic Maxwell distri-
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LINEAR WAVES AND

CHANGE IN THE POLARIZATION OF AN E.M, WAVE IN A SHEARED
MAGNETIC FIELD
R.Cono - C.Etievant - |.Fidone - B.Zanfagna
ASSOCIATION EURATOM-CEA

Departement de la Physique du Plasma et a2 = Fusion Contrilée
Centre d'Etudes Nucléarres

Bolte Pesiale n° 6 - 92 Fontenay-aux-Roses (France!

Abstract : We describe an experiment showing that an extraordinory electro-
magnetic wave propagating ccross a plasma calumn confined by a slightly
sheared magnetic field is partially converted into an ordinary mode at the up-
per hybrid resonance,

A 8,85 GHz microwave beam of few hundred mW power was
propogated in the extroordinary mode into a low density (n = 8.10'0 em=3)
Argon plasma produced by o Radio Frequency discharge. The beem was focus-

sed in the center of the discharge by o system of teflon lenses,

The slightly sheared mognetic field wos produced by superposing

te the main magnetic field ( Zdireclion),‘ 8z1+G)
o small component in the x direction pbtai- B,
ned by two coils plocad in the vacuum 3

chomber close to the plasma discharge.

In fig.! wae show the measured 3
components B, and B, along the dirsction
of propogation of the incident wave
(y axis). The asymmetric configuration

for the main field was chosen so as to

have a good accessibility to the upper

+ 7 P g o

hybrid resonence,
~Fig.l - Variation of the magne~
tic field components along the

direction of propagation.

In fig.2 we show (a) the tronsmitted power of the extroordinary
mode and (b) the datected power of the ordinary mode when we vary B;. In
fig.3 we plot the power of the ordinary mode as o function of By for the value
of B, corresponding to the maximum valus of the amplitude of the ordinary

wave,

Porn ksl N
- L 4
W
M
oS, [
G B S -
L ]
s L i
i » L . ]
of
N e,
L > L 8,6}

Fig.2 Received power of the extroordi- Fig.3 Measured power of the
nary mode(c) and of the ordinary mede  ordinary mode Vs. Bx.

{b) Vs F—;°— .Feo is the cyclotron fre-

quency at the center.F:885Ghz

pnzio.aforr fe =8.40"%m-2

We note that this maximum is very close to the minimum transmis-
sion of the extroordinary incident wave ond the power of the ordinary mode is
proportional to the square of By.

A tentotive explanation of these experimental results may be found
in the coupling of the principal modes at the upper hybrid resonance in a shi-
ghtly rotating magnetic field /1 7. At the condition of tatal extinction of
the incident wave the amplitude of the ardinary electric field is given by 1

135
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e il 02 w3
m ORD ' @ il = =
\Egﬂ'ﬂj ["o) wa\/mi_ui -2 a"‘A(‘io)S(‘jn)
where
B,
- &

W = incident frequency
.= electron cyclotron frequency
W= plasma frequency

W= cut off frequency

2
g (o)
o= m— and oy = upper hybrid frequency.
dy )3'0
E . =amplitude of the extraordinary incident wave,

extr
In fig.4 we show , for o typical experimental condition, FPQ, F=2r F;%
and Ff. We measured the density profile by Langmuir probe ond the average

density by phose shift of on ordinary wave,

=
m"—

A SR

| . .
. i e
[ [ 1

Il\ i 3,

' B it A

{a) variation of Fg WER, FHZ, F_E aleng the

direction of propegation
(b) Plet of the pawer of the ordinary mode \’i.[fﬁgf.Men—
sured (solid line) ond colculat ed (doshed line).
We also show the calculoted (from eq.(1) ) and the measuredd power of the

ordinary wove Vs F:z.,/F2 nermalized to the maximum value.

By inspection of eq.(1) we note that the value of A (y,) depends
on the gradient of FE] ot y = y, and consequently for the cose described in
fig.4 the position of the maximum is shifted from the discharge center, The
experimental width is larger than the calculated one and car be explained by
radial inhomogeneity af the B, field. Absolute measurement o the factor A
gives for the conditions corresponding to the maximum , (A @ ) ep” 0,20,
as compared to the calculated velue from eq.(1) with the experii tental densi-
ty profile, (A @ ) .

invalved in eq.(1) render the ogreement rather illusory, Refinement % in expe~

= 0,22, Experimental errors ond the appre Ximations

riment and theory are required in order to have definitive confirmatic N

Finally, this fechnique can be used to determine the local gieloidal

magnetic field in o toroidal Tokamak device,

Reference
[/ C.ETIEVANT - I.FIDONE ~
"A proposal for measuring the poloidal field in a toroidal mognetic

configuration”.
Intemal Report EUR-CEA FC 537 (1970).




NONLINEAR

AMPLITUDE AND DAMPING OF PLASMA WAVE ECHOES
by

*
M. Guillemect, G,Matthieussent, J.Olivain, F.Perceval ond A,Quémeneur

ASSOCIATION EURATOM-CEA
Département de la Physique du Plasma et de la Fusion Contralée
Centre d'Etudes Nucléaires
Boite Paostale n* 6 - 92 Fontenay-aux-Roses (France)

*
Labe de Physique des Plasmas -Faculté des Sciences 91 /ORSAY (France)

Abstract : A theory toking into account diffusion in velocity spoce shows that
a spatial plasma echo exihibits new features when either the second wave am-
plitude or the distance between the transmitters are increased. Good agree-

ment is found between this theory and experiment.

Plasma wave echoes have been predicted /17 and observed /27, A
more recent theory /3,7, toking into account the fact that the electron free
trajectory is only slightly perturbed by the electric field, shows that the echa
amplitude depends in a non symetric way on the omplitude of the two initicl
waves. However this theory does not take into account diffusion in velocity
space /47, Ifti:l i @2 ond w;, W 5 are respectively the applied potentials
and frequencies of the woves excited by the two transmitters separated by £ ,
then echoes appear at frequencies : f3 =nfy - F;, The amplitude of these
echoes is given by :

ol ()
e —t (VT
20, D""" 3w 3 v

Kis defined in ref /6/7.

37

E uﬂ(z]:

If a resonant echo is considered (n = 2}, 52 = f!’ one obtains :

w, 3,5
Eiogmx™ By 42 [P0E; Jerp- [Da(5) 2 LN 1 o

5
43
fﬁ is calculated from plasma characteristics.

The machine used for the experiment is described in a previous
paper /5/. The Landau damped waves are launched and the echo detected by
probes. Fig.1 and 2 show the dependence of the peak echo amplitude Epgy as
a function of the two primary waves amplitudes for a quasi-resonant echo : for
convenience sake the frequencies in experiment are chosen slightly different.
At large omplitude of the second wave the peak echo amplitude reaches o ma-
ximum at ¢2 max 9nd then decreases. As predicted by Eq (1) the maximum
@ oy £ = cst .Fig.3

~
amplitude of the peak echo E, is observed when :

max

checks this result. Theory predicts that the maximum amplitude of the peak
3

echo Emux decreases as exp - ~££§—- (Fig.4). The experimental dependance

of the peck echo amplitude as a function of the amplitude of the primary wa-

ves and transmitter separation length, is in agreement with theory.
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TEMPORAL LANDAU DAMPIRG OF ION WAVES IN ARGOH FLASMA

by
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Abstract

o

Temporal Landau damping of ion plasma waves have been investigated

X

experimentally by using standing waves which can be either self excited

or externally excited by an electric pulse.The experimental results agree 1 23
F 2% H
: EF ¥
very well with the theory of Fried and Gould.That is,in & collisionless ? bt ’3' ©
g 4 5
argon plasma,waves may decay exponentially by rescnnant absorption.The gk
a
a 8
decay rate in tire depends clcsely on the ratio of electron and ion ; %
_ i
3 4
temperature TEI Ti ,as predicted by the thecry. | §'
P
fuis

B2UGE

NRRN |

The damping by resonnant absorption of electrostatic waves in a

collisionless plasma predicted by Landau in 1946 has been verified experi-

2,3,4

mentally by Malmberg and Wharton = and other authors for the case

of longitudipal electron waves in space evolution.Spatial Landau damping

APPARATUS FGR LANDSU DAMANG /A0 PLASMA VIVE ECr0 EXPERIMENTS

of ion waves has also been observed by Wong,Motley and n'!\ﬂgsln5 in highly

5
Ed
H
Ed
B

;
H

QIFFUSION PULP.

FiGURE I.

7
L

lonized cesium plasmas and later by Alexeff ,Jones and Montgomery ®in zenon b |

TR

plasma. lowever,the temporal Landau damping has not been directly observed.

GAUGE
EXTRACTON ELECTRIDL -

THERKGEIUPLE

Fried and Gould x have shown that ion oscillations could be damped in a

collisionless plasma if the electron temperature approached that of the

108 SQUACE
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POWER auPPLY
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GENLRATON
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ions. In this paper the experimental results on temporal Landau damping

of ion oscillations in collisionless plasma will be discussed. It shows a

perfect agreement with the theory of Fried and Gould.

# Graduate fellow from I.I.T. Chicago

To observe the temporal damping,standing ion waves have been used instead
of travelling .a waves as in the case of spatial damping. Also argon gas
has been chosen because of its relatively heavy mass. In this way the time =

change of ion waves is rather slow and therefore, more accessible to detec-

o
o

—F I % o v 0 T X
——— B.FRIED AND R.GOUL D THECRY {1381)
O EXPERIHAENTAL DATA 1

tion, The experimental set up is shown in fig.l. The argon plasma generated

ES
o
I

in a duoplasmatron is guided into a large drift tube by the combined action
of an electric field £ and a magnetic field B at the orifice of the duo-
plasmatren. The plasma terminates on 4 positively biased grid which reflects

ions and absorbs electrons. The electromagnet is capable of producing a 20 |-

uniform field up to 3 kilogauss over a distance of 3 feet with a ripple of (6 = 1z72)
0.1%. The boundary conditions are such that standing ion waves can be easily
either self excited or externally excited by applying an electric pulse to
the duoplasmatron. The background pressure is about 1078 Torr and the den-

sity of the plasma is J.O.r part./per cc. In this range the plasma cen be

< I |

condidered as collisionless in the sense of theory. The sampling techniques

a oo
:
1

E T T |

together with the pulse time delay have been used to extract the signal

from the noisy plasma. The experimental results are shown in fig.2. As we

1

w
T

can see,it shows a very good agreement with the theory of Fried and Gould

=]
=]
o

)
“
d 1)

within the experimental error.Note that the experimental points have been

(=]

normalized to the case of equal electron and ion temperatures T =T, . For

ATIC OF LANDAL DAMFING TIME TO PERIOD OF 10N~ WAVE (T,/T)
it v
T

-
&

T!I T; smaller than 4.32,no experimental points céuld be recorded since

o]
L.

the waves were heavily damped. This observation is also in agreement with

00 60 70 |
th i i ted £
e theory. Other interesting results related to this work will be presente RATIE OF 1011-VIAVE [LRIDD T0 HORUIALIZED PERIOD (T/1,)

and discussed at the conference.
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TEMPORAL ION WAVE ECHOES IN A COLLISIONLESS ARGON PLASMA
by
Nguyen T.Dzoanh and Robert S.Rohde #
Department of Electrical Engineering,University of Notre Dame

Notre Dame,Indiana 46556,U.5.4.

Abstract
Recent experiments at the University of Notre Dame to verify the
theory of Gould and O'Neil on the temporal evelution of plasma wave echces
are reported. The experimental results agres well with the theory.Two
standing ion waves are excited separately in time and decay exponentially
by the Landau process. A third wave called echo spontaneously appears at
a time predicted by the thecry.The relationshipsbetween the amplitudes of

three wavas are also satisfactorily checked.

A new phenomenon directly associated to the Landau damping of plasma
waves,called echo, was recently predicted by Gould and O'Neil L .This phe-
nomenon arises from the non linear nature of the plasma.This effect is
universal and similar to other phenomen3 such as the spin echo® »cyclotron
rasonance echo 3 and photon echoes . In all the echo phleaumena , Macprosco-
pic quantities such as the electric field and charge density are damped by
the phase mixing of microscopic elements. This phase evolution can be rever-
sdd to yleld a non linear macroscopic effect in the absence of collisions.
The existence of spatial wave echoes has been confirmed experimentally by
Malmberg at al. Z for electron waves and by Ikezi et al. & and Wong et el.T
for ion waves.The temporal evolution of plasma wave echoes have not been
experimentally confirmed.It is the purpose of this paper to report recent
results of the experiments done at Notre Dame,to verify the theory of Gould
and O'Neil on temporal plasma echoes.

# graduate fellow from 1.I.T. Chicago,Illinois

The experimental set up is very similar to that used in the temporal Landau
damping experiment described in ancther paper of this conference.That is
the plasma generated by & duoplasmatron Is guided into a drift tube by a
combined action of the electric and magnetic fields at the orifice of the
duoplasmatron,and is confined along the axis by & longitudinal magnetic
field. The plasma terminates on a positive biased grid which reflects ions
and absorbs electrons.The background pressure is lCl‘5 Tarr and the plasma
density is 107pax-tlcc. To produce in a short time,the cosine distribution

in space of the electric field called for by the theory,we have made use

of standing ion waves excited by applying sguare wave pulses to the duo-
plasmatron.Te standing waves are thus created over the entire plasma column.
They were found to be damped in time and their frequency and damping time
could be varied easily by changing the characteristics of the plasma. Once
the boundary conditions and the characteristics of the plasma are determined
the frequency of the standing waves is well defined and is independent of
the excitation source.In this condition two standing waves launched sepa-
rately in time shoudl have the same frequency ( f1= fT) or the same wave
number ( ky= k2) since the phase velocity is the same, The echo,if it exists,
would also have the same frequency and the same wave number as the previous
waves. Thus on the light of the theory of Gould and 0'Neil,only the 3rd order

echo could be created. That is kf k2 =k, and m= 1 , n= 2 where the

3

sum m+n is the echo order. The time t® for the echo to appear is exactly twice

the time from the launching of the first wave to that of the second wave.

( t* = 2t). The experimental results are shown in fig.l and fig.2.They show
good agreement with the theory.Other data will be shown at the conference.

Refarences

1-0'Neil and Gould Phys.Fluids 11,134,(1968) 2- E.I.Hahn Phys.Rev.B0,580
(1950) 3- R.M.Hill and D.E.Kaplan Phys .HeV.LEtt.H_.lﬂﬁﬂ,(JﬂﬁS] .4-I.D.Abella
et ﬁl-Phys.Rev.E,JBl,(.\.ﬂEG] 5-J.H.Malmberg et al. Phys.Fluids g,]..l'l'f,(!?ﬁﬁ)
6-H.Ekezi and Takahashi Phys.Rev.lett.20,140,(13568) 7-A.Y.Wonz et al. Phys.
Rev.lett.?_o,alﬂ.(lgﬁﬂ)

PHENOMENA |

T (ps)

OCCURRENCE TIME OF THE ECHO

138

o
=)

1o

90

70

50

30

——— TEMPORAL THEORY OF R.GOULD
AND T. O'WEIL

| | I

10 20 30 40

L2 J .

0 GO
PULSE SEFARATION TIME © (ps)

s e 57 oef e 11 led order ochoes versus the

separation Lirme 7 hetween fhe bwo ox

“uiy pulses,

T T T T T
8 : o
=—— LEAST SQUARES FIT

26 -
z
p=]
>
o
b= .
o
=
m
th
R —

"
=4
{0}
[} -
pu }
[
|
o
=
< 2 4
o
2 o
O
w

o ! | 1 | 1 |
[o] 10 20 30 ‘40 50 + 60
SECOND WAVE AMPLITUDE 1\2 [ARBITRARY UNITS)

Figure 2 Echo amplitude A3 versus the sg la

A% of the second w

wiave A is held c:z‘.mtanl.
redicts A €A AC,

P 3 145

Third order echo thoory




NONLINEAR

LONLINEAR ECHC PHENOMENA TN PLASMA

A.G.5ivenko
Institute for Theoretical Physics,

ftcademy of Sciences of the Ukrainienm 53R, Kiev, USSR.

Abstract: High-frequency and low-frequency echo oscillations ap-
pearing in plasma under the external perturbations are studied,
those due to the oscillation transformation being analysed in de-
tail.
As it is known oscillations of the macroscopic guantities
in plasma exponentially decrease in time even in the absence of
collisiona whereas the distribution function deviationa from the
equilibrium value may experience undamped oscillations. The exis-
tence of the distribution Tunction undamped oscillation is due
to the fact that in plasma without binary collisions the equili-
brium cannot be set under the effect of the self-consistent field
only since the latter does not change the enthropy of the systenm.
In plaama these distribution function undamped oscillations may
lead to the echo effects. The onset time and the shape of the echo
oscillations in the collisiocnless plasma are determined by the
delay time of external perturbations,by the nature of perturba-
tions and the character of the arising echo oscillations.
Whnile considering the echo phenomena in plasma we start

from the nonlinear kinetic eguationm for the electron distribution
function and the equation for the self-consistent electric field.
The kinetic equation should be supplemented by the values of the
distribution function perturbations for the moment + = O and for

t =T

bution function perturbations in the form of plane waves and the

( jump of the distribution function). We choose the distri-

amplitudes of the initisl and repeated perturbations in the form
31(‘_) and _nu(\-l . Assuming the extermal perturbations to be small,
one may apply the method of iterrative appreximations.

With such perturbations that J,iv/ are integral functions v~
(1" is the velocity component parallel to the wave vector), the
damping electric field oscillations with freguencies equal to
plasma eigenfrequencies arise in plasma. The distribution func-—
tion perturbations being nonintegral functions, singularities of

the function

3 o 9.(v)
(T'{LF):S i P+ikw (I)
are added to those of the field amplitude Erl‘ , which are de-

fined by roots of the dicpersion equation. Location of these sin-
gularities depends on the form of the functions i_lf‘hr) i 1.e. on
the nature of perturbations; it is not atfected by the properties
of plagma. Thus, in.the general case, the field asymptotics may
contain the oscillations with complex freguencies determined by
the character of the external perturbation, apart from the eigen-
frequencies of specific plasma oscillations. Taking into account
the nonlinear (with respect to sxternal perturbation) term in the
kinetic equation one obtains the following expression for the

field amplitude in the second approzimation

= et e = i [ O (B miE el
ey 28l b_d E“fl}[‘.z(—L" ) {(_‘ o el

wirg e N o R

e i'b_}G!(h-_h—ki'tv{lé'k-rﬂ-t!‘
(2)

The wave vector of the qu;dl;'atic signal is determined by the sum

of the wave vectors of the succesive perturbations. For £ =T ,

the exponential factor in the integral turns to a unit and the

field mapnitude takes maximum value, If, however, + differs from

T s the fast oscillations of this factor result in zero value

0f the field since the integral over the velocities in (2) vani-

PHENOMENA |

shes. Thus,inequality Ty governs the domain of the appearance

of the echo. With the wave vector £,  parallel to E i Gles
T'4T ,the echo becomes impossible.The immediate calculation shows
that for the echo to be possible the angle between the vectors E
and i-:,! should differ from % by the value not greater than the

angle (kst) ' ,where S is the heat velocity of electron in plasma
and k, >k, .

The formula (2) completely defines the echo oscillations
field. According to (2),in plasma there are echo phenomena asso-
ciated both with the plasma specific oscillationc and with the
oscillations whose dispersion is determined by the character of
trke distribution function external perturbations. Using (2), one
can study the high-frequency and low-frequency echo oscillations
appearing in plasma under the influence of external charges,and
the echo phenomena due to the transformation of plasms waves. As
an example,we present an expression for the echo oseillation
field in plasma where the perturbations are excited by external
charges and all the three oscillations correspond to Langmuir
frequencies [1,2] :

T o FreyleT 325 %
E(4)=E,smtfe —;

(3)

1 -
L‘eq[_{)(f-’t')‘v] E=s

The field of the Langmuir echo oscillations,which arise because
of the superposition of sound oscillations and those of Langmuir,
is given by

E(Ft)=E e

Y6 .2 - t
1o kT _;Egi—H
Oy °©
Qr,

&‘j[kl"‘({-l"]}l Lt

-

o s (4)
| salpe W) Qe ], ter

In nonequilibrium plasma penetrated by the beam of charged par-
ticles mnd exposed to high damping short-wave perturbations,
slowly decreasing or even increasing long-wave echo oscillations
may appear.

Likewise,one may consider the pcho oscillations which
arise in plasma due to the superposition of the three succealve
perturbations separated by the time intervals that are large in
comparison with the characteristic time of the oscillation dam-
ping [3] .If the wave vectors of the succesive perturbationa I:, i
lﬁf’1 and Ei are not antiparallel in pairs,the echo effects are ab-
sent as a result of the superposition of some two perturbations,
Yet,the echo pﬂennmena turn out to be possible in consequence of
three subsequent perturbations.ln this case,the complanarity of
wave vectors becomes the requirement which determines the possikbi-
lity of the echo effectr.Then,the echo oscillation electrical fi-
eld contains the longitudinal component as well as the transverae
one,The onset time and the aimpa of the echo signals appear essen-—
tially sensitive to the delay times between the succesive perturba-
tions.

The study of the echo phenomena in plasma seems rather in=-
teresting in connection with potentlaml application of the echo
effects for plasma diagnostics,for the investigation of plasma
processes and for practical purposes in electronics and radiophy-

sics.
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LINEAR WAVES AND INSTABILITIES I

Electrostatic waves for periodic inhomogeneous

MWater Bag" and "Two streams" models

by
P, BERTRAND - G. BAUMANN - M.R. FEIX
Groupe de Physique théorique et Plasma
Université de Nancy - 54 — NANCY FRANCE

Abstract 1 In periodic inhomogensous plasma the concept of disper-
sion relation &/(k) can be generalised into a relation o (k, K)
where K is the wavenumbar of the pericdic steady stats. The solu~

tion in the twe described models ia easily obtained by introduction
of a Lagrangian model. Resulis are presented and it is shown that
in the two streams case while the long wavelength have a smaller
growth rate an increased ingtability is found for k/K = 1/2.

I — Introduction t For one dimensionnal problem the "Water Bag"
model has been extensively used in analytical and pumerical work
[1 - 3]. In this paper we deal with the problems of the longitudi -
nal eleotrostatio omoillations in an inhomogensous media. First ws
study a periocdic Water Bag (¥W.B.) and we compute the new dimpersion
relation. Secondly the case of two oold electron streamslSwith a
periodic modulation of density and velooity is studied and the
growth rate are computed for different parametsers of inhomogeneity,
IT - lagrangian formulation of the problenm

For the two above mentionned problem, the dynamic is
lilpl& described ;
= by the evoluiion of the two boundaries of tha contour for the
"¥ater Bag" i.e of the two stresms with marimum energy.
= by tks hydrodynamic equations of the two streams in the second
problea. In both cases we notg V)r and V_-the velocities of ths tuoc
streams. Wo have 1
(1) %:1 + 2% =

£+ @ax " m

E

(1) must be supplemented with the Poisson equation g =47 e

[0 -7, x1)

N(x) and Hi(:) being respectively the elsctren and ion densities.
The ions provide a fixed nsutral izing background, homogensous in

the T.S. problem and inhomogensous in the W.B. ocase. Wow N(x) is
glven by (2) H(x) = & (V, - V) (W.B.)

ayr+ o
ot
The linearisation im performed around an inhomogensous steady state
characterised by V, = & W(x) and the slsctrie fisld !a(x). Conse—
Vi (xyt) = + W(x) + Vz(xlﬂ

(3) (r.8.) FK(x) = L +.H—

(n,v) =0

2x Y

quently  (4)
E(x, t) = B, (x) + £ (z, t)

We introduas z(z) the local plasma frequency and instead of x

we cendider the new Lagrangian variable @ with d@ = dx / W(x).The

W.B. and T.S. equations take respectively simple form (5) and (6)
ZIE *

(5) -Z%y Soi- Wi B)E
© (s i10)@(friwig o)Ay
(g +E )=0

£,and £_ dbeing respectively the elsotric fields associated to
the ivo streams and J the magnitude of the ocurrent carriesd by each
stream (at equilibrium)
III - Solution 1 To molve (5) and (6) we use the Bloch Floquet tran—
sformation and seek solutions of the form
(n €- 2, Enempileg+nk)x
whers K is the wavenumber of the steady state pericdic solution. The
interesting point in the eiudy of periodic plamma is that we describe
the situation by a wave of arbitrary wavenumber k . For anhomogeneous
plasme the eigenfrequencies are L {ku +1n K) whers L is the so-
lution of the dispersion relation. In the Bloch Floquet expansion
.Q. (ku -+ uK) appear as the elements of a diagonalised matrix. The
fact that the inhomogeneity is periodic allows a coupling between the
diffewent wavenumbers and introduces a shift in the eigenfrequenciss
For small inhomogeneity charactserised by a parameter £ the dizgonals
next to the main diagonal of the eigenfrequency matrix are of order
€ and we can erpand the eigenfrequency shift in successive power
of € taking 3x3, 4x4 efc... determinants : Consequantly the firat
termes of this expansion can be obtained analytically. Stronger inho-
mogeneity requires numerical calculations.

IV - Results : We present only the T.S5. problem resulis. Knorr E:I
has treated a somewhat related problem of countersirsaming ions and
electrons. Rowlands [5] study this problem but treats only the small
wavenumber case.
The steady state is described by W( @& )za(l+£cos ewp®) and
31(9 ) =7 /e ¥( @) where wpis the plasma frequency corresponding
to the average vaiue of the electron density. The wavenumber K of
the steady state solution must be taken equal to wp /a and is
independant of ¢ .It can be shown that X is exactly the marimum
wavemumber of instability for ithe homogenecus { & = 0) case.
On Fig. 1 we show for € = O (the homogensous case) and € = .12, the
square of the growth rate normalised to “’T‘L as a function of the
ratio kn/K =k a/wp . The apparition of z discontinuity at
kn/k'. = 1/2 im connected with a resonance coupling between 3 waves of
respective wavenumbers ky = ku = K/2 k:E- K and kj' -ka = - K/2.
The second wave is the stationnary inhomogeneity with a frequency
equal to zero. The first and the third have a growth rats equal to
Y,(x/2) (¥, being the growth rate for the homogsnsous plamsa.
The 3} waves fulfill the Manley Eore relatien. For ¢ small enough
the discontinuity im given by ¥ (£/2) = Y, (/2) + w p® € /4
and for € = .12 the agreement with the numerical results is sxcel-
lent. Fig. 2 gives a comparison batween our results and those of
ROWLANDS, While ocurs are ohbtained through a wave wave interaction
formalism (rith more waves nesded for greatar inhonugsnaity),
Bowlands makes no supposition on £ but study only the case ku—-—-) a
For ko/!( = .02 and .04 the agreement is indesd excellent. The third
curve shows the influence of finite wavelength on Rewlands theory.
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LINEAR WAVES AND

THAPS FOR THE FAST MAGNETOACOUSTIC WAVES IN THE TRAPS FOR PLASMA
by
R.V.Deutsch, I.Grosu and D.Zpler
Politehnical Institute, Calea 23 Augasi, br.ll,lagi, Romania.

Abstract. It is shown that in the magnetic traps for plasma,used
in the experiments for the termonuclear reactions achlievement,
exist ring-like trapa, having as symmetry axis the axis of the
trap, in which the magnetoacoustic waves can be concentrated.
It is studied the structure and the fundamental properties of

these domains for four particular models.

The methods of the geometrical optics cen be applied to
the study of the fast magnetoacoustic waves, when the plasma is
dense enough in order that the megnetohydrodynamics methods may
be used—the sizes of plasma being much larger than the wave-
length, and the Alfvén velocity much greater than the sound
velocity. By applying this method it results that a plasma
column traversed by electric current, is ai same time a wave
guide for the fast magnetoacoustic waves/l/. Consequantly, in
the plesma column from the toroidal systems(Zeta Tokamak) the
fast magnetoacoustic waves, whose wavelength is smeller than
width of the plaems columns, are alsc expected to be guided by
the column. In the systems with elicoidal symmetry(stellarator)
for the ortogonality condition is not fulfilled, a permanent
transformation of the three magnetuhydrodynsmie wavea, which
appear in the homogeneous plasms, le expacted to take place,
fact which can leaed to the destruction of the magnatic surfaces
/2/. The fast magnetoacoustic waves can propagate independent

from other magnetohydrodynamic waves, into the megnetic traps,
which present an axisl symmetry,

ke -iy
and into the multipolar fields as
well.The study of the perturbatis 36
ons propagation, through the geo- i2
metrical optics method, as far as 28
the fast magnetosaoustic wavea are
concerned, is reduced to solving
the Hamilton-Jacobl equation which
in the case of the axial symmetry
systems, cen be written as It

follows /1-3/: as

(%‘f&%&f‘(%}z e

Beddke)shhg - aoes
1 1 1 1 1 i
Because in the case of the magne- 0 0% O8 12 16 20 24

ky

tic traps with axial symmetry

Usli(r,z), the coordinate (¢ is cyclic Fig.l
end from (1) results:

u EQQ

- Yag (2)

ds being the length element measured along the ray, and of is
constant for a ray. Having the inequality rd{¢ds, it resulte
that the rays can be only in domeins where:

A
<o (3)

On Fig.l-4 we represented gz%hieally the surfaces % =conat,
on which the reflexion of the rays with different values of the
Parameter o is produced, we limitted to only four field models

when rotB=0. On the Fig.l we represented the surfaces:
92(kr)en? (kz) + J3(kr)sh®(kz)
= C (4)
kr
corresponding to the traps characterized by:

log

B.=B Jy(krich(kz) and B =-B J (kr)sh(kz) (5)
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On the Fig.2 surfaces: ke

12 (kr)eos? (ka)+ I3 (kr) sin® (kz) | 32
log =73 «C

ol (6) 28

are represented 20 the traps with 24

Br=HoilLkr)c05(kz) on 20

and
Ez=3010(kr)ain(kz) 16

On these figures we also indicated /2
the field lines of the magnetic a4
field. On Fig.> and 4 the surfaces P
1§
—g—=eunet for the field created
..a_iiun'r
by two magnetic dipoles at the 4

distance 2a.Fig.3 corresponds to

the parallel, and Fig.4

to the antiparallel ones.
[V 2

The surfaces - =const are ka

characterized on these figu--

res through the constant va-

lues of the expreassions: 3a
log —%*{V(TNJ( z t
v vrzz {z—n)ﬁ
+ (8)

: )

In the filgures 2-4 can be

seen that in the r0z plene 4~
there are domains which

surround minimums of the

% values. The treps,

having axial symmetry,these o & a Zz
domains are ring-like,
having es their axis, the
symmetry axls of the trap.
Let us consider the circle
which links the minimum
value points ofal (0, ).
From(2) it results that for
the anglef formed by the
ray with the tangent to' the

oL
circle i it results the

f]
[ a L4

condition: if@«q.-arccou‘g%
the ray can not leave the ring-like domain Fig.4

(through ©¢,, we marked the value for the limits of the cko-
sed domain). 6 has the values indicated on the Fig.3 and 4 in

the case of the two dipoles sygptems. So, in the magnetic traps

for plaemn eyioct ring-like tpa for the fast magnetoscoustic

perturbations. A qualitative study of the equationms solution(l)

. shews that in the case 8>8, a limitation of the perturbations

propagation can appear, not only on the surfaces %cnnst but

also in the direction of the oz axis /4/.
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LINEAR WAVES

PROPAGATION OF NANOSECOND WAVES
ON PLASMA COLUMNS

B.A. Anicin

Ion Physics Laboratory, Boris Kidri& Institute of Nuclear
Sciences, Belgrade, Yugoslavia

Pulse measurements on wave supporting structures have the
gemeral advantage to give information on group velocities
directly. Experiments with a wave packet in the dipolar surface
wave mode have been reported recently /1/. The wave packet in
these experiments was obtained by passing sub-nanosecond pulses
through a band pass filter set at 2.2 GHz. It was proved expe-
rimentally that the wave is actually of the dipolar type and its
group velocity was determined as a function of w/w_.

This report deals with the propagation of nanosecond wave
packets in the axially symetric TM mode on a positive column in
mercury vapour. The experimental set-up is shown in figure 1.
The tube diameters are 12.00 and 15,4] mm, the glass is
(e, = 4,8) and the temperature of the mercury pool is controlled
at zo°cf Waves are launched with a coaxial coupler, to prevent
excitation of modes with higher azimuthal variation.In reception,
a similir coaxial coupler was connected to a sampling oscillos-
cope, the vertical and time outputs of which are linked to a

pyrex

chart recorder. In contrast to the experiments described in /1/,
the
3 nsec pulse. A typical record of waveforms is shown in

nqthing was done to select a specific frequency range from
v,
figure 2. The general impression thare is that the
can be described well enough with a sine wave in a

waveforms
Gaussian
2nvelope, wnich spreads gradually as the pulse progresses down
the positive column, The frequency of the wave,measured at the
maximum of the envelope, changes with discharge current,but the
ratio of frequency and plasma frequency is nearly constant and
varies between 0.14 and 0.19. We conclude that the launching

and reception of a surface wave with couplers of the type sket-
ched in figure 1. are strongly frequency sensitive processes,
with.a prominent resonance at ulup = 0.16 which selects a narrow

frequency band from the broad spectrum of the 3 nsec pulse.

Time-space diagrams like the one in figure 2 have been taken
at discharge currents of 12.5, 25, 50, 90 and 120 mA. The values
of freguency, wavelength, phase and group velocity obtained from
these dlagrams are listed in the table belov:

v wliwy o (w/w )

i" :ﬁz Hiz £/p cnys c;?s “s'p i% pa ‘E;E ETEETE_
] x 109

123 350 60 .169 1.0 0.64 0.64 17.6 0.214 0.76 0.49
25 ‘90 80 .163 1.5 1.0 0.63 18.32 0.206 0.82 0.52
50 700 110 .163 2.3 1.5 0.63 22.7 0.167 0.88 0.56
30 930 140 .151 3.2 2.3 0.72 23.3 0.162 0.92 0.67
120 1080 160 .151 3.8 2.6 0.68 25.7 0.146 0.94 0.64

The ratio of group and phase velocity is nearly constant
for all discharge currents.The
derived from the dispersion
and

and has an average value of 0.648
theoretical ratio va/v is 0.659,
relation for Ba = 0.2, a ratio of glass tube radii of 1.3
pyrex glass (€_ = 4.8). All other data in the table are
consistent with the dispersion properties of the n = 0 mode. The

frequency data in the table are derived from waveforms recorded

35 cm from the launcher. There is a constant tendency of frequen-

alsc

cy to drop as the distance between receiver and launcher is in-
creased.

Several auxilliary experiments were carried out.The lineari-
ty of the phenomenon was chfcked by reducing the pulse generator
level to 2 and 1 V and comparing the resulting waveforms with
the record obtained with 4 V. That the wave actually has no
azimuthal variation was proved with a wire probe which produced
the same signal irrespective of angular position. An attempt was
made to launch the n = 1 mode with split cylinder couplers in
transmission and reception, but the polarization effect was not
observed and the time of flight was exactly the same as with the
axially symmetric antennae. This is at variance with the result
in /1/, where the sensitivity was not limited to 2 mV by the
sampling oscilloscope, due to the use of TWT amplifiers. Tran-
smission was attempted with the discharge tube switched off,
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and the near field was measurable 10 cm from the launcher and
not further.

Several assumptions regarding the resonant phenomernon at
E/Ep = 0.16 were tested. The first idea was to compute the am-
plitude of the surface wave from the residue of the surface
wave pole in the complex wavenumber plane, working with a model
magnetic current ring launcher, and see whether this exhibits
any peaks in wavenumber or frequency. In fact a maximum was
found, but not at the right value of wavenumber and too broad
to account for the observed resonance. A second possibility,
that the whole length of the guide is in resonance due to ris-
match at the coronet absorbers, was eliminated by replacing the
terminations with metallic reflectors, which proved not to af-
fect the waveform. Waves were launched by applying the voltaage
pulse between the anode and a metallic sleeve around the glass
tube, and two axially displaced copper rings. Compared with the
coaxial couplers, these launching methods differ in efficiency,
but the freguency remains basically the same. It was finally
observed that the waveform changes when the length of the moa-
xial couplers is varied, which led to the assumption that the
resonance is related with axial standind waves in the couplers
themselves. This hypothesis is also supported by the observa-
tion that the waveforms depend on the relative axial displace-
ment of inner and outer coupler electrodes and the fact that
very short couplers lack the selective property when the
distance from launcher to receiver is small. An important role
seems also to be played by the combined effect of launching
efficiency and attenuation, which tends to eliminate very low
and very high frequencies from the spectrum. This effect is
position dependent.

Thanks are due to Prof. K.E.Lonngren, from the University
of Iowa for discussions of the subject and communication ot
data prior to publication, and to Dr.M.Vojnovié and A.Z%rsbel

from tne Electronic Laboratory of this Institute, for tke loan
of a sampling oscilloscope and nanosecond pulse generato:.
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with a discharge current of 12.5 mA. Time runs from right
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LINEAR WAVES AND

INFLUENCE OF A COLLISTONAL PLASMA BACKGROLUXD

GN THE TWO-STREAM INSTABILITY

Eryk Infeld and Andrzej Skorupski
Institute of Nuclear Research, ilvza 69, Warsaw, Poland
Abstract. The classification of the two stream instability
into convective and absolute for two hot sStreams and a colli-
gional plasma background is outlined. The case of cold streams
is solved completely. The collisional background has the ef-
fect of quenching the absolute instability for some stream

parameters.

We will give a method for finding the classification of
the two-stream instability into convective and absoluie when
the effects of a collisional background are included. The
whole point of the approach is that it can bz used whenever
the problem has been solved in the absence of the background.
We will demonstrate our procedure by solving the problem for
two cold streams. The same could easily he done for hot ones
in the resonance model, as the required soluticn in the
1] .

Consider a cold plasma compriged of mobile electrons and

absence of a background is known

immobile ions. If the effect of slectiron-ion collisions,
which ia more important than that of electron—electrom col-
1isions, is taken into account the dispersion relation usual-

ly used when charged streams are present is

Dk, ) wd = by (wadd T =¥ Flui/k) =0. )

Hers L., and Y are the plasma and ccllision frequencies

of the plasma. (Recently this formula has been seen to be
justified when the temperature of the electrons in the plasma
is small, as can be shown using [J] )

We are on the borderline between absolote and convective
instabilities if C_ defined by

D(k,w)=0, 2D/3k =0 (2)

is real [3] , To find W, we solve the second equation
firat:

2P (w/k) '+ (W/k) F'{w /K) = 0 (3)
and get w_/k = f(p) , where p stands for the parameters of

the streams, and f is a funotion of p only. We ohtained an

equation im w/k , even though (1) was not of that form.
Denote by i the value of .. when the background is

absent. For this background - free caBe and two or more

Streams, from (1) and (3),

2 2 1
w,® = 2p) F 1 (0] (4)
1f we now express .. as a function of .. we obtain
from (1) and, (3) . .. o, G 5 ’
- { - 3 (s)

Since we are on the borderline between absolute and convecti-
Ve instabilities when 18 real, we have reduced the
Problem of classification to that of finding for no

Plasma background. The background moves the line of marginal
absolute instability from the real - axis to the line (5)
Parametrized by .-._ real (etrictly speaking only a part of

(5) 18 relevant, 1.e. for 7l outside the interval
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1/2 - 1/ =8 |, 1/2+ ,1/4 -8 , This follows
from an argument concerning branches),
Ae an illustration, for two counterstreaming cold beams

in a collisional plasma bpackground:

Plufi) = w, Auwlk=v] + o Maulkev) (6)

v I=

: C».t.:l‘/'-u’:‘ , Y= v:/'v> = 0
which together with s , determine the problem. Solving (3)

Introduce .. = wu, /.

we get from (4) and (8)
,2 2 -1 -I Y3 i 13 a3 5.
Q= 2, F (-9 (-7 5 (1)

Substituting this value of Q': into (5) and eliminatiag
-Q, we obtain an equatien for the m.a.i. in parameter spaoce.
In Pig.1 this line is shown for | =1, 5 = 0,01 , Whem col-
lisions are sbsent (3 = 0) this line is y = 0, as in the
oase of no baokground. Thus if there are no cellisions
adding a backgromnd leaves the classification unaffeoted

(exoept for v

SN which we will not go into here).
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LINEAR WAVES

DRIFT WAVES IN A COLLISONLESS PLASMA
by
P.Blonc, P.Brossier, P.Deschamps, R. Gravier,
—

R.Pellat, C.Renaud
) ASSOCIATION EURATOM-CEA
Département de la Physique du Plasma et de la Fusion Conlrélée
Centre d'Etudes Nucléaires

Boite Postale n® 6 - 82 Fontenay-aux-Roses (France)

Abstract : Pressure-gradient driven drift waves have been observed in o calli-
sionless, low-density, 5.40 m long plasma. Comparisons with the theoretical

predictions show o reasonable agreement.

Experimental apporatus and macroscopic: parameters :The experimentshave been

performed on the ODE device.An hydrogen plasma is created by two mognetron
sources located 8.80 m aport ot each end of the apparatus. The plasma diffuses
through two cusp fields into 0 5.40 m long central chamber immersed in an
homogeneous magnetic field B, € 5000 Gs.A differential pumping system en-
sures a base pressure po = 1078 mm Hg : the observed frequencies are larger
than any collision frequency by at least one order of magnitude. Most of the
measurements, were performed using spherical ( ® = 0.5 mm) coaxially shiel-
ded Langmuir probes. The wave potentiol was detected with a high impedance
capocitive probe.The ion temperature (T{ ~ 2 eV) was measured either spec-
troscopically (Doppler broadening of HP) or with gridded probe. On the axis
nyranges from 108 t0 1010 ¢m~3 and Te = 14 eV, Bothn,and Ty exhibit o
Gaussian radial profile wlthnafl’la= V1 Te=1 em™'.Owing to the longi-
tudinal symetry of the experiment, ng, To,Vn,/ng and V Te/T, are constant
along the column and there is no current parallel to B,. The plasma potential
variations show the existence of a radial electric field E, directed inward
and increasing linearly with radius. At 2000 Gs, E; =6 V/em (at r =1 cm),

Characteristics of the waves expected in this experiment : As is well known,

in such a collision -free, low-pressure ({3<mg/m;) plasma, pressure-gradient
driven drift woves can be unstable ; those waves have short transverse wave-
lengths and large but finite parallel wavelength. The dispersion relation in
a plane geometry has been solved, using the measured macroscopic parame-
ters. For 0.1 ¢ “L P. ¢ 1, and when the parallel wavelength increases from
0.20 m {marginal stability) to 8.50 m, - the growth rate increases from 0.,
to @ maximum of fuiw~ 4005 5-1 , - the phase difference AP between the
perturbed density N | and potential P] increases from 0 to 40° (ny leading)
= the parallel phase velocity increases from 0.1 Vp, to 0.5V, (vTe,i =elec-
tron, ion thermal velocity).

The -E‘; x -I.! rotation waos ignored in this work; it has been shown,
in u cylindrical geometry /1.7, that such a field slightly increases the maxi-
mum growth rate.
Instabilities : The fig.1 o shows a typical spectrum of plasma oscillation in
the gradient. Hereafter we will distinguish the 50 kHz mode or 'flute mode",
ond the 100 and 150 kHz modes or "drift mades”. The drift modes ore much
more sensitive to the experimental conditions than the flute mode. They can
appear only when the base pressure is low encugh (po € 5.106 mm Hg) and
when the sources are operated symetrically (fig. 1 b) . A common feature of
the flute and drift modes is their radial position (moximum amplitude at r=

10 mm ) and extension (about 12 mm). The flute mode is not affected by the

variation of the magnetic field (1500 B, < 3000 G,).Its frequency is equal

to the calculated electric drift frequency.The ozimuthal and radial phase and
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ampiitude measurements show o pure m = 1 progressive azimuthal ond staticn-
nary radial mode.Using several probes carefully aligned clong B, the phose
and amplitude of the perturbed density were measured with o lock=in ampli-
fier.The reference probe wes located at 2 m from the median plone(fig.d a).
Those measurements yield a poroliel wovelength 2, % 2 L (L = plasma length=
5.40 m).Finaly the perturbed density and potential are out of phase by 180°,
From these observations we conclude that this mode is created by the radial
electric field.Furthermore E: will Dogpler-shift the higher frequencies obser-
ved in the laboratory frame by 50 kHz. The drift mode frequencies decrease
when increasing B,; substracting the 51 kHz Doppler-shift yields a 1/8, depen-
donce (1500 & By < 3000 G,) os expected from the electron diamagnetic drift
velocity lVDEl variction.The two modes propogate aleng the \(gdirection with
m =1 (100 kHz) end m = 2 {150 kHz) azimuthal modes, and are stationnary
along the radivs (fig.2).Parallel measurements clearly show o node in the mid-
dle of the column (fig.3b ond c).Both modes have a standing wave structure,
withA, ~7.50 m, which gives a parallel phase velocity vph ™4 x 307cm/s,
to be compared with V7 ~ 1.8 x 108 cm/s. Moreover, the perturbed density m
ond potential ¢ are out of phase by A =10° (£ 10°), n| leading). The de-
tailed comparison of the experimental results U.15<L’J_l hy +L’ fi <0.25,
A,='7.50 m, f =50 and 100 kHz, V,,:.,gawT, & 0.4 Vg swith theory lead
us ta condude that driftwaves develop in this callision free plasma, It is a plea-
sure to thank P.Moyen for spectrescopic measurements and M ,Occhionorelli for

help in experiment.

Reference 1 /1 7 H.Luc - Rapport EUR-CEA-FC 428, 1967.
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INFLUENCE OF TRAPPED PARTICLES ON THE DRIFT WAVES

by
A .Samain

ASSOCIATION EURATOM-CEA
Departement de la Physique du Plasma et de la Fusion Contralee
Centre d'Etudes Nucléaires
HBoite Postale n® 6 - 82 Fontenay-aux-Roses (France)

Abstract :  The stability of the drift modes of o collisionless mognetically
confined plasma slab is considered when shear is present and the field inten~-
sity is modulated. In the obsence of such o madulation the drift modes are
generally convective and strongly localized in the direction of the plasma
confinement. The field madulation introduces a coupling between these loca-

lized convective modes.Under proper conditions, unstable eigenmodes consisting

of a sequence of convective locolized modes may exist throughout the plasma,

I. Introduction : The modulation of the magnetic field intensity in toroldal
configurations produces unstable modes /17 associated with the curvature af
the lines of force. Their phase velocity ;“3; across the field is of the same or-
der as the curveture drift velocities V.. The field modulation has alse an in-
fluence on the stability of the drift modes caused by the plasma confinement
anly, /27 , /37, whose phase velocity _:lr is of the same order as the diama-
gnetic velocity V4 3 V.. We consider this question in the case of a callision-
less plosma slab at o uniform temperature T , confined in the direction ox
(p“/-n'ax]-f=
slab is uniform along oz ond periodic along oy with the period “'/H: z L
Lo L )

is present, The magnetic field intensity depends on the abscissa 1 along the

Fal:] cus{H” ‘8 ) where
4

H"—Hysmaml and Ml)/"' & ( )"'" & Vs

L ) by @ magnetic field ‘B’puru“oi to the plane y, z. The
The angle 8 = (-E., oz) is small but finite. Magnetic shear ([ds/d,:]"g

magnetic lines pnssmg through (y =0 , z=0) as B .

I, Specification of the mode : An electrostatic mode perturbing this equili-

brium correspands to a potential of the form :

Ployoz, )= explifwt+ Kyye i, 2)] 2 Q0 ep(inHyy)scc. (4)

The component Ky of the vector (K,,K;) along the magnetic lines depends

on x us:K" (x) = KT X+ cste,where KT £ K » K is the tronsverse component
Ls

of this vector. We ossume that K Ty H sl vik
ctor, ssume tha T-\J )) & . PtL=

TwE
‘MLTET ; We = L“S!_ ; q is the clwrge ond m is rhe mass of the particles).
Also : LD W Ky Vs = _ﬂ.. (‘/ ) .Then the bounce fre~

quencies  LJ; ~ (L_\':&'} H Uy, of the trupped particles satisfy : W ; & W & W,
Using the voriational mafhnd reported in /4 / we obtain :

(- otz - otye) Qo0 - 3

nig n
In this equation o, + is the usual operator

an P =0
W K-r\éf. J’[

(2

[K,(:J + nH,) Lr,..]

f Kt pd "” sl

Z( % ) , where &H(u) :.nE‘F‘. _-“_:_L.‘:_)i » Zlw) = trpi-wiTiwiand
2 2 2%

KJ_ = e & o= The quantity o , is given by :

&, gf2)= (w%)z{g .;1<I«££m.w(€-ua+:H.{n£mt1[>+,> <I¢p[{R,@¢+nH E ;pu,ql'

Wi (K, (&4 pH )y + puy

)

where \)‘_.\;('5"3)& is the fraction of tropped electrons ;== means time ave-
raging over the trojectory of an electron along the line of force possing through
y=o0,2=0); U, is the time overage velocity of this electran SEit is
circulating and wW)_ is its bounce frequency if it is tropped ; { >‘ ond ¢ >,_r|\luns

overaging over circulating end trapped electrons, respectively . Finally :
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“‘fn “x' = %EL\E \)Y <pr l"\’"‘n(” wn Hm)e }

A8 oo, of
= )

drift mode localized near the plane x =x,

expli (kanH,) €] >
w'= 0 and (2) determines the potential of o

KRy nH =0 /57,

However general-

1. Discussion :

where

Close to this plane it receives a power o Dpe from electrons.

ly this power is convected olong ox without reflexion towards the region
I,t_x“l > Sobr w

o R where it isstrongly absorbed by ion

Londau damping. This circumstance generally prevents the mode from existing

as an unstoble eigenmode . If ’d5—8$:o + the function®, &) = of (.:c-:l: ) is
1
’ - L
found to be more localized along ox, in intervals S s LT B '-’E.l (AB) & Conc

el i s 5 =
ase to the abscissae x= L 2 T = T

« Alsa, the coupling coeﬂ"l—
cients cf; wx) -.'\(z-k,.,x—x,)nru not zero. They haove their moximum

~ (AR)%_

T for x = ._".ni."_n_x ., ond retain this value in an interval
s I R H"er“ ~ FM.' . Eventually, they allow the power dri-

ven from electrons near the plane x =x_ by the component P(x} . to be
™

sartly transferred to the components (P",(JL_\ before being damped in the regions

b

I“I 2, & . Therefore they allow the existence of unstable eigenmodes of

the form (1), consisiing of a sequence of coupled components (P“ (x) . Then
Re R .0) = expin® Fle-x,y
where @ ise constant, ond
§~ & P f (x) satishies 1
~ [587)"™ A
) [\\/l AvaRe

The structure of the
function F'(x}

[a_at - e )] F(xJ,Z Alx, x-n8") [gnd) txp{noj—a (3)
were Ol isthe operator ———ﬂ- ?(—w—“l—l‘%—) Z(—Jhu-h) The function

o, fx) has a characteristic scale 2 Ea: for any function f(x). Writing
F=F + ", where ' and " have o characteristic scale 3 @, and ~ §7,
respectively , we have : F'(x) = 2 (2—&?} : ) Floe)  and the function
F'(x) is detemined by :

(2-0:) For = ot Féoo 4 -4 Ale, x-n5") Fle_n8"Yeq (in6) (4

- 2 52
Assuming that 2 _ %ﬁ Z(.."'J;J‘ux)= o, the operator 2_a; may be

replaced in the L.H.5. of (4) by _Z/{ ki bdi)p2 € =, (- 42),
under the condition that f(x) be o divergent wave for x = % o0 | Then the

equation (4) may be solved using o Green's function when its
R.H.S. is known. Using on iterative method, we find that the considered
unstable eigenmodes actually exidt, (with B=n), if:

T ['-‘a(—:‘-I e Vo
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ELECTRON TEMPERATURE OSCILLATIONS IN DRIFT WAVES
AND THEIR EFFECT ON POTENTIAL MEASUR EMENTS

by
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Plasma Physics Laboratory, Princeton University
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Abstract: Electron temperature oscillations in drift waves can greatly
Evidence

modify the relation between density and probe floating potential.

for such effects in Q machine plasmas is presented.

The relationship between the fluctuating density, ;, and potential, ;, of
drift waves is of importance, since there is a net radial transport of
plasma if n and V are nat exactly in phase. Phase relations of drift wave
quan:;ties in O machine alkali plasmas have been reported by Chu, Hendel,
and Politzer [1], Chen [2], and Rowberg and Wong [3]. The experimental
results are confusing, with various values of § (phase angle by which
density leads potential), such as 40°, ~ 0°, and 5 to 20° being reported

by different groups.

Such measurements of phase and magnitude of fluctuating quantities have
traditionally been done with Langmuir probes. We believe that errors can
arise from the identification of the floating potential .\;r (which is actually
measured with a probe) with the space potential n\:‘s (given by theory). The
space and floating potential fluctuations are not identical if the electron
gas is not isothermal, but are related by the equation

kT

e = e
In (velavis 2 Wy 4 Bi—"s (1)

V,=Vf+

From this relation it is clear that a significant phase angle may exist
between floating and space potential unless the electron temperature
fluctuations are much less than 1/5 e‘\;'f/k. Recent theoretical work by
Tsai, Perkins, and Stix [ 4] and Gravier, Laval, Pellat, and Renaud [ 5]
have shown that temperature fluctuations are important in determining
the properties of collisional drift waves in Q machines. A typical ampli-
tude of the temperature oscillation, '}/T. is ~ 10 - 20% of the potential,
e{l)k're, with a phase shift between temperature and density greater than

90°,

In the absence of definitive experimental information on temperature fluc-
tuations we have calculated the phase angles between density, space poten-
tial, and temperature from the linear slab model theory. The theory,
similar to that of Tsai et al., [4] drops the isothermal approximatian
for the electron fluid. The relationship between electron temperature
and the other variables is calculated from
the electron heat flow eguation given by
Braginskii [6]. The amplitude and phase
of the floating potential are then calculated

from Eq. (l). Typical results in the form

of vector diagrams of the density, potential and temperature oscillations
are shown in Fig. 1, for conditions of maximum wave growth (n = 10

cm'3, A =250 em, ¥o/n= -1 cm‘l:. The density fluctuation leads the
i -
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space potential by 21° in approximate agreement with the previous results
of the isothermal theury. The temperature, however, lags the space
potential by a large angle and the vector sum of Eq. (1) then implies that

the density lags the floating potential, which is the quantity actually meas-

ured, by about 10°,

We have measured the relationship between density and floating potential
for the collisional drift mode over a wide range of conditions ina @ ma-
chine plasma of length 110 cm and diameter 4 cm. The measurements are
in approximate agreement with the nonisothermal theory on the following
points:

(Il The amplitude of the fluctuating potential eVr/kT = 1.4 (a/n).

{2) In the rest frame of the rotating plasma (E:r = 0) the density lags the
floating potential by an angle between 0 and 8%. If the isothermal theory
were employed this would imply a net radial influx of plasma, contrary
to experiment, which shows an increase in the radial loss rate if drift
waves are present.

{3) The phase angle hetween density and space potential, inferred from
the theory, is sufficient to predict the magnitude of the radial loss meas-

ured experimentally. If electron temperature

too small.

Figure 2 shows detailed results of experimental =
and theoretical phase angles as a function of plasma density and illustrates
points (2) and (3), yielding agreement on bath direction and magnitude
The results of the isothermal theory are also dis-

of the phase angle.

played, and are not compatible with experiment.

Thesc data provide indirect experimental support for the occurence of
temperature oscillations in drift waves and show that it is not possible,
in general, to identify floating and space potential oscillations in long

parallel wavelength instabilities.
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COLLISIONAL DRIFT INSTABILITY IN A BOUNDED PLASMA
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Abstract: We consider the influence of the cathodes on the drift instability
of 2 @machine plasma, in which ions are collisionless, while electrons are
collision dominated. We prove that only ion rich plasmas can support drift

waves with parallel wavelength of the order of the length of the machine.

The influence of the cathodes of a Q-machine on the drift in-
stability has been studied both in the collisional regime, using fluid equa-
ti,ur\sl, and in the collisionless regime, using ¥lasov equ.;tionz, The influen
ce of the plates in the two cases is different: in the intermediate frequenm-
cy region, for a collisionless plasma no difference is found between ien end
electron rich sheaths, while in the collisional regime it is foond thkat omly
ion rich plasmas can support drift instabilities with wavelength of the or-
der of the length of the machine. In this note we extend the treatement of
ref.2 to the collisional regime, intreducing the effect of electron colli-
sions by a Krook term which conserves the mumber of particles.

The equilibrium distribution functions for ions and electrons
are locally maxwellian, with slight density and temperature gradients in the
x direction, Charge neutrality holds at the equilibrium. The low A, constant
and uniform, external magnetic field points in the z direction; =0 and #=L

are the plasma boundaries.The equation for the perturbed electron distribu-

tion function f reads:
{ I FT
LA = wl = s (1)
dt m - N =

where F 15 the equilibrium distribution functien, N rhe equilibrium number

deagity, v the clectrom—ion collision frequency. The perturbation is electro-
static. A1l perturbed quantities are Fourier analized in space and time. The
egmtion (1) cem then be sclved by integration alemg the unperturbed orbits.

In the limit w,v < {I we obtain the followisg expression:

Lk-fl!,l.uletpl Lk:zP = Zk_[ilt#bu' + 32“‘5"-" v i
+ etz [bdio) + bontk,0) :rp(ikzz}} :
where a_, a_. bl and h‘.’. are coefficients independent of z, and n(k,3) is the

1 2
Fourier coefficient of the perturbed electron deasity, The expresaion of ¢

can be moticeably simplified choosing along s a Fourier series of cosines om

the length 2L, so that: ki n/L, ¢n=+¢_n. ¥With this choice we get:

‘e
rf\ - aI'I¢I'| i1 hﬂnﬂ +_§l( ’run*l * hl'llnll ’ {3)
and integrating over velocities leads to:
e e e e 3 * e e
n“ - 'n+n L Nnnn 3 Zn“‘m+m K urm"n) ’ % )

where we introduced the superscript e.to mark quantities referring to elec-

trons, For the ions, which are assumed collisionless, we get:
i i
g - Lgh (5)

Poisson's equation reads:

Tn 2 2 e e T §
iTl - lH:n:.ﬂﬂc n"—unnl r (&)

¥We insert now the expressions (4) and (3) for it and o oithe mhase of (6)

and add eq.(5) multiplied by Mt + hc } and summed up over m. Using a-
m na R
gain eq.(6) we get the following equation for ¢:
Bln, v )& =
n_u]¢n Lmdnmdnm o . {7

o
The dispersion relation reads then:

(8)

det|Bin,old -& |=0
nm nm '

Whe re Snm is the Kroneker symbol, We do not give here the general expres-
sion for § and &, which are extremely massive. We simply notice that for v=0
the dispersion relation (%) reduces to that of ref.2. The effect of the ca-
thodes is contained in the o's, while B=0 is the dispersion relation of the
unbounded problem.

For simplicity we consider here only the case of no temperature gradient, At
intermediate frequencies, in the usual limit v»nu‘, L, r.w«lnul‘ le, the ex—

Pression of Din,o) is, for n=0, the following one:

AND
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1 Tnu_ 2 o Tnu
e _ N 22 d e ) 1
Bin,ol = 2._2“:—]’ T | R T ) I (R zludu]I L
v
2 2 2} 2.7
Where: kL= kx + hy i b=1{Z)expl-Z) ; Z = kLHi 2 i 1, is the Bessel

function of order zero, ue the electron thermal speed, Ri the ion Larmor ra-
dius, AD the Debye length, L the usual drift frequency. Let us notice that
the terms of order ('t'nuE’L\r) give the real part of the freguency, while the
mich smaller terms of order w/v give the growth rate. The solution u“ of T=0

is:

_ 2,2 omee B2 rad 2 222 3
o= hué/(ﬁnkJ_+1—b) + 2ivdL b(),nk +2.—2b)/('rnua) nnk +2-b)7 | (10)
For n=0 we get:
& u,
lo,0) = [1;112 +(=h) (1 + ﬁ’)}u;(mm (11)
The selutien t), of ‘i{o,u):c is the fellewing one:
g = -g(1-8)/ (GhFa) (12)

Let us see new kew far these modes are affected by the catho-
des. We consider here only the two extrems cases of completely trapped elec-
troas (ion rich plasma) and completdly trapped iems (electron rich plasma).
By "completely trapped" we mean that the trapping speed is much larger than
the thermal speed.of the trapped species. In these two cases the &'s can be
evaloated explicitely,

In the first case only the ions contribute to the &'s, and we

gEt: iu
~ ma “d,
. ’ﬁ:&.{l-&—{—) 15,5 b1 + o (5,112, 5 =1)

These terws do not influence the drift modes (neither freguency nor growth
rate) if: ui,fuL«u.fv. This conditien is compatible with the preceding ones,
o that a regime exists in which'the Fourier terms with low n are modes of
the bounded plasma, with the same characteristic features of the analogous
modes of the unbounded problem, It is also easy to show that the n=0 mode is
net destabilized by the sheaths,

Let us consider new an electron rich plasma. In this case the
order of magnitude of the &'s turns out to be ue/vL. The condition that these
terms be unimportant reads: uE,"uI.«I-W, which is clearly incompatible with
our previous assumptions unless n is large, Then the usual drift instability
of an electron rich plasma is not modified by the cathodes (neither in fre-
qwency, nor in growth rate) only in the trivial case of a parallel wavelength

mach smmller than the length of the machine.
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LINEAR WAVES

COLLISIONAL DRIFT WAVES IN THE PRESENCE OF NON
UNIFORM RADIAL ELECTRIC FIELDS

G, Bardotti and M. Dobrowolny

Laboratori Gas Ionizzati (Associazione EURATOM-CNEN), C.P, 65 -

00044 Frascati, Rome, Italy

Abstract: Numerical results are presented on the stability of a
low-p magnetized plasma column, in collision-dominated regime,

in the presence of radial non-uniform electric fields.

There has been recently much work on the influence of radial non
uniform electric fields on the stability of a luw-P plasma co-
lumn in a uniform magnetic field. Q-machine experiments have
pointed out the existence of oscillations located in regions of
large electric field gradients and not identifiable with drift
type instabilities driven by gradients in density or temperature
/1=
fields on stability, based on WKB approximation, /G,7/ has not

5 /., Theoretical work on the influence of such non uniform

given sighif;cant changes in the properties of the wave with re
spect to the field-free case. Local solutions cease however to
be valid / 7 / for electric fields and electric field gradients
such as those present in the experiments. Very recently results
of exact solutions of the eigenvalue problem of stability have
been reported /l 4, 5 /, aiming at explanation of experimental
observations of flute type oscillations at the edge of the
plasma. We have undertaken the numerical solution of the
eigenvalue problem of stability of collisional drift waves

in the presence of radial non uniform electric fields. In the
usual cylindrical coordinates r, @, z with magnetic field B
along z, and for electrostatic perturbations of the form it:.ﬁ,qn:

itBrik,ztz b

=Aire , the r dependent part of the electrostatic

potential LP is governed by the following equation / 7, 8 /:

dt$

.
a; 4 8 L 2L/ G =0
+p e Lo s @

[2m kT
where q-%-“." —%‘:F‘P—a%' é 'Ly is the scale of variation of
density profile and the coefficients p(§),q§) are given by the

following expressions

g ' i
(y=d, ek, St 2)
P £ 0 Odewy) w CRAL
- & . A%

[..,"_' g ey, u;}
(3)

)= — - o
q 6 (G4 wphlirzic® E; = Lp
g

' — TR X
[""":' mn]; El(wl‘l T

i) + g
. e T e I T a*

Y

where primes denote § derivatives, w; =T L

¢ E, (r)

drift frequency, 0, = -—F— —g —

i dn
= r is the ion

is the frequency of rotation
o Vei

. - o,
due to the radial electric field E , w = wt @, and €=
o T Vike

with V,; the electron-ion collision frequency. Solutions of (1)

are to be subject to the boundary conditions |§ | —s 0 atf—+ee,
1F|l—=t'as & —e 0

We report here some preliminary results on the solution of this

problem.

Both density and electric field were taken in Gaussian form (dis
tance between respective maxima being taken = &; J“H and%f—;j
with L!: typical electric field scale length). Unstable eigenval-

o lmar

ues of (1) are examined in terms of the two parameters wE“"‘o’w
and € .

In the case without electric field results seems to be in rather
good agreement with what can be calculated from local theory (one
has two branches, one of which is stable, the other unstable). We
have followed the stable branch after introduction of a Gaussian
shaped electric field, upon increasing its maximum amplitude.

In cases Wg >0 , corresponding to an electric field drift

in the same direction as the ion diamagnetic drift, the unstable
collisional drift wave (present at wg= 0, if € #0) appears to

bé modified upon increasing the electric field: both the frequen

AND
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cy Pand the growth rate y are decreased with respect to the
field-free case, One example of this is shown in Fig. 1 where
P and X (normalized to maximum drift frequency) are plotted as

functions of € for

Wp =0and Vg =+3

(these curves re-
fer to ﬂ-?.'ﬁ’%‘

and n = number of

radial nodes of the

eigensolutions = 0)

There is thus a ten
dency to stabiliza-

tion by the radial o e
Fig. 1

electric fields (at

least up to values of W, where electric drifts are still compra
ble with diamagnetic drifts).

Further work, both extending the range of electric field ampli-
tudes considered and isolating the electric field effect from

the effect of density inhomogencity, is in progress.
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by
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4. Friz, €. Miller , J. Z. Corbin, and F. S, Palmer,

serospace Zeseerch Laloratories, "PAFE, Cayton, Chio, USA

Abstract: This paper is concerned with the starilization of a
drift-type instability at the edpe of a T-machine plasma col-

upn due to radial eleetric fields. Experirental results are
corpared with recent theories and the excitation and stahil-

ization mechanism is cCiscussed.

In a previous experinental work!? it was shown that a
drift-tvpe instahility can be stabilized cdue to non-uniform
electric fields .L B. This paper presents recent investip-
ations on the characteristics of this instability and the stak-
ilization mechanisr.,, performed in the Cs plasma column of a
2.5m lonp, sinple ended N-nachine.
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with a kg >> ki

in the dire;tion of the diamagnetic electron drift. The os-
cillation amplitudes ; peak at largest density gradient Vn
and largest non-uniformity of the radial electric field Er,
directed towards the plasma axis. Fig. 1 shows typical and
directly recorded radial profiles measured with a radially
driven probe near the center of the machine.

By applying a d.c. voltage V between aperture ring and

ionizer plate, the periphery

nesl. 720" em-)

tric field Er in the edge rep-
[B:1.€6 KG]

ion could be varied without

=3

potential and the radial elec- 3
aon]
0%
: OSCILLATIONS
any observable influence to 20% sosi:

i

the density gradient. As seen 0%

from Fig. 2, at small electric

fields which correspond to neg- B35 (KHa)

nesLTx10" cm-d

ative v the oscillations [8-L88 kG

r*
have smallest freouencies and 54
largest amplitudes limited by 34
the onset of a turbulence in

the whole plasma column

(noisy oscillations). The
nepative l:r frows with Vr’ and
the oscillations increase in
frequency with simultaneously
decreasing amplitude and dis-

appear finally. Instability

Ve

R 1—
growtn rates &/w measured Fifvaih)
o

from the oscillation srowinp
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in time, when V_ is switched from the quiescent plasma state
to more nepative values, are shown in Fip. 2, bottom. The
plasma is stable under collisionless conditions. In the coll-

isional region the growth

F 2000 =842 ki
B4 10" om®

rates increase with the den- 5
]

sity and decrease with in-

creasing Vi Jamping rates

are shown in the lower por-
tion of Fip. 3. They vere
derived from the oscillation
decay, if Vr is switched

from a fixed value to various

more positive values, at

which the plasma is quiescent

Fig. 3
under stationary conditions.

The increase in AVP corresponds to an increase in the negative
L. The upper curve of Fig. 3 shows growth rates of the same
fixed instability states, which do not vary if they are swit-
ched on from different Vr in the quiescent state.

The instability causes enhanced radial ion fluxes which
grow with :2. Fig. 4 shows the radial plasma density variat-
ions 4&n when the small amplitude instability is suppressed and

amplified by a feedback methud“].

Much bigger plasma losses
were observed in another machine in connection with azimuthal
mode jumps m:2 + 1, constrained by either B-field or Er
variationslj.

From the experimental results of this investigation, we
conclude that we observe a weak collisional drift-wave mode
with a X || B much larger than the machine length. In agreement
with the thecoretical work of DobrouolnyZ), we found increasing

destabilization with growing

T |
fifem®) |
The drift-wave freq- 4x10™ |

plasma density and decreasing o
B-field.
uencies are Doppler shifted by

an E;, x B drift due to the aver-

aged negative E . at the position Suppression

of highest excitation.’ Accord- |

) Anlr)
, both VE_ mreor O

ing tao Nocentini?

i i
(for 1/ky >r) and V2E_, with - ! Jl ;’
- 5 | | :
the same sign as Vn, should act !;a|qE!AmNHEan
Hf W

as stabilizing terms. These st- 1% i | v
abilization conditions are ful- | Sx0'q

filled i iment. ¥ i)

illed in our experiment. ¥n, 25:10°

Vl:r, and vzrr were found to be

432101234
~— rlem)—

Fig. 4

always negative and largest
around the peak oscillations

and the Ay is about 1 order larger than the Larmor radius Ty
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DYNAMIC STABILIZATION OF PERFECTLY DIAMAGNETIC PLASMAS

by
E.5. WEIBEL

Centre de Recherches en Physique des Plasmas

Lausanne . Switzerland

Abstract: As the word "perfectly" in the title implies this paper is prima-
rily concerned with theoretical models. However experimental aspects of the

problem are discussed briefly at the end.

There are many equilibrium configurations which describe the confinement of
perfectly diamagnetic plasmas (8 = =) by a magnetic field. However the confi-
gurations without cusps and of finite volume, that is all those of practical
interest, are unstable. By varying periodically in time certain parameters
of the confinement some or all of the surface deformation modes become
stable. This is what we mean by Dynamic Stabilizarion. In practice the one
parametar that can be oscillated is the magnetic Field. Three basically
different types of dynamic stabilization of plasmas have been proposed. In
the first type the confining field possesses no static component, its direc-
tion rotates in the plane tangential to the plasma surface. In the second
type the field consists of a static and an oscillating component perpendi-
cular to each other, so that the net field also changes its direction perio-
dically. In the third type the magnetic field does mot chamge direction but
its intensity is varying periodically. Although it is probably not necessary
we assume that the variations are sinusoidal. In all three cases the equa-

tion of motion for a given deformation mode has the form

t
(1) 5 R(e-t') y(t') de' + (X + Acosut) y(t) =0 , A >0

L .
(The labels on R, X, A and y, identifying the mode, have been suppressed).
In this equation R(t) represents the pressure response of the plasma due to
a deformation y(t) which has the form of a umit step in time. The Laplace
transform i(l) of R(t) is the mechenical surface impedance of the plasma.
The comstants X and A depend only on the field configuration.
R(t) depends on the model of the plasma which one wishes to consider. If the
wedel is incompressible and inviscid then R(t) = M&(t) so that (1) reduces
to a Mathieu equationm.

(2) My + (X +Acoswt) y=0 , M>0,
In this case there will always be unstable modes.

A>D

If oma asvumes that the plasma consists of mon interacting particles which
are reflected from the plasma surface, but taking into accoumt a single
bounce, then R = Lé(t) and the equation reduces to

Ly + (X+Acoswt) y=0 , L>0, A>0

In this case the solution is obvious and the stability condition becomes
simply X > O independent of A and of w.

As one can sce from these two examples thé behaviour of the system is exceed-
ingly sensitive to the type of response function R which is being used. To
obtain realistic results it is necessary to calculate R from realistic plas-
ma models. A better version of the free particle model is obtained if all
successive bounces of the particles are taken into account. Then the pressure
response becomes much more complicated but it still is highly dissipative.
This is to be expected since the viscosity of a gas is proportional to the
meanfree path. It is this dissipation which allows the dynamic stabilization
of all modes.

We now turn our attention to the constants X and A wvhich are determined by
the geomerry. In the firsc two types of confinement X can always be made
positive for all modes by proper choice of the compression ratic. In this
case dynamic stabilization of sll modes is always possible. In the third
type of confinement X is negative for an infinite number of modes. In this
case, as Trayun‘ has shown, the stabilization of all modes is not always
possible and in general difficult. This is intuitively understandable since
X » 0 assures "average stability", that is stability for . -+ =, while X » 0
leads to "average instabilicy". Troyon's recent, vet unpublished work,

which provides a general underscanding of all previous work as well as nume-
rical results for special cases will be summarized.

Experimental efforts to dynamically stabilize plasmas encounter two main

difficulties: the need of large amounts of rf power and the screening of the

150

oscillaring field by low density residual plasmas outside the main body of

the plasma. Recent progress on both fronts will be discussed.
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STABILITY OF A ROTATING MAGNETIC FIELD PINCH

by
F. TROYON
Centre de Recherches en Physique des Plasmas

Lausanne - Switzerland

Abstract: The stability of a column of plasma, surrounded by a concentric
conducting cylinder and confined by a rotating magnetic field is discussed
in the collisionless and collision dominated limits, The assumption of a

thin skinned plasma is discussed.

1. Introduction: An isothermal plasma column of radius a is confined by a
rotating magneric field obtained by superposing two oscillating magnetic
fields

a .
B_ =B coswt, B, = B = sinut
z f T

A conducting cylinder of radius b limits the magnetic Field. The penetration
of the field into the plasma is neglected (skin-effect).

A given mode of deformation of the plasma surface cm{k,t) satisfies the
equation [5.2].

t :
(e8] (xm(!c) + Am[k)r:usZwt} e (k) + :’dt'Rm(i\.:-t') e k,e') =0

where m and k are the usual mode indexes. Rm(k.r.) is the plasma response
function and Xm(k) and Am(k) depend only on a, b, m and k. In a plane geo-
metry Am(k) = xm(k). In the cylindrical case we define A = (Am(n-x”m).fz.
It can be shown that n_4_-al_-29°.fa, where B, is the plasma pressure, The
stability of Eq. (1) has been studied numerically, using the method of the
determinant [ 2], for various models of the plasma. The following section
summarizes the results,
2, Stabilicy of the configuration

2.a. One fluid model: Neglecting viscosity and thermal conductivity, the
equilibrium is always unstable. For any frequency there are modes which are
"pumped” by the oscillating term of Eq. 1. The higher the frequency w, the
shorter the wavelengths which are unstable. The inclusion of a viscosity u
suffices to suppress these short wavelength instabilities, provided
w%+07 u”fy, where u is the sound veloeity. Replacing u by its expression in
terms of the ion-ion collision frequency viv this condition becomes
£= %; «0L i The inclusion of thermal conductivity would lower the re-
quired frequency. These results apply only if ui»%.

2.b. Collisionless models: When the mean free path becomes longer than

the plasma radius a, the plasma is better described by the collisionless
Vlasov equation. Even with the simplifying assumption of specular reflection
at the plasma boundary the calculation of the response function in the long
. wavelength, low frequency range (ion waves domain) is still beyond our compu-
tational facilities. But it is possible to compute this function for a slab
geometry, with the same assumptions. It has already been observed [2] that
the response functions for symmetric and antisymmetric deformations of a
slab of thickness 2a are very similar (qualitatively and quantitatively) to
the response functions of the modes m = 0 and m = 1 respectively, if one
neglects the electric field due to charge separation (bounce model). It is
therefore reascnable to build a model for these two modes m = o and m = 1,
using the correct expressions for Xm(k) and Am(k) and the corresponding
symmetric and antisymmetric response functions for a slab of thickness 2a,
with the same value of k. Graphs showing the numerical results for a
hydregen plasma will be shown at the oral presentation, The most striking
results are:
The wall stabilizing effect: for a/b¥> 9 there is stability of
all modes at a frequency f 3 -025 uila {u1 -(ZKTImi)J’)md maybe
at any frequency wj for a/b$1/v3 there is stabiliry for f?;uifa.

Only very long wavelengths (15 3.5 a) can become unstable for some

values of w and a/b.

This last result makes it very plausible that all the modes m2 2 are stable
for all a/b and f 3 025 u.lia (smallest frequency considered). This conjec-
ture is supported, on one hand by an examination of the bounce model
response functions for these modes [2] , which shows that they are very
damped, and on the other hand by the fact that xﬂ(k) is always positive for

m> 2 and increases with m, for a fixed a/b.
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3. Discussion: The results presented above are indeed very favourable. It is
therefore crucial to look at the basic assumptions made which could invali-
date the conclusions.

The main assumption is the possibility of obtaining such a configuration. It
is not possible to prove that this configuration can be realized experi-
mentally.

The creation of a vacuum field configuracion around the plasma column may be
impossible, because of the unavoidable residual plasma created by ionization
of rhe neutral gas coming out of the walls or left behind during the forma—
tion of the column. Because the magnetic field components are alternating
there is a continuous sweeping nf rhis residual plasma. The speed of collier~
tion depends semsitively not only on the electrical properties of the
residual plasma but also on the electrical properties of the plasma column
itself. In some cases the residual plasma becomes hot before reaching the
central column and holds the applied magnetic pressure alone, thus screening
the field from the plasma column. This happens for example if the residual
plasma has a higher resistivity than the plasma column. But there are also
cases where the plasma is swept without appreciable heating and the magnetic
pressure is indeed applied on the plasma column. Which one of these possi-
bilities is realized experimentally will certainly depends on the history
of the plasma and on the amount of residual plasma to be swept.

The neglecting of the penetration of the field into the plasma column is
always justified, for any reasonable value of the plasma resistivity. In
the collisionless regime the assumption of a specular reflection of
particles at the plasma boundary is not essential. Turbulence or quasi-
trapping of particles in the boundary will not affect the results since it
leads to additional "mixing" of particles and thus to an increase in
stability.

Inconclusion it can be said that the stability of this configuration is

established for a wide range of frequency w and a/b.
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DYNAMICAL AND FEEDBACK METHODS

FOUR FLUID GENERALIZED M,H.D. COMPUTER CODE FOR A
PARTIALLY IONIZED PLASMA
by F. Hofmann
Centre de Recherches en Physigue des Plasmas, Lausanne

Avenue des Bains 21, 1007 Lausanne, Switzerland

Abstract: A computer program has been developed which solves the generali-
zed M.H.D. equations (including electron inertia and drift velocity effects)
for four fluids in one dimension. Results are presented and compared with

measurements in the 90 MW rotating magnetic field pinch,

1. The Physical Model
The standard M.H.D. equntion51'2 implicitly contain the assumptions that

electron drift velocities are small compared to thermal velocities, and
that electron inertia is negligible. However, there are experimental si-
tuations where both of these conditions are violated, This is the case,for
example, in a rotating magnetic field pinch uxperimenc], where a high 8
plasma is confined by rapidly oscillating magnetic fields (- 3MHz), and,

hence, current densities are extremely high.

= . A ¢ &4
Such situations may be described by a generalized set of M.H.D. equatioms
The generalization produces additional terms in the momentum equation for
the charged particles, in the electron energy equation and in Ohm's law,

The remaining equations are left unchanged.

In order to describe plasmas with two different kinds of ions (e.g. He),we
introduce an additional continuity equation. The temperatures, however, as
well as the fluid velocities, of the two ion species are assumed to be

equal.

Consequently, in one dimension and cylindrical symmetry, we obtain a sys-
tem of ten simultaneous equations, i.e., three continuity equations (one
less than the number of fluids, due to charge neutrality), two momentum
equations (charged particles and neutrals), three temperature equations
(electrons, ions, and neutrals), and two equations for the magnetic field
(B, Bz).

Momentum and energy transfer between electrons, ions and neutrals due to
ionization, recombination, charge exchange, and elastic scattering is taken
into account. The transport and rate coefficients are assumed to be func—
ticmsz of the local plasma parameters.

2. Numerical Methods

A one-dimensional computer code which solves the generalized M.H.D. equa—
tions described above, has been written. The program uses an implicit sche-
me in Lagrangian coordinates. The machine time requirement is approximately
0.5 sec per mesh point per time step on an 1.B.M. 7040 computer.

3. Results

Fig. 1. shows the computed electron density as a function of radius, at va-
tious times. In this particular case, the following initial conditions were
assumed: filling pressure = 60 mTorr He, 307 singly ionized, Te=Ti=To= 1 ev.
Measured values were used as boundary conditions for the magnetic field com-
ponents at the wall. Fig. 2. compares calculated and measured magnetic field
profiles at various times (same conditions as in Fig. 1.). Similar compari-
sons were made for the electron density distributions, the degree of ioni-
zation, and the total energy contained in the plasma; these will be inclu-

ded in the oral presentation.
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Abstract: The growth of the helical m

DYNAMICAL AND FEEDBACK METHODS

A linear screw pinch experiment with dynamic stabilization L

by

G. Becker, O. Gruber, H. Herold

Institut fiilr Plasmaphysik, Garching, Germany

1 instabilities observed

in a linear high p screw pinch can be reduced by means of a super-

posed

oscillating B, field if its amplitude and its freguency

are chosen appropriately.

1

2)

3

4

5)

The object of the experiments to be described in this paper
is to gain some insight into the experimental and technologi-
cal possibilities for the stabilization of the most dangerous
= 1 (helical) instabilities of a linear high § screw pinch.
In a first approach an oscillating superimposed Bz—field was
applied for dynamic stabilization. Beforehand also the ge-
neral stability behaviour of the linear screw pinch had to be
studied in comparison with the results of theory /1,2/ and of
a toroidal experiment /3/.
The screw pinch experiment with the basic circuits to produce
Bz (up to 30 kG) and 12(10 to 90 kA) is sketched in fig. 1.
The ciruits for preionization and bias fields are omitted.
The risetime ( T/4 £ 4usec) of the 1, and B, are matched by
variable inductances. The coil length and the electrode dis-
tance L are 1 m (i.d. 12 cm) resp. 1.2 m. The ’Ez produced
by a bank of high Q capacitors (Q = %0 at f = 2 Mc} is fed
to the EIz coil via a foil switch with low inductance (2 nHy)

and low resistance (<1 ma at 'faa 200 kA). A homogenous 'Ez

with an amplitude up to 3 kG iy = 1.1 He and T4, = 6 psec
is achieved.
The plasma parameters in the screw pinch (?3' = 0) were:

TotT; = 100 to 500 ev; 2 to 10 x 10%%em> Helical m = 1

instabilities were observed in the pure screw pinch if (Iz)max
was higher than a certain limit of about 15 kA. The growth

n =

rates U; determined by evaluating the exponential growth on
steroscopic streak pictures agreed very well with those from
constant pitch theory /2/ as well as with those derived from
sharp boundary theory /1/ provided that values of p measured

at the boundary of the dense plasma column are inserted in:

n)’ - .
u:g[_(l_pk"*zkrl(azul- >& T at k 5 i
Y-ip, P (1)

i EB[r’ . B'n
where '?l is the line mass and p (r) =r“-—51(—r1 ;(Vﬂ- —Lﬁ}: )

In all experiments, only one k mode was obersved for which just
one wavelength fitted L, This is also supported by the "better
agreement" using (1) and k = in
the linear screw pinch a quasi periodicity condition holds,

as indicated in fig.2. So in

comparable to the Kruskal limit in a torus. A considerable

fraction of I_ flows outside the dense plasma column. Constant

pitch is onlyzohserved in the early stage of the discharge.

It is lost in a characteristic way starting from the coil ends.
First the oscillating B, was applied to a f-pinch (I, = 0) with
ratlo@ﬁl&‘ up to .2 and at times 4 f.' e (see fig.h) up to

7 usec. %hare was no deterioration of the O-pinch stability
i.e. no new modes were excited by parametric rescnances
Density measurements with a laser interferometer, with holo-
graphic intertferometry and magnetic field measurements with
probes indicated a radial surface motion which corresponds to

mrgl..., - Inrf 11

bl 2 —ZI as expected for a

rather than
relat:vely a&ow adiabatic mntxon w:.tg w < \g! . Moreover
there was a shift of 120° to 150°
tion of the plasma radius and the driving field.

If g‘z is applied to the screw pinch an appreciable decrease

between the forced oscilla-

of m =
lay ot =t-t. of wall contact.t
tween the start of the main discharge and wall contact with-

1 instability growth can be achieved, leading to a de-
i ~
and t_ are the times be -

out resp. with dynamic stabilization. This is shown in steros-
copic streak pictures taken with 40 and €60 mtorr Deuterium

in fig.5. Fig.4 gives a typical example for the currents and
fields. In order to get an observable stabilizing effect,
mf-}mu/B; has to be greater than a critical value which depends

on W; , provided Lhatu >|d: Table 1 gives eaamples.

w, [see™] (BZ/GZ};”'{ t, Lpsec] t. [psec]
0.5 - 10° 0.1+ 0.12 10 15
0.75 - 10° 0.18 + 0.2 7 12

(£ig.3).

6

7

There is not éenough experimental material to confirm the ex-

zr_uf’c X: ., The growth of the in-

stability can still be reduced when the stabilizing field is

pectation from theory that ( __/p,

switched on after an observable unstable displacementf(fi-rp]
has taken place. This gives some hope for a potential appli-
cation of feedback schemes.

(the
0 motion of the plasma couples with the unstable

Besides the stabilizing mechanism given by theory /4/

forced m =
1 motion) there may be an additional stabilizing effect
Be(rr) e iy

m=

in our case. Probe measurements show that and so

pin = (&) =< g -
Together with Avfﬁ h%gﬁ&an inertially caused time dependence
of p/2-f at the plasma surface occurs, which should reduce
the destabilizing time averaged potential of the unstable
motion.
The efficiency of the stabilization is found .to be dependent
on the switch-on time of Ez relative to the phase of the
natural m = O plasma oscillation. Effective stabilization oc-
curs, when the first maximum of Ez+gz coincides with a mini-
mum of Ioe This can also be explained by the mechanism given

in section 6.
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Fig.5: Screw pinch without (a,c)

/1/ M.D.Kruskal,and J.L.Tuck,Proc.Roy.Soc.Lond.h245,222(1958)
/2/ W.Schuurman, et al., Plasma Phys. 11, 495 (1969)

/3/ H.Zwicker, et al., presented at this conference

/4/ H.Wobig, and H.Tasso, to be published.

H'I'hls work was pev'fcrmed as part of the joint research program

between the Institut fiir Flasmaphysik, Garching and EBuratom.
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STUDY OF MAGNETIC FORCES FOR FEEDBACK STABILISATION OF HIGH BETA PLASMA

by
3. Tuckeds ks Newbod and HiAiB: Hotssd'

# U.K.A.E.A,, Culham Laboratory, Abingdon, Berks., England,
* On attachment from Institut lip Flasmaphysik, Garching, Gemany.

Abstract: This paper reports an experimental study of the effects of magne-
tic forces due to a current dipole on & straight theta pinch plasma. The
golumn remains oylindrical and its motion agrees with simple theory. The

application of these results to the feedback control of the m = 1 insta-

(1,2)

bility of a bulged theta pinch is discussed,

Feedbask control of M.H.D. instabilities in high P plasmas
(3,4)

Intreduction:
using magnetic forces is being studied In oxrder to test the principles
in a well-defined situation an experiment is being set up to study the sup-

(&)

pression of the m = 1 mode of a bulged linear theta pinch It is
necessary to know the nature and magnitude of these forces, and their
4nfluenca on the plasma, and this paper describes a study of the effect of
the forces from a single current dipole on a theta pinch plasma.

Nature of the Force:

The method of producing the foree by a current I1 in

a sector coil lying in a plane perpendicular to the coil .axis is shown

FIG.1

schematically in Fig.1. In addition to the diamagnetic current per unit
length, ID, a current, I’, induced by I1 flows in the plasma and gives a
force per unit length of the fomm

F=7,(1, 1) & BT T) 4 BT, T) -0

aml F, is guadratic. Tt

1 3

can be shown that F1 >> FE and for this e xperiment F]

F, and F, are linear in I, because 1" e ¥,

is negligible
(except for z ~ %) For a straight plasma column

Pa) TR () = A, & I, I, (/)1 - 5 27F) o R
where AP and Ad are the plasma and coil cross sectional areas, b is
the perpendicular distance between the dipole and the plasma axis and

2 2 2

r =b + 2z where z 15 the distance nlong the axis measured frem the coil

plane. In the caleculation we have assumed a sharp plasma boundary, a small
circular current loop and neglected screening effects by conducting walls,
The uxial variation ol F, is shown in Fig.1, where it can be seen that P1
changes sign when z = b/2,

=

The integrated linear forece is zero, i.e.

F1 dz = 0, This result is expected since the mutuzl inductance between

(The same holds for F,

the dipole and an infinitely long plasma is zero. 2

but not for Fj which always has an integrated contribution,)
When the forces are time-varying propagation effects must be considered
and a local plasma motion is possible. The equation for the plasma displace-

ment, y(z,t),

2 2
9y 2 dy

5 =V 2 +1“1/M wes (3)
ot 9z

(M iz the line mass and V the propagation speed) has been solved numeri-
cally for F, = sin R and the spatial variation of eq.(2). Fig.2 shows
the displacement of the plasma with propagation superimposed. The displace-
ment depends on the transit time of a wave compared to +he period of the

applied force. These results are for V = 0,77 b2,
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Experiments have been carried out on a
2 M long theta-pinch using deuterium at
20 mtarr. Fig.3 shows that the driving
field rises to 16 kG in 9 psec and an
alternating current in a three turn
sector coil (geometry of Fig.1) of

10 kA peak and € = 21 x 05 i 588

Y (rel wnits)

A streak photograph taken in a plane
close to the coil shows an oscillatory
motion of the plasma column (see Fig.3).

Included for comparison is o pioture

taken with no current in the sector

FIG.2

coil. The plasma motion is confined

to a plane through the centre of the sector coil and the plasma axis. Its
direction reverses, as expected with linear forces and quadratic effects are
not observed. The plasma column retains its cylindrical symmctry.

The observed displacement is consistent with the value calculated using
eqa.(2) and (3) with corrections for the non-ideal geometry of the apparatus.
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FIG.3

Conolusion and Application: The measured value of the linear force from a
current dipole, deduced from the plasma mofion it produces, agrees with
theory for & unifomm column, The caleulation of the force has been extended
to include a bulged plasma, and it is found that the bulge gives a lﬂ.x?ga
favourable local conmtribution ta the force which therefore does not integrate
to zero Tor a c-lumn of infinite length. For a bulge of length 2b with a
maximum radius three times that of the remainder of the column and average
beta 0.6 the linear force is a factor five greater than the unidirectional
force (shaded curves, Fig.1) in the straight plasma,

We gratefully acknowledge J.B. Taylor and J.A. Wesson for discussions
and C.A. Bunting, I.K. Pasco and A. Wootton for experimental assistance.
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DYNAMICAL AND

ON STABILITY OF A PIASMA IN THE HIGH-FREQUENCY

AND CONSTANT MAGNETIC FIELDS
R,A,Demirkhanov, V,P,Sidorov, T.R.Soldatenkov,
T.I.Gutkin, G.I.Boleslavskaya, S.N,Lozovsky,
L.AUtkina

Physico-Technical Institute of the State Committes
on Utilization of Atomic Epergy, Sukhumi, USSR

Abstract
In present paper the questions of the stability and con-
finement of the plasma in h.f, and constant magnetic fields are
considered in two principal cases of the mutual orientation of
the constant magnetic field and plasma surface-parallel and
perpendicular (which correspond Yo some extent to the closed
and open systems respectively).

I. We investigate in MHD approach the dynsmic stabilize-
tion (DS) of the current—induced instabilities /I-3/ by means
of helical multipole (HM) h.f, field which is created by the
h.f. currents in the helical circuit, The circuit consists of
helical windings placed on a cylindrical surface with radiuaf 3
the h.f. currents being Jrvezpi/Rt+h¥eki] . Such rield
configuration is realized in the RT-0 installation /4/. In par-
ticular we were interested in the guestion to which extent the
h.f. circuit can be regarded as a stabilizing conducting wall.
Due to HM currents in the plasma the h.f. magnetic field has
a magnetic well form. Conseguently we can expect an enhanced
stability of the system. We have chosen the surface current dis—
tribution as the simplest one /5/. The skin-layer depth is as—
sumed to be zero (this is valid if 0>k, ¢4 /6/). For the sake
of simplicity the helical circuit is replaced by the continuous
current sheet with anisotropic conductivity.

Using the well-known technique /5/ we obtain afber time—
averaging the sufficient condition for DS of the helical per—

Wkt G20y [ ket Frtiad) -
Lekuh i (AN R f o
lﬂi(ef) ¥ () .Z. XUK[H* _‘_E’_gPKe(F P‘ klf‘r] >i A ()
4 (ki Tpg(ec) - 2 sd iE
w5 E—f Gk 0, Bl g E, 5ol i
p G+ P /“.' 5_5 :’1 )& k.‘ v f !if k kflt"t‘ f %
¢ Ea"u_

Q g ), ara comblnatl.ons of the modified Bessel functioms,
are '\:he components of the perturbation wave vector.

The analysis of the DS criterion /I/ leads to the following
conclusions:

a) The convective with respect to the h.f. magnetic field
perturbations are chsent in the quasi-stationary limit if £#0,
ko#0.

On increasing f the stabilizing effect increases.

b) There exist the resonant perturbations A = 0 Er, =)
for which the helical h.f. circuit may be regarded as a perfect—
1y conducting wall,

¢) The most dangerous (q— Kzl =4 ) perturbations can ex-
perience a stabilizing effect from the circuit its parameters
being chosen such as to make the perturbations resonant.

a) H, component of the h,f. field is responaible for the
stabilization of long wave modes, Ez component being responsible
for the stabilization of the short wave ones.

e) If the zero helical mode ( f.‘i:a, #,=0) is used the con—
vective perturbations are allowed. In this case the destabiliza—
tion is possible.

We conclude that:

I. Multipole currents in a plasma are more stable than
zero mode currents (d.c. in particular).

2. Using the multipole currents allows for lower values
of q. ¥

3. If these currents penetrate into a plasma they can
simultaneously heat it /7/.

II. The effect of the h.f, field with componentsFs=F/lonat
and E‘y—-—-og‘cdﬂ“ on the drift instabilities of the slightly
inhomogeneous plasma in the constant magnetic field Ho[ is in-
vestigated, taking into account the h.f. field pressure, the
oscillations of the resulting magnetic line of force and the
electric h.f. component effect. The perturbed electric field
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is considered to be potential, If plasma is nonisothermic

= ﬂ-(i ) and the ion temperature gradients are not large,

two elrenmndes of waves exist in a plasma namely fast and slow
ion-sound waves with fraqu.enues w_(ﬂ —_,:’{,J @ and d-Jz,=-v.“,_u

T mad/' \ﬁ:khl[

and growth rates [/ =-1T—- €i- ..j
I= ha|Vre gj' it K| =

—?) {=5 f@] 754

2"[._”

Hers &Jca:x_sje/u“. ;jﬂ —V(Pe g, ] ig the effective "gravity

acceleration” = _‘r.":—l- is the h f. poteutial 78/, 4’13 the
e TmE? z

lectrostatic potential, 4o dTe e bR K

alec ;5 atic p,:‘f e E")"-’V eldyord”

Bl R R L &y Hoy Ve

Wie = ,,_,:L. i f et &=

are parameters which are detemneﬂ by electﬁéf and magnetic
h i‘. componento, respectively. For the drift waves we have

é »1. Plasme is stable against the excitation of the ion-
sound mode if %’;_ §+4-44)>0 . The stability vegion of the
1on-sound wave is essentially enlarged. It is comnected with
the increase of the frequency of oscillations due to h,f. field
effect on the plasma which results in increasing the electron
Landau damping. The growth rate of the slow ion-sound wave does
nct change ,'::ta sign, however its magnitude which is propor-
tional to 2% is considerably reduced. Although the terms due
te the magnebic component of the h,f, field are small compared
with those corresponding to the electric one still they essen-
tially contribute to the oscillations growth rates if the
frequencies of the h.f. field are not very far f.rum the para-
metric resonancea. '

. Let us consider a plasma occupying the half-spacgC
in a slightly inhomogeneous constant magnetic flald ,‘r’
with foz>>#ic Hy. The h.f. field has the cemponents: fe=Al(z)ewsat,

‘l't ﬁﬁ(_(yg,,,ﬂf- Due to effects connected with the inhomogeneity

of the constant magnetic field it is posmible to achieve some
self-consistent equilibrium confipgurations for Ih.lchF %‘%—T
can reach the values up to several unitds (in contrast with

the statement made in /9/ that F' 2z 50 in thermonuclear condi-
tions). Supposing that plamme with (=347 / has the sharp
boundary and the zero skin-layer, and that the inhomogeneity

of the d.c. magnetic field can be neglected, we conclude that
‘the plasma boundary is stable against the low-frequency (a«sl)
MHD perturbations if the frequency of the h.f.field satisfies
the condition Q<ket =Qc. , where Kj=(kXk? 1is the component
of the perturbation wave vector on the Ty-plane, When 2 ex-
ceeds Slcz , &n alternation of stable and unstable regimes takes
place, Note that the problem of the plasma boundary stability
for the case considered has been previously investigated in
/I0/ but the consideration in this work is incorrect.

The authors are thanikful to A.G,Kirov and L,I.Rudakov
for useful discussions,
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Invited Lecitune
SUPRA-THERMAL ELECTRIC FIELD FLUCTUATIONS
FROM SPECTRAL LINE PROFILE MEASUREMENTS
by
Hans R. Griem
UNIVERSITY OF MARYLAND

College Park, Maryland, U.S5.A.

Most experimental and theoretical work on the broadening of spectral
lines by interactions between charged particles in a plasma and
radiating atomic systems has been concerned with Stark effects

from particle-produced microfields. Compared to the latter, wave—
produced fields are indeed small for equilibrium plasmas having a
large number of electrons in the Debye sphere. However, for wave
excitation much beyond equipartition at the particle temperatures,
collective fields can influence spectral line profiles very
strongly, so that in conjunction with line broadening theory supra-
thermal field fluctuations and their frequency spectra may be
obtained from observed line profiles. (Wave number spectra cannot

be determined, the size of the probing atomic systems being
negligible compared with plasma wave lengths.) Two distinct

methods have evolved, one utilizing one-electron systems (linear
Stark effect) and based on theoretical work by Blochinzew [1], the
other utilizing two-or more-electron systems (quadratic Stark
effect) and based on theoretical work by Autler and Townes [2]

and, more specificly, Baranger and Mozer [3]. In the first case, all

plasma frequencies are often small compared with Stark shifts so

that the line shape reflects the distribution of wave-field amplitudes
(regardless of frequency). This gives then near Caussian line
shapes, rather than suitably modified [4] Holtsmark profiles,

and has been demonstrated experimentally [5]. Hore information

on plasma waves or turbulence can be obtained by the second method
which, to lowest order, gives the power spectrum of the electric
field if measured frequencies are referred to those of forbidden

(0% = 0, + 2) lines and if the so-called plasma satellites are
measured relative to the curraap;nding allowed (AR = + 1) lines.
Such satellites displaced from the forbidden lines by + or - the
plasma frequency were predicted by Baranger and Mozer [3] and first
found experimentally [6] in a helium-filled theta pinch. Since
then much more experimental work has been done on plasma satellites
of neutral helium lines in several laboratories and alsc some
theoretical work, both on higher order effects and on the prediction
of satellite shapes for certain idealized non-equilibrium plasmas.
This work will be reviewed and the complementarity of the new

method to that of cooperative light scattering emphasized.

[1].  D. 1. Blochinzew, Physik. Z. Sowjetunion 4, 501 (1933).

[2). s, H. Autler and C. H. Townes, Phys. Rev, 100, 703 (1955).

[3]1. M. Baranger and B. Mozer, Phys. Rev. 123, 25 (1961).

[4].  P. Kepple and M. R. Griem, Phys, Rev. 173, 317 (1968).

[5].  H. R. Griem and H.-J. Kunze, Phys. Rev. Letters 23, 1279 (196%).

[6].  H.-J. Kunze and H. R. Griem, Phys. Rev. Letters 21, 1048 (1968).
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Non-Linear Effects Involving Electron Plasma Waves
by -

R.N. Franklin and G.J. Smith
Engineering Laboratory, Oxford University

and
5.M. Hamber . G. Lampis
U.K.A.E.A., Culham Laboratory, England.

Abstract: Observations are presented of the frequency spectrum
in a plasma when large amplitude electron plasma waves are
excited. The spreading to side band frequencies is shown and
the development of structure in the lower sideband detected.

Parametric processes are also discussed.

It is now well established experimentally that electron
plasma waves are damped by the collisionless phase-mixing
process normally described as Landau damping. An early inter-
pretation of the physical process underlying the wave - particle
distribution-function interaction was that of electrons being

(1)

trapped in the potential well of the wave This, while not

appropriate to the linear regime of Landau damping, has been

(2) to describe effects

shown by Wharton, Malmberg and O'Neil
observed when large amplitude waves propagate in a plasma.
Their interpretation was in terms of 'sidebands' being

produced at freguencies w * [} where 0 = (BE‘k/ﬂ\l‘s is the
frequency of oscillation of an electron in the potential well
of the wave. w, w is the frequency of the imposed signal with
wave number k and associated field strength E.
Eldridge !
range w-f{l to w+({ for a potential V propagating through a

Recently

has calculated the spectrum of frequencies in the
plasma. For ev/kBTe finite, there is a spread of frequencies
with local maxima at w + 0.80Q.

We have measured the fregquency spectrum for the parameter
ev/kB're between zero and unity. Fig.l shows the output of an
X-Y recorder driven by a spectrum analyser for freguencies near
the wave frequency, 30 MHz, when a wave was excited in the
plasma column of a single ended Q-machine. The plasma fre-
quency determined from the propagation of small amplitude
4 was 45 MHz.

waves( Results are given for different values

of r.f. voltage applied to the exciting probe. The frequency
spreading is clearly non linear and the primary wave energy
is converted predominantly to lower fregquencies in agreement

(3)

with theory . The linear damping was negligible over the

length of the plasma column (65 cm). Fig.2 shows the varia-
tion of signal at the centre of the lower sideband with
distance from the exciter when the excitation voltage was
9.0 volts corresponding to V = 0.15 Volts. The signal rises
to a maximum in a distance smaller than the linear damping
length.

monotonically but depends on the local level of the large
(3)

Fig.2 shows that the sideband signal does not rise

amplitude signal as found previously
The new results, shown clearly in Fig.l, are (i) the

observation of the upper sidehand, with smaller magnitude,

and (ii) the development of structure within the lower sideband

with distance both as predicted by Eldridge.

Spectra were studied in the range 0-100 MHz. There is no
detectable signal at the frequency of oscillation of the
electrons in the potential well. Parametric decay into other
electron waves is not observed for wave powers transmitted
: 10 mW. The conditions of Laval, Pellat, and PeruLlitsJ who
observed such parametric decay differed from ours in that
they had several wave modes available within the frequency
band w to w-0 at the power levels used.

We have, however, observed at much smaller amplitudes,
an apparent parametric decay involving the generation of a
heavily damped (y/w = 0.4) ion acoustic wave. There was a
threshold at a probe voltage ~ 1 mV and saturation occurred

for a probe voltage ~ 200 mV. We have shown that ion waves
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have a dominant wavelength one half that of the pumping wave
for a range of electron wave frequencies. This is to be

expected since the pump and idler wave numbers are almost

equal in magnitude so that k = kp - ki ~ 2 kp. We have not
as yet obtained guantitative results to compare with the cal-
(6)

culations of Dysthe and Franklin Oscillations were also
excited at the ion cyclotron freguency (133 kHz for a sodium
plasma at 2.0 kG).

The effects observed are of significance in assessing
the importance of different processes in the development of
a spectrum of frequencies from a single coherent electron

plasma wave.
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Figure 1 Frequency spectrum observed 30 em from the exciter when

rf voltages of the values indicated at 30 Milz are applied to the exciter.
The inset shows that the dominant lower sideband frequency tends to a
linear variation with probe voltage at large applied voltiages.
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Figure 2 The pover at the central lower sideband frequency,
36.25 MHz , in arbitrary units as a function uf distance from the

_ exciter vhen an rf voltage of 9.0 V at 40 MHz vas applied. Similar
shaped curves vere obtained for other applied frequencies at this
level of voltage.




‘tulated, merely for the purpose nf convenience, that the turbu-
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We have investigated in the framewcrk cf kinetic theory, the

interactica of low frequency, large scale (compared vo the ion
Larmor radius R; and freguency Ei) escillations with high fre-

quency, short wavelength () << Ri' w e3> ﬂi) electrostatic micro-

turkal=nc In the gene case, the relaxation cf a weakly tur-
bulent homogeneous plasma proceeds according to different time
scuales ccopesponding to differant processes: quasi-linean ralaxa-
tion of high-frequency coscillations build-up, non-linear spectral
energy transfer and abserpticn of turbulent pulsations in plas-
mon-particle interactious. Two other time scales appear in the

present problem: corrcsponding to the low frequency wave

T .
2.7,
and 1, corresponding to its interaction with the turbulence (plas-

mon-wave-plasmon interaction).

The fundamental hvpothesis to be made is that the enerzy spectrum
of the turbulenne,‘%u, and the one-particle distribution functions,
Fo relax to a non trivial (%H # 0) quasi-linear "equilibrium"

on a time-scale Ty vhich is muech shorter than the time-scales of

interesst, T and T, which in turn, are very short compared to

L. F.
the time-scale for absorption of turbulent pulsations.

1)

It was shown ir a renent paper that in the deift approximation,
even relatively wuak electrostatic (Langmuir) turbulence may
lead, for example, to stabilization of drift waves. This effect
is ussociated with the presence of particles which resonate with
the low fraquency wave. Although related processes could be
understood in the context of the following theory, we are con-
cerned nere with another type of stakilization, or excitation,
mechznism which results from the combined effects of turbulence

inite ion Larror radius (f.L.r) and frequency (f.2.f.,).

and
We have shown that the iurbulence leads to spatial diffusion
(or antidiffusion) of the low frequency wave. In high and

low B plasma alike the diffusion coefficient is found teo scale

like Bohm's:
Q
Si . s (1)

where @ is the temperature in energy units, B the magnetic field,
g the charge and c the velocity of light. 1In the example cca-

sidered here of the interzecticn of an Alfvén wave with ion-sound
turbulence, A is the ratio to thermal energy of the total energy

of the turbulence,

Since onlv non resonant particles play & role in the process

just described, the theory of the interaction is akin :to a

scopic formulation; this remark helps clarifying the folle
point. In peneral the distribution functions will be functional
of tle energy spectrum of the turbulence. We have nzaglected that
functional dependance and indeed assumed that scattering by
plasmons is a rather inefficient process to randomize most of

the particles. That assumption, which at the very least is
justified for not too strong turbula:nee, plays here a role equi-

valent to Boltzman H-theorem for binary cecllisions.

Follocwing the discussion given above, we have kept in the col-
lision integral only those terms which describe the coupling

with the turbulence of the electromagnetic field and the spatio-

temporal gradients of the organized wave., The exact structure
of the terms describing the interaction of course depends on the
properties of the quasi-linecar "equilibrium" spectrum of the

turbulence after the initial relaxation is over. We have pos-
lence,

i) is one-dimensional, with its wave vectors ortho-

gonal 1o a plane (Ez = x) spanred by the background gradients,
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ii) «can be approximated by a wave packet of central

wave number a4, frequency e ng (the electron gyrofrequency)

and phase velocity Vc = mc/qc.

Under those conditions, the collision term takes the for

2
23 & .%o Cie s = B By 2 .
- E B o B
mr B‘_ r L5 m.v5 c al.v ai Bl
c
+ 2 l + r + 4 ]
dt c
1
[
3 2
e PN
v - v _ 3v re 2
e 7 ¥ (2}
2
22y a 2 ¥l B
2 ;7 av IR 3V ax L
g} y F,v - = 'F,v
c c
where i, = /e, 3 ‘:':.r By a/azl?1vc operates only on I_
and afattl on Fr and V_. The other notations but rc and Ac
c
are standard; 1n particular I, is related to the tgt?l eneggy
e'(w
of the microturbulence by the relation %‘_' ] ;—“ o, T%)wc q:Ic

where z‘(m,qc) is the (real part) of the dielectric
function of the turbulence.

It is of course understood that the denomipaters in these

exp.essions must be considered as Cauchy principal valuss. Lastly,

' wl '
e ] an | )ES)
e du 3t 2 3t £ 3a)
Ye Yo Fy Ye
and ' 1 2
A = -l'fac (""qc)I B Z 9p7y
& 5 o e (3p)
w r3c
; c
v
+ = x
c
In order to complete the definition of the collision term,
we nmote that
(i)
i1a 2 : ()
2 3t by = (r; L Te »

the use of the superscript (i), for interaction, is necessary
for, during the early process of quasi-linear relaxation, the
turbulent spectrum becomes a functional of the bgckground
distribution function, and thus also varies in space and time
accordingly. In these equations, the terms associated with
the presence of large scale spatial inhomogeneities, and with
the time variation of the background can be seen 'to agree with
the results of references (2) and (3,4%) respectively if omne
notes that the last term of equation (2) disappears in cne-
dimension (icf/313ﬁ3. The other terms of equations (2) and
(4) describe the interaction of the "weak" (ﬂi << mc) back~-
ground electromagnetic field with the microturbulence. The
spatio temporal evolution of the background distribution functien
is of course connected to the evolution of the electromagnetic

field through Maxwell's equations.

The above problem is intended to serve as o gpufde for more
gencral types of interaction of microturbulence with low fre-
quency waves, or eventually with a spatially inhomogeneous
stationary background plasma. Particular fields of aoplication
include "collisionless" shock wavas (in high 8 plasma) and
anomalous diffusion, due to microturbulence, of otherwise sta-

tionary non-uniform plasma in fusion devices.
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TEST WAVES TN A TURBULENT PLASMA
by
Christian Thomas Dum
Cornell University, Ithaca, New York, U. S. A.
Abstract: The conductivity tensor of a
turbulent plasma is computed from the coherent response of the plasma to an
external test wave. We include nonexpandable effects due to scattering of

particles and modification of dielectric properties by the turbulent spec-

trum which may become important, even at low levels of turbulence.

A test wave propagating through a turbulent plasma may
experience an enhanced damping which is similar to collisional damping.
The effective collision frequency, however, may be enhanced by several
orders of magnitude, even at low levels of turbulence. It, thus, appears
that scattering of particles and the mdifiEAtion of dielectric properties
by "turbulent collisions" should be included in a perturbation meory: as
nonexpendable effects. Scattering of particles may be included by per-—

turbing the equation for the average distribution function, retaining terms

to first order in the external electric field <§§)uf the testwave

- of<e, > =

<E> &3]

where <£3> is the coherent respanse of the plasma to (Ec
" -3
fusion operator and D( )

7. D is the dif-
is the perturbation of this coperator induced by
the test wave. The solution of (1) with the right hand side set equal to
zero determines the average propagator {U{t,t'|)of a test particle distri-
bution in the turbulent plasma. Eg. (1) may be solved in terms of {U}.
This procedure is frequently used to find ordinary collisional conductivity.
In applying it to a turbulent plasma, it must be noted that twyrbulent dif-
fusion depends on the electric field as seen by a test particle moving

along its perturbed orbit. Thus we take D to be given by [l]

I G ; 3
= — . . ¥ " — .
B e = 57 ) EE-E(t)f ae' qule,€)) B (e - 55 e
k = 2)
D allows a particle to pull itself into resonance with waves if the tur—
bulent field exceeds a certain threshold'>'?] Conventicnal perturbation
theory, based upon unperturbed orbits cannot predict such a behavior. The
modification of the linear wave-particle resonance by orbit perturbation
leads to a rapid stabilization of a number of instabilities [2,3]. For the
purpose of estimating the saturation level of these instabilities, it is
then probably not too important to include mode coupling effects.
Coupling between the test wave and the background waves is, however,
responsible for a coherent response of the plasma which is described by the

S

term D The coupling between waves is also modified by the presence of

other waves.

Using (2) in (1) we can obtain an equation for the coherent

(1)
ktg

current in terms of (%} the spectrum E. and the induced spectrum E,

caye M)

(2 1
@l Ce> + 3 6 tmr KB By D
k

CE B OCED = slawn <ED 13)

where the conductivity tensors are obtained from the usual expressions

(1)

after replacing the unperturbed propagators by (U) . x is due to the

linear wave particle interaction and L(Z’, ém

lead to coupling betwsen
The beat wave E“')
ok

waves. is the coherent response of the turbulent plas-

PHENOMENA I

160

2
ma to the source current J(H’c = EE

% (3.5]-.@&{)55 and, thus, should be com-
puted using that turbulent condutivity g obtained from (3) and Maxwell's

eguations. Choosing the electrostatic case Ek = fiy;k for simplicity, we

obtain explicitly

etget = e (g + ZI%IQ{E“’(@._@AE‘E’ (gtk, -k)-
e

e g x /e (g;«y} (a)

for tha dielectric constant of a turbulent plasma. Eg. (4) is eguiva-
lent to selective summing of an infinite number of terms in the usual per-
turbation series which is generated by a simple iteration from the
unperturbed state. The first term in (4) is obtained from the solution of

(1), neglecting the nonlinear coupling terms and can frequently be approx-

imated by an expression of the form (Bo =0) [2,3]

£ED= - ii(a> L (5
e 5 v egwiy

where v is an effective collision Frequency which depends on velocity, the
turbulent spectrum and on freguency and wavenumber of the test wave. The
reactive approximation which is commonly used in calculations of high fre-
quency conductivity requires v<<w. Anamolous resistivity, in this case,
arises solely from the coupling between the test wave‘ and the background
spectrum. It is described by the remaining terms in (4). The resonant

contribution from these terms yields the damping of the test wave due to

scattering into wave modes k' = k+g, w_, =

_+w and the nonresonant con-

tribution describes nonlinear Landau damping. FPer resonance,l/s may be

still be replaced by a delta function. Mo significant changes from the

usual resonant mode coupling result are to be expected. Even small changes

in e(g+k), however, may be important in the nonresonant case if e(gtk) # 0

but small. If e.g. a driftwave interacts with high freguency turbulence, we

have €(gtk) = elk.w ) + e/ (w-g-du, /uk but c(k,mk) = 0 is the high fre-

quency dispersion relation. t2)'

EU)

Small changes in the imaginary parts of €
which enter nonlinear Landau damping could also be significant.

None of the above modifications of the usual perturbation theory are im-
portant for the high frequency (w>>v) conductivity of a stable plasma. It
may be shown that our result contains this case if the turbulent spectrum
is replaced by the thermal spectrum |¢k|2--i¢km|240. The approach in this
paper allows the discussion of high fr:quenc; resistivity in terms of mode-
coupling theory. Calculation of the anamolous damping of specific trans-
verse test waves in a turbulent plasma are under way.

This work has been supported by the U.S. Atomic Energy Commission under

Contract AT-(30-])-37B2.
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of ‘plasma

cf ‘ar

sponding Euler equations, a

As an example, explizit results are givers three-wave couplin

trary propagaticn arzles in a cold ite magnetoplasma.

coupling coei-
leading Trem
the canonical coupled mode
the synchronism conditions

I
Le written as

r. | & 4 aTE

lefined sc that A &
i
iz a gererall the group velocity, end X is

the wave couplin

Since (1 car te derived from the Lezrangian density, £ s of the
rises that 3 mlight be obtainable more directly
i show that TNls is so, and apply the

i, ction of the

st spatlal and tempeoral de

r wegk coupling, the small-

spacs, s¢ that for some wave

) the awpli A may
“rier 'l,r'J_t: ard l/l'.n

, and the corresponding

in. £
& 35/34] - g] , where the 1, ()

Z = < X
irriun sclutiorn to the equations, and the g

represent are small

perturta cote third crder is su ent for three-wave

Bl

The g’ r Wave comporents
c;i + qé : + 33'] s 8&nd a generalized energy density may be
defined for the nth wave as ¢ =§, (q:,g) , where the var denotes space-

time averaging over intervals long compared to lﬂ’u:v and 1/1(n » but short
compared tc the variations of the wave smplitudes. The kth spatial

componert of the corresponding generalized energy flux vector is

4] By (e, x)/3080 /3, ]

Venk®n

Finaliy, the three-wave coupling energy is defined by

= fi : i L Ao Ao
55 = (2/8) Ij’._g.l 8yt 3 X {complex zonjugate, c.c.) v (L)
cext step is tc express = , =, and £ iz terms of Qr for

c . S f
smali-sigral relaticrs deriveble from :.‘, « This
- =3 .

e = [ =y e
4 n a%n®n 7 Ejn ~nn 7 o)

where the I’z ave T

w_ and I'.T » and sre relsted tc the

quattities of (1)

oy

Thug to ottain the coupl evaluate the generalized

energy densities and fluxes, =_ , htain 1'0 3 l'n from

and the A .

(5) ard substitute them

n the expre

We now consider s cold himoseresus masrnetoplasma, for which

e A - e, @

less varistles have beer used for the scalar and vector petertials

iole ilaplacemert A{= Bx .n_-O,"c: fram
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the equilibrium position X(= Je) , and for the time T(= mot) =
Both \',L and A,

« A1 other terms are fu

Here,

the plasma {requency. in the square brackets are

Expansion

ions of ¥ only.

g\ 9 x )7 ; 3

R e L L
k k

L
vhere we have chosen a gauge such that V. is constant (V-4 = - [Nat?) .
For small-signal propagetion as exp i(aT - 5}_&) wWe have

2 PR
s-Foost 8, 1D Beose: sico = &/, p= 11,
2 2
-in, B 0 +E=0 5=1-1/(q )
i : Beind pari 2
Feoosd singd, 0O F- Tsin @ D=ay a(q -nc) P (9)
where X lies in the x-z plane at € to the z-axis. A rotation operator,

E ; will be used to generalize the propagation to the spherical angles
For 0 <8 <nfg , all E

a,¢ .
compcnents are nonzeroc., We will choose to express
A and A in terms of the component EP

Ve then have A = Z B, A=

perpendicular to K and the z-axis.

L=RE,T=
=y 2z I E]

TE
~L

RT
cos P,-sin @, O 1[(J/nc)(s-1'!2)+n] s - FE/nn
Az |sing cos @, 0|, B = H,Z'S-(fi/ﬂc)D j e i/a

L5 ﬂé(s-ﬂt\cnsﬁsinb‘ L llz(s-ﬂz)cnsﬁsinﬂ

EED(P—HEsinEHJ - ﬂD(P~stinEB)

0 , Mg d

(10)

Use of these in (3) and (4) yields

- (/B + 8, 5 ;; ARt Aq:',f_) + (c.e.) = iroﬁplﬁpzz‘;s + (e.ed)

v o R
(7 xp) ¥ Tl

o # B 2
ng Mg - (S8 T L2
1 - R, o B
To=g o+ &% [E L) -G b, v T = ay -0 T )n /4 (1)

#
5 o i
(@, T)n,/
The small-signal dispersion relation gives v L o+ 89 r‘o,[‘n are known and

hence X The coupled mcde eguations for spatial wave growth are

(jpl,zl’gl,zf’r‘l,z)'vﬁpl,z = rgﬁzz,lélﬁ : (11*33@/113)-@?3 = Tﬂaplﬁp? - (12)
There is a well known éliiptic integral selution of (12) for collinear
propagation.” If one (pump) wave is much stronger than the other two,
simpler solutions result for parametric amplification and frequency econ-
version. For all Bn =0 , results for coupling of three RH-polarized
waves are obtained. For all 6 = /2 , and all ¢n equal, exira-
ordinary mode coupling results are obtained. Comparison of previous enalyses

of these cases demonstrates the efficacy of the

Legrangien method.

Discussion: Here, a cold magnetoplasma example has been treated. Our
unpublished results extend the work to warm plasma wave coupling, using
a Legrangian based on macroscopic plasma theory. The most desirable future
development is the inclusion of hot plasma effects, perhaps using Low's
Lagrangian” as a starting point. This forms the subject of our current
studies, and'wuuld allow inelusion of collisionless damping, and explosive

instaniiity.”
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THE STOCHASTIC MODEL OF MODE-COUPLING-THEORIES

by
K. Elsisser and P. Grarr”
Max-Planck-Institut flUr Physik und Astrophysik, Minchen

Institut fir Plasmaphysik, Garching b. Minchen, Germany

Abstract: The hierarchy equations describing weakly interacting
waves in a fluid are solved by the method of characteristic functio-
nals, combined with the time asymptotic method of Krylov-Bogoljubov-
Mitropolski. All fluid quantities look - in the stochastic sense -
like solutions of a Langevin equation; they consist of a "friction”
term into which the initial values (at t=0) enter and a stochasti-

cally independent Gaussian noise (turned on at t=0).

The hierarchy problem of homogeneous weak turbulence can be
solved within the framework of a time asymptotic perturbation

1)2).

theory To represent the hierarchy we introduce the genera-

ting functional & of the wave correlations, given by 2)

3 '& .
Zha) = by emp[ T [1% a®C KO >

Here of labels the different frequencies a{(k) corresponding to
a wave vector k, ¢, (k,t) 18 a (stochastic) wave amplitude, and
a_(k) is an (arbitrary) test funct'ra. The brackets < » denote
"taking the expectation value", which can be done, for instance
by averaging over the phases of the waves at time %=0. The
simplest examples of ncrlinear wave internction lead to the
rollowing type of equatlion for the wave amplitudes:

. )
Jep-grrtde

L4

T

NG TERILICE

where the smallness parameter £ is a measure of the largest

3 1' 3 TR 3 gt gt
rggc;fﬁé)=sa§fa!4jd ‘5 (cpa SE-£-g)

wave amplitudes, and 3_‘,=.(kk'k“) is the interaction matrix.
From this we obtain an equation for the time variation of E(t,a)

which can be solved by the following ansatz:
— vﬁ"v —
Z=ZF + Z 2 Z%E
oo
> YTV s
@—2=ZE P(.é)
>0
The"main part" & of Z is uniquely defined by the following two
requirements: 1) Z generates correlations which are "smooth
functions™ in k-space, and 2) %-Z 1s not secular wlth respect

to the explicit time dependence. In the limit€>0, t>=eo,

Eei = finite we obtain the following solution for E:
Z&a)= Z,ka) + %(Q-%{Hm})
where Butt,a) is the functional of a Gausslan process and ZD(ﬂ)
is the functional which generates the initial correlations (at
t=0). The function H_jk,t) depends on the spectrum J_(k,t) in

the following way:

Hﬂ(@ff)sz‘f,‘{fgif‘{f@”w o (REEY .

e (0,14)‘43{"/-%£@)+ xaloth

3
’ !y
"%&uaggfk'_*p. 81!?* :Z'é&ff)
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The correlation 7, (k,t) of the Gaussian functional 2

(5;(&‘{) = SE (£¢)— cbxyo{}ég A {{ﬁé{i:@{} \Ef(ﬁi Z<0)

where J, (k,t) obeys the usual kinetic wave equation. To interpret
these results we consider a vectur“*ix,t) = (ﬂfd(x,t)) whose
elements are identical with the perturbations of the fluid quanti-
ties (density, velocity, electric field, ...). The x-space repre-
sentation of our functional % is equivalent to the following

stochastic equation for“P(x,t):
3 )
= ! .
V4 4) = jozx A Ge-x! L))+ Yt
The kernel th,t) is “given by its Fourier transform:

Z (@ y® TR exp { H%, f)}

where Xﬂ(k) i{k} is the dyadie product of the orthopgonal norma-
o

“)

lized eigenvectors of the linearized problem.”k(x) is the initial
value or’?%x.t), and X{x,t) is a Gaussian varlable whose varlance
is essentially determined by G,(k,t). Equation (1) can be inter-
preted as a Langevin equation of Brownian moiian, suitably
generalized to describe the stochastlc state of a fluid. The first
term on the r.h.s. aof (1) is analogous to the "friction" term,
whereas XTx,t) is due to a stochastlic force with Gaussian
statistics. The latter 1s due to the resonant three wave processes,

If the resonance condition cannot be fulfilled we have

£ Yach
2 2 Qw0 =Re(zar Hit0) &Y

and therefore G, (k,t)=0, i.e. no Gaussian nolse. In this

case no information is lost.

¥ This work has been undertaken as part_of the joint
research programme of the Institute of Plasmaphysik and

Euratom.
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AN _APPROACH TO A THEORY OF STRONG TURBULENCE

by
Daniel R. Wells

Department of Physics, University of Miami, Coral Gables, Florida, U.S.A.

Abstract: A new approach to magnetohydrodynamic flow stabilTty is outlined.
The concept of space-time and gauge symmetries of the flow fields are utilized

in developing a nonlinear global theory of stability,

A new theory of nonlinear global magnetohydrodynamic stability is described.
The furmalism is nol an extension of quasi linear or normal mode cascade theory,
but an entirely new approach to the problem which leads to a theory of strong
turbulence. One invokes the concept of space-time and various gauge symmetries
of the flow fields in order to find constants of the motion. These constants
of the motion are used in conjunction with the rrinciple of least constraint
to find the Euler-LaGrange equations corresponding to stable plasma motion.

For every symmetry there is a corresponding conserved integral (Noether's
theorem). If that symmetry is broken, then that integral constraint must not
be applied to the problem. Once all the symmetries and constraint integrals
have been found, one applies the principle of least constraint. This principle
states that if the total energy of the flow field is varied, subject to a set
of constraint integrals, then the fewer the number of constraint integrals
applied, the more stable the resulting flow. The minimum number of constraint
integrals which apply to a linear (superposable) field results in a set of
equations which describe a collinear flow. [f linearity is sacrificed, then
fewer constraints can be used and the resulting structure is a rigid rotator
or rigid drift equilibrium centered on the magnetic guide field lines. Many
types of plasma flow structure are possible depending on what symmetries are
broken and thus on what constraint integrals must be applied. It is possible
to have different types of stable structure existing and interacting in a
given region of the flow field at the same time.

The symmetries and corresponding structures are easily classified because
the space-time symmetries generate a finite parameter Lie group. The gauge
symmetries generate a continuous parameter Lie group. The group formalism then
leads to uniqueness theorems which are necessary in order to calculate the
types of eddy present for a given set of boundary conditions.

A procedure is outlined for calculating the growth of strong turbulence by
combining the symmetry approach with the theory of "compensating fields". The
time rate of growth of the spectrum of eddys represented by the interacting

stable flow structures are studied.

PHENOMENA
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ON A POSSIBILITY OF PARAMETRIC RESONANCE IN ELxCTRON PLASMA
N.L.Tsintsadze
Institute of Physics, Academy of Sciences of the Georgian
S8R, Tbilisi, USSR

Abstract:Electron plasma placed into a strong high frequen-
cy electric field is studied.It has been shown that the elec-
tron mass oscillations in the extermal high frequency field
lead to parametric excitation of both potential and nonpoten-

tial high frequency oscillations.

This paper considers the stability of electron plasma
relative to its proper oscillations in a strong high frequ-
ency field.It is assumed that ions do not participate in os-
cillations but only compensate the equilibrium volume charge
of electrons.Taking account of relativistic effect of elect-
ron motion in an external field leads to the fact that the
parameter of the medium, which oscillates in the external
field, is the electron mass.Oscillations of electron masses
lead to parametric excitation of beth potential and nonpo-
tential high freguency oscillations.It is shown that at cer-
tain plasma parameters the increment of potential oscilla-
tions may exceed the maximum increment obtained in ref.2.

Let us represent the field applied to plasma in the
rom'E.Sb‘-_E’Ao‘*m.-;.t assuming that the wave length of the proper
oscillations is much less than the characteristic length of
plasma inhomogeneity and less than the length of the exter-
nal high frequency wave.Since we are interested in the pa-
rametric excitation of proper high frequency oscillations
in a purely electron plasma, we use relativistic equations
of one liquid electron hydrodynamics of cold plasma and Max-

well equations:

"ED"H‘: ""E - ' tn.V.

'DL c

1 l-'
“Lj"z?ft ' N 4 Uin V=0
divE = dﬁei"lm =03

[roL (VU\ (E+ [vﬁl) @

The velocity of plma electrons in the equilibrium state is

determined by the expregsion
Va (4) = s
i H’"‘ “costdot
- eE (o\
& Moo
Linearizing the set of equations (1) over small devi-

Vo> Vg ete)

where

ations from the equlibrium state ( N>,
and assuming for non aquilibr;l_un :agnitudas the dependence
on coordinates in the form € &
ations describing the parametric excitation of plasma proper

i , we obtain a set of equ-

oscillations.

Later we confine ourselves to the analysis of the men-
tioned equations in the two limiting cases: when the wave

T —_—
vector R is parallel to the extermal field Es and
—_
when it is perpendicular to the field E. .
— ‘EP

2.Let us consider the case of the parallel k, and Ss .
Then we get two equations, the first of which describes the

longitudinal oscillations and has the form

Y L2 O v S8 (2)

2L AT
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I
where(» J""' is the Langmuir frequency of electrons in the
LB

laboratory system of coordinates and N
Y-k \’~1k..:~.-; BCORRE (3)
The second aquation is the equation of magnetu: field
oscillations (& purely transverse wave) and is written in
the form
qu_a»(brwul-"‘““z*h'*' (&)
Due to difficulties of the analytical study of equa -

/
tions (2) and (%) let us consider Lhe case = 21 y lea-

ding to Mathieu aquations Lﬂj.'l‘heu equation (2) taekes the

form

. N
Y2 5l

.-\. -
>t? A

(5)
The parametric excitation of electron Langmuir oscil-
lations follows from eq. (5) and the main resonance is on
the frequency . of the external field of the order of
electron Langmuir frequency (o= y and the oscillation
excitation increment has the following form
IR VBT
?—E At _—: (e)
At the comparison of increment (6) with the maximum
increment, obtained in ref.2
l
/;

}'{m'.'x. = C\}LB% 3 &2
one finds that increment (6) may become larger than expres-
sion (7) if the equilibrium electron density is of the order
108-10° 1/cn?, the amplituds of the external field of the
order of some -c‘f—vl{ and the ion mass of the order of some
tens of hydrogen masses.

. Vi
From equation (4) at f(i it follows that the maximum
increment of transverse waves is

K=-L (\ch‘

.
3.Consider now the case R LEc .Then we obtain the follo-

wing equations:for purely transverse wave

2 a s 2, ' 3
U 4R - i (- W) U= 0 )
where
\y [E5 <R ]
U“H?\;‘F ' V ‘/
V=" Eck

and for longitudinal transverse wave of the 4th order

1 i¢ -
hClVL? ol ‘H‘L@[‘- u"-):z"i-.r'ﬁ\‘»l_.,-!-
o o \L‘/C" i
L/ uile o 2= :
e CT) } Ve [-*ot. - Vel N ":.] =0 (10)

At RC <Cuwe e equation (10) is simplified and gives

the equation of longitudinal oscillations [Callt o and has

the same form as equation (2).
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ARAVETRIC EXCITATION OF AR IONIC TUSTASILITY BY A STROUG &
Ty
P. Leprincc and M. Moisen,
LABORATOIRE DE PHYSIQUE DES PLASMAS,

91 = Orsay, France.

ibetract : Experimentsl results are presented vhich show a theorctically pre=
dieted ionic instability paramectrically cexcited by an electric ficld with

fregquency fo = fpc;'/E. where f“ is the cleetron plasme frequeney.

1 - Introduction

Aliev and 8ilin [1] have studied theoretically the cffect of a
strong high-frequency ficld on e plasma., They have drtrrmined the oxistence
conditions for stable and unstsble oseillations, given the rclation between
the frequency of the H.F. ficld, :'Q, and the clectron plasma frequency, f o
for what they call paramotric excitation, i.c.

[} rp = fp:
{vhere n is an integer), such an infinitc-medium theory predicts the appea-
rance of & pew ionic branch, whese frequency is in general close to the ionic
plasma frequency, fpi, espccially when the excursion length of the clectrons
in the H.F. ficld is of the order of the clectron Debye length,

More recently, Aliev and Ferlenghi [2] have done a similar caleu-
lation for & bounded plasma {plasma slab), Assuming an eclectric field E, pa-
rallel to the plasma boundary, they predicted an instability to occur when

nf = rpch'z (1)

This instability can be either periodic or aperiodic depending en
whether r?e is slightly below or above the critical freguency rn-fa. Let us
consider the periodic case, whore the frequency of the instebility is of or-
der fpi' The threshold of this instability is given by

' 1 g2, 3

= —ES 2 i
y ok :w+[h.rntn:;‘;—1 1 (2)
pe .
where =

e kx E

it (3)
m(20)° 1

(Jn is the Bessel function of order n and Ky is the wave-mmber in the direc-

tion of Ex)' If ve further increase the plesma frequency fpe' the grovth in-

creases and ve reech & meximm for

T £ 13
EAE ;H[%.rita;;zu] } ()
pe

after which the periodic instability decreases and disappears at the criti-
cal point(1). We thus definc an instability domain Af &s the interval of

£ " lying between the threshold value(?2) and the critieal point(1).

:
2 1/3
af I,
= Lo o) 2] (a=1 (s)
o fpc

II - Experimental results

In our cxperiments, we have detected an ionic oseillation, fnﬂ'
close to rpi, in the neighborhood of the critical point. However, in mddi-
tion to the frequency l'm. we have detected a second frequency i‘mz{II ‘band)
vhich alvays appears for a smaller value of fpe than r‘ﬂ(I band), and which
is not explained vy [2].

Te experimental arrangement is that of [3], where the plasma is
created directly by the H.F. field. The mOIO
us with an average electron plasma frequency, T,

=

mode of the cavity provides
» over the volume of the
cavity.

i) 1 agQ Iw/-’z (C € 1is & constant for a given pressure)

In figure 1, vhere ve have plotted the f__ intervals over which
the ionic frequencies (fig. 2) are observed, the relstion between ro and
1'FE is absolutely linear. The valuc of C depends on the electronic profile,
vhich depends in turn upon the pressure.
ii) Position of the instability over the Tonks-Dattner resonance.
Figure 3 gives the overall width of T,

self-sustaining, We knov that such a plasma is sustained on the "stable"

over which the plasma is

portion of the plasma resonance curve Da] i,e. it goes essentially from the
top of that curve and down the higher density sidc. This means that the lo-
Wer part of our disgram corresponds to the top of the resonance curve. Figu-
re 3 shows that the instability rcgions do not occur at a particular point
of the resonance curve at which the plasma is self-sustaining, but rather
depend entirely on the- linear rclationship between fo and f_.. In this par-
ticular casc, the plasma resonance is the first Tonks-Dattncr resomance,

PHENOMENA I
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iii) Veristion of C as & function of pressurc.

Figure k presents a typical plot of the frequency f_ ss a func-
tion of pressure. Wc note thet & meximum of density is attained as the ambi-
polaer regime is epproached ; however, there exists a pressure limit sbove
which the instebility will disappear, In all the gases studicd(Xe, Kr, A, Ne,

e and “2)‘ the meximum of rﬂ_ was located within ¢+ 5 % of I‘OJQ.

iv) Instability demain M‘PD.

We have been able to qualitatively verify the variation of the
instability domain M‘pE in three gases e2 a function of the ionic mass. The

values obtained werc

AT Af

e, i c ;
Gas T {thcoretical) r—:E( experiment )
Xenon ° 26% 1.5 %
Krypton 3 % 1.9 %
Argon 3.8% 2.8 %

The model docs not take into eccount clectron—neutral collisions which cer—

tainly require a growth rate larger than the threshold one, thus reducing

Ar_ .
pe
We wish to thank Dr. E. Ferlenghi for meny fruitful discussioms.
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OBSERVATION OF NON-LINEAR LANDAU DAMPING OF ELECTRON
PLASMA WAVES

Kenneth W. Gentle and Anthony Malein¥*
Center for Plasma Physics and Thermonuclear Research,
University of Texas, Austin, Texas, U. 5. A.

Abstract A non-linear interaction between two electron plasma

waves in a collisionless plasma has been observed. A test wave
at w,, k,, is propagated in a plasma column, and damping or
growth of this wave is measured in the presence of a second
wave at wWa k; under conditions where the beat wave Aw, Ak does
not satisfy the dispersion relation for any wave mode. The

results agree with the predictions of Aamodt and Drummond (1).

Theory These predictions are based on a perturbation theory,
where the wave energy must be much less than the particle
energy, and spread over many modes. In particular no strong
non-linear effects may occur for any one mode and each wave is
nearly described by linear theory with only weak additional
interactions. The theory predicts two important types of

interaction; the resonant wave-wave type, (where the beat wave
lies on the dispersion curve) and non-linear Landau damping
where the phase velocity of the beat wave is near the thermal
velocity. The prediction is that the higher frequency wave
decays while the lower frequency grows and is represented by
the following expression, the magnitude of the reciprocal

damping length (@) of the wave at u being given by:

e= " 4.4 x10%'p, | ?i L Tooo Re i
V-V )V = . v
v, vV g, g;i W wa u
- e
1mn [ A AW W W | [Agmay W /W 2
W, Az =\y 2w, Ay =X

Subscripts 1 indicate the wave observed to damp or grow non-
linearly and subscripts 2 indicate the second large amplitude

*Now at U.K.A.E.A. Culham, Abingdon, Berkshire, U.K.
wave causing the interaction. Most other symbols can be
inferred,

at V‘. Va

but W,, W, and Hg are the "W" functions evaluated
and V_, the phase velocities and difference group
velocity. W, _,
of a wave on the dispersion curve at k=k1—k=. IODD

is the function evaluated at the phase velocity
is the
correction for finite geometry and is approximately unity. The
expression for x is evaluated for each experimental point at
which non-linear Landau damping is observed.

Experiment
below, comprises a 2 metre long cylinder, 10 cm in diameter,

The apparatus, shown diagrammatically in Fig. 1,

forming a waveguide beyond cut off for electromagnetic

propagation at wave frequencies. Four longitudinal slots,

equi-~spaced round the circumference, allow antennae to be moved
MICROWAVE
POWER

VELOCITY ANALYZER
ANTENNA
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DIFFUSION PUMP
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CONDUCTING BOUNDARY

SUBLIMATION
PUMP

Fig. 1
radially and longitudinally through the plasma volume, coaxial
with the cylinder, which is supported in the centre of a 40cm
diameter vacuum vessel 3 metres long. Closely fitting the
external surface are the axial magnetic field coils which
This,

‘infinite', field assists in production of the plasma and

provide a uniform field of up to 1 Kgauss. theoretically

confines the beam. The plasma is generated by ionization of
hydrogen gas in a coaxial stub arrangement, coupled to a c.w.

magnetron. Biassing of the source potential and a cusp
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magnetic field at the plasma orifice allow electron density
and density gradient to be manipulated as required. Typical
plasma conditions aren = 4 x 10" em™?, T, = 15 eV for a 4 cm
diameter column {at half density points). The plasma beam is
terminated at the far end of the apparatus on a plate behind
which an energy analyser samples electrons through a small
hole. A grid prevents the emergence of secondary electrons.
The high vacuum is normally maintained by a diffusion pump
but during operation of the source, a Ti getter pump provides
a neutral background pressure of less than 2 x 107° torr.
Operation
and the density and radial profile are checked.

Normally, plasma conditions are first stabilized
A velocity
analyzer measurement fixes the value for Te and a dispersion
curve is plotted. For non-linear experiments, wave frequencies
are selected which do not show damping but are far encugh over
the knee of the dispersion curve to have low phase velocities.
The V™ dependence of ¢ indicates that high velocities do not
exhibit significant effects but unfortunately as damping is
approached, at very low phase velocities, the efficiency of
coupling is drastically reduced and the power (Pz) in the

second wave is severely limited. The transmitted frequency

for wave 1 is selected and the output of the tuned receiver is

Fig. 2

taken via the synchronous detector to an x,y recorder.

s PR
P Coaagwte

- o

HF RCARE)

53 wne
GEnERatcn

MCEIER FOTIO

Fig.2

shows the layout of the transmitter and receiver circuits.
The interferometer loop is needed for plotting the dispersion
curve. The second high power wave, modulated by a sguare wave
locked to the synchronous detector is then turned on and the
receiving antenna traversed along the plasma column. The two
wave frequencies are separated by at least 20 MHz so that with
r.f. filtering and narrow i.f. bandwidth only one wave is
received. Typically, the magnitude of the non-linear inter-
action changes by a few millivolgs per metre, for a received
signal of 500 millivolts. Since the experimental value of o
is so small, e"ﬂz=l-a% proves sufficient in the expansion and
is thus linear with z. Most of the rest of the terms in the
theoretical expression can be obtained from the dispersion
curve, leaving only P, to be determined. Separate experiments
are carried out to determine the coupling.

Results The experimentally observed damping or growth is
plotted against the theoretical result expected from the
measured plasma parameters. The range of values includes
results for the same wave frequency at different power levels

P,

, and also the effect of waves at different freguencies, for

which all the arguments in the expression for @ change. Because
« does not depend on a simple way with anything that can be
controlled directly, except Pz. the data are represented in this
rather simple way. The open circles indicate the growth in
the low freguency wave, and the dots the damped high freguency
wave. The errors of about + 3dB, not indicated in Fig. 3 are
primarily caused by the difficulty in measuring the actual
power P_.

This research was funded by the National Science Foundation.
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INFLUFICE GF HWAYE ANFLITUDE G THE COLLISIONLESS DJANPING AT JI™
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7. ketitta, C.P. Faroien and B. Jurgens

murctom=P0ll Association Centract.

PO-Instituut voor Atoom- en Molecuulfysica, Kruislaen 407 Amsterdam/lzm.

ABSTRACT: e studied the collisionless damping of electrostatic Langmuir
waves es & function of the wave amplitude. We can distinguish two cases:
n) waves with such 2 phase velocity thai the linear Landau damping is mo-—
derate} b) waves for which the linear Landau damping 1s strong. In the first
(ase we ouserve & recovering of the wave at a ceriain distance from the si-

citing probe. In the second case the weve 1s definitely damped.

The purpese of this paper is to study experimentally the damping of large
amplitude Langmuir waves at various phase velocities. Ii may be considerei
as an extension of the work dene in [1] and [2] where the oehaviour of lzrre
amplitude waves with phase velocity torresponding to 2 moderzie linear Lar-—
dau damping was investigated. Differently from the work in [1] and [2 ] we
look also &t waves with such phase velocities thzt the linear Landau damoing
is rather strong.

Cur plasma column (~2 cm in diameter and ~100 cm long) is created in 2
single ended G-machine (see ref. [3]) with a 1500 G axiai maznetic field and
a vackground pressure oetter than 1 x 10-:" Torr. The plasma density used is
typically of the order of 1 x 1DT/r:m3. Fig. 1 shows the circuit used for
meaguring the wavelengths and wave amplituces. The h.f.”signal is applied to
probe 1 and 1t is picked up by probe 2 which is movable along the plasma
column. By providing & reference signal we get an interferometer of which
the output is connected with an z-y-recorder. In this way we g_et & plot of
the phose and amplitude dependence of the wave propagaiing in the plasma. ‘le
use a Phase Sensitive Detector in order to measure also very small empiitude
waves. Attenuators Al and AZ are introduced to keep constant the semsitivity
of the detecting system when we change the wave amplitude. To know the
plasna parameters like T‘_. n and radius r_, we measure the plasma disper—
sion characteristic and we interpret i1 as shown in ref. [3]

Due to the not completely quiescent state of ithe plasma the wavelength of
the prepageting wave changes with time. This fact introduces an apparent
damping because the meacurement of the wave amplitude 1 time integrated. The
value of this apparent damping can oe measured in the case in which Landau
damping can oe neglected ( 1.e. for m((a;p_‘. Then, lmowing the digpersion
diagram, it is possible to calculate the value of the apparent damping alsc
in the case in which Landau damping 1s not negligible, so that the measured
values can be corrected. Time-resolved measurements confirm the validity of
this correction. However these measurements can ove done only if the wave am-
plitude is not too small. The wave E-Tield 18 calculated by equalizing the
effectively injected energy per unit volume to the wave energy. Of course
we take into account the coupling factor between probe and plasma (which is
known by measuring the attenuation between probe 1 and probe 2 when apparent
damping and Landau damping are negligible) and the wave E-Tield form (which
is known from the dispersion diagram).

Fig. 2 shows a typical example of the results obtained. Recorder charts of
two cases are shown. Case a: The rativ v /\rt ( 1.e. betwsen phase velocity
and thermal velocity) is large (vp/vt = 5.3). Case b: The ratio v vy 15
small ( = 2.8). In the first case, by increasing the wave BE-field, we ob—
serve at the beginning & slightly but monctonously damped wave. However,
when the E-field is large enough ( in the example given E-= 0.4 V/cm) we ob—
Bserve a recovering cf the wave at a certain distance from the exciting
probe. This distance becomes shorter as the F=firld inereases. In the ex—
ample given the recovering distance is ~ 25 cm, if the apparent damping is
taken into account. In the second case for any value of the wave E~Tield we
observe only a monotonously damped wave.

To discuse the results we may recall that the damping of the wave is caused
oy the so called trapped electrons, which aosorb energy from the wave. e
indicate by R the ratic between the energy that the electrons can ausorb

and the wave energy. If R > 1 the wave will be completely damped. As it is
shown in ref. [4] R depends on the value of the wave E-field. However, for
wWaves with vpfvt( 4, R remains zlways larger than 1. Therefore these waves
will be completely damped incdependently of their amplitude. The example
given in fig, 2b falls within this category. On the conirary, for waves
with Vp/"“.t > 4, R vecomes amaller than 1 if the wave E-field is larger then
@ certain value. The wave is no longer completely cdamped tut shows perio-
dical amplitude oscillations in space. Thie 15 the case of the example
given in fig. 2a. For the same example we can calculate the peried of these
oscillations by using the formula (given in ref. [1]):
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2mn 1 e 2nl &
kosc.‘\ =¥ (Iu \

08C. P e
We find a value of 19 cm which ie in reasecnacle agreement with the
meesured value of 25 cm.
Pig. 3 shows the initial damping as a funciien of the wave E-field for
three different values of vp_/v.L ( 2.8, 3.8, 5.3). We sec thet the damping
increases with the E-field and that the rate of increase is larger for
smeller values of vp/"t' This is 1in q\ialitativa agreement with the calou-
lations in [4] . Indeed we are in a range where N increases with the E-
field and it is larger for smaller values of vp/v‘. Finally we observe that
for vv/v,‘ = 2,8 the damping measured at very louw F-field is in agreement
with the calculated linear Landau demping (k, = 0.2 ca™ ).
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{_HEATING BY LARGE-AMPLITUDE PLASMA WAVES IN A QUIESCENT PLASMA
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by
E. Batbian, T Matitt: and B. Jurgens {
Association EURATOM-F.O.M L
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FOM-Inscituut voor Atoom— en Molecuulfysica, Kruislaan 407, Amsterdam/Wgm. T, [e¥]
The Netherlands b v .w_ | .._J |
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ABSTRACT: y L
Longitudinal Langmuir waves are used to heat the electrons in a Cs-plasma. We 2
compare a narrow band excitation where the axial temperature dependence shows m_a wn E
a modulacrion correlated with a standing wave patctern, and a broad band excit-
ation that gives a smooth temperature curve together with a mederate nuise level &N Afav]
0+ 7
THE EXPERIMENT: ——— T
The Cs—piasma 1s produced in a single-ended Q-machine with the hot plate at
about Maaaan and in which the collector 1s kept ficating. The plasma column 1s — T w,.._._
e LoV]
concrined in & magnetic tield of 1500 Gauss and has a length ot 100 cw and & 1
diameter of 2 cm. The used density values are below 1 « wOm cm ~ and the densicy ==

decreases slighciy in axial direction with an e-folding length of 75 tm The

neutral gas pressure 1s below I mclu Torr et ——

The high frequency voltage signal which 1s used tor excitation in the range

between several MHz and B0 MHz 1s produced by an oscillator and symmetricaily

mixed with a small band (0 02 MHz) cr a broad band (5 MHz) nuise spectrum (see

fig. 1). A broad band amplifier provides a continuous high amplitude signal up St il o)

to a peak to peak value of 15 V across 50 4 at the collector Then at frequen- . A
s Only for high w-values near to the plasma frequency the situation changes.
cies below the plasma frequency iomgitudinal waves are excited in the plasma
Then the plasma waves become strongly damped already near to the collector

column. With movable probes the wavenumber k and the values of T  (r,z) and i B
( N " 3 I - 5 " e and no standing wave exists,
n(r,z) can be measured. From the dispersion diagram the plasma frequency w /2 5 n =
) P B » SERTMNEY: gl We should attend to previous experimental work [3] which was done with a sinus

is derived in the way described in [1]. < . 3 i
wave excitation. But it has to be considered that because of the higher densit-

RESULTS jes reported there,the wave length of the excited plasma wave may have been
i . , much longer than the length of the plasma column,
A nearly linear increase of the cemperature value from the 0.2 eV level of the N . " .
When the broad band excitation (20 + 5 MHz) is used as an alternative to case
non-excited plasma up to several eV can be observed when the applied voltage e

s a), the wave amplitude along z becomes smooth (see fig. 3b) and the ._.nl._.E:a
signai 1s varied from the noise level up to 15 Volr (fig. 2) This dependence .

decreases monotonously and slightly from the collector towards the hot plate
15 founa with a fixed probe ouiside the direct coupling region near to the A e : 5 ¥
side. In addition the noise level remains considerable below that in case a)

though it is higher than when no excitation is applied.
DISCUSSION:

hf amplitude The increase in energy of the electrons can be understood in the way that the

_ electrons are accelerated by the electric field of the longitudinal wave from

collecter velocities less than the phase velocity to velo ies greater than that. As

x\ \\\\ \ is shown in numerical experiments about Landsu damping [4] the energy transfer
from the wave to the electrons hecomes efficient only for large amplitude waves

hat plate _ (i.e. when the electric field energy is not much less than the thermal energy)
n if the phase velocity is several times the thermal velocity of the electrons.

b These conditions are fulfilled in our case. Then also, as [4] shows, the emergy

002 SMHz RANDOM NOISE GEN. E transferred from the wave to the electrons can become larger with increasing

5.80MHz CSCILLATOR :m. . wave amplitude and this may cause the growth of the .nnl.:::m as demonstrated

in Fig. 1.

In comparing the sinus wave excitation with the broad band excitation we have

collector and with an excitation frequency of 10 MHz. The radial variation to concede that in the first case the electrons undergo coherent mation in the

is weak, probes moved along z, however, reveal a significant z-dependence of standing wave field which may csuse the induction of additional electric fields

chia ._.nle_-H:o vhich is correlated with the variation of the amplitude of the of a two-stream instability. The chance, however, that electrons become trapped

excited wave. is small as the potential periodically passes zero and further there is the

possibility as was shown in [5] that the energy of large-amplitude plasma oscill-

.p.._.._?.u ations may become randomized sven in a collisionless plasma by non-linear effects.
In the second case the amplified noise spectrum provides a direct randomization
t - of the phases which contributes to a thermalization of the particles. We assume
1 . that in this many waves case particles which may have been trapped in one of
" = the waves, soon will be transferred to another wave with a slightly different
2d= ’ phase velocity and in this way go from one part of the velocity space te another.
H o 5 ) This is why for the purpose of electron heating the broad band excitation is te
— Vi —.SEH Fig. 2. be preferred.
1f the longitudinal wave is only slightly damped a standing wave can be formed REFERENCES
by reflection of the wave at the hot plate. In fig. 3a an example is shown of [1] T. Matitti, E. Barbian, A. Goede and H.J. Hopman,
the time averaged .nuls-wnn_. (these values are determined from probe characteris- Proc. 9P Int. Conf. on Phen. in lom. Gases, Bucharest, 471 (1969).
tics with sweep times of about | ms), which are measured along the z~axis, to= [2] A.W. Trivelpiece,
gether with 20 MHz standing wave amplitudes. The narrow band (20 + 0.02 MHz) Slow-Wave Propagation in Plasma Waveguides, Ch.IT - San Francisco Press,
excitation is equivalent to a practically monochromatic wave. As is seen from Inc. (1967).
fig. 3a the maxima of ._,m are correlated with the maxima of the wave amplitude ~ [3] R.A. cm.mﬂnrr::uf G.L. Khorasanov, J.K, Sidorova,
with higher values nearer to the collector. Proc. 9 Int. Conf. on Phen. in Ion, Gases, Bucharest 225 (1969).
From the simplified dispersion relation: W ii? .vlm ?.__N - Euu (2] we see (4] 1.M. Dawson and R. Shanny, .
that for _._N << w “ we get k ~ w. If plasma waves are excited within this linear Phys. Fluids 11, 1506 (1968).
vegion of the nw“vod-.n_: curve, the general picture remains the same. (5] 0. Buneman,

Phys. Rev. 115, 503 (1959).
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ELECTRON CURRENT AND DISTRIBUTION FUNCTION ‘

ASSOCIATED WITH AN ELECTRON PLASMA WAVE

heorv. The increase of the deformarion with distance has shown the wave-par-

ticle nature =f the interaciion.

by
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Abstract : The second order time-independant electron current ond distribu-
tion function have been derived thearetically and measured experimentally.

The results shaw that there is a deformatien in the vicinity of the phase velo-
city of the wave.This deformation is related to the wave amplitude, wave spec-

trum,ond distance from the source.

axperimental aurve

We hove calculated the difference between the time-independent thaoretioal aurve (mane-
chrematic wava)

thaerstical curve (spacirym

of waves &L.9%)

current when a spatially damped wave is on and when it is off by a method

similar to that of Malmberg et al ]. The coherent current was calculated os-

COMERENT CURRENT (orbitrary unibs )

suming a wave source located at z = , o plasma source at zz-wo0nd the

analyzer of Z, > 0. We take into account waves propageting to the right and o — - —io
=FIiG.1-

- ; WEROY (a) r
left and the interaction length. Under these conditions the coherent current ng =4.010 ﬂ’.,"c: F=100MHz Kp=2.53cm- Wino43Em

density os o function of the cut off velocity of an electron energy analyzer

waos found to be s T2V (2, b vy ) = J, (with wave) - Jg (without wave)

o202 262 g, (2 a2 i 1
=g {ltr 1) g, Vr’(9")"'="=|:(¢-J-"‘p"c)z‘(l";”;}z (@ k) Z (ko )2

where ¢W is the wave potential at z =0 ,

The deformation of the time independant distribution function is :
(2) 1 338Nzt
fo (Zokive) == 55 —50* ve (2)
We hove measured the coherent current on the EOS facility2with an electro-

withour woue
static energy analyzer and using synchronous detection. Fig.1 illustrates o
F - lw_eodo

resonance structure shown by the solid curve in the neigh borhood of the ener- ) 1w - Bedb
2 L

gy - eV associated with the wave phass velocity (- eV =% m (ff) )+ The
doshed curve in Fig.1 corresponds to the solution of Eq (1). The measured W _ B2db
half-width of the current Ja{z) is too large to be explained by that mono-

chromatic wave theory and was found to increase with increasing wave power.

5 _iw _kBdb

This increased width can be attributed to the existence of o spectrum of wave

AMBLITUDE OF DISTRBUTION F (L1 (erbibrary units )

—p|ahau craahed by wave

phase velocities in the experiment. To see the influence of this spectrum we

a = —
h i ith Bk _ i § It - L ) Y ] =
ave assumed o Gaussian form with i 9% and this results in a theore -F?a = = R )
tical width shown by the alternate dashed solid line. This results in the same ng=boidtelke  Tem2eV B,=l3KG L=30cm
half-width as that measured experimentally. We have also measured the de- . |
formed distribution function (£, = c‘o"'+ro‘”).Fig.2 presents the effect of a i o izem
y | 27em
120 MHz wave on the distribution function for different wave power levels i " -
i I
(104w correspands to @, =1V ). For o given separation between the i l —S0cm
r I 1
if I
probe and analyzer a plateau is created in the neighborhood of -eV . This E fr/
' |
width is also too large to be explained by & monochromatic wave theery and 5 I’J |
2 |
| |
one must consider the effect of a wave spectrum as mentioned previously. 5 I.:‘ \ |
o
Bk i |
Fig.3 shows that as the antenna is moved farther away from the onalyzer ¢ b
3 i
il f
the change in the velecity distribution is stronger indicating a wave-parti- 5L |
o - 12em i
cle interaction through space. In conclusion we have shown that the effect of i P Socer
4 / 27em %m%—\ Zicm |
a damped plosma wave on the velocity distribution leads to the formation 2 " "
-FIG]—= . = ENERGY @V

of o plateau with a width larger than that predicted by monochromatic wove F=120MHz ng=t.0108el/cc To n2 eV By=15kG
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RESONANT WAVE PARTICLE INTERACTIONS IN AN ELECTROSTATIC PULSE IN AN
INHOMOGENEOUS MEDIUM
BY

D. Nunn

Dept. Physics,Imperial College,London.
Abstract: We consider the resonant beam excitation of a wave pulse
whose wave number is spatially varying.After aone trapping period,
stably trapped second order resonant particles are dominant,and give

rise to very large growth rates,and a steady change in the frequency

and wave number of the pulse,

The system under study is a narrow band electrostatic wave pulse with
a spnual!y varying wave number.The field is of the form:

Eo= E(x)cos(Nt+kox~ 4 k'x*)
where E(x) is the envelope of the pulse,and is taken to be square with
Gaussian ends.The system is excited by a weak resonani beam whose
distribution function is a linear function of velocity.Assuming the

plasi to be essentially collision free,for a weak beam Fres is given

v (2+vd -2E%, ) Fo =

and may be thus obtained by numerically integrating particle trajectories

in the field Eo.The equation of motion in dimensionless units is

‘3—*_ = = Reos(xrt™ 1 k'x¥) = — Reosd
it B ekt s x'= ko> £ I, K2 k/kE
Now it can be shown that the condition for exact second order
resonance Vz = Vres: \Fz = V;Es is satisfied iT
¢= ¢o = CQS-I(kVREJ)SI,: "'_k*x )V! i ’/k—

Defining V'=V-Vres, "s ‘-¢°, we procure for small V',
T ]
v’/— Rksing,v =0

of for o(@o(-'ﬂ'.sacund order resonant particles are stably trapped
and oscillate around the point Vz=Vres, 45 # at the trapping
frequency “Riﬂﬁéc )‘Irz .The region in *,V space occupied by

trapped particles is delineated by the limiting "ellipse" centred

on A ,Vres that just reaches ‘--* .Thus for k‘)‘Rk’the trap
vanishes,but second order resonant effects will manifest themselves
for higher K*.Since these trapped particles undergo very large
changes in energy,after one or two trapping periods they will dominate
the resonant particle distribution function. An example of Fres at
phase ¢° is shown here:=

Fres

vres v
'l

We are particularly interested in the component of resonant particle

in iy
charge density that varies as € (f, ). This acquires a roughly
constant phase at d- ,and increases linearly with trapping time.The

in phase component (/) gives the power input into the field,and is

shown below as a function of position for various K*.Note the contrast
to the homogeneous problem where the growth rate dies away in an
L)

oseillatory fashion(1).The greatest growth rates occur for k/R~'7.

A
and fnrk/R'7| it levels off at about the linear value.Note that
for a pulse n trapping lengths long the growth rate will reach a value
about n times the Landau growth rate.This points to the existence of

explosive resonant particle instabilities in inhomogeneous media.
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f‘? K*/R=0,7

K*/R=0.4

o K*/R=1.3

o /\ — K+=0

= X

o :
Of considerable interest is the reactive component UI}, %_;.u is

possible to show that this can cause a steady change in the wave
frequency and wave number. Assuming a warm ambient plasma the equation

gnverm-\g the time development of E can be shown Lo be of the form(2)

a‘l. A S -

-+ Ly = 439 / b
2(Z, 4+ M- Adn . )E= antd/5

To first order in the weakness of the beam it is possible to obtain
an exact solution to this equation if we assume the following.{1) b
and K are at all times independent of x,as is .{2) The rea-tive

cnnpnnen:ﬁ_ is linearly dependent upon x.Such a solution predicts

a growth of amplitude given by the expression

and a rate of change of wave number going adA
k- —2ztN72 ’amg—zst 9Pz
t Ek Mﬁ" 3k 30

A physical argument bascd on the way in whlnh the density

continuously generates flields which are added on to the existing

ones, suggests that this frequency shift oc rs more generally,and

that the expression should really be modified Lo

%ek 5 _m'l'l 2 (fI/E)

The theory here deveiuped is a fairly general one and shoult he

extendible to the case where any type of narrow band wave propagal.:s
in an inhomageneous medium,and is excited by & resonant beam under
collision free conditions.Note that the concept of inhomogenei ty is
here being introduced in a very general sense (3). It is taken to mean
any situation where any of the quantities determining Vres has a space
or time dependence.

REFERENCES

(1) Nunn D. Non linear wave particle processes in an electrostatic
wave packet.lmperial College report.(1970)

(2) Houghton M.J.The linear theory of wave packets propagating in

the whistler mode. J. Plasma Phys, ,3,611 (1969)

(3) Schram,D.C.,Strijland,W.,and Ornstein,L,Th.M,. The energy gain of
particles pulled through cyclotron resonance,Proceedings of the third

European conference on Controlled Fusion and Plasma Physics{Utrecht 1969)




NONLINEAR

QUASTLINEAR APPROXIMATION TO THE TWO-STREAM INSTABILITY

R, H. HIRSCH, Tnstitut fiir Plasmaphysik der Kernforschungsanlage Jiilich,
Jilich, Germany and J. DENAVIT, Naval Research Laboratory, Washington, D.C.,
U.B.A.

Abstract. The guasilinear approximstion to 'w two-stream instability is
investigated using a numerical solution of the Vlasov equation neglecting
mode coupling. A case for which the trapping time is much longer than the
correlation time is considered and the results ere compared with quasilinear
theory.

The one-dimensional Vlasov equation yields, after Fourier transformation
in space !

%+u—ﬂk-5k%= qZux‘q-fqu 3 k=U,kD. Zko, .
In these equations, time is measured in units of qi';l, length in units of fEJﬂ
and velocity in units of J’Evth, where u, is the plasma frequency, )n is the
Debye length and Yin is the thermal velocity. The terms in the right members
of the equations for k70 are the mode coupling terms,

The quasilinear theory of weak turbulence : Pproceeds on the basis of the
following essumptions, (1) mode coupling is neglected, (2) the distribution
function is expanded in powers of the electric field, and (3) the electrostatic
energy spectrum is contimuous in k space. This theory cannot account for
electron trapping because of the expansion of the distribution function in
powers of the electric field. It is expected, however, to be valid if
Ty 2 To 5 where Ty = QF;/!::CMQ Hl/l‘l is the electron trapping period and
T = 2w/k (v~ ¥1) 18 the correlation time. U is the electrostatic energy,
k, 1s the central wave mumber, and vy and v, are the phase velocities of the
slowest and fastest \mvnn(z).

This work seeks to clarify the meaning of these assumptions by presenting
a mumerical sclution of the Vlasov equation, with mode coupling neglected,
for a cagse of two-stream instahility for which Th,»rc. Tt should be noted
that neglecting mode coupling does not result in the loss of trapped electron
effects, as was demonstrated by Al'tshul and Karpman 3 .

The numerical solution used is the Fourier-Fourier tranasform method
originated by Knorr(h). The ebove equations, with mode coupling terms set
to zero, are Fourier transformed with respect to velocity. The resulting
equations, coupled with Poisson's equation, are then integrated in time
along thelr characteristica.

An initiel distribution function of tlele form o
e'“gL_A(v-vb)+ e-.~\(w-hrb) ]D

/(1 + @/ /A)
is used, with A = 4,0, D =0.01, ¥,= 3.0. Eleven modes corresponding to
k=03 +jk, , with kos 0.05 end j =0, 1, ... , 10 were considered, These
modes were excited with equal initial electrostatic energies,

The numericel solution was carried out to t = 180, during which the
fractional energy error remzined less than B 10'7. The approach to
equilibrium of the distribution function is illustrated in Fig. 1. At
t =180 the distribution function in the region of the small beam forms the
plateau predicted by the quesilinear theory. The distribution function,
however, approaches the initial distribution function gradually near the ends
of the plateau instead of having Bharp corners at v, and Ve The resulting

ro(v) =

£ (v,t)
Fig. 1. Distribution function
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kinetic energy is therefore smaller than predicted by the guasilinear

theory. The distribution function at t = 180 also shows emall ripples, which
are sti1l fluctuating in time. This effect is attributed to electron trapping
which still exists with the moderate value of T, 1‘/ 7, used in the present

case {Ttijc =1,

The envelopes of the density fluctuations nk{t) for each mode are shown
in Fig. 2. After an initial damping period the central modes grow in time
end seem to approach steady state amplitudes as predicted by the theory.
We observe that the modes seem to have been chosen sufficiently dense in the
present computation. No single mode became overvhelming as in the case
studied by Armstrong and Montgamery 5 .

Fig. 3 shows a plot of the electrostatic energy spectrum ageinst phase
velocity at t = 1680, This plot is compared with the result of the
auesilinear theory which is shown as & continmuous curve. We ohserve a shift
of the spectrum (particularly due to the strength of mode k = 0.36) and &
larger electrostatic energy than predicted.

n (%)

1:}"3'_

) 50 1% 150 t

Fig. 2. Envelopes of the density fluctuations

In summary, trapped electron effects are considerably reduced in the
present case, due to the decorrelation of the several waves of the spectrum.
The distribution function epproaches the prescribed plateau, tut the
energy spectrum deviates from the result of the quasilineer theory.

Elv) =

Fig. 3. Energy spectrum
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NUMERICAL EXPERIMENTS OHf THE CCHNTRA-STREAMING INSTABILITY
IN A FINITE-LENGTH SYSTEM
by
A. T. Lin and J. E. Rowe
Electron Physics Laboratory
Department of Electrical Engineering

The University of Michipan

Ann Arbor, Michigan U.S.A.
Abstract: The effects of & finite-length system and particle thermal spread
on the contra-streaming instability are investigated by computer simulation
using a sheet model. It is found that the rate of formation of vortices is
reduced by the thermal spread, the vortex is eventually destroyed in a
finite-length system and & hysteresis loop in velocity space develops

Just before the destruction of the vortex.

The nonlinear development of the contra-streaming instability in a periodie
system has been reported in many previous papers [1,2]. 1In the present
peper, the effects of finite-length system and particle thermal spread on
the instability are investigated by numerical simulation using a sheet
model [3] for the electrons &nd assuming the fons to constitute an immobile
neutralizing background. Electron sheets are m;]ecl:t.ecl at a fixed rate into
the interaction region from opposing emitter pleanes and Ere collected
whenever they reach boundary plenes. The system is approximately ten
wavelengths long. A wavelength is defined as ExVD/mP where o is the total
plasme frequency and v‘3 is the stream mean velocity which is equal to 40 in
all experiments reported here. The model consists on the average of 2600
sheets divided into two streams with equal densities but oppositely directed
mean velocities. The results are given as computer gererated plots.
Distance is normalized to the average plasma intersheet spacing and time is
normalized tu‘ 1/‘"1:‘ Four cases with different particle thermal velocities
are reported. The linear growth rates are plotted as a function of
wavenumber for several cases in Fig. 1; these were calculated from the
plasma dispersion equation [b].

The first experiment is for electron beams with zera thermal spread.
In order to excite the fastest growing mode in the system, the stream
traveling to the right is velocity modulated before it enters the inter-
action region with & 1 percent modulation depth at plasma frequency. The
velocity modulation is converted into charge bunching in 2 short distance
and thereupon induces bunching in the other stream. The two streams slow
down and tend to bring one another to rest. In the process, they give a
portion of their streaming energies to the instability. According to the
linear analysis, the fastest growing mode should occur 2t a wavenumber
k = 0.62 ubfvo and have a growth rate y = 0.353 e The results from our
computer simulation give k = 0.6 mp/vn and y = 0.35 at t = EDImP; thus
there is good agreement with the predictions of linear theory. At a later
time (& = zs/mp) & vortex in the velocity space is formed as can be seen
from Fig. 2a and the growth rate drops to 0.20 ay, but the wavenumber still
remains at 0.6 n;pf'ln. At this instant the stream acceleration, which is
equivalent to the electric field, is rich in harmonics of even order due
to nonlinear effects as indicated in the wavenumber specira analysis shown
in Fig. 2b. The fundamental mode occurs at k = 0.6 "’p/vu as predicted by
the linear theory and the harmonics as far as the sixteenth still has
significant amplitude. The vortex is unstable in a finite-length system
and is eventually destroyed. At the same time, a great number of collective
modes other than harmonics of the fastest growing mode are excited and the
system turns into a turbulent state. A hysteresis loep in velocity space

develops just before the destruction of the vortex.

Several other cases have been calculated for the purpose of investigating
'
the effects of beam thermal spread on the instability. 1In these cases,

the coherent phases needed for oscillation are partly destroyed by thermal
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spread and the growth rate is reduced. Maxwellian velocity distributions
about mean streaming velocities are generated using random number generators
50 that all components of collective modes are initially excited in the
system. Thermal sprewds of V“\/VD = 0.1, 0.2 and 0.5 have been investigated.
The system length is approximately six wavelengths of the maximum growing
mode which is defined as A oax r)‘nom/U" fram the linear theory. The

number of vortices developed in the system starts with epproximately six N
and rsduces to four at t = Eﬁ/JP in 211 cases as shown in Figs. 5. The
thermal spread naturally decreases the instability growth rate and
eonsequently reducss the rate of formation of vortices. Figure 5c indicates
that the vortex is hardly developed Bt t = Ei/u.‘p due to the small growth
rate of the fastest growing md.z. In 31l runs, the slectric field enerzy

is saturated at aboul 16 percent of the total system energy and the doublc

bump velocity distribution diffuses to a flat shepe in the central region

when saturation occurs.
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O FLASMA HEATING VIA A CONVECTIVE

NUMEFTCAL SEAM-FLASMA

RSTAZTLITY IN A FINTTE-L i ONE

SIONAL SYSTEM

by

A. T. Lin and J, E. Rowe

Eleciron Physics Laboratory
Tepartment of Electricel Engineering
"he Univer of Michigen
Ann Arbor, ! vigan U.5.A.

Abstract: A sheet model is used to invesiigate the effects of plasma
tnersal spread znd inhomogeneity in the plasma density distribution on

piesma heating due v & Leam-plasme interaction. The slectric fisld is

found to be amplitude modulated and the inhomogeneity reduces tne inter-

setion but increases the averese electron thermel velocity.

The use of & convective beem-piasma instability to heat a plasma has been

investiga numerous authars [1,2). In this investigation a sheet

model for elecirons and ions is usad to follow the time-dependent, non-
linear, and intlomogencous evolution of the beam-plasma instability in a .
finite-length sysiem. The effects of plasme thermel spread and inhomogeneity
in the plasma density distribution on plasme heating are also investigated.
Electron beam sheets are injected continuously at the left of the system,
pass through the plasma region, and are collected 2t the right. The system
is situatsd in an idealized "square well" mirror megnetic field. The mirror
ratio is assumed to have such & value that all beam sheets are lost at the
ends whereas plasme sheets are reflected back into the system. This is
squivaient to the assumption that all beam-sheet velocities lie in the
loss-cone region and all plasme sheet veloeities lie outside of it. A
number of experiments for different plasma parameters have been completed.
The model consists of 2000 plasma sheets and on the everege approximately
1_".10 beam sheets. The interaction length is approximetely three nominal

wavelengths (Eﬂvu/”p)' In the calculetions distance is normelized to the

average plasma intersheet spacing and time to ]/u_‘p

The first case is for the veloecity-modulated electron beam (3 percent
modulation) interacting with an initially uniform warm plasma (vth =

0.075 vﬂ). The beam density is 1/79 thet of plasma density. Some of the
results are shown in Figs. 1. The electric field is observed to be highly
inhomogeneous in the interaction region. The amplitude of the high
electric rield-incrensss and travels upstream with a decreasing velocity.
The spatiel growth is caused by the ordinary convective instability in a
two-stream system. The temporal growth arises from the fact that energy
is fed into the plasma by the electron beam &t & rate larger than that for
which thermal conduction or other dissipative processes carry energy away.
There is no dissipative mechanism in the model considered. The electric
field will cease growth and stop traveling only if the energy carried into
the high field region by the electron beam is balanced by the energy
diffused away by plesma osecillistions. This high field region is essentially
the meniscus observed by many experimentalists in discharge experiments.
The plasma sheet velocity distribution stays Maxwellian for all time although
the width of the distribution function increases with time. The frequency
spectrum analysis shows that only the first and second harmonics have been
execited and only these two harmonics have amplitudes significantly above
the noise level in the nonlinear region. The electric field evolution in
time as shown in Fig. 1lb indicates an amplitude modulation. The mechanism
of this phenomenon is unfortunately not completely undersﬁnud- We may
apply 0'Neil's [3] mechanism to explain the amplitude modulation by
considering the electron beam as trapped particles which cause amplitude

modulation and the plasma as untrapped particles which produce the
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oscillatory motion. The results also show that the electron beam has given
up 8 percent of its energy to the plasma at the end of the run. Figure 1d
shows that the plasm& electron thermal velocity hes achieved one fifth of

the bsam de velocity mnd eventually oscillates at twice the plasma frequency.

Case No. 2 is for an initially uniform cold plasma. In this instance there
is.a repidly increasing region, from t = 20 to t = 40, in the plasma
electron thermel velocity plot. The interaction is more intense than the
werm plasma case which is in agreement with the prediction of linear
theory. The clectron beam has given up 10 percent of its encrgy at the end
of the run and the plasma thermal velocity has reached 10 pesreent of the
beam dc velocity. The rest of the cases have been calculated in order to
study the effects of inhomogeneities on the plasma heating process. In
these cases the ions are simulated by mobile charge sheets with a charge/
mass ratio of lflOD that of electron sheets. A parabolic density distri-
bution is generated for both plasma electrons and ions by initially
assigning appropriate intersheet spacings. The ratios of maximum density
to minimum density are 0.9 and 0.5 for Cases No. 3 and No. 4 respectively.
The interaction in Case No. 4 is less intense than in Case No. 3 as can be
seen from the comparison of electron beam velocity distributions although
the plasma electron thermal velocity reaches a higher level in Case No. ]

due to large Landau damping [k] in this case. There is still an anomalous

heating region from t = 20 to t = The plasma ion thermal velocity
oscillates at one half the frequency of the electron thermal velocity

oscillations as shown in Figs. 2.
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MODULATED SOLITARY WAVES PROPAGATING IN A THREE COMPONERT
PLASMA IN A MAGNETIC FIELD
D.G.Lominadze, A.D.Pataraya
Institute of Physics, Academy of Sciences of the Georgian
SSR, Tbilissi, USSR
Abstract: Modulated solitary waves of compression are consi-
dered in a three component plasma containing negatively
charged ions when the electron inertia may be neglected.
Numerical calculations to determine characteristic magni-

tudes of plasma have been carried out on a computer.

As is knovm[l] the stable sclitary waves of compression
in & cold collisionless plasma arise due to the existence of
two effects: dispersion of linear waves and nonlinearity.

Waves formed from the well known in linear theory fast
magnetosound waveu[z-ll-}bolong to nonmodulated compressiocn
solitary waves.These waves are characterized only by onme
frequency.

The modulated solitary waves of compression[5-7]are el-
liptically polarized in the general case and variations of
plasma magnitudes are characterized them by two freguencies.
The larger of them (03, characterizes the frequency of a mo-
dulated solitary wave, whils the smaller one represents the
modulation frequency of a solitary wave. For weak waves the
modulation frequency is proportionsal to ‘439(“'“3) whers
M=w/Y,, M3=V:9/Vn,- V and)j are the solitary wave and Alf-
ven velocity respectively, V.? ndwg,-re characteristic valo-
city snd the frequency of the solitary wave.

In a two component cold plasma [5] modulated solitary
waves of compression arise from helical waves well known in
linear theory .

In a three component cold plasma containing negatively
charged ions, two types of modulated compression solitary
waves may propagate.In the waves of the first type the cha-
racteristic frequency and wave velocity coincide by the or-
der of magnitude with the corresponding magnitudes for the
two component plasma.In the waves of the second type the
electron inertia may be neglected.

The purpose of this work is the study of the second
type modulated waves in the three component plasma contai-
ning negatively charged ions.

Let us consider the behaviour of the characteristic mag-
nitudes in plasma in the coordinate system of the wave (J=X+Vi)
on the infinity (§=-°<= ).In the regionZ=-co-= the excited
magnitudes are considered to be proportional to exp(p{/&”)
wharef \(‘Iwhw =‘?EH'15 the cyclotron frequency of the
i-th kind pnrticles m and K@ are the mass and the value of
the charge respectively.HB-is the unperturbed magnetic field
forming the angle 9’ with the X axis.

Using the equation of motion and Maxwell equation, we
obtain the following equation for P %
P =05 aed0{-q e (EHENMENE 20 e S 12 «

+[-q e (HE MI(MEME)-2 (2 DF (M2 coF 9)2 3 |

MZ = 054,d. {1+ s ¢[(1+cor$-24'd )"

S4g 1 (S 9t 08 2 |

(1)

Here (@2
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nhere 039" Ao, (144)dd3', =S 0y, G, = W /w2, 0t £ flico,
df?zng.,/h.“, Aoz, iy is the number of particles per volume
unit in the unperturbed state.
In the case of weak solitary Wwaves wo obtein from eq.(l)
P=siwy/ye Py (M- M3)E (3
Gy o= e [(M5- -5 ¥, )
where

R- o5qzm*ﬂ{ e H{2Mg-d e (lecos D) ¢ M‘f': [ 2Mallos) m?s‘)jjm &)
and Ms.

is determined by means of the follow:.ng eq. ['?]
(et -qdnedgng ). ©

Let us consider now the structure of large amplitude mo-
dulated solitary waves propagating along a magnetic Tield.
In this case the maximum value of the magnetic field
]‘] =(H¢+H;)%/H° is comected with the Mach's number M by

the following rekmbtionship [7] .

()8l ety 2 e o (o Yt
+ (a0t g, M} (d i) + 6okt d Mo, aacdsait) 2 g t)<0

k lhn-u)

The magnitude M  1is limited below by M, [6,7]

Hf-hqz(hk/w.)z, where w./m.=@t§—ﬂ$q,)(d.§m}!)"q;'- 8
Wnen W,>0 , M is limited above by Mp,, then electrons are
ejected from the cantral region of the wave, And in the ocase
Woe<0Q , when H:H,.“. negatively charged iona are.

Using the computer BESM-4 numerical calculations have
been carried out to find the dependenoeh,_‘:'{—[ri) and H‘9=\P[\9)

The results are given in Figa. 1-2 for different vslues of
mixtures.
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Abetract A generalized Koriweg - de Vries equation is derived
for nonlinear drift waves propagating with 2 nonzerc angle with
respect to the external uniform magnetic field. A relation is

presented between amplitude esnd propagation velocity of solita-

Ty drift waves.

The K.d.V. equation has been obtained from a wide group of
nonlinear aystems, in the epproximation of weak nonlinearity.
A numerica]l analysis of the K.d.V. eguation, supplemented by &
certain class of boundary &nd initial conditions was given in
REfu.“)’(?). K.d.V., equations have been derived, in the cB&se
of & collislonless cold plasme, for hydromegnetic waves (3).(1)
and for ion &acoustic waves (5}. It is to be observed that the
problem wes slwaya reduced to an essentially unidimensiopal
one., We consider in this work the nonlinear evolution of drift
waves sustBined by temperature and denmity gradienta. A study
of the stetionary regime for nonlinear drift waves was perfor=-
med, with &n approsch smimilar to the present one, in Ref. (6).
Qur aim is to derive & genersliged K.d.V. equation, including
propagation along the external magnetic fileld, and to find &
relation between the amplitude and the propagation veloclty
of solitary drift waves.

Wie conaidsr here low-freguency waves, sustained by eguili=-
brium gradients, sleaz x, in density &nd temperature, in & col~-
ligionless mignetoplasma. The externsl, sirong &nd waifors,
magnetic field is directed &long z. The elestron and ion tempe-
raturss &rs saken to be the mame, T(x). The eleotrons move
freely mlong z, fast enough tv get their equilibrium distri-
bution. We normalize all gquantities in terma of the following
onas : & characteristic density f ; & length L , typieal of
the x-gradients; the characteristic eleotric poteniiel kT,/e ,
being T, & typicAl temperature; and the diamagnetic veleoity
V = (ckT,)/(eLB).

In our schems, the electroskatic potentiml c1> adjusta it-
self, mt each time, so that, in sdimensional notetions

n;= n = n(x,7,2,4)= 0,(x) exp {T_‘I(x) CI:’(lJ.l.t)} (1N
In order to fix idesas, we take the gradient n./n, £ 0.

The ion continuity equation is

n, o+ Y-(ng_) = i) (2)

Keeping into Bccount the lew-frequency nature of our pro-

blem, the ion veloeity ¥ 1s essumed to be glven spproxime-

tely by the following equations

Yu= hxgda‘v» n-1l_JKY(nT] -G Z¢t

P,
z

tv

(3)

%

vy = = ()? S (4

where S0 is the ion gyrofrequency, b = B
ion veloecity, end W= V/L. Eq.

Pressure gradient, and polarization drifts.

{31) contains 8 sum of electrie,

From Eqs, (1) to (4) an evolution equation is obteined for
Cb(x,y,z,t) i

We anelyze a mituation characterized by the following scé-
ling :

wh o~ (W~ e (5)

¥ VT is the thermal .
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being € 8 smallness parameter.
We perform the following transformation to a frems moving
with the diemegnetic velocity :
= y=-t (6)
We mAake moreover & strstching in x,z,t apsuming the n-th
ordsr derivatives in such varisbles to be of order € "

Sxpanding (b sround the equilibrium valus d>(°) & b

Cb’ d_—,(n i Cb(z) or e

with Cb{n) ~s €1, end retaining in the equation for d:)
the nongero terms of ths lowes¥ order, we obimin 1

(1) (1) (1)
+ Tr/m + Twin
t fb dD"l

(1)

E14
tﬂ

(n

(1) .

M

- (vT/V)2 T at' =0 (8)

In this equetion the verisble x 4is contained only &s &
porame ter.

Eq. (8) 1s & gonereliged form of the E.d.V. equa¥ion, inelu=-
ding & term dus to iom motion alemg = . It may be obeserved
tkat linearieing Eq. (B) one obimine the dispsreion relstion
glven e.g. in Ref,

Vo se@reh now for 8 solu¥iam of ths form d)( r‘ +ols - B,
that i for & digpturbasce propagating in the moving fre=mo with
s phtes velooity W= P(1+ ) 7 % en sngle U= arvge
with respect %o ths I'l-u:.s. It M/2>0 w ohtun,(:}po-
sing ths standard ceaditiems fer selitary waves of Bef. 5
& solifon of thruswal eech’ femm, for waich the relatien
betesen the mmplituds 4 and ths wloeity ¥ 48 mow ¢

p=3w et am Lo umi (am? e u"')'? (9)

We obeerve that, in the mext osder of epproximation of %he
eemplete evolution equation for Cb y @n eque¥ion for dP(2) can
e2aily be obieined where the z-derivatives play an essential
rele,
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NONLINEAR

PHASE-LOCKING OF COUPLED MODES
IN NOWLINEARLY UNSTABLE PLASMAS
by
H. Wilhelmsson and K. Ustberg
INSTITUTE OF PHYSICS
UPPSALA, Sweden

Abstract: The purpose of the paper is to discuss phase-locking of three
coupled modes for plasma systems which are explosively unstable. The study
is carried out within the frame-work of the well-defined phase description.
It turns out that apprecisble phase-locking occurs in & period of time

shorter than the time the explosive instability needs to develop.

It has been noticed [1] that phase effects may have considerable impor-
tance for the dynamics of nonlinearly unstable plasma systems. The so =
called explosive instabilities in such systems have been studied theoreti-
cally by several authors, utilizing either the rendom-phese approach [2-k]
or the well-defined phase description [5] . The random-phase method [6.1’]
amounts to repeated phase-randomization at every instant of time during the
development of the instability, vhereas the well-defined phase descriptiom
preserves the details of the internel dynamic phase-changes in the process.
The results of the two methods differ [1,5] with regerd to the characteris-—
tic time developments of the unstable systems, The purpose of the present
peper is to describe the phase-locking of coupled modes for an explosively
unstable plasma system. Dissipative effects are neglected.

Let us consider the coupling of three modes and assume that their inter-
action is resonent, i.e. that the conditions =, b, and ko =k +ky
for the frequencies and wave-numbers, respectively, ere fulfilled.

In the well-defined phase description the basic eguakions for the explo-—

sively unstable case [1 -5] are

du
—OHL\LIEOSO
at 1% ?
au,
F TUprpceet . )
du,
- = U U, eos @ 3
u, u, u, u, u, u
g B_{; Kok B 1] Td s
Yo 1 Yy

where the us are the moduli of the wave amplitudes and
LA e P (1a)
vith ’j the phase of the j-th amplitude,
In the following we regard the quantity x, defined by
x=ud (8) -u (0) , (i=0,1,2) (2)
as a primary varieble, independent of the index j, due to the conserva-
tion laws [1] of Egs.{1). From x the time t and the phase #(t) can be

obteined by means of the following relatinns:

I(x) - 1(0) (0s¢(0)sw/2)
t =4{1(0) = I(x) (n/2<#{0)<n and ¢(t)zn/2) (3)
1{0) + 1(x) ( ="=  &nd #{t)s=/2)
and
2 2 -1/2
siné(t) = ug(0)u,(0)u,(0)sine(0) { 1o [y [o)]} (&)
j=0

In (3) the function I(x) is
b 4
1
Ix)=5 I 4 (3a)
2 %R
where x5 is the largest real root of the equation R (£) = 0, and

2
Re)= 1 [emf (0)] = uf (0) o (0) uf (0) sin®s (0)  (3m)
=0
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Furthermore, in (3) the time t is alweys less than the explosion time

ty » defined by te = lim t,
qem
In Fig. 1 is plotted the results of computer calculsticns from (2-h).
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Fig. 1. Demonstrating the variation of #{t) and x = u“(t) - uﬂlu} with
time for different initial velues of ¢ , (le}. The explosion times ‘

(tm )-}(0) are indicated in the figure for differsnt initial phase values.

We have also plotted, as shown in Fig. 2, the development in time of the
probability distribution P‘_['.-] sssuming at t=0 that all phases are

equally probable.

R

...-/

-afy A "

Fig. 2. Probability distribution P (4) for different time values, (The
correspondong explosion times range between (t. :D = 0.3 to ttw), = 0.5
for the normalization used in Eq. (1) ).

The effect of phase-locking is clearly seen from the sbove figures. We want
to emphasize that the approach used to determine the curves in Fig. 2
assumes a random distribution of phases only initially, vhereas in the

random-phase method the phases are randomized et every moment of time.
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NOETTm=es ELECTROSTATTC THSTARTLITTES TN 4 MAGNETOTTACTMA
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Service I.6n. Centre d Etudes Nuclasire
Cedex 85. 38 Grenoble Gore (France)

The existence of nonlineer instabilities in plesmas
and the charécteristics of parametric amplification of woves
is discussed

Zor the case of zsymmeirie coupli coefficients,

necently, attention kas been ziven to the probiem of the genera-

tion of exnl
3.-!] re
ative energy waves in plssmas. As far as we can determine,
previous trestments have delt with systems in

8 [ 1,2 ] anc paremetric zmplifice-

tion I[ rom nonlinear *nteraction of positive and

ne

tich the coupling
symmetry. Here we shall show

that symmetry does not always exiat and that this fact could he-
strong influence on the excitation of nonlinear instabili-
and perametric amplification. The analysis will be restric-
ted to the case of

coefficients exhibit some form of

ve B
ties
electro_ltal:ic -odes in a megnetoplasma. Assu-

ging we have @'=w &' Lk =k-K 1 the interacting waves
are described by
awt
d "aE. - tal
g oo |8l SUNK) 4k
NE —fawt
&k \ I S~k K4, du &
at v “
' —r.AﬁJf‘ 11/
44 =_L5\%s- SO - ¢
gt ™
where €, is the dieleciric constant, + the potential,dWr W-W'-°
and 6; = ""3" '"'/14.,-\ . The energy for an electrostatic mo-

e, .
nochromatic mode is d.eflned as “Jg‘ Br kl /]"‘\ulk Wy Q.@-

The coupling coefficients are [5]: S(h,'s:, k'}-R(k,\flk')*-R(k;'*';"‘)J

RIS 22 (ayqy § o400 Mrien s iy,
e

.[u-u.v.-mmr‘[-s&lL-v-.. .;.',( CT L e (AT,
R T [ L)L

au' (t'"]

vL vt
2/

where § =4, (v, v V) [-l. and Y, = arctg %k . The solu-
tion of /1/ is well lmnwn [1,2 61 when the signs of the coup-
ling coefficients are egual. Tt can be shown that when S(kk kY,
S -k k), SK, kk') are complex and unequal, as is the
case for /2/, eq. /1/ has the following invariant:

1 2 =
(8s€, A -6.e A‘_){sﬁ (5&, A+6E A ]E:A; ‘n‘.-An"GeA Hrp ¢ 73/
Y2
where o A % (M Mamp, AT ™, 55, SbER)-e M P,
. L7 =
€, = sign Re Slk¥, K), M,~0, - bépé g ) 8= BWELE T,
/ esimilarly for t' and ¢, /. The three expressions in parenthe-
gis in eq. /3/ are in fact the Manley-Rowe inveriants of a
% o K m . 1
system with real S('ﬁ,k,k). S(k-K, k) and S{K,k-K) . For the
system /1/ the total wave energy is not anm invariant since
A 2 2 2
I{- (sléxulAu*ckeruk'Ai'+€I‘Ek"wl'Ai']'2A- L k'(‘d“?’&" 4 “iﬁ"
*“:-fqP.a)“”'a Clearly, the solution of /1/ devends
strongly on the signs 6 € ., For ea, /2/ ihe following cases can
be distinguished:
1. €=€u=€w ,IM 5=0 which leads to
2
5[k, K, \:’) sk E S (K, -kY k] <X 51, k,""]
for parellel propagation and for perpendicular
propagation wher ihe three wave vectors are in the same direc-
tion, Yy =WYo=Ya 5
2. €c€p=€n, Im 530
2z 2
12 S (k) = KT Sl- K, W) = KOS [k k- W)

This case occurs

giving us
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This case occurs for perpendicular propagation when the wave
vectorg mre not parzllel, Y, & Yu # Y.

e gk EuFe ; In S0 This is the general case of

ovlique propagetion. It can be established from eq. /2/ that

no symmetry exists in the coupling coefficients, i,e, with

ToEYor Y, and kot k4 L

kh"alk,x'w) + k Re S(K-Ik) + K Re S (KL -F)
KIn S (ki k) ¢ & r...s“c k-g) .,,I:"L-.S(k-k ¥)

we have the following:

Trhese inree cases show that the nonlinear interaction between
rostatic modes in a megnetoplasma is highly asymmetric.,
egquently in order to predict the existence of instability,

necessary to modify the rules which have been used in

ecy
ns

the past to study symmetric interactions. Considering first
are symmetric, the
nzture of the interaction can be predicted solely by the sign

cases 1, and 2., we see that since
of the wave emergy. Thus ir those cases, explosive instability
cen exist only if one wave has negative energy while the remai-
ning two have positive energy Ill « This interaction exists
for perpendicular propagation when the electron velocity distri-
bution is function [211 . Three positive energy waves can-
not have simultaneously growing amplitudes.
For obligue propagaticn , case 3, the asymmeiric form of the
coefficient implies that the sign of the energy cannot be used
alone to determine the nature of the interaction. It is necess-
ary to teke into consideration the exact form of Sl “-');
Sl -k%k), STk k, -k , Hence, & general instability
eriterion cannot be established analyticelly for this case. We
can gee, however, rew possibilities of instability and para-
metric exeitation of obliquely propagating waves. For exsmple,
we cen envisage explcsive instabilities resulting from the
nonlineer interaction of three positive energy waves.or three
regative energy waves. Another example is parameiric wave exci-
tation resulting from ihe interaction between a positive and

negative energy wave. If the wave 47.. is the pump mode, ¢l‘

the idler mode, #\- the Stokes’ mode, the growth rate T
is given by

Vo \
Aw

W S S k)

T.S’f o

From this expression it follows that parametric excitation
may be possible if €. ¥ €y

It should be noted that in the new interactions
mentioned above, tha sum of the wave energies is no longer
a constant . Conservation of energy would give us

and 6 =6y .

w, & A“ 2 Wy, 6y A!m 4 Wy 6y A!!' =Cs

*
which i8 in cont=adictiomn with eq. /4/. Thims implies that
another energy source, which is not included in the equwatiema
describing the wave interaction, must exist in the plasma.
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KINETIC THEORY OF ANOMALOUS DIFFUSION DUE TO

A DRIFT DISSIPATIVE INSTABILITY

sion Conirolee
ire
3L Grenotle Geore (France)

Cadex 5.

A kinetic theory of classical and anomalous diffusion is presented, taking

into sccount the average of the quadratic effects associated with the presence of a

drifr dissipative instability.

The obtained results enable us to study some of the

saturation mechanisms of the instability.

1. Introduction :One knows already severzl semi-empirical formulae giving an corder of ma-

gnitude of the Flux of anomalous diffusion arising from the drift dissipative instabi-

lity (1) but no exact guantitative expressions have yet been given. We want tao calcula-

te the diffusion fluxes as functionsof the wave amplitude, by taking into account the

2.

3. Perturbed state of first order. We put F,'F * F“

exact features of the imstability. First, we integrate the zerc order kineric
equation for the electrons, to obtain an equilibrium state in which we see the
plasma motion at the drift velocity, and also the classical diffusion. The integra=
tion of the first order perturbed equation enables us incidently to confirm the
validity of the fluid equatiens. Then we integrate the second order perturbed equa-
tion, in which appears the average quadratic term (!"-'fav'ﬂ 4 s in order ta
obtain the new equilibrium state, in the presence of the wave. This state is carac-
terized by an enhanced diffusion, already obtained in some limit using a Fluid
theory. The mechanism of this diffusion appears clearly, an we can see why its
upper limit is given by Bobm's formula. This result enables us to study quantita-

tively certain saturation processes, of important practical interest.

Equilibrium state : We assume that electron-neutral collisions are dominant, and
thac the relaxation can be described by Krook's model (2). The kinetic equation can

be written, for the electrons %

(n af +V.VLF+%[E+VAB].VWF #[‘ % ] where
@ F = Aexp-b(viaviev) o
0 = p-b (i) v, N = ATEL ,N,SF;&. b %

In the absence of the wave, E = 0, B = B The characteristic system is :
3 d—t!.-é-! = ﬂ d d\‘. = dv ——dv' =—-—-———dF ("nl )
VTN T Chy, v T lF-§r1

The "Trajectories" are defined by the & invariants :

&) Czvcosflt v sinfik  C,=v,sinllt *\;cos.nt CyzVy
Vy v
Cy=x+ g e Cemz-Yk
We integrate df/dt on these :rajactories and we ger, for t-ke-»v-" :
5 o ps N
(5) [41'5(7 )]F [ i:lf—; where : e-ﬁ-j--

The first term in eq. (5) gives tha drlf[ mncion of the elaectrons with the weloecity

%
w ...EE . The second term coming From the combined effects of collisions and
the variation of N along the Larmor circle, gives the classical diffusiecn :
7 - JE
CET TR

and we linearize the equation (1).

The characteristic system is still given by eq. (3) except for the last term. The

trajectories are still given by eq. (4). On these trajectories we have :

dFy n, 3
(6) dt__vF vﬁI-'_..._;._!:",T(’F.|t
In the quasi-electrostatic approximation, E' ,_Wb.

per-turbed guantities vary like expi (wt 4 k.r
Vuly Tk,E
e )
- kv kv _‘_¢F[4+z(.’_:ﬂ [k," kv-+ky
ﬂ-r(\’ﬁnlh W, ( o ”) e ( ‘u') (” Y
i X Tek

- (-5 s)sx K9]+ T (5|
T A— Y TR [(44,5(7-‘2'))(1_5_(7.:\:
Jl‘.;.(ﬂ'-wyil;-;')z N QAT i S a2ty

iTek
-t ) T (i)

By the way, on can verify that eq. (7) gives the expressions for v and n already

. We suppose that all the
) and we integrate eg. (6) along the

trajectories. We obtain :

F (@)=

|3

(vl-lul#ikv){ﬁ o

ifl vn,
#{%

hli“ 4

()]

cbtained by using the fluid theory based on the equation of motion (8) in which

3 N{-%E-vnn+\Jv+ahv+(v.V}v}+EVN=o

-ves that the pressure term in eq. (8) is correct up to the first order,

4y

References : (1)
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Perturbed state of second order. In the presence of the wave, supposed to be single,

the equilibrium state is modified. As long as the wave amplitude is small enough, we
can still express F by neglecting the non linear effecc and calculate the modi-
fication g of the equilibrium distribution F‘q . retaining in the second order
percurbed equation only the time average of the non-linear term E .V fy . we
write F=;‘ #F*s where g is given by the equation :

) g +v.¥g+ZVab V3+<_¢_.E NE>= -v[g__ ] (SN,Ssd_w‘}

m

The trajectories are still given by eq. (4). On these trajectories we have :

(10) i?_:=_9[3_.5|“._NE]_<£mE‘_VVE> so that :
an L SNE _ e EVESL
3=Yd5’2 ",T- ('ﬁn\‘v1>
]
Using eq. (7) we calculate the product ;‘.E‘VVE and its time average. Let
us put :

Gz b %P and D_ L We obtain, when waky @ L
T mv

N, T
2 22 .
Fo w kv,
a3 g. %{E +-.;((‘-l$)> kv (Pi+2_;.')+ _A\T_l(a_pr)_'Dk‘ (4_|4'_)} +
F. 2 .
E(h gty Yoo S50
Integrating eq. (13) we obtain the fluxes of anomalous diffusion :

ofuser =:i-§(n+%>(k,+im<<ﬁ$f>

kT
(ak) ‘f, =5\-}scl\_r -,__(Pﬁ.ﬁ‘-)(k )<( (‘I,n_-_E)
(w 00 k:‘)
Y = Juody o DTk, (g r25e )<(“")> TR
In the limic “,’«9 B »w ot e have l" ~A and \"' ...,___; ; then eq.

(78]
(14) agrees with the rasule. of Fluld theory. s

A saturation mechanism. This enhanced diffusion must be limited hecause the

variation g itself modifies E‘ » and especially modifies the phase p, between
i

the fluctuations of density and potential, and this phase plays an essential role

in the diffusion given by eq. (14). The modification of F‘ is 3
) .
-P5 » . Ly —iKv S -iwWs
s 5E=Idsz ?Fo §n ...iﬂlc.VS (4_|_(Iw'- v ))a aE
Nt ™ v R )ys xy
o o
In the limit of small Larmur radius, we obtain @
Sn, (; £ $\2 SN :Dk >
204 (jw+Dk Y= 2Fk J_oN Wy ad
(16) N.(' +Dk )= — No (\4 +2 }((-_'—_-)7
(16) with the well known expression (17) :
2 & . z
W € | ) [ w_+Dk
ﬁu(""*m :)-'_-F(‘ ) =4

This leads to a new dispersion equation, differing from that of Kadomtsev ((3) eq.
IV. 90) only by a term in (4,2) T

We combine eq.

(17)

Z
(18) _iw[nk:'fwﬁ-z;w.?%(h,,2_wv_-)<(«$}‘>]+;wsw -0

The instability is satured when |m (w)=0 . Then eq. (16) (17) (18) show that

pi=0 , that is te say that the density and potential have the same phase.
Using eq. (18) we find that the amplitude of the perturbation reaches the value :
i.
edd
(19) ( )>- (assumed to be & 1).

L,.j)k‘ (wg +D%})

The diffusion Fluxes reach the values :

N, w, vk, N, W, ¥

AL S S SR B ———
z 1 2

b k? (w, +Dk;) bk (w+Dk})

This saturation process leads te a diffusion smaller than

(20)

Yy=-

Bohm's value. It appears

only if the non-linear effects remain small enough so that eq. (9) can be used.

1
Other effects do exist : in particular, if ¥ }{Uif'pk:))k: the lack of elec—
trons ( 1"“ 1 ) limits the wave amplitudes, and the Bohm diffusion can be
;. i W, s i
reached when W A Wy and k‘ o £

M.Bernard - G.Briffod - R.Frank - M.GrEgoire — J.Weisse. Conference

Novosibirsk (1968).

{2) P.L.Bhatnagar, £.P.Gross - M.Krook - Phys. Rev. g&, 3 may 1954.
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B.B.Kadomtsev — Plasma Turbulence (Acad. Press London).
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Abstract

A steady-state, thermonuclear D-T plasma column, surrounded
by a cold plasma has been investigated by solving the MHD equa-
tions numerically. A solution in which the temperature falls to
a2 low value at the boundary is found to exist only in a limited
range of values for the characteristic parameters. Fuel is sup-

plied and ash removed at the boundary.

In reactor studies carried out these last years the thermo-
nuclear plasma is usually assumed to be a steady-state plasma
cylinder in a strong longitudinal magnetic field surrounded by
a vacuum (for an extensive list of references see Ref. 1).

The temperature of this column is then taken constant while the
associated refueling problem is hardly considered. In this paper
we treat a thermonuclear plasma surrounded by a high-density
relatively cold, plasma. In such a plasma the heat conduction to
the wall is one of the mechanisms that determine a radial tem-
perature profile. It has the advantage that if the temperature
at the wall is sufficiently low the fuel can be supplied at the
boundary. Since the transport processes are similar to those in
an arc in a magnetic field, the electron-ion collisions must be
expected to have a large influence on the temperature profile’’’.

To investigate whether the appropriate MHD equations permit
such a thermonuclear plasma to exist we consider an infinitely
long, fully ionized, plasma cylinder in a strong magnetic field
in which the energy is supplied by thermonuclear reactions and
is lost through Bremstrahlung and heat conduction. An equal mix-
ture of deuterium and tritium burns into halium‘(4ﬂe) and is the
only energy source. The neutrens created in the reaction are as-
sumed to be absorbed somewhere outside the plasma. The plasma
being fully ionized we have to restrict the analysis to the
region where the temperature is higher than a certain minimum,
for which we have taken 1 ~10° K.

The plasma is described by the continuity eqguations and the
eguations of motion for the species, one energy equation®, the
egquations of state for the spécies, and Maxwell's eguations.

In these equations we make the following assumptions: guasi-
neutrality, one temperature for all species, no reabsorption of
Bremstrahlung, no viscosity, no inertia effects, no momentum
transfer by inelastic collisions, all velocities are small com-
pared to the thermal speeds, the product of the cyclotron fre-
quency and the collision time for all species is much larger
than unity, the magnetic field B has an axial component only.
The magnetic field strength must be sufficiently large to in-
sure that the larmor radius of the helium is small compared to
the half width of the temperature profile, defined as the dis-
tance from the axis of the plasma column (r =0} to the place
where the temperature has fallen to half its value on the axis.
Only then it is permitted to assume that the helium ions obtain
their energy at the same place as where they give it off to the
plasma. -

The temperature profile found upon sclving the equations
must satisfy the following conditions to be acceptable: 1) the
temperature of 1 *x10°% K must be reached and 2) the assumptions
made above must hold of which the one concerning the velocities
of the species turns out to be the most critical. Both these
conditions are found to limit the range of solutions. Figure 1
shows for which axis values (indicated by the subscripto)
of n4/‘nd and T at Py =50 atm and Bo =1 tesla a solution exists
The line QP =QR forms a lower limit on TD, on the left of which
condition 1) is not satisfied, while condition 2) forms a lower
(1ine ¥ KL . Be-

Ac/ndu ar my
low this line the radial velocity of helium goes to infinity

limit on the admissible value of n

before the required temperature of 1 x10° K is reached. For

high values of néofndo the solution is restricted by the condi-
Finn qPD )qno, i.e. the nuclear energy given to the plasma must
be larger than the radiated energy per unit volume. In this way
we have limited the possible solutions to those in which on the

179

axis d°7/dr® >0. The lines 9y =qp and V, = are not in-

4r
fluenced by a change in HD; the line QP :QR moées to higher

temperatures if By is increased, i.e. the range of possible -
axis temperatures becomes smaller. Since the neutrons carry

4 times as much energy as the helium ions (QP) the total en-
ergy production is easily read out of this figure, i.e. it is
5 QF' In fig. 2, QP and QR are given as function of To for
different values of H4D/ndo at B =1 tesla and Py =50 atm.

P
the region in which a solution exists. The energy carried to

The enveloping curves, -.- for Q, and -..- for Opr indicate

the wall can azlso be read from this figure as it is equal to
the difference between o and Qy- An example of the radial de-
pendence of various quantities is presented in fig. 3. It
shows how the temperature profile chapges if B, is changed.
Increasing the parameter n40/ndo. while keeping the other pa-
rameters constant generally has the effect of broadening the
profile. Since a lowering of By has a similar effect as in-
creasing néo/ndn' the power production at a fixed T, and Py is
maximal at low Bo and high n40/nda. Increasing the pressure Py
with a factor of two broadens the temperature profile approxi-
mately 10 percent. Hence, the total nuclear power becomes -
5 times larger, making a production of 10° W/m easy to obtain.
Since the radial velocity of the fuel is low, =~ 10”* m/s, the
fuel can easily be supplied at the boundary of our model.

The authors wish to express their gratitude to Dr. J.C.
Terlouw and Dr. M.P.H. Weenink for valuable discussions.
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Fig.3. Temperature and magnetic field profiles for different
B,i the radial velocity profile of helium and deuterium
£ B = = = & =

or B, =1 T, p, =50 atm, T 7.8x10% K, and niU/ndo =1.6
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PLASHA INSTABILITIES CONNECTED WITH THERMONUCLEAR
REACTIONS

Ya.I.Kolesnichenko, V.N.Oraevsky

Institute of Physics of the Ukrainian SER Academy
of Sciences, Kiev, Union of Soviet Socialist

Republics
Abstract. The paper presents a consistent analysis of

the main types of instebilities in high temperature plasma,
which stem from the accumulation of thermonuclear reaction

(TNR) products in thermonuclear devices,

In the course of operation of TNR devices high energy
charged particles may be accumulated in the plasma due to TNR.
These particles "introduce" an additional thermodymamic none-
quilibrium into the plasma systems (zn explicit form for the
TNR products digtribution function was calculated in /1/).
Then, the following problem arises, whether this nonequilib-
rium is sufficient for the emergence of new instabilities.
Paper /1/ gives mn answer to the gquestion: the plasma beco-
mes, in fact, unstable when the TNR products density exceeds
a certain critical value. Furthermore, some new instabilities
due to the TNR products accumulation were recopgnized in /2/-
/6/.

Naturally, the case of small TNR products density is
of the primary concern. Therefore, one may apply perturba-

tion theory to the stability problem the TNR product density
used as & small parameter.

It is well kmown, that equation describing the plasma

oscillations can be presented as /7/:

AwE.=0; Ny=p"EE

With tensor E"_) put down as a sum of two Germs

] ’

Ey=E&; + & where £

TNR producta, one can rewrite expressions (1) as follows:
(o) 7

A ik E =-& Ek J

Hence assuming E,-‘

the corrections to the magneto-active plasma eigenfrequen-

:JJ-v— Eu (D)
is a term due to the

(2)

to be small, we obtain an expression for

cies, associated with TNR products (roof-crossing is neglec-

ted for simplicity):

<el | 6|6

At)== (&)
 er ‘ il g
Y <
where é* is & polarization vector of the respective wave.

For toreidal systems (which seems most advantageous at
present) where plasma pressure is supposed to be srall in

comparison with the magnetic one, we assume in following

that S?TP/HZEP <<

THEORY

Starting from (3) and explicit form for calcula—

ted in /6/, /5/ we get the following results, which are
LD

arranged in the Table /3

Oscillation Instability Maximum value of in-—
mode "threshold" stability growth rate
n' e )l ‘
s, LAl Gl n }n e
— \ m. F o=
W=KVs | N A { n " co.
o g
n'. e 14)1 Ve n
W=KV | 7 >ym, (—u‘ G| {(~aw

L9l [y | - ()2

o = {0, o gt st )
" Qxir:-{—x(-'z i {; \"J{’e Ef@.
VEU [Kal®
Xe > | : :
! 1
y n 1N nr
SR w 4l {7 s %0,
Vot v TS 4 EAS) bl i AT Pl S
/5/.
Here, n and n’ stand for plasza and THR products

densities; I

Ve=Y e

is 2n rms velocity of THR products:

VA'V H 5 &Jc m - ,_Q i;%&'e'-*;
__ku dén. K2 /2 e 1B
e o>/ Xe=Te *Vj)fe(?‘éf

It’ (Z} are modified Bessel functions of the f —order.
Inegquality —re ?(_]—\ is used for evaluation of the thresholds.
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VARTATIONAL ANALYSIS OF LINZARIZED VLASOV I’LASH.!LS*
by
H. Ralph Lewis
University of California, Los Alamos Scientific Leboratory

P, 0. Box 1663, Los Alawos, New Mexico 87344
Usa

Abstract: Analysis of linearized Vlasov plasmas by means of Hamiltou's
principle is illustrated by application to the initial-value problem fer a
nevtralired, single-species plasma in one spatial dimension with periodic
boundary conditions. For any degres of approximation and for arbitrary
equilibriun velocity distributions, the preblem is reduced to the solution
of a system of ordinary differential Equ:tim‘\.s in time with constant coeffi-
cients and timz-d2pendent driving terms, and an exact particular solution
has been found.

Numerical results will be presented both for Maxwellian

and nonMaxwellian equilibrium velocity distributions.

Applicaticn of Hamilton's variational principle to Vlasov plasmas was
originally form:lated for use in investigating nonlinear behavior [1], aund
this continues to be an area of active research. The variational principle
has also been used to approximate the linearized description of Vlasov
plasmas, including electromagnetic effects,in terms of a system of linear
ordinary second-order differential equations in time with constant coeffi-
cients and time-dependent driving terms. The size of the system of equa-

tions is determined by the degree of approximation that is desired. These

equations are suitable for num al computaticn of the linearized behazvicr
of even complicated physical situations. The constant coefficients of the

heomogeneeus part of the equations depend on the equilikrzium discribution

tunctions, but they do not depend on knowledge of the equilibrium par-
ticle orbits. The time-dependent driving terms depend on the perturba-
tions of the equilibrium distribution functions and on some knowledge of
the unperturbed orbits. Therefore, te compute the linear eigenfrequencies,
no integration along unperturbed orbits is required. To do the complere
initial value problem, some knowledge of the unperturbed trajectories is
required, as would be expected.

This method has been successfully appliad to the problem of electro-
static oscillations of a neutralized, single-species plasma in one spatial
dimension with periodic boundary conditions. The equilibrium velocity dis-
tribution functions can be arbitrary, and the ones used have included a
single Maxwellian distribution, sums of two Maxwellian distributioms, and
nonanalytic distributions that are bounded in velocity and represented by
cubic spline functions. A particular solution of the basic equations has
been found for an arbitrary equilibrium velocity distribotion. The Landau
damping rates and growth rates observed for some of the cases in which the
equilibrium velocity distribution was a Maxwellian or a sum of two
Maxwellians were compared with precise numerical solutions of the usual
dispersion relation [2]. The rates observed with the variationzl method
reported here agree well with those computed from the dispersion relation.
Specific results of numerical cowputation with the variational method will
be given in the oral presentation.

In the variational method, the basic functions chat enter are the
particle positions as functions of initial conditicus and time and the
electromagnetic potentials as functions of space and time. The initial
distribution functions are specified as initial data, but the distribution

functions at later times do not enter into the equations.

For the case of a neutralized, single-species plasma in one spatial

dimcnsion with periodic boundary conditions, we take the normalized equil-
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ibrium velocity distribution function to be F(v), and we write the imitial
distribution function of position x and velocity v as

£(x, v, 0) = F(v) + [G(V)e“(x + o e iR ] . W
The scalar potential is represented as

otc, £) = 2me [a(0)e™ ], @
and the x-coordinate of a particle whose initial position and velocity are
x" and vr, respectively, is represented as

’ ’
T (LI [ Z}yj(:)em(x +v't) xj (v')] . @)
b

The initial conditiens on ¥5 (t) are yj(()] = {'j (0) = 0. For convenience in
the formulation, we normalize the equilibrium particle density, nu, to
unity fnu = 1), and we take the functions x_j(v‘)l to be orthonormal to one
another with respect to F(v') as a weight function. If the xj(v') form a
complete set, then the representation of ¢#(x,t) and X(x',v’,t) are exact.
The quantities to be determined are Yj(t) and ¥(t); these quantities, a-
long with G(v), are considered small for the purposes of linearization.
The Euler-Lagrange equations, written in terms of a column matrix ¥

th
whose j element is vj, are

¥+ 128vy - KViy + mi Py =u:2 g(t)o [(5)
and ¥
o(t) = (4nQ/iK)[D ogve) - gle)] . (3
i

where 7 is a column matrix, V and P are square matrices, Q and M are the
charge and mass per particle, and mi = '(&ﬂanEJ'H). The quantities g, V,

P, and g(t) are defined as

o _Jrﬂv‘é‘(v]xj ), Vj.l =. _[‘dvF(v)xj(v)vxL(v) s
)
Pj!. = Gja!,’ and g(t) = ‘%-ij‘ ﬂ\.v(;(v)e‘ﬂ(vt
If the xj(v) form a complete set, then the solution of Eq. (4) can be
written as
o =iKvt
vy =M () + [ av cve X0, ()]

where the quantities ‘flj (t) satisfy the homogeneous form of Eq. (4). It
has been demonstrated that this formulation is completely equivalent to the
usual linearized theory in terms of a time-dependent distribution function
when the xj(v) form a complete set.

For the mumerical computations, the xj (v) have been chosen as the
orthonormal polynomials with weight function F(v). Then the matrix V is
tridiagonal and it can be written in terms of the cuefficients of the three-
term recursion formula for the orthonormal polynomials; these coefficients

are easily found numerically for arbitrary F(v).

*
Work performed under the auspices of the United States Atomic Energy
Commnission.

(1] H. Ralph Lewis, chapter in Methods in Computational Physics
(Academic Press, Inc., New York, 1970), Vol. 9.

{2] D. W. Forslund, private communication.




GENERAL THEORY

PLASMA MOTION AND EQUILIBRIUM IN UNSYMMETRIC MAGNETIC FIELDS

by
Bo Lehnert
ROYAL INSTITUTE OF TECHNOLOGY
S5-10044 Stockholm 70, Sweden

Abstract: Stationary plasmas confined by a magnetic field of
short connection length and arbitrary shape are treated in
terms of average motions in af space defined by the field lines.
Local fluid motions are allowed to take place. An average ma-
croscopie fluid velocity is deduced in terms of which plasma
equilibria can be investigated.

1. The Local Plasma Balance.
tricted to a plasma having a small energy density compared to a
strong confining magnetic field B in which both the equivalent

magnetic moment M and the longitudinal invariant J can be trea-

The present treatment is res-

ted as constants of the motien. In a hot confined plasma dissi-
pation will cause the local fluid velocity of the centre of
mass g:(migi*meye)l(mi+me) to decay at essentially the same rate
as the pressure gradients and the electric current density j. We
shall neglect dissipation here and remove the unnecessary res-—
triction of "local static equilibria" where v=0 all over the
plasma. We assume v to be small and treat the electric field
E=-%¢ as a quantity of the same order as the terms arising from
the pressure gradients in the momentum balanece of the plasma.The
transverse part u; of the guiding centre velocity should also be
small compared to its component u, along the magnetic field and
to the velocity W of the gyro motien.

In a stationary state div (nyl=0, div j=0 and curl E=0 can
be considered as subsidiary conditions for a plasms of density n
which has to satisfy the equation of motion, Ohm's law, and the
corresponding heat balance equations. There is a larger class of
equilibria which satisfy these conditions when v#0 and fluid
motions are allowed to exist, than that corresponding to local
static equilibria with y=0.

2, Average Drifts and Fluid Motions. With the present approxi-

mations the energy H,=qB+MF of a particle of mass m,charge q,
and with F=B(1+u£lW2’ will become a constant of the motion
(1,2). For a monoenergetic plasma with ions and electrons having
the same velocity vectors at all points in space,both @ and F
then become constant along a field line (3,4),as well as the
longitudinal particle flux functions 6,=up n/B where v=i,e
stands for ions and electrons.

We introduce a system a,B,s of curvilinear coordinates
where s is in the direction of magnetic field B=¥ o x ¥g. Then
Hy, F, € and J become functions of o and 8 only. Further, mean
values are taken of the guiding centre motions along a field
line, using the expressions for the corresponding contravariant
components. We introduce the metric tensor 834 and its determi-
nant g=|gij], as well as the longitudinal period t_=fdl_/u, of
the particle motion along a field line, where dlsz Jgsﬂds. Ta-
king into account that H, is a constant of the motion, we ob-
tain the average guiding centre drift U=Up+Uy where

- ad e Wy &Ly
Upm- 30%at 3% ¥ UB"q ¢ 38 2 * 7a 25’ £

are the contributions from the gradients of the electric
potential and the magnetic field, subscript J refers to the

explicit dependence of J, and a, and a, .are unitary vectors in

]
af space.

To determine the analogous contribution to the total ma-
croscopic particle flux from the gyro motion we introduce
Q=n/B, the particle density N:fqdl5 in of space, G=u,Q, and
use the relations t =N/G, §dl_/Q=0/mG, and B=F-(m/2M)(e/Q)°.
The corresponding average contribution to the particle flux
then becomes

|w

el Ao
Nig=(-2, 35 * 25

o)

M 1
n)(EFN - §EJG). (2)

Consequently, div Ngw=0 in of space, as expected since the
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gyro motion should not produce any changes in particle den-
sity in this approximation.

Finally, the average macroscopic fluid velocity gu of
one species and the corresponding centre of mass velocity V
are

YeUp *+ Ug, * Y 3 Yelme Ve +m V) (my +m,) . (3)

From eqs. (1)-(3) we obtain

=

a

=

s U (4)

|
|

div NV.= U «gN = U® B2
-\ -y - v v

L]

s
wl

a

which implies that density changes are only produced by the
convective motion due to the average guiding centre drifts.

3. Plasma Equilibria.To establish a stationary equilibrium
in the present approximation it is sufficient toc realize a
situation where charge separation is avoided by the average
guiding centre drifts in o8 space, without imposing any
restriction on v. This is the case when #=8(N) and F=F(N)
and the ion and electron drifts are parallel or antiparallel
(5) and directed along the surfaces N=const. In a closed
magnetic bottle where F forms closed nested lines in o8 space
there will then be no particle leakage from the confinement
region in a stable state.

If, in addition, we require G;=G;(N) and G =G_(N) there
should exist "average static_equilibria" where the fluid

velocity V can be made to vanish. An electric potential is
then set up which compensates the average contributions from
the magnetic gradient drift and the gyro motion and is
determined by

LI ' o FR SN R | dtm,J,6,-m J_G_).(5)
dn- m¥m_ e | dN N dN ] EEETE;:E;T AN MY 18 MeVe e ! 15

Local fluid motions v are allowed to exist in this case.

The present results indicate that plasma equilibrium
should become possible in internal ring (or ring-current) con-
figurations with magnetically screened supports, provided that
there are no excessive losses in the small weak field regions
close to the supports where this analysis is inapplicable.
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Toroidal magnetic fields B = Zi:Evg where the unperturbed
fleldkﬁ has zero rotational transrorm are considered. On
rather weak assumptions it 1s shown that single-valued formal
solutions F:Z_; EV'F; of the equation g-VFno exist, and that
the asymptot;:';agnetic surfaces F= const are unigue to all
orders. Recursion formulae are derived which allow any order
of F to be calculated from its lower orders, and expliclt
expressions are given for FD. These depend on the order of the
rotational transform , which can either be the same as, or
higher than, the order of the perturbing field. In the former
case, i.e. il‘g f_é'orv Lo FD(X) is simply the flux of the
lowest order perturbing field through the closed line of
force of the unperturbed rleld passing through the point X.
The latter case occurs 1if, and only if, this flux is a

constant.

For the special cases of stellarator-like vacuum fields, i.e.
for vacuum Tields having circular lines of forece in the limit
€ —3» 0, it is shown that the asymptotic magnetic surfaces can
be toroidally closed without encireling any current carrying
wires only if [ is of higher order than the perturbing field.

This necessary condition is fulfilled by classical stellarators
with alternating helical winélngs. but it is violated by

any torsatron configurations.

As another application thelowest order of an adiabatic in-
variant is constructed for the longitudinal guiding centre mo-
tion. This invariant applies if L is comparable with the usual
expansion parameter of the adiabatic orbit theory. It reduces
to the usual longitudinal invariant if Lis much smaller. I

[ '\-——B, - _B‘a., then it agrees with an adiabatic invariant pre-
viously constructed by Hastle et 2l. on the assumption that
exact magnetic surfaces exist, taking an entirely different

form in general.

Esubmitted to "Plasma Physies".
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FLUCTUATION LEVELS CONNECTED WITH REACTIVE MAR-=
GINAL INSTABILITIES OF A MAGNETIZED PLASMA

by
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Rijnhuizen, Jutphaas, the Netherlands

Abstract

Some physical aspects and applications are discussed of
an expression giving the probability distribution for special
collective resonant electrostatic fluctuations. The latter
should include the marginal reactive instabilities associated
with bodily energy transportation from the polarized plasma
into the collective field.

Let e(w,k) be the effective dielectric coefficient fix-
ing the plasma electrostatic Dscillafions and w_, k;--k"’ >0
a real solution of the equation e{w,k) =0 (where Re :twm,k)E
Ex(um'k) =1 +(kA)"?) representing a marginal point of the dis-
persion relation. Consider, in a reference system moving with
the velocity um/km, a collective charge density fluctuation
So av? Iﬁ Guﬁ expi§§ occurring inside the volume Vl. As shown

elsewhere' the probability density for 6Uk15 then given by

§a, |2 | 60, |2
a2 3 | 80y, 1 k 5
p=p, exp- I l6e, |2+, ] )] I &gl
" TTlgse' K g5 kir? awmr BSo k? W0 K
(n

In the cases described by the Harris dispersion relation one

has (for k, #0) .
el cir (520)

species
kk,[d Ime/dy]

T =4n’[ i (2)

Jo %
m'm

where y f(m—mm)/k and a distribution function of the form

£(V) =ngg[v4)F"[v") is assumed, the quantities gg and Cg being

defined as in Ref. 2.

It can be shown that the probability density (1) has an
absolute maximum corresponding to all |ﬁﬂk| =0 with the excep-
tion of the Iﬁakl associated with the minimum unstable k. For
simplicity, we shall consider only this case, where Eq. (1)
takes the form

22| éa,

el 2 _, g9y l®

P =P, €Xp~ —p—— |:1+(k)~) _W] . (3)

Tao obtain Eg. (1) the state of the plasma is supposed to
be specified by the coarse-grained values of the charge densi-
ty (related both to the collective and the individual-particle
fluctuations) in each volume AV in which the plasma volume V
is subdivided by a coarse graining inherent to the measuring
process. In Eg. (1) N =V/AV, while the fourth-order term in
dnk, proportional to N™', represents an interaction between
the collective and the individual fluctuations; it is impor-
tant for k? <-A7?, which defines the unstable region. As shown
in Ref., 1 the mean square deviations Ac?(AE?) of the random
fluctuations of o(E) as measured in each AV are connected with

T according to 1/2 =VA?Ac?/BaN <0(|1/2| =AE?AV/8Bn). The "fluc-
"l

tuation temperature T must be independent of the collective
fluctuations ("isothermic" system). This involves

Alai"‘/aki]m << 1 (condition (a)), since then A™? is indepen-
dent, at first order, of variations of the considered component
k; away from the equilibrium point (which is the marginal point
in the considered reference frame). Moreover, while one can
take V =Vl at equilibrium, in the stable region (k? >-A"2) the
condition V >>V1 must hold, outside equilibrium, for the vol-
ume V, of the subsystem where "isothermic" fluctuations are
considered (thermodynamic limit).

Equation (3) involves stringent bounds for E;T in view of
the restrictions N <<nV and k =km in the unstable region, as
shown in Ref. 1. We next discuss some physical aspects and pos-—
sible applications of Eq. (3).

The quantity 1 +(kA)™? -|ﬁo;|/2nrNkz constitutes an ef—
fective non-linear dielectric constant Ennr taking into account,
in the last term, the reaction of the polarized plasma to the

collective instability. Indeed, the part of the polarization
energy due to the individual fluctuations equals ¢:1N(£r-l}/2.
When the instability develops in V, the energy of the collec-
tive field 6E associated with the mode introduced above be-
comes W =8E*V/87 =|ﬁoiﬁIQsz. Assuning that this energy is ab-
sorbed from $, the polarization energy reduces to @n1=¢ =W,
while € follows from the relation @nl 51N(Enz-1)/2 =

(e ~1-60) /21TkN) /2.

If the system is neither dispersive at the considered
marginal point, where (condition (b)) {dcr/du}m = 0, nor in
the adjacent unstable region, the relation U :sniﬁEZVISH -
:n£|hui|l=/4n can be used for calculaling Lhe time-averaged
total collective energy of the plasma. Moreover, it is assumed
that ertw), and therefore U, increases (condition (c)) for
those 6w =iy (y >0) which are associated with perturbations
from the marginal point to the unstable region (k7 <=A77).
These are just the physically relevant perturbations which are
more probable than those moving the system towards the stable
region described by Eq. (3). Since U is to be minimized with
respect to the relevant variations, it constitutes a "good"
thermodynamical potential under the conditions (b) and (c).

In fact, the discussion of the dispersion relation assuming
(b) and (c) shows that instability occurs when k? <-A"? which
is just the unstable region predicted by Eq.(3), which can be
written p =p_ exp-U/|t|. It is also verlfied_that the most
probable 6°k minimizes U[ﬁﬂki-

The above considerations can be applied e.g. to the
loss-cone instability of Guest and Dory’ which admits a branch
point (related to a marginal value of w e]' where(ﬁh"/&h.%=0
{condition (a)), while (b) and (c) are satisfied when
Er(m,m . e,k“tu,m E)) (ky =k, (w,w e] is the marginal
relation for fixed k,; see Figs. 2 and 3 of Ref. 2) .

A further example concerns the flute instability (k.=0,

) Esr(w,w

see Ref. 4 for the notations) in a Maxwellian plasma (so that
| 7] =k(T, +T_)/2). The condition (a) here implies |dn/ndx| <<
Zui[gk —qem,ml {equilibrium near the marginal point dn/dx=0)

and, moreover, 4mnMc®/B? <<1.

The author is indebted to Professor H. Bremmer for his
comments.
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tion agreement with financial support from ZWO and Euratom.
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LOCAL -POTENTIAL AMD NOMLINEAR STABILITY T} HYDROMAGHETICS

by
F. Herrnegger
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Abstract: The concept of & thermodynamic local potential is
applied to the Bénard problem of hydromazgnetics. In this way a
new functional is derived which may be viewed as a generalized
entropy production due to verious dissipative and convective
processes. Based on this result a
arbitrary nonlinearities is given.

stability analysis including

1. Introduction. The stability of & hydromagnetic system in a
stationary equilibrium depends essentially on nonlinear effects
due to the interaction between the dynamic variables which de-
termine the evolution of the system, or due to the dependence
of the phencmenological transport coefficients at the instanta-
neous state of the system. In this paper a general evolution
eriterion and a thermodynamic local potential is given. Based on
that a thermodynamic stability theory is derived valid for a mag-
netofiuid of infinite electrical conductivity where the viscosity
and the thermal conductivity vary with temperature T. The elec~
trical conductivity is assumed to be infinite. Prigoginel’2
troduced the concept of local potential into the phenomenological
equations of an electrically nonconducting continuum without

in-

electromagnetic field being in nonequilibrium.

2. Local potential. The flow configuration of the Bénard problem
corresponds to a horizontal layer of plasma with volume V, in
which a temperature gradient is maintained by heating it from be-
low in a constant gravitational field g and in a variable magne-
tic field B = (Bl'BZ’Bj)' It is essumed that the Boussinesq
approximation is valid. We start from the ideal MHD basic equa-
tioni including effects due to the viscosity v and the heat con-
ductivity A, and construct a negative semidefinite function ¢

c B, o &
R
-]

(1)
72 t

o
{where 3, P and e, are flow velocity, density and specific heat;

the index o corresponds to the plane x, = 0). Let us denote the
physical quantities of the equilibrium state of the plasma con-
figuration whose stability will be investigated by barred quanti-
ties q and let us write the nonlinear disturbances without bar:
q(i,t) - a(§,t) + q(;,t). IT one integrates (1) over the whole
volume V bounded by the surface I, then, using the MHD basic
eguations, one obtains the following relation3

vforw = %[jvxvdv + thdt]z

where the Lagrangians kv and 2: are given by (n normal to the sur-
face):

3
it ¥(t) (2)

3
p.C. 3 p e ) T -
- O V,.* om o v .- X v
L, = 2¥G .9t + Y (or.om) FED o PRUTIAR
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_ 3 _
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3 -
s ” oo - Bl ik "
1G.08%) + ) B (V.9B) + TE(v.%) + T T, @355

i=1 o
Poly? - 3 3 ) -apm
!; = - T, T(vT.n) - 2 E: vy (RLwv;) - ()
i=1

After carrying out the integration over the space coordinates in
(2), the resulting guantity %(t) is a funetion of t only. The
form ¢ given by (1) contains derivatives with respect to time ¢
and is smaller than zero or vanishes for the stationary state.
Consequently there follows for the time-derivatives of ¥: -
Ei%%l < 0; the equality sign holds for the steady equilibrium
state. Therefore ¥ can only decrease with time and takes its mi-
nimum value at the steady state. This gquantity ¥ is called the
local pnten:iall'j. It is important to note that the integrand of
¥ depends on the equilibrium gquantities g and on the nonlinear
perturbations q, the former being supposed to be known. Taking
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now il(3,q} as a functional of the unknown functions q, one ob-
tains the extremal prineiple

¥{g,q) = extremum,

(5)

the variational derivatives of which produce the unsteady MHD ba-
sic equations in the form of the Euler-Lagrange differential
equations with the subsidiary conditions q@ = g. In this way we
have derived a new general variational principle applicable to
time-dependent processes, the solution of which may be considered
as a consistent scheme of successive approximations and is useful
for stability investigations.

3. Stability analysis. The integrals in (2), representing & volu-
metrie contribution and a surface contribution, may be viewed as
a generalized entropy production in the volume V per unit time.
They contain an expression of entropy production due to dissipa-
tive processes and an expression due to convective processes.
This fact is the reason for the fact that a thermodynamic theory
of magnetohydrodynamic stability is feasible. This concept is
much more important for the case that the dissipation mechanisms
are arbitrary functions of temperature. Analogies and relations
between the free energy and the local potential for dissipative
effects of thermal and mechanical origin without magnetic field
and without ohmic dissipation are given by Glansdorrrl.

We now assume that the plasma configuration whose stability we
are investigating has been perturbed according to q = q°+f(x)a(ut)
(analogously for the 3), where g is the value of q in the sta-

* tionary state, the f(x) is the spatial perturbation of this state,

and the parameter w occurring in the function 0 is a measure of
the stability of the system, If we specify f({wt) = exp(-wt), then
a positive w would indicate a stable system., If the perturbed
system is in nonequilibrium, then the function is not identically
zero. Therefore the functional of the total energy dissipated du-
ring the time interval t is obtained by integration'(t) with res-
pect to t. For small time intervals we may expand the resulting
functional in a Taylor series, and after introducing the assump-
tion made above we get 2 condition for the parameter w where only
«nown functions enter. In order to obtain information about stabi-
lity, it is sufficient to determine the sign of w,

The author thanks Professor F. Cap for many discussions. This
work has been sponsored in part by the United States Government
under Contract No. F61052-67-C-ooll.

1 Glansdorff P., Prigogine I., Fhysica 3o (1964) 351

2 Donnelly R.J., Herman R., Prigogine I., Nonequilibrium Thermo-
dynamics, Variational Techniques and Stability, University of
Chicago Press 1966

3 Herrnegger F., Innsbruck University UNICP-SR6Y4 (1970)




GENERAL THEORY

LINEAR WAVES IN INCOMPRESSIBLE BEAM-PLASMA SYSTEMS

by
Frank Verheest
SEMINARIE VOOR ANALYTISCHE MECHANICA, RIJKSUNIVERSITEIT GENT
Jozef Plateaustraat 22, B-9000 Gent, Belgium
Bbstract: The diapersion law for linear waves in incompressible
beam-plasma systemsa te derived.

Several special cases are

discussed.

If a magnetofluiddynamical treatment is given of waves in a
plasma (in the broadest sense), an additional assumption is
required about the pressure tensor in order to close the set of
magnetofluiddynamical equationsl. Very often the pressure is
assumed isotropic and hence the pressure tensor becomes a
multiple of the unit tensor. This almost invariably goes together
with the supplementary assumption that the plasma pressure varies
barotropically, which includes both isnthevmal and adiabatic
behavior?. There is, however, no valid physical reason why the
hypotheses of a scalar pressure and a barotropic behavior of the
fluid should be coupled. We therefore propose to investigate
here how the dispersion law for linear waves is changed for non-
barotropic plasmas. We will do this for simplicity for a

specific class, namely the incompressible plasmas. We start from
the set of magnetofluiddynamical equations for incompressible

plasmas and have per kind of particlesa:

=
v = 0, E% + VeV o+ %3p - %(E + vxB) = 0,

"

ad Fa =20, % 7.8 - o. (1)

The subscript s indicating the species componing the plasma will
be omitted whenever pessible. Before linearizing these equations
about a uniform equilibrium, we remark that such an equilibrium

must satisfy the conditions

Fo + VoxBo = 0, T

"
0~

=
et

)

2)

do E Ngqs = 0.
s

This indicates that, even if the plasma is composed of more than
one kind of particles, all steady-state velocities have the same

component EnX§n/B§ perpendicular to the static magnetic field.

By a suitable choice of the reference frame (already taken with

s

the z-axis along EU) we can transform away all Vux 5 as well
s

as iu. We now apply the linearization procedure with a Fourier

transform of all first-order perturbed quantities and get:

kv = 0, ¢¢ = % Ep + i %(; + Voxg + 3X§u),
L]
fxe = wb, o2fxl = -we - %uﬁ. (3)
Here ¢ = m-kZVn is the Doppler-shifted frequency (per species).

3 >
It is worth mentioning that since k+e = 0, we always have that
E, E, b form a positive orthogonal triad. We now solve the set

(3) for v and p and find:
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From the substitution of the values for v into the wave equation,

wi-c?k)E + i g ] M3V = o, (s
s
the dispersion law follows as
M2o2k® ¢ M2k¢
[mz-czkz- .,ELEngfllmz-czk‘— =S5 | =0, (8)
& Lpiatopin® "
s k ¢5 kzns g k¢s*kzﬂs

While discussing this dispersion law, we have to keep in mind
that Ee8 = 0, which means that we are dealing with transverse
electromagnetic waves, modified by the presence of the

Incompressible beam-plasma system immersed in a static magnetic

Tfield. We have to distinguish the following different cases:

-i- Propagation along the external magnetic field: From (4) and

(6) it is clear that the dispersion law evolves into
. R o] 2 =, s _ s
wt = pdkhy E M2Cw -k, Vg)/(w - k VE + 8. (7)

This result is essentially the same as obtained from a cold
plasma treatmentu, especially since here p = 0, indicating that
these parallel electromagnetic waves do not affect the static

pressure.
-ii- Propagation across the external magnetic field: (6) becomes

o = wieler | M2 o (8)
s

Here even the effect of the static magnetic field and of the

possible beam velocities is no longer felt.
-iii- Arbitrary propagation: The general dispersion law is now

w? = e?k? + E M2k (w-k, V5D / Ceu-le k¥ 4k ). (2

This varies appreciably from analyses given for a plasma with a
scalar barotropic or even anisotropic pressure variation5
Because of the incompressibility the longitudinal plasma waves
(essentially of compressional nature) are absent, and hence no

coupling phenomena can occur between the transverse electro-

magnetiec and the longitudinal plasma waves.

g, Boyd & J.J. Sanderson,

45,

Plasma dynamics (London 1868:
Nelson), p.

2 P.C. Clemmow & J.P. Dougherty, Electrodynamics of particles

and plasmas (Reading Mass. 1869: Addison-Wealey), p. 175.

g I.P. Shkarofsky, T.W. Johnston & M.P. Bachyneki, The particle

kineties of plasmas (Reading 1966: Addison-Wesley),p. 426.

K.N. Stepanov & A.B. Kitsenko, Zh. tekh. Fiz. 31, 167 (1961).

F, Verheest (to be published).




INDEX OF AUTHORS

Adam J. 105 Bottiglioni F. 68,96
Agnello V. 131 Bowers E.C. 9
Alvarez de Toledo F. 105 Brakenhoff G.J. 67,94
Andersen S.A. 123 Brambilla M. 8O
Anic¢in B.A. 142 Breun R.A. 24
Arendt P. 103 Briggs R. 20
Artsimovich L.A. 18 Brossier P. 144
Ashby D.E.T.F. 90 Buchelnikova W.S. 71
Astrelin V.T. 71 Buges J.C. 52
Axon K.B. 26 Bure§ M. 102
Burkhardt L.C. 53
Baconnet J.P. 118 Burt J. 36
Baiborodov Yu.T. 86 Bydder E.L. 90
Barbian E.P. 167,168
Bardotti G. 148 Cabral J.A. 69
Bauman G. 140 Callebaut D.K. 44
Becker G. 154 Cano R. 106,135
Bekefi G. 20,115 Canobbio E. 78,101
Bensimon J. 76 Carolan P. 126
Berezhetsky M.S. 31 Caruso A, 111
Bergstrdm J. 102 Cattanei G. 98
Berk H.L. 89 Cavallo A.J. 24
bernabei S. 130 Cesari G. | 118
Bernard A. 52 Chang C.T 77
Berney A. 152 Chodura R. 56
Bers A. 20 Church M.J. 85
Bertrand P. 140 Clarke M.E. 124
Blanc P. 144 Clinckemaillie A. 72
Blanken R. 20 Colombant D. 131
Bobin J.L. | 112 Connor J.W. 8
Bodin H.A.B. 155 Coppi B. 20
Boleslavskaya G.I. 156 Corbin J.C. 149
Bolton R.A.E. 25 Cordey J.G. 89

Bostick W.H. 108 Core W.G.F. 26




Coudeville A.
Coutant J.
Crawford F.W.

Croci R.

Dangor A.E.
Daughney C.C.
Dawson J.M.

De Barbieri O.
Decker G.

De Dionigi R.
Dei-cas R.
Dellis A.N.
Demidov B.A.
Demirkhanov R.A.
Denavit J.
Deschamps P.
Deutsch R.V.
Diatlov V.G.
Dietz K.J.

Diky A.G.

Di Marco J.N.
Dippel K.H.
Djachenko V.V.
Dnestrovskii Y.N.
Dobrowolny M.
Dougar-Jabon V.D.
Drake J.R.

Dum C.T.

Dzoanh N.T.

Eberhagen A.
Eckhartt D.
Eisert J.
El-Gwaily M.S.
El-Khalafawy T.A.
Ellis R.A., Jr.
Ellis R.F.

118

96
161
134

93
57

78
58
130
g5
23
.62
156
171
144
141
45
60
29
53
55
104
17
5,148
83
24
160
121,137,138

43
32,33,34
32,33
110
45,110
34

146

Ellis W.R.
El-Masry M.A.
El-Menshawy M.F.
Elsdsser K.
Engelhardt W.
Etievant C.
Eubank H.P.

Evans D.E.

Fanchencko S.D.
Feix M.R.
Feltin D.
Feneberg W.
Fidone I.
Fieffé-Prévost P.
Fois M.
Fontanesi M.
Forsen H.K.
Frank A.G.
Franklin R.N.
Friz W.

Funfer E.

Galaktionov B.V.
Galloway J.J.
Gary S5.P.

Geller R.

Genta P.

Gentle K.W.
George E.V.
v.Glerke G.
Giuffre S.
Glukhov A.V.
Goedbloed J.P.
Goede A.

Golant V.E.
Golovanivsky K.S.

Gorbunov E.P.

|V

42
110
110
162

50,51
135

97

126

62
140
105

3
106,135
131

96
130

24

66
158
149

39

104
161
54

79

52
166
115
32.:33
78

18

47

94
104
83
18,19




Gott Yu.V.
Gourdon C.
Grdff P.
Gravier R.
Grebentshikov S.E.
Green B.J.
Greene J.M.
Grieger G.
Griem H.R.
Grossmann P.
Grossmann W.
Grosu I.
Gruber O.
Grunberger L.
Guest G.E.
Guillemot M.

Gutkin T.I.

Haegi M.
Hagler M.O.
Haines M.G.
Hamberger S5.M.
Hennion F.
Herold H.
Herrnegger F.
Heym A.

Hill J.W.
Hintz E.
dirano K.
Hirsch R.H.
Hoffmann C.R.J.
Hofmann F.
Holmes L.S.
Hopfgarten N.
Hopman i.J.
ilosea J.C.
Hothker K.

Houtkooper J.M.

86

35
162
144
31
4,11
15
32,33
157
49
37,48
141
154
108
84

136,169

156

119
6
10

64,65,158

95
154
185
152

90

55,60

92
17

25

152,153

53
g1
69
28
55
67

Hughes M.H.
Hugill J.

Ichtchenko G.
Ikee R.
Infeld E.
Joffe M.S.
Ishii K.

Ito H.

Ivanov D.P.

Jacquot B.
Jacquot C.
Jandéafik J.
Jassby D.L.
Jensen V.O.
Johansson R.B.
Johnson J.L.
Jolas A.
Jones I.R.
Junker J.

Jurgens B.

Kadomtsev B.B.
Kaganski M.G.
Kalmikov S5.G.
Karpukhin V.I.
Katsumata I.
Kaufmann M.
Keilhacker M.
Keller R.
Kellerer L.
Kerst D.W.
Khodshaev A.Z.
Kilkenny J.D.
King C.D.
Kishimoto H.

Kluiver h., de

90
26

81,131
122
143

86
122
92
19

79
79
65
146
123
91
9,15
52
152
155
167,168

1,74
21
21
30

122
39
56

119

125
24
66
93
23
92
61




Kolesnichenko Ya. I.
Kolm H.

Kénen L.
Konovalov V.G.
Kopeck§ V.
K&ppenddrfer W.
Kornherr M.
Kossy I.A.
Kostomarov D.P.
Kovrizhnikh L.
Koydan V.S.
Kristiansen M.
Kudryavtsev A.M.
Kulinski S.

Laan P.C.T. van der_
Lampis G.
Lasek A.
Launois D.
Laval G.
Lecoustey P.
Lees D.J.
Lehnert B.
Leprince P.
Leuterer F.
Leven R.

Lewis H.R.
Lichtenberg A.J.
Lidsky L.M.
Lieberman M.A.
Lietti A.

Lin A.T.
Linhart J.G.
Lisitano G.
Lominadze D.G.
Lortz D.

Lotz W.

Lozovsky S.N.

180
20

41

29
132
50,51
56

31

17

63

71
131

46

158

76
87,88
88

87

25
102,182
165
133

73

181
127

20

127
152
172,173
119
130
174
13,183
39

156

Macmahon A.B. 58
Maisonnier Ch. 117
Malein A. 166
Malesani G. 42
Manintveld P. 107
Martone M. 59
Marty D. 35
Maschke E. 35
Mason D.W. 90
Matitti T. 167,168
Matthieussent G. 136
Medley S.S. 25
Megaw J.H.P.C. “23
Mercier C. 16
Messiaen A.M. 100
Michelsen P. 123
Minardi E. 184
Moisan M. 165
Monfort J.L. 99,100
Montgomery D.B. 20
Moresco M. 128
Motley R.W. 146
Miiller G.L.J. 149
Miinich M. 50,51
Murphy E.G. 85
Musil J. 129
Nardi V. 108,109
Neuhauser J. . 39
Newton A.A. 42,155
Nicolas M. 87
Niedermeyer H. 56
Nilsson B.H. 91
Nocentini A. 147
Nofal E.E. 110
Noll P. 41
Nunn D. 170

Vi




ohlendorf W.
olivain J.
Oora E.
Oraevsky V.N.
orefice A.
Ostberg K.

Otsuka M.

Paans A.M.J.
Palmer R.S.
Parker R.
Pataraya A.D.
Patou C.

Paul J.W.M.
Pavlichenko 0.5.
Pavilova G.P.
Pavlova N.L.
Pawlak M.
Peacock N.J.
Peacock R.
Pearlstein L.D.
Pecorella F.
Pellat R.
Perceval F.
Persson H.
Petrov M.P.
Piekaar H.W.

S5 K o

Pinsky H.
Pogutse O.
Politzer P.
Ponomarenko A.G.
Pool M.L.
Potter D.E.
Pozzoli R.
Prentice R.
Prior W.

Parl S.

32,33
136,169
107

180

175

176

122

61

149

20

174
118

54

29

29

A7
115

19

126

89

117
88,144
136,169
91

18

61

72

121
570 Th
20

63

103
116
175

23

108

12

VI

Quémeneur A.

Quinn W.E.

Rebhan E.
Reid G.W.
Rem J.
Renaud C.
Renneboog J.
Renner H.
Reynolds P.
Ribe F.L.

Robinson D.C.

Robouch B.
Robson A.E.
Rogister A.
Rohde R.S.
Rolland P.

Rosenbluth M.

Rowe J.E.
Rudnev N.I.

Rutherford P.

Rybowski L.

Saison R.
Samain A.

Samuelli M.

Sanderson J.J.

Scharer J.

Scherbinin O.N.

Schliiter J.
Schram D.C.
Schrijver H.

Schwartz M.

Schwartz M.J.

Schwirzke F.

Segre S.E.

Shahovetz K.G.

Sharp L.E.

136,169
40

14

26

179

144

75

70

25

40
19,38
117,119
58

159
137,138
178

2
122,173
30

2

75

134
145
117
54
169
104
113
107
61
106
127
114
59
21
64




Sheffield J. 58 Touche J. 35

Shohet J.L. 82 Troyon F. 151
Shpigel I.S. 31 Tsintsadze N.L. 164
Sidorov V.P. 156
Siemon R.E. 40 Ushio M. 92
Sigmar D.J. 84 Utkina L.A. 156
Sinclair R.M. 28
Sindoni E. 97 Vandenplas P.E. 99,100
Sitenko A.G. 139 Vanhauwermeiren R. 120
Skorupski A. 143 Verboom G.K. 179
Smith G.J. 158 Verheest F. 186
Sobolev R.I. 86 Volkov Ya. F. 45,110
Soldatenkov T.R. 156
Sommer J. 50,51 Waelbroeck F. 41
Souprunenko V.A. 29 Wakeren J.H.A., van 69
Spies G.O. 183 Watteau J.P. 52,118
Sprott J.C. 24 Wegrowe J.G. 98
Steuer K.H. 56 Weibel E.S. 150
Stodiek W. 27 Weimer K.E. 15
Stott P.E. 36 Wells D.R. 163
Strelkov V. 19 Werkoff F. 80
Stringer T.E. 8 Wilhelm R. 49
Subbaramayer 16 Wilhelmsson H. 176
Summers D.D.R. 57 Williamson J.H. 22,124
Sweetman D.R. 85 - Winkelmann W. 113
Syrovatsky S.I. 66 Winsor N.K. s
Wisliceny J. 73
Tachon J. 87,88 Witulski H. 41
Tamano T. 28 Wobig H. 33
Tataronis J.A. 177 Wolf G.H. 32,33
Teichmann J. : 177
Tennfors E. 102 Ya'akobi B. 115
Thomassen K. 20 Young K.M. 27
Thompson E. 85 Youssef A.M. 45
Tolok V.T. 29,30 Yushmanov E.E. 86
Tonkopryad V.M. 29
Tonon G.F. 112 Zacek F. 129
VI




zalkind V.M.
Zanfagna B.
Zzehrfeld H.P.
Zilli E.
Zoler D.
Zwicker H.

Zykov V.G.

29
106,135
4,11
128
141
49
30

| X




