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PREFACE

This report contains the invited and contributed papers submitted
to the Symposium on Plasma Double Layers held at Rise National
Laboratory, Roskilde, Denmark on June 16-18, 1982.

The individual papers were limited in length, and to facilitate
reproduction and speed up publication the papers were reproduced
directly from the authors' manuscripts without editing. The
authors' cooperation in conforming to the guide-lines for prepar-
ing manuscripts is greatly appreciated.

The Symposium was arranged following a suggestion from Prof. N.
Sato, Tohoku University, Sendai, Japan and took place just after
the International Conference on Plasma Physics in Gothenburg,
Sweden. The aim of the Symposium was to bring together physicists
working with problems in connection with double layer and sheath
formation in various branches of plasma physics. The interest in
double layers and related phenomena has been increasing in recent
years Since such structures have been found important in a broad
range of plasmas from cosmic to fusion.

More than 50 participants from 16 countries took part in the Sym-
posium. Three invited papers covering double layer theory, double
layers in the laboratory and in space were presented along with
14 oral contributions and 15 posters. The programme ended with a
Aiscussion on the status of double layer reSearch, chaired by
Prof. L.P. Block. A summary of this discussion is enclosed in the
proceedings. The contributions are divided into the following
topics:

1« Theory

2. Laboratory Experiments
3. Numerical Simulations
4. Double Layers in Space
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We are grateful to our colleagues in the organizing committee
for their help and suggestions of topics and invited speakers.
This committee consisted of: S.-I. Akasofu, P. Michelsen, H.L.
Pécseli, J. Juul Rasmussen, N. Sato, R.L, Stenzel, and S.

Torvén.

Finally, we greatly appreciate the support offered by Rise
National Laboratory in making this Symposium possible.

Ris@, September 1982.

The Editors.
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The Theory of DNDouble Lavers *

Hans Schamel

Institute for Theoretical Physics, Ruhr-Universit&dt Bochum,
4630 Bochum 1, FRG.

Abstract

Numerical and %5133@? degree laboratory experiments
suggest the existence of two different kinds of time-independent
double layers: a strictly monotonic transition of the electro-
static potential, and a transition accompanied by a negative
spike at the low potential side (ion acoustic DL). An interpre-
tation of both is presented in terms of analytic BGK modes. The
first class of DLs commonly observed in voltage- or beam-driven
plasmas needs for its existence beam-type distributions satis-
fying a Bohm criterion. The potential drop is at least of the
order of Te. and stability arguments favourize currents which
satisfy the Langmuir condition. The second class found in cur-
rent-driven plasma simulations is correlated with ion holes.
This latter kind of nonlinear wave-solutions is linearly based
on the slow ion-acoustic mode and exists due to a vortex-like
distortion of the ion distribution in the thermal range. During
the growth of an ion hole which is triggered by ion-acoustic
fluctuations, the partial reflection of streaming electrons
causes different plasma states on both sides of the potential
dip and makes the ion hole asymmetric giving rise to an effec-
tive potential drop. This implies that the amplitude of this
second type of double layers has an upper limit of 1-2 Te and
presumes a temperature ratio of Te/Ti > 3 in coincidence with

the numerical results.

"*Imﬁtailednme,quxshmlanlmmEIXMEkaDners,Raﬂdl&L Denmark,
1982. ' o ‘
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I. Introduction

Electrical double layers (DLs) have been known to appear in
a variety of situations in which there are large electric fields
or currents. Representing a highly nonlinear state they are of
basic interest in general plasma physics as well as in space phy
sics. They are suggested to be the mechanisms for particle acce-
leration in laboratory and auroral discharges, and are often
found in connection with anomalous resistivity.

Historically DLs belong to those phenomena which have been
studied actively since the first days of plasma physics (gas dis-
charges). They have been created long time ago in low-current dc

1-3

discharges and have been generated by means of high-current

electron beams*ﬁ

. However, spurious effects such as ionization,
particle losses, finite boundaries, etc., not primarily related
with DLs, have masked the physics and the understanding of DLs.
This has changed considerably in the recent years due to an im-
provement of diagnostics, of apparatus, of the generation of
collision-free plasmas, of radial losses due to stronger magne-
tic fields, etc. The rapid progress made in this field is ex-
pressed in the large number of recent publications and will be
reported upon in a separate lecture in this symposium.

A similar development can also be observed in the numerical
and analytical treatment of DLs.

Particle simulations dealing with DL formation came up in
the late seventies only and since then experience a great deal
of attraction in the plasma community. Also this subject will be
reported separately. (Lateron, we will come back to simulation
and laboratory results.)

Analytically, it has been clear for a long time that the
stationary, one-dimensional and collision-free nature of DLs
suggests a description in terms of appropriate solutions of the
Vlasov-Poisson system. It was mainly the use of the wrong method
(wrong in the practical sense, not in a strict mathematical one)
which rendered a description difficult earlier. One of the in-
tensions of this paper will be to show how an analytical improve-
ment can and could be achieved.

And, last not least, there are now satellite data available
which favourize DLs as the mechanism of auroral particle accele-
ration (see also the review lecture on this subject).

The interaction and mutnal stimnlation hetween all FAaner
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subprograms has led meanwhile to a considerable degree of under-
standing of DLs. One is now going to understand under what cir-
cumstances DLs are getting formed, what are the basic ingre-
dients of DLs, why are there limits in the potential drop and
in other parameters. Details of the stability behaviour are com
ing up and can be interpreted at least qualitatively:; and there
are more.

I think it is not an exaggeration if one states that the
field of DLs is in a rapidly growing phase, the summit not being
in sight.

The aim of this paper will be to report and concentrate on
recent theoretical developments rather than to review the tneo-
retical literature. The latter would be an enormous task and I
prophylactically apologize to those whose work is not mentioned
or adequately represented, and accept that the list of referen-
ces is rather incomplete.

Section II deals with the definition, the general descrip-
tion and classification of DLs. In Section III the monotonic
transition (type-I-DL) is investigated, including comparisons
with experiments. The ion acoustic DL (type-II-DL) is consider-
ed in Section IV in which, ‘ an interpreta-
tion is offered in terms of an asymmetric ion hole. A scenario
of DL formation is presented in Section V in close connection
with particle simulations. Conclusions and a summary terminate

the paper.

II. Definition, general description and classification of DLs

a) The definition

A DL is defined in this paper and commonly understood
as a stationary, one—dimensional, collisionless, electrostatic
potential structure,

i) which connects two different, asymptotic uniform plasma po-
tentials, i.e. ¥ > O where ¥ = ]¢(x + + ®) - $(x + - )| is
the’potentiél drop measured in T, units,

ii) which is due to charge separation, i.e. the spatial extent
of the transifidn'iayér is measurable in units of the elec-
tron Debye léngths?ADé',u

iii) in which the electros;atic energy and particle kinetic

enefqies associated with the coherent structure dominate
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over the corresponding energies of fluctuations which are

superimposed on the DL.

There is no distinction made at this stage between weak
(p € 1) and strong (¢ >> 1) DLs which, however, will come out
automatically. There may be or may not be an associated electri-
cal current. As we will see, this definition leaves room fé?f?ﬁg
topologically different classes of DLs. Both are found in reali-
ty. Since an electrical double layer is the simplest space-
charge distribution giving rise to DLs (Type-I-DL, see later),
potential variations of this kind have been called double layers.

From the existence of a stationary potential drop we imme-
diately can deduce the necessity of trapped (reflected) parti-
cles. For, free streaming ions entering on the high potential
side are accelerated downward whereas free streaming electrons
entering on the low potential side are accelerated upward. From
the conservation of particle fluxes it follows that the density
of this beam ion component decreases and that of the electron
beam component increases downward. Thus, starting with equal
densities at some intermediate point (the turning point of ¢(x)>
these densities differ increasingly if one deviates in both di-
rections. To bring the density difference back to zero which is
required to get a quasi-neutral state at infinity, there, conse-
quently, must be a trapped ion species at the low potential side
and a trapped electron species at the high potential side.

For this reason, DLs are basically a kinetic phenomenon and
ask for a Vlasov description. (Simplified descriptions based on

fluid theories have been presented elsewhere Q7.)

b) The general description
To prepare the more detailed constructions of DL solu-
tions which will be présented in the next two sections we first
describe the general method of finding solutions with a poten-
S d(x) S ¢

tial ¢(x) that varies monotonously between ¢

min max’

where ¢min and ¢mn<are extrema of ¢ (x). The solution will be va-
i3 1 < <

lid in Xnin = X 5 Xpaye where Xoin and Xnax are the %xtremal

points. The method used has been described elsewhere®® . It con-

sists of prescribing the distribution functions and of looking
for the special form of ¢(x); As pointed out in detail earlier&q
this method has the advantage of providing smooth distributions

which cannot be guaranteed by the Bernstein-Greene-Kruskal-me-
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We, therefore, look for stationary solutions of the Vlasov-
Poisson-system consisting of the electron and ion Vlasov-equa-
tion, self-consistently coupled with Poisson's equation. The
electron velocity, ion velocity., spatial coordinate, and electric
potentlal are normalized by electron thermallvelocity Vithe
= (T /nl) ion thermal velocity v ., . = (T, /m.) electron Debye
length ADe = (Te/4n o€ )1/2, and T e % where Te(Ti) is the ther-
mal energy of untrapped electrons (ions) at the position where
trapped electrons (ions) are absent. The Vlasov eguations then

become in the frame where the potential is at reut
(vax + ¢'(x)8v)fe = 0,
] —
(uax - 0¢ (x)au)fi = 0,

where Q@ = Te/Ti' For convenience, the electron velocity is denot-
ed by v, the ion velocity by u. The solution of both eguations
can be expressed in terms of the constants of motion which are
the energy of particles and the sign of the velocity of untrapped
particles. Correspondingly, we can distinguish four different

distributions
£ (v2/2 - ¢, v ) £,p(0*/2 + 09, u_, A,
£, (v?/2 - ¢, B) £.,(W?/2 + 0¢, a, B) .
The distinction in frge and trapped particles is given by
E,Ev3/2 - ¢ 2 - 0,0 | E; = u’/2 +0¢ %06

where E (j = e, i) are the normalized single partlcle energies.
The upper sign refers to free particles, the lower sign to trap-
ped particles; the energy of the latter being too small to allow
a free passage so that at a certain position that depends on the
energy the particle velocity be comes zero, and the particle will
be reflected (trapped particle). The parameters v_ and u  in the
free distribution functions represent a mean drift necessary to
describe currents. o and'B are trapped particle parameters which
can be varied to describe different situations of trapped par-
ticle configurations. A is a norhalization constant and can
either be introduced in the ‘ion distribution or in the electron
distribution. The separatrix representing the border in phase
space between free and trapped particles is given by the equality
sign. :
The choice of the special_form of the distributions suggest-
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ed by laboratory and numerical experiments is fixed by the fol-
lowing prescription

1. fjf(j = e, 1) is a shifted Maxwellian at the position where
in(¢ = ¢ )

the trapped particles are absent, i.e. at ¢ = ¢ max

m
in the case of electrons (ions).

2. fjt(j = e, 1) are symmetric,unshifted Maxwellians in which
the "temperatures" are allowed to differ from the free par-

1 1

ticle temperatures: T = B~ T, and Tip = o T,. Also nega-

tive temperatures aree;dmitted (o < 0, B < 0).
3. The distributions are continuous in the entire velocity space.
With this specification which will be commented lateron,
the densities obtained by a velocity integration will acquire
specific forms, the details of which are relegated to Sections

ITI and IV:

n =n (¢, v_, B) n. =n.(¢, ©, u , o, Aa).
e e o 1 1 o
What remains to be solved is then Poisson's equation
" = |
" (x) = n, -n;, = - oY) VP, «o.),

where the rhs is now a knowa function of ¢. In the latter we
have introduced the classical potential V to point out the ana-
logy with the equation of motion of a classical particle [¥
=. -2 V(x)]. V is obtained by integrating the densities with

Ix
respect to ¢

$
vV = fdé! [ni(¢'...) - ne(¢')] , where we assumed that
min
V(p_. , ...) is zero
) min ¢max
or by the equivalent form V = - é d¢'[--] with V(¢max,.J

= 0]
and will depend on all the parameters introduced above.
There is a one-to-one correspondence between the shape of
the potential ¢(x) and that of the classical potential V(¢)
which are related through the '"energy law" obtained by inte-

grating Poisson's eguation

' 2
M§L+V(¢l ---) = 0 .

It's important to note that charge neutrality at a certain

point means that %% vanishes at the corresponding value of the
potential ¢.
The existence of a solution finally demands that V(¢, ..)

vanishes at the second extremum of ¢, i.e.
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V(¢max' cee) =0

[ or if the equivalent form was chosen:
V(é ., ...) =0 ].
min A5
This is a non-trivial relation and,called nonlinear dispersion
relation because it introduces a relation between the drift ve-
locity u, which is minus the wave velocity in the ion frame and
the wave amplitude.

A uniquely defined solution of the Vlasov-Poisson system
is then obtained if it turns out that V(¢) is negative in the
interval ¢min < ¢ < ¢max . With this we are now in a position
to consider the following two classes of DL solutions.

¢) The classification .
The first class of DLs consists of a strictly monoton
transition shown in Fig. la together with the corresponding V.
Without loss of generality we take ¢ =0, ¢ =y, X =_ 0,

min max min

Xpaxg =+ ©- The corresponding phase space plots are drawn quali-

tatively in Fig. lb, ¢, where the occupation of the particle
trajectories is indicated by the line thickness and increeses
with it. This kind of DL is found in beam- and voltage driven
13-17 §,18-3¢ ]

plasmas. Numerical and laboratory experiments reveal the follow-
ing characteristic properties:

I1) The potential structure is correlated with four beam-

12,1316,19-21 31~ 33
type distributions.

I2) The velocities of the .drifting species at the entrance,

. ] W%
i.e. VDe = + Vor Vpy = = U, satisfy a Bohm criterion
which for @ = 1 becomes Iij|2 1.
6 .y . R . .
I3) The Langmuir "condition" Je/Ji = (mi/me)l/z, which ex-

presses the ratio of currents, provides the most stable
415
DL

I4) The experimental range of the potential drop is present-

WM
. It must, however, not necessarily be satisfied.

29
ly given by 1 <€ ¥ < 2000. (There seems to be a lower li-
mit of order unity but no natural upper limit.)

I5) The DL width A first decreases and then increases with
2%

20
increasing values of wi’ . FPor larger Y,it scales like
poxog pt/2 " . ?}05«?51005

I6) The temperature ratio @ is not a decisive parameter and
can deviate from unity in both directions. ,
I7) There is usually a hf-turbulence at the high-, and a 2728

, Ly v - 16,13,25,
1f-turbulence at the low-potential side associated with, |
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We will see how these features can be understood from an analy-
tical point of view. We will refer to this kind of DL synony-
mously as Type-I-DL, voltage-driven DL, monotoni¢ transition,
strong double layer, or simply double layer.

The second class of DLs found predominantly in current-dri-
ven plasmas has in addition a hole at the low-potential side, as
illustrated in Fig. 2a. The classical potential V now consists
of two parts, corresponding to two monotoni¢ regions of the
potential structure. Consequently, the phase space plots, Fig.
2b, c, show a more complicated pattern. There are, e.g.. two se-
paratrices in the ion phase space, one separatrix representing
ion trapping in the hole, whereas the other one refers to the
reflection of ions at the potential jump, which occurs only once
for each ion. Numerical experimegzghgield the following results
for this second type of double layers:

IT1l) There are free and trapped particle distributions in-
volved which are, however, not separated. The ion dis-
tribution is strongly skewed with a hole in the trapped
region (vortex-distribution).

ITI2) The drift velocities can be arbitrary small and do usu-
ally not exceed unity.

II3) The potential drop is weak: 0 <£€W¥Y % 1, and covers the
range which was excluded for the first type of DL.

IT4) The temperature ratio has to satisfy: @3> 3, i.e., it
must be such as to support ion acoustic waves.

II5) The initial drift velocity necessary for a spontaneous
DL formation must exceed 0.6.ﬁ

I16) The width of the hole is about 10-, the width of the
transition is about 50 Debye-length.

II7) The anomalous resistivity vanishes after the establish-
ment of the DL ("superconducting plasma state"¥),

Synonyms that can be used for this type-II-DL are: ion acoustic
DL, asymmetric ion hole, weak double layer or, more precisely,
triple layer, because there are three charged layers involved.
Also these characteristic properties can be understcod more or
less analytically, as we will see.

We now turn to a more detailed discussion of these DLs.

First we treat the monotonic . transition.

III. The Monotoni¢ Transition (Type—I-DL)

The distribution functions introduced in Sect. II are spe-
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cified in this case by the following setsﬂ%

fef = C exp{- %‘[sgn v(v2—2¢)l/2— vo]z} Ee > 0, (1a)
fet = C exp(—v;/2)expt —'%(V2—2¢)] . E <0, (1b)
£.. = AC exp(uz/Z)eXp{ - %[sgn u(uz_ze(w_¢»/~+ uo]z}

E. > 0y , (1c)
£,, = AC exp{- %[uz-ze(w-cp)]} E, <0V, (1a)

where Ee,i are the particle energies defined in Sect. II. Without
loss of generality, we will assume that o and B are positive:; the
normalization constant C is given by C = (2ﬂ)-1/2. The separatrix
in the ion phase space (Fig. 1lb) is given by E; = 0y or by us(x)
= i'{?ﬂf?E:ET, and that in the electron phase space (Fig. 1lc) by
Ee = 0 or by vs(x) = +9426; at ¢ = ¢ fi reduces to a Maxwellian,
shifted by - u_, and at ¢ = 0 fe is a Maxwellian shifted by + V-
Free ions are entering from the right, free electrons from the
left. Both distributions are continuous.
The corresponding densities become?
ng(¢) = exp(-vi/2)[r(vz/2, ¢) + 1, (8, 0] | (2a)
n; (¢) = a[F(u2/2, 6(y-0) +T, (o, B(y-0)] - (2b)
In (2) F(x, y) refers to the free particle contribution and
is given by
F(x, y) = exp(y) erfc (y1/?2) + (x, y) , (3)
where K(x, y), which stands for the drift, is given by
K(x, y) = o~ 1/2 ?/59 %2 cos Y exp(-y tan?¢ + x cos?¥)
° | erf(x*/%cosy ) . (4)
Its derivation was first given in Ref.[#})] and can be found, e.g.,
in Ref.ﬂHﬂ. It holds, K(x, O0) = exp(x) - 1, and K(0, y) = O. The
latter equation shows that K vanishes with the drift. Note, that
the sign of the drift velocities does not enter so that distri-
butions, which are symmetrized in v or u respectively, corres-
ponding to a current-free situation, would lead to the same den-
sity expressions. The results are, therefore, compatible with
any particle flux.
The contribution of the trapped particles is denoted by
T, (x, y) which is defined by '
T, (x, y) = x~1/2exp (xy) erf ({xy) (5)
The subscript + shall indicate that the trapping parameter x was
chosen to be positive.

Integrating the densities with respect to ¢ gives the clas-
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sical potential V which becomes

V() = Ae‘l[p+(ow, a) =P, (0(y-4), a) +H(u2/2, 0(p-¢), ew)]
- exp(-v2/2) [ 2, (6, 8) -1+H(v2/2, 0, §)] , (6)

where the integration constant was chosen such that Vv(0) = O,

and the new functions are defined by

F+(x, y) = exp(x)erfc(xl/z)-i-2(x/1r)l/2

(1-y ™ H +y T, (x¥) (Ta)

b
H(x, a, b) = /K(x, y)dy .
a

(7b)

In order to get a monotonic transition we must, in addition, de-
mand quasi-neutrality at ¢ = 0, and ¢ = ¢, i.e. ne(o) = ni(o),
and ne(w) = ni(W), and thirdly, V has to satisfy v(y) = O (non-
linear dispersion relation). These are three conditions which
together with V(¢) < O for O < ¢ < y restrict the admissible
parameter space.

The electronmcurrent turns out to be je = - vb,and the ion
current j = - E?E Atﬁ)exp(ug/z). Denoting the ratio of both
by je/ji = (azﬁhf , we can introduce the new parameter f in-

stead of one of the drift velocities, v, or u_, respectively. If
f is set equal to unity, then we say that the Langmuir conditionf
is satisfied.

A variety of solutions was found 2 by solving these con-
First of all,

chosen the drift velocities always had to exceed a lower bounda-

straints. it turned out that no matter how f was

ry in order to keep V negative: v, 2 Voe

lower bounds depend on ¥ and
unity, for @ = 1. This proves
originally for wall sheaths,
transition.

A similar statement can
parameters. Both are limited
where again the lower bounds

This justifies the choice of

, and u > u . These
Qo - oC

are found to be always larger than

. . 63436 .
that a Bohm criterion’ , derived

is also valid for the monotonicC

be made for the trapped particle
from below: o > a, B 2 B,
depend on Y being of order unity.

positive trapping parameters and

) ) . ) L 1243.1643-21,31-33
proves that four species, beam-like distributions are a pre-

requisite for the existence of the monotonous transition. A plot
of £, for the parameters indicated is shown in Fig. 3. Distribu-
tion functions like those are usually unstable with respect to
two-stream instabilities which are the richer and stronger the
larger the drift velocitieé are. The driven fluctuations will be
hf-waves due to mainly electron-electron (e -e) two-stream insta-

bilities sitting at the high potential side, and lf-waves due to
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e-i1§g340r i-i two-stream instabilities at the low potential
side . The turbulence level will be lowest when the drift ve-
locities are smallest. This is exactly the case when f = 1. This
means, that the "Langmuir condition" provides the most stable
double layer configuration.

The double layer width A can be deduced from the depth d of
the classical potential and is given by the relation A = wd'l/z.
The latter is obtained by a renormalization of the "energy law“ﬁz
The investigation of A shows that it is decreasing up to ¥ = 5,
and then increasing for higher values of wzs' For ¢y > 5 it
scales like A = 5 wl/zfs

The temperature ratio © is expected not to have an essen-
tial influence on the DL properties besides the fact that it
will most probably enter in the Bohm criterion (uo > 01/2y | More
precise statements are missing at the present state because an
analytical investigation involving © # 1 has not been undertaken
yet for this kind of distributions. Finally, it has been found
that for all DL.s that have been constructed the expression
G = 2<x¢ug
in view of uo =~ 0(1), that o must go like w_l as Y decreases.

2
&

was approximately constant (G = 0.8). This implies,

Very weak DLs Y << 1 are, therefore, not expected to occur be-
cause the trapped ion distribution would then be §-function-like
and be subject to strong instabilities. Thus, stability argu-
ments suggest a lower amplitude limit of order unity for this
type of DLs. There was, however, no indication for the existence
of an upper limit of Y in the analytical evalutations.

ThesSe analytically obtained features of the monotonic
transition, therefore, compare favourably with the properties
T1) - I7) listed in Sect. II, and show that the solution pre-
sented here is well suited for this strong type of DLs. For a
more detajled discussion and comparison with experimental and

. .. 42
numerical data I refer to the original paper.

IV. The Asymmetric Ion Hole (Tyge—IIéDL)

The seggzg type of DLs turns out to be intimately related
to ion holes. For this reason we first discuss in some detail
the (symmetric) ion hole, develop its characteristic properties
and then describe the asymmetric version. '

The ion hole together with the ﬁhase space diagrammes is
plotted in Fig. 4. Thé potential has a dip and satisfies v
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= _ b < = , , .
¢min -V ¢ d(x) 20 ¢ .x - Adopting the normalization of

Section II, we start with the following set of distributions

\ .
fef = AC exp(voz/Z)eXP{ - %[sgnv (v2_2(w+¢))’2._vo] 2}

E. >y, (8a)
fo, = AC exp{-%[vz—Z(w+¢)]} E, < v, (8b)
fie= C exp{— %-[Sgnu (u24-20¢)1/2-+uQ]2} E; > 0, (8c)
£,, = Cexp|[- > (u2+29¢)] E, €0, (84)

with the same definitions as in Sects. II and III. Note, that
electrons and ions are essentially interchanged in comparison
with Sect. ITI. Again the distributions are well-behaved, being
extensions of Maxwellians. The trapping parameters are chosen
with a different sign: o < 0 (corresponding to a concave vortex-
type, trapped ion distribution) and B > O.

The densities then become:

0 (0) = A [F(v2/2, p+o) +T, (B, v+6)] , (9a)
ns (6) = exp(- u?/2) [ F(u2/2, - 0¢) +T_(a, - 09) | - (9b)

1

F and T+ have already been defined, and T_is given by

T (x, ¥) = 2(n|x]) " 2u(/Txy]) . x < o, (10)

X
where W(x) exp(~ x2) Sfdt exp(t?) is Dawson's integral. At in-
(o]
£inity, i.e. at ¢ = O, the ion density becomes unity, because of
F(x, 0) = exp(x) and T_(x, O0) = O. Charge neutrality at infinity,

therefore, requires
ATl = F(vis2, 9) 4T (B, W), (11)

which is a first relation among the parameters. Note that the se-
cond charge neutrality condition is absent here in contrast to
Sect. III, so that v_ can be considered as a free parameter.
Choosing v, =0 and an isothermal electron state (B = 1), the
electron density then becomes the familiar Boltzmann distribu-
tion: ne(q>) = exp(4¢) .

A classical potential V, which is obtained by taking the
second integral form of Sect. II, becomes

V($) = A[P+(w, B) -P,(V+9¢, B) +H(v /2, ¥V +9, w)]

- 0 lexp(- w/2) [P_(- 08, @) ~1+H(u?/2, 0, -08)], (12)

where we used V(0) = O, and defined the new function P_ by
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P (x. y) = exp(x)erfc /x+2(x/m)2(1-1/y) +Y'1(1r|yl)-vz-
2 W(/Txy]) y < 0, x > O. (13)

In the 1limit v, = O, B = 1 the electron contribution to V becomes

1 - exp(d). <There is a sign error in egns. (20) and (21) of

Ref. HG).

The nonlinear dispersion relation, decisive for the exis-
tence of hole solutions, is given by V(- §) = O, which expresses
zero deriwvative of ¢ at potential minimum.

An investigation of the admissible parameter range, restrict
ed by the further condition V < O in - ¢y < ¢ < 0O, reveals the
following results*S 47 ¢
* The ion hole velocity u, is of order unity or less, and de-

creases with increasing v.

* Ion holes do not exist for 0 = Te/Ti < 3,5 in the isothermal,
carrent-free limit (B = 1, v, = O). This limit can be lowered
somewhat if vo is increased or if B is decreased.

* There is an upper limit on Y which is nearly one, and indepen-
dent on 0 (0 > 3.5), for v, = O, B = 1. It is increased if B
is lowered (¥ = 2.5 for B = 0.1).

MAX
* ¢ has to be strictly negative (ion vortex distribution).

e
* The spatial width A decreases with a; with respect to ¢, it

* n_ and n, are depressed in the hole region.

first decreases and then increases with increasing ¢.
Expressed in few words, the ion hole needs for its exist-
ence a vortex-type ion distribution, it propagates with at most
ion thermal velocity and is characterized by depressions of ¢,
n_ and n,.
e 1
Of special interest for the process of DL formation is the
limit of small amplitudes: § << 1. In this case we can exploit

the formulas analytically. Using a small amplitude expansion 8,

we £ind that the nonlinear dispersion relation V(- ¥) = O reduces
to '
1 \ , 8 ,1/2 2 .3/2
-5 Re[:Z (vo//§)+-ez (uo//f)J =3 1 [b(B, vo)+3 Chat
bla, ) ] ., (14)

where 2(z) is the Fried-Conte plasma dispersion function and
b(x, y) is defined by

b(x, y) = nl/2 [1-—x-y2] exp (- y2/2), Xz 0 . - (15)

In view of small ¢, a solution of (14) must be sought in the vi-
cinity of a zero of the left-hand side. The latter is, however,
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nothing else but the linear dispersion relation of zero-damped
electrostatic modes in the infinite wave-length limit. Zero-damp-

ing is artificially introduced by distorting the distribution

functions in the resonant region such that the imaginary part of

the bracket at the left-hand side of (14) becomes zero. stix*®

has studied this linear dispersion relation and found two low ’
frequency solutions: the usual ion acoustic branch and a second

one called the slow ion_acoustic branch. It is this latter

branch which is of interest herel.'"b Assuming a large temperature
ratio, @ >> 1, the solution of (14) is found to be

y, = 1.305{1_%5 Rez' (vo//2) - 2tey) Y? [5b (o, 1.305)
+O"3/2b(B, vo)‘]} . (16)

In the current-free, isothermal limit (vo =0, R =1,
where it holds b(R, Vo) =0, and - % Re?Z' (Vo/ﬁ) =1, (16) be-
comes

4 = 1,305{ 1 +3 - < b(x, 1.305) (ov) /2 f . (16a)

[o]
Since u_ is the phase velocity of the ion hole in the ion rest
frame (uo = w/k, where w is normalized by wpi and k by AD;l),
one easily recovers Stix's result (eq. 72, Chap. 9) in the limit
p » 0, @ > », Hence, ion holes are nonlinear extensions of slow
ion acoustic waves.

The classical potential, corresponding to (16a), becomes %
V(¢) =~ 2= b, 1.305)0%/%62(v5 - /4), (17)

which is shaped properly as one can easily recognize (see Fig.
43). From (17), it follows that b must be posititve, b > O,
which implies that ¢ < - 0.71. This means that the ion distribu-
tion is of vortex-type. Furthermore, from (16) or (16a) one sees,
that Uy decreasses with increasing ¢, as mentioned earlier.

To sumnarize, the small amplitude analysis proves analyti-
cally that the ion hole is based on the slow ion acoustic mode
and demands for its existence a distortion of the ion distribu-
tion in the thermal range.

A symmetric ion hole is accomplished now by two identical
pPlasma states on both sides of the hole structure. However, .. - o
since there are reflected (trapped) particles involved which
originate from dif ferent asymptotic regions, the plasma states
in generality will differ from each other. This is especially
true for the electrons. consequently, the ion hole will respond
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with an asymmetric structure, congisting of two different half-
ion holes attached at the potential minimum. In particular, the
depths of both halves will be affected, so that the most general
version will be an asymmetric hole as shown in Fig. 2a. Further-
more, since each part keeps the properties of a hole, all what
has been said for the (symmetric) ion hole can also be assigned
to the asymmetric one.

If we now compare the properties of ion holes with those of
the second type of DLs listed in IIl) - II7), we find an almost
complete coincidence.(@he items II5) and II7) will £find an ex-
planation laterE) It is, therefore, suggestive to identify both
entities. We, therefore, conclude that the asymmetric ion hole
provides a natural explanation of ion-acoustic DLs.

With this background, it is now not difficult to sketch a
scenario of DL formation.

V. A Scenario of Double Layer Formation

This Section deals with the processes involved in the for-
mation of DLs, specialized to the case of the current-driven ion
acoustic resistivity. In this case there exist extensive parti-
cle simulationgﬂuamwhich provide the information needed to il-
lustrate and to understand what is going on during the time de-
velopment of DLs. The main reference will be the particle simu-
lations of Ref.W40 which are used as guidelines and which will be
commented on and interpreted taking into account the analysis
developed in the previous sections. Hence, this section mainly
refers to the ion acoustic type-II-DL, but also the transition to the
monotoni¢c . type-I-DL will be discussed as it arises in voltage-
driven plasmas. Accordingly, the time-development of a current-
driven plasma can be divided into several stages.

1. Ion acoustic turbulence - excitation of slow ion acous-

tic modes

To start with, we note and remember that DL formation is
observed numerically only if © = T_/T; is sufficiently high, if
the initial electron drift v, is of the order of electron ther-
mal velocity, and if the system length L is sufficiently long.
The threshold values are given by © 2 3, vy 2 0.5 vy and
L 2 500 XDIand typical parameters; chosen in the simulatioﬁ?
were 0 = 20, vy = 0.6, and L = 1024 Aj.

For in this case, the ion acoustic waves are driven fastlv
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and strongly and gain a mean fluctuation level of about 20 %,
and local values up to 30 % - 40 %j7 Fluctuations of this amount
suffice to trap thermal ions locally, the corresponding trapping
velocities Vipi = /55575; being of the order of the ion acoustic
speed cg. Hence, the ion distribution will be distorted in the
thermal range, predominantly at positions where the fluctuations
are strongest, and this is essential for the existence of slow
ion acoustic modes. Ion Landau damping of the latter is drasti-
cally reduced and is offset by electron Landau growth, leading
to an amplification of this new mode and subsequently a bifurca-
tion in the frequency spectrum?O

2. Ion _hole formation

Both types of ion acoustic fluctuations are, therefore,
coexisting in regions where the distortion has taken place. How-
ever, thermodynamically, the system has the tendency to evolve
toward a state of maximum entropy which is achieved by the for-

mation of ion phase space holes.qe

Slow ion acoustic modes are,
therefore, further growing at the cost mainly of the energy of
streaming electrons creating a coherent ion hole pattern. The
ion hole will be solitary-like instead of being periodic, due to
the local character of the distortion. This readjustment ("self-
organization") occurs very fast, the associated anomalous resis-
tivity exceeds the former ion acoustic by one order of magnitude,
seen by a strong current reduction. During the convective growth
- this is in accordance with the assumption that the ion hole
behaves adiabatically - the ion hole, the velocity of which was
initially between the ion thermal and the acoustic speed, slows
down and comes to rest.“o

3. Electron _reflection

The process of ion hole amplification is accompanied by
a qualitatively new process, the reflection of streaming elec-
trons.ﬂ Slowly drifting electrons which could pass the ion hole
region before become reflected by the negative potential spike
of the hole. Hole depths of 0.2 - 0.4 corresponding to electron
trapping velocities of 0.6 £ Vtre/vthe 5.0.9 give rise to a sub-

stantial electron reflection and an associated current reduction.

4, The asymmetric ion hole (type-II-DL)
This electron reflection creates an asymmetry. There will
be an electron-rich region upstream, and an ion-rich region down-

. decreasing
stream. Consecguentlv. the vlasma resvonds bv increasina.the po-
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tential at the downstriggzi£g§. This incre?gggégsgfcompanied by
new trapping phenomena. Ions moving slowly in the downstream di-
rection will be reflected just as slow electrons moving upstream.
The lifting of the plasma potential downstream continues until
the charge imbalance is neutralized by these new trapping pro-
cesses. At the end an asymmetric ion hole is formed distinguished
by two distinct asymptotic regions up- and downstream. The dif-
ferent amplitudes of the two half ion holes fitted at the poten-
tial minimum are in accordance with the parameter dependency of
holes derived in Sect. IV: e. g., a higher value of |u,|, as it
is observed in the upstream region and which is due to the acce-
leration of ions, corresponds to a smaller effective amplitude
(depth) of the half ion hole upstream. Since the negative poten-
tial spike and the corresponding ion vortex distribution are not
destroyed during this rearrangement of particles and potentials,
the hole chracter remains preserved, although in asymmetric form.
We conclude that the resulting ion acoustic DL is an asymmetric
ion hole.

5. The super conducting plasma_state

From the preceeding we easily understand why a super com-

ducting plasma statel"o

expressed by zero resistivity follows the
DL formation. The reason is that the current is carried by fast
electrons that overcome the potential barrier (= depth of the
hole = 0.2) and thus have velocities larger than approximately
0.6 Vihe ¥ GCS. These electrons are off-resonant and do not
match the phase velocity of ion acoustic waves. The latter may
be present and resonantly interact with slow particles.

Since the distribution is more or less symmetrized in this re-
gion due to the reflection process mentioned above there may be
steady kind of process of absorption and emission of ion acous-~
tic fluctuations which, however, does not affect the current-
carrying fast electrons.

6. The monotoni¢. double laver (type-I-DL)

Suppose now that in the presence of an ion acoustic DL

an external potential jump is applied across the plasma. The

neutral plasma will exclude the applied field and force it to
. 17 X , .

appear solely in the non-neutral DL region. If this jump is

! all the ions moving upstream, being accelerated

several T_ e
by the jumpl will leave the ion hole region as free particles.

The opposite is true for downstream-movina ions. All of them
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become trapped by the enlarged potential barrier. The ion dis-
tribution, therefore, will assume a configuration like the one
indicated in Fig. 1lb), i.e., there are two beam-type components
upstream and one Maxwellian-type component downstream. The elec-
trons, on the other hand, will just become the mirror image.
Downstream-moving electrons will be accelerated and constitute
the beam component to the trapped component downstream (Fig. lc).
Thus, the whole configutation becomes favourable to a monotonic
transition of the potential. The dip at the low potential side
will disappear because an ion hole can no longer be supported by
the new ion configuration. This transition from an ion acoustic
DL with potential dropsof A¢ =1 -2 Tee_l to a monotoni¢ DL with
A >> Tee—l is clearly seen in the simulations of Ref.[17].

VI. Conclusions and Summary

In the previous section we have described and interpreted
qualitatively the formation of DLs in the presence of current-
driven ion acoustic turbulence. The main ingredient was a reflec-
tion of electrons due to an ion hole which was excited by a large
fluctuation and which gave rise to the formation of an asymmetric
ion hole (type-II-DL). An additional voltage drop was shown to
cause a further topological change in the potential and to in-
duce a transition to the monoton DL. The electron reflection
was manifest in the reduction (limitation) of the current.

Now this idealized picture may not necessarily be appli-
cable directly to real experiments as other overlapping proces-
ses which render the evolution more complex are involved, like
particle reflections and accelerations in sheaths, presheaths

or grids. It is, however, interesting to note that prior to the

) ) 1318,51,52 )
formation of DLs an "ion hole" precursor ', a negative poten-
. . 29.% A . 53¢

tial barrier™" , or a current limitation™  have been reported.

It is, therefore, suggestive to assume that the picture present-
ed in Sect. V has grasped the essential steps in the formation
of DLs. The lack of clear evidence of ion acoustic DLs in labo-
ratories may be attributed to the fact that the devices are
mostly voltage-driven so that the electron reflection and the
related current reduction caused by some negative barrier di-
rectly lead to a monotoni¢ DL. In other devices (e.g. triple
plasma devices), beam distributions satisfying a Bohm criterium

are produced by pre-acceleration which, provided that appropriate
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trapping processes take place, favourize the building-up of a
monotonic DL.

In summary, we have reported analytical proofs of the exist-
ence of two distinct classes of, in some seénse complementary, DL
solutions of the Vlasov-Poisson-svstem. One class consists of a
strictly monotonic transition of the potential and needs beam-
type distributions, the second class has, in addition, a negative
potential spike at the low potential side of the DL and needs
distributions which are distorted in the thermal range. The lat-
ter ion acoustic type DL has been identified with an asymmetric
ion hole. We have, furthermore, derived and described the char-
acteristic properties of both solutions, and have shown by com-
parison with numerical and experimental results that the analy-
sis pr%sented is well suited for the description of realistic
DLs. It turned out that for a correct description the use of
smooth, Maxwellian-type distributions was essential, which could
only be achieved by using a method different to the Bernstein-
Greene-Kruskal method.

Note aéded in vroof :

There are numerical indications of a third type of DLs given
by a transition with a hump at the high potential side [Fig. S].
Electron trapping caused, e.g., by a Buneman-Pierce instability,
leads to an electron phase space vortex which slows down as it
grows and gives rise to ion trapping and to the formation of an

asymmetric electron hole (type-III-DL).

In a recent paper of Temerin et.al. [Dd. Temerin, K. Cerny, W.
Lotko, F. S. Mozer, Phys. Rev. Lett. 48, 1175 (1982)], two possible
potential structures for double layers on auroral field lines which
are consistent with the data were presented. One of them was appointed
to the ion acoustic type-II-DL. We propose here that the alternative
second one is an electron acoustic type-III-DL which, in contrast to
the first one, does not require a finite temperature ratio.
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A qualitative plot of the electrical potential ¢(x) of
a monotonic double layer as .a function of x. The in-
sert shows the corresponding classical potential V as a
function of ¢.

Ion trajectories are drawn in the ion phase spéce exhi-
biting two species of ions. The dashed line marks the
separatrix, and the thickness of a contour correlates
with the height of the distribution function: free ions
are entering into the double layer region from the high
potential side with normalized drift vglocity -u,-
Electron trajectories are drawn in the electron phase
space; free electrons enter iﬁto the double layer re-
gion from the low potential side with a normalized drift

velocity -+vo.

A gualitative plot of the electrical potential ¢(x) of
the ion acoustic double layer as a function of x. The
insert shows the two parts of the classical pdtential v
corresponding to the two monotonic parts of ¢(x).

The ion phase space; further details are £found in the
text and in the legend of 1b).

The electron phase space.

The electron distribution function in the quasi-phase
space (¢, v); the trapped electrons are located around
v = O on the high potenhtial side ¢ < Y; the free elec-
trons experience a cooling during their acceleration
from ¢ = 0 to ¢ = V.

A qualitative plot of the electrical potential ¢(x) of
the ion phase space vortex as a function of x.
The ion phase space.

The electron phase space.

A sketch of ¢(x) of the electron acoustic double layer
as a function of x.

The electron phase space.

The ion phase space.
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Abstract

Electrostatic Oouble Layers (DL), one of the most interesting
nonlinear entities, have attracted much attention in recent
years, However, there is no satisfactory theoretical descrip-
tion of DL hecause of the use of BGK mebhod, by most of the
theoreticians, involving non-physigal distributions of the diff-
erent species of particles. In this paper, we wish to show that
acceptable DL solutions can be obtained with the help of an
alternative method, he essential of this method is to prescri-
be the whole set of distributions and to lcok for the electro-

- static potential, the choice of the distributions being fixed

by physical considerations. We have thus obtained the lower
limits for drift velocities and trapped particle temperatures
and a simple relation is established betueen potentie' drop,
free ion energy and trapped ion temperature. The scaling law

for the width of strong double layers is confirmed analytically.
1t is found that whersas Bohm's criterion is generally valid,
the Langmuir condition can be relaxed. Our theoretical results
are found to agree quite well with the numericzl simulation

and experimental works for laboratory plasmas,
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Abstract

We present a model of double layer formation in ion
acoustic trubulence excited by drifting electrons. It is found,
by means of particle simulations, that when the electron drift
velocity exceeds 0.6 Vier @ negative potential ion acoustic
solitary wave first grows until its amplitude reaches to e¢ " ~Tq
and subsequent reflection of electrons leads to formation of a
double layer. The mechanism of the growth of the negative ion
acoustic solitary wave is investigated analytically.

Okuda and Satol have discovered in their computer simulation
that the ion acoustic wave turbulence which is excited by an
electron drift spontaneously generates weak double layers with
the potential jump comparable to the electron temperature.
Hasegawa and Sato2 as well as Schamel3 independently have recog-
nized negative potential spikes are responsible for the formation
of the double layer and.obtained some stationery solutions. 1In
this manuscript we study dynamical processes of formation of the
weak double layers from the ion acoustic turbulence by means of
one and two dimensional numerical simulations, as well as of
analytical methods.

Initial value problems are solved with certain initial drift
of electrons with respect to ions.  Figure 1 shows the potential

profile obtained in the one dimensional simulation of which paré-
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meters are vy = 0.6 v Te/Ti = 20 and me/mi = 0.01, where v

Te’
and v o are the drift and thermal speeds of electrons. The

doublg layer structure with the preceding negative potential
spike is clearly visible. The boundary conditions is periodic
hence the potential structure of a double layer is not of an
ideal type but is of a triangular shape. 1In all cases appearance
of the negative potential solitary waves are found to be responsi-
ble for the formation of double layer as predicted earlier.3
Parameter surveies of the simulations indicate that there exists
a threshold in vo/vTe for the formation of the negative potential
solitary waves, and it is given by vo/vTe 2 0.6. It is interest-
ing to note that the thershold exists in Vo/VTe rather than in
Vo/cs' where Cq is the ion sound speed.

The reflection of electrons by the negative potential spike
also produces anomalous resistivity by reducing the current. The
reduction of the initial current is shown in Fig.2 for various

values of initial drift speed, 0.5 v 0.6 Vip and 0.7 v, . For

Te’ e Te
v. = 0.5 Vre’ the negative potential spike is not formed hence

tge reduction of the current is simply due to the excitation of
the ion acoustic turbulence. However, when the negative potential
spikes are formed corresponding to the cases, Vo R 0.6 Vel @
significantly larger drop in the current is noticeable. The time
when the sharp drop of the current occurs coincides the growth of
the negative potential (see Fig.3).

The trajectory of the negative potential spike as well as
the variation of its peak value are plotted as a function of time
in Fig.3. The spike moves initially at the ion accustic speed
(dotted line) and gradually decelerates as its amplitude grows
until it stops in the ion frame when the amplitude attains its
maximum value. This result indicates that the negative potential
spike initially originates from the ion accustic wave. As will
be analytically shown later, the reflection of electrons causes
also the deceleration of the negative potential. As the solitary
wave decelerates and approaches to halt, the ions are trapped in
the potential mainly due to the deceleration of the wave. The
deceleration of the wave leads to trap the ions of which relative
velocity to the wave is A-v < 3vT., which is calculated from the

v 1

observed deceleration, where Vi and A are the ion thermal speed

and the wave propagation speed, respectively. The existence of
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the trapped ion is seen in its trajectory in phase space in Fig.4.
The ion acceleration by the negative potential results in the
phase space hole of the ions as shown in Fig.5. The trapped ions
form ion rech region near the edge of the solitary wave, near

¢ ~ 0 region, while the phase space hole of the ions forms an
electron rich region in the center of the potential, leading to
the growth of the negative potential. This can be seen in Fig.6
that shows the ion (open circles) and electron (dots) density
profiles at different location of the potential. The top side of
the curve corresponds to the left side of the potential spike in
Fig.l and the bottom éide of the curve corresponds to the right
side. The higher density of both electrons and ions in the left
side is due to the reflection of the drifting electrons by the
negative potential and the trapping of the ions by the decelera-
tion of the wave, respectively.

To prove that the formation of the negative potential solita-
ry wave is not an artifact of the one dimensionality of the model,
we also ran two dimensional simulations. A typical result is
shown in Fig.7 where the two dimensional profile of potential ¢
is plotted for two different times. At an earlier time (top
figure), the ion acoustic turbulence develops in two dimensional
directions, however, in a later time (bottom figure) the negative
potential solitary wave appears in the one dimensional trough
structure perpendicular to the electron drift direction.

We now derive an equation that governs the dynamics of the
negative potential solitary wave by taking the electron reflection
into account. We use the cold ion fluid and Vlasov electrons.

Following Washimi and Taniuti4, we introduce the stretched coor-
1/2 e3/2tmpi
variables are expanded on the order of ¢, for example, e¢/Te =

dinates £ = ¢ (x - cst)/)\De and 1 = . The dependent

e¢l + ez¢2 + .4¢+s + Then we can obtain the equation
3
) ) 1l 3 13 _
wh gt ®1 = 7 3% Per = O (1)

where ng. is the density perturbation corresponeing to the reflected
electrons. The velocity of the reflected electrons is given by,
2

L e
5 m u® - e¢p = constant. , (2)
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5

Following the method of Kato et al.”, the density can be obtained as

u
= M T
ng,. = 2fO T 2¢ Mg du, (3)

where uy = (2 %; (p - ¢M))l/2 and ¢M = Min(¢).

By normalizing U by c, s wWe can obtain

W

d ) 1 3
?ﬁ‘¢+¢?a'§¢+i‘_£3¢ (4)
m Vo = ¢ + V-9
1, e 1/2 3f ) M M
- =(==) = _ . =r(/-¢, Vd = ¢, - ¢ &n ) = 0.
€ mi au u—cs )3 M M /:$

The first three terms are familiar Korteweg - deVries equation,
while the last term is the modification due to the electrons
reflected by the negative potential. To study the effect of the
last term, we solved eq. (4) numerically with and without the last
term for an initial condition of a localized potential. Figure 8
shows the comparison of these two cases. It is clearly seen that,
while the K-dV equation gives damped solution (left figure), the
inclusion of the electron reflection produces a solution which
grows and simultaneously slows down. The propagation velocities
of the wave are plotted as a function of its amplitude in Fig.QQ

To summarize, the dynamical process of formation of a weak
double layer is studied both numerically and analytically.

The negative potential salitary wave is decelerated with the
increase of its amplitude by the reflection of electrons. On the
other hand, ions are trapped by the negative solitary wave mainly
due to the deceleration of the wave. The trapped ion form ion
rich region near the edge of the solitary wave, while the phase
space hole of the ions forms an electron rich region in the center,
leading to the growth of the negative potential.
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dbstract. The formation of ion phase space vortexes in the ion two stream
region behind electrostatic ion acoustic shocks is observed in a laboratory
experiment, A detailed analysis demonstrates that the evolution of such vor-
texes is associated with ion-ion beam instabilities and a nonlinear equation
for their initial evolution is derived. The results are supported by a numeri-
cal particle simulation. |

1. Introduction. Numerical solutions [1] of the ion Vlasov equation (in one
dimension) with the assumption of Boltzmann distributed isothermal electrons
demonstrated that ion phase space vortexes may develop in the two stream region

behind electrostatic ion acoustic shocks. Similar entities, but in electron
phase space [2,3], were previously observed experimentally [4]. A unified ana-
lytical description of isolated ion and electron phase space vortexes is ‘given
by Bujarbarua and Schamel [5]. Ion phase space vortexes, in particular, seem

to play a role in the formation of electrostatic double-layers [6] by creating
a localized barrier inhibiting the free flow of the low velocity part of the
electron distribution in current carrying plasmas. The subsequent deficit of
electrons behind the ion vortex creates a positive potential region which ulti-
mately developes into a double layer like structure. Another interesting aspect
is the possibility of unstable plasmas to exhibit self-organizing behaviour by
the formation of phase space vortexes [7]. In this work we discuss various
properties of ion phase space vortexes.

2. Experimental results. To investigate the problem, considered numerically

by Sakanaka [ 1], we performed a laboratory experiment in a large 0.6x1.2 m
Double-Plasma device operated at neutral argon pressure ~ 8-10',‘5 torr. We
excited electrostatic shocks in the usual manner [8] by pulsing the driver
chamber. Behind the shock we observed the formation of localized density de-
pletions which propagated without significant de‘forma’tion_ at a velocity slight-
ly below that of the shock [9] . Using an electrostatic energy analyzer and a
boxcar integrator we péfformed meaSurementé of the ion velocity distribution
and demonstrated that the density depletions were indeed associated with ion
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phase space vortexes separated from the shock by a region of heated ions, in
good agreement with the numerical results [1]. For details see Ref. [9].

3. Numerical Results. We developed a particle simulation code [10] for a
more detailed investigation of the formation of ion vortexes. Using a "moving
slug™
lifetime exceeding at least 100 ion plasma periods. By slowly varying the elec-
tron temperature in the code we may then follow the change in characteristic
properties of the vortex, e.g. amplitude, velocity, width etc. This procedure
ensures that we do have a phase space vortex to begin with i.e. our results
have nothing to do with the excitation efficiency of vortexes for various tem-
perature ratios. The moving slug may represent a burst of well correlated
particles often observed both in laboratory experiments and computer simu-
lations. Figure 1 shows the velocity U and amplitude ¢ of one ion vortex,

for varying temperature ratio, Te/To, where Ty is the initial, unperturbed ion
temperature. Note that ¢y + 0 at To/T, ~ 3 i.e. the ion vortex ceases to

exist for small temperature ratios. This observation supports analytical re-

sults [5]. 10 l
a) cs_ﬂ 3T

s Smue &
’

i.e, an ion beam of finite extent,we may excite one localized vortex with
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By introducing the effect of random charge exchange collisions in the code, we
demonstrated that the life-time of an ion phase space vortex is roughly one
collision period. The code is designed to select ions randomly with a prob-
ability proportional to the local density but independent of velocity (corre-
sponding to a constant cross—section for the process). The selected ions are
then replaced at the same position but with velocities taken randomly in a
Maxwellian distribution, with temperature below that of the initial plasma.
The replacement changes the ratio between trapped and untrapped ions associ-
ated with the vortex. The resulting configuration will not be an equilibrium
solution to the equations and preliminary numerical results seem to indicate
that the vortex adjusts itself to the changing conditions by emitting another
small vortex before it ultimately damps out.

4. Relation to ion-ion beam instabilities. In order to gain a better under-

standing of the phenomenon under investigation, we considered a simple cold
symetric ion-ion beam model. Looking for stationary solutions to the problem
we obtain the standard form %—(cm/dx)2 + V(cp] = W, with a pseudopotential
given by

V() = - (e + o ViZ-20) (1)

where ¢ is normalized by Te/e, x by the Debye-length, and V45 > 0 is the un-
perturbed ion beam velocity normalized by Cq = (Te/M)J“ ’ the ion sound speed.
The coefficient o is dEtermined through the fequirement of overall charge
neutrality; 11'm(1/2L)J exp(¢(x))dx = (o/2L)J (vé—2¢)(x))~§dx. Approximately
we find o = ng It is’%‘eadily demonstrated 'E}iat, for properly chosen W,
solutions ¢ (x) obtained using (1) may have the desired properties charac-
terizing ion phase space vortexes, i.e. cusplike spatial structures associ-
ated with points where the local ion beam velocity goes to zero. Figure 2
shows pseudopotentials with the approximation ¢ = V,. Potential and phase
space diagrams corresponding to different values of V, and W are shown sche-
matically, Solitary solutions (i.e. single humped) are found when o exp(-v4/2)<
0.451, and they may take the form of two head-on double layers, see Fig. 2c.
Note that in the cold ion limit no single vortex solution exists._
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We found it interesting that the criterion for the existence of bounded (i.e.
physically acceptable) solutions for ¢(x), namely V, < 1, coincide with the
criterion for linear instability for the two ion beams. It thus appears tempt-
ing to assume that the stationary solutions derived from (1) represents a
final saturated nonlinear stage of this instability. To investigate this con-
jecture in more detail we derived a nonlinear evolution equation for two
counter streaming cold ion beams of equal density.

bo® - n2adg - oy2n252,9 20402 bny O
ate? - a2at4 - 2v2a222e? + 2v23%02¢ + Viale
= % a6 _ 202 (2 X 5ol _ -%
V03x¢ = 2Voaxat(Vo 2¢) + Voax(vo 24)) (2)

- véaj{afc(v;-2¢)"s
This equation retains the correct linear dispersion relation and moreover re-
produces (1) with the approximation ¢ = V,, for stationary solutions. Equation
(2) is derived for the symmetric case where the two beams have the same den-
sity. The result will however remain qualitatively the same as long as the
beam densities are different but comparable. In deriving (2) we assumed that
the temporal evolution of the instability was slow. It is then consistent to
ignore a‘{._¢ and the resulting equation may be integrated twice with re~

spect to x yielding
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2 ¢ _ 242, _ v2q2.0 24,
202e® - 202324 - viaZe® + vZatg =

(2/V,) 92 (v2=20) * = V222 (VE-2¢)"% + v_32(vi-2¢)7% (3)

where we assumed ¢ + 0 for x + * », The approximations leading to (3) amounts
to ignoring the two stable branches of the linear dispersion relation; after
all only the unstable branch leads to finite ¢ for infinitesimal initial per-
turbations. Some of the properties of Eq. (3) are discussed by Pécseli and
Trulsen [7]. Comparison with results of a particle simulation code [7,10]
demonstrated that Eq. (3) indeed describes the initial, nonlinear, evolution
of the instability very well. The saturation is due to finite temperature
effects not included in (2) or (3). They can however easily be included at
least quantitatively in the pseudopotential (1) by a simple waterbag model
[3,7]. A typical modification of V($) is shown by the dotted line on Fig. 2.
The "cusps" in potential will flatten as ¢ » V4/2 and now also single

vortex solutions are possible. (We emphasize that Eqs. (2)-(3) describe

the evolution of a local perturbation of spatially homogenous ion beams, i.e.
they are not applicable for e.g. the moving slug problem discussed previously).
Some properties of Eq. (3) are demonstrated by Figs. 3a-d. For a linearly
unstable case Vo = 0.8, Fig. 3a, the perturbation grows and develops potential
cusps like those shown on Fig. 2b corresponding to vortex-like structures _in
ion phase space. A linearly stable case, Vo = 1.2, Fig. 3b, will simply gi.ve
dispersion of the initial perturbation (the symmetry of the problem

leads to a break-up of the initial wave packet). For the marginally stable
case Vo = 1, Fig. 3c, even a small perturbation brings the beams into unstable
conditions locally, and the perturbation grows at these positions while not
much happens away from these points. Finally, Fig. 3d, we perturb the lin-
early unstable case V, = 0.8 with a wavepacket containing predominantly very
short wavelengths which are linearly stable i.e. k% > (1/\/’%)—1. This wave-
packet will initially disperse like on Fig. 3b, but eventually the growing
long wavelength component will dominate, evolving similarly to Fig. 3a, as
expected on physical grounds. We thus feel confident that Eq. (3) serves as

a useful starting point for more detailed investigations of this particular
instability. | N | -
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A comparison with the experimental observations [9] shows that an interpre-
tation as the one suggested here indeed seems fruitful: thus in the experi-
ment a stationary dénsity wariation emerges out of an initially noisy two-
stream region behind the ipn-acoustic shock. The injected beam energy is
consistent with the criterion for the two-~stream instability and the ob-
served time scales for the evolution agrees with those obtained from the
model i.e. ~ 10-20><(21t/mpi). The strong ion heating in the regions sur-
rounding the' ion vortex, was explicitly emphasized in the description of
the experimental data, see also Ref. [7].
A ; ;

The analysisi;outlihed hitherto is strictly one dimensional. The selected
dimension need not, ._howeve;", be the direction parallel to the beam veloci-
ties, but"can be chosen a't“"'a‘m'y angle a with respect to V,, resulting in a
trivial coefficient -cosa. Analytical results [11] indicate that ion holes
are weakly unstable if the full three dimensional evolution is considered.
Their f'instabiflity seems however to be so weak that it cannot be detected in
the laboratoty experiment [9], where also other effects are important.

) K .

Stable_?: ion phase spaée vortexes may be a possibility in a strongly magne-

tized plasma,’ where we may assume that the ions move essentially along B-

: field lines. We shall not pursue this problem here, but only mention that
- : AN . . ‘
~the quation (2) can be.-gnex;l_eral‘zj.:z?'qq;zas

Ty
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$_524-
(3¢ - 2v2a2aZ+vias) [e?-32¢-Vi¢
- T(QVie+(V, ) 2-Vid20-V,6°32V,¢=(Vig) 2~V ¢-V ,Vi¢)] = (4)

_ 202 fy2_ b1 50l (v2 94y =% _ u3n282 (2 nay =3
2V 3232 (v2-24) 7 + V3% (V3-2¢) V33202 (V2-2)

where T = (“pi/“’ci)z << 1. The ion-cyclotron branch is thus ignored. The
properties of a simplified version of Eg. (4) are under investigation.

Saturation mechanisms for the instability differing from the kinetic effects
described previously are also considered, and we have derived a model equation
based on Egs. (2)~(4) including such effects. These results will be reported
in the future.

5. Conclusions. We may summarize the results of this work as follows: Ion

phase space vortexes (or "ion holes") are observed in a laboratory experiment
in the two-stream region behind an electrostatic ion acoustic shock [9]. The
observed evolution agrees well with the results of one-dimensional numerical
results [1,10]. Analytical results based on a simple cold ion beam model in-
dicate that such phase space vortexes represent a natural saturated final
stage of ion-ion beam instabilities and a dynamic equation is presented for
its initial evolution [7]. The instability is saturated by e.g. particle ef-
fects even for very small ion temperatures T;j << Te, as demonstrated by a
numerical particle simulation [10]. These effects can be explained qualita-
tively by a simple "water-bag" model [7]. We demonstrated that ion vortexes
can be excited also by coherent ion bursts [10] and could, using this method
in the numerical code, investigate some basic properties of the phase-space
structures in question. The relevance of these structures for e.q. double-layer
formation in one dimensional systems has already been pointed out [6]. We be-
lieve that also some ionospheric observations could be explained in these
terms: thus electric field measurements on the S3-3 satellite show frequently
ocoouring small composite spikes of two opposite polarities, see e.g. Fig. 11
in the paper by Carlquist in these proceedings [12] and interpreted there

as solitary waves. Such waves would however probably be damped by particle
reflection. An interpretation in terms of stable phase space structures thus
seems more likely. Note that solitons and ion vortexes are clearly dis-
tinguished by the polarity of the associated electric fields, the E-field
direction being out of the soliton, but imnwards for the vortex.
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Time Evolution of Particle Distributions in a Double Layer

M- Mohan, A*N* Sekar and P K* Kaw
Physical Research Laboratory
Ahmedabad - 380 009 - |India:

Absgtract :

The time evolution of particle distribution functions in a
double layer is studied* By taking a special set of initial distribu-
tion functions and the electric field potential, the analysis is
carried out numerically using Vlasov and poisson's equations* The

numerical scheme is presented here-

Introduction :

Double layers are shock-like regions in plasma across
which very large electric field exist* These large electric fields
are produced by layers of positive and negative charges separated
by distances of the order of a few Debye lengths: The plasma
within the double layers are far away from being neutrals But
when integrated over the whole region, they maintain charge
neutralityl-’z Such electric fields and charged particles accele-
rated by them to very high velocities have been detected in many

laboratory and magnetospheric plasmas?’ 4

Double layers as B G K solutions of the Vlasov equation
has been studied recently? where it was found that some amount
of trapped particles are necessary for their formation and
stability-

We are trying to follow the time evolution of particle
distribution functions numerically by taking a special 'set of
initial conditions and using the Vlasov and poissons equations:*

In this paper, we give a general outline of our approach-
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Time Evolution :

We assume that a potential of the form,

9& XL X,
0
%(7(-7(1) A, KK Xy
(X% @
¢ z 0 Ay LA Ay
}é("""a) '7(3(‘)L <l4
(%4~ 23)
() x44x

is created att = o To be consistent with this, the ion and elec-

tron distribution functlons att = O are taken to be,

i‘(u,u,o) : iTj'_) Eo(xx +Bu(’<*"4)+":v] e')t}:[ j@
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where
_ ¢0 . ) B - ‘.?E:.'___—-
A= 4Tre(x2~v(,) 4»‘7e(7(4—7<3)

and u

is the streaming velocity of the electrons:

Using¢ given by e*gr. (1 ), we solve for the particle tra-

jectories for a small value of time, At. Then we have,

. 2 (‘
voac LY __'f(/;xt) ¥ Xo R 1% At +u; @

2 m Jx Y modx

where q and m are charge and mass of the particle considered-

Since according to the Vlasow equation,

0 ,e.0p_ % d¢ ok . dt .,

— — _ m— -

ol ax m dx o dE @
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the distribution functions do not change along the particle tra-

jectories, we have,

‘ . ; d¢ at? e+ % dE aF, o )
f’(u,(}, At): i (7&'* it '“—'): f,ii; ggz ’ m dn )
ngch we use in the poissons equations;
. A ,, 3
.C_l_f : .q-ﬂ'eff ‘,e (n,0, a) e —/ 1. {7(,1-'!,41&;)((0} CD
dx* s el -

and solve for—the new form of ¢ * This ic used in eq* (4) to
find the new trajectories for the next time interval* Then
taking the right hand side of (6) as the initial form, we find the
new distribution functions+ This process is repeated over and

over to find the time evolution of the distribution functions-

That part of the distribution functions for which the
total energy, W= 5'-_7'16'1-\- ¥¢ is less than P correspond to
trapped ions or reflected electrons: The time evolution of
trapped ion distribution function will be compared with the ones
computed using the sudden approximationﬁ- The relationship
between the stability of a double layer with a given potential
drop and the relative streaming between the ions and electrons

is also being investigated now:
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Modified Korteweg - de Vries Equation for Propagating Double
Layers in Plasmas

S. Torvén

Department of Plasma Physics, Royal Institute of Technology,
5-100 44 Stockholm, Sweden

Abstract A modified Korteweg - de Vries equation with a cubic
nonlinearity may be used to describe the time evolution of pro-
pagating double layers. The asymptotic form of the solution is
discussed for a monotonic initial potential profile. The profile
may steepen and reach a steady state simultaneously as a number
of solitary waves form behind the double layer, resembling the
time evolution of experimentally observed profiles. Some physical
models, that can be described by this equation, are discussed

and necessary conditions on the particle distribution functions
are presented.
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On the Negative Resistivity of
Double Layers
By
M.A. Raadu and M.B. Silevitch*
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*Permanent Address: Dept. of Electrical Engineering
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It is known that large amplitude oscillations can occur in the current
flowing through a plasma diode, typically when a constant potential is
applied across the device. Burger (J. Appl. Phys. 36, 1938: 1965) suggested
via a computer simulation that the oscillation characteristics was a func-
tion of the quantities v, and t,, namely the respective time for an electron
and an ion to cross. the Slectrié field region inside the diode. On the
rapid time scale Tas the self consistent equilibrium configuration, was un-
stable. Norris (J. Appl. Phys. 35, 3260; 1964) had previously arrived at
the same conclusion using analytical arguments. In that work, it was con-
cluded that the instability occurred since the diode acted as a negative
resistance on the t_ scale. A positive feedback effect forced the system
away Trom equi]ibriﬁm.

During the later evolution of the system, Burger found that the inter-
nal potential structure developed a negative well near the cathode region.
This barrier caused current interruption to occur. The system returned to
its initial state in a time VT and the cycle would then repeat. Recently
Iizuka et al (Phys. Rev. Lett., 48, 145; 1982) performed a series of exper-
iments which reproduced the essential features of Burger's simulation.

Silevitch (J. Geophys. Res. 86, 3573; 1981) used the Burger mechanism
to suggest an explanation for the flickering aurora phenomenon. He extended
the Norris argument and ‘showed by a variational method that a plausible
analytic model for a double layer (DL) behaved as a negative resistance on
the o scale. In this present work we reexamine the Silevitch (1981) re-
sults— (henceforth referred to as paper 1) by taking a more detailed account
of the constraints which are imposed on the various electron distributions
which exist within the DL region.

The equilibrium auroral DL model used in paper 1 is taken from the
work of Kan and Lee (JGR 85, 788; 1980). The DL potential structure ¢(x),
varies from ¢(x=0) =0 to ¢(x=d) = ¢,. Moreover, as shown in Figure 4 of
paper 1, there are three distinct e1ecgron populations associated with the
Kan and Lee DL model. These are:

(a) Streaming Electrons Originating at ¢(x=0) = 0

A waterbag velocity distribution is chosen for this population which
is simply

N
1
Fale) = f = 55—;1— o V(8) < v <V, (4) - m
where Vz(¢) = (2|EI¢/m)% and V (¢) = [4V21 + V§(¢)]%. Here N_, and
Ve1 are ~ the density and streamng velocit? of the“electrons orig?lating at
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x=0, Following paper 1 we can easily obtain expressions for the electron

¢ —
density, ne](¢) and its integral ge](¢) z I__ ne](E)d¢ at any point ¢(x)
$=0
within the DL region. Note that it would be more precise to indicate these
quantities as functionals of fe1(Ne1’ Vo> 95 V).

(b) Trapped degraded primary and secondary electrons

originating at ¢(x=d) = $o

Again for these particles we use a waterbig distribution fet of value ft
centered at v=0 and cut off at v = + (2|e|¢/m)%. Thus,

N
- et m %
fr = % ) (2)
where N_. is the density of these trapped electrons at x=d. Again simple
express?&ns for net(fet and get(fet) can be obtained (see paper 1).

(c) Trapped Tow energy electrons originating at ¢(x=d)=¢o.

A Maxwellian distribution is assumed for this population. It is a full
range function characterized by the parameters N__(>> N ]) and kTeo(<<|e|¢ )
which respectively réepresent the electron density and thermal energy at x=d.

If the equilibrium DL structure is perturbed on the Ta time scale then
the dynamic resistance of the DL is defined as

8¢ |
- _0 my-]

Ry = 53 (A) . (3)
Here A is the DL cross sectional area and §j (8¢.) represents the electron
current density (potential) variations from the  equlibrium values

[i.e. ¢(x) perturbation , o*(x) = o(x) + 8¢(x)]. Clearly only the
electrons in category (a) contribute to j and thus,
8j = 6(|e[Ne]Ve]) = |e|Ve16Ne] + |e|Ne16Ve] (4)

In order to calculate RD we need the key result

0 = &{gg; + 9ot * 9ot (5)
This equation is obtained by first multiplying Poisson's equation by

d¢/dx and then integrating from x=0 to x=d assuming charge neutrality at
both endpoints. Finally, the same procedure is repeated for the perturbed
state (¢*) and the two equations are subtracted keeping only first order
terms in the variations like S¢. It should be noted that to this order in
6¢ it is not neccessary to ‘impose strict charge neutrality for the perturbed
state at x=0, d. Moreover, a rigorous derivation of (5) would include on
the rhs a static ion term GGion defined by
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d .
66, = -| dx n.(x)[4¢" . 9% (6)
i Jx=0 i dx dx

where ni(x) is the ion density profile in the unperturbed state. In paper
1 this term was neglected. An argument justifying this approximation is
presented in the final portion of this paper.

In order to obtain an expression for R, we need to specify in detail
those constraints that apply during the ini?ia] disruption. To illustrate
this consider electron population (a). Eq. (4) defines a relation between
8N , and &V 1 Another is needed. For example, in paper 1 it was assumed
thsl Na1 ang Vel were independent and so either GNe] =0 (i.e. strict

charge neutrality) or 8V , = 0. Perhaps a more realistic constraint would
be to impose the conditiSA 6f1 = 0. This would imply from eq.(1)

N

- el
0 = oNgy - T Vg - (7)

From eqs. (4) and (7) we find

. 8J _ 8j
6Ne] = % |e|Ve] ’ 6\’el = A IelNe] : (8)
The expression for RD is now obtained by expanding eq.(5) as:
og ag og
- el el et
07 Ba e t v e * i, et
8900 .
* aN,, Ngo  + A6¢0] (9)
9g ag 3g
1 et eo s
where o = = + + Let us first follow paper 1 by
S¢g 3¢, 3¢°
assuming sNe] = GNet = aNeo z 0. Note that these constraints would

not impose strict charge neutrality at x=d. Using eqs.(4) and (9) we obtain
the resistance R1 given by

99
- -1 el

I¥ we replace SN

= 0 by condition (7) we find the DL negative resistance
R2 will have the

e]value R2 where

ag 9g

“1p %1 1 el 1

R, = (2A|e[a)”™'[ + ] (1)
2 Ny Vo W N .
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For the parameters of the auroral example in paper 1 we find that the
two terms in the bracket have roughly the same magnitude and hence
R, & R.,.
2 1
Let us now generalize the constraints on &N

and 8N An obvious

first step is to assume strict charge neutra]ityetat ¢=¢0?°.This would
imply
*(Sne](cbo) = SN, o+ SN, (12)
For simplicity let us also still assume Ny = 8N, = 0. From eqs.(4)
and (12) we find that €
an an
- -1 el .. el
SNyt = '{(Nellel) v 8 ¢ 3¢ 865} (13)
el 0
the DL negative resistance will now have the value R3 given by:
g an 9g 90 an
-1 et el+~1, et et el
R, = ~(NlelA)" '[a - 17 L - 1 (14)
3 el aNet 3¢0 BVe] aNet aVe]
For the parameters of the auroral DL of paper 1 we find that only the
ane]/ave1 correction term is important and
3T 4N

Moreover, if we assumed that it was primarily the lTow energy population
which reacted to maintain charge neutrality (i.e. &N = 0,
8Ny = -6n (¢.)), then the resulting negative res$itance would be
approximately equal to R,. A result similar to eq.(15) is obtained if we
relax the charge neutra]lty constraint and assume instead aft = SNeo = 0.
From the above discussion we conclude that the response of the trapped
particle populations will have quite an important effect upon the value of
DL negative resistance. According to the theory in paper 1 a smaller
value of negative resistance could quench the DL disruption on the
time scale. To test this hypothesis we can envisage an experiment whi&h
allows the controlled injection of trapped electrons. One could then
study the DL disruption characteristics as a function of the trapped
electron distributions.

Before concluding this paper we will justify the neglect of sGi(eq(G))
in eq.(5). The unperturbed electric field of a strong DL structure'is
primarily nonzero in an interior region of space Ax(<d). Under the assump-

tion that the perturbed electric field (:%%f) is also confined to essen-
tially the same Ax region we can rewrite ~eq.(6) as,
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Here n. is the value of unperturbed ion density in the Ax region. It is
given By the expression,

d
= . 1 d _ 1
n o Lzo dx ni(X) ax % g,-(cbo) .

For the auroral DL model discussed in paper 1. it can be shown that

-

N, o~ 0.1 (age/3¢0) and so for this case SGi can indeed be neglected

in eq.(5).
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RELATIVISTIC EFFECTS IN ELECTROSTATIC DOUBLE LAYERS
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Abstract: Relativistic effects must be taken into account in
calculating the structure of double layers when the potential
difference is sufficiently high. In relativistic double layers
both ions and electrons are accelerated up to relativistic ener-
gies and their dynamics are consequently modified, whereas in
the semi-relativistic case only the electron motion is signifi-
cantly affected. Relationships have previously been derived bet-
ween double-layer parameters including the effects of relativis-
tic dynamics. For non-zero injection velocities a separate rela-
tion is here found between the double layer potential and the
boundary parameters. An approximate expression is found for the
dependence of the potential difference on the current and thick-
ness of a semi-relativistic double layer.

1. Introduction

Much of recent theoretical work on electrostatic double
layers (for a review see Carlqgvist, 1979) has been devoted to
the non-relativistic case. This emphasis is in part due to the
stimulous from laboratory studies (cf. Torvén, 1979, for a re-
view of these) and from the evidence which has been obtained for
the existence of double layers in the magnetosphere. However in
an application to solar flares (Alfvén and Carlgvist, 1967) it
was clear that estimates of the current and energy release rates
required potential drops of the order 109 Volts, so that par-
ticles must be accelerated up to relativistic energies. Carl-
gvist (1969) presented an analysis of double layers similar to
that of Langmuir (1929) but including relativistic effects. In
the strongly relativistic case he found a simple approximate re-
lation between the current, voltage and thickness (ibid). Apart
from modifications in the relations between external parameters,
there is also a significant modification of the internal struc-
ture (Carlqvist, 1969, 1982). The analysis presented here first
of all follows that of Carlgvist (1969). An approximate form of
the double layer relation for the intermediate, semi-relativistic,
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case where only the electrons are relativistic will be derived.
Also in a similar treatment to that of Levine and Crawford (1979),
but here in the relativistic form, the effects of finite particle

injection velocities are calculated.

2. The Langmuir Double Layer

Following Langmuir's (1929) treatment of a non-relativistic
double layer, the relation between the electron current Iie[,
double layer thickness d, and voltage drop ¢DL may be derived

lig| a* = (4c e /9) V2e/me bpp, (1)

where the Langmuir relation between the electron and ion currents,
ie/ii = Vmi/me, holds. The constant Cor which Langmuir found to
be 1.86, is given by the integral

1 2
o ={'?1' f {17+ ¥T=y - 12 dy}
[0}
and may be evaluated in terms of elliptic integrals IE and K

c, = 2-1/2 {4 E(sin n/8) - (1+29Z) K(sin 17/8)/‘V7}2

From tables of elliptic integrals Co = 1.86518 to five figure
accuracy.

3. Relativistic Double Layers

The structure of a double layer follows from integrating
the Poisson equation

_d__zi = - e-l T
= q: n.(¢) (2)
dz? ° j BN

where for given distributions of particle velocities the den-
sity nj of the j-th component with charge qj is a known function
of the potential ¢. A first integration then gives the stress
balance equation

- 2 _-
;; Pj () €q E2/2 = Po (3)

where Po is a constant, E the electric field and Pj the total
pressure of a particle species. The generalised Langmuir rela-
tion for the particle fluxes follows by equating the total

stresses at the edges of the double layer (¢ = O, ¢DL

by definition the electric field E is assumed to be zero,

) where
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; {ijDL) - Pj(O)} =0 (4)

If we now take the special case of cold particle beams with
finite injection velocities v., including relativistic effects,

the electron (dynamic-) pressure is

Po () = (Jigl/c) Ye+(y o~ uy) o+ (v *1)uy)

where vy, = (1-ve"/c")_l/2 and u, = meczle. A similar expression
holds for the ions but with ¢ replaced by (¢DL-¢). For zero ini-
tial velocity (ye=1) the expression found by Carlgvist (1969,
Equation (5)) may be recovered.

From Equation (4) the relativistic Langmuir condition may
now be found

1o Aloppr(rg=Nuy) Gopp+lyg+Nuy) = ry7=1"u;

i, ~ ] —
1 Vq}DL+(Ye—1)ue)(¢DL+(Ye+1)ue -4F25-1 Ye

(5)

In the non~relativistic case Levine and Crawford (1979) solved
this relation to give an explicit expression for the double
layer potential $pr,° Here for the relativistic case it is only
possible to find a cubic equation for ¢DL' The resulting ex-
pression is cumbersome and not immediately useful. It is there-
fore not given here.

4. Semi-relativistic Double Layers

We now return to the case where the injected particles have
negligible velocities. Setting v; . = 1 in Equation (5) then
gives the corresponding relativistic form of the Langmuir condi-
tion (cf. Carlgvist, 1969). For a semi-relativistic case where
relativistic effécts are only significant for the electrons an
approximate analysis may be made assuming that the electrons
are strongly relativistic (Pe o |ie|¢/c)and that the ions are
non-relativistic. Imposing the condition that the electric field
is zero at the edges of the double layer Equation (3) then gives

€ 2 i | (6, -0) 2m, \¥/2

fo ras¥ . e on® 4y (2L} geT—

2 dz) c llil e *pr,” ¢

Putting ¢ = ¢DL(1-sin” 8) this expression may be integrated

across the double layer to give
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. \ 72 e C
Ileld A\ oL, (6)

with the corresponding Langmuir condition ie/ii = VZmicz/e ¢DL'

in the semi-relativistic approximation. Notice that the ion
current is then given by

|i;1@% = (n%e_/4) ]/2e/mi' q;DL3/2 (7)

so that in the semi-relativistic approximation the ion current
has the same power law dependence on the double layer potential
as in the non-relativistic case but is larger by a factor 2.98.
The electron current has a weaker dependence on the potential.
In the highly relativistic case Carlgvist (1969) finds

2e_e

Iieldg -9

¢ 2
mic DL

and Iiel/liil ~ 1.

5. Discussion and Conclusions

A graph of the relationship between b1, and i d?, where
i = |i;+i_| is the total current, may be found numerically for
all regimes (Carlgvist, 1969). In Figure 1 the results of such
an integration are compared with the non-relativistic, semi-re-
lativistic and highly relativistic approximations. The semi-re-
lativistic case (dashed curve) is calculated using Equations
(6) and (7), giving a stronger dependence of the double layer
potential ¢, on i d?. This is in agreement with the exact cal-
culation, as may also be seen from the graph given by Carlqgvist
(1969) which shows a éteepening in the semi~relativistic range.
< épp< uy)
derived here, Equations (6) and (7), gives a good representation
of the functional relations.

We conclude that the approximation for this range (ue
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Figure 1. The double-layer potential ¢DL in Volts is plotted as

a function of id?, where i is the total current and d the thick-
ness, for the case of hydrogen ions. The semi-relativistic ap-
proximation (dashed curve) gives a fair representation of the
exact numerical result (heavy solid curve) in the appropriate
range. Straight lines indicate the power law relations for the
non-relativistic and highly relativistic regimes.



71

THEORY AND STRUCTURE OF RELATIVISTIC DOUBLE LAYERS

P, Carlgvist
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S-100 44 Stockholm, Sweden

Abstract

A model of a strong, time-independent, and relativistic double layer is stud-
jed. The model describes double layers having the electric field parallel to
the current as well as a certain type of oblique double layers. From the mo-
del the “Langmuir condition® and the potential drop of the double layer are
derived. In addition to this the distributions of the charged particles, the
electric field, and the potential within the double layer are discussed.

1. Introduction

During the last few decades a considerable number of papers have been pub-
lished suggesting that double layers may occur in cosmic plasmas. For in-
stance, it has been proposed that double layers may appear in the solar at-
mosphere (Alfvén and Carlqvist, 1967; Carlqvist, 1969, 1979), in the iono-
sphere and magnetosphere of the Earth (see e.g. Block, 1978; Carlgvist,
1982a, and references therein), and even in double radio sources (Alfvén,
1978). Among these cosmic double layers the ionospheric and magnetosbheric
layers are generally considered to be non-relativistic implying that the po-
tential drops of the layers, ¢DL’ are so small that neither ions nor elec-
trons are accelerated to relativistic velocities. The solar and galactic
double layers on the other hand are supposed to be relativistic accelerating
both ions and electrons to relativistic velocities.

Hence we see that both relativistic and non-relativistic double layers are
thought to occur in cosmic plasmas. The theory of non-relativistic double
layers has been developed in a number of papers whereas the theory of relati-
vistic double layers has not been so well investigated. It is the aim of the
present paper to study a simple relativistic double layer model. By means of
this model we shall work out some basic relationships and briefly describe
the structure of the relativistic double layer. For a more detailed discus-
sion on relativistic double layers see Carlqvist (1982b).

2, The Model

"We consider a simple model of a strong and time-independent double layer with
plane geometry (Figure 1). The double layer is confined between two plane sur-
faces - the cathode boundary at potential ¢ = 0 and the anode boundary at po-
tential ¢ = ¢p (cf. Langmuir, 1929; Carlqvist, 1969). Posjtive and negative
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Z4

Y
=0, °I=¢DL Cathode boundary —m 1 x=d, x1=0
03001_.01:0 Anode boundary 3 Z x=0, x1=d

Fig. 1. Model of the double layer.

particles are emitted with zero velocity from the anode and cathode boundaries
respectively. It is assumed that the double layer is penetrated by a uniform
magnetic field, B, being so strong that both particle species are fully mag-
netized. Hence, when accelerated by the electric field inside the double
layer all the particles are forced to move along the magnetic field lines.

The angle between B and the normals of the boundaries is y.

The variation of the potential in the double layer must be consistent with
the net space charge of the accelerated particles as described by Poisson's
equation. In order to simulate a real double layer surrounded by quasi-neu-
tral plasma as well as possible we assume that the electric field is zero at
both the anode and the cathode boundaries. This arrangement ensures that no
surface charges exist at the boundaries of the layer and that the layer as a
whole is electrically neutral.

For the further analysis we introduce two orthogonal systems of coordinates
(x,¥,z) and (x1,y1z1) and a &-axis parallel with B in accordance with Fig. 1.
To simplify the calculations we also put 0 = $p. ~ ¢-

3. Some Properties of the Relativistic Double Layer

Inside the double layer the positively and negatively charged particles are
accelerated by the electric field in opposite directions being aligned with
the magnetic field. From the law of conservation of energy we obtain

m+c2 \
Ze ¢1=——m2—m+c (3.1)
+
1- =
CZ
m_c? .
e ¢ = _—-—;T/Z_ m_c (3.2)
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for the positive and negative particles respectively. Here Ze, m_, and v_
are the charge, mass, and velocity of the positive particles and -e, m_, and
v_ are the corresponding quantities for the negative particles while ¢ is the
velocity of 1light. Using the current densities of the positive and negative
particles, i, =Z enyv_and i_= -e n_v_, and Equations (3.1) and (3.2) and
inserting the densities of the positive and negative particles, n,andn_,

into Poisson's equation we obtain

2 i ba+d i b+ ¢_
Lo @) = = (3.3)
& <o 0" (o3+26,0, 2 Fo° (p%+200_ )V

where ¢, = m c*/Z e and ¢ _ = m_c*/e. It is to be noticed that although the
positive and negative particles move parallel or anti-parallel to the £-axis
the gradients of the densities of the particles are directed perpendicular
to the boundaries. Hence the gradient of the potential must also be perpendi-
cular to the boundarijes according to Poisson's equation.

After multiplying both sides of Equation (3.3) by 2d¢/dx = -2d¢1/dx we inte-
grate and get

2 i_

4f- 2

o) =T (6%+209_)/2 - C (3.4)
' 0

(450210, 0% + =

where C is a constant of integration. This equation expresses the momentum

balance in the double layer. Since the electric field tends to zero at the

two boundaries, d¢/dx = 0 for¢=0 and ¢ = dpL > We find from Equation (3.4)
21 24

= (of, +20p, 0, V2= = (oh +20p 0 P/ (3.5)

C =
EOC

From Equation (3.5) we get the ratio of the current densities usually refer-
red to as the Langmuir condition

1, ¢DL+2¢- 2
T\, e

For non-relativistic double .layers implying, ¢DL K o_ g ¢, » the current
ratio may be approximated by i /i_ =$ZL”(m_/m+)”Q. With Z = 1 this expression
is the same as the current ratio found by Langmuir (1929) for his non-relati-
vistic and non-oblique (y = 0) double layer model carrying electrons and

. singly ionized ions,

For relativistic double layers having potential drops, $pL > ¢, 2 d_, We
obtain from Equation (3.6) the current ratio i /i_=1. In Fig. 2 the varia-
tion of i, /i_ with ¢y 1is shown for three different double layers carrying
1) a-particles and electrons, 2) protons and electrons, and 3) positrons and
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Fig. 2. Current ratio, i /i_, as a function of potential drop,
dpL° for three different double layers.

electrons.

Combining Equations (3.4) and (3.5) we find the general expression for the
electric field in the double layer

1/2

21 /by +2¢ 1/2
g it 2 2 2 /2_ (42 /2
dx " Jec <¢DL+2¢+> (93+20,0, M2 + (97+200 Y72~ (0§ +20p ¢ 1 (3.7)

For a relativistic double layer this expression may be simplified and inte-
grated across the layer yielding the potential drop of the layer

2 1/2

(62 + o2

/2
oy oy ——————— ] d (3.8)
DL Z(EOC)J/Z

where i = i+ + i_ is the total current (Carlqvist, 1982b). In the case where
the positive and negative charges consist of ions and electrons the poten-

tial drop may be approximated by

1 ) 1/2 .
+ Ak
$p =~ '2'<E—OC> ived . (3.9)

The potential drop of the double layer in the non-relativistic limit,

®pL Ko_ < ¢, my ina similar way be shown to be
' 12y ¥/3

1 g V2 m- 1/2 } m_ ot aufs | . .
op. = TIT 21—6; 1+1Z E o i d (3.10)

(Carlqvist, 1982b), where C1=$1.865 (Raadu, 1980). Putting Z = 1 this is
the same expression as the one derived by Langmuir (1929) for his double
layer. '
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Fig. 3. Potential drop, ¢p > as 3 function of id? for
three different double layers.

A plot of the potential drop, ¢p,» as a function of, id2, is shown in Fig.3
for three different double layers carrying 1) a-particles and electrons,

2) protons and electrons, and 3) positrons and electrons. Here Equations
(3.8) and (3.10) have been used in the non-relativistic and relativistic
regimes respectively, while in the intermediate regime the electric field
has been integrated numerically.

It is to be noticed that the angle, y, never enters into the equations de-
rived. This implies that with the model considered all the equations are
valid for any value of y

4, Structure of Relativistic Double Layers

The relativistic double layer may as regards the distribution of charges,

Z n+(x) and n_(x), be divided into three principal regions: Two density
spike regions close to the boundaries with positive and negative charges
and one region in between having low and almost constant charge densities
(Fig.4). In the regions of the spikes the particles are accelerated while
in the intermediate region the particles move with almost the velocity of
Tight. If the particles consist of jons and electrons the positive spike
contains much more charge (absolute value) than the negative spike. The
net positive charge of the spikes is balanced by a.negative charge distri-
buted evenly in the intermédiate region. In this case the electric field
decreases nearly linearly from a maximum value close to the anode to almost
zero close to the cathode. Hence the potential distribution has a parabolic
shape.
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Fig. 4. Distributions of positive and negative charges,
Zn, and n_, as functions of x in a relativistic double layer .

If on the other hand the particles consist of e.g. positrons and electrons,
the charges in the two spikes are equal but of opposite sign and there is no
charge in the intermediate region. Now the electric field is constant in most
of the double Tayer so that the potential varies linearly. For this double
layer the distributions of charge, electric field, and potential resemble
those of a parallel-plate condenser.
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Abstract

In this paper, we wish teo establish a close correlation between
furoral Kilometric Radiation and Uouble Layers., This correlation
has, so Far; been ignored by previous theoreticians, although

it has been confirmed by experimental observations, 3pecifically,
it will be shoud that the enhanced extra-ordinary {(X-mode) radi-
ation occurs through the induced bremsstrahlung intsraction bet-
wveen auroral beam electrons and double layer potentials. During
magnetospheric substorm, the energetic alectrons (~4 KeV) are
injected from the plasma sheet. The interaction between the

high energy electrons and the iou energy (~1 eV) background
electrons generate double layers for the altitude range 1-3
€arth radii along the auroral field lines, 'he strong AKR occurs
due to the induced bremsstrahlung interaction between double
layer potential and beam electrons. Using typical plasma para-
meters, the growth rate of this radiation is found to be larger
than those of all previous proposals. |
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AN UNUSUAL DOUBLE LAYER PRODUCED
BY PONDEROMOTIVE-FORCE EFFECTS

J.G. Laframboise

Physics Department, York University
Toronto, Canada M3J 1P3

ABSTRACT
The 'ponderomotive-force'! effect causes strong repulsion of
electrons from the region close to an intensely driven antenna in a space
plasma. Under certain conditions, the resulting disturbed sheath around the
antemna includes a region which has the essential properties of a double

layer, but differs in various ways from the more usual types of double layer.

I. INTRODUCTION

When a cylindrical antenna, such as those used for ionospheric
sounding from spacecraft, is driven at a large-amplitude RF voltage in a
plasma with large enough mean-free-path, electrons mear it are strongly
repelled from it because of a nonlinear effebct of the RF field, called the
'pondexromotive-force' effect. This repulsion arises because of the radial
oscillations performed by the electrons in the near field of the antenna,
At the innermost end point of such an oscillation (the point nearest the
antenna) the outward force due to the near field is stronger than it would
be at the same instant at the central point of the oscillation. Conversely,
at the outermost end point, the inwardly directed force is weaker. There-
fore, there is a net time-averaged force on the electrons, and to a much
smaller extent on ions, directed away from the antemna. This force is strong
enough to create a region around the antenna which is almost completely
depleted of electrons and may therefore contain a net positive time-
averaged space charge. In some cases, the total of this positive charge can
be larger than the negative time-averaged charge which will reside on the
suxrface of the antenna if the latter has a negative time-averaged voltage
of£set relative to space. In such cases, this positive region must there-
fore be balanced by another, negative space—charge region which is located
outgide of it, We thus obtain the type of charge separation which is
characteristic of a double layer.

In this paper, we present numerical sheath solutions, originally
obtained by Laframboise et al (1975), which show such behaviour. These

solutions have been obtained by replacing the actual time-dependent force
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on electrons by its time-average, which is the gradient of a scalar function
of position called the 'ponderomotive potential'. The presence of this
time-averaged force is therefore equivalent to the existence of an addition-
al term in the static potential as seen by electrons. Therefore, it can be
easily incorporated into the self-consistent numerical treatment of a
cylindrical electrode (Langmuir probe) in a collisionless plasma, already
developed for the time-independent case (Laframboise, 1966a,b). The results

which we present here (Sec. III) have been obtained in this way.

1I. THEORY

We assume that after the time-averaging described in Sec. I, the
resulting cylindrical sheath is time-independent. We thus exclude the
possibility that self-sustaining oscillations, perhaps at some frequency
other than that of the imposed RF voltage, may occur in the sheath. We
assume cylindrical symmetry, and we therefore exclude flow and magnetic-
field effects. We neglect RF (but not electrostatic) forces on ions. We
assume that the antenna surface is a perfect absorber of charged particles.
We assume that the surrounding plasma is collisionless and Maxwellian, and
that ion temperature Ti=electron temperature Tes T. The latter assumption
is not essential to our treatment, but is sufficiently applicable to space
plasmas for our purposes. We assume that the frequency w of the RF is much
larger than the electron plasma frequency wpe, so that the near-field RF
electric field amplitude El can be approximated by its vacuum-field limiting
form. We consider only cylindrical radii r<<RF wavelength A, so that over
most of the antenna length, the instantaneous near field has the same
position dependence as the static Coulomb field of an infinite cylinder.
These assumptions are generally valid near the upper end of the frequency
range used by ionospheric sounding satellites (Rubinstein and Laframboise
1970, Laframboise et al 1975).

It has been shown by a small-amplitude perturbation analysis (Boot
et al, 1958) that the time-averaged, 'ponderomotive' force on electrons is

(¢ /4m® v (e, ) (1)
where q and m are electron charge and mass. The 'ponderomotive (additional)
potential’ ¢, for electrons therefore is given by
b =(a/bmu?)E 2 (2)

With our assumptions, the RF electric field has the form

- - -
Erf—nr(cl/r)cos wt—E1 cos wt (3)

Substitution in (2) then yields:
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2
¢a=(qc1 /4mw2) /2 (4)
We movw intrxroduce a nondimensional additional antenna potential G as follows:
2 2
S c
G = alA = q 1 (5)
kT 2 2
4mw T, kT

whexe q)aA and r, Tepresent additional potential and radius at the antenna
surface, k is Boltzmann's constant, and q=-e, where e>o is the elementary
chaxrge. The input parameters for the static sheath calculations (Laframboise
1966a,b) are then three in number: the value of G, the value of nondimen-
sional antenna static potential Xy= ech/kT and the antenna Debye ratio

x /)\D— T, (e n/€, kT)'5 Here n_ is electron or ion number density far from
the antenna, and €, is the permittivity of free space. As already mentioned,
we have eliminated Ti/Te as a parameter by assuming Ti= T, throughout,
Standard antenna theory can be used (Laframboise et al, 1975) to find values

of G for specific cases.

III. RESULTS AND DISCUSSION

Figure 1 shows numerically-calculated ion and electron density
profiles for various values of G for rA/AD= 0.5 and e¢A/k'I' = ~25. Values of
G occurying in spacecraft sounding experiments encompass the range shown
(Rubinstein and Laframboise 1970, Laframboise et al 1975). Ponderomotive-
force effects evidently cause large changes in these profiles, including
enlargement of the sheath to many times the size which it has in the absence
of RF. Also visible for G=103 and 104 is a change in the sign of the
net gpace charge from positive at smaller radii to negative at larger radii,
verifying the existence of the double-layer behaviour mentioned in Sec. I.
As T + =, the density profiles approach the asymptotic form (Getmantsev and
Denisov, 19623 Rubinstein and Laframboise, 1970, Section 3):

2/r?') . (6)

ny=n_ = m_exp (~15GrA

"

Figure 2 shows static potential profiles for conditioms
corxresponding to those of Figure 1. This figure has been plotted logarith-
mically in radjus because doing this causes the potential profiles in the
absence of space charge to appear as straight lines. For G=103 and 104,
the transitioms from positive to negative net space charge are visible as
inf Ject ion points in these profiles at values of r/rA of about 25 and 50,
respectively. The same curves also show barriers of static potential rising
to a fey tiges kT vwhen G=104. These barriers substantially reduce ion

collection by the antenna when its static potential is negative (Laframboise
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Fig. 1. Ion and electron number densities ni and ne as functions of radius
x for rA/kD= 0.5, e¢A/kT = =25, and various values of the radiation strength
parameter G = q2c12/4mw2rA2kT.
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Fig. 2. Dimensionless static potentials x = e¢/kT as functions of radius r,
for values of antenna static potential Xy of -25, 0, and 25, and various

values of the radiation strength parameter G, for rA”‘D = 0.5.
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et al, 1975, Figs. 12-14).

The double layer structure exhibited in these sheath profiles
is clearly an unusual one. This double layer appears to contain only two
ambient particle populations instead of the usual four. The electron and
ion populations incident onto the double layer from larger radii are both
retarded, by the ponderomotive force and by the static electric field,
respectively. 1In the more usual kind of double layer, all momentum carried
into or out of it is due to particle motions, but in this double layer,
the ponderomotive force provides another source of momentum.

This double layer does in fact have ions entering it from its
inner as well as outer boundaries, because ion orbital motion (angular
momentum) effects in the cylindrically-symmetric geometry cause reversal of
the initially-inward radial motions of many of those ions which penetrate
through the double layer to smaller radii. There is a similar effect for
electrons, but it is very small because their density near the antenna is
very small (Fig. 1). In general, there is no corresponding effect in the
more usual planar geometry, although magnetic mirroring of particles on one
side of a double layer could produce a similar effect.

Finally, it should beborne in mind that our time-averaged
treatment ignores the effects of electron oscillations on all of the sheath
profile features shown in Figs. 1 and 2. This approximation is valid in

the limit where cy and w both increase indefinitely but do so in such a
manner that G remains constant. However, in real situations, in which w
is finite, the amplitudes of these oscillations can become comparable in
size with these features, especially at smaller radii. For example, in the
ionospheric sounding experiment carried by the ISIS II satellite, parameter
values at the upper end of its frequency range were (Laframboise et al,
1975): r,= 0.66 cm, w/27% = 20 MHz, cy= 119 volts, and G = 3.52x103.
Corresponding to these values, peak-to~peak amplitudes 2eE1/mw2 = 2ec1/mm2r
are 4,0 cmat r = 6.6 cm and 0.8 cm at ¥ = 33 cm., These amplitudes are small
enough to indicate that the major features of Figs. 1 and 2 have been
realistically modeled. On the other hand, when w/2m = 5 MHz, then

(Laframboise et al, 1975): c, = 364 volts, G = 5.24x105, and these ampli-

1
tudes at the same radii become 1.97 m and 0.39 m, respectively. In order
to reliably predict sheath configurations in such cases, it appears that

calculations of a more detailed nature will be required.
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ELECTRON DIODE DYNAMICS; LIMITING CURRENTS; PLASMA DIODES
Charles K. Birdsall

EECS Dept., Cory Hall, University of California
Berkeley, CA 94720 U.S.A.

Abstract

This paper is intended to complement the papers on double layers,
in bringing out the work in the past on virtual cathodes and on limiting
currents. The view is that a double layer might be considered to be a
virtual cathode for electrons adjacent to a virtual anode for ions, cou-
pled by the shared fields and passing particles. In this view, the form-

ation of a double layer is taken to be the onset of current limiting.

Introduction

It is possible to view double layers as some form of back-to-back
virtual cathode and virtual anode, with electrons largely reflected by
the former and ions by the latter. The passing particles form the current
and are controlled by the fields in the double layer. It may be possible
to learn something about double layers by reviewing some of what is known
about virtual cathodes. This is one purpose of this paper.

The studies of virtual cathodes show that they are almost always in
motion, with the potential minimum oscillating at something like the plasma-
frequency, both in position and in potential; For cola beams of electrons,
this behavior is so pronounced as to make the time average of the time-
dependent results (in simulatiomns) quite different from those predicted
by time-~independent analysis. Hence, we will concentrate in the time-de-
pendent analyses and simulations. For wzrm beams, the differences are

smaller.
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Model
The model most commonly used is one-dimensional (1d), bounded at the
two ends, x = 0, x = L, by planar grids, which may or may nc* be connect-

ed to external circuits, as shown in Figure 1

infinite ideal grids
ot potential Vo ’VL

[~ x Stregm
{ ‘ transmi ttad
x=0

Figure 1. Planar

/////// diode model.

x=L

Let us use this model to demonstrate a number of results.

Child's Law Diode

The planar electron diode, with a cathode emitting electrons from rest
at the cathode at x=0 where @#=0 produces a current density at the anode
at ¢=Vi as found by Child (1911), given by

T = —(4/9)ey(-2a/m) 3212 | or W L/ = (2/9)% = 0.4714
or a current for a beam radius of R, given by

1/v§/ 2 -~ 2.33x1070 yR2/L7
where this quantity is called the perveance, a geometric factor. Physically,
the cathode is a copious emitter, injecting -J, which greatly exceeds the
current transmitted, unless VL is raised so high as to collect a%l charge
emitted. Langmuir (1923) solved the same model but with a cathode emitting
electrons with a half-Maxwellian velocity distribution, with temﬁerature
that of the cathode, T; thé new feature was the separation of the diode

into the K region with charge flowing out and back to the cathode and theB
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region, with charge flowing just to the anode, with a potential minimum

at the common boundary, as shown in Figure 2. X in is about a Debye length.
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Figure 2 (a) Langmuir warm emitter,with two-directional flow in &, one in|5;
(b) VX phase space, with both flows, for eV./KT>»1l; (c) time history of
the minimum potential an:! position with perioh about w

For the case where the diode is shorted,
with both electrodes at $=0, the phase-
space appears as in Figure 3. Note that

there are "critical" particles which

just reach Xnin and must decide to go

on or turn back, known for a long time

to be crucial in noise properties of

beams(see Birdsall and Bridges 1966,Ch.6).

Figure 3
Llewellyn (1941) systematized perturbation analyses for electron diode

regions, producing equivalent circuits with admittance 1/z = y = g+ijb,

such as shown in Figure 4(a), with results for the Child's Law diode in(b).
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Figure 4 (a) possible equivalent circuit for diode; (L) elements of such
a circuit vs. transit angle 8 = wT, where T = L/3vL, the transit time.
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Note that the conductance can be nmnegative for transit angles 2wl 3T

éﬂét ig, the diode is unstable and will produce oscillations starting from

noise. His methods and extensions are given in Birdsall and Bridges(1966).
Fay, Samuel, and Shockley (1938) and Salzberg and Haeff (1938) solved

the electron diocde behavior for injection of a cold beam at velocity Voo

For example, with VO=VL, they found that the transmitted current JT equalled

that injected, Jy,up to JI= 8J » With unidirectional flow; for larger

Child
injection, they postulated two—dirctional flow and found new virtual cath-

ode solutions with less than half as large JT’ as shown in Figure 5, with

an arrow indicating the

10 T T T T T T T
possible connection between . gﬁ:fﬂJzﬁ -~
the two solutions (making a JT
. € 6k -
hys teris loop) ,sometimes g
called the "6L6 effect" A -
'E Bl bt P SR -9
after a misbehaving power g ol .
-
tetrode. At the maximum
0 1 ] 1 I L ; & 2
0 2 4 6 8 10 ]
current prL/¥L = (16/9% Input current  Jp
== 1.33. Figure 5

Birdsall and Bridges (1961,1963,1966 in Chap.6) found instability at

8 from Llewellyn's equations and using particle simulations, showed

J
Child
that after initial pure exponential growth in time, there is an oscillating
. and oscillating J_ with time average twice that from the above
minimum T ZXLCE
analyses, as shown dashed in Figure 5. For warm beam injection, the oscil-
ation amplitude is smaller énd the instability less violent, like Figs.2,3.
Plerce (1944) analysed injection of a cold beam into a short-circuited
dioe with a background of immobile ions for neutralization, finding insta-

bility at pr/vo =17 , about 5.6 times the current for instability of the

unneutralized electron diode; adding finite ion mass, Pierce (1948) found
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electron-beam-caused growth in space (complex k) a little below Vg and
Buneman (1958) solved the same dispersion relation for complex w (hence
the name Buneman instability). Pierce (1950) applied his 1948 results to
his 1944 diode work, finding the same point of marginal stability. Frey and
Birdsall (1965, 1966) also used mobile ions for the neutralized diode (and
drift tube) and found the surprising result of no instability, a mistake
that was corrected by Faulkner and Ware (1969) who found both the diode and
beam~ion instabilities their ion waves), also making ties to arc-starvation.

Birdsall and Bridges (1961) postulated that the low frequency oscilla-
tions (at about ion transit periods) observed in plasma diodes (Cs filled
thermionic converters) were triggered by limiting electron currents, with
high frequency oscillations (near wp) which lowered the average potential
making a well as seen by the ions; these wouldd then quench as the ions
sloshed and filled the well (with Wpi or ion transit time oscillations).
Cutler (1964) observed a sequence of electron—then-ion plasma oscillations
experimentally in a plasma diode. Burger (1964,1965) and Cutler and Burger
(1966) provided considerable exmerimental and simulation results on the
sequence and on ~time scale oscillations observed in plasma diodes near
electron saturation current.

In studying sheath formation near a floating wall, Birdsall (1982)
observes much of the above physics in simulations, such as initial wall
charging (electron) current, followed by nearly equal electron and ion
fluxes, a drop in @#(x) (at wbt = 20, the maximum drop has occurred, e¢/KTe
of about 2 or-3 for mi/me of 100 to 400) rising later, a drop in ne(x) and

ni(x) near the wall, ion acceleration to about v_ or 2vS (over the whole

s
range of Ti/Te’ small to large); the somewhat new results are 1afge osci-
llations of ¢wa11 at wp, with the ion acceleration region moving away from

the wall at speed Vg with the plasma eventually disappearing (no source is
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present, yet). An object is to see whether electrons are collected in
bunches, over short Iintervals, with ion collection over longer periods,
producing both high and low frequency oscillations, still with zero net
time average flux. Another object 1s to resolve the differences between
time independent analyses and these time-dependent results.
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ON THE TRENDS IN THE NON-LINEAR
DEVELOPMENT OF THE PIERCE INSTABILITY
IN LABORATORY PLASMAS

D.Jovanovié
Institute of Physics, P.0.Box 57
Beograd, Yugoslavia

Abstract

The influence of the weak nonlinearities to the Pierce
instability is investigated by means of perturbation theory. It
is shown that the electron beam is decelerated due to the energy
transfer to the electric potential, leading to the decrease of
the wavelength and the enhancement of the potential close to the
beam inlet boundary. The connection of this effect with the for-
mation of double layers is discussed.

It has been proposed |2,3| that the virtual cathode and
/or double layer represent the final (saturated) stage of the
potential well growing due to the Pierce instability |1| in a
plasma filled diode. However, the actual mechanism of the transi-
tion from linear to the saturated regime has not been clarified.
The authors of |4] claim that in the process of the formation of
electron and ion holes, the strongly unstable front of the beam
during its transition time between the electrodes gives rise to
the particle trapping, possibly leading to the double layer for-
mation. In the case of the heavy ion background penetrated by an
electron beam, treated here, the characteristic time of the pot-
ential growth 1/ is much larger than the beam transition time,
and the hydrodynamic description is applicable {1}|. It will be
shown bellow that the group velocities of both linear and nonli-
near Pierce field are less or equal to the beam velocity, and no
special treatment of the transient phenomena are necessary, si-
nce the conditions in front of the wave front do not affect the
wave.

We shall consider a short circuiced diode of the length
L filled by cold, collissionless plasma consisting of heavy
ions penetrated by an electron beam of the infinite width. The
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beam is injected at z=o0, with the velocity u along the z axes
and the density n,, . From the standard set of hydrodynamic and
o]

Maxwell equations we obtain the equation for the first and seco-
nd order perturbation of the electric field Eqy Ept

ik € ‘E, = 0 (1)
. kK 4
ik- €& -E2 = o 3 NL t E2 (z=0) (2)
2
2 nb ‘e
Wype 2 o
where £ =1 - — (wbe = T ) is the dielectric con-
(W-xu) e €o

stant, and jNL is the non-linear current

gvl %) enlv1

13z Twosw g

oo

: i(@t-kz) m .

gNL = Sdtdz-e’ (- e iw(1-g)- Vv )
o

(3)

v n, being the first order perturbations of the velocity resp.

1’ 1
electron density. (1) together with the boundary conditions

Vbe (z=0) = L (z=0) = E“(z=o) = E"(z=L) =0 (4)
L .

S E:dz = 0 (5)
(o]

gives the Pierce field

_ .yt i kpz :
E1 = e (A0+A1e | ) + c.c. (6)
A ¥
Ao =k

o 2(i¥-ku)®
(0]

A
1 K
o
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x‘
I
S i

(i¥ + Q)

A is an arbitrary real constant, and ¥ is the growth-
rate found from the dispersion relation

- . L3
1%° (L_ 1, +.elkoL__ g o Ly 1 (7)
k k* 2 2 .2 w2
(i¥—k u) o) o K, ko Kq K,

Solution (6) is marginally stable ( § =0) for the criti-
cal length of the system

L =nJ - = n=1,2,... (8)
c (‘)be

and becomes unstable for_L > LC.

Introducing (6) into (3) we find the non-linear current:

. ¢
PR SO g S S W B
—-— - - . u— - . - * s - u M 0

NL m 2i) k kO iy ko iy

N Al 2, 1 'l——Ai—|2]+cc}-
k-2Kk, 1K—kou k—(ko—lg" ) i¥-kou
2 »*

e WY . -ikgy | i [ 1 Al . Aoths .

m ' @-ku lw-2iy C i¥-k_u k-k, 1f-ku 1Y
t R jék - { ——————.KAIJ; )2 - (kl > | A11{ 3 |2 ] + c.c.} (9)

- B2 %, 1§ =Ko —\Ko"%o i¥-kq

aNL is purely growing, due to the singularity ((J-Zix)-l,

and the constant of integration E_(z=o0,t) will have the same
time variation. It can be seen from (2) and (9) that the second
—order electric field need have the form

E2(Z,t)=2 Eén) Lo 2¥t+iky 2 o ('10)
n
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where the summation is performed over all the possible wavenum-
bers. There are five modes:

2k

k4 o

k, = k(W=21%) = S (21 +W (11)

be)

and the corresponding complex-conjugates.

One can see that all the modes (11) have the group ve-
locity equal to u, except k3 with v _ 1 .u The first two
gr 2
modes have no z-oscillating character, and the corresponding

components of V2(z,t), nz(z,t) can be recognised as the pertur-

bations of the beam velocity and density resp., while the other
modes are higher space harmonics. Adopting E2(z=o) in agreement

with the boundary conditions (4), the perturbation of the beam
velocity and density are:

2

e 18] 2y
§u = 2u . (2frE u.i) 32 . L2088 e =T % .1 (12)
~ m be :
- A, |2 2%
$n_ =n .(2_1)2,(2y,-§ e R T T RO

be beO a%e

s

The density perturbation is negligibely small, since the surplus
of electrons obtained by the beam deceleration is "stored" as
the Pierce field related density, rather than becoming "free"
background electrons.
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The non-linear development of the electric potential
can be described by the substitution of (12) into initial hy-
drodynamic and Maxwell equations. If K<<&%e, the WKB method

can be applied, and after some algebra we obtain the expression
Tor the electric potential consisting of a component with the
wave-like z - variation:

. 2%
iA . u 2¥(t-t,) - =z
Q(z,t):e‘t- -El . elkO[z_ -3 T °-(e w -1)] (13)
@]
A, |
t =-% .1n (23 - & L1
o Y m

u.
e
and the non-linear analog of Aé-z in (6) which scales as
2
.
G, e
e

z and can be neglected.

The potential (13) is plotted in Fig 1 together with
the perturbed beam ve locity profile in the initial moment
(dashed line) and for an allmost stopped beam t-t =-0.25

(so0lid 1line). In the latter cose the wave structure is retained,
but it is "compressed" in the vicinity of z=0 (beam inlet side)
and more heavily damped at larger distances. The effective
wave-number, from (13) is

Kopp (26 U/2Y) = ko(1vexp (28 (t-t5)) and

» =
£ (z ) K-

ke

These results are obtained by assuming immobile ions,
being valid on a time scale short compared with the ion motion
time. On a longer scale, the potential would be further defor-
med by the particle trapping, leading to the broadening of the
potential minimum nearest to z=o, further suppression of the
other potential well, probably leading to the double layer
formation observed in |2].
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Symposium on Plasma Double Layers, Risg National Laboratory,

Roskilde,Denmark,June 16-18, 1982,

NON-QUASI- NEUTRAL PLASMAS OF LARGE EXTENSION

D.K. CALLEBAUT

Phys. Dept. U.I.A., Universiteitsplein 1, B-2610 Antwerpen.

Belgium.

Abstract.

A steady state chasma has been studied before by the
author and coworkers experimentally and theoretically. The
theory was based on a type of nonlinear singular integrodif-
ferential equation, which was solved exactly for the case of
constant beam density and constant ion production, even in
the 3 dimensional case; it can be solved by approximation in

other cases.

The same results, except for a shift in some parameters,
can be obtained from an ordinary mhd description yielding a
nonlinear second order differential eéuation, which is more
straightforwardly solvable ¢.g. by series developments than
the previous singular integrodifferential equation. Moreover
the fluid approach is much better suited for perturbation

analysis.

A model of a double layer around the magnetosphere is

sketched. It is due to the solar wind and is based on the
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difference in electron and ion gyration radii. Although a
very rough model it may provide the power station for the
currents flowing around the magnetosphere, for the (series
of) double layers observed above the ionosphere, for the
kilometric radiation, etc.

1. Introduction: laboratory example of chasmal)

Consider plane-~parallel electrodes. The applied h.f.
field between them had 80 MHz and 3000 MHz in typical exam-
ples. The gas pressure between the electrodes is below the
breakdown pressure. Suppose an ionizing beam (ions, elec~
trons or photons) passes through this gas, either perpendi-
cular (2.g. through holeé or consisting of secondaries as in
the multipactor effect or secondary electron resonance dis-
charge) or parallel to the electrodes. The electrons created
in the ionizations are quickly swept away by the h.f. field
towards the electrodes. The created ions however accumulate
and thus form an ion potential. Due to their own repulsion
these ions are pushed to the electrodes and ultimately a
steady state may result. The original beam and the steady
state ions in motion towards the electrodes form a non-gquasi-
neutral plasma or a charged plasma, but since both denomina-
tions are in fact contradictiones 4An terminis, it is called a
chasma. It is clear that the Debye length (if such a quantity
can still be defined for a chasma) can be much smaller than
the distance (2d) between the electrodes. Another example

of a chasma occurs in the experiment of Malmberg and O'Neilz),
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which has also fascinating propertieg, although

are usually lower than those in the present example.

To determine the total potential ¢ (x) and the ion den-
sity Py Poissons equation is used. Some reasoning shows that

X

_ P(x')dx'
"i“l"ﬁ}?,":?")" (1)
o

in which P(x') is the ion production at x' and v(x,x') is
their velocity when arriving at x. Using the conservation
of energy, one obtains in the 1 dimensional case for once

ionized ions with zero initial velocity:

X

2 ] t
d%y _ Ax) + B(x')dx (2)
dx? Vo (xT) —v (X)
°
1
with A(x) = - pb/e, B(x) = —P(x)(mi/Ze)/Z /€, Pp = beam density,

e = permittivity, m, = mass of ions, e = elementary charge.
This is an integro-differential equation of second order; it
is nonlinear and singular. The form is fairly general: it is
the basic core of all extensions for the problem at hand:
moreover it occurs also in other probléms, with some modifica~

tions,

When A is constant (homogeneous beam) and B is constant
(homogeneous ion production, which is, for constant pressure,

consistent with constant A) one finds

0 = v (0) - k2x? (3)
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in which ¢ (0) and k are constants. ¢ (0) is the potential at
the origin, here chosen in the middle between the electrodes.
k is determined by the cubic equation

kd + k +

N

T B =20 (4)

NS

Thus k is a function of A, representing the density of the
ionizing beam, and of B, representing the mass m, and the
ion production (which involves the pressure p). It turns
out that then the ion density is constant in space and time
(although the ions move). In a typical experiment (Krebs)
Py, = -2x10" ¢C/m® (measured); py = 10 °c/m?® (calculated)

d = 0.02 m; Ay ~ 2d/10;p = 10" ’mm Hg and the ion production
coefficient (air) is about 800 ions per m and per mm Hg

pressure (only 1 ionizatioun for 30 beam electrons crossing

the electrode distance).

It was first shown by C.C. Grosjean (see appendix of
ref. 1) that the general solution of (2) contains also an
infinity of "discrete solutions", obtained explicitly by

him, but that (3) and (4) represent the only physical solution.

2, Extensions

In ref. 3 more details and further references can be
found. When A and (or) B are not constant the solution is
obtained e.g. by series development after some transformation
into a non~singular integro-differential equation. However

it can be shown that one obtains a fair approximation by using
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averages for A and B. One may also take into account correc-
tions for the (small) contribution due to the electrons crea-
ted in the ionization and for the initial velocities of the
ions. One may add a magnetic field and also a static elec-
tric field perpendicular to the electrodes: the latter merely

shifts the origin, i.e. the place of maximum potential.

The generalization to three dimensions4) leads to

- - - - - — - - - 1
Ao (r) = A(r) + J B(x)J(r,r")F(r,r")e(x') - ¢(r)] /de. (5)
G

where J is a Jacobian and F an additional factor, at first
sight rather unexpected; the line integration is along a
generating line G to be determined selfconsistently by the
equations of motion and (5). When A and B are constant and
when the boundaries are ellipsoids (including elliptic and
circular cylinders, the plane-paralle case, etc.) at a con-
stant potential one finds again a solution of the very same
type as given by (3) and (4). Again Py is constant. More-
over the solution is not too much dependent on the form of

the boundaries.

3. Perturbations. Use of fluid approximation

It is very well possible that the case studied above is
sometimes destroyed by instabilities, even before the sfeady
state is reached. However, the study of perturbations
through the intégro—differential equation is extremely in- .

volved and has yielded up to now only a solution in some
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trivial cases. 1In view of this a fluid approximation was
worked out. It turned out that, for the steady state, one
reobtains the form given by (3) and (4), however with slight-
ly different constants, i.e. a small shift occurs in k.

This means that the fluid approximation is decent (in fact it
is based on the conservation laws and thus contains most of
the truth), but it is not perfect (in fact it uses an average
for the velocity distribution, while the latter is rather

peculiar in the case at hand).

Applying then a (much simpler) perturbation analysis

5)

to the fluid approximation yielded perturbations of the

type x% exp iwt.

4. Cosmic chasmas: double layers

Due to the tremendous charge and associated electric
fields chasmas of cosmic dimensions can not occur very
easily. However, there is one notable exception e.g. double
(or multiple) layers, because here the field at large dis-
tances decreases rather rapidly. Hence what is mainly needed
is a mechanism to maintain the field in the double layer it-
self, and observations have shown that those mechanisms do

6)

exist ', A different type of such a mechanism will be sket-

ched in the next section.

5. Double layer at the surface of the magnetosphere: a power

station

Consider the following simplified model. The solar wind
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impinges perpendicularly on a magnetic field like a step
function. The ratio of the electron and ion gyration radii

is equal to their mass ratio re/ri = me/mi provided elec-
trons and ions have the same velocity. Thus a charge sepa-
ration occurs over a distance ry —rg ®ry (averaged over
circular motions). For v = 3 x 10°m/s and B = 10 ° Tesla
there results r;, = 3 x 10°m while Ap ® 1002 to 1 m as can

be deduced from further calculations with some rough appro-
ximations. An E x B drift occurs so that the electrons and
ions move parallel to one side. Take the x,y and z axis
parallel respectively to E x B, E and B, assuming simply that
the boundary of the magnetosphere is a flat square of side

10 RE (RE = Earth radius). The origin is taken at the center
of one side (I B) of this square. A huge double layer is for-
med over this square; its surface charge density is inhomoge-
neous because of the E x B drift, which makes all the electrons
impinging between O and x on the line y = 0, z = C (constant)
to pass through the point (x,0,C). One obtains for the

number density of either electrons or ions:

n__dx' ,
_ sSwW _ dax'
ne(x) - vy = DgyB J E(x'") (6)
o o

in which N is the particle flux of either electrons or

ions in the solar wind (assumed constant). Now E(x) = ene(x)/e

and one obtains the integral equation:
X

ENg,B J dx'

e ne(x')
o

(7)

ne(X) =
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which has the solution
Ys
ne(x) = (Zenstx/e) (8)

Then E(x) = e ne(x)/s and the total energy in the double

layer would be

10R 10R:
E 1 2 2,.—1 E 2
Etot = IOREri J 5€ Ec(x)dx = SRErie € J ne(x)dx
o o
loRE
= ' = 3
IOREri e nsw BJ xdx SOOReri e nst (9)
o

It has to be noted that rieB = mv so that the value of B is

irrelevant for Etot in this model.

Taking n_ = 10%m 2s”! (Quiet Sun) there results:

n (x) ~ 3.5 x 10°/X m *
E(x) = 7 » 10 /X V/m
~ 13

Etot 5 x10"°J
However, the total power flux of the solar wind impinging on
the magnetosphere is only 3 x 10!'W using the above figures
and would thus numerically be about two orders of magnitude
lower than the energy of the double layer. This is in itself

possible but seems unlikely. In fact the results indicate

that, although the model is far too crude, the charge separa-

tion due to the difference in gyration radii is a powerful
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conversion mechanism, capable of converting about all the
energy of the impinging solar wind in a double layer sur-

rounding the magnetosphere.

Several improvements can be made. Taking into account
that the magnetosphere is not plane will diminish the values
obtained above. Some particles spiral towards the poles and
the ionosphere and disappear. Most of all the voltage across
the double layer (reaching the unacceptéble value of 2000vX
Volt in the above calculation) diminishes considerably the
energy of the impinging particles (500 eV for the ions),
decreasing Etot to a value corresponding approximately to
that of the impinging energy of the solar wind. In fact in
the above model even the energy needed for the charge separa-
tion was neglected. A model taking into account these fea-
tures yielding a double layer with thickness dependent on x
is under study; it seems very promising but is not yet fully

self-consistent.

It is also to be noted that the magnetic field is not
a step function nor homogeneous and that one should take into
account the energy distribution of thé particles in the solar
wind; yet these corrections are not expected to be drastic.
It has also to be remarked that the drift velocity surpasses
the speed of the impinging wind particles, and even exceeds the
lightspeed for some values of x, requiring drastic revision
of its formula; in fact, this will rather allow the partiCles'
to spend a longer time in the double layer and thus to in-

crease the charge densities, etc.. In addition the current
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£lowing around the magnetosphere may be subject to various

kinds of instabilities, etc..

The double layer described above has its electron and ion
layers parallel to the magnetic field, in contradiction to
most double layers studied. Moreover there occurs in fact
a short circuit along these magnetic field lines and
through the ionosphere. As a result double layers with their
layers orthogonal to the magnetic field have to occur. Pre-
sumably one may identify these with the observed double lay-

6)7) (in series or alone). Moreover the powerful (10°W)

ers
observed kilometric radiation may very well find also its

power station in the double layer discussed here.

The parallel electron and ion currents flowing around
the magnetosphere as suggested in this model, flow to one

side of the magnetosphere. This asymmetry can be put to test.

A similar mechanism, but in reverse order, may be active
in the solar corona and contribute to the acceleration of the

solar wind.
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A TOPOLOGICAL THEORY FOR SOLVING PLASMA SHEATH PROBLENMS
««. AND OTHER PROBLEMS

ABSTRACT

In spherical, plane or cylindrical symmetry, the solution of the
coupled vVlasov and Poisson equations governing collisionless plasma
sheaths in steady state can be reduced to a classification of trajec-
tories of charged particles in electromagnetic fields depending on
their Spaca densities in a consistent way. We first give a topological
theory concerning the classification of sets of continuous parameters
satisfying an infinite number of conditions depending on a continuous
parameter. Using this theory, the sheath problem can be solved in a
most siwplified way at least by numerical iteration. Due to the low
sensitivity of the electric potential to variations of the space
charge density, the same method can still be used in a large range of
cases iy which the potential weakly departs from spherical, plane or
cylindrical symmetry, though the densities of charged particles are
strongly nop symmetrical.

I — INTRODUCTION

This paper is devoted to the solution of inequalities of the form

F(x30,8,.:2) 2 0 ‘V’ X e[a,b]
and applications to plasma sheaths and double layers.

An jmportant subclass of problems concerning the structure of plasma
sheaths is that in which there is a spherical, plane, or cylindrical
symmetXy, in Steady state., All physical parameters, such as distribution
functions of charged particles and electromagnetic fields>depend on only
one parameter, say r, the radial distance in spherical symmetry, the
distanCe to the axis of symmetry in cylindrical symmetry, the linear
distarce to some origin in plane symmetry. Moreover the topology of |
the trajectories of the charged particles can be characterized by two |
parameters, £, E, the angular momentum with respect to the center qu‘v, |

symmetry £ and the energy E in spherical symmetry,.. and so on.
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In general, the Vlasov equations express that the distribution func-
tians of the charged particles are constant along the particle trajecto-
ries : in other words, if fg denotes the distribution function of par-
ticles of any given species indexed by s at some point in space taken
as an origin for them, the distribution function of particles of the
same species at any other point in space will be equal to f: for initial
velocity components such that the particles can travel from their origin
to this point. Finally, if all the distribution functions of the parti-
cles are given at points from which these are considered as originating,
and if the electromagnetic fields through which they travel are also
given, it is, in principle, possible to determine all the distribution
functions at any point in space, as soon as one knows for which initial
parameters (position and velocity)particles follow trajectories reaching
this point. This suggests numerical iteration for solving the coupled
Vlasov and Poisson equations governing non collisional systens together
with the Maxwell equation for the magnetic field (if any), according to
the following scheme (LAFON, 1973)

Solution of the Poisson equation

4% } Solution of the Vlasov equations ———-s {Q(r)

B(r) ﬁ
L———-—Solutlon of the Maxwell equatlon

@(r) denotes the space charge in the sheath.

Now, in spherical, plane or cylindrical symmetry, at each step of
the iteration, one has only to find which trajectories, originating at
some distance T, for which the distribution functions are known, reach
each distance r, after crossing all equipotential surfaces corresponding
to p between r and r . ’ ‘

For 1nstance,1et us discuss the case of the spherical plasma sheath
surrounding a metallic body immersed in a non-collisional, non-magnetized
isotropic plasma : r is equal to the radius p of the body for the parti-
cles emitted by the body, or to infinity (i.e. some large radius R) for

particles coﬁing from the unperturbed plasma. Of course

p £ r £ R < =
Then, it is natural to express the distribution function £ of particles
of some species indexed by s as a function of the radial distance r and
of the two constants of motion characterizing the topology of a trajec-

. . o
tory of a particle of species s, gs, ES s fs (ES,ES)= fs (gs, Es) for
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particles travelling (and reaching all distances p) between the distances
r  and p, vwhereas £ (ES, Es) = 0 for other particles. The two constants
of motion Es and Es can be expressed as functions of u and v, the radial

and orthoradial components of the velocity, as follows :

=m, TV
E‘-'S S s

1
)

E

. m, (u? +v2) + q, V ()

where qgmg denote the electric charge carried by the particle and its
mass ; V (r) denotes the electric potential.

The expression can be a little more complicated though of the same
form when there is a magnetic field (LAFON, 1973)

Thus a necessary condition for a particle coming from the body to
reach the distance r is

2(E_~-q_ V (1)) £2
u = S S _ ) s 0
m m2 r

S S

and a necessary and sufficient conditions for this particle to effecti-

vely reach the distance r 1is

2 (E~q_V (p)) g2 [ ]
s 's - (] > 0 Efp & s T
m m p
s s

which, for any given function V(p) is an inequality of the form

F(r;&,E)>0 V/oezll),r] (1

One can show that all problems concerning the determination of
distribution functions in the sheath can be reduced to similar inequa-
lities. (LAFON, 1975 a and b, 1973).

Thus it is interesting to have a systematic method independent of the
form of the functimF for solving inequalities like (1) in the most gene-
ral case.

We have given a systematic and general snlution scheme of this pro-
blem under the form of 3 mathematical theorems (LAFON, 1977) from which
numerical algorithms can be easily derived (LAFON 1973, 1975). Two of these
theorems are stated in Section II.

I1 — TOPOLOGICAL THEOREMS FOR SOLVING SHEATH PROBLEMS..AND
OTHER PROBLEMS

The following section is devoted to the solution of inequalities

of the form
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F (x; a, 8,...) >0 VXE I::a,b] (2)

The problem is the determination of the ranges of n parameters
a, B... (n > 2) such that a given function of n + 1 variables x,a, B..
is positive or equal to zero for all values of x in the interval [a,b]
The theorems can be stated as follows (LAFON, 1977)

Assumptions : 1 F (x; o, B..) is X, &, B,.. = continuously dif-

ferentiable for any a, B,.. and for a < x < b ;

2 A1l the o, B... derivatives F' are not

a or B..
simultaneously zero.
3) The internal [a, b] can be divided into a finite

number of subsequent subintervals for any x in which

—F =0 and F}'c = 0 for any x, and for a finite number of
sets o, B,.. depending or not on x.
or —F = 0 implies Fx" # o except for a finite number of x

for which F}'{ =0 for all a, B,.. such that F =0

A)AlltherootsofF=0,F}‘{=Ofora_<_x<b

are bounded.

Notations P, set of points in the a, B8,.. space for which F

W, _, Wx; regions of the a, B,.. space where F 20, F<O0

XX -
respectively

- N -
Wab » Tab aéxéwax ’ a§x§bw'xx

) — (-] Q oy
ljab - C Wab U Wap
A region A of the o, B, ... -space without its boundary

o o -
Theorem 1 :Nab and wab

respectively F > O and F < 0 for any x & [a,b]. Nab contains only the

are the regions of the a, B,.. ~ space in which

points of the curves P, for a < x <b .

aégéb Wxx) n[:wab = (aﬁgéb Woex) n C Wab

(-]
Any point of the a, B,.. - space is in one of the regions Wop?

o .
W >, N . but never in two of them.
ab’> “ab
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Theorem 2 : There is some x, say L, such that a < L <b and for b 2 x 2 L

W= ¢ whereas, for a < x < L, ¢ ab # @. The interval [a,L] can be divi-

ded into a finite number of subintervals [%j’ xj+d'(j =1, 2,..m ;

Xy =a; x = L) for x in which Wox # @ and can be delimited as

follows .

1) 1f, for x-_j«:x<xj there is no solution for the system F = O,

+1
F'x = 0, except for some x, say xk (k=1, 2...) for which F; 20

ax wan n wx1x1 n wxzxz n

2) If for X <x < Xipq s the solution of the system F = 0, F/=0

is male of some sets of fixed values of a, B.., say s Bk"‘
(k = 1, 2...) independent of r

wax = wan n wxx

. <x < x,
3) 1f for xJ X xJ+1,

uk(x), Bk(x).. (k = 1, 2...) depending on x, W

the system F = O, F; = 0 has solutions
is W__ \W__ reduced
ax ax.''"xx
by the hynersurface @ (o), Bi (¢t )... corresponding td a < t < x
Figs 1 to 3 illustrate these three cases separately in only
two dimensions (o ,B). The dashed zones represent W,,. Fig 4 is another il-
lustration of case 3 in two dimensiors also. Q denotes the envelope of

the curves Px (solution of F = O, F; = 0)

II1 — APPLICATIONS TO SHEATHSAND DOUBLE LAYERS

In practice W,y is determined progressively, for increasing
or decreasing values of x. One follows its deformation by following the
evolution of the ends of the arcs of P, included in the boundary of Wox'
For each discrete increasment of x from x to x + dx, a simple test
concerning the position of these points (for x) with respect to wx+dx,x+dx

indicates which case must be considered (LAFON, 1975a, appendix 1).
This is an very easy way to obtain the distribution functionsat any point.
The method is systematic, independent of the potential
profile, whichever it is a physically likely profile or a pure numerical
intermediate during iteration.

Now, due to the low sensitivity of the potential solu-
tions of the Poisson equation to perturbations of the space charge
density (LAFON, 1975 b, 1976), this theory can still be used to inves-—
tigate cases in which the space charge density is strongly perturbed
whereas the symmetry of the potential is weakly perturbed : the electron

density is 12 times greater on the enlightened side than on the dark
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side of the body, in the case of a cylinder emitting photoelectrons

in a plasma illustrated by Fig. 5 (other examples in LAFON, 1976)

LAFON

LAFON

LAFON

LAFON

LAFON

J.P.J.

J.P.J.

J.P.J.

J.P.J.

J.P.J.
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ON THE POPULATION OF CLOSED ORBITS IN OPEN AND
CLOSED COLLISIONLESS GASES OF CHARGED PARTICLES
APPLICATION TO PLASMA SHEATH PROBLEMS

Hereafter we discuss the conditions under which collision-
less steady state models of plasmas with charge separation and gravitatio—

nal plasmas are valid.

Consider a dynamical system of charged particles in elec-
tromagnetic fields bounded by two surfaces (one inside the volume boun-

ded by the other) as shown on Fig. 1.

The system is called "open"if the surfaces S; and S:
behave as sources and sinks of charged particles. The electromagnetic
field can be such that both " free " trajectories crossing the system
like Ty or Tz, and closed ( " trapped ")orbits 1like T3 are possible.

Now, assume that the mean characteristic time Toross for

free trajectories, i.e. the mean time spent by particles following free



trajectories 1inside the system (crossing time) is much lower than the

mean time between two successive collision (the collision

T
coll
frequency to the minus 1) and that we observe phenomena in time scales

of the order of T with

Teross << Teoll << T )]
Collisions are highly probable and frequent on closed
orbits, on which in absence collisions particles spend infinite time ;
they tend to depopulate these orbits at a high rate. By contrast, they
are highly improbable and rare on free orbits, so that closed orbits

can be repopulated at a very low rate.

It follows that it is an accurate approximation to assume

that closed orbits are unpopulated whereas free orbits are populated.

Since sources and sinks for particles on free orbits are on the limiting

surfaces,such a situation generates no particular instability.

Now, if the system is closed, in other words if there is
no source of particles on S; and S2 (S; may even not exist),colli~
sions tend to depopulate closed orbits whereas there is no mechanism
for repopulating any trajectory. Thus the system will progressively

loose its particles and so be instable.

Application to plasma sheaths

The open systems illustrate what occurs in plasma

sheaths surrounding biased bodies in plasmas. S; 1is the surface of the

body ; S; 1is some electrode or some " sheath edge " i.e. some surface
beyond which there are no longer trapped orbits or the dominant physical
phenomena are no longer those dominant within the sheath (for instance the
mean free path is such that collisions destroy the trajectories). A col-
lisionless model with unpopulated closed trajectories is adequate for

such a sheath.
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By contrast the closed system can illustrate for instance
what occurs in a plasma column in cylindrical symmetry. Such a system
is obviously unstable under condition (1) and can be described by a

collisionless model only within time intervals T such that

Teoll (2)
In a similar way gravitational plasmas like galactic
disks can be described using closed collisionless models with populated

closed orbits only, during periods satisfying condition (2).

To summerize, collisionless models with non populated
closed orbits can be valid in the limit of large time scales under

condition (1) if they are open.
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DOUBLE LAYERS IN LABORATORY PLASMAS
Noriyoshi Sato

Depariment of Electronic Engineering, Tohoku University

Sendai 980, Japan

ABSTRACT A review is presented of recent measurements of
electric double layers in laboratory plasmas. According to
the methods used for double-layer generation, the experiments
are classified into four categories and some points of the
results in each category are presented. A special topic is
concerned with double layers formed in a nondischarge plasma
under a strong magnetic field. Some details of discussions
deal with a process of double-layer formation and a dynamics
of negative potential dip formed on the low-potential tail of
double layers. A few remarks are made on double layers under
a mirror configuration of magnetic field. Preliminary
measurements of potential formation between two different
plasmas are also described.

I. INTRODUCTION

Electric double layers (DLs) consist of two thin adjacent
regions of opposite charge excess which gives rise to a po-
tential drop across the layer. Although a number of theo-

reticall

and experimental investigations have been carried

out on the DLs and related problems, there is still an increas-
ing interest in the DLs in plasmas. There are several

reasons promoting investigations concerned with the DLs.

First of all, the DL is strongly nonlinear phenomenon, belonging
to the class of the BGK solutions of the Vlasov equation,
and provides a mechanism for anomalous plasma resistivity.l
These problems are ovi current interest in plasma physics.
Moreover, the DLs are suggested to be responsible for auroral
discharges and solar flares.2 In fact, direct observations
confirmed a local potential drop above the Earth's auroral
region.2 On the other hand, the DLs are important to be
investigated for development of high-power gas laser3 and

intense beam-production technique.4 It must be also remarked



117

that there is a close relation between the DL and the electro-
static potential configuration (tandem potential and thermal
barrier) proposed for improving plasma confinement in open-
ended fusion devices.5 In general, when we discuss plasma
behaviors in a magnetic field, we must be careful to subtle
effects caused by an electric field along the magnetic-field
line, which are often missed in the MHD theory. The DL is a
typical example of sucit phenomena.

Since the first research of space charge layers (sheaths
and DLs) was done by Langmuir in 1929,1 it has been well
known that the DLs appear under various circumstances.
Although the condition for DL formation was given by Bohm,1
the formation process and properties of the DLs were not so
clear until recent progress in theory and experiment which
are revealing important features of the DLs.

It is not difficult to show well-known examples of the
DLs in laboratory plasmas. When we use a hot cathode for
elcctron emission in a low-pressure discharge tube, there
appears the DL in front of the cathode if the emission is
sufficient to maintain the discharge current.6 In a con-
stricted discharge tube,7 the DL is formed at the place of
sudden change of the tube diameter to keep the current
continuity through the discharge tube. The stationary
striation, which is accompanied by a series of the DLs, is
known to appear in a discharge tube under a certain condition.8
The phenomenon is attributed to a balance between ionization
and particle loss to the wall. The simplist method to get
the DL is to apply a large positive potential to a Langmuir
probe immersed in a weakly-ionized plasma. When this po-
tential (with respect to the plasma potential) is above the
ionization potential of the gas used, an additional discharge
occurs around the probe. The DL is formed at the boundary
between the main plasma and a "new" plasma produced by this
discharge. For all these examples, effects of ionization and
wall (boundary) are decisive on the DL generation. Although
these examples have some essential properties of the DLs, this
review is mainly concerned with the DLs in laboratory plasmas
where ionization and wall might be neglected for main features
of the DLs.



118

In Sec.II, we try to classify the DLs observed in cuc.. a
case into four categories, depending on the methods used for
the DL generation, and typical results in each category are
presented. A main part of Sec.III describes the DLs in a
nondischarge plasma. This includes the DLs with potential
drop lSe¢D/Te52XIO3(¢D: potential drop across the DL, Te:
electron temperature in eV), a process of the DL formation, a
dynamics of negative potential dip on the low-potential tail
of the DLs, the DLs under a mirror configuration of magnetic
field, an electfoststic ion cyclotron instability caused by
three-dimensional structure of the DLs, and also a potential
formation between two different plasmas. Section IV contains
conclusions.

II. VARIOUS EXPERIMENTS CGN DL

There are various experiments on the DLs, as already de-
scribed in the previous review papers.9 Almost all of them
were performed on the DLs in discharge plasmas except our
works. Typical experiments are presented in this section,
although our recent experiments are descibed in Sec.IIT.

Before presenting the works, we classify them into four
categories, depending on the methods used to generate the DLs.

Category (1) DLs generated by driving a large discharge current

between cathode and anode:

In this case, a plasma is produced by low-pressure dis-
charge between cathode and anode. When the discharge
current is kept to be lower than a certain critical value,
we have a normal discharge, i.e. the maintaining voltage U
is almost constant against an increase in the discharge
current I. The critical value depends on the gas pressure.
At I=the critical value, however, the discharge becomes ab-
normal, i.e. U shows an abrupt increase and I is limited.
Under such a condition, the DL is recognized in the plasma.

Category (2) DLs generated by applying a large positive po-

tential to an electrode immersed in a plasma:

The DL is also generated by applying a large positive
potential to a metal electrode immersed in a discharge
plasma, which drives an electron current to the electrode
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just as in case of a Langmuir probe. Electrodes with
various shapes (needle, plate, sphere, etc.) can be used in
the experiments. In this case, however, we often have a
situation where the DL is generated by an additional dis-
charge around the electrode, as mentioned in Sec.I. Besides,
when the current to the electrode is comparable to the main
discharge current, this elctrode may work as another anode
and then the situation corresponds to the Category (1).

Category (3) DLs generated by beam injection into a plasma:

Both an electron beam and an ion beam are used to
generate the DLs in a plasma. In the case of elecron-beam
injection, above a certain critical beam current, the Pierce
instability gives rise to a potential drop near the beam
injection, limiting the beam current. This local drop of
potential developes to generate the DL. We must be careful
to ionization due to the beam in this case. Ion-beam
reflection by a metal plate biased positively results in an
increase of potential near the plate, which gives rise to
the DL generation under a certain condition.

Category (4) DLs generated by applying a potential difference

between two plasmas:
When two plasmas are produced by using two independent

plasma sources, we can have two plasmas with different
potentials if a potential difference is applied between
their sources. The DL is found to be generated when these
plasmas are in contact with each other. This method is
quite simple and is used for measurements described in

Sec. III.

Strictly speaking, it is without saying that there are
some works which cannot be simply classified. Especially
when effects of ionization are not negligible, it is often
not so easy to classify the works into the four categories,
because there is a close relation among the above categories.

2-1 DL in Category (1)

. ! . o . .
Torvén and Babic carried out the first clear experiment

on the DL generated in an axially uniform positive column with

an extremely large discharge current between cathode and anode 10
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At a critical current in a mercury discharge, they found a visi-
ble boundary across the positive column, which was attributed

to the DL.

the critical value, they
obsaerved pulse signals ap-
peared periodically in time,
which were confirmed to
Propagate towards the anode
with ion acoustic speed
(Te/ﬂ)l/z(M: ion mass).

A similar experiment
was recently carried out
by Levine and Crawford.11
The woxk
whexe an
U (and a
yields a

curxent at a pressure of

is shown in Fig.l,
abrupt increase in
limitation of I)
clear critical

0.8 mTorr. They used a
Langmuir probe for direct
measurement of an axial
The
result gave a potential
drop due to the DL, as
found in Fig.l.

potential profile.

We can
find a high-frequency noise
caused by an electron beam
formed on the high-potential
side of the DL.

Lutsenko et al.12 also
observed a current limita-
tion due to the DL in a
plasma column with a strong
axial magnetic field, al-
though the DL was always
moving towaxrds the anode

in this case. It is to

Under this condition, the electron drift speed was
close to (Te/m)l/z(m: electron mass).

stationary, its voltage was strongly fluctuating.

Although the layer was

Just below
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Fig.l. Apparatus and results
in Ref.1l.
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be noted that the DLs and

related phenomena were Helmhol1z
_cols <
considered to be taken o -~ ™
em
into account in the ex- | 0 mem e
!
!

12¢m

periments on turbutent }
. —NT'-J"'—. --------- A
heating of plasmas. | | - ;

2-2 DL in Category (2)
1 3 Pumg

A typical example I
[

ercury pool

in this category is shown Yy Cathode

. . . © Oy

in Fig. 2. An arc dis-

charge between a mercury |anode
surlace

cathode and El was used 20f

to produce a plasma which
diffused through E, to-
wards the endplate (called
"anode" in Ref.1l3) along a

weak magnetic field of 50 ® ® kam:&mEﬂmﬂso N

Potenliol |V}

- 600 G. When a positive Fig.2. Apparatus and re-
bias U, was applied to the sults in Ref.13
endplate through R (re-

sistance), the endplate acted essentially as a Langmuir probe.
But, above a certain critical value of the plate potential
relative to the plasma, there occurred an ionization in the
sheath formed in front of the plate. Then the sheath was con-
verted into the DL (B in Fig.2).

The critical value was confirmed S, (DISCHARGE)

to decrease with an increase in
the background pressure. A
further increase in Uy resulted
in an movement of the DL towards
E2(C in Fig.Z).

We carried out almost the
same experiment by using an
apparatus shown in Fig.3, where

a diffused plasma was produced
by an Axr discharge between A
(anode) and K (oxide cathode)
under a strong magnetic field.

Fig.3. Apparatus and results
in Ref.l4.

14
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When a potential difference 96 between the endplate and A was
increased, it was found that the DL appeared in the plasma at
¢°2Ui(ionization potential). The DL with two-stage structure
was also generated if ¢ozZUi.

The experiment of Stenzel et al.
somewhat complicated situation (see Fig.4) in order to simulate
magnetic substroms and solar flares. A potential was applied
to a small plate to drive a current in the center of neutral

15 .
was carried out under a

sheet of magnetic field topology with a discharge plasma.

When the current was increased to a critical value, a spon-
taneous current disruption was observed. The disruption

induced a large inductive spike in the plate voltage (due to

an effective inductance of the circuit), which was confirmed

to drop off in the plasma forming the transient DL. An
electron beam and resulted noise were found on the high-potential
side of the DL.

As described in Refs.13 and 14, we cannot neglect effects
of ionization when we have an electrode with extremely large
positive potential in a weakly-ionized plasma. At least a
careful check is necessary for the ionization effects in the
DL experiments belonging to this category.
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Fig.4. Experimental configuration
and results (right) in
Ref.15.
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2-3 DL in Category (3)

The first measurements of the DLs generated by an electron-
beam injection into a plasma were made in a modified double-
plasma machine.16 A similar work was carried out by using a
triple-plasma machine,17 as shown in Fig.5. In this case, two
plasmas were independently produced in sources I and II. An
electron beam was injected from the source II into a region
called "target" between the sources, where a plasma was supplied
from the source I kept at a potential higher than the source II.

MAGNETS GRIC SEPARATION 3 .,

el fe— .5 c —of j—=2.2 CM
- Tt
FILAMENTS " Hooonq
|| EMISSIVE E L. P
35 | P ——
" il b PUMP
I o-CoaTED FILAMENTS b
n Regepigins,
— i SOURCE ] %

fv)

25 AxiAL

SOURCE 11 20 POSITION
4 TRaprED ELECTRONS /13 -
PLASMA T 7’ 10
POTENTIAL N\ e . s
_it.. it 2 3 a4 5 6
Gli G2 VIV,

Fig.5. Apparatus and results in
Ref.l7.

The DL generated had a potential

drop up to e¢D/ Te=l4 . A clear Distance from source 1 (cm)
electron-beam generation due to

the DL was also reported. In
Ref.1l6, even if there was no

plasma source corresponding to
the source I in Fig.5, the DL

was generated because ioniza-
tion due to the beam provided
a plasma in the target region.
But, when an extremely large

beam was supplied into the
target region, the DL was no

Fig.6. Moving DL in Ref.l6.

more stationary but observed
to propagate with a speed close
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to ion acoustic speed. Detailed measurements of potential
profiles at various times are shown in Fig.6. The DL disappear-
ed when it arrived at the opposite end. But it reappeared at
the place near the beam injection and the moving DL was formed
again. This repetition corresponded to periodic changes of
plasma parameters.

Baker et al.18 used almost the same‘experimental geometry
as in Ref.1l7, although a method of plasma production was
different. The machine was much bigger with and without a
weak magnetic field to magnetize electrons. The DL thickness
was, in many cases, greater than a meter. The measurements of
two-dimensional configuration gave a similar shape of potential
¢ as expected in space (see Fig.7).

We injected an electron beam into a nondischarge plasma
emitted thermionically from a source called "plasma emitter",19
as shown in Fig.8. The beam density was controlled by changing
a grid potential Vc at a fixed beam energy determined by an ac-

celeration potential V At a critical value of the beam

b.
density, we observed the Buneman instability [(B) in Fig.8], as

predicted theoretically. A further increase in the beam
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Fig.7. Two-dimensional configuration of
DL potential in Ref.18.
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density resulted in the Pierce Gc A
instability [(D)] after a : X ]¢
transient region [(C)], which K i| DL PE
produced a negative potential E\@:LJT'Z
well in the plasma , limiting Vp—L L
the beam current. A quick - .
beam injection, however, being 7 Ve (0.4V/div.) ¥
accompanied by ion trapping in i _ , i
the potential well, was observed _ 3
to lead to the DL formation, as % é‘
shown in Fig.8. In the region ; 0 <__t'L
(C), there appeared a periodic — q
change of formation and dis- B o
ruption of the DL, producing an r— .
oscillating potential comparable t (1.5ms/div.)
to the injected beam energy.
This oscillation of potential - > 5 Z (em) 10
gives rise to high-energy ions d 2 —+ ——— e
on the high~potential side of 1 ‘
the DL. The phenomenon is
attributed to detrapping of ions 2
trapped in the potential well. t (ms) °
The electron-beam in- ;-2?
jection was also used to .4t
a) Fig.8. Egperimental configura-
7 - ion and results in
Ref.19.
T z ? generate the DL in a Q machine,
® where a plasma was produced at
] JQ a hot plate (HP) by surface
ionization of Cs vapor.20
b) The measurements demonstrated
] ) a two-dimensional configura-
~ tion of potential (see Fig.9)
o E under a strong magnetic field.
g |-
] . Fig.9. DL potential configura-
; tion under a strong

magnetic field in Ref.20.



It was found that the charac-
teristic width perpendicular
to the magnetic field was
determined by the ion Larmor
radius.

On the other hand, the
DL was generated when an ion
beam was injected into a
plasma under a situation in
Fig.lo.21

was injected along a con-

The ion beam

verging magnetic field
towards a positively biased

plate in front of the N~pole of a permanent magnet.

TARGET PLASMA SOURCE PLASMA
HELMHOLTZ
B Tcos B -MaGNET
(ofooyno.npn-oa, "I
= r g FILAMENT
' <— [ON BEAM
45¢cm
Hy, Ar, Xe
LANGMUIR 2-17x107 Torr
PROBE | Ne=108¢cm
kTe = 2 eV
EMISSIVE [0 — _
PROBE ofooml|o ‘goUTuloutron
PUMP & 1 e} 1 GAS

Fig.10. Apparatus in Ref.2l.

The DL

was observed to be formed in the plasma when the plate potential

was sufficiently large to reflect the ion beam.

The potential

drop of the DL was slightly smaller than the beam voltage.
The measured potential configuration showed a V(or U)-shaped

profile of the DL (see Fig.ll).

In a further investigation,22

the DL was shown to be generated by the ion beam reflection due

to the mirror effect of
magnetic field even if
the plate was biased
negatively or kept to
be floating.

2-4 DL in Category (4)

In this case of the r
DL generation, a po-
tential difference is
given between two in-

dependently produced A
plasmas. In Fig.l2,
two plasmas were pro-
duced by Ar discharge . -8

at a pressure of 4x10°
Torr.23 The potential
difference was provided

by applying a potential

-
-

.Z) (G)
&

) (b) ¢ (r,z) (V)

B =g )
88 S R

(a) 8]
64

l

4\\ \0 B

)

=

v k]

0 2 z(ém) 6 8

/
8

Fig.ll. Configurations of magnetic

field B and DL potential ¢
in Ref.21



Elecltical potential vl

750

500

T B : 300 Gauss

Vg between two mesh anodes.
Since the electron drift
speed was smaller than the
electron thermal speed in
this case, jion acoustic in-
stability was considered to
give rise to the DL genera-
tion, being consistent with
theory.1 But, the DL ob-
tained is quite similar to
the result in Fig.3, where
the ionization was im-
portant in the DL generation.
This method was also
used in the recent work of
Torvén and Liting.24 They
succeeded to obtain the DL
with potential drop ¢D up
to 1000 V in a weakly magnet-
ized plasma column. This

[

A

Uo

1, :0.70A P, 10.20 mTorr /
IFERAYS P = 0.04mTore
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Probe Magnets Caoils
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/ .
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=

|
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|
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|
L
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1 1 1 1 I 1{em)
S 50 100 150 200 250 300

Fig.l2. Apparatus and results
in Ref.23.

value of ¢D is the highest
potential drop of the
stationary DLs ever re-
ported. The DL was stable
for a wide range of plasma
parameters, but instabilities
leading to large-amplitude
fluctuations could be in-
troduced for certain para-
meter combinations.

Main results presented in

Rk Sec.III are concerned with

the DLs belonging to this
category.

Fig.13. Apparatus and
results in

i -
40 L5 50

Ref.24.

. S55. 60
Oistance from A, {cm) 1

Ay



128

III. OUR RECENT RESULTS ON DL

Our recent measurements oOn
the DLs were mainly performed
in a Q machine. A plasma is
produced by surface ionization
of K vapor at two hot plates
[sources 1(s;) and 2(S,) with
separation of 227 cm] under a
strong magnetic field B of
2-4 kG, as shown in Fig.1l4.
3-3, however, Sl is not heated
and is used as a cold plate.
52 is replaced by a discharge
plasma source in 3-6.

SOU/RCE | -8B sm{acs 2
ool n PLASMA™ 00T Y
B
¥ ==
%=
v
I
_Aov.
In ‘___4
é 50cm é
[} 2

Fig.1l4. Experimental configura-

tion and DLs at ¢O=i10 V.

3-1 Stationary DL

In this case,
at Sl and S

0 a uniform magnetic field.

25 a plasma is produced

2 of 3.5 cm in diameter under
A potential

°ov
2
4 !
05
A=t
} ov/ }
S . 50¢m S,

Fig.15. DLs at ¢,<10 V.

difference ¢o is applied between Sy and
52'
plasmas (supplied from S; and S,) with
different potentials.

The plasma is a mixture of two

Emissive probe

measurements yield an electric field

localization due to the one-dimensional

DL along the plasma column,
as shown at ¢o=i10 V in
Fig.14.
¢D is close to ¢o. The results
at ¢os10 V are demonstrated
in Fig.15.

The potential drop

Even if ¢o is so
small that e¢o is comparable
to Te(=0.2 eV), a localized
structure of electric field
We must be
careful to this structure in

is recognized.

experiments on current-driven
instabilities when the current

W4OOV

h 350

«Wsoo

«-]zso

44 200
I |

100
"

; |—S0em 2 A

Fig.l6. Very strong DLs.
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Fig.l7. Control of DL
position

fixed value of ¢, the DL position can be controlled by changing

Ny

as demonstrated at ¢o=10, 100 Vv in Fig.l7.
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is driven under this situation. On
the other hand, we can also generate
the DLs at much larger values of ¢o'
as shown in Fig.l1l6, where the ratio
Nl/NZ of plasma densities supplied
from Sl and S2 is larger than those
in Figs.lA and 15. When ¢02100 v,
the DLs have a sharp potential drop,
yielding ecbD/Te up to ZXI03 which is
one to three orders of magnitude
larger than the values in other

The DL width is well
consistent with theoretical predict-

experiments.

ion.
The DL position shifts towards

Sl with an increase in ¢o. At a

and/or N,. As N2/Nl is increased, the DL approarches Sy

In this way, we

generate the DL at an expected position.

Figure 18 shows a relation between the DL generation and

an electric current passing through the plasma column (Io: dc

10V

w

[ tmA, rms)

4
- (o}
100 0
z (0 — &0 $v)
o 50
30 40
20 -
10 5 > €
i —— N
S, S0cm S, j
Fig.1l8. Relation between DL { | I 4
generation and current Sy 50cm S

passing through plasma

column

Fig.l19. Spatial profiles of
DL and low-frequency
fluctuation

by


file://-/I40V
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current, I: low-frequency fluctuation).
The DL generation corresponds to a
‘current limit and an appearance of
fluctuation. According to the
measurements of potential fluctuation
5 along the plasma column, there are
potential spikes of frequency 1-10
kHz in the DL region, being accompa-

nied by positive spikes in the e-

lectron current.
the DL can be compared with an ideal
t As ¢o
¢/¢o increases up to a few tens of

At large values

is neligibly small and

theory. is decreased, however,

,__,ﬁ_
1/
2
B
£

2
O w
vy

percent, yielding an apparant broad
width of the DL.
Spatial profiles of electron

Fig.20. Spatial changes of
electron energy
distribution £ and
densities.

and ion densities, ng and n., are

ll
shown in Fig.20. The densities decrease in the directions
towards the DL even at the place where the potential profile is
flat in our scale. An electron beam produced by the DL becomes
This

broadening is ascribed to generation of electron plasma waves

broad gradually on the high-potential side of the DL.

(Trivelpiece-Gould mode) propagating towards Sl. Their disper-

sion relation is plotted

in Fig.21. An ion beam ] ]}ov
is also confirmed to be 50 cm
produced on the low-po- % —
tential side of the DL. 200f .,;" 2
d el
3-2 A Process of DL E <
Formation }

A process of the

w/27 {(MHz)

DL formation is investi-
k. /27

gated by applying a step
potential ¢o to §, with
respect to Sz. A sampl-
ing method is used to
measure spatial profiles

1 ‘l ]

o} 0.l 02 - 03
k727 {cm’.0) ¢ (arb, units.e)

Fig.21l. Generation of electron
plasma waves and their
dispersion relation.
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of potential ¢ and electron
current je to the probe.25
A typical result is shown

in Fig.22. Just after the

application of ¢o at time

t=0, ¢ increases up to ¢0
on the whole region. This

is accompanied by an in-

crease in Io(je is almost

uniform spatially) and a

generation of fluctuations.
The potential is localized
in the sheath in front of

S
in the background of immobile ions.

can find a gradual drop of ¢ near S, and a decrease in Io.

Fig.22.

Process of DL formation

2° This penetration of ¢ is due to quick response of electrons
At t20.1 ms, however, we

On

this time scale, ions are accelerated by the potential drop in

front of S2 to be absorbed by S
crease in ¢ near Sz.

2’

S..
ai found in the je profiles. In the
¢ profile, we can find a special
position (shown by an arrow) where
¢ shows a small jump accompanied by
fluctuation. In a region between
this position and Sz, no fluctua-
tion is recognized. A small nega-
tive potential barrier limiting I,
is supposed to exist around this
position.

In fact, the negative dip of
potential is observed as shown by

26 where

the lower figure in Fig.23,
a detailed structure on the low-
potential tail is demonstrated.

The negative dip is formed during
a decrease of the current ISl pass-
ing through the plasma column (I

in Ref.25). But, this dip disappears

being responsible for the de-
The localized potential drop moves towards
This movement is followed by a flow of the plasma from SZ'

A
E '2 5, 12% iA _— .
-~ 0 o? ot
0.[‘ timst
0 50 125
Sz X (Cm] S1
0.0 B [
v ]

10 /]

0 50 125
52 x [em] Sy

TIW
ﬁQ%%

|

Fig.23. Detailed structure
on the low-potential
tail of DL
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in the following phase of small in-

crease of I The repetition of 2

s1*
formation and disruption of this dip

results in a "back and forth" motion

of the tail, being responsible for

5 of the DL. Under a certain con-

dition, there appears a large peri-

odic change in I in the steady

sl
experiment. In such a case, a clear

feature of this motion is observed,

as shown by the upper figure in Fig.23.

Fig.24. Moving DL.

3-3 Moving DL

In this experiment, Sl(not heated) is used as a cold target
to which a potential ¢o is applied with respect to the hot plate
SZ'
oscillations in plasma parameters.

In this case, the system is not stable and always has large
27 Measurements at various
phases of the oscillation in IT(target current) are made on axial

profiles of ¢, electron and ion current, j_ and ji.28 The result

e
shows a close relation between the oscillation and a dynamics of

I it
]
a o (A | L
o A '
>.Lo _E. —_ - ( ‘:-::'J ‘ —Bo
tilaments! T
o Vo || ez 9 [ 9
0 00 800 1® ! Lo .,
tlusl) plasma L —SPA,
_ . b 1 | source emigsion CRT.
> * = - probe
=N iy .
— '
100
\ /I_\ {c)

ey W s
; A »

] 5
% dlem} g, adlcm) g,

Fig.25. Dynamics of negative
potential dip in Fig.26. Moving DL in a
moving DL. discharge plasma.
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moving DL. The moving DL formed in front of 52(x=0 cm) moves
towards S,, being followed by a flow of the plasma from 5,

during the decrease in I When the DI arrives at Sl’ IT in-

creases and ¢ increases glong the whole plasma column. Then
the DL reforms at §,. The repetition of the phenomenon gives
rise to the oscillation in IT‘ A detailed structure of the DL
tail can be found in Fig.25. A negative potential dip is form-
ed during the DL movement and disappears at Sy resulting in the
increase in Ip- This dynamics of the negative potential dip is
the same as in the fluctuation of the stationary DL in 3-2.

The same moving DL is also observed in a discharge plasma.
A potential difference is applied between a mesh grid g, and an
asterisk grid g, immersed in a diffused plasma supplied from the

29 In this case, a much

source through g,, as shown in Fig.26.
bigger dip of negative potential is generated because Te(za few
eV) is higher than that in a Q machine. It is to be noted

that this experimental configuration is almost the same as in
the previous works on current-driven ion acoustic instability.30
Their results may have some relation to the moving DL described

above, because the DL moves with speed close to ion acoustic

speed. A similar behavior of the moving DL can be found in
Fig.6, where the DL is generated SOURCE | SOURCE 2
by electron-beam injection. Sl ltUTPUASMATL Ll
3-4 Effects of Magnetic Mirror %,

—] —

on DL =

It is quite important to MAGNETIC CONFIGURATION

know properties of the DLs in

plasmas under nonuniform magnetic

fields. Here effects of a mag- iy '
netic mirror on the stationary
31 RO

DLs are described. The DLs are
generated in the same way as in
3-1. A mirror configuration is

AMPLITUDE ( orb.units )

provided near the center of a
vl

Q machine, as shown in Fig.27.

N
o

=t

20cm '.52 FREQUENCY (WHz)

The mirror ratio Rm is varied in

Lo

the range 1-1.8. Under the uni- Fig.27. Experimental configura-

form magnetic field (Rm=l), the tion and results on
mirror effects on DL.
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DI position is set by controlling

the plasma densities supplied from

Sl and Sy When the DL position

is around the mirror, the DL is

very sensitive to the mirror. The I%V
effects are clear even at Rm=l.3.

With an increase in R , the DL width
becomes small. This is because the
fluctuation of the DL tail is de- I’kG
Creased in the presence of the

mirror (see Fig.28). Besides,

the DL position is fixed at the f — t
s, 50¢m S,

mirror position. As the mirror
1s moved, the DL is observed to Fig.29. Control of DL position
move together with the mirror, as by magnetic mirror
shown in Fig.29 where Rm=l.8.

When the DL position at R,=1 is far from the mirror, we cannot

Observe such strong effects of the mirror.

3-5 DL with Three-Dimensional Configuration

Here the diameter of SZ’ 8 mm, is much smaller than that
of Sl' Even in this case, the stationary DI is generated by
applying a potential difference between S, and S, under a strong

5,135 %) 5,(8%) 2
: .: “« " . .::.‘."....A ‘E
¢, y
— 5
30V () 30V .;
20 z
0 100 200 300
20 FREQUENCY ( kHz )
|5 10 \\
—_ oo..
10 6 :& 3,3,2
3 = &2
S —] K 100} 002
CENTER 3 = e
— SEN S, L
50cm 2cm 0 2 q
B (KG)
Fig.30. Experimental Configura- Fig.31l. Electrostatic ion
tion and results on cyclotron insta-

three-dimensional DL. bility.
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2 as shown in Fig.30. The DL, however,

uni form magnetic field,3
has a two-stage structure in the axial direction. Measurements
of xadial profiles of ¢ yields a three-dimensional configuration
of the DL (sometimes called "two-dimensional' because of its
axisymmetric structure). In the presence of the DL with this
structure, we can find a generation of oscillation (see Fig.31)
which was not observed in the case of the one-dimensional DI in
3-1. The oscillation, the frequency of which is plotted against
the magnetic field B in Fig.31, is confirmed to be due to an
electrostatic ion cyclotron instability. The instability is
caused by the radial structure of ¢. This fact is consistent
with the measurements of this instability in a single-ended Q
nmchine,33
positive potential to a cold plate whose diameter is smaller

where the instability was generated by applying a

than the cross section of the plasma column.

3-6 Potential Formation between Two Different Plasmas

Phenomena concerned with

Q-MACHINE DISCHARGE
potential formation in plasmas SR, Py ';O‘Nz'TzoM:jl\
are of current interest in R
plasma physics and technology. af- Fn2.7 -

The DL is one of the examples < AZC:§§23D
in such a general problem. ® 2;, ]
Finally, an experiment on po- ol ,
tential formation between two s, S0cm S,
Qifferent plasmas is presented
as a different example of in- Po/Pye 18 4.0
vestigations.

In this case,34 s, is re- Rmﬂﬂ-‘\\’/////’ \”_///////
placed by a source (anode A and L4::::::;;;;: :j
oxide cathode K) for a discharge L7 L7
plasma. An Ar gas is fed into 2.1 2'I\\\//////
the machine. Now we have a Q- &4:::::j;;;;: 2A:\\J//////
machine plasma produced at S1 2.7 osv. .
and an Ar discharge plasma 5o
supplied from S,. Te of the 'Su “é‘éﬁ:ﬂ*?” éz !
discharge plasma, a few eV, is Fig.32, Experimental configuration
higher by an order of magnitude and results on potential -

formation bhetween two

than that of the QO-machine different plasmas
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plasma. There is no appreciable difference between ion temper-
atures of the both plasmas. A is grounded electrically so that
the potential of the discharge plasma is fixed. But, 8, is
kept to be floating. We have no external potential supply
between the two plasmas which flow along a strong magnetic field
in the opposite directions. There is no net electric current
passing through the plasma column. A bump of magnetic field
(mirror) with mirror ratio R $2.7 can be provided near the
center of the machine, as shown in Fig.32.

When we have only the discharge plasma (Sl is not heated),
measurements of axial potential profile show a monotonous de-
crease of ¢ towards Sl’ as expected from ambipolar diffusion
along the magnetic field. When Sq is heated hot enough for
plasma production, however, we can recognize a potential increase
near §,. With a gradual density increase of the plasma from §,,
a spatial region of this potential increase spreads towards 82
and there appears a stable potential minimum along the plasma
column at a position where the plasma pressures of the two
plasmas (P1’2) are balanced. The magnetic bump added to the
uniform field around this position is observed to enhance and
further localize the potential dip, as shown in Fig.32. The
dip is surrounded by two regions with higher potential of an
order of corresponding electron temperature.

This potential dip is a kind of thermal barrier5 and iso-
lates two groups of electrons (from Sl and SZ) from each other
except for extremely high energy electrons. In general, a
plasma flow has a potential decreasing towards its front. In
our case, we have two different plasmas flowing in the opposite
directions. It is reasonable to expect such a potential
minimum at a position of their contact as observed in our work.
The physical meaning is the same as in the case of the negative
potential dip formed on the tail of the DL in 3-2 and 3-3.

IV. CONCLUSIONS

In this review, the DLs observed in the various experiments
are classified into four categories, although the categories are
closely related to each other. Our recent results, which belongs
to the Category (4) in Sec.II, are presented in some detail.

Most of our works are performed in a nondischarge plasma
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under a strong magnetic field. The results clarify many new
features of collisionless double layers. Our DLs, however,
are confirmed to be always fluctuating. The DLs observed in

discharge plasmas seem to be more stable than the DLs in a non-
discharge plasma. If there is a small amount of volume
ionization in plasmas, the ionization may be effective to
stabilize the DLs in such plasmas. It is without saying that
the DLs are destroyed by a large amount of ionization under a
certain condition.35
The experiment on formation of the potential minimum
between two different plasmas suggests a possibility to produce

a thermal barrier in open-ended fusion devices.
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STRONG STATIONARY SPACE CHARGE DOUBLE LAYERS IN A

MAGNETIC MIRROR

R. Schrittwieser*, R. Hatakeyama, T. Kanazawa, and N. Sato

Department of Electronic Engineering

Tohoku University, Sendal - 980, Japan

Abstract: A strong stationary double layer in a double-ended Q-machine is,
for decreasing the magnetic field strength locally, subject to a series of
modifications: at first it is split up into two double layers, separated

by a thin plasma layer. Thereafter ions and eventually also electrons are
lost at the plasma chamber walls and the double layer becomes narrower and

is locked to the position of lowest magnetic field strength.

I. Introduction

It is meanwhile a well established fact that ultrastrong stationary

double layers (DL) can easily be formed by applying a potential difference

1,2

between the hot plates of a double~ended Q-machine. DL's have hitherto

mainly been investigated in discharge plasmasza_6 and are possible candidates

for the acceleration of electrons precipitating into the ionosp‘nere.g—12

Several authors have pointed out that DL's are affected by longitudinal

4,6,7,12

density and/or temperature gradients, as present in the ionosphere

due to a longitudinally varying magnetic field6’9’11

4,7,8

or in a discharge

tube due to a varying cross-section.

II. Experimental Set-up

The experiments were carried out in the Tohoku University QT—machine

with Kﬁlplawna created on two hot Ta-plates of a diameter of 3 cm each
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(HP1 and HP2) and 3.2 m apart. Magnetic field strength, temperature and

plasma density are respectively: B = 1 - 4 kG, Te== T

i
8 10 -3
5x 10 - 10" cm ~. The radius of the plasma chamber is r.

>~ 0.2 eV, n =
e 7.8 cm.
The plasma potential is measured by an axially movable electron emissive
probe under the assumption that its floating potential is a sufficiently
accurate measure for sz .13 To create a DL a voltage QHPZI >~ 5 .20V is
applied to HPl whereas HP2 is grounded. The potential drop of the DL is
always ¢DL=- %1 . The current drawn through the plasma column is several
nm.l
To produce a magnetic mirror field configuration one of the 33

magnetic field coils (carrying the current IBI) near the center of the

R =B ., /B

Q-machine carries a lower or even reversed current I_,. .
B2 max min’ "o

is the mirror ratio in the "mirror point"; i.e., the center of the coil
which carries IB2° A simple consideration shows that the cross-section of
the plasma column Apz(z), assuming fully magnetized particles, is
Apz(z)'“ 1/B(z) and the apparent radius rpz(z) =1%)’BO/B(Z), where T, and
Bo are the radius of the plasma column and the magnetic field strength in

the homogeneous field region respectively. For I_, = 100 A and IB £- 255 A

Bl 2

the B-field in the mirror point is reversed and a double cusp field is
formed. For IB2== -~ 240 A in the mirror point rpz =T, i.e., the edge of
the (fully magnetized) plasma column touches the wall of the plasma chamber.
In this case the magnetic field strength in the mirror point is 50 G and
Rmax 0.04,

III. Experimental Results

Fig. 1 shows the typical development of a DL in a homogeneous
magnetic field (uppermost figure) for decreasing Rmax’ The solid lines
show the axial profile of the plasma potential, the dashed lines are the

ion saturation current (Iis) profiles and the dotted lines the B~field
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strength profiles. For 1 > R.max = 0.72 nearly no change of the DL shape
is found. For 0.58 > Rmax 20.30 the potential profile shows a plateau
slightly right from the mirror point. This indicates a splitting of the
DL into two, separated by a thin layer of field free plasma. For Rmax =
0.16 the DL changes its shape strongly, becoming much steeper and shifting
about 50 cm towards the low potential side. Finally, the Rmax = 0.02 the

DL shifts back to the mirror point without changing its steepness.

Iv. Discusgsion

As long as both electrons and ions can be assumed to be magnetized, the
only effect of the mirror field is to locally reduce the current density
since the cross section of the plasma column is given by the magnetic field

lines. This should lead to a broadening of the DL,3’12

which we do, how-
ever, not observe. (In the contrary case, i.e., a local constriction of
the magnetic field, a decrease of the DL width has indeed been found.z)

The thin plasma layer which appears for Rmaxs 0.6 is, we believe, due
to the following effect: Those particle species which possess a longitudin-
al drift, be it through the DL (the free particle species) or due to the
presumably electron rich sheaths in front of the HP's, will mainly be
inside the loss cone and pass more or less unaffected through the mirror.
Particles outside the loss cone (mainly the trapped particles species of
the DL) will be accelerated towards the lower B-field region; i.e., towards
the mirror point. Despite the reflection of electrons on the high potential
and of ions on the low potential side of the DL, eventually enough parti-
cles of both species gather near the mirror point, forming a layer of
quasineutral plasma., This process is supported by the mirror effect
which might trap a number of particles that have entered the low B-field
region. Due to the larger thermal speed of the electrons the plateau is

shifted towards the low potential side.
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The total change of shape and the shift of the DL for Rmax = 0.16 is
due to the large Larmor radius of the ions whereas the electrons can still
be considered magnetized. A rough estimate, based on the B-~field strength
on the axis, yields an ion Larmor radius r, =~ 1.4 cn and r L" 3.8 em for
ro = 1.5 em. Although Ty + r

<r_, apart of the ions from the plasma

pl h
column edge are lost at the walls since we have to take into account not
only that the B-field strength in this configuration decreases towards the
edge of the plasma chamber but also that the actual radius of the plasma
c:olumn,‘ also in the homogeneous fie1‘d region, is larger than the radius of
the HP's. Hence, while ions are lost, electrons are still accelerated
towards the mirror point pushing the positive space charge layer towards
the lovw potential side and thus steepening the DL,

Finally, for Rmax = 0.02 the plasmg column bulge touches the chamber
walls ané also electrons from the column edge get lost at the walls.
Similarly, as in the case of a magnetic field constrict:i.on,2 the mirror
now acts as a barrier, separating a considerable part of the two trapped
- particle species from each other and thereby locking the DL to th.e mirror

point,
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Fig., 1. Axial profiles of the plasma potential ® (solid lines), the ion
saturation current I (dashed lines) anH the magnetic field -

strength on the axis fdotted lines) with the mirror ratio R
as parameter.
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Abstract: Experimental results are presented which demonstrate
the formation of fully three dimensional double layers in a
magnetized plasma.

Most of the previous double-layer experiments are essentially
concerned with one dimensional structures in unmagnetized plas-
mas (see e.g. Coakley and Hershkowitz (1979), Leung et al.
(1980) and references therein), or very strongly magnetized
plasmas (e.g. Sato et al. 1981). For instance Bloch (1981),
Stenzel et al. (198l1), Baker et al. (1981) and Anderson (1981)
report three dimensional features. These observations are, how-
ever, restricted to weak magnetic fields i.e. the ions can es-
sentially be considered as unmagnetized although the electron
Larmor radius is smaller than the scale length for the poten-
tial variation perpendicular to the applied field, B. In the
present experiment we investigate the effect of a finite ion
Larmor radius, pj, and demonstrate the existence of station-
ary double layers also in the limit of very small pj.

.The experiment is performed in a double ended Q-machine operated
in electronrich condition (Motley, 1975). A cesium plasma of
density ~ 107 cm™3 and temperature ~ 0.2 eV is produced by sur-
face ionization on two hot (~ 2000°) tantalum surfaces denoted
HP1 and HP2, see Fig. la. The plasma is confined radially by a
magnetic field, variable in the range 0.10-0.35 T. The plasma
column thus produced has a radius R = 1.5 cm and a length L =
1.25 m. The column is separated by two fine meshed tantalum grids
orientated 1 B with a limiting aperture of radius R, = 0.4 cm
centered at the axis. By biasing the source end of the device
(i.e. HPl) negatively with respect to the other end, i.e. HP2,
which is grounded, we may inject an electron beam along B into
the main plasma. (This mode of operation somewhat resembles a
standard double-plasma operation, Leung et al. (1980)). By vary-
ing the bias of the grid Gl facing HPl (see Fig. la) we can ad-
just the current density in the electron beam (Iizuka et al.
1979). The grid G2 facing HP2 is grounded and thus constitutes

an absorbing surface for the electrons and fast ions produced at
HP2. Variations of plasma potential, axially and radially, were
detected by a movable, emissive Langmuir probe. We emphasize

that the mean free path for collisions is much larger than L in
our case i.e. the plasma is collisionless to a very good approxi-
mation, in contrast to the experiments of e.g. Coakley and
Hershkowitz (1979), Leung et al. (1980) or Anderson (1981). The
neutral background pressure is less than 10-5 torr in our device,
so we are not limited to a maximum voltage drop across the double
layer determined by the ionization energy of the neutral back-
ground. .
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Fig. 1. a) Experimental set up, schematically.

b) Axial measurements of double-layers.

The main features of the experiment may be summarized as follows.
The hot plate HP2 supplies the main plasma with ions and elec-
trons. An electron beam is injected, from the source plasma, into
the central core of the main plasma. The surplus of electrons in
this region lowers the local potential causing a deceleration of
the incoming electrons. Electrons that manage to overcome this
decelerating potential will subsequently be accelerated along B
towards HP2. Ions originating from HP2 will be accelerated towards
the region with negative potential to compensate the surplus of
electrons there. For stationary conditions, however, the conti-
nuity of the ion flow implies that the contribution to the local
charge density of the accelerated ions decreases. These essen—
tially one-dimensional arguments thus indicate that a self consi-
stent low potential region may form in front of the grids. In a
strongly magnetized plasma, i.e. pj << R, we expect a one di-
mensional arqument to be acceptable and our measurements of the
potential variation indeed confirm the existence of a stationary
potential variation along the axis, see Fig. 1b.

Radial measurements are performed for each S cm along the axis
and continuously across the plasma column. These data are then
digitized and interpolated numerically to produce figures like
Figs. 2 and 3. The spatial resolution of the probe is better than
0.5 mm radially and better than 2 mm axially. (The construction
of this particular emissive probe is described by Iizuka et al.
(1981)). The potential jump observed as moving from HP2 towards
HPl possesses all the desired properties of a Double-Layer (DL) and
will be denoted as such in the following. The scale length d of
the DL along the axis is much larger than the Debye length, Ap,
if it is calculated using the ~ 0.2 eV thermal energy of the main
plasma. If, however, we calculate Ap using the energy of the
incoming electron beam we find that 4 and Ap are comparable.
Measurements for varying beam energies show, however, that there
is not a simple proportionality, see Fig. lb., Obviously the poten-
tial depletion induced by the electron beam is significant only
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in the central core of the plasma. Outside this core the poten-
tial is of course determined by the plasma potential, ¢, of

the main plasma. (Note that ¢, < 0, due to the voltage drop at

the sheath of the hot plate, EPZ, see e.g. Motley (1975)). Actu-
ally, we note that the negative core has a slight influence on the
unperturbed plasma, see Fig. 2a. This is not entirely unexpected
since pj ~ 0.2 cm (calculated from T; ~ 0.2 eV) is not truly
infinitesimal. We note that a small fraction of the residual plas-
ma of the source plasma leaks outside the limiting aperture and
slightly deforms the equipotential surfaces at the outer radius

of the main plasma. This minor effect is unavoidable in our pres-
ent construction but does not affect our interpretation of the
results.

We repeated the measurements described previously in a reduced
magnetic field, so pj; > R, see Fig. 2b. The double-layer is

now detected across the full plasma column. Because of their large
Larmor radia, ions are now accelerated also radially, and the pre-
vious one-dimensional arguments are insufficient. An ion trans-
ported radially into the central core will be trapped there, by
the slightest enerqgy loss (e.g. collisions or radiation of low
frequency wave types). By moving along the axis it will sub-
sequently be lost either by recombination at Gl and G2, or to the
negatively biased source plasma. The resulting deficit of ions
outside the core will leave a surplus of electrons which lowers the
potential, see Fig. 2b. Intuitively we expect that the character-
istic B-transverse scale-length of the double-layer is roughly
given by the ion Larmor radius. By varying B we confirmed this
scaling. In Fig. 3a we show an example where p; ~ Ryp. Notice that
here the double layer is not fully radially developed.

a)
~
o B
x «
.3 °
ta
1~
——t L]
0
b)
b~
a. B
ES o
21°
o
— v
o
Fig. 2. Equipotential contours for two different

magnetic fields: a) B = 0.34 T, b) B = 0.10 T.
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According to the previous qualitative arguments, the formation of
a double layer across the full plasma column is accompanied by a
significant reduction in plasma density outside the core. This
feature was also confirmed by determining the electron velocity
distribution by using the Langmuir probe in non-emissive condition
and differentiating the probe characteristic.

On Figs. 3b-~c we show results corresponding to Fig. 3a. Measure-—
ments along the column (slightly off center), Fig. 3b, clearly
show the incoming electron beam being decelerated as it creates
the potential depletion and subsequently being accelerated towards
HP2. Notice the large electron component of the main plasma in the
vicinity of HP2. Radial measurements of the electron distribution,
see Fig. 3¢, demonstrate that most of the plasma is concentrated
in the central core in agreement with our previous discussion., The
evolution of the electron energy distribution as experienced by
the radially moving probe has many features in common with an "in-
verted V event", e.g. Frank and Ackerson (1971).

i —_/\\,\’\ Vv
B T Fig. 3. a) Equipotential contours like
0 i ] Fig. 2 for B = 0.18 T, b) Electron energy
90

distribution functions measured along the

-~ axis, c) measured radially for an axial
position x = 20 cm.

We have also investigated spectral distribution of the noise as-
sociated with the double layer. In Fig. 4 we show samples of low
frequency noise spectra. The figures are obtained by a standard
spectrum analyzer, and show a frequency versus radius diagram.
The shaded areas correspond to regions where the noise levels ex-
ceeded a certain reference level. We find that the noise above
frequencies ~ 5 kHz is concentrated to the current channel. The
exact nature of the instability responsible for the enhanced
noise level is yet uncertain. There are two candidates: i) the
current along B and ii) the azimuthally ExB rotating electrons
at the edge of the current channel. Actually a closer inspection
reveals that the noise intensity is slightly enhanced at this
edge. We notice the absence of a pPeak in the spectrum at the ion
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Fig. 4. Radial noise spectra for two positions along
the axis: a) x = 60 cm, b) x = 25 cm.

cyclotron frequencg although waves with an approximate dis-—
persion relation w .92 + k Cg can be driven unstable by an
electron beam (Motley and D'Angelo, 1963). However, the parallel
phase velocity ~fi, 6 for these waves correspond to the electron
beam velocity (~ 3 10 m/s for 30 eV electrons), and the
resulting parallel wavelength 2n/ky 1is much larger than

the length of the device so these waves cannot be excited at

all. The stability of the double layer does not seem to be
significantly affected by the enhanced noise level.

The results summarized in Figs. 1-3 represent time averaged
values. Thus the instantaneous width of the double-layer is
somevwhat overestimated from Fig. lb (see also Sato et al., 1981).
However, the boundaries of the current channel are very sharp

in for instance Fig. 2a and 3a, indicating a very stable con-
figuration. Note also that the peak noise level is confined to

?
the central core in all cases.

Various aspects of potential double layers are of current interest
for the understanding of a variety of ionospheric phenomena, see
e.g. the recent monograph edited by Akasofu and Kan (1981). Our
experimental conditions cannot be scaled directly to the condi-
tions prevailing in the ionosphere but they have many features in
common with for instance the conditions assumed by e.g. Wagner et
al. (1980). In our case the hot plate producing the main plasma
may thus represent their conducting boundary modelling the effect
of the ionosphere. The electron beam represents their current
sheet. Note however that in our case ions are injected from one

end only.
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The results of this work represent our initial efforts of under-
standing the formation of stationary three dimensional double
layers. More detailed investigations of the high frequency noise,
the effect of magnetic field inhomogeneities and the temporal
evolution are in progress. As far as the formation of the double
layer is concerned, we interpret the dynamic process in terms of
the Pierce instability (Pierce, 1944, Iizuka et al., 1979), modi-
fied by the finite radial geometry. Theoretical results (Jovanovig,
1981) indicate that the instability is confined to the beam re-
gion and that the finite geometry has a negligible effect on the
stability criterion and the linear growth rate. Preliminary re-
sults, including nonlinearities, show a decrease in the wavelength
of the most unstable mode, while the potential decreases close to
the beam inlet.

The expert technical assistance of M. Nielsen and B. Reher and
valuable discussions with N. Sato and S. Iizuka are gratefully
acknowledged.
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Potentlal Double Layers Formed by Ion Beam
Injection into a Cusped Magnetic Field

*
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Abstract

Experimental observation of a potential double layer in a
collisionless magnetoplasma is presented. The double layer is
formed when an ion beam is injected along converging field lines
produced by a permanent magnet. The height of the double layer
1s nearly equal to the smaller of the beam energy and the bias
voltage of the magnet. The double layer is formed even when
the magnet is floating, i.e., no current is drawn to the bound-
ary. Two-dimensional potentlal profiles are measured.

I. INTRODUCTION
Potential double layers which are thought to accelerate

field aligned electrons have been one of main topics in space
plasma physics.l A recent direct observation by an artificial
satellite seems to confirm the existence of double layers in the

3 and computer simula-

auroral plasma.2 Laboratory experiments
tionsu show that an electron current drawn through a plasma,
which satisfies the Bohm and Langmuir conditions, can create a
double.layer.

In a previous experiment

5

we observed that a two~dimen-
sional double layer was formed when an ion beam was injected
along converging magnetic field lines and reflected at a
boundary drawing electron saturation current and that the height
Vd of the double layer.was.somewhat smaller than bhat of the
incident beam Vb. The beam lons were assumed to be hot ions
which are injected from the plasma sheet into the auroral

plasma. The Larmor radius of beam ions was comparable to the
dimension of the dipole magnet. As a result of this, beam ions
were considered to be weakly magnetized. In the present work
the intensity of the magnetilc field is four times larger than

in the previous experiment.
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II. .EXPERIMENTAL SETUP

The experiment was performed in a double plasma device with

surface dipole magnets as sketched in Fig.l.5 The setup is sim-
ilar to the one which measured the loss of beam ions to lo-

calized cusps.7’8

Typical plasma parameters were; for the
density ne=10 cm-3, temperature KTe=2eV, KTi=0.2eV, gases H2,Ne,
Ar, and Xe at pressures 2x10'5<p<2x10_uTorr with a base pressure
of 10_6Torr. When the source plasma anode was biased positively
(¢b>0), an ion beam of energy eVb(=0.85e¢b) was injected into
the target plasma whose anode was grounded. In the center of
the target plasma(45cm diam), a permanent magnet(6em diam, 3cm
length,B=2kG at the pole face) was suspended with a dipole
moment parallel to the chamber axis. A thin stainless steel disec
which was insulated from the magnet and whose bias voltage ¢m
was applied externally was placed on the magnet. Plasma density
and temperature were determined from a plane Langmuir probe(2mm
diam) in regions of weak magnetic field. Electron temperatures
were independently confirmed from sound speed measurements. The
plasma potential ¢ was obtained with an emissive probe(0.lmm
diam, 2mm long) heated by 50Hz ac current, and its floating
potential was measured by time sampling with a boxcar integrator
at the zero heating voltage. Ion and electron velocity distri-
butions were measured with reﬁarding analyzers.
ITI. EXPERIMENTAL RESULTS

To reproduce the -double layer observed in the previous paper,
the disc was placed at 3cm from the surface of the magnet, where
the field strength(B=500G,see Fig.5a) 1s equal to that at the

TARGET PLASMA SOURCE PLASMA  pole face of the previous
s HELMHOLTZ g .
COILS /~MAGNET magnet. Measured axial
(mEEm Ew R MERA R RN N potential profiles for
A & FILAMENT |\l §1frerent ¢ at a fixed
ANALYZER(® _ "~ B — . erent ¢_
ARy ION BEAM 5 beam energy is shown in
. \ cm .
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Helmholtz coils was applied
in the direction opposite to
Under the
same plasma condition, the

the dipole moment.

Jdisc was placed on the magnet

and potential profiles were
measured again(Fig.2b). In
this case double layers were
The
measured helght Vd of double

formed even when ¢m<¢b.

Tlayers as a function of beam
| energy Vb and the disc poien-

tial ¢m are shown in Fig..3%

and 4, respectively. When

Vb<q>m for a constant ¢m’ the

height of the double layer
is somewhat smaller than Vb

and 1s proportional to V. as

b
has been observed previously.

When V. is increased further,

b
voltages ¢ _at a fixed beam
voltage 6 ?(a) The disc was Vd saturates at about ¢m(Fig.
placed at 3cm from the magnet. 3). When ¢>m<Vb for a con-
(b) The disc was on the magnet. stant Vb’ Vd is nearly pro-
portilional to ¢m' When ¢m
301 Q9 Pm=30V i is increased further, Vd
% — -
Ay saturates at about Vb or
L 7 ° 20
’\20 / -/.——_= * ¢b.
Z ;ﬁy// An example of measured
o
'>}O- 74 two-dimensional potential
//// distribution is shown in
0 . . R . . , |Fig.5b together with the
10 20 v (e:\ilc)) 40 50 60 magnetic field topology.
b
Fig. 3. Dependence of the height The V-shaped structure is
V, of double layers on the beam similar to but further
energy V,, for different ¢,. away from the magnet than
the one observed previous-
1y.5 In this case no external magnetic field was applied(BOﬁO),

which needed less plasma density in .the target region to form

a double layer.

The width(=zl4cm) of the double layer is compara-
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beam ions focus due to
converging magnetic field.
In the previous experiment?
magnetic field was not
strong enough to cause the
the focusing effect so that
the reflection of the beam
was needed to make the high
In the

the effect is
strong enough for the

density region.

present case,

double layer to form even
when the disc attract ions
( ¢m<0). Once the double

-layer forms, it promotes

the effect by decelerating
beam ions. Electrons
follow magnetic field lines
to neutralize the enhanced
density of beam ions. When
¢m
potential at the low poten-
tial side of the double
layer, the electrons are
reflected back with the
ion-rich sheath formed in
front of the disc.

the incident ion

is lower than the plasma

There-
fore,
beam makes the potential
barrier which confines.
plasma ions and electrons
together with the negative-
ly biased disc. Since Ar .
and Xe ions are weakly
magnetized even in the
reflection (
¢m>¢b) of those beams is

present case,

necessary to form a double
layer.
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Figure 7 is a typical example of two-dimensional equipoten-

tial contours without an lon beam when¢>m=15V. The contours

are similar to the maghetic field lines except the electron-
rich sheath in front of the disc and also similar to those

measured near cusps.

*)
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DOUBLE SHEATHS FORMED BY ION-BEAM REFLECTION IN
FRONT OF A LANGMUIR PROBE IN AN UNMAGNETIZED

PLASMA.

R. Skeg¢elv, R.J. Armstrong and J. Trulsen,

University of Tromsg, P.O. Box 953, N-9001 Tromsg,

Norway.

1. Introduction.

An ion beam incident on a plane Langmuir probe gives rise to
an extra knee in the electron saturation part of the current-
voltage characteristic [1l]. For probe bias sufficient to re-
flect the beam, the beam ions contribute effectively to the
charge density around the probe. A positive space charge
layer is formed at the stagnation point inside the electron-
rich sheath. This has been confirmed experimentally [2]. We
will here present results from an experimental and a numerical

study of this double sheath formation.

2. Experiment.

The measurements were performed in a double-plasma device with
parameters: pressure p ~ 0.12 mTorr, density n, ~ 4 - lOl4 m—3,
plasma and beam temperature T, ~ 2 eV, T; ~ 0.3 eV and T, ~
0.04 eV, beam energy Vb ~ 5=-20 eV and beam density nb/ne ~ 0.1.
The plasma was unmagnetized. A circular plane probe of 2 cm

diametexr was used. The equipotential surfaces around the probe
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were measured with a movable small emissive probe using the

floating-probe technique [3].

In figure 1 an example of potential profiles in front of the
centre of the probe for different probe biases Vbr is given.
The sheath expansion effect due to the ion beam is clearly

seen [2].°

3. Numerical simulation.

To compute the current to, the equipotential surfaces and space
charge density around the probe, an iterative static particle
simulation code was developed [4]. The trajectories of a large
number of simulation particles, typically 50 000, under the
influence of the electric fields in the plasma are calculated,
one at a time. Each particle contributes to the charge density
along its trajectory with amounts inversely proportional to its
local velocity. The Poisson equation is then solved to update
the potential surfaces for the next iteration. Simulations
14 -3

waere performed with parameters: n, = 10 m -, Te = 1 eV,

T. = 0.1 ev, T

i b = 0.03 ev, Vb = 10 eV, nb/ne = 0.4 and probe

diametexr 1 cm.

Computed potential profiles in front of the centre of the probe
for a probe bias below the beam energy are given in figure 2(A).
Corresponding equipotential surfaces are given in figure 2(B).
Figure 3 shows the results for a probe bias above the beam
energy. Axial charge density profiles with and without an ion
beam, for a bias sufficient to reflect the beam, are given in
figure 4. The formation of a positive space charge layer inside

the probe sheath is clearly seen.
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Experimental Studies of Electron Scattering Due to Beam-Plasma Interaction
near a Double Layer

L. Lindberg
Department of Plasma Physics, Royal Institute of Technology
S-100 44 Stockholm, Sweden

Abstract A stationary, fluctuating double layer (VDtxZS V) in a current-
-carrying magnetized plasma column is investigated by means of a retarding
field electron energy analyser, Langmuir- and Faraday-cup probes and hf-pro-
bes. Most of the electrons accelerated in the double layer are, in a single
transit, scattered by the hf-field produced by beam-plasma interaction. The
energy spectrum is broadened and a considerable fraction of the beam electrons
becomes temporarily trapped, forming an energetic, 8 eV non-isotropic popula-
tion with enhanced density of low energy electrons. The trapped population,
and possibly also the beam, expands across the magnetic field, also as a con-
sequence of the hf-field, which has perpendicular components of the same mag-
nitude as the axial.

1. Introduction

When a double layer (DL) is formed in a current carrying magnetized
plasma column, beam-plasma interaction leads to generation of a hf-field and
rearrangement of the electron velocity distribution®? An interesting feature
associated with the DL is an apparently rapid radial expansion of the plasma
across the magnetic field, taking place in the "anode" plasma, Fig.1. An im-
portant question is whether the expansion takes place only in that electron
population which is trapped between the DL and tha fluctuating potential mini-
mum that exists in front of the anodé2, or whether non-trapped beam electrons
in a single transit could become scattered as much as several gyro radii. This
would require a very intense hf-field.

2. Retérding field energy analysis

The energy of the electrons hitting the anode is studied by an analyser
built into the anode, Fig.2(a). The first grid is part of the anode and co-
vers a central hole (¢3mm). Entering plasma is separated into ions and elec-
trons by the second grid (+35 V). The analyser measures only the axial com-
ponent of the kinetic energy and cannot analyse the trapped electrons in the
anode plasma.

It would be desirable to use an analyser movable along the axis, and
radially, but that would disturb the plasma seriously. Instead we place the
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DL at various positions relative to the anode by suitable choice of the anode
current, I;'?% Fig.2(a) shows the collector current I(V) (time average) and
(b) its derivative I'(V) (= dI(V)/dV) as functions of the grid potential.

I(V) measures the integrated flux of electrons with axial velocity exceeding
a certain value, v, = (2 W,/m)}, hence I'(V) ~W2 F(W,) where f(W,) is an
gnergy distribution function. Theé two energy scales in Fig.2(b) are related
to the cases Iy = 600 and 25 mA. At 25 mA, when no DL exists, a single peak,
representing the distribution in the cathode plasma is seen. Already at 50 mA
a population with low v,-energies begins to appear, and at I, > 100 mA, when
a DL 1is clearly formed, the flux of low v,-electrons increases rapidly to a
remarkably high level. The distribution of high energies broadens - also to
energies exceeding those of the original beam, in good agreement with earlier
probe measurements?.

3. Radial expansion of the anode plasma

Judging from the emission of visible 1light the anode plasma expands
suddenly across the magnetic field close to the DL, Fig.1(a). Further down-
stream the diameter increases only slowly towards the anode. An expansion,
to approximately the same diameter, is also seeii at low anode current when
the DL is formed close to the anode. The apparent expansion is relatively in-
dependent of the strength of the magnetic field in the range 2.5 - 10 mT. An
expansion can also be seen in the cathode plasma column, but this is less
striking - the boundaries become diffuse when the DL is moved out from the
anode.

An approximate measure of the expansion is obtained from Langmuir probe
measurements: Fig.4 shows normalised profiles of probe saturation currents at
various sections in front of and behind the DL (I = 700 mA). Compared with
the initial plasma beam diameter, limited by the aperture of the plasma
source (15 mm), we see a considerable widening already in the cathode plasma,
followed by a very marked widening in the anode plasma just close to the DL
and thereafter only a slight increase in the width, all consistent with the
visual observations.

4. Langmuir probe measurements

A pair of short cylindrical Langmuir probes, one perpendicular to the
beam, the other parallel, was previously used to distinguish between beam and
thermal electrons?. Close to the DL the beam was clearly distinguished as
causing a difference between the perpendicular and the parallel probe charac-
teristics.

The trapped electron population can be studied by means of the parallel
probe: Everywhere in the anode plasma the I,(V)-characteristic, Fig.5, as
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well as its derivative, I.(V) have shapes similar to exponential functions.
However, if we evaluate the temperature anywhere between Vjq -30 to Vpy - 10V
we find approximately 8 eV but near Vp1 only 3 eV. We can describe the trapped
population as a non-isotropic, ~8 eV distribution with enhanced density of low-
-energy electrons. Among the energetic electrons only those with low v,-ener-
gies can be trapped, while the Tow-energy part may be isotropic. The lack of
thermal equilibrium could be maintained because of rapid replacement of the
energetic part of the distribution. Extrapolation of the 8 eV part of the
probe characteristic to Vp1 indicates that at Vp] roughly 1/3 of the probe
current is due to 3 eV electrons and 2/3 to 8 eV, which means that the two
populations have approximately equal densities, 3 - 1015m'3
there is a gradual transition between 8 and 3 eV.)

. (In reality

5. Faraday cup measurements in the anode plasma

A small double-sided Faraday-cup probe (0.D: 1.5 mm), Fig.6(a) has been
used to investigate the electron velocity distribution in the anode plasma.
The outer shield is operated at a constant potential equal to the average lo-
cal plasma potential. The characteristics of the inner electrodes, and their
derivatives I%(V) and Ié(V) are recorded. Like the retarding field analyser
it measures approximately only the axial component of the kinetic energy, W,
and W_,, and the collector currents represent flux densities. Unfortunately
the probe disturbs the plasma because the shield takes saturation current,
and there 1is a shadow effect; When tested in the cathode plasma at low beam
current (without DL) it indicated 3 - 5 times lower current in the backflow
direction, but the energy distributions were alike. In the anode plasma we
may expect less shadow effects because of the rapid radial diffusion, and
there the probe should be useful as energy analyser.

Fig.6(a) and (b) show I;(V) and Ié(V) measured 70 mm behind the DL at
various radii (Ia = 700 mA). Obviously the flux of energetic electrons is
much higher and extends to higher energies in the forward direction - a con-
firmation of our earlier statement? that most beam electrons are not trapped.
On basis of the current collected at Vp1 we estimate the density of the beam
electrons near the axis to 5 - 1014m'3. Near the axis, r = 0 and 7.5 mm,
there is a backflow of quite energetic electrons, which either have been scat-
tered between the probe and the anode, or reflected at the potential minimum
in front of the anode at instants when it is very low. At greater distance
from the axis, r = 15 and 22 mm, i.e. far outside the original beam radius
(7.5 mm), there is a considerable flow of energetic electrons towards the ano-
de, but almost no backflow. This indicates a flux of non-trapped beam elec-
trons also at large radii. At present we cannot decide whether these have been
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scattered on a single transit or were scattered already in the cathode
plasma before acceleration in the DL, cf. Fig.4.

As concerns the backwards moving electrons both the I2(V) and Ié(v)-
-curves are almost exponential, indicating a nearly Maxwellian distribution,
corresponding to the trapped 8 eV population indicated by probes.

6. High frequency observations

Since the hf-field is found to scatter the beam electrons in energy very
much? it might also cause the radial scattering, provided it has also compo-
nents perpendicular to the magnetic field. Measurements of perpendicular com-
ponents using twin coaxial probes!:S have now shown average levels of the
same order as the axial components.

Some preliminary real time recordings of the axial component are shown
in Fig.7 (BW 50 - 350 MHz), recorded at random, with slow sweep (1 ps/div) to
show the hf amplitude variations. Even if the actual hf waveform is not seen,
unsymmetries in the records indicate a high content ofuharmonics.

7. Scattering processes

Electrons can become scattered by elastic and inelastic collisions with
neutrals, and by the localized hf-field'»2 . Trapped electrons can be repeated-
ly scattered and easily diffuse across the magnetic field. The interesting
question is to what extent the non-trapped electrons, in a single transit
through the plasma, become scattered. Because of the low neutral density,
a2 . 1018m'3 (Hg-vapor in contact with -10°C wall) only ~6% of the beam
electrons could be scattered by collisions®"* - the majority should pass di-
rectly to the anode unscattered. A very small fraction® could however be scat-
tered ~90° and build up the 8 eV trapped population, provided the potential
minimum in front of the anode were constantly deep. This is however contra-
dicted by the energy analyser measurements, Fig.2(b). The gradual fall-off
of the collector current at low-energies, compared with earlier probe mea-
surements?, which show a high peak at low energies, indicates that the poten-
tial minimum fluctuates and at certain instants is not very deep,]etting
electrons through. We conclude that collisional scattering of beam electrons
is of minor importance and cannot explain the formation of the trapped ener-
getic electron population.

8. Scattering of beam electrons

The retarding field analyser measurements, Fig.2(b), I; = 600 mA, indi-
cate a remarkably high flux of electrons with low v,-energies - more than 40%
of the electrons reaching the anode have v,-energies below half the average
beam energy (25 eV). Disregarding for a moment the contribution of low energy
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electrons due to ionization processes in the anode plasma (which can be esti-
mated to ~10%), the same curves show the rate at which electrons with low v,-
-energies are produced by scattering of beam electrons on their first passage.
We conclude that the hf-field scatters most beam electrons on a single passage,
producing a distribution with wide energy spectrum?, and that a considerable
fraction lose a great deal of their z-directed momentum. These may be tempo-
rarily trapped, forming the~8 eV population.

9. Scattering of trapped electrons

The 1ight emission, Fig.1(a) indicates only the presence of electrons
energetic enough to excite the background neutral gas, and does not indicate
where the radial scattering really takes place. If the Tight were due to exci-
tation by beam electrons, making a single transit, it would show the expan-
sion to take place at the region of strong hf-field, which begins 50 - 100
Debyelengths downstream from the DL, i.e. not so close to the DL as the light
indicates. We conclude that the 1ight emission is mainly due to trapped, ener-
getic electrons and indicates the shape of the equipotential surfaces around
the anode plasma. This is consistent with equipotential lines, Fig.1(b),
sketched on basis of radial profiles of sampled hot probe floating potential
measurements at various sections of the plasma column, Fig.3.

We find scattering by the hf-field to dominate over collisional scatte-
ring for the beam electrons. The same should hold for the trapped electrons.
Scattering due to the hf-field can only occur in the local region of intense
hf-field near the DL'2 , which is bounded both in axial and radial direction
(radial because of the limited diameter of the exciting electron beam, Fig.4).
This could explain the observation, §3, that the anode plasma expands radially
to a certain diameter, which depends very little on the length of the plasma
column or on the magnetic field.

Acknowledgement The author is very grateful to Dr S. Torvén for stimulating
discussions, and to Mr B. Johansson, E. Lagerstrom , S. Rydman and J. Wistedt
for valuable technical assistance.
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ELECTRON TEMPERATURE DIFFERENCES ACROSS DOUBLE LAYERS

Chung Chan, Noah Hershkowitz
Nuclear Engineering Department
University of Wisconsin-Madison

Madison, Wisconsin 53706

Karl E. Lonngren
Electrical and Computer Engineering Department
University of lowa
Iowa City, Iowa 52240

Abstract

The difference in electron temperature on two sides of a double
Tayer is studied experimentally in a triple plasma device, It is shown
that the temperature differences can be varied and are not a result of

beam plasma interactions.
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A1though'doub1e layers have been studied in laboratories for many

(2)

decadess1) many recent experiments have been motivated by their associ-
ation with the auroral electric field formation in the magnetosphere.
Double layers are regions of charge separation which separate two neigh-
boring plasmas with different potentials. For the case 6f magnetospheric
double layers, the two neighboring plasmas are the hot rarefied magneto-
spheric plasma and the cold dense ionospheric plasma, i.e. are two plasmas
at different temperatures. This particular aspect of magnetospheric double
layers has not been‘emphasized in previous laboratory investigations.

In order to relate the laboratory resu]té to the studies of
magnetospheric double 1ayer$, the 1nteraction between the hot magneto-
spﬁeric and the co]d'ionospheric plasmas cannot be neglected. Moreover,
Huthvist(3) has suggested thaf auroral electric fields can also be pro-
duced via thermoelectric effects associated with such hot and co]d plasmas
with the presence of turbulence 1nduced scattering.

There have been some experimental indications that electrons have
different thermal energies at the two sides of laboratory double layers.
For example, Baker e a1§4) observed hotter electrons (5 eV) on the high
potential side than on the low potential side (3 eV) while Holleastein
et a155) reported colder electron temperatures (1.5 eV) on the high poten-
tial side compared to the Tow potential side (3 ev). So far, these ob-
servations of electron temperature differéncés have not been studied or
explained in any detai1; This is in part due to the difficulties
previous'experiments had in varying the high potential side trapped elec-
tron distribution function because of the configurations of the experi-

mental devices. In most cases, some trapped electrons were provided via
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thermalization of the low potential side free electrons, via ionization,
etc. so the trapped electron distribution could not be decoupled from the
free electrons. As a result, it is not clear whether the observed elec-
tron temperature differences across double layers were due to thermaliza-
tion of the trapped or free electron distributions, wave-particle inter-
actions (e.g. heating) or inhibition of thermal energy transport by the
presence of the double layer. |
In this paper, we consider the basic issue of electron temperature
differences across double layers. Our experimental results indicate that
the temperature of the high potential side trapped electrons can be
varied without affecting the low pofentia1 side free electrons or the
double layer itself. The observed electron temperature difference is not
a result of thermalization of the free or trapped electron distribution
functions. |
| The experiments were performed in a triple plasma device DOLI
which has been described elsewheregﬁ) Argon plasma was produced by fila-
ment discharges in two source chambers, each separated from the target
chamber by two grids (A and B on the low potential side, and C and D on
the high potential side). By adjusting the thermal energies of the two
source plasmas ("neighboring plasmas"), the differences of electron
temperature across the double layer can be studied in a more controlled
manner. Measurements of plasma potentia] were made with emissive probes.
The electron velocity distribution functions were determined with
collecting Langmuir probe arrays. At a typical target plasma density of

7 8 3

10° -~ 10° em™”, electron temperature Te ¥ 2 eV and an axial magnetic field

of 20 G, the electrons can be considered magnetized. With operating
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5 -4

+ 10 Torr, the electron-electron mean free

path Aee 2 105 cm, the electron-ion mean free path lei N 105 c¢m and the

3

neutral Argon pressure 10°
electron-neutral mean free path Aen R 10 cm were much longer than the
device.

The distributions of particles entering the double layer are deter-
mined by the boundary conditions which depend on the potentials applied
on the grids and anodes as well as the self-consistent plasma potentials
and densities in the two sources. We have also demonstrated in an earlier

(6)

paper that these experimental double layers were indeed well described
by a one-dimensiona1 BGK model using boundary conditions very similar to
the experiments. In these experiments, low potential free electrons drift
in with high velocity. At the high potential side, these free electrons

_ generate streaming instabilities (ion acoustic wave, Langmuir wave, etc.)
and it is not clear whether the thermalization of these beam electrons
affect the temperature of the trapped electrons. Figure T1a shows a double

layer with a confining potential e¢p/T__ ~ 3 and Tow potential side free

ep
electrons which do not drift in with noticeable energies. High potential
source electrons leak thfough grids C and D due to the very small Debye
Tength (AD < .3 mm) in the high potential source. As the density in the
target chamber is typically two orders of magnitude lower than the source,
this species of electrons is then electrostatically trapped between the
double layer potential step and the potential barrier of grid C. The
thermal energy of these trapped electrons is determined by the temperature
of the high potential source electrons and energy exchange with the passing

electrons, Plasma electrons at the low potential side of the double layer

are in much better. thermal contact with the high density low potential
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source electrons (since no potential barrier is present) and the double
layer potential accelerates them into the high potential side.

The electron temperature profile across the double layer is shown
-in Fig. 1b (solid circle). As the temperature of the high potential
trapped electrons and the low potential side free electrons were not too
different, the double layer electric field can not be due to thermoelec-
tric effects but rather is a result of charge separation due to particle
distributions (BGK description). We also notice an increase in the energy
spread of the free electrons entering the high potential side of the double
layer (solid line in Fig. 1b). The free electrons apparently therma]%ze
with the trapped electrons via beam plasma instabilities because all
relevant collision mean free paths are much longer than the device.

A convenient way to address the issue of electron thermal conduction
is to heat up the high potential side electrons and study the effects on
the low potential side electrons. Because of the low energy and density
of our plasma, a "Maxwell Demon"(7) was employed to heat electrons in
the high potential source by absorbing cold electrons. The potential and
electron temperature profiles with and without high potential side elec-
tron heating are shown in Figures la,b. The temperature of the high po-
tential side trapped electrons has been increased from 1.7 eV to 3.0 ev
while the low potential side plasma electrons remain unchanged at
Te v 1.3 eV. The energy spread of the free electrons after being accele-
rated by the double layer also has the same profile regardless of the
heating (compare the solid 1ine and the dashed line in Figure 1b). Note
that the double layer potential structure is not significantly changed by

the heating but the high potential source plasma potential becomes slightly
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more positive. From Figure 1b, it is apparent that the heating of the
high potential side electrons does not affect the low potential side elec-
trons. Therefore, the observed large electron temperature differences
across the double layer are not caused by thermalization of the accele-
rated free electrons nor by wave heating of the high potential side trapped
el ectrons but rather, the double layer actually separates the high poten-
tial side hotter electrons from the Tow potential side colder electrons.
From the electron velocity distribution function f(v) for v < 0 shown in
Figure 2, a large fraction of the high potential side cold electrons are
found to be missing as a result of the "Maxwell Demon". Consequently, the
density of the high potential side electron has also decreased significant-
ly by the "Maxwell Demon". However, the "Maxwell Demon" does not alter
the tail of distribution of the high potential side electrons which have
enough energies to overcome fhe double layer confining potential. The
bulk of the high potential side electrons are trapped by the double layer
potential step so they cannot reach the low potential side. Therefore,

at the Tow potential side only the high potential side tail electrons can
interact with the Tow potential free electrons. On the other hand, the
characteristic of the trapped electron will be important for determining
the double Tayer potential. The fact that a similar potential jump can be
sustained by an increase in the trapped electron temperature together with
a decrease in the trappéd electron density implies that the potential step

¢ can be related to the trapped electron density n_ and temperature Te

P p’

for example, a Boltzmann relation will exhibit the above dependence

ed =T _1In

o (1)

3] 3
ot
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where Ny could be the density of the tail of the trapped electrons at the
foot of the double layer.

With electron heating in the high potential source, the experimental
conditions in Figures 1 and 2, resemble the situation where a hotter an& less
dense plasma is separated from a colder and denser plasma by means of a
double layer. At the foot of the double layer, the tail of the high po-
tential side hotter electrons interacts with the low potential side colder
electrons (see Figure 2 (C-D)) but the electric fields are essentially

zero there. According to FE]thammarSg) only if the product of the electron

1+a/2
e

is constant) does the thermoelectric field vanish. The constant a is the

density Ng and temperature Te varies in a special way (such that neT

thermal diffusion coefficient and has the.value of 1.4 for a collisional
plasma. For a collisionless plasma, turbulence induced scattering can play
a role similar to the Coulomb collision processes and the above argument
should still be applicable because the diffusion process doe not depend on
the detailed scattering mechanism. For double layers shown in Figure 1,

1+a/2

the condition that neTe stays constant implies:

T+a/2 _ T+a/2 '
ntTet = nCTec (2)

where Tet is the temperature of the tail electrons and Ne» Tec are the
density and temperature of the low potential side electrons at the foot

of the double layers. In our experiments, o was found to be approximately
equal to unity and equation (2) is also consistent with a heat flux balance
at the foot of the double layer.

In conclusion, our experimental results indicate that double layers

can separate plasmas with different thermal energies and densities. The-
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observed temperature differences across the double layer are not a result
of beam plasma interactions (e.g. thermalization of electron beam). We
also demonstrate that the trapped electron distribution is not unique for

a given potential profile in agreement with the BGK prediction.
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Figure Captions

Figure 1a Axial potential profile and the boundary conditions for the
double layer. Dashed (--) and solid lines (—) represent
data with and without heating.

Figure 1b fhe electron temperature profile corresponding to Figure 1la.
Open circles and closed circles dgnote plasma electron
temperature with and without heating. Dashed and solid
lines denote the energy spread of the passing electrons
while accelerated into the high potential side, with and
without heating, respectively.

Figure 2 The corresponding electron velocity distribution functions
fv) for.v < 0 at locations which are indicated in Figure la.

Dashed and solid 1ines denote data with and without heating.
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Double Layer Formation During Current Sheet
Disruptions in a Magnetic Reconnection Experiment

R. L. Stenzel, W. Gekelman and N. Wild
Department of Physics, University of California, Los Angeles, CA 90024 USA

ABSTRACT

When the current density in the center of a neutral sheet is increased
to a critical value spontaneous current disruptions are observed. The re-
lease of stored magnetic field energy results in a large inductive voltage
pulse which drops off inside the plasma forming a potential double Tayer.
Particles are energized, microinstabilities are generated, the plasma is
thinned, and the current flow is redirected. These laboratory observations
support qualitatively recent models of magnetic substorms and solar flares.

Introduction

The stability of a current sheet in plasmas plays an important role in
the physics of magnetic substorms and solar flares [Alfven, 1977; Akasofu,
1977]. In the case of the substorm. for example, it is assumed that the
magnetospheric crosstail current is partially disrupted by some kind of
plasma instability. The current flow is then diverted along the magnetic
field 1ines into the polar regions where the deposition of excess magnetic
field energy occurs. Auroral potential structures [Kan and Lee, 1981] are
generated and play an important role in the process of particle energiza-
tion. Due to observational difficulties in space some processes such as
magnetic field Tine reconnection can be investigated more easily in labora-
tory plasmas [Stenzel et al., 1982a]. Here, we describe observations of the
disruption of the current sheet leading to the formation of a potential
double layer at which stored electromagnetic energy is converted into par-
ticle kinetic energy [Stenzel et al., 1982b].

Experimental Configuration

A large (1 m x 2 m) dense (ne = 1012 cm %) argon discharge plasma is
generated with a specially developed oxide cathode of 1 m diameter. Paral-
lel to the axially magnetized (By = 15 G) plasma column are two metallic
conductors carrying pulsed currents (~ 30 kA, 200 usec) and inducing an
axially flowing plasma current (~ 1000 A). Using magnetic probes in con-
junction with a digital data acquisition system the transverse magnetic
field topology is mapped point by point by repeating the experiment
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(al E{x,z) t = 27usec He , 3:10% Torr

z’oézfji — - i_—’tgzz;% Fig. 1. Experimental arrangement.
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(trep =2 sec). Figure la shows that during the current rise (t < 80 usec)
the self-consistent reconnection of magnetic field lines in a plasma [Dungey,
1958] establishes a neutral line (B| = 0 for - 25 < x < 20 cm, z ~ 0). The
plasma current 3& = VX ﬁL flows in the form of a current sheet.

We are interested in the stability of the current sheet when the cur-
rent density in the central region is raised above its normal value. This
is accomplished as shown in Fig. 1b. The neutral sheet current is termina-
ted on a grounded metallic end plate (32 cm x 75 cm) whose central region
(6 cm x 13 cm) is separated and connected to an external dc supply. When
the supply voltage is increased (Vadc > 0) the current to the center plate
Ia rises until a critical value is reached at which it disrupts spontane-
ously. The associated processes inside of the plasma are studied in-situ
with probes.

Experimental Results.

Figure 2a shows the induced center plate current Ia(t) at different
applied potentials Vadc' At Tow currents a smooth sinusoidal waveform is
observed but when the current is raised to Ia 2> 200 A spontaneous sharp
current drops develop which, for Vadc > 15 V, can lead to complete current
loss. The disrupted center plate current is diverted to the surrounding
grounded end plate. Thus, the disruption is an instability of the current
sheet. If we start with a different topology, e.g., a'magnetic island pro-

duced by taking up the total p]asma current at the small end plate no dis-
ruptions are observed.

The current path through plasma and conductors can be represented by
an electrical circuit with inductance L. Due to the current disruptions an
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inductive voltage L dI/dt arises which drops off at the location of the
current disruption. Figure 2b shows the instantaneous plate voltage to
ground, Va(t), and the plate current, Ia(t). At every current disruption
an inductive voltage spike far in excess of the dc potential builds up
(Vadc = 10 V).

With Langmuir probes the local instantaneous plasma potential has been
measured in order to determine whether the inductive voltage drops off at
the sheath or inside the plasma. As shown in Fig. 3b the high positive:-
plasma potential near the anode decreases abruptly inside the plasma rather
than at a sheath. A potential double layer [Block, 1978] has been formed
(00 =L dI/dt =35V; d=5mm> 100 AD). Its transverse (x,z) dimensions
are approximately those of the small plate. It exists only during current
disruptions. On the high potenial side (Ay < 6 cm) the electron density

is greatly (~ 50%) reduced. The electron distribution function [Fig. 4a]
Vage = 10V

(b) ARGON , 107% TORR

"

CURRENT I,t)
( 100A/div )

CURRENT 14 (50A/div)

VOLTAGE Vt)
(10 V/div)

TIME t (20 psec/div ) TIME t (10 psec/div)
Fig. 2(a). Current Ia to the center plate for different dc plate voltages
Vide showing the evolution of current distuptions with increasing currents.
(b) Center plate current and voltage vs. time. During current disruptions
the plate voltage exhibits large inductive voltage spikes (L dI,/dt >> Vadc)'
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measured with a directional velocity analyzer [Stenzel et al., 1982c] exhib-
its a beam of free electrons accelerated at the double layer. Beam-plasma
instabilities generate bursts of electron plasma waves with w > Whe = 2m x
6 GHz [Fig. 4b]. On the low potential side, facing the double layer, ion
energy analyzers detect energetic (~ 40 eV) ions. Low-frequency electro-

static and magnetic turbulence is generated in the surrounding plasma.

Discussion

The disruptive instability is believed to arise from a density loss in
the center of the current sheet, possibly triggered by Tocal plasma heating.
The local current decrease causes an inductive emf which raises the plasma
potential near the end plate and expells ions from the current channel.
The feedback between rising potential and decreasing charged particle den-
sity leads to the rapid current drop. Counterstreaming ions and electrons
enable the formation of the potential double layer. The double layer plays
an important role in the energy transfer mechanism. Stored magnetic field
energy is converted at the double Tayer into particle kinetic energy.

- S

- 40

P

(V)
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1
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1 I i 0
4 6 8 10

TIME t (0.5 psec/div) DISTANCE FROM ANODE Ay (cm)

Fig. 3(a). Langmuir probe I-V traces swept rapidly during the first current
disruption. Plasma potential indicated by arrows drops rapidly with dis-
tance Ay from end anode. (b) Axial plasma potential profile ¢p(Ay) showing
a potential double layer at Ay = 6 cm,
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(G) Velocity Distribution F(v) (b)

Iq
(100A/div)

6 GHz
Emission

_ o
Time t (10pus/div)

Fig. 4(a) Electron distribution function fé(vx’ vy) on the high potential
side of the double layer showing a beam of free electrons accelerated by
the double layer. (b) Plasma wave emission (bottom trace) due to beam-
plasma instabilities at multiple disruptions of the plate current (top
trace).

Microinstabilities lead to the thermalization of the particle beams, to
heating and electromagnetic radiation [Whelan and Stenzel, 1981]. Many of
these phenomena have been discussed in models of magnetic substorms and
solar flares [Akasofu, 1979; McPherron, 1979].
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EXPERIMENTS ON TURBULENT POTENTIAL JUMPS
IN A LONG CURRENT-CARRYING PLASMA

Ch. Hollenstein
Centre de Recherches en Physique des Plasmas
Association Euratom - Confédération Suisse
Ecole Polytechnique Fédérale de Lausanne
CH-1007 Leusanne / Switzerland

In the last few years, many different kind of experiments on Double
Layers were reported. In most of these investigations, the Double Layers
are found to be laminar. Up to now, little is known about turbulent lay-
ers. To our knowledge, only in two experiments turbulent layers were ob-
served [1,2]. Turbulent potential structures are obtained in low density
current carrying plasmas with vge < Vieg. The most important observed
feature of turbulent potential jumps is the high amplitude ion turbulence
within the structure. Furthermore, on the high potential side, strong
local electron heating due to the relaxing electron beam is found. In this
paper, we would like to summarize our investigations on stationary turbu-
lent potential jumps and recent measurements on the formation of this po-

tential jumps.

The experiments were carried out using a long triple plasma device.
Detailed description of the device and of the experimental condition is
given in previous papers [1,3,4]. Plasma parameters were such as, electron
density ng = 2 » 10° cm‘3, electron temperature Tg = 1 eV and the ion
temperature T; = 0.1 eV. Argon gas at a pressure of 4 « 10" Torr was

used. The plasma was emmersed in a magnetic field of 25 Gauss.

Within this experimental arrangement one or more stationary turbulent
potential jumps were observed. Typical jump width of about 500 Apg and
jump amplitudes ep/kTg = 10 were observed. It is found that each of this
stationary turbulent potential jump is accompagned by a local depression
of the electron density, high amplitude low frequency turbulence
(w < wpi) on the low potential side and strong iocalized electron heat-
ing on the high potential side |3|. Detailed investigations on the turbu-
lence attributed with the potential structures wére performed. Two main

types of turbulences.can‘be’diétinguished: on the low pdtential side the

high amplitude, low frequency (w < mpi) and high frequency turbulence



188

(w = wpe) on the high potential side. The electron beam detected on the
high potential side is found to excite the well-known beam plasma instabi-
lity around wpe. The unstable waves propagate in direction of the beam
and obey the dispersion relation w = kvpggy. The relaxation of the beam
within about 20 cm correlates with the measured localized electron heating
On the low potential side intense ion b2am and low frequency fluctuations
are observed. Typically, the frequency spectra of this turbulence is found
to be as low as wpi/2, and values of W/nTg = (sn/n)® = 107 are
reached near the jump. Correlation measurements demonstrated that this un-
stable waves obey the dispersion relation w = k cg. The turbulence is
dominated by low frequency waves (w < mpi/a) having a propagation angle
with respect to the electron drift of 90° . Propagation angles of about
45 © were observed for waves higher in frequency (wpi/4 < <wp;) [4].

For the understanding of the physics of turbulent layers there is
great interest in studying the formation of such structures. For this pur-
pose the voltage applied tc the biasing grid was pulsed. The pulse rise
time was in the order of a few us and variable pulse lengths were possible
(Fig. 1a). Using box-car techniques time-resolved measurements from
different Langmuir probes, electrostatic ion energy analyser, hot probes

and capacitive probes could be performed.

80 90 00 s

Fig. 1: a) Grid voltage Vg
b) Time evolution of the plasma current and the plasma

potential



189

The evalution in time of the plasma current is shown in Fig. 1b. The
current shows two maxima and reaches its steady state value after about
100 us. The plasma potential near the first current peak jumped up to
about 10 V, showing a typical potential through at the later jump posi-
tion. The potential jump is developed nearly at the same time as the plas-
ma current gets constant. Minor changes at later times are remarked on the
low potential side. The electron saturation currents of a cylindrical
Langmuir probe show that already in the early phase of the formation re-
markable density depressions have been built up (Fig. 2a). The measured
electron temperature grows up in time to reach ité maximum at about 100 us

(Fig. 2b). The steady state temperature profile is obtained after 150 ps.

Fig. 2a: Spatial profiles of the Fig. 2b: Spatial profiles of the
electron saturation current je electron temperature Te

Time-resolved measurements of the frequency spectra of the high fre-
quency turbulence for different probe positions are presented in Fig.3a.
Near to the biased grid, the measurements show the appearance of high fre-
quency fluctuation within the first 5 us. However, it decreases after
reaching a maximum intensity at 50 us towards small levels. Near the po-
tential jump region,the appearance of the fluctuations is delayed by about
70 us. Fluctuations around 200 MHz rapidly rise in time and saturate. How-
ever, on the low potential side high frequeny turbulence was never ob-
served. Figure 3b shows the time development of the turbulence on the high
potential at a frequency of 175 MHz. The same type of behaviour is found
at the double frequency (350 MHz). A difference of about 20 dBm is ob-
served between the intensity at these frequencies.
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within the plasma is mainly due to this anisotropic distribution. The
plasma current calculated from the measured difference of the two satura-
tion currents agrees with the measurements presented in Fig. 1. Later in
the time evolution anisotropic distributions are mainly observed on the
low potential side and on the high potential side isotropic distributions
and strong electron beams are detected.

The ion distribution was measured using a single grid electrostatic
energy analyser with typical resolution of 0.1 eV. Time-resolved measure-
ments of the ion distribution is presented in Fig. 5. As well as for the
electrons, the ions show anisotropic distributions. Complicated ion beam
systems appear at the very beginning and disappear very quickly. At about
100 us a strong ion beam indicates the establishment of the potential
Jjump,
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Fig. 5: Spatial evolution of the ion distribution fi(E) at different

t imes
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Anisotropies of the distributions may trigger low frequency
instabilities which may play an important role in the evolution and
physics of turbulent potentisl jumps and Double Layers. Anisotropic
electron distributions with small drifts with respect to the ions may lead
to a Buneman-like instability, which leads to strong turbulence.
Therefore, even in low drift plasmas strong turbulence can be developed,

which may be important in the physics of turbulent layers.
1 would like to thank Dr. J. Vaclavik and Dr. M. Guyot for many help-

ful suggestions. This work was supported by the Swiss National Science
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A Potential Double Layer Formed by a Shock
Wave in a DPlasm

&

S.Yagura, H.Fujita and E.Yamada
Electrical Engineering, Saga University,
Honjo-machi I, Saga 840, JAPAN

A potential double layer (DL) is formed by a shock wave in
a triple plasma device which can controll an initial velocity
of an injected l1on beam. The density compression produced by
the lon beam injection is found to form a potential step giving
a DL profile. The potential step is about equal to or higher
than an electron temperature. We observed an electron trapping
caused by a potential steep at the both sides on the shock wave
and a reflection of ions at the shock front.

1. Introduction

There exist only few studies[1,2] on a relation between a
potential double layer (DL)[3] and a shock wave[l4], in spite of
that both phenomena should be apparantly similar in the
profiles of potential and density step. The DL and the shock
wave have been discussed by measuring fluctuations of a
potential and a density, respectively. A time evolution of
propagating DL or electrostatic shocks has been described by a
modified Korteweg-de Vries equation with a cubic nonlinearity
[2]. We describe a laminor shock wave experimentally on the
view polint of DL and the ion or electron trapping by the
potential step.

2. Experiments

The experiments were performed in a triple plasma device
(35 em in diameter and 80 cm in length), as shown in Fig.l.
The target plasma between two source plasmas was produced by
ionizing collisions between an argon gas and primary electrons
penetrated through the grids so that the target plasma density
(=(2nvl)x 108 cm_3) is lower than the source one. A plasma
potential was measured by an emissive probe with a noble
technique which gives a high time resolution and gets
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Fig.l Experimental apparatus.

contineous traces of data. Details will be reported elsewhere.
The electron temperature was about (1.5v3.5) eV and the
working gas pressure was (UnG)x 1072 Torr.

- In order to form a shock wave, a negative step potential
(-40 V) is applied to the source plasma S2 with a positive
potential bias of 4 V at t=0 which gives a negative potential
shift of the target plasma. Measurements of ion energy
distribution functions revealed that the ion beam was injected
from a source plasma S1 whose potential was kept at a positive
value of VSl so as to controll an initial velocity of the
inJected beam. It can be seen in Figs.2(a), (b) that a width of
a density compression expands as the shock wave propagates, and
no trailing wave train and a density fluctuation up to 40 % are
observed, as was observed in a laminor shock wave experiment[l]
. Thus, the density compression produced by the step injection
of the ion beam can be recognized as é laminor shock wave. In
these figures, "a" and "b" indicate the points as a shock front
and a depression behind the shock, respectively, and "c¢" shows
the density depression caused by the ion beam injection from S2
due to the potential difference between the target plasma(0 V)
and S2(4 V) at the stage without an applied step potential. We
measure also a spatlal profile of an ion density in order to
observe the motion of ions which may be reflected by a produced
potential step. Indeed, such a reflection may be anticipated
from the observation of a small step in front of the shock wave



195

100

9 distance (em) 92 g, distance (cm) g,

(a) (b)

Fig.2 (a) Spatial profiles of the electron density
estimated by an electron saturation current
collected by a needle probe at various times.

(b) Spatial profiles of the ion density estimated
y an ion saturation current collected by a
needle probe at various times.
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indicated by "a" as shown in Fig.2(b). In this paper, we wish
to describe a potential profile in the presence of such a shock
wave, as shown in Fig.3. Note in this figure that a DL 1like
form is establiched in front of the shock wave as shown by
arrows and the potential step 1s about (lml.u)kTe/e
corresponding to a weak DL[5]. Considering a potential frofile
in Fig.3, it can be anticipated that electrons are trapped at
the region of potential step and ions are reflected at the
shock front. We clarify electron trapping by the potential step
at a fixed time(t= 30 us) in Fig.l4(a) from measurements of an
electron energy distribution function measured by a needle
probe, as shown in Fig.l4(b). The probe potential Vpe at which a
height of the distribution becomes maximum is shifted towards a
positive side at the region of the positive potential step, and
Vpe at which the height becomes zero is constant even in the
region of the potential step. Thus, it can be considered that
the electrons with the low energy are trapped at the potential
step. Moreover, we describe an ion reflection by the potential
step at a fixed time (t= 30 us) measured by an electrostatic
analyzer facing to 8- As shown in Fig.4(c), reflected ions
whose potential Vpi is about 13 V are observed at the region
(d= 12~14 cm) in front of the potential step (d= 7411 cm)

where the bulk ions marked "P" are accelerated towards g2 due
to a push of the positive potential step caused by a positive
shift of the plasma potential. Beam ions marked "B" are
retarded due to a reaction of accelerated bulk ions.

3. Conclusion

It is experimentally shown that a DL with a potential
step of about A¢ < (1nv1.4)T /e is formed in front of the
laminor shock wave with the large fluctuation of density(
6n/n0= 15040 %). An electron trapping caused by a potential

steep at the both sides on the shock wave and a reflection of
ions in front of the potential step are observed.
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Abstract: Experimental investigations of the evolution of oscil-
lating double layers are presented. The oscillations are
associated with the formation and destruction of a negative poten-
tial barrier on the low potential side of the double layer.

Introduction: Many experiments in various types of laboratory

plasmas have clearly revealed the existence of double layers (DL)
(see e.g. Sato! and references therein). Most of the experiments
have focussed on stationary DL and comparatively few investiga-
tions have been reported on the dynamical features. Investiga-
tions of such features are of importance in connection with moving
DL and with the formation and stability of stationary DL.

We have investigated experimentally the dynamical double layer
evolution by performing time resolved measurements of the DL-
prOfilez. The investigations are related to recent experiments3
where strong DL were generated in a Q-machine plasma by applying
potential differences between two plasma sources. The results of
these experiments showed the initial formation, the subsequent
movement, and the final stationary state of DL. It was also

found that the stationary DL were accompanied by low frequency
potential oscillations localized on the low potential tail of the
DL. These fluctuations were responsible for an apparent broaden-
ing of the DL-profile as obtained from time averaged measurements
and were especially pronounced for lower DL-potentials (< 80 V).
Similar fluctuations in the DL-profile were also reported in

in other experiments (e.g. Ref. 4).

Experimental results: The experiments were performed in the Rise

O-machine using a set up similar to that of Ref. 1. For some of
the measurements the machine was operated double-ended, and the
plasma was produced by surface ionization of cesium on two 3 cm -
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diameter hot tantalum plates (source 1 (S4) and source 2 (S3)
with separation 4 = 125 cm). In other cases the machine was
operated single-ended with a cold collector plate C replacing
S¢ terminating the plasma column. Then the length d of

the column could be varied from 10 cm to 120 cm. The plasma was
confined radially by a homogeneous magnetic field B = 0.4 T.
The plasma densities were (0.5-10) x 108 em-3, temperatures

T, i,Te = 0.2 eV. The neutral background pressure was 10~% Torr
and collisions were entirely unimportant. The diagnostics
consisted of an axially movable prove which may function as a
usual Langmuir probe or as an electron emissive probe, when
heated by either a direct or a pulsed current?.

In double-ended operation stationary DL were easily generated,
when a potential ¢, was applied to S; with respect to 823.
However, in the single~ended operation stationary DL could not
be formed. A positive potential applied to the collector resulted
in strong oscillations in the plasma potential and density,
which were found to be related to the dynamics of a

moving DL3,

First we consider the formation of stationary DL in double-
ended operation. This process is investigated by applying a
positive step voltage ¢, to Sq and the characteristics of
the formation which are independent of ¢ evolve as follows1’3:
Just after applying ¢, the plasma potential ¢, increases up

to ¢, almost simultaneously in the whole column accompanied

with an increase in Igq (the current through the system (see

Fig. 1)). The potential drop is then localized to the sheath

in front of S9. This initial increase of ¢ is caused by an
electron adjustment and takes place in a time too short for the
ions to react. Since, this time scale is also shorter than

the response time of our measuring circuit (> 5 us)2 we were

not able to follow this fast evolution in detail. After a time
of the order of the ion plasma period the ions start reacting

and ultimately the potential profile relaxes: the potential drop
detaches from Sy and a DL starts moving from Sy to S¢ accompanied
by a decrease in Igq as seen in Fig. 1 where the potential
evolution around the low potential tail of this DL is shown on

an expanded scale. This current decrease is caused by a small
negative potential barrier formed on the low potential tail of
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the DL (see Fig. 1). The potential dip is of the order of 0.4 V
which is sufficient for limiting the current carried by the
electrons of temperature 0.2 eV. During the moving phase the DL
propagates with a velocity around 1.5%10° cm/s (= 3cg, Cg is
the ion acoustic speed) and the moving DL is followed by an
expanding plasma from 823. When the DL stops, the potential
barrier dissolves, the current increases and a stationary DL is
obtained. This is, however, subject to a "back and forth"
oscillation of the low potential tail as will be described in
the following.

The low frequency potential oscillations observed on the low
potential tail of the stationary DL were found to be correlated
with oscillations in the plasma current Igi. Thus time resolved
measurements of the potential oscillations could be performed

by using Igq as a triggering signal. Figure 2 shows an example
of the evolution of the DL-profile within one period of the
current oscillation. The DL steepens during a current decrease,
i.e. the low potential foot point (defined as the point where
the plasma potential is zero) moves towards Sq (see Fig. 2c),
while the high potential edge is almost fixed. The maximum
potential slope is reached At the current minimum and at that
instant the DL width is L = 100 Ap, comparable with theore-
tical expectations. Then the current increases within a rela-
tively short time and the potential profile becomes broad again.
This cycle repeats. The velocity of the foot point in the
steepening phase is v = 1.7°10° cm/s (= 3 ¢cg) (Fig. 2¢),

which is around the ion flow speed in the device®. The broaden-
ning, on the other hand, takes place on a much faster time scale
i.e. v > 108 cm/s. The period of the oscillations is almost
determined by the transit time of the foot point in the steepen-
ing phase, and accordingly we find that the period is propor-
tional to the distance between So and the upper fixed edge of
the DL.

The evolution of the potential as seen in Fig. 2 is very similar
to the oscillations observed, when a current is drawn to a cold
non-emitting collector C in the Q-machine in single-ended
operation®. Figure 3 shows a typical evolutior of the plasma
potential and saturation currents when a positive potential

Vo is applied to C. The strong oscillation in the plasma current
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I. (Fig. 3a) is seen to be related to a moving potential
profile of a DL-like form. During the phase of current decrease
this DL moves from Sy to C with the velocity ~ 3 cg (Fig. 1b)
followed by a flow of plasma from Ss. When the DL reaches C,
I, increases to a maximum in a short time (< 100 us) and the
potential increases along the whole plasma column. Then the

DL reappears near Sy and I, starts decreasing. The repetition
of this cy=tle results in the oscillations in I,. A detailed
study5 of the tail of the moving DL showed the existence of a
negative potential barrier following the DL. This barrier re-
flects electrons and is thus responsible for the decreased
electron density on the high potential side and the limitation
of I, during this phase. Note that the potential barrier has a
depth of the order of Tg/e = 0.2 V and is hardly visible in
Fig. 3, but it may be observed on an expanded potential

scale as seen in Fig. 1 (see also Fig. 25 of Ref. 1). When the
DL reaches C it stops and the ions may "£ill" the potential
dip. Thus the barrier dissolves and a normal sheath forms in
front of the C accompanied by a rapid increase in I, and in the ‘
potential in the whole plasma.

If we imagine the high potential edge of the stationary DL in

the double-ended operation as a virtual collector since this

edge is fixed, we can explain the DL oscillation in Fig. 2 in

a way very similar to the oscillations in the single-ended case

just described. We should note that the oscillations in Fig. 2 is
especially pronounced for relative small values of $o(< 80 V)3

and they may to some extent be suppressed by adjusting the ratio

of densities supplied from the two sources3. In the case of Fig. 2

we have chosen the parameters to maximize the fluctuation

amplitude to facilitate the measurements.

Discussion: The experimental set-up in the single-ended case

has some similarities with the thermionic converter or the ‘
plasma diode (see e.g. Ref. 6), but in this device the plasma

column is considerably shorter (~ 100 Debye lengths) than in

our case. However, the mechanism of the unstable current

oscillations in such a diode, as clarified by the numerical

simulation by Burger’ is indeed very similar to our results

with respect to the evolution of the potential distribution,;”‘

Silevitch® applied the model of the current oscillations in the
plasma diode to describe a periodic disruption of the auroral
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DL similar to the behaviour of the DL observed in our experi-
ment in the case of double-ended operation. The instability of
the DL leading to the disruption was explained in terms of a
negative dynamical resistance and the fluctuating DL was
proposed as a candidate for flickering auroras8.

Recently it has been suggested that the existence of a negative
potential dip in the form of a solitary structure in a current
carrying plasma leads to current limitations and subsequently
to the formation of a weak double 1ayer9'10'11 often denoted

ion acoustic double layer with A¢ 5 To/e. The negative potential
dip observed in the present experiment accompanying strong DL,
A >> To/e, acts in a similar way as the above-mentioned solitary
structure with respect to current limitations, but we believe

it to be of somewhat different origin. In our case the potential
dip is formed on the low potential tail of the moving DL in
front of an expanding plasma5. It can be seen that this dip
cannot exist selfconsistently in a stationary frame, because

the accompanying DL-potential jump 4¢>> Tg/e, and will thus

be cancelled by inflowing ions when it stops. The potential dip
preceding the ion acoustic DL is believed to be created by the
ion acoustic turbulence in the current carrying plasma11 and

can exist in a stationary frame where ion trapping results in
the formation of an ion hole. The scenario of the forma-

tion of acoustic DL preceded by a negative potential dip
evolving into an ion hole is clearly revealed in numerical
simulations,”,12
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AUSTRIA

As is kmown low-frequency oscillations can be
excited in a low~density single~ended Q-machine between the
hot plate (HP) and an “exciting" electrode (E) biased posi-
tively with respect to HP /1/. For large positive bias (>2V)
the oscillations of the ion component have been shown to
exhibit for fundamental frequency the character of a standing
wave with half a wavelength corresponding to the distance
between HP and E (SATO et al./2/, SCHRITTWIESER /3/, MICHEL-
SEN et al./4/). On the other hand, more detailed measurements
of this phenomenon have recently revealed potential double
layers travelling from HP to E (IIZUKA et al,/5/) which are
asgociated with sudden overall changes of the space potential
upon their arrival at E, Therefore this phenomenon, which was
previously termed "ion acoustic instability"/3,4/ or "socal-
led ion acoustic instability"/6/ is now also beeing referred
to as "potential relaxation instability"/1/.

In this paper we present an experimental result
vwhich shows the presence of a small travelling phenomenon
which is superimposed on a dominant standing wave behaviour
of the ions, This travelling phenomenon may be associated
with the above mentioned moving double layers which was
previously stand out as a jump of the axial potential which
propagates from HP to E /5/.

| The experiments were performed with the Innsbruck
gingle~ended Q-machine., The plasma parameters were the
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la : Experimental setup. The distance between the hot plate
and the exciting electrode was 19 cm , ‘
1b : Axial amplitude profile of the oscillations between

the hot plate and the exciting electrode,

following : plasma density (measured with negatively biased
E)n_ = '5.107cm"3 s background pressure <2.10-5 torr ; mag-
netic field B = 1500 G ; hot plate temperature approximately
2000 K, The experimental setup is shown in fig, la .

We observed the oscillation processes with a
Lengmuir probe (S) biased such that it draws ion saturation
current (Vp= ~9 V), Fig.2 shows oscilloscope pictures
obtained for different axial position of the probe between
HP and E, In this figure the a.c. component of the probe
current is compared to a.c. component of the current flowing
through E (trace E), We can observe two superimposed pheno-
mens, First we see an oscillation with a large amplitude
(marked with | in Fig.2) which does not show any phase chan-
ge over the whole distence HP-E and whose axiel amplitude
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profile is shown in Fige. 1b .
Secondly we observed a

/\j\lﬁ\f” probe current variation (marked
withi{in Fig.2) which corresponds

/\j\/AJf \ | to a local density change whose
position varies with the dis-

] tance between HP and S, The

. spatial position of this densi-

2 ty perturbation is time depend
' eand moves from HP to E.
\//\\;/A., Owning that the ion stan-
VAV

ding wave picture is valid, a
‘ fact additionaly confirmed by

oot a higher harmonic structure of
the a.,c, signal, we interpret
Pig.2 this traveling density perturba-
Oscilloscope traces at tion which aeppears simultaneously

giggeiﬁgtPiﬁ%zlwggﬁiiigzs with the standing ion wave ,as a

pect to the exciting e~ moving D.L, The presence of this
lectrode, The trace E .

represents the current moving D.L, sterting, probably,
flowing through the ex-~ from space-charge sheath in front

citing electrode, of HeP.,, after our oppinion is
necessary to explain the driven mechanism of the ion stan-~
ding weves,

The velocity of this phenomenon, which is approxi-
mately 6.105 cm/sec, is about 2 times the ion acoustic
velocity of the plasma. The "amplitude" of the perturbation
is usually very small compared to the amplitude of the
standing wave (Fig.2) so that it may explain why this insta-

bility was belived to have purely standing wave character,
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Abstract

Structures of the instability exciting a coherent wave are
studied by measuring the spatial profiles of the potential and
density at various temporal phases of the electron current to a
bilased grid which bounds a plasma. The density fluctuations
with a large amplitude up to 50 % are observed to grow
spatially. The discrete spectrum which satisfies the boundary
condition fn-L/n= CS 1s found to be caused not by the usual
current-driven instability but by the plasma expansion from the
source with the speed =Cs resulting in a formation of a moving
double-layer. Here, fn is nth frequency of the wave, L is the
distance between two grids and ¢ _= /f;7ﬁ.

1. Introduction

It is well known that an electron current through a plasma
causes a number of low frequency instabilities[1-5]. In a
collisionless plasma bounded by two grids with applying a dc
potential, the so-called ion acoustic instability has been
generated[2-4], where a discrete spectrum which satisfies the
boundary conditilon fn'L/n= CS was observed. Here, fn is the nth
frequency of the spectrum, L 1s the distance between the two
grids and ¢_= /f;7ﬁ. In this case, the observedspectrum may be
classified into two cases: one 1s a discrete spectrum
superposed on a broad spectrum[3,4] where the freguency with
the maximum amplitude agrees with theoretical prediction(case A
), and the other is only a discrete spectrum[2,3] where the
maximum amplitude 1s observed at the fundamental frequency(case
B). However, structures of the instability, which .may be



210

understood by measuring spatial and temporal behaviors of the
potential formations, are still unclear. Recently, dynamics of
the instability caused between the plasma source and a cold
plate of the variable potential in a Q-machine was studied by
observing the potential formation[6]. It 1is very interesting to
study such dynamics also 1in a discharge plasma with Te >> T
where the Landau damping of the ion acoustic wave is small.

i

In this paper, we describe an experimental investigation
of structures of the instability in a discharge plasma bounded
by two grids with applying a dc potential. The observed
spectrum corresponds to the case B. The instability is found to
be caused not by the current-driven ion acoustic instability
but by the plasma expansion with the speed =Cs, from the
measurements of spatial profiles of the potential and the
density at various temporal phases .f the grid current.

2. Review of the Instabillity Caused in a Bounded Plasma

We summarize the instability caused in a discharge plasma
bounded by two grids of a variable potentilal. Tanaca et al.
observed the spectrum corresponding to the case B (see Fig.5 in
ref.[2]) by an electron current flowed to an anode which also
served to bound a plasma with a grid kept at a floating
potential. In this case, the plasma was produced in the
measured region. The spectrum in both cases A and B were
observed between two asterisk grids placed in a diffused plasma
(see Figs.3 and 5 in ref.[3]). The spectrum in the case A was
caused at a low grid potential and that in the case B was at a
high grid potential. Kawal et al. predicted the spectrum
corresponding to the case A (see Fig.3 in ref.[4]) in a plasma
box. The measured region was surrounded by a plasma source so
that the plasma diffused from many directions. Recently, Iizuka

et al. measured temporal evolutions of a cold plate current,
plasma potential and the plasma density in a single-ended Q-
machine plasma bounded by the plate[6]. A potential profile
with double layer (DL) like form existed during the phase of
the current decrease and move from the plasma source to the
collector with the speed =(2-3)Cs. Thus, this phenomena was
explained not by the usual current-driven instability but by
the ambipolar diffusion of the plasma from the source.
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3. Results in the Present Experiment.

Figure 1 shows a .discharge tube used in this eXperiment.
An argon plasma was produced in the end section with coaxial
typed electrodes. Axial magnetic fields ( <15 G) were applied
to obtain a uniform plasma (ne= (0.6-5) x 108 cm—3, T = (2-5)
eV, P~ (1.5-2.5) x 10'“ Torr.). The plasma was bounded between
the mesh grid 81 and an asterisk grid g5 of a wvariable
potential Vg. The grid g5 which satisfied the boundary
condition fn-L/n = CS was sometimes replaced by a mesh grid
which changed the condition such as fn~L/n< CS. With increasing
Vg, the fluctuations of the grid current GIg/Igo enhanced
strongly up to 50 % at a certain value of V_ above which a
coherent wave was observed, as shown in Fig.2(a). The spectrum
reveals higher harmonic waves which provide no dispersive
property even at high frequencies unlike the 1lon acoustic wave.
As shown in Fig.2(c), a potential profile with DL like form is
observed during the phase of the current increase in I_ and
moves from 8, to g, with the speed =Cs. A negative gradlent of
the potential profile is obtalned during the phase of the
current decrease and the resultant inhomogeneous plasma with a
similar profile of the potential is observed, as shown in Fig.
2(d). Thus, the moving DL limits the grid current leading to a
discrete spectrum. Considering that the transit time 1 of DL
from 8y to g, can be expressed as T= L/C‘s and the boundary
condition l/fl= L/Cs, just after the arrival of DL at 8,5 2
"new" DL should start at gy and arrive at - Thus, fine
structures of the potential formation are explained by this
iteration. A two-stream distribution of electrons was observed
by a needle probe during the phase of the current increase so
that a stream with the higher energy would give rise to the
current. The energy difference between the two streams were

magnet
| masnes Fig.l Experimental apparatus.
l.“—
o ‘ L \ SPA.; spectrum analyzer,
' —B
Vi filaments' - ° / CRT.; oscllloscope.
o] °
Iad) ‘ -[ +% SPA
[} 3PA.
1 emission CRT.
= - - probe J
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. @)  twsy Fig.2 (a) A wave spectrum

observed by the asterisk
grid g,. (b) A wave-form of

!('lsfl’z) 0
L~ Ig- Spatial profiles of the
—; ' potential(c) and the
0 10 20 30
v 20 density(d) at various times
25 in (b).
30
35
0 5 0 5
& dlcm) g, % dlem) g,

equal to the potential between the source plasma (grounded) and
the plasma at a maximum grid current (#= 12 us in Fig.2(c)).

4, Conclusion

Structures of the instability exciting a coherent wave are
clarified in a bounded plasma under the condition that a
maximum amplitude is observed at the fundamental frequency. The
instability is found to be caused not by the current-driven
instability but by the plasma expansioﬁ. Qur results obtained
in a discharge plasma with Te >> Ti seem to be similar to those
in a Q-machine plasma with T, = Ti[6], although there still
exist some differences in such points as the speed of the
moving DL and spatial growth of density fluctuations. More
developed experimental studies will be required under such
conditions that a discrete spectrum satisfying the boundary
condition is superposed on a broad spectrum based on linear
theory, and the measured region exists-in the produced plasma
or in a higher density plasma.
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IOW-FREQUENCY OSCILLATIONS ASSOCIATED WITH THE
DOUBLE-LAYER IN A D.P,-MACHINE PLASMA

G.Popa ~ Faculty of Physios, "Al.I.Cuza" University,
R-6600 Iagl, Romania

1. Introduction

The D.P,~machime /1,2/ originally used for experiments as beanm
plasas interaction, ion wave and solitons, was recently iramsfor-
ged in & triple plasma device in order to produce double layers
(D.Le) /3,4/.

In this paper a simple method is established for the D.L. ge-
nerstion im a single chamber of a D.P. machime at low neutral
pressure and plasma density. For some experimental conditions the
D.L, formatien might be asseciated with set on of some low fre-
quency oscillations. ' :

2. Bxperimental setup »
The experiments were performed in the D.P.-machine at Univer-

ity of Iagi /5/ . The vacuum chamber consists of a stainless steel
sylinder of dinenelons 80 cm loang and 30 cm diameter ended by
massive discs through which the experimental equipnent for produ~
oing and delineatimg the plasma is attached (Pig.1).

The system is pumped om by a 500 18~ -1 0il diffusion pump to a
base pressure of 1x10™° Torr. The gas (argon) is introduced con-
tinously threugh a needle valve whioh allowed the system to be
operated at neutral pressures ranging from 102 to 5:10"4 Forr..

The two squal plasmas oalled sourse and target plaama are
eepaxvtod by a fine stainless steel grid (G ) 8x8 lines per mm
and 476 transmission. The filaments fer electron emission are
sade from 0.1 mm dianeter tantalum wire and are axially placed on
pairs of atainleas steel rings (Fl and Fa, Pig.l) near the wall
of the vacuun chanber.

The vacuam chamber acts as main anode (A Fig.l) for hoth plaa-
ams and it is at ground potential. The plasma potential 15 oontro-
led with respect to ground potential by an 1nternal nash anode
(A, Pig, 1) made of 0.5 mm diameter stainlees ateel wires spaced
2 un apart The mesh anodc 13 aa a oylinder which tovers a11
length of a chamber (24 om dianeter) 80 that it separates plaenn
volume (inaide) from tilaments (oataide).}There are. no filaments ;
om the end disos and other grids (Gz) separate these disoe and
plasmae.
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Fig.l., Schematic diagram of the experimental setup.All size in mm.

The plasma diagnostics was made in the target chamber by a
guaxrd ring plane probe (G.P) and and emissive probe (E.P). G.P
conaists of a stainless steel collector and guard ring (Pig.l)
mounted at the end of an insalated shaft which is moved axially
by hand and it was used to determine electron temperatures, densi-
ties and plasma potentials (where possible). The typical parame~
ters axe a8 follows : A 5.106 - 108 cu‘3, Ty = 1 - 8 eV and

e
ionization degree lemss than 0.1%.

The emissive probe (Fig.l) was used exclusively for measuring
the plasma potential. It was measure as the fleating potential
of K,P, uging an electronic volmeter with 100 MOhm input resis-
tance /6/. E.P. is mounted on an imsulated shaft which is axially
motor driven. On the same shaft an asterisk shape electrode
(A.P) /7/ was mounted in order to measure both phase - and
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amplitade - variations of the oscillations along the plasma column.

The oscillation was observed as fluoctuation of both the
total discharge current (I) and the A.P. electron saturation
curreat using a storge oscilloscope and an interferometer system
(P.S.D).

The experiments were performed in argon in the target chamber
using a secondary mesh anode (Al Pig.l) made of 0.5 mm diameter
stainle@s steel wires spaced 2 mm apart which covers half length
of the ochamber and it is independently biased (ranging from O to
80 V) with respeot to the ground. This anode collects less than
16 % of the total current and divides the plasma into two regions:
region I surrounded by both mesh anodes A; and A, and region II
sarrounded byA2 only.

3. Results

In previous experiments /l/ it was shown that both the plasma
potential and the electron temperature are conirolled by a small
secondary anode. In this work it is shown that secondary anode Al
(biased positively e.g U; = 50 V with respect to the ground)
keeps the plasma potential close to U; value all over the chamber -
oaly for a neutral pressure larger than about 7.10"5 Torr. The
axial profiles of the plasma

o potential are presented in Fig.2
N «~ 8- 104

;tz.o- - < 6-10. for various neutral pressure.
=30t | "510 When the neutral pressure beco-

5?70* | ‘4-10 mes lower than the above limit
10t ////—’///’-——\\\ ~3-10° the plasma poteniial decreases

: /,r:Tb zb jH‘ from U1 value in the regiom I

dlcm)— towards Ua(- OV) wvalue im the

Fig.2., Plasma potential versus region II and a steady stiate

axial position between grids G, D.L. appears (marked) by arrows

and G2 for various neutral pres- in Fig.2.

sare (U1 = 50 V, 02 = OV, There are itwo important

UGl = UGZ‘- ov) features to these double layers.

One is that the D.L. is weak,

Thus for experimental conditions corresponding to p = 4. 10~2 Torr

in Fig.a, the probe characteristics give one group of electrons |

with n, = 6.5.107 cnm 3andT = 3.1 eV go that e¢/k‘r "'3 and

1/ ,\D* 10 (where 95 1s the potential jump and L is the D.L.

length) .

sok P=5-10-I'Torr
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Another feature is that for some experimental conditiena the
coherent low frequency osclllations appear which might be associa-
ted with D.L. formation. These oscillations can be observed as
flactuations of both the discharge current (T) and the A.P., electron

saturation current. The ratio of

the a.c. amplitude to the d.c.

diacharge current (fig.a) and frequency oscillations (fig.b) are

1100 (b)
N N
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o g
w
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L.o 3 (u) i o..
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10 20 30
Uy(v)

Fig.3. a) Relative amplitude

of the a.c. discharge current
and b) frequency of the oscil-
lations versus the d.c, anode
bias Ul for a total discharge
current (I=100 mA) apnd dif-
ferent neutral pressure

(o ‘5.().21.0"rj Torr, x 4.5.10'5Torq
e 4,0.10"7Torr, © 3.0.10"2 Torr)
UGl s <50 V, UGZ = U2 =0V,
pictures
the A.P.
the axis
curreat.
(P.5.D.)

presented versus the d.c. bias

of the anode Al for a total dis-
charge current of 100 mA and dif-
ferent neutral pressure (Fig.3).

These oscillations appear
for a nentral pressure less than
about 5.5.10'5 Torr and their
amplitude increase with decrea-
sing of the neutral pressure or
this corresponds to the experi-
mental conditions for D.L., for-
mation.

The frequency of the oseil-
lations is slightly increasing
with deoreasing of the neutrxal
pressure and its value is always
well below to the ion plasma
frequency which was higher than
150 KHz for above experimental
conditions.

In order to indentify the
instability both phase -~ and
amplitude - variations of the
oscillations are measured with
an axially movable electrode
(asterisk) in both regions I
and II. Fig.4.(a) presents the

(1-10) of the oscillations measured as fluctuations of
electron saturation current at different position along
compareing with oscillations (T) of the discharge
Using I ag reference signals the interferometer system
recovers the A.P., osclllations and the wave patteras in

fig.4,(b) is measured. The A.P. positions which correspond to

- -
S R o e T e e A e e BT e
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the piotures (1-10) are marked by arrows on the interferometer
patierns. The osocillations have no phase shift in region II (1-4
piotures) and they might be considered
soomv cav 5 a8 a potential relaxation/8/ beiween
grid Gl and the place of the transition
from region 11 and region I respecti-
/'\ /'\ /\'J\ \vﬁ.
\%4 . vely, where a steady state D.L. was

f\JA\/\ /\ ,“ measured for some experimental condi-
| tions (Fig.2).
, M/ N

Al

These oscillations excite ion
waves which propagate into regiom I,
Their wavelength ( A = 9.5 om) is a
little higher than that corresponding
to the eleotron itemperature
(T. = 7.8 eV) measured in region 1
in a steady state regime (U1 s 0V)
This could be explained by the fact
that the osocillations oaset and the
ion wave propagation take place for
a positive bias (U; = 10 V) of A,
whioch produces an inoreasing of the
electron temperature.

\/
AVAV, \/\./\ \/\

l

|

AVAVAVAVAVAV] |
: AN |

|

O SR,
GRID (b)

Pig.4.(a) Oscillations of the electron saturation curremt (1-10)

comparing with discharge current escillation (I); (b) Interfero-

meter patterns along the plasma column axis. (p = 4.5.107° Torr,
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Potential Formation between Two Kinds of Plasmas
R. Hatakeyama, Y. Suzuki, and N. Sato

Department of Electronic Engineering, Tohoku University,
980 Sendai, Japan

Abstract: A potential depression is observed between two
magnetized plasmas with different electron temperatures in the
absence of net electric current passing through them. The
potential dip is large enough to reflect both groups of electrons
supplied from the two plasmas. When a local magnetic bump is
added to a uniform magnetic field, the shape of the potential

dip becomes sharp and its position is locked around the mirror
point.

1. Introduction

There has been an increasing interest in electrostatic
potential formation in plasmas, since potential structures have
strong influences on many important properties of plasmas and
also on plasma confinements. Recent researches of =2lectric
double layers have been carried out under such circumstances.l—3)
It is now clear that local potential drops can be formed in
plasmas in the presence of external energy (voltage and/or
current) sources. Here we present an observation of potential
depression formed between two plasmas with different electron
temperatures even when there is no externally supplied potential
and current between the plasmas. The phenomenon is closely
related to a thermal barrier in the tandem-mirror concept4),and

5)

double layers without current.

2. Experimental apparatus

Two different kinds of plasmas are produced, respectively,
at two ends of a linear device, as shown in Fig.l. A Q-machine
plasma with density Nl (108 - 1010
lO (¢ T e10 = 0.2 eV) is produced by contact

cm_3), electron and ion
temperatures, T el0’
ionization of potassium atoms at hot Ta—plate [source 1 (S )] 3)
The other plasma with den31ty N, (108 - 1010 ) is produced
by an Ar-gas discharge between anode A and cathod K [source 2

(Sz)]' and the electron temperature T 020 (~ 1.8 eV) is much higher
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than TelO but the ion temperature Ti20 is nearly equal to TilO'

The separation between Sl and S, is 200 cm. The two plasmas of
about 3.5 cm in diameter diffuse along a magnetic field B in
opposite directions. The pressures of these plasmas near the

Ny,271,20 (T1,20 = Te1,20 * Ti1,20’

respectively while their local pressures are defined by Pl 5 =
14

nl'le,2 (Tl,2 = Tel,2 + Til,z)' In this experiment, A is

sources are defined by P1,20 =

ground and Sl is kept at floating potential (there is no potential
difference applied externally between them). Thus, net electric
current does not exist in the system. The magnetic-field
configuration is also given in Fig.l. A local bump with mirror

ratio R, < 3.0 can be produced between S, and S.. Floating

1 2
potentials of emissive probes (resolution = 1 mm) are used to

determine the plasma potentials.

Q-MACHINE DISCHARGE
LK
=>F|>O(N|,T|o) '?,z(”;,z’Tu.z) go(Nz,Tzo)c::w}
A
R .=2.7
- m —
_ 4 1.7
g 1.0
(a8 2 .
0

| | ~ |
5
S, Ocm S,

-t

Fig.l. Experimental device with two different plasma sources
(Sl, Sz) and magnetic configurations B.

3. Experimental results

First of all potential distributions are measured along the
uniform magnetic field (Rm =1). It is found that a potential
minimum appears between S, and S, under appropriate conditions.
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The axial position of this potential dip can be controlled by
changing the ratio P20/P10’ as presented in Fig.2. The dip
shifts towards Sl when N2 is increased with Nl kept constant.
When PZO/Plo > 6, the potential minimum does not appear in the
eXxperimental region. This result is also confirmed when Ny is
decreased with N2 fixed constant. The measurement implies that
there may exist a plasma-pressure balance between two plasmas at
the position where the negative dip is formed. The local plasma-
pressure ratio PZ/Pl at the potential minimum and the depression
depth A® are plotted as a function of PZO/Plo in Fig.3, where A¢
is defined by a potential difference from the relatively uniform
potential in the region of the low electron temperature. In
this figure, open and closed circles are values measured for the
constant Nl and N2 in Fig.2, respectively, and Pl (or P2) is

measured at the position, where the potential minimum could be

N, =3.0x10° cri¥ N, =4.0x10° cmi3
p_/p -
20° 10
'.7 —\_/ =
2.0 2.4 Y/
2.5 2.8
3.5 - 38
4.7 Jo.sv
| 6.0
10 .
f 50cm 1 ! é
Sl s2 SI 2

Fig.2. BAxial potential distributions for various ratios of the
plasma pressures at the sources with Nl or N2 kept constant in
the uniform magnetic field.
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observed under the operation of Sl and Sz, when we operate only

Sl (or Sz). The local pressure ratio is approximately unity and
the depression depth is an order of Tel/e under various conditions.
Thus, the potential depression, which is large enough to reflect
electrons with low temperature, is found to be formed around the
position where the pressures of low- and high-temperature plasmas
are balanced with each other. '

CERES

@ ,
0 & o0
O 5 10

200

@)
@)

Fig.3. Depth of negative potential dip A¢ and local pressure
ratio P2/Pl around the potential minimum versus pressure ratio
at the sources. Open and closed circles correspond to values

at constant Nl and N respectively.

2l
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Let us investigate magnetic mirror effects on the phenomenon
described above. When a local magnetic bump is added to the
uniform field, a local change of the potential distribution is
observed near the mirror point even in the case of a monotonous
potential variation in the uniform magnetic field (for instance,
the profile for P20/P10 = 6 in Fig.2). This tendency becomes
appreciable under the conditions where gentle negative dips are
already produced in the uniform magnetic field, as demonstrated
in Fig.4. The potential dip becomes sharp and shifts towards
the mirror point with a gradual increase in Rm' The depression
depth increases slightly with an increase in R.m in the case
where the potential minimum is already present at Rm = 1. The
maximum depth, however, is (1 -3)Tel/e at R < 3.0 even if P20/P10
is varied. It is to be noted that electrons with high tempera-

ture can also be reflected by the potential slope from S, towards

: 2
the potential dip, which provides the potential difference of an

B =40

R~

1.0

.4

.7

2.1

2.4

2.7
} ! }
S, MIRROR S
' POINT e

Fig.4. Axial potential distribution in the magnetic field
having a bump with mirror ratio R, as a parameter at typical

plasma pressure ratios PZO/PIO = 1.8 and 4.0.
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order of Tezo/e, as found in Fig.4.

Axial profiles of density and electron temperature are
measured together with the potential profile. The density
minimum appears near the same position as the potential. The
electron temperature increases towards Sz, but a rather rapid
change is observed around the mirror point. The measured
density profile is consistent with the expected one calculated
from the Boltzman relation using the measured potential and

electron temperature profiles.

4. Conclusions

The potential depression is formed between two kinds of
magnetized plasmas with low and high electron temperatures even
in the absence of net electric current passing through them.
At the position of the potential dip, the pressures of the two
plasmas are balanced in the uniform magnetic field. The dip is
surrounded by two spatial regions with higher potential of an
order of corresponding electron temperature. The local magnetic-
field bump added to the uniform field enhances and localizes the
potential depression which further tends to isolate the two groups
of electrons from each other, implying the property of a thermal
barrier in the tandem-mirror research.4)

We acknowledge discussions with Dr. K. Saeki and experimental
supports of T. Mieno, T. Kanazawa and T. Haiji.
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Observations of Large Amplitude Solitary Pulses
in the Current-Limiting Phase of High-Voltage
Straight Discharge

Y. Takeda and K. Yamagiwa*
Department of Physics, College of Science and Tech.
Nihon University, Tokyo 101, Japan

* Department of Physics, Faculty of Science, Shizuoka

University, Shizuoka 422, Japan

Abstract

An optically-isolated transmission system used in con-
junction with a floating double electric probe was developed to
measure directly fluctuating large amplitude electric fields and
to isolated the measuring system from high common-mode voltages
generated in the high-voltage straight discharge in a longi-
tudinal magnetic field.

A train of repetitive pulses of the axial electric field,
frequently with the negative polarity where the electric field
is directed axially from the cathode-side toward the anode-side,
and with amplitude 10 kV/cm (although considerably underestimated
value) was observed in close correlation with the enhanced
current limitation.

Moreover an intense E-field pulse, identified as a moving
double layer, with amplitude typically 15 kV/cm and 30 nsec in
half width was observed at the instant of abrupt current
limitation.

1. Introduction
Recently the formation of shock-like jumps in potentials,

| called potential double layers, has attracted increasingly
wide interests as an example of highly nonlinear phenomena in
labolatory and cosmic plasmas, because the double layer
accelerates charged particles and provides a mechanism for
enhanced resistivity.

Lutsenko et al.l) produced a double layer which moved a
large fraction of the length of their device. They produced
a large potential drop, typically 10 kV at the cathode end of
the device. The potential structure propagated toward the
anode side moving from the low-potential side toward the high-
potential side. However, they could only infer the actual
potential distribution of their moving double layer since they
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monitored the plasma characteristics with only a few ring-shaped
capacitive probes placed externally to the plasma.

The existence of propagating double layers in the current-
limiting or distrupting phase of HV straight discharge has also
been indicated recently by one of the present authors (Y.T.)z)
with electrostatic (capacitive) measurements of the axial
potential distributions and potential fluctuations.

The enhanced increase of apparent resistivity in the
presence of potential double layers has been predicted by

3)

computer simulation performed by J.S. Degroot et al. and
recently by T. Sato et a1.4)

In this paper we present the most remarkable results of
direct observation of large amplitude E-field with an optically-

5)

isolated transmission system (called "optoisolator" henceforth)
used in conjunction with a floating double electric probe in

the enhanced current-limiting phase of high voltage straight
discharge in the longitudinal magnetic field.

2. Experimental arrangements

The apparatus and its parameters of the present experiment

6)

have been described in the preceding paper. The experimental
apparatus and diagnostic tools are shown in Fig. 1. We have
carried out HV straight discharge in a magnetic mirror with
mirror ratio Rm=1.25. The intensity of the magnetic field at
the mirror point is typically 1.5 KG. An initial plasma is
created by a hydrogen or deuterium-loaded titanium washer gun
and injected into a highly evacuated discharge vessel of Pyrex
glass having an inner diameter of 10cm and a length of about.
1l.7m. A muzzle of the gun acts as the anode and the cathode is
a copper disk, 5cm in dia.. The distance between the electrodes
is 60cm. The electric power of discharge is supplied from a '
low-inductance capacitor of 2.2 pF with a charging voltage up
to 30 kV. The electron density and temperature of the initial
plasma are measured with a 4 mm microwave interferometer and a
double electric probe and their values in the center of the
apparatus are typically 8 x 1012 cm™3 and 10 ev, respectively.
The block diagram of the optoisolator used in conjunction
with the floating double electric probe is shown in Fig. 2.
In the optoisolator electric signals picked up by the probe
are relayed as modulation of a laser.diode and via an optical
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fibre to a PIN photodiode and amplifier combination which
converts a.m. light signals into electric signals.
The electrodes separation of the double probe is 1.2mm

(approximately 100AD, where Ap is the Debye length). The probe
tips are tungsten wires 0.15mm in dia. and l.4mm in exposed
length. The double probe was inserted into the discharge
vessel at the center of the device and the electrodes are
usually arranged parallel to the magnetic field. Because of
extremely high level of fluctuations detected by the double
probe, two channel coaxial attenuators (60 dB each) were
inserted between the probe and the optical transmitter (E/O
converter). The optoisolator and coax. attenuator system has
good frequency characteristics up to 80 MHz (3 dB point) and
the rise time 5 nsec for pulse response. The measured CMRR
of the system is better than 40 dB up to 80 MHz. The video
signals of the optical receiver were recorded on a high~speed
transient recorder (Iwatsu Electric Co., TS-8121) and its D/A
converted data were displayed on a X-Y recorder.

The direction of the measured electric field was inferred
by monitoring electrostatic potent%?l fluctuations simultaneously

picked up by two capacitive probes placed on the outer surface
of the discharge vessel at the symmetric axial positions
against the midplane which are intrinsincally sensitive to
fluctuating electric fields perpendicular to the magnetic field.
The voltage in the central part of the plasma column was
measured by differentiating local potentials detected by two
capacitive probesl)
wound on one-turn around the discharge tube and placed at the

consisting of a 4.0cm wide metal strip

symmetric axial positions 11 cm apart against the midplane.
The strip voltages were measured on an oscilloscope by a
frequency independent voltage divider (Tektronix P6015), one
part of the divider being the oscilloscope (Tektronix 556,
DC-50MHz) .

3. Observations of large amplitude E-field pulses in the

current-limiting phase of the discharge

Typical video signals of the optical receiver recorded on
the transient recorder are shown in Fig. 3 and 4, where the
electrodes of the double probe were arranged parallel to and
almost perpendicular to the magnetic field, respectively.
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By comparing two records of the fluctuating electric field
in the first phase of current limitation (0< £<3.0 usec), it
is found that the fluctuating large-amplitude electric field
in the direction perpendicular to the magnetic field almost
disappears in the early phase of current limitation.

On the contrary fluctuations in the electric field per-
pendicular to the magnetic field were greatly enhanced in the
second current-limiting phase (3.5<t<5.0 usec). In this phase
fluctuations in the electric field parallel to the magnetic
field were considerably decreased, although an intense negative
solitary pulse typically appeared at t=3.75 usec, with amplitude
10 kV/cm and 15 nsec in pulse width. It should be noted that
the discharge current was remarkably limited just at the instant
of the appearence of the large amplitude, negative E-field
pulse.

Moreover comparing Fig.4(b) with that of (c), it is noted
that the fluctuating electric field perpendicular to the
magnetic field has close correlation with UHF electrostatic
potential fluctuations picked up by the capacitive probes.

Fig. 5 shows an elongated current-limiting phase of the
discharge and the electric field measured by the double probe
in which a train of repetitive E-field pulses with the negative
polarity appeared in the first current-limiting phase. The
direction of the electric field is inferred to be parallel to
the magnetic field, because as seen in Fig. 5(b) eminent
electrostatic potential fluctuations do not appear in the
corresponding period of the discharge.

As seen in Fig. 6, a sharp, intense positive E-field pulse
with amplitude 15 kV/cm, and 30 nsec in pulse width was observed
accompanying a series of precursory solitary pulses at the
instant of the abrupt current limitation (t=2.75 usec). The
differential wire strip voltage, as seen in Fig. 6(a), shows a
corresponding pulsive increase just at the instant. Hence the
large amplitude E-field pulse at t=2.75 usec is clearly
identified as a moving double layer.

In summary we present the first direct observations of
large amplitude electric-field pulses in the enhanced current-
limiting phase of HV straight discharge in the longitudinal
magnetic field which have frequently the negative polarity.

-
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In association with the simultaneous measurement of the voltage

with ring-shaped capacitive probes the axial E-field pulse was

dramatically identified as a strong double layer.

References

1) E.I. Lutsenko, N.D. Sereda and L.M. Kontsevoi, Sov. Phys.
Tech. Phys. 20, 498 (1976)

2) Y. Takeda, Proc. 1980 Int. Conf. on Plasma Physics (Nagoya),
vol. 1 (1980) 416

3) J.S. DeGroot, C.Barnes, A.E. Walstead, and O. Buneman,
Phys. Rev. Lett., 38, 1283 (1977)

4) T. Sato and H. Okuda, PPPL-1681 (1980), Plasma Phys. Lab.
Princeton Univ.

5) H. Chuaqui, J. Phys. E: Sci. Instrum., 14, 291 (1981)

6) Y. Takeda and M. Yokota, Phys. Lett. 87A 291(1982)

A R R
et I
T
S
l.- .Nm TITANIUM
WASHER GUN
HELDCOmS '
TO PUMP [a— Fig 1

10cm

Fig.l Experimental apparatus and
the axial arrangement of
the double electric and
capacitive probes.

ineulated

dischﬂrgl: Y shield /’" coax
vesse! optical
[

:géﬂaj

Fig.3 Time traces of (a) discharge
current, (b) detected signals
room of capacitive probes Pj; and P3,
where the pass-bands of BPF
are identical and 250-350 MHz.

7
double elactric
probe

opticat fibre

“M¥Mmem (c) D/A converted data record
optical raceiver of the optical receiver in con-
junction with the double probe
Py. The direction of the mea-
sured E-field is parallel to the
magnetic field.

Fig 2
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Fig.4 similar to Fig.3 but the
lower trace of (a) shows the
voltage¥measured with ring-
shaped capacitive probes and
the direction of the measured
E-field is perpendicular to Fig.6 Similar to Fig.4 but the
the magnetic field. direction of the measured

E-field is parallel to the
magnetic field.
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where Vpq is the voltage between
the wire-strip probes placed at
(b) the symmetric axial positions 1icm
apart against the midplane., Cs and
Cd denote the capacitance of the
‘% ring-shaped capacitive probe to
the part of the plasma column and
the capacitance (2000 PF) of a
ceramic disk capacitor for capaci-
© tively dividing the probe voltage. -

Fig.5 similar to Fig.3 but in an
elongated current-limiting
phase of the discharge.
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ANODIC INSTABILITIES AND ITS CONNECTION WITH DOUBLE LAYERS
M., Sanduloviciu
Paculty of Physics, "Al,I.Cuza" University, R-6600, IASI,
ROMANTIA

It is known that the glow discharge without posi-
tive column behaves, under certain conditions, like a gene-~
retor of electrical oscillations. The frequency and the
emplitude of these oscillations depend on the nature of the
gas in which the discharge occur, the parameters of the
discharge (the gas pressure, the d.c. discharge current etc)
and on the geometric form and dimensions of the electrodes
and those of the discharge space. These self-sustained oscil-
lations are usually celled anodic instabilities, because they
are accompanied by strong variations of the anodic potential
drop and by periodicel veriations of the light emission in
the anodic glow region. In order to explain this phenomenon,
moat of the authors try to make a connection between the
phenomenon's periodicity and the instable processes located
in the anodic glow and in its very proximity.

We shall further show that, in order to understand
the apparition of the mentioned self-sustained oscillations
in the glow discharge without positive column, it is neces-
sary to take into account the fact that the oscillant circuit,
whose reactive elements determine the frequency of the oscil-
lations and the energy source which feeds them, are not loka-
ted in the same region of the discharge, As we have already
proved in (1l=-4), the discharge oscillatory circuit contains
in itself, as reactive elements, a capacitor whose plates
are represented by the internal surfaces of the discharge
tube wall and the environment (the ground) and an inductance
lokated in the anodic glow region (Fig.l). The internal sur-
face of the discharge tube wall may acts as a plate of a
capecitor due to the fact that its charging is performed by
means of a process of secondary electronic emission caused
by fast electrons, originated in the cathode and accelerated
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in the cathode fall. The secondary electrons produced of the
wall form a negative space charge, in its proximity, which
pleys (as we shall demonstrate hereinafter), a special role
in the gself-sustaining oscillation mechanism. In this me-
chanism, the anodic glow plays two different roles: as induc-
tance of a oscillatory circuit proprer to the discharge and
as source of energy for the meintenance of the oscillations.

g RAK LA Rak
ANAN—— T
R AG +
- RL
R

a C NR Cf - b
. Rkw

Fig.l. a)The localisation of the ohmic and reactive elements
in a d.c, glow discharge; b) Equivalent circuit of a glow
discharge A-anod, K-catode, NG-negative glow, W-wgll's inner
surface, R-current limiting resistor, R,-ohmic resistance of
inductance, RKw—ohmic registence of the ionized gases bet-~
ween K and W, RAK-ohmic resistence of the ionized gases bet-
ween A-K, AG-anodic glow, L-inductance of glow discharge,
C-capacitance of W with respect to the sarrounding,GF-filter
cepacitor, Ry-negative resistence.

The frontel structure of the anodic glow commonly corresponds
to a double layer resulting from an agglomeration of a large
numbexr of electrons in front of the anode (or of the anodic
spot). Thus appears a potential drop in which the electromns

are accelerate, Consequently, in this region ionization proces-
ses are produced and positive charges, feeding the discharge,
are created, Depending on the nature of the atoms and of the
quantum processes that may occur, different stationary states
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of the anodic glow, are made possible, The transition from
one state to another is achieved when the potential drop of
the double layer reaches certain values, so that the condi-
tiong for the apparition of a new quantum process are being
created, If the quantum process is accompanied by the creation
of new charged particles a collapse of the anodic drop occur
and conditions for the double layer formed process to re«scccur
are being creasted.(it is also possible that a increase of
double layer potential drop is accompanied with a dissappearan-
ce of certain cuantum processes so that a jump diminuation of
charged-particles' number occur). The connection between the
anodic fall collapse end the modification of the cuantum
processegs cann be demonstrated using the gpectral emission of
the anod glow (5), The above described mechanism is however
not sufficient to explain the periodicity of the self-sustai-
ned oscillations. It is also necessary that the apparition of
the mentioned new quantum process (which determined the col-
laps of anodic fall drop) to be itriggered, through a mecha-
nism of reaction, by the (damped)oscillations appearing at
each jump of the anodic glow in the proper oscillatory cir-
cuit of the discharge.

The jumping of the anodic glow from one stationary
state to another can be proved experimentally by using a
discharge tube with a metal wall, On these conditions, the
controllated modification of the wall potentisl is made pos-
sible, Thus we see that a variation of the wall potential
(around the floating potential) is followed by the jumping
pass of the anodic glow from one state to another. If the
internal surface of the discharge tube wall is connected by
means of & resistor and a measure instrument with the anode
and if the electric current is plotted versus the wall poten-
tial, a characteristic corresponding to a negative differen-
tial resistence is obtained. Fig.2 shows the result of such
an experiment, Thus proves that, between the anode and the
internal wall surface, the discharge behaves like an energy
generator which can sustain (under certein conditions)oscil-
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lations in the oscillatory circuit of the discharge lokated
between the discharge tube internal surface and the anode.
The behaviour as a negative resis-
tence can be explained if one takes
A account of the fact that the sup-
plimenvary electrical charges, spon-
taneously created during the new
quantum process suddenly increase the
vV electrical conductivity of this DL,
As a result, the more the current
increases the more the voltagge-fall
on the DL drops. As we have already
mentioned, for appearing of the self-
sustained oscillations the pass of
Pig.2. Negative resis- the anodic glow between the two sta-
tende of a glow dis~ tes is to be triggered by the oscil- ,
charge lations from the oscillatory circuit,
This becomes possible owing to the
fact that the internal surface of the discharge tube wall
represents one of the plates of the discharge oscillatory
circuit capacitor, whose potential varies, consequently, with
the periodicity of the oscillatory circuit to which it be~
longs, These variations of the wall potential with respect to
the anode are accompanied by periodical variations of the
number of electrons collected by the anode, electrons which
are extracted from the space charge formed in the very pro-
Ximity of the inner surface wall, Thus, groups of electrons
periodicaly arriving in the anodic region modifing the ano-
dic potential drop which starts the pass of the anodic glow
from one state to another. This process is accompanied by a
Jump variation of the potential differences between the dis-
charge tube internal surface and the anode, which makes pos-
sible a energy transfer to the discharge oscillatory circuit
connected between them, In fig.3 a schematic representation
of the self sustained oscillation mechanism in a dec. glow
discharge 1s showed.
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The phenomena described above, occuring in the
anodic glow of a d.c. discharge with no positive column, may
‘ probably appear in
any plasma device
where double layers
are formed. These

double layers are

CF i WS ;_,_,___. often unstable,
' NEGATIVE RESISTENCE; because a small
« OSCILLATORY CIRCUIT!: variation of the

potential produced
by a moving space
charge (double
layer) determin
the appearance
(or dissappareance)
of a certain quan-
tum process, which
leads to a modification and redistribution of the electric
chaerges in the layer. This is accompanied by a jump varia-
tion of the potential drop in the layer. If the double layer
belongs to an electric circuit containing a resonator (a sys-
tem sble to oscillate with a resonance frequency), as for
exemple the glow discharge oscillatory circuit or a limited
plasma column, then there can appear self-sustained oscilla-
tions that take their energy from the double layer when this
passing from one state to another, The mechanism of reaction
through which the resonant system oscillation triggered the
pass of the double layer from one state to another is made
into the plasma itself by means of moving space charge (double
layer) which periodically modifies the potential drop corres-
ponding to the double layer. Consequently, the oscillation
appeared in the oscillatory circuit of the discharge is not
damped, but it becomes sustained.

We should also mention the fact that during the
jumping from one state to another, when the potential drop

Pige3., Localisation of the different
discharge regions and of the double
leyers in a d.c. glow discharge. FE-
fast electrons, CF-cathode fall, WS-
electron space charge near W, MDL-
moving double layer, ADL-double la-
yer in front of the anode glow,
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varies sharply, positive charge carriers, which are being
displaced through discharge to the cathode as moving double
layers, are being released from the double layers localized
to the region of the anodic glow. If there is a positive
column, these periodical double layers may excite periodi-
cal phenomena in the pogitive column (6).
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ON THE CONNECTION BETWEEN DOUBLE LAYERS AND SOME PERIODICAL
PHENOMENA IN THE POSITIVE COLUMN OF A GLOW DISCHARGE IN
H2+N2 MIXTURE

D.Alexandroaie, M.,Senduloviciu
Faculty of Physics, "Al.I.Cuza"University, R-6600,TAST,
- ROMANIA

1, Introduction

It is known that under certain conditions of gas
pressure and discharge current (I) the positive column (PC)
in molecular gases presents standing striations (SS). If
this stationary state is perturbed (for instance by pulse mo-
dulation of I) a propagating phenomenon appears in PC. That
means that at the cathode end of PC a moving towards—anode
perturbation arrises at the moment of the perturbing pulse
applying. This moving perturbation modifies close by close
the SS positions /1,2/,

This behaviour can be explaeined considering that
the perturbation process gives rise to the appearance of an
electric double layer (DL) which moves towards the anode.

The modification of the local potential which is produced by
this moving DL influences the SS positions, In this paper we
pregsent gome experimental results which shows the interaction
between a moving DL and the space-periodical structure of PC,

2, Experimental procedure

The discharge was performed in a holow-cathode
regime (gas pressure 0,3-2 Torr, glas tube -3 cm inner dia-
meter), The tungsten cathode had the posibility to move
inside the discharge tube (DT) so that both the PC length
and the number of SS were possible to be changed, The I
intengity was varried up to 30 mA. The hydrogen gas was puri-
fied and introduced in DT using an osmo-regulator., In order
to obtain more outdistanced striations the hydrogen was im-
purified, in a controllable manner, with nitrogen which was
produced by thermal decomposition of the NaNB. The nitrogen
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vwas introduced in DT using a needle valve,

The transient state (the appearance and the pro-
pagation of the moving DL) was performed by I modulating
through a regulator penthode P with short pulses (1-10 ms-
width and 10--103 Hz frequency) provided by a function ge-
nerator with variable phase unit (GVP)(fig.l).
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The local light variations along PC are observed
using a photomultiplier F, The corresponding electric sig-
nal, which is a periodic-repeatable one, with the pertur-
bing pulse (PP) frequency is applied to the input of a
sample-hold circuit (SHC). The gate of SHC is driven using
the veriable phase signal (VPS) from GVP(1l-2 ps time sample).
If the photomultiplier is motionless and the VPS phase is
constant the recorder writes only a point., If a signal
proportional with distence from the moving F to the anode,
is applied to X-input of the recorder then the pattern of
the propagating phenomenon as obtained at a moment
t=360'1.f-}¢ after its start (f is the PP frequence and ¢
is the VPS phase in degrees., When the photomultiplier is
fixed, the phase of VPS is varried and a proportional phase
signal (K. ) is applied to X~input, the time evolution of
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the local light intensity it is possible to plot during
f'ls. This procedure was used for recording the anode-
cathode potential drop (vac) during the transient process.
With this simple experimental system it is possible
to obtain stroboscopic in time or in space succesive ima-
ges of a transient phenomenon from FPC,
3. Experimental resuls and discussions

In fig.2 it is plotted the space-~time evolution
of the propagating phenomenon arrised in PC of a glow dis-

cherge in inpurified hydrogen (py

and 8 mA I intensity).
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The figure is drawn
up of many succesi-
ve stroboscopic ima-
ges of PC which are
taken at every 67 us
gstarting from pertur-
bing pulse release.
The PP period was

6 ms (10 ms width)
and time sample was
1lus.

By examining of
the picture it is
possible to see the
standing striations
and the evolution

towards the anode of the propagating phenomenon, A new stria-
tion moving towards anode arrises in front of the cathode

end of PC immediatly after PP releasing. This fact represents
the start of propagating phenomenon in PC., When the perturba-
tion in PC approches a S5 the later starts to move first to-
wards the cathode and after that it starts to move towards
the anode, Finaly the striation becomes again a standing one
taking the place of an other one (towards the anode) so

sthat PC seems to be unchanged. The time evolution of I and



240

the potential drop Vac on the discharge tube are shown in
fig. 3 a and 3 b respectively. The jump of the potential
drop (merked by errow in fig.3) occurs when the pertur-
bation arrives to the anode.
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Without discussing the physical mechanism of the
sppearance of this striation behaviour let's consider the
phenomenological scheme of the SS shaping &after /3,4/« One
admit that at a moment the local potential distribution
from the proximity of a SS changes so that the electrons
gein the necessary energy for excitations along a distance
which decreases more and more. As a rdsult the striation
moves towards the cathode. After the “maximum" of the po-
tential perturbation overcomes the initial SS place the
potential restores and during this time the striation moves
towards the anode. This behaviour cen be explained consgide-
ring that a DL potential-type perturbation propsgates through
PC., The DL arrises in front of the cathode end of PC after
the short pulse was applied. The time evolution of the anode-
cathode potential drop Vac(like in fige3 b ) for different
lengths of PC (and a different number of striations) con-
firms this fact (fig.4). This picture is equivalent to the

space~time evolution of the DL potential jump in PC Dbe-
cause , when the perturbation arrives at the anode, the va-
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lue of the jump in the potential drop is equal with the
value of the DL potential
versus the local ¢ne for
thouse PC lengths cor-

18 R3a  naksw regpinding to the chosen
L. —

number of SS /5/.
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Fige. 4 the mean~potential distri-
bution Vp from PC obtained making smooth the step line po-
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Striation). The vp—vac distribution of DL potential is
shown in fig. 5 ce. Within the limits of the experimental
errors a good agreement was observed between this result
end thet reffering to time potential drop variation cor-
responding to the same number of SS (fig. 4).

4. Conclusions

The presented experimental results shows that
when a short pulse modulates the discharge current an
electric double layer arrises at the cathode end of the
positive'column and propagates to the anode,

During the electric double layer propagates
towards anode, the locel potential distribution is mo-
difies, causing a changing of the standing striations'po-
sitions,

At the same time is has been observed (fig.2,4)
that the influence of the moving double layer on the stan-~
ding striations becomes stronger towards the anode in a
convective mode /6/.

References

1. S.Phau and A.Rutscher, Ann,Physik,6,244(1960)(in germ.)

2. D.Alexandroaie and M,Sanduloviciu, Rev.Roum.Phys.,24,
415(1979)( in germ.)

3. I.Langmuir, Phys.Rev.,33(1929),958.

4, N,A.,Kaptsov, Electricel phenomena in gases and vacuum,
Gostehizdat,Moscow,1950(in xussian).

5. E.Biddrdu, I.Popescu, Gaz ionisés , Dunod,Meridiane,
Bucarest, 1968,

6. ReJ.Briggs, Electron-Stream Interaction with Plasmas,
MIT-Press, Cambridge,MIT,1964.



243

ROLE OF THE DOUBLE LAYERS IN THE APPEARANCE OF SELF-
SUSTAINED OSCILLATIONS IN AN ELECTRIC CIRCUIT INCLUDING
A MAGNETIZED PLASMA

S. Talagman, M, Sanduloviciu
Faculty of Physics, "Al.I.Cuza"University,R-6600,IASI,
ROMANTA

In the following paper we present an eXperiment
by the help of which we have investigated the role of
double layers in the apparition of certain self-sustained
oscillations in a magnetized diffusing plasma., This expe-
riment wgs performed by using a device shown in figure 1.
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Fig. 1

We have usged a r.f, glow discharge as plasma
source., The so-obtained plasma has diffuged through a grid
in a magnetic field, forming a plasma column with a visible
diameter varying between 1-2 cm. As working gas we have
used air and hydrogen at a pressure of 6.10"3Torr. As one
can see in fig.l, the r.f. signal is applied between an
ignition electrode (I.E.) and the grid G on one hand and
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the drive electrode (D.E.) on the other hand., The grid G is

directly connected with the ground and the D.,E. has a

ground connection only for the r.f. component of the current.

Gy is a r.f. generator able to yield a maximum power of 70 W

at a frequency of 30 MHz. G2 represents a generator which

can provide a sinusoidal or rectangular signal, with adjus-
table frequency. The plasma is obtained in the region bet-
ween the grid G and the I.E, The grid is made of stainless

steel and it has a 45% transparence factor. The D,E, 18 a

cylinder and the I.E. is a plate both made of stainless

gteel, In the region between the plate P and G, the diffu-
sing plasma forms, due to the magnetic field, & controlled
diameter (depending on the magnetic field intensity) columm
with an adjustable length (between 45 cm and 60 cm), Begin-~
ning with the front of P, a tantalum cylindric probe(@=0,2mm)
may be displaced along a 20 cm distance. The configuration

of the external circuit and the type of experiment can be

chosen by the help of the changing switches Kl’K2'K3’K4' Thus
the Following driving modes are possible :

- without the external excitation of the ¢olumn, end this
way K3 is switched to the 4 position ;

- with the external excitation applied at the extremity of
the column and in this case K3 is switched to the 3 posi-~
tion and the generator G, is used. This way, different
positions for Kl and K2 may be obtained;

- with self-excitation, when K3 is switched to the 1 or 2
positions, K2 is switched to the 3 positlon and K1 to ome
of the 1 or 2 positlons.

In the latter driving mode we have obtained self-
sustained oscillations, whose frequency depends on the
coupling between Le and Lf. The frequency could also vary by
the help of an extermal capacitor Cv, connected either in
parallel or in series with the inductance L_ . A modification
of the oscillations amplitude is observed when P and (or) D, E.
are blased with respect to G, In fig. 2, the dependence of
1/u: on L and C isg plotteds The expermmental data can be
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explained by using an equivalent circuit, presented in fig.3.
Z1 and le represent the plasma columns' impedances between
I.E. and G on one hand and between G and P on the other hand.
The Cde capacitor corresponds to the proper capacitance of
the sheet of the plasma-D.E.system.

The capacitor C_ includes the capacitance of the
double layer formed in front of P and the capacitance of
gpace charge formed close to the grid G from which double
layers can detach. The results shown in fig. 2 permit to
determine the equivalent capacitance Cp, which is found to
be about 50 pF. The amplitude of the self-sustained oscil-
lations was 1,5 V and it dropped when the grid G was replaced
by & less fine one.
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As the experiment shows, the magnetized plasma
column between P ana G behaves like an energy source (E),
which sustains constant amplitude oscillations in a circuit
as the one in fige. 3. The fact that these oscillations can
appear even if there are no external sources of electric
energy in the circuit. leads to the idea that between P and G,
plasme column behaves as an energy source, This is equivalent
to considering that there is a region in the plasma column
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which behaves like a negative resistence, In order to render
evident this, a current-voltage dynamic characteristic (I.V.)
has been drewn by using the circuit resulting from the posi-
tioning of K1 switch in the 1 or 2 position and K2 in the

1 position and from the appliance of the signals from P and
R2 on the x and y inputs of an oscilloscope. We have obser-
ved that, as long as the column is not excited, the current-
voltage characteristic is the one in fig.4;.a. We can draw
the conclusion that there is no behaviour of negative resis-
tence. On exciting the column by the help of G, through the
D.E. electrode, the current-voltage characteristic becomes
the one in fig.4,b. We notice here the apparition of a be-
haviour of negative resistence,
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Fig. 4

This result may be explained as follows : the
region from the vecinity of grid G behaves like a potential
hole, in which there is & certain number of electric charges,
The shape of the potential hole may be modified through the
type of grid that has been used and the depth of the poten-
tial hole, relative to the rest of the plasma, may be modi-
fied by excitation performed either by the help of G2 or by
the help of Lf. In both cases we have an external excitation.
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When the depth diminishes, groupe of electric charges are
injected in the plasma column and from the vecinity of grid
G an electrical double layer is released and spread into
column towards the plate P, where it interacts with the
sheet laid in front of it. This way, a variation of the
potential through .he sheet in front of P takes place in the
moment that the double layer penetrates in the sheet., This
potential variation favours the appearance of new quantun
processes (therefore new charge bearers) which leads to a
collaps of the potential fall on the sheet in front of P.
Because the releasing of double layer formed in front of
grid G is triggered by the extermal circuit, the double
layers' coming period to the plate depends on the external
reactive elements, This can be observed using a photo-multi-
plier facing this region of the column through e light pipe.
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The same is observed from the region in the vecinity of the
grid. In the rest of the column the periodical glow pheno-
mens are weak, depending on the intensity of the magnetic
field and on the pressure. By the help of a moving electri-
cal probe S, we have made an eveluation of the double
layers' propagation velocity through the column. We have
found out that this velocity is of about 900 m/s for
frequencies of about 1,5 KHz., The velocity increases, ag
well as the frequency (fige5).
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THE SIMULATION OF PLASMA DOUBLE-LAYER STRUCTURES

Joseph E. Borovsky
Los Alamos National Laboratory
Los Alamos, NM 87545 USA

and

Glenn Joyce
Naval Research Laboratory

Washington, D.C. 20375 USA

Electrostatic plasma double layers are numerically simulated by means
of a magnetized 2 1/2-dimensional particle~in-cell method. The
investigation of planar double layers indicates that these one- dimensional
potential structruces are susceptible to periodic disruption by
instabilities in the low—potential plasmas. Only a slight increase in the
double-layer thickness with an increase in its obliqueness to the magnetic
field is observed. Weak magnetization results in the double-layer
electric-field alignment of accelerated particles and strong magnetization
results in their magnetié—field alignment. The numerical simulations of
spatially periodic two-dimensional double layers also exhibit cyclical
instability. A morphological invariance in two-dimensional double layers
with respect fo the degree of magnetization impiies that the potential
structures scale with Debye lengths rather than with gyroradii.
Electron-beam excited electrostatic electron-cyclotron waves and (ion—beam
driven) solitary waves are present in the plasmas adjacent to the double

layers.
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Uniformly magnetized plasma double layers are simulated on a two-—
dimensional grid, periodic in one direction and bounded by reserviors of
Maxwellian plasma 1in the other, an extension of previous numerics (Joyce
and Hubbard, 1978). Poisson’s equation is solved by means of a Fourier
transform in the periodic coordinate and a cubic spline in the other.
Fixing the elctrostatic potential on the boundary-reservoirs in various
ccnfigurations allows the simulation of either planar or two-dimensional

structures.

The structures of planar double layers oblique to externally generated
magnetic fields are found to be nearly identical with the structures of
field-aligned or unmagnetized double layers, an oblique double layer being
slightly thicker than a corresponding unmagnetized double layer., The
thicknesses of the simulated oblique double layers are not related to any
particle gyroradii. This 1is corroborated with solutions to Poisson’s
equation for variously magnetized plasmas (Borovsky, 1982) which yield
oblique double-layer scale sizes in terms of Debye lengths.

In certain instances planar double layers are observed to be
susceptlible to periodic disruption by an instability in the adj;cent
low-potential plasmas. As viewed in Figure 1, the disruption of an oblique
(6=60°) double layer is preceeded by the appearance of large amplitude
two-dimensional solitary pulses, the pulses always propagating in the
direction of the electron drift, against the ion beam. These pulses form,
and the double layers are disrupted, only i1f the low-potential plasmas are
of sufficient spatial extent. (Prior to disruption, the low-potential
plasma may be crowded with large amplitude solitary pulses, a point
measurement of the potential appearing to be an observation of low-
frequency electrostatic turbulence.) This same disruption phenomenon also
effects two—dimensional double layers, as will be discussed. In the
high-potential plasmas adjacent to the oblique double layers electron—beam
driven electrostatic electron cyclotron waves with amplitudes of 3-5 kBT/e

are observed.
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When strongly magnetized particles are accelerated through an oblique
double layer they obtain large velocity vectors parallel to the magnetic
field and become field-aligned beams. On the other hand, if the particles
are weakly magnetized, upon accelaration they obtain large velocity vectors
nearly parallel to the internal electric field of the double layer to
become double-layer—aligned beams. Thus there exists the posibility of
producing beams of magnetic-field-aligned electrons and beams of
non-magnetic-field-aligned ions emanating from opposite sides of an oblique
double layer. This may have implications on the satellite detection of

particles in the auroral magnetosphere (Borovsky and Joyce, 1982a).

The equipotential contours of a magnetized and an wunmagnetized
two-dimensional double layer may be viewed in Figure 2. Two-dimensional
double layers are found to be U-shaped structures, the shapes being nearly
independent of the strength of the external magnetic field, and the
thicknesses of the segments oblique to the magnetic fileld  Dbeing
approximately equal to the thicknesses of segments which are field-aligned,
both being approximately equal to the thicknesses of planar double layers
of the same potential Jump. These facts again indicate Debye-length
scaling for magnetized structures. This may be anticipated since planar
double layers were found to scale in terms of Debye lengths. Although
two-dimensional structures with the high— potential plasma on the concave
slde (positive structure) appear to be much the same as structures with the
low-potential plasma on the concave side (negative structure), they behave
quite differently when two structures are brought close together--the
ad jacent positive structures will merge while the negative structures will
not (Borovsky and Joyce, 1982b).

As was stated above, two-dimensional double layers are subject to
periodic disruption as are planar double layers, the instability again
being preceeded by the appearance of large amplitude solitary pulses in the
low-potential plasmas adjacent to the structures. This disruption leads to
a sudden increase in the flux of accelerated electrons emanating from the
double layer; such an enhancement should be detectable in the auroral zone
(Borovsky and Joyce, 1982a)., Langmuir waves are observed in the

high-potential plasmas adjacent to the structures, for high-potential
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plasmas of small spatial extent, the waves being confined to the region

containing the electron sheet beam.

As in the case of planar double layers, if particles are strongly
magnetized they are accelerated to become field aligned and if they are
weakley magnetized they are accelerated to obtain pitch angles nearly equal
to the obliqueness of the part of the two-dimensional double layer which
they traverse. In the auroral zone this may mean field~aligned sheet beams
of down—going electrons and non—-field— aligned beams of up—going ions, tﬁe
latitudinal extents of these ion beams being too narrow for proper

resolution by present satellites (Borovsky and Joyce, 1982a).
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FIGURES

FIGURE 1. The electrostatic potential along a cut through a planar
oblique double layer prior to disruption, the cut intersecting a solitary

pulse in the low—potential plasma. (Mass ratio=16)
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FIGURE 2. The equipotential contours of an unmagnetized (a) and a
magnetized (b) two-dimensional double layer simulation, the only parameter
differing being the magnetic field strength. In Figure (b) parallel and
perpendicular are relative to the mwragnetic-field direction, which is

vertical. (Mass ratio=16)

ZO0——-0MI—O0 rM>OPO

>
w

o 4
Wee® W o C

1 1 ! 1 1 " 1

0 8 16 24 32 40 45 56
PERPENDICULAR DIRECTION (x,)




255

DOUBLE LAYERS IN SPACE

P. Carlqvist
Royal Institute of Technology, Department of Plasma Physics,
S-100 44 Stockholm, Sweden

Abstract

For more than a decade it has been realised that electrostatic double layers
are likely to occur in space. We briefly discuss the theoretical background
of such double layers. Most of the paper is devoted to an account of the ob-
servational evidence for double layers in the ionosphere and magnetosphere of
the Earth. Several different experiments are reviewed including rocket and
satel 1ite measurements and ground based observations. It is concluded that the
observational evidence for double layers in space is very strong. The experi-
mental results indicate that double layers with widely different properties
may exist in space.

1. Introduction

The electrostatic double layer may now be considered a well-established phe-
nomenon in laboratory plasmas. During the last two decades a great number of
experiments have been performed showing that double layers of various types
can arise under widely different plasma conditions (including both magnetized
and non-magnetized plasmas) (see Torvén (1979), Torvén and Lindberg (1950),
and Sato (1982) and references therein). In some plasma experiments refined
equipment and technique have been required to study the double layers. In
other plasma experiments again (not primarily aimed for the investigation of
double layers) it has even been difficult to avoid the occurrence of double
layers.

From the study of cosmic plasmas it has been increasingly clear that such
plasmas do not usually differ in any fundamental way from the plasmas produced
in the laboratory. It is therefore reasonable to suppose that just as double
Tayers occur in laboratory plasmas they should also occur in cosmic plasmas.
In accordance with this view it has been suggested that double layers may ex-
ist in many cosmic sites such as in the solar atmosphere (A1fvén and Carlqvist,
1967; Carlqvist, 1969, 1979), in the ionosphere and magnetosphere of the

Earth (see references further on in this paper), in the magnetosphere of Jupi-
ter (Shawhan et al., 1975; Shawhan, 1976; Smith and Goertz, 1976), and in dou-
ble radio sources (radio galaxies; Alfvén, 1978). In the present paper we
shall restrict ourselves to discussing the possible occurrance of double lay-
ers in the ionosphere and magnetosphere of the Earth. The emphasis will be on
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the observational evidence of such double layers as obtained from the ground,
from rockets, and from satellites. First, however, we shall briefly consider
some theoretical aspects of double layers in space.

2. Theoretical background

The cosmic plasma that is most easily accessible to direct study is the plas-
ma in the ionosphere and magnetosphere of the Earth. It is also in this plas-
ma we at present find the strongest indications of the existence of cosmic
double Tayers. Already at the end of the fifties Alfvén (1958) suggested that
structures similar to double layers might occur in the upper ionosphere. The
structures considered by Alfvén are of the same type as the double layers
studied experimentally by Schonhuber (1958) and Crawford and Freeston (1963)
separating two plasmas of different temperatures and densities.

In more recent time the possibility of icnospheric and magnetospheric double
layers has attracted an increasing interest. especially in connection with the
question of how auroral particles are acceicrated. Measurements show that au-
roral electrons often precipitate along the magnetic field Tines with their
energies peaked in the interval s~ 1-10 keV. The energies of the electrons usu-
ally reach a maximum in the middle of the precipitating region, typically hav-
ing a width of =~ 50 km, thus giving rise to what is known as an "inverted V-
-structure" (Frank and Ackerson, 1971; Gurnett, 1972).

Several mechanisms, most of which being founded on parallel electric fields,
have been proposed to explain how auroral particles are accelerated (see e.q.
Falthammar, 1977, 1978; Meng, 1978). One of the most interesting of these me-
chanisms is constituted by the double layer (Block, 1969, 1972a, 1975, 1978;
Akasofu, 1969; Kan et al., 1979, Goertz, 1979). The auroral particles may be
accelerated either in one step by a single double layer or in several steps
by many double layers in series. An example of an jonospheric-magnetospheric
current system containing a double layer is illustrated in Figure 1 (Alfvén,
1977). Here electrons are accelerated downwards producing auroras at lower
levels while ions are acceierated upwards. A two-dimensional model of an ion-
ospheric double Tayer has been studied by Wagner et al.(1980) using computer
simulation methods.

To be able to satisfactorily describe the formation of a double layer in a
plasma it is necessary to take into account the whole electric circuit con-
taining the double layer (see Alfvén, 1977, 1981). The reason for this is that
the external circuit determines the electric boundary conditions of the double
layer. An example of a simple equivalent circuit including a voltage source,
an inductance, a resistance,and a double layer is shown in Figure 2 (cf. Fig-
ure 1). In such a circuit the double layer may be considered a load which has
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Central \ C
Body W

Fig.1. Example of a current loop passing through the ionosphere and
magnetosphere of the Earth. The current, which is driven by an elec-
tromotive force, mainly produced by plasma motions at C, may give
rise to one or more double Tayers, D (Alfvén, 1977).

to be supplied with energy by a generator. (The generator may consist of a
voltage source, an inductance, or both.) Among other things this implies that
the potential drop in the double layer cannot be an isolated phenomenon but
must exist also in the plasma outside the layer. Hence it is clear that the
equipotential surfaces inside the double layer must continue in the surround-
ing plasma as well. A set of possible equipotential configurations in and
around an ionospheric double layer is shown in Figure 3 (Block, 1969). It
should be noticed, however, that if there is an inductive generator present
in the circuit the equipotential surfaces cannot penetrate into the generator
region since the concept of potential does not apply there.

Double
layer

N
L%

-

|t
'l-

Voltage
source

Fig.2. Examp]e of a simple electric circuit containing a double lay-
er in series W1th a voltage source, an inductance, L, and a res1stance,
R. A current, I, flows in the C1rcu1t
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Fig.3. Four possible configurations of equipotential surfaces in
and around ionospheric double Tayers (Block, 1969).

An interesting by-product of the double layer is the drift motion of the plas-
ma surrounding the layer. The electric field, E, which exists in the plasma
outside a double layer will together with the magnetic field, B, give rise to
drift motions of the plasma, vy = E X §/82. Both rotary motions and shearing
motions are conceivable (Carlqvist, 1969, 1979; Carlqvist and Bostrom, 1970).
As we shall see later on (Section 3) this drift motion may help to reveal the
presence of double layers in the ionosphere and magnetosphere.

An important point to explain is under what conditions double layers can be
formed in the ionosphere and magnetosphere. Laboratory experiments together
with theoretical investigations and computer simulations indicate that there
are at least two main mechanisms which can lead to double layers.

First, double layers may be formed as the result of some current dependent in-
stability, e.g. the two-stream instability, or the jon-acoustic instability
(A1fvén and Carlqvist, 1967; Babi¢ and Torvén, 1974; Torvén and Babi&, 1975,
1976; Goertz and Joyce, 1975; DeGroot et al., 1977; Sato and Okuda, 1980,
1981; Belova et al., 1980; Raadu and Carlqvist, 1981). Strong magnetic-field-
-aligned currents (i//B) with current densities of more than ‘IO'5 Am'2 have
been observed in the plasma above the auroral region (Zmuda et al., 1966, 1967;
Vondrak et al., 1969; Cloutier et al., 1970; Armstrong and Zmuda, 1970). The
field-aligned currents, which often seem to be concentrated to thin sheets
situated inside the inverted V-regions, might be sufficiently strong to ini-
tiate instabilities with accompanying double 1ayers in the plasma.
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Secondly, double layers may be formed to adapt two current-carrying plasmas of
different properties to one another, Such double layers have, as mentioned
above, been considered theoretically by Alfvén (1958) and experimentally by
Schonhuber (1958) and Crawford and Freeston (1963). More recently Lennartsson
(1978a,b) has in some detail investigated how double layers of a similar type
may be formed in the magnetosphere. He considers a current loop connecting
the hot magnetospheric plasma with the cold jonospheric plasma (cf. Figure 1).
In part of the circuit the current is field-aligned. For this field-aligned
current to flow from the ionosphere to the magnetosphere a large potential
drop is required. This is a consequence of the magnetic mirroring of the elec-
trons carrying most of the current. Normally the plasma must be quasi-neutral,
otherwise excessively high electric fields would be generated. However,
Lennartsson finds that quasi-neutrality is possible in most of the plasma on-
ly if the potential makes a sudden jump in the part of the loop carrying up-
ward field-aligned currents. Lennartsson identifies this potential jump with

a double layer.

3. Observational evidence of double layers in space

About ten years after Alfvén's suggestion of double layers in the ionosphere-
-magnetosphere of the Earth, the first measurements indicating the existence
of such layers were performed. By means of a rocket probe reaching a height of
about 250 km Albert and Lindstrom (1970) studied the pitch-angle distribution
of electrons in the jonosphere above a visible aurora (angular resolution

~ 0.59). At heights ranging from 180 km to 240 km they found that the flux of
electrons (with energies peaked around 10 keV) exhibited several troughs and
peaks in the pitch angle interval = 779-103°9, Albert and Lindstrom interpreted
the flux variations as being caused by ijonospheric double layers. Their argu-
ments were as follows: Assume that a precipitating electron is spiralling
around the magnetic field 11ne$ of strength, By, at a pitch angle of, o and
with the energy w1 when a double layer of potential drop, ¢DL’ is encountered
(see Figure 4a). When the electron passes the double layer it gains the ener-
ay, e¢DL, so that the total energy of the electron below the double layer is

Wy = Wy +edp . (1)
Under the assumption that the magnetic moment of the electron is conserved

W
p o= 753 = const. , (2)

we then have
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Fig.4.(a) Schematic picture of an electron spiralling down the mag-
netic field, B. At an altitude of about 300 km, where the pitch
angle and energy of the electron are o and Wy respectively, the
electron encounters a double layer which accelerates it. At some
position below the double layer the pitch angle and energy are aq
and Wg respectively. (b) Idealized picture of the pitch angle dis-
tribution of electrons below a double layer. The injected electrons,
which have passed the double layer, have pitch angles only below a
certain 1imit (in this example 770). In the interval between this
Timit and 900 quasi-trapped electrons are found (after Albert and
Lindstrom, 1970).

. 2 . 2
W1S1n 0y i WOSTH o, (3)
B, B,
where B, is the strength of the magnetic field and o, is the pitch angle of
the electron at the position of the rocket below the double layer. From Equa-
tions (1) and (3) we find
2 B edpL 2

a0 =-=2(1-—=) sin ay . (4)

sin
° B1 wo

Equation (4) shows that the pitch angle, o> has a maximum value o
Putting oy = 90° we get

omax’

B e
.2 _ 0 _ DL
sin d,c max - E{ (1 wo )

. (5)

Hence, it is clear that there must be a .region of void in the interval

ublnax'< o, < 90° as regards the injected electron flux (see Figure 4b).

An important effect of the double layer is to lower the magnetic mirrorvpoint
of the precipitating electrons. As a result of this, enhanced scattering of
~ the electrons will take place. Some of the scattered electrons are quasi-trap-
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ped in a region limited by the mirror point and the double layer. The quasi-
-trapped electrons are found in the pitch-angle interval %o max to 90° (see
Figure 4b). Albert and Lindstrom identified the experimentally observed
troughs in the pitch-angle distribution with the flux minimum at o shown

0 max

in Figure 4b.

If we differentiate Equation (5) and eliminate egp. Wwe obtain

B

_Q__-Z 0 . 2

B, - sin“og oo+ W, W (sin®a .0 . (6)

Inserting the observed variation of aomaxvﬁth wo into this equativa Albert

and Lindstrom could determine the value of BO/B1 and, hence, the level at which
the double layer occurred. By means of Equation (5) the potential drop, IR
could furthermore be settled. Albert and Lindstrom found that fits to the ex-
perimental data indicated the presence of three double layers at altitudes of
about 250, 270, and 280 km. The potential drops derived for these layers were
80, 160, and 160 V respectively.

Indications for the presence of double layers above the auroral zone has also
been given by Carlqgvist and Bostrom (1970). Using TV-recordings made from the
northern hemisphere they studied the motion of auroral irregularities near the
magnetic zenith. Occasionally the irregularities were seen to stream in oppo-
site directions giving the impression of elongated whirls. The sense of rota-
tion was counter-clockwise and the duration of the phenomenon amounted to a few
seconds only. The corresponding velocities were in the range 4-20 knls'1and

the width of the region in which the streaming could be seen was about 10 km.
Carlgvist and Bostrbm'suggested that the whirling motions observed might be
caused by magnetospheric double layers. They considered a model of a thin cur-
rent slab containing a double layer and carrying magnetic-field-aligned cur-
rents upwards from the jonosphere to the magnetosphere (see Figure 5). Inside
the double layer the equipotential surfaces are densely packed while crossing
the magnetic field 1ines. Outside the layer the equipotential surfaces must be
mainly parallel to the magnetic field because of the high parallel conductivi-
ty of the ambient plasma (Block, 1969). It is furthermore assumed that the sur-
faces are bent upwards as a result of the short-circuiting effect of the lower
jonosphere. Hence, there is an electric field directed inwards towards the
centre of the current slab in the plasma above the double layer. This electric
field, together with the magnetic field, gives rise to drift motions of the
plasma, V4 = EX E/Bz; above the layer. The drift motions, which are oppositely
directed in both halves of the slab, are projected downwards on the jonosphere
by means of -the electrons accelerated in the double layer. Hence, the ionosphe-
re acts as the screen of a cathode ray tube on which the motions of irregulari-
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|
! Fig.5. Schematic cross-section of a current
E E e P
15 | +EF slab containing a double layer. The equipo
| I tentials (dashed curves) are bent upwards 2
l | and hence there are drift motions, v ,=ExB/B%,
i { in the plasma above the double layer. Inho-

mogeneities in this plasma are projected
kf~::qf;«fj Tt downwards as moving auroral irregularities

by means of the electrons accelerated in
the double layer.

i~o| i liso

ties in the plasma above the double layer can be observed.

From the observed velocities of the auroral irregularities and the width of
the streaming region it was possible to estimate the potential drop across the
double layer. Using the values quoted above a potential drop of about 1-5 kV
was obtained.

Assuming the current direction in the slab to correspond to an electron aurora
the sense of rotation of the auroral irregularities, as seen from below, should
be counter-clockwise in the northern hemisphere just as found from the TV-re-
cordings. In the southern hemisphere the sense of rotation should be the oppo-
site. Such a change of the sense of rotation with the sign of the latitude has
in fact been detected by Hallinan and Davis (1970). When studying a great num-
ber of small-scale auroral structures called curls they found that these struc-
tures, as seen from below, rotated counter-clockwise in the northern hemisphe-
re and clockwise in the southern hemisphere.

It should be noticed that the observations of the whirling auroral irregular-
ities do not prove the existence of magnetospheric double layers. The observa-
tions only indicate that there are strong electric fie]ds present above the mo-
ving auroral forms observed. These electric fields might in principle be gener-
ated by some other mechamism such as, for instance, anomalous resistivity.
There are, however, good arguments that speak in favour of the double layer

as the cause of the electric fields. The double layer should for instance
accelerate an electron flux downwards producing a fairly monoenergetic peak.
Such electron fluxes are often observed in connection with auroral arcs. The
anomalous resistivity should primarily give rise to a strong local heating of
the magnetospheric plasma.

- o o ey o o b -

During the last decade additional measurements have been performed which sup-
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port the idea that double layers occur in the magnetosphere. Thus Wescott et
al. (1976a,b) and Haerendel et al. (1976) have studied electric fields in the
magnetosphere by means of artificially injected barium plasmas. During the
second of two barium plasma experiments (the Skylab beta experiment) Wescott
et al. found that the barium plasma first formed one streak which drifted mag-
netically eastward. About 15 minutes after injection the streak was observed
to brighten and to split into multiple streaks above an altitude of hs 5500 km
{see Figure 6). The various streaks drifted apart with high velocities (15 kn g
at 9000 km altitude corresponding to a perpendicular electric field,

E_L s~ 50 me_1), and after some five minutes they had diffused and could no
longer be detected. A1l that remained was the original streak truncated near

h = 7600 km. It is to be noticed that below an altitude of about 5500 km the
streak did not split up or show any appreciable variation of intensity. From
the upward motion of the truncated streaks it was concluded that the barium
ions had gained an energy of at least 34 eV (from ~ 11 eV to > 45 eV) parallel
to the magnetic field.

Skylab B

E+ig™

0.20 A/m .
64.8°N, 132.5°W

Fig.6, TV-frame of barium streaks at 16 minutes after injection
(Wescott et al., 1976). The superimposed solid curve represents a
theoretically derived magnetic field line. To obtain a good fit it
was assumed that there existed a field-aligned upward sheet current
of 0.2 Am-1, oriented magnetically east-west. Altitudes are shown on
one side of the curve instantaneous streaming velocities on the oth-
er. Notice the lack of low-altitude continuation of the streaks on
both sides of the main streak.
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The injection of the barium plasma took place at the expansive phase of a mag-
netic substorm when the AE index was about 400 y. At the time of the splitting
the projection of the flux tube of the streak on the 100 km level coincided
with the poleward boundary of a diffuse aurora. The boundary was interpreted
to be an eastward-drifting omega band (Akasofu, 1974). Comparison of the ap-
pearance of the streak and the appearance of theoretically calculated magne-
tic field Tlines showed that a good fit could be obtained only if there was an
upward field-aligned sheet current of the magnitude ~ 0.2 Am"1
of the streaks (or downward north of the streaks).

present south

Wescott et al. proposed that their observational results could be interpreted
in terms of a double layer according to either of the models shown in Figures
7a and 7b. In Figure 7a the solid curves represent the equipotential surfaces
in and around a double layer as suggested by Block (1972b)(cf. Figure 3) while
in Figure 7b the solid curves represent the equipotential surfaces as given

by Swift et al. (1976). In both the figures the poteitial gradient is directed
away from the axis of symmetry. The dashed-dotted Tines illustrate the schemat-
ic location of the barium flux tube. If it is assumed that the double layer
occurred at an altitude of about 5500 km these models may explain the rapid
drift motion of the upper part of the barium streak and the upward accelera-
tion of the barium ions. Furthermore, there should be no or little drift mo-
tion below the double Tayer.

By means of two similar barium plasma experiments Haerendel et al. (1976) in-
vestigated the electric fields in the magnetosphere under relatively quiet
magnetic conditions. In the first of these experiments the barium plasma was
jnjected along the magnetic field lines from an altitude of about 600 km. The

U

Fig.7 (a) Equipotentials in and around
B a double layer situated in a current
sheet (Block, 1972b). (b) Equipotential
model for an auroral arc (Swift et al.,
1976). In both pictures the dashed-
-dotted lines represent the position of
%he ?arium flux tube (Wescott et al.,
976). —

QBu flux tube —u—1

4+ auroral
sbszl ionosphere
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Fig.8. Observed upward motion of the upper

4 tip of the barium jon jet (filled triangles)
on Dec.17, 1974. The solid curve shows the
adiabatic path of an ion with initial veloc-
ity 12.6 kms=1 parallel to the magnetic

7000 |

e I field while the dashed 1ine represents a
velocity of 19 kms-1. The deviation of the
data from an extrapolation of the dashed

5000 | . line at altitudes above ~ 6000 km is due to
decreasing brightness of the jet (Haerendel

£ et al., 1976).
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altitude of the upper tip of the barium jet was registered and is shown ver-
sus time in Figure 8. Here the solid line represents the theoretically cal-
culated adiabatic motion of the barium ions (i.e. motion only governed by the
Lorentz and gravitational forces) when released with the actually observed
initial speed. As is evident from the figure the barium ions followed the adi-
abatic path quite well below an altitude of ~ 2500 km. However, above this
altitude there is a strong deviation from the adiabatic path with the parti-
cles moving upwards with a substantially increased velocity. The increase of
the velocity corresponds to a gain of energy of the barium ions of 190 eV. At
the time of the acceleration of the barium jet only a diffuse red aurora was
observed in the area of interest. No auroral arc. was visible underneath the
barium jet,

In the second experiment the barium jet consisting of two major streaks (the
splitting into these had occurred immediately after injection) was first
found to follow an adiabatic path (the injection angle was 1800 - 410 = 1390
with respect to the direction of the magnetic field). About 11.5 minutes af-
ter injection one of the streaks started to move upwards with a much enhanced
speed (see Figure 9 upper part). When the acceleration started the tip of the
streak had reached an altitude of ~ 7500 km. Despite of observational diffi-
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culties it could be concluded that the speed increased by roughly one order
of magnitude from a value near 10 kms~! before the acceleration up to

~ 100 kms-1 after. This increase of the velocity corresponds to a free fall
of the barium ions through a potential drop of ~ 7.3 keV. At the same time as
the acceleration of the jet took place a lTow-altitude barium cloud, that had
settled at a height of ~ 260 km, was activated showing a sudden increase of
the transverse electric fields from~ 15 mVm™' to ~ 140 mVm™|
Tower part).

(see Figure 9,

During most of the first phase of the experiment no auroral arcs were observed
in the neighbourhood of the magnetic field lines occupied by the barium jet.
However, at the onset of the upward acceleration of the barium jons, 11.5 mi-
nutes after injection, bright auroral arcs appeared in the general area of
the projected jet.

Haerendel et al. were not able to conclude whether the electric fields that
accelerated the barium ions upwards were caused by double layers, plasma tur-
bulence or other mechanisms. The main reason for this was that the integration
time of the TV-pictures showing the streaks was too long to permit a determi-
nation of whether the potential drops were sharp or more distributed.

3.4 Satellite measurements

- - - T S Gy T - B S -

Further evidence for the occurrence of double layers in the magnetosphere
comes from direct (in situ) measurements of the electric field made

on board the S3-3 satellite (Mozef'ggfgl.; 1977 ; Temerin et'al., 1982).
Mozer et al. found that when the satellite crossed the auroral zones at alti-
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tudes in the range, 2000-8000 km, strong electric fields of up to ~ 0.5 T

occasionally occurred. The electric fields were predominantly oriented per-
pendicular to the magnetic field, but sometimes the parallel component could
be as large as or larger than the perpendicular components (see Figure 10).
In the events shown by Figure 10 the parallel electric field is of the order
of several hundred mym~! and directed away from Earth.

The enhanced electric fields were generally detected in limited regions having
an extension of up to a few tens of kilometres along the path of the satellite.
In such regions the perpendicular component could switch from one direction to
the reverse with a number of spikes superimposed. However, usually the doub]e-'
-structure of the electric field pattern was not so clear as in Figure 10. The
typical potential drops estimated from the measured electric field were of the
order of a few kilovolts. In the general area surrounding the region of en-
hanced electric field it was mostly observed large magnetic-field-aligned cur-
rents (> 10'6 Am'z), electrostatic waves (identified as ion~cyclotron waves),
and upflowing jons with energies of a few kilovolts.,

Mozer et al. interpreted their observational results in terms of oblique dou-
ble layers (or electrostatic shocks as they call them) similar to the oblique
double layer studied theoretically by Swift (1975). This kind of layer strong-
1y depends on the presence of a magnetic field and has a thickness of several
jon gyro-radii. Later Shawhan et al. (1978) have pointed out that the intense
electric fields observed might equally well be due to ordinary double layers
of the same type as those shown in Figures 5 and 7a.

Recently Temerin et al.(1982) have drawn attention to new results of the
electric field measurements made on board the S3-3 satellite. The measure-
ments reveal two types of structures which primarily appear in the parallel
component of the electric field, Ey. First there are structures denoted DL
(see Figure 11) which predominantly consist of one polarity. The polarity is
such as to accelerate ions upwards and electrons downwards. Secondly, there
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~are structures denoted SW (see Figure 11) consisting of two opposite polari-
ties of approximately equal magnitude. Both the DL and SW structures of E, are
characterized by an amplitude typically not greater than 15 me'1 and a dura-
tion of about 2-20 ms., As may be seen from Figure 11 the structures of E, have
Tittle or no correspondence in the perpendicular components. These latter com-
ponents chiefly reveal electrostatic ion cyclotron waves and low frequency
noise. Thus it is clear that the DL and SW structures differ appreciably from
the electric field measurements reported earlier by Mozer et al. (1977).

The DL and SW structures were mainly observed in the dusk sector of the auro-
ral zone at altitudes above 6000 km. Here, events consisting of 10 to 400 sep-
arate DL and SW structures were fairly common. The typical spatial scale of
the events corresponded to ~ 19 invariant latitude. In the general region
where the events occurred there were upward-directed field-aligned currents
with a current density of s 1077 Anfz, intense beams of upward moving 0.5 keV
ions, and large fluxes of downgoing 0.5 keV electrons. Associated with the
events were also electrostatic ion-cyclotron waves and a depletion of the
electron density. '

Temerin et al. interpreted the DL structures as being caused by double layers
and the SW structures as being due to solitary waves. From rather uncertain
estimates of the difference of the onset times of the DL structures measured

by two sets of double probes (the error was of the same magnitude as the quan-
tities measured) Temerin et al. claimed that the velocity of the double lay-
ers along the magnetic field lines and relative to the spacecraft was }50 hns'1.
Combining this velocity with a typical duration of the DL structures of 4 ms
they found that the length scale of the double layer parallel to the magnetic
field was »200m. Hence, with a parallel component of the electric field,

E; ~ 10 me'1 the potential drop across each of the double layers should be
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of the order of a few volts or more.

Temerin et al. also found that during an event the DL structures occupied ap-
proximately 5% of the total time. Since in the structures Ey ~ 10 man1, this
implies that the average parallel electric field was ~ 0.5 me'1. Such an elec-
tric field, distributed over an altitude interval of =~ 1000 km, would give a
potential drop of 0.5 kV corresponding to the particle energies observed.
Temerin et al. suggested that many small double layers in series, distributed
along a magnetic field line, might account for kilovolt potential drops and

for acceleration of auroral particles.

4. Conclusions

The observations described in Section 3 clearly demonstrate that strong elec-
tric fields, with both parallel and perpendicular components of up to at least
0.5 Vm-1, exist in the ionosphere and magnetosphere of the Earth. It has been
found that these fields can give rise to potential drops as large as about
seven kilovolts. In some cases it has also been possible to establish that the
potential drops are limited to fairly small distances along the magnetic field
lines. Shawhan et al. (1978) and Goertz (1979) have pointed out that the dou-
ble layer seems to be the only mechanism that is capable of producing the
strongest electric fields observed (> 100 me'1). Taking this argument and
all the observational material reviewed above into account we must conclude
that there is now very strong evidence for the existence of double layers in
the ionosphere and magnetosphere.

It may be of some interest to compare the various observations indicating
ionospheric and magnetospheric double layers in order to see in what respects
they are similar and in what respects they differ. If we first consider the
electric field, which is the quantity most carefully measured, we find that
it varies within wide Timits. Both the parallel component and the perpendi-
cular component of the field cover the interval =~ 1-1000 me'1 (see Table I).
Table I reveals that also the time periods during which the electric fields
are observed and the total potential drops inferred vary considerably in bet-
ween different observations. Thus the time periods range from a few milli-
seconds to about one minute while the potential drops range from some volt

to many kilovolts. Further, the altitudes at which the potential drops bccur
are found in the interval h ~ 250-8000 km. |
Although the quantities discussed above are subject to large spreads the var-
jous experimental results also exhibit severa1,common features. In all cases
where it has been possible to estimate the predominant direction of the
parallel electric field it has been such as to accelerate electrons downwards ;
and positive ions upwards. Furthermore, enhanced magnetic-field-aligned cur-



270

Table I
Electric Total ' Height of |Time during [Association
References fields potential | potential which elec- with
measured drops drops tric field auroras
inferred is observed
Albert ppr~ 80 V| he 250 km _
and 26~ 160 V| h e 270 kn Visible
Lindstrom, 26 ~ 160°V | h ~ 280 km aurora
1970
Carlqvist EJ_ ~ 0.2-1 ;
and vm! pro- |A¢ ~ 1-5 kV A few Evening
Bostrom, | jected on seconds aurora
1970 h = 100 km
Wescott | E =50V’ Of the | Boundary
et al., at 86 >34V |h w5500 km| order of |°F diffuse
1976 h ~ 9000 km minute aurora:
Omega band
Haerendel Diffuse
et al., A &~ 190 V | h ~ 2500 km red
1976 aurora
EJ_N 140 Bright
-" - v m-] at Ap ~ 7.3kV|h ~ 7500 km auroral
h ~ 260 km arcs
eyl
Mozer E; ~0.5 Vl[l-1
at h~2000- 8000 km auroral
1977
8000 km zone
: Ewrs 15 MV
Temerin - " -
et al., E, K Eq Ap 22 V. h ~ 6000- 2-20ms - " -
1982 at h ~ 6000- 8000 . km
8000 km
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rents have often been observed in connection with parallel electric fields.
Another common feature of the observations is that the electric fields re-
corded mostly seem to be positively correlated with auroral activity (and/or
the auroral zones).

From what has been said above we can infer that the various observations are
qualitatively rather similar but quantitatively very dispersed. This indi-
cates that double layers having different properties are present in the iono-
spheric and magnetospheric plasmas. It is possible that the observations dis-
played in Table I may be divided into two or more distinct groups, each re-
presenting double layers having roughly the same parameter values. Whether
such a division has any physical significance has, however, to await further
investigations.

Acknowledgements

I wish to thank Professor C.~G. Fdlthammar for reading the manuscript and for
giving valuable comments.

References

Akasofu, S.-I.: 1969, Nature 221, 1020.

Akasofu, S.-I1.: 1974, Space Sci. Rev. 16, 617.

Albert, R.D. and Lindstrom, P.J.: 1970, Science 170, 1398.

Alfvén, H.: 1958, Tellus 10, 104.

Alfvén, H.: 1977, Rev. Geophys. Space Phys. 15, 271.

Alfvén, H.: 1978, Astrophys. Space Sci. 54, 279.

Alfven, H.: 1981, Cosmic Plasma, Reidel Publ. Co., Dordrecht, Holland.
Alfvén, H. and Carlgvist, P.: 1967, Solar Phys. 1, 220.

Armstrong, J.C. and Zmuda, A.J.: 1970, Trans, AGU 51 (4), 405.

Babi¢, M. and Torvén, S.: 1974, TRITA-EPP-74-02, Dept of Plasma Phys., Royal
Inst. of Tech., Staockholm, Sweden.

Belova, N.G., Galeev, A.A., Sagdeev, R.Z., and Sigov, Yu.S.: 1980, JETP Lett.
31, 518.

Block, L.P.: 1969, Rep. No. 69-30, Depts of Electron and Plasma Phys., Royai
Inst. of Tech., Stockholm, Sweden. Paper presented at the Ninth Int.
Conf. on Phenomena in Ionized Gases, Bucharest, Rumania, September, 1969.

Biock, L.P.: 1972a, in B.M. McCormac (ed.), Earth's Magnetospheric Processes,
Reidel Publ. Co., Dordrecht, Holland, p. 258.

Block, L.P.: 1972b, Cosmic Electrodynamics 3, 349.

Block, L.P.: 1975, in B. Hultqvist and L. Stenflo (eds.), Physics of the Hot
Plasma in the Magnetosphere, Plenum Press, New York, London, p. 229.

Block, L.P.: 1978, Astrophys. Space Sci. 55, 59.
Carlqvist, P.: 1969, Solar Phys. 7, 377.
Carlqvist, P.: 1979, Solar Phys. 63, 353.




272

Carlqvist, P. and Bostrom, R.: 1970: J. Geophys. Res. Z§, 7140,

Cloutijer, P.A., Anderson, H.R., Park, R.J., Vondrak, R.R., Spiger, R.J., and
Sandel, B.R.: 1970, J. Geophys. Res. 75, 2595.

Crawford, F.W. and Freeston, I.L.: 1963, VIe Conférence Internationale sur les
Phénoménes d'lonisation dans les Gas, Paris, Vol.I, p. 461.

DeGroot, J.S., Barnes, C., Walstead, A.E., and Buneman, 0.: 1977, Phys. Rev.
Letters 38, 1283. -

Falthammar, C.-G.: 1977, Rev. Geophys. Space Phys. 15, 457.
Falthammar, C.-G.: 1978, J. Geomagn. Geoelectr. 30, 419.

Frank, L.A. and Ackerson. K.L.: 1971, J. Geophys. Res. 77, 4116.
Goertz, C.K.: 1979, Rev. Geophys. Space Phys. 17, 418.

Goertz, C.K. and Joyce, G.: 1975, Astrophys. Space Sci. 32, 165.

Gurnett, D.A.: 1972, in E.R. Dyer (ed.), Critical Problems in Magnetospheric
Physics, Inter-Unjon Committee on Solar-Terrestrial Physics, National Aca-
demy of Sciences, Washington, D.C., p. 123.

Haerendel, G., Rieger, E., Valenzuela, A., Foppl., H., Stenbaek-Nielsen, H.C.,
and Wescott, E.M.: 1976, in European Programmes on Sounding-Rocket and
Balloon Research in the Auroral Zone, Rep. ESA-SPT15, European Space Agency,
Neuilly, France.

Hallinan, T.J. and Davis, T.N.: 1970, Planet. Spave Sci. 18, 1735.
Kan, J.R., Lee, L.C., and Akasofu, S.-I.: 1979, J. Geophys. Res. 84, 4305.

Lennartsson, W.: 1978a, TRITA-EPP-78-08, Dept of Plasma Phys., Royal Inst. of
Tech., Stockholm, Sweden.

Lennartsson, W.: 1978b, J. Geomagn. Geoelectr. 30, 463.
Meng, C.-I.: 1978, Space Sci. Rev. 22, 223.

Mozer, F.S., Carlson, C.N., Hudson, M.K., Torbert, R.B., Parady, B., Yatteau,
J., and Kelley, M.C.: 1977, Phys. Rev. Letters 38, 292.

Raadu, M.A. and Carlgvist, P.: 1981, Astrophys. Space Sci, 74, 189.
Sato, N.: 1982, in the present volume.

Sato, T. and Okuda, H.: 1980, Phys. Rev. Lett. 44, 740.

Sato, T. and Okuda, H.: 1981, J. Geophys. Res. 86, 3357.

Schonhuber, M.J.: 1958, Quecksilber-Niederdruch-Gasentladungen, Lachner,
Miinchen.

Shawhan, S.D.: 1976, J. Geophys. Res. 81, 3373.

Shawhan, S.D., Goertz, C.K., Hubbard, R.F., Gurnett, D.A., and Joyce, G.: 1975,
in V. Formisano (ed.), The Magnetospheres of Earth and Jupiter, Reidel Publ.
Co., Dordrecht, Holland, p. 375.

Shawhan, S.D., Fdlthammar, C.-G., and Block, L.P.: 1978, J. Geophys. Res. 83,
1049.

Smith, R.A. and Goertz, C.K.: 1976, J. Geophys. Res. 83, 2617.
Swift, D.W.: 1975, J. Geophys. Res. 80, 2096.

Swift, D.W., Stenbeak-Nielsen, H.C., and Hallinan, T.J.: 1976, J. Geophys.
Res. 81, 3931. ' ‘

Temerin, M., Cerny, K., Lotko, W., and Mozer, F.S.: 1982, submitted for bub-” S
lication to Phys. Rev. Lett. - .




273

Torvén, S.: 1979, in P.J. Palmadesso and K. Papadopoulos (eds.), Wave Insta-
bilities in Space Plasmas, Astrophysics and Space Science Book Series,
Reidel Publ. Co., Dordrecht, Holland, p. 109.

Torvén, S. and Babi&, M.: 1975, in J.G.A. Holscher and D.C. Schram (eds.),
Proc. 12th Int. Conf. on Phenomena in Ionized Gases, American Elsevier
Publ. Co., New York, p, 124.

Torvén, S. and Babi¢é, M.: 1976, IEE 4th Int. Conf. on Gas Discharges, Swansea,
Conf. Publ. No 143, p. 323.

Torvén, S. and Lindberg, L.: 1980, J. Phys. D: Appl. Phys. 13, 2285.
Vondrak, R.R., Anderson, H.R., and Spiger, R.J.: 1969, Trans AGU 50, 663.

Wagner, J.S., Tajima, T., Kan, J.R., Leboeuf, J.N., Akasofu, S.-I., and
Dawson, J.M.: 1980, Phys. Rev. Lett. 45, 803,

Wescott, E.M., Stenbaek-Nielsen, H.C., Davis, T.N., and Peek, H.M.: 1976a,
J. Geophys. Res. 81, 4