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A comprehensive nuperical study of ion acoustic double
layers has been performeu for both periodic as well as for
nonperiodic systems by means of one-dimensional particle
simulations. Yor @ nonperiodic system, an external battery and a
resistance are used to model the wagnetospheric convection
potential and the ionospheric bedersen resistance. 1t is found
that the number of double layers and the associated potential
builuup across the system increases with the system length. The
protential jump Adp across a single double leyer is approximately
edpp/le ® 1 and the distance between two consecutive double
layers is typically 1000 Debye length where e and T, are the
¢lectronic charge and temperature., There is little interaction
almony double layers and each double layer behaves almost
independently from the others, The maximum increase of plasma
enerqy Lhrgugh the enhanced resistance associated with double
layer formation is found about 15% of the initial plasma energy
for the parameters used in the simulations. The resistivity
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takes its maximum value at the instance when the double layers
are just formed and then drops to almost 2zero afterwards
indicating the presence of a super conducting phase due to the
formation of quasistable Bernstein-Green-Kruskal type
eyuilibrium, The equilibrium is, however, unstable with resgpect
to the emission of ion acoustic solitons and the double layers
eventually decay as the solitons carry the energy away from the
double layers propagating through a plasma toward the downstrean

direction.
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I. INTRODUCTION

rt is widely accepted that auroral electrons must be &
product of parallel electric Eiélds. In fact, there are several
observations to support this idea [Frank and Ackerson, 1971;
Evens, 1974; Arnoldy,et al., 1974; see, also, a review by teng,
1978; thaerendel, et al., 1976; and Wescott ,et al., 1976]. Among
others, a double layer, or an electrostatic shock, is believed to
be the most feasible and likely candidate for causing parallel
elegtric fields [mozer,et al.,, 1977].

Extensive analysis has also been made to study the
conditions under which double layers can exist (Block, 1972,
1477; Knorr and Goertz, 1974; Swift, 1975, 1979; Kan, 1975]. All
these theoretical works are, however, restricted to steady state
double layers, so that they cannot answer an iluportant question
concerning the dJdynamical process of how a double layer is
gencrated. 1t is very important in practical applications to
stuciy whether or not a double layer can be produced starting firom
realistic initial conditions in which, for example, no
appreciable field-aligned potential drop exists. With respect té
this quustion, several numerical simulations have been performed
to uewonstrate the formation of double layers in the presence of
streaming electrons [Goertz and Joyce, 1975; DeGroot , et al.,
1977} . Furthermore, there are several laboratory experiments
which succeeded in observing formation of double layers [Totrven
and Dbabic, 1976; Torven and Anderson, 1979; Quon and Wong, 1976;

Coahley and hershkowitz, 1979; Iizuka,et al., 1979].
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From these analytical, numerical, and = laboratoty
investigations we may conclude that a double layer is a real
existence. However, all these previous works concluded that
double leyers could nol be realized if the electron streaming
speed is less than the electron thermal speed. This conclusion,
however, appears to contradict with the observations of double
layers along avroral field lines. This is because it is unlikely
that such & high speed electron drift exceeding the thermal speed
gxists along field lines before double layers are formed [Kindel
and Kennel, 1971). If, indeed, the large electron drift is
reguired for the formation of double layers, we must look for
somme other mechanism te explain the observations of double layers
along the auroral field lines. One of these mechanisms may he
the anomalous resistivity which can cause large parallel electric
fields to accelerate auroral electrons {Papadcpoulos, 1977). In
this respect, it is iaterestinyg to note a historical controversy
88 to whether or not the anomalous resistivity plays the leading
tole in generating parallel electric fields [Block, 1975; Swift,
1%75; Shawhan ,et al., 1978; Papadopoulos, 1%77]. In order to
answer this «question, it is obvious that one must study the
time-dependent formation process of double layers since the
steady state theory would not involve anomalous resistivity. A
mechanism which interrupts the current must be invelved in order
to develop a duc potential jump in a current-carrying plasme in
which no dc potential exists initially. Broadly speaking, it is

reasonable to conclude that the formation of double layers is
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associated with the yeneration of anomalous resistivity which
interrupts the current causing the buildup of a dc potential.

In order to study the formation of double layers in the ion
zcoustic regime and whether or not the anomalous resistivity
pleys an essential role, extensive numerical simulations were
recently carried out by the present authors ([Sato and Okuda,
1980 . It was found that a double layer of the order of
eAppy/T, 3 1 can be yenerated spontaneously even in the ion
acoustic reyime where the electron drift speed is less than the
thermal speed when the system length is sufficiently long. In
the previous paper [Sato and Okuda, 1980), a role of anomalocus
resistivity was suyggested in order to explain the siwmulstion
results which required the length of the system to be more than
several bunderd Debye length for the formation of double layers.
burthiermore, it is worth mentioning that in the previous paper a
periodic potential condition was adopted so that the boundary
cffects were eliminated in the ion acoustic double layers.

In the present paper, we wish to present results on
nuncrical simulations on the development of ion acoustic double
layers for the case in which the field-aligned current is
connected to the magnetospheric convection. In addition, a
regsistance is inserted which models Ehe ionospheric plasmas. The

situation is schemati~ally illustrated in Fig. 1.

II. NUMERTCAL RESULTS
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The initial plasma parameters employed in the simulations

are the following: Electrons have a drifting Mmaxwellian

distribution with Vg = 0.6 Veth where va is the drift .speed and
Veth 1Ls the thermal speed, whereas jons are a stationary
Mmaxwellian with the temperature Ti' The temperature ratio
To/Ti = 20, the mass ratio mj/me = 100, and the plasma parameter

nAip = 100 where XDis the electron Debye length, The time step

A t is taken to be Wpe Ot = 0.2 and the mesh size 4 is & = )p.

A, Periodic Model

The gprevious simulations for a periodic case [Sato and
Okuda, 1980] have shown that a double layer is formed when the

system length L is 512 Ay and 1024 XAp but not when L ¢ 256 Apys
The potential jump 8¢ across the double layer (layer wicth is
roughly 50  Xp) was roughly 0.5 Tg/e for L = 512 Ap and 1 T./e
for L = 1024 Xy, 1t is interesting to observe what happens if
the systew length is further increased; whether a stronger double
layer results or more than one double layer is formed. In order
to answer this question, we performed a run with L = 4095 Ap jp
which almost one million particles were used.

Figures 2 and 3 show the potential (top), electron density
(middle) and ion density (bottom) distributions averaged over one
plasma period at w .t = 960 and 720, respectively. From the
potential profile at Wpet = 960, it is evident that four similar
double layers appeared in series instead of forming a single

largye layer when the system becomes longer than 1024 “Ap,

Comparing each double layer with the previous run of L = 1024 AD
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[Fiy. 1 of sato and Okuda, 1980)], it may be observed that the
tewporal development and the shape of each layer is almost
identical with the jprevious one, From Fig. 3, it is clearly
seen, in tlie density distributions, that there are indications of
four large double layers with several more small fluctuations.
1n the potential profile the rightmost layef has already fully
duveleped at this time, while the others are yet premature. At
Whel = Y60, the entire system is roughly equally divided into
four segments Ly the double layers while the rightmost double
layer which was dominant at Wpet = 720 ig already in a decaying
pvhase,

From thuse results one can conclude several important
observations, The fundamental length for an ion acoustic double
layer to be formed 1is about 1000 AD- The potential jump A
associated with the layer is around 1 T /e and the double layer
width is roughly 50 AL, At the upstream side, each double layer
is cuaructerized by the presence of a sharp negative potential
spike whose width is about 10 Ay, The location of a negative
potential spike agrees with that of a pair of negative and
positive ion density fpikes suyggesting the acceleration of ions
¢ue to the strong electric field at the location of potential
spikes, As will be shown later, the potential profile of double
layers decays &s ion acoustic solitons emanate toward the
downstream side of the double layer., Simultaneously, the density

spikes become broader.

B. bounded Model
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We have shown that ion acoustic double layers céan
spontaneously be generated when a periodic boundary condition is
assumed, It is natural to expect that the periodic boundary
condition is not essential to form double layers in the
simulations shown, This is because the system is long cnough so
that wost of the electrons move only a fraction of the system by
the time double layers are formed. Therefore, one can expect
that lon acoustic double layers could easily be gyenuratea when
the system is connected to an external source that drives the
field-aligned current,

we have adopted & model in which the field-aligned current
is connected to the magnetospheric cvonvection field and is closed
by the ionosplieric Pedersen current as shown in Fig. 1l(a). In
order to simulate this system, an equivalent circuit model is

developed as shown in Fig., 1l(b). Initially, the plasma current

]“0 is given by j“0 = $o/R and the potential drop A¢ across
the plasma system is set to be zero since the plaswma is
essentially collisionless and no resistivity exists. The current

is assumed to be carried predominantly by electrons so that the

current jHO is related to the electron drift wvelocity by

J = -ngevyq where ng is the initial electron density which is

110
assumed to be uniform. As the ion acoustic waves are excited by

the current, the electron drift velocity will decrease by the

electric field fluctuations giving the momentum away to the ions.

This process is associated with the generation of & nonlinear
\

resistivity n. From the electric circuit of Fig. 1(b), the

following relation is readily obtained:



A¢/¢°= Aj“/juo 1)

where AjH is the current decrement due to the generated

resistivity, hence, 8¢ = nij o - jll)' In Eq. (1) ¢ and
jIIU are given initially and Aj‘| can be measured at each time
step of the simulation so that the potential difference across
the system A lay be readily obtained from Eq. (1) at each time
step. It Is interesting to note that the ionbspheric Pedersen
resistivity R has nothing to do with the evolution of double
layers; it merely determines the initial current intensity.

Sinmulutions have been carried out for several cases in
whicli the system length L is changed from 512 Ap to 40926 Ap and
the applicd potential e$,/T, is changed from 10 to 200 with the
otner plasma parameters remaining the same as the previous
periodic models. In order to avoid the buildup of charges nesr
the boundary, particles 1leaving one end of the systenm are
reinserted at the other end with the same speed. This may be
considered a torus with & voltage gap.

Figure 4 shows a time evolution of the potential profile
for the case where L = 1024 Ap and  ed¢o/Te = 200, A clear
inuication of shock-like potential structure appears at
Wpet = 540 whose amplitude yrows in time, The structure is
almost Stationary with respect to the ion frame. This
observition indicates that a double layer is not necessarily a
phenomenon that is generated only when a potential difference
across the system exceeds the electron thermal potential. At

about mpet = 900, the 1ion acoustic double 1layer reaches the
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Mmaximun amplitude where the net potential difference across the
systen becomes roughly eA¢/Te = 0.7 and the ‘peak—to—peak
potential difference A¢, at the shock position becomes as high as
eddp/u, = 2, In addition to the negative spike in front of the
shock structure, note the development of spiky wave trains at the
downstream side of the shock; the width of cach spike is
10 7 15 Ap and its awmplitude is 0.5 ~ 1 To/a. These potential
spikes propagate downward at the speed of the order of ion
acoustic speed and as a result of propagation, the original shock
structure 1is gradually destroyed. ‘'he spikes appear te be ion
acoustic solitons from these observations, Therefore, we may
conclude that the idon acoustic double layer is unstable with
respect to the excitation of ioh acoustic solitons. The obscrved
life time of one double layur is roughly 500 Wpe which is equal
to the transit time of ion acoustic solitons to propagate across
the double layer width (” 50 jp) with the sound speed confirming
the conclusion that the double 1layer decays as the solitons
Eropuagate out.

Shown in VF¥ig. 5 are the potential structure and the

-1
pe

density distributions of both ions and electrons at t = 960 w
whiere the double layer has fully developed. It is clear that the
structure of the double layer is guite similar to that of the
rrevious periodic models except for the preseﬁce of the net
potential jump across the system.

Figure 6(a) shows the electron velocity distribution
functions at “pet = 960 in the upstream region ;f the double
layer av.oraged over a distance of 400 < %/ < 550, while the



=11-
distribution in the downstream region averaged over
550 < ®/ip < 800 is shown in Fig, 5(b). For comparison,
corresponding weleoeity distributions at a much earlier time of
Wpet = 60 arc also shown. In the upstream region, very little
chenge 1is observed in the velocity distribution for v > Vath
while there is a substantial quasilinear-like deformation in the
velovity vange of =vy., < v < vey associated with the ion
aeoustic instability. 'The reduction of population in the range
oL Vv < =v,.1 is due to the deceleration of negutive velocity
electrons throv o the double layer. The decelerated electrons
contribute parviy in increasing the population in the range of
“Verh ¢ v € 0. AL the downstream regien, on the other hand, it
{5 clear that the streaming electrons with positive velocities
are accelerated by the positive potential Jjump of the double
layer, and therefore, a double-hump distribution is realized,
where the cnergy of the accelerated electrons roughly correspond
to th= deuble layer potential jump. The increase of density for
negative velocity may be due to the quasilinear-like diffusion.
A rather symmetric distribution near the zero velocity may be due
to reflection ut the shock.

Since the prime objective of the present investigation is
un application to auroral acceleration, it is important to study
how much energy is extracted from the external eneryy reservoir
to accelerate electrons through the formation of double layers.,
Shown in F}g. 7{a) are the total energy of the system in time
for the cases where L = 1024 A, ang ebo/Te = 10 (left side) and

L = 1024 Xy and e¢y/Te = 200 (right side). It 1is clear, Efrom
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these observations, that, in spite of a large difference in the
potential of the external source, the energy gain of the
particles (electrons) from th: externzl source is almost
independent of the source potential. The eneryy gain is about
15% of the initial total energy. The total electric fiuld energy
and the average current are shown as a function of time in Figs.
7(b) and (¢}, It is clzar that the [ield energy increcases almost
linearly with time until Wpet ¥ 720 which is then followed by a
burst-like increase, Corruspondingyly, the current undergoes a
linear relaxation for W,.¢ ¢ 720 and then a drostic decreass
takes place. The effective resistivi'y calculated from the slope
of the linear relaxation corresponds to the normal ion acoustic
anomalous resistivity, whereas the drastic decrease is associated
with an "enhanced" resistivity [see, Sato and Okuda, 1980]. iqd
is interesting to note that the &ppearance of the enhanced
resistivity is associated with the formation phase of the double
layur.

After the double 1layer 1is formec, plasme heating and
current decrease are completely shut off and the resistivity
Jisappears followed by the appearance of a "super" conductivity
phase w.ich appears after wpet > 1500. From Fiy. 7(c), it is
observed that the current intensity relaxes to the initial level.
Likewise, the total energy of the system has saturated suggesting
the absence of resistivity in the system. WNevertheless, this
supurconducting phase is not the same as the initiél gquiescent
uniform state. In this phase fairly ldrée amp:litude

perturbations remain in both electron density and potential.
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Particularly noted are the persistence of large amplitude density
perturbutions reaching about 20 ~ 30% of the background density.
Notwithstanding, the resistivity in this phase is less than the
classical resistivity due to thermal fluctuations. We believe
the supetr conducting phase is associated with a new eguilibrium
state in which large fractions of particles are trapped via
double layer [potential structures. As mentioned earlier, this
new eyuilibrium is not stable and the double layer decays in time
by emitting ion acoustic solitons.

We shall next show results for the case in which the system
length is L = 512 X ,, ghown in Fiy. 8 are the profiles of the
rotential (a), electron density (b), and ion density (¢) at two

different times, ®

0

pet = 1160 (left) and Whe 1400 (right). in

thiis case, the applied potential is edy/Te

H

200 and wpet = 1160
corresponds to the time when the double 1layer has fully
developed. The potential difference across the system is
€A¢/Ty = 0.4 and the peak-to-peak potential difference at the
shock position is eA¢p = 1.8. From Fig. 8{(a}, it is again seen
that the double layer is destroyed by the emission of large
amplitude ion acoustic solitons. It should also be remarked that
the negative potential spike is formed at the shock front [see
Fig. €(a)] which persists aven after the shock structure is
destroyed,

Figure Y shows the total energy (a), electric field energy
(b}, anu the current density (c) for three different external
potentials. The left, middle, and right columns corresgond to

€9,/T, = 10, 40, and 200, respectively. Comparing these three
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cases, we again confirm there is no essential difference amony
these three as far as the total energy gain from the e¢xternal
source is concerned. The increase of total energy is  about 22%
of the initial plasma energy contained in the system with
L =512 X . 1In order to compare this eneryy gain with the
previous case with L = 1024 X ; where one full double layer is
formed, we shall normalize this gain by the initial plasma enerqgy
contained in  the system with L = 1024 A p. Then it becomes 11%
which is somewhat less then 15% of the previous case with
L =1024 ) p, This difference may be understood when we recall
the conclusion derived from the periedic simulation that the unit
system length for an  independent double layer to be formed is
about 1000 X ;. we may conclude, therefore, that the energy gain
from the external source per one full double layer is about 15%
of the total plasma energy contained in the unit system length of
1000 2 5,

Finally, we shall present the results of the case where the
syslem length is L = 4096 X , and the applied potential is
Cho/Te = 200. Figure 10 is the potential profile at W .t = 95¢
where several double layers are generated in cascades, some of
them being already in decaying phase while others are newly-born
layers. kemarkable is one large double layer located at the
center of the system. The peak-to-peak potential difference
reaches eAMdp/T, = 2 and the potential difference across the

entire system is eA¢/T, = 1.5, As was seen for the periocdic

model, each double layer develops more or less independently from

the others. Because of this rather independent occurrence, the
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total life time of double layers is prolonyed compared with a
slorter system in which fewer double layers are generated.

Figure 11(a), {b) shows the potential and density
structures at t = 1800 Wpe where the amplitudes of double layers
decreased considerably. It is iﬁteresting to observe that while
larye density spikes persist at the locations of double layers,
thie corresponding potential structure is much smoother and no
apparent spikes persist. At this stage, the plasma is ¢t the
super conducting phase and no anomalous resistivity exists
consistent with the absence of potential double layers. In  this
respect, large density discontinuities seen in Fig. 11(b} do not
necessarily gyuarantee the presence of double layers and there is
no linear relation such as e¢/T, = dn/n in this highly nonlincar
phase.

Table I summarizes the potential HJump across the system
€A¢/%, and the peak-to-peak drop eApp/T, for L = 512 A p,
1024 X , and 4096 » p. From these results, we conclude that the
total potential difference across the system becomes larger as
the system becomes longer. Since each double layer behaves
alwost independently from the others, the life-time of couble
layers of the entire system becomes longer as the system is
increased. this is because, as seen in Fig. 9, some double
layers are growinyg while others are already decaying which have

no phasce information with each other.

III. DISCUSSIONS AND CONCLUSIONS
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By wmeans of extensive numerical studies of an ion acoustic
instability, it is confirmed that an ion acoustic instability
results in ion acoustic double layers if the system is
sufficiently lonyg, irrespective of whether the system is periodic
or bounued., The results from the simulations have shown that the
ion wacoustic double layers are generally formed in series with
the average spacing of 1060 ) between two layers. A double
layer Is characterized by the presencu of a negative potential
spike in front of the layer in addition to the monotonic positive
jump in potential. f“The peak-to-peak potential is roughly 2 To/e
and the typical width of the potential jump is 50 ) pe  bach
double layer duecays in time as a result of the propagation of ion
acoustic solitens and the life time is equal to a transit time of
solitons across a double layer. There 1is 1little interaction
duotly  difterent double luayers. The energy that one double layer
can yain from the external source is rouyhly 15% of the total
energy contained in 1000 Debye length irrespective of the
negnitude of thae external potential.

A important conclusion deduced from the bounded model is
that the total potential difference across the system increases
with the system size. Furthermore, for a very long system in
which many double layers are present, it is natural to exfect
that double layers always exist which are located more or less
randomly throughout the entire system. This observation is
essential when applied to the auroral problem, because a
potential jump much larger than the electron thermal energy way

be expected to arise. The observational fact that o “super®
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conducting phase follows the double layer formation also provides
a chailenging problem in nonlinear plasma physics although it 1is
clearly related to the BGK type equilibrium.

In the present paper we have adopted a model in which the
field-aliyned current is driven by a twin-convection cell in the
maynetospheric equator., Actually, there may be other current
sogurces (Sato and Iijima, 1979; Hasegawa and Sato, 1979]). AS
discussed in the paper by Sato and Iijima, it is most likely that
the Kegion 1 field-aligned current pairs are dtiven by the
convective plasma moui~n  in the magnetosphere. Fucthernore, a
recent global simulation of auroral arc formakion [miura and
Sato, 19Y80], based on Sato's ionosphere-maynetosphure feedback
instability [Sate, 1978], has shown that auroral arcs in the
evening sector occur in the location of upward Regian 1 current.
Thetefore, the present model conhected to maygnetospheric plasnma
convection may be meaningful, It is, of course, required that
simulation models based on other field-aligne¢ current sources be
studied in the furure.

bBefore concluding this paper, we shall present two more
diagnostics which would help elucidate the generation mechanism
of double layers. One of them is a power frequency spectrum of
the electric field average over O i t i 800 w pe at various
locations. The sample employed in this analysis is the periodic
case with L = 1024 )y [sato and Okuda, 19B0]. Figure 12 shows
power spectra measured at six different locations of
X/Ap = 560, 570, 580, 590, 600, 610, where the first four are in

the wupstream region of the double layer while ®/hy = 600 is
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almost on the negative spike and the last location is in the
double layer after the negative spike. The largest two symmetric
peaks observed at X/Ap = 560, 570, and 580 represent the linearly
most unstable ion acoustic mode. Approaching to the sﬁock front,
a different ion acoustic mode emerges at about x/Ap = 580. The
freguency appears to be bifurcated from the frequency of original
instability . ward lower frequency and the amplitude of the new
wode yrows much larger than the original one, by a factor of 1¢.
At X/ A = 580, the frequency of the new mode is slightly less
than that of the original ion acoustic instability and the
auplitude is somewhat less than that of the original mode. At
x/ AD = 5989, however, the new mode dominates the original mode,
At X/ A, = 500 whose location is very close to the shock front,
the amplitude of the new mode is about one order of magnitude
larger then thacv of the original mode and the frequency is
substantially lower. At x/ AD = 610, whiclh is inside the laver,
the freyuency reduced to almost zero. The reason that the
amplitude 1is small 1is because the measurement was done at a
location where the negative spike goes buack to zero Lefore
monotonic increase associated with the double layers begins.
The frequency wmeasureiments at the locations after the <double
layer indicate the absence of new low freguency mode and the
original ion acoustic instability again becomes dominant. Figure
13 shows the time history of the electric field‘at the same
locations shown in Fig. 12. It is remarkable to observe how the
new low frequency mode propagates from left to right with

the wavelength wuch longer than the original most unstable ion
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acoustic instability. For example, the new mode begins to appear
at w e T 400 at %/ Ap = 580, and propagates danstream at
roughly the sound speed while the amplitude is amplified.
Yhat is, the new mode appears to grow convectively, while the
freguency is lower than the original unstable mode. The
convective speed is about 0.1 Voth Which s the ion acoustic
Speed,

while we belleve the generation of new modes and hence the
formation of double layers is due to the acceleration of
clectrons associated with the ion acoustic anomalous resistivitcy
[Sato and Okuda, 1Y80), one cannot rule out other possibilities
at this moment. One such possibility is the decay of the
unstable modes associated with the ion acoustic instability to
the low Erequency mode by mode coupling. An instabllity of a BGK
wave 18 also another potential candidate. Further investigation

on this wmavter will be reported.

ACKNOWLEDGMENTS
we wish to thank Dr. A, Hasegawa, Dr. H. Ikeji, Dr. T.
O'nNeil, &nd Dr. VYamada for their interest in this work and
useful discussions.
This work was supported by United States Department of

Energy Contract No. DE-AC02-76-CH03073.



ercn DI T TOUEA P

B

-20~
TABLE 1
Potential jump across double layer (¢ 8¢ 7,)

and across the system (e A¢/Te) .

L=..z ) L = 1024 A L = 4096 3,
e b¢p/le 1.8 2.0 2.0
e AG/T, 0.4 0.8 1.6
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(PPPL-802058)
Fig. 1. A model of coupled

magnetosphere-ionosphere systems (a)
and its equivalent ciruit represen-
tation employed in the present simu-~
lation (b)., Field-aligned current
Jy is assumed to be driven by the
mibnetospheric convection.
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m‘ u Fig. 2. Potential (top), electron
density (middle), and ion density
(bottom) profiles at w t = 960 for
-10 the periodic model witReL (system
length) = 4096AD.
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(PPPL
A time evolution of a

Potential (top),
1024Ap and e, /T

It is interesting to observe

that a shock-like structure is main-

Note also that the double

layer is unstable with respect to the
excitation of ion acoustic solitons.

3.

Fig.
troa density (middle),

= 720 for the periodic model w

density (bottom) profiles at w
L = 4096 AD‘

Fig. 4.
potential double layer for the bound-

ed model with L

200.
its occurrence and its amplitude grows

tained even at the very beginning of

in time.
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Fig. 5. The potential structure
(a) and the density distributions

of electrons (t) and ions (c); the

same case as in Fig.

»

(PPPL-792358)
Fig. 6. Velocity distributions of
electrons in the upstream region av-
eraged over a distance of 450 < x/
Ap £ 550 (a) and in the downstream
region averaged over 650 < X/Ap <
800 (b) for the same case as in Fig.
4; the solid lines stand for w t

960 and the dashed lines for ube ¢
60.
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(PPPL~792362)

Temporal changes of the

the

Fig. 7.
total energy of the system (a),

total electric field energy (b),

and the average current (c¢) for the
same case as in Fig. 4 (right side)

D

= 1024)

and for the case where L
and e¢y/Tg = 10 (left side).
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(PPPL-792353)

Fig. 2. Temporal evolution of
the total energy in the system (a),
the total electric field energy
(h), and the average current (c)
for the same case as in Fig. 8
(left), for the case where L =
516Ap and e¢y/T, = 40 (middle)
and ?or the caseé where L = 516>\D
and eb,/T, = 10,

20

eP/Tp

(PPPL-802059)
Fig. 10. The potential pro-
file at w t = 960 for the

case whergeL = 4096)p and ep

o

/
Te = 200. Note a developmen%

of larger total potential dif-

ference compared with the

cases With smaller system length.
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Fig. 11. The potential (a) and
density (b) structures at w e t =
1800 for the same case as ig Fig.
10, It is interesting to observe
that while the amplitude of double
layers has decreased considerably,
large density spikes and jumps
persist at the locations of double
layers. More interesting is that
at this stage the plasma is at the
super conducting phase.

(PPPL-802055)

Fig. 12. Power frequency spectra
of the electric field averaged over
0 S wpe t g 800 at six different
places (x/Ap) for the periodic case
with L =1024) [see, Sato and Okuda,
1980]. The first four locations are
in the upstream region, while x/Ap
= 600 is almost on the negative
spike and the last is the double
layer just after the negative spike.
Note a generation of new low fre-
quency modes.
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Fig. 13. The time history of the electric
field at the same locations as in Fig. 12.
The new low frequency mode is observed to be
convectively amplified, the convection speed
being the ion acoustic speed.



