VOLUME 80, NUMBER 6 PHYSICAL REVIEW LETTERS 9 EBRUARY 1998

Electron-Hole Disruption due to lon Motion and Formation of Coupled Electron Hole
and lon-Acoustic Soliton in a Plasma
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A computer simulation reveals that an electron phase-space hole whose velocity is of the order of or
slower than the ion-acoustic speed strongly interacts with ions in a collisionless plasma. The ion motion
leads to the disruption of an electron hole into two holes, and forms new coupled states of electron holes
and ion-acoustic solitons. This dynamics can be explained by a theory using Sagdeev’s potential. In
the case of a bigger hole, it is entirely broken into many small holes. [S0031-9007(98)05326-5]

PACS numbers: 52.35.Sb, 52.35.Ra, 52.65.Rr

The hole (phase-space hole, phase-space vortex) is ohele with a propagation velocity;,; = 0 is shown in
of the most important Berstein-Greene-Kruskal solutionphase spacecfAp, v./v,.) of Fig. 1(a). Hereyp,, v, =
in a Vlasov plasma as well as the double layer [1]. Holes/«T,/m,., andAp = v, /w,. are electron velocity, elec-
were found in computer runs simulating two stream instatron thermal velocity, and electron Debye length, respec-
bility [2]. Experimentally, an electron hole was discov- tively. k is Boltzmann’s constant.T, is electron tem-
ered in a collisionless plasma of tie machine [3]. An perature. T = w.t/2 is normalized time. w,, and¢
asymmetric electron hole was also detected at the nonlineare plasma angular frequency and time, respectively. The
stage of Buneman instability [4]. The ion version of thesystem length is 128, and consists of 3000 cells. Each
hole was observed in the double-plasma machine [5]. Thisumber of ions and electrons per unit cell is 1000. The
ion hole has an important role on the anomalous electricgirogram runs with the time step? = 0.25/27r.
resistivity and the formation of ion-acoustic double lay- In order to create a self-consistent hole and prevent the
ers [6] and double layers [7]. On the other hand, the dataimultaneous wave excitation, we construct the electron
of the spacecraft GEOTAIL recently revealed that most othole at7 = 0 in Fig. 1(a) by enlarging the hole in phase
the broad-band electrostatic noise in the plasma of the gegpace artificially in the time scale much slower than
magnetic tail is a series of electron holes [8]. 27 /w,. While T < 0. This quasistatic hole formation is

Under the assumption of immovable ions, Schameliseful as shown in Fig. 1(a). Because of no interaction
clarified that the propagation velocities of electron holeswith ions, the hole is almost in a steady state except
are limited below 1.3 times the electron thermal velocitysmall oscillations of aspect ratio and axis angle of the
[1]. Thus, the electron hole whose velocity is muchelliptic hole in phase space. Here, the plasma potential
smaller than the electron thermal speed or zero can exigh is not shown, but is the same to the potential at
in the time scale of electron motion. During the succeed? = 0 of Fig. 1(c), where the half width of the potential
ing time scale of ion motion, we may imagine the strongAx;,; is 5Ap, and the maximum normalized potentib},;
interaction between the electron hole and its surroundt= e @max.ini/kT.) is 1.2 for the initial electron hole.
ing ions. Recently computer simulations elucidated the On the other hand, the stability of this electron hole in
electron-hole dynamics including ion motion. An elec-the case of movable iong:/m, = 100) is demonstrated
tron hole of a slow velocity induces the emission of anin Figs. 1(b) and 1(c). The temperature ratio of electron
ion-acoustic-wave wake, and is accelerated due to the ete ion T, /T; is 40. The other simulated conditions are
ergy loss to excite the wake [9]. Electron holes excitedust the same as the case of Fig. 1(a) except that ions start
by the electron two-stream instability are filled up with to be movable a" = 0. The spatial structures of the
electrons in phase space and are damped because of iamrmalized plasma potential$ /kT,, the electron phase
acoustic-wave emission [10]. fluid in phase spacex{Ap, v./v), and the ion phase

In this Letter, we present the first observation of thefluid in phase spacec{Ap, v;/c;) are shown in Fig. 1(c).
electron-hole disruption and the formation of new coupledHere,v; is the ion velocity, and; = +/kT./m; is the ion
states of electron holes and ion-acoustic solitons (abbrevacoustic speed. The positive potential of the electron hole
ated tocoupled hole-solitonsr CHSs) in computer runs causes the compression of ions on both sides of the hole.
with movable ions. These CHSs are well explained byThe resultant ion perturbations deform the hole itself and
the theory of Saeki and Rasmussen [11]. disrupt the hole into two holes. Apparently these two

We adopt the electrostatic simulation of the particle-in-holes propagating in opposite directions to each other
cell model with one dimensional coordinate In the case are accompanied by compressional ion pulses and form
of immovable ions (mass ratio of ion to electran/m, =  new solitary structures propagating stably. Each structure
), the temporal behavior of an excited initial electroncomprises an electron hole and an ion-acoustic soliton,
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FIG. 1. Temporal behavior of an electron hole (a) with immovable ions, and (b), (c) with movable rigpg. (= 100).
Maximum potential®;,; = 1.2, potential half widthAx;,; = 5Ap, and velocityu;,; = 0 for the initial hole. T = w,.t/27 is

the normalized time. (b) Detail of hole disruption at the beginnings of (c). (c) Electron-hole disruption and formation of coupled
hole-solitons observed in phase spacgip, v./v,.), in phase spacec(Ap, v;/Cy), and as a spatial potential variatiew /kT..

M = 3.0, @, = 0.50, andS = 2.4 for the left CHS. M = 2.8, ®,., = 0.45, andS = 2.2 for the right CHS.

being regarded as a coupled state of an electron hole arit- 0) of the initial hole, the induced CHS on the right-

an ion-acoustic soliton, a coupled hole-soliton. hand side X > 0,u > 0) has a bigger potential and
The early stage of this dynamics is shown in Fig. 1(b).propagates faster than that in the case ugf = 0.

Each compressional ion pulse induced on both sides byhe potential and the velocity of another CHS on the

the positive potential of the initial electron hole has alsoopposite sidex < 0,u < 0) become smaller and slower,

a positive potential. This positive potential of each ionrespectively. When we increase only,; of the initial

pulse pulls the electrons surrounding the hole from botthole in Fig. 1(c) t00.9¢,, the right CHS gets a Mach

sides of it. In other words, the electron hole behaves as aumber of 3.9, and the left CHS almost disappears.

macroparticle having positive charge and negative masshe initial hole of u;,; > ¢, gives only the right CHS.

[2], thereby being dragged by the positive potential ofAccording to the change of the initial holes in shapes

each ion pulse. As a result, the hole is elongated anfhspect ratios and areas in phase space) and in propagating

divided into two holes. This drag is also the mechanisnvelocities u;,;, we are able to observe various kinds of

to maintain the stability of the CHS, where the positive CHSs after their interaction with ions.

potential of the ion-acoustic soliton attaches the electron The experimental data of Fig. 2(b) obtained by these

hole to the soliton. computer runs express the relation between the Mach
As shown in Fig. 1(c), the initial electron hole induces numberM and the maximum normalized potenti@l,,x

not only two CHSs but also ion-acoustic-wave wakes a§= e dm.x/kT.) of CHSs with the ared of the hole re-

already reported in [9]. The CHSs on the left-hand sidegion in phase space as a parameter. Hgig,normalized

and the right-hand side have Mach numb&fé= u/cy) by Apv,.. In orderto compare the results with the theory

of 3.0 and 2.8, respectively. Herg,is the propagation described later, we put the electron velocity distribution

speed of each CHS. This asymmetry Mf arises from function of the excited initial hole to be zero in the hole

the small oscillations of the initial hole mentioned before.region. Thus, the resultant hole of each CHS has a sharp
The dynamics of an initial electron hole propagatingboundary surrounding the hole region in phase space. The

with uy,; # 0 is also investigated. If we vary onlyi,; data are plotted after selecting the CHSs having the same
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(@) Spatial structure of a coupled hole-soliton (a

S of 2 and 3 accurately within 10%, among the above
various kinds of CHSs. The CHSs §f= 0 mean pure
ion-acoustic solitons with no electron hole being excited
by applying an external positive potential pulse.

Now, we try to figure out the theoretical relation be-
tween the Mach numbe¥ and the maximum potential
d,.x of CHSs according to Ref. [11]. The spatial struc-
ture of a CHS in the moving frame of a CHS propagation
velocity u is illustrated in Fig. 2(a).

For simplicity, we assume a rectangular velocity
distribution function of electrons; its spread and height
are 2v,, and 1/2v,, at x = *o, respectively. Thus,
we are able to calculate the spatial electron density
variation n.(x) as a function of¢ (x) from the electron
velocities on the boundaries of the electron phase fluid
vy, v, andvs, being the velocities on the upper, hole,
and lower boundaries of the electron phase fluid, respec-
tively; i.e., n.(x) = no[vy + lvsl — 2lv2l0(v3)]/2vee.
Here, ng is the plasma density at = *o, and 6(x)
is the step function. v, is derived as a function of
¢(x) from the energy equatiorl/2)m,(v, — u)> =
(1/2)m,v? — ed(x). v, and vy are also obtained
from —(1/2)m.vd = (1/2)m,v3 — ed(x) and from
(1/2)me(=vie — w)? = (1/2)m,v3 — eh(x),  respec-
tively. wvg is the velocityv, of the electrons at, = 0

coupled state of an electron hole and an ion-acoustic solitorfhat have no kinetic energy{ = 0) atx = *.

with a propagation speadunder the water bag model. Upper,

The ion temperature is assumed to be zero. Therefore,

middle, and lower figures indicate potential, electron phasehe spatial dependence of ion densityx) as a function

fluid, and ion phase fluid, respectivelyM = u/c;, Ppax =

ebmux/kT,, @ = (m./m)"?, and Woi23 = vo123/Vr-

(b) Relation between the Mach numhb#ér and the maximum
potential ®,,,, of CHSs with the hole are8 in electron phase
fluid as a parameter.e, o, and [ are experimental points.
m;/m, = 100. Here, CHSs ofS = 0 mean pure ion-acoustic
solitons, and the dotted linaéd( = M?/2) indicates the critical
line of ion reflection due to the CHS potential |

BRI 1
972

D)
— M(M?* — 2d)71/2,

Here, a = (m./m;)"/>.
V(P,M, Wy, a) [12],

of ¢(x) is also calculated from the energy equation,
(1/2)m;(—u)? = (1/2)m;v? — e®(x), and the equation
of continuity, no(—u) = n;(x)v;.

Poisson’s equationy?¢ (x)/dx> = e[n.(x) — n;(x)]/
€o, relates¢(x) to n;(x) and n.(x). Normalizing the
guantitiesag = x/Ap, ® = e /kT,, andWy = vo/vye,
we obtain the following equation:

= —{{(1 — aM)® + 20172 + [(1 + aM)? + 201V — (=W + 2)[-WZ + 28]/

(1)

By integrating Eq. (1) multiplied by®/dz from — to z, we derive Sagdeev’s potential

V(D,M, Wy, a) = —%{[(1 — aM)? +20P2 + [0 + aM)? + 20T — (1 — aM)® — (1 + aM)?}

+ %0(—W§ +20)[-W2 + 202 + M[M — (M? — 2)/?].

()

Here, Eq. (2) is valid wheaM < 1, and we putV (0, M, !
Wo, ) = 0. V(®, M, Wy, ) satisfies1/2) (ad/9z)> +

Here,S is a function of®,,x, M, Wy, anda. Thus, by
eliminating Wy, the equatiorV (P ., M, Wy, @) = 0 and

V(®d,M, Wy, a) = 0. The CHS has a maximum potential Eq. (3) yield the relation betweevt and®,,,,, with S and

D ax SatiSfyingV(q)mam M, Wy, a) = 0.
On the other hand, the hole ar§aof the CHS in the
electron phase fluid is calculated as follows:

—W + 2®

(Dmax
S=4
ng/z < —2V(P,M, Wy, a)

)1/2d<b )
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a as parameters.

The theoreticalM — ®,,,, relation of CHSs in the
case ofa = 0.1 (m;/m, = 100) is plotted withS as a
parameter on Fig. 2(b). The dotted line expresbées-
M?/2, and means the critical line of ion reflection due to
the positive potential of CHSs. Whehbecomes finite,
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electron ion from Fig. 1. Figure 3 is in the case df;,; = 2.4. Each
>$5 T=00 oﬂj T=00 divided hole induces new ion compressional pulses and
N Ny splits again into two holes. Thus, the hole is disrupted
-5 3zl 2 into many holes after the interaction with ions.
m ¢ In conclusion, an electron hole whose velocity is of the
order of or slower than the ion-acoustic speed strongly
5.4 5.4 interacts with ions in a collisionless plasma and results
m WJ_ in the hole disruption and the formation of new coupled
96 96 states between electron holes and ion-acoustic solitons,
m % CHSs. In the case of a bigger hole, it is entirely broken
7 TN into many small holes.
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FIG. 3. Electron-hole disruption in the case of a big hole.
Dii = 2.4, Axini = 5Ap, uin; = 0, andm;/m, = 100. *Present address: Data Communication System Co. Ltd.,
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