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lon-Beam-Driven Instabilities
In Bounded Dusty Plasmas

Min Sup Hur, Hae June Lee, and Jae Koo Lee

Abstract—The ion-beam dynamics is simulated for a bounded nearly in thermal equilibrium state. In a relatively short time
dusty plasma with the immobile dust particles. Since there is no gcale, the ions and electrons are not in the equilibrium state.

dust motion, the growth of an instability is induced dominantly Hoie ; ; ; PR
from the Pierce instability, but the beam motion is also greatly ﬁgacylsp;rr]ttiizzsgpfgctg study their dynamics considering the

influenced by the Debye-shielding thermal electrons whose den- . . . ) )
sities are determined from the Boltzmann relation. The analytic [N this paper, we studied the dynamics of an ion beam going
calculation of a dispersion relation shows the nonexistence of a through dusts and electrons without collision. The system

uniform equilibrium which is confirmed by simulations. A period-  js bounded by two electrodes. The ion beam is injected
doubling route to chaos is observed and the various nonlinear niformly in time from one electrode with some constant
oscillations are classified in view of a diagnostic parameter which . .. . . .
is applied to many other beam systems. initial velocity. The other electrode is grounded or driven
_ by a small dc voltage. The dusts and electrons are between
ion beam, Sim- thase two electrodes through which the ion-beam travels.
A linear dispersion relation is calculated analytically and
the nonlinear oscillations are simulated using the particle-
|. INTRODUCTION in-cell (PIC) code XPDP1 [14]. The paper is organized as
HE INSTABILITY and the nonlinear oscillations in follows. In Section II, the model equations are described and a

bounded beam plasmas are the concem of capacitivgﬁp?rsmn relf_;ltio_n is calculated. In Section I!I, we simulate _the
coupled plasmas driven by a beam or an applied voltage. Th8&linear oscillations and make a phase diagram for various
have been studied using analytic theories [1]-[6], experimerd¥namical states. In Section IV, it is shown that these states
[7], [8], and simulations [9]-[11]. One possible model ofan _be classified in view of a smglg d|agnost|_c parameter. In
bounded beam systems is the extended Pierce plasma digf€tion V. a summary and conclusions are given.
which consists of ac—dc driven planar electrodes, where an
electron beam goes through an immobile ion background. The Il. DISPERSION

analytic theories about this model were studied in [1]-{5] The equations to describe the ion-beam dynamics are the
and the nonlinear phenomena such as the period-doublingcghtinuity equation and the equation of motion, where the
the quasi-periodicity were simulated in [3]-[5] and [9]-{11]field is calculated from Poisson’s equation. The electrons are
It was shown in [10] and [11] that these oscillations cagssumed to be in thermal equilibrium, so their density follows
be described in a unified phase diagram and classified byh@ Boltzmann relation (we use the linearized Boltzmann
diagnostic parameter. relation). The dust particles are so heavy that they are assumed

Recently, there has been a lot of investigation on dusfy be immobile. The above four equations are properly rescaled
plasma because of its importance in plasma processing ardfollows,

space plasma. The topics of these researches are mostly the

Index Terms—Chaos, dusty plasma, instability,
ulation.

ion-dust acoustic waves, dust growing and charging, dust n + i(nu) =0 (1)
polarization, and dust crystallization. In many theories and gr 0X

. . " du du a¢

simulations about acoustic waves, they usually treat the ho- — U = — —— (2
mogeneous dusty plasma. In the study of dust crystallization, or 882X 09X

the boundary effects or the beam effects can be important a_)j; = —a’n+kH o (3)

since that occurs usually in the presence of ion flow inside
the sheath region. Dust motions in the magnetic field are alstere 7 is the perturbation of rescaled ion density. The
investigated [12], [13]. If any dusty plasma system is observeescaling convention is

in a long time scale, the main aspect of study is the dynamics

i . T, Uiot x Vs
of heavy dusts surrounded by ions and electrons which are n=-— T= , X=—, u=—
40 L L vi0
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Fig. 1. The dispersion of the theory (the solid lines) and simulation results ()

(the symbols). (a) Frequency versagw. (b) Growth rate versus/w. w,  Fig. 2. The equilibrium state fon/n = 3.2 and kp. = 22.3. (a) The

andw; are rescaled according to (4). time trace of potential at the middle point. (b) The potential profile when the
system reached the equilibrium state. All the values marked in the figures are
rescaled according to (4).

with respect to thew;o. The V is the potential and thé is

the system length. The quasi-neutrality condition is satisfied; | _ )
1 = neo/nio + Znao/nio. Here theZ is the dust charge. in Fig. 1(b), there exist growing modes f&r < «/7 < 7

Assuming that all the perturbations have the waveformh'Ch means the uniform equilibrium is always unstable in

exp(ikX —iwr), a linear dispersion relation for the unboundef!lS 'egime. The impossibility of stable uniform equilibrium
system can be derived. The result is for large kp. was verified by many simulations in the regime

) ) of 3 < afm < 4
o _ kDe' (5) Equation (7) was derived fotp. > «, but Rosenberg and
(w—Fk)? k2 Shukla derived the dispersion of different form fep. < o

Whenkp. > k, which means that the induced wavelength i& [6]- In this regime, the dispersion gives a purely imaginary

much larger than the electron Debye length, (5) has two ro&@lution, accordingly any perturbation would grow or damp
out without any oscillations.
by — (6)

kDe
Following the Pierce linear theory [1] with boundary con- In Section Il it was shown that there is no stable uniform
ditionsn(X =0) =1, w(X =0) =1, (X = 0) = (X = equilibrium. Any given initial perturbations would grow and
1) = 0, the linear dispersion for the bounded system is derivéaturate to make nonlinear oscillations in some parameter
iByf(By — B) regimes. Since these solutions are difficult to obtalr} analyt-
Ea— w(kp, — o — B_fyw’) ically from (1)—(3), we used a PIC code [14] to simulate
De =@ ) them. There are interesting nonlinear modes—the nonuniform
+B2ePre — Bl 4+ 87 — B2 =0 (7) equilibrium, the periodic oscillation, the chaotic oscillation,
where o = kifw = 1/(1 % a/kp.). This system is the blo_cking oscillation, and the dc—cu.rrent mode. It depends
dissipative because of the particle loss through the boundarf the input par_ametets andkp. to W.h'Ch mode the system .
and is driven by the ion beam. So the ion-beam paramet urates. We discuss each .mode briefly and represent them in
such as beam density or beam velocity play an importa £ kpe versusa/m phase-diagram.
role to make the system stable or unstable. These ion-beam ) o
parameters are reflected in A. Nonuniform Equilibrium Mode
Equation (7) has many solutions implying that there are While the uniform equilibrium is always unstable in the
as many possible modes. Fig. 1 shows some solutions regime of3 < «/# < 4, the nonuniform equilibrium is stable
(7) for kp. = 59.5. The simulation results and the analytidor the wide range ofv. Fig. 2(a) is the potential at the middle
solution for the linear frequency are compared in Fig. 1(a). point of the system. As time advances, the initial perturbation
is not known why a special mode of perturbation is measureéar$(X = 1/2) = 0 grows and saturate at nonzero value.
dominantly though the initial perturbations are arbitrary. AShe wiggling about this nonzero value damps out quickly,

1=

I1l. NONLINEAR OSCILLATIONS
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Fig. 3. Period-doubling route to chaos obtained by varying for
kpe = 29.8: (a) period oneq/w = 3.1, (b) period two,a/ 7w = 3.082, (c)
chaos,«/7 = 3.077, and (d)—(f) are the power spectrumsid?, 2P, chaos,
respectively. All the values marked in the figures are rescaled according to (‘19

Fig. 4. (a) The frequencies of nonlinear oscillations and (b) the growth rates
of perturbations about nonuniform equilibrium. All the values marked in the
ures are rescaled according to (4).

, , , o . 1.42
which means that this nonuniform equilibrium state is stable peak——»| o i | ‘

for small perturbations. Fig. 2(b) is the potential profile for
this equilibrium state.

1) ﬂa iy

LART AN oY KX
‘ ‘f“‘%‘ﬂﬂf“b’-‘"ir N“p’ﬂ[ ";ﬂ"ﬁ‘v‘,“y‘ ‘Lﬂ‘

v#‘

B. Periodic and Chaotic Oscillation Modes ‘
fi

In some other parameter regimeskgf. andc, the nonuni- 1
form equilibrium state described above becomes unstable and -1.90/ Noise
there appear oscillation modes. The period-one oscillation is 0 T 204
Obtaineq, bY decreasing the or ir,]creasmg, thékp. from Fig. 5. The blocking oscillation whem /7= = 3.26 and kp. = 59.5.
the equilibrium state and the period doublings are observegk peaks and blocks alternate with each other as time goes on with a low
as these parameters are changed furthermore (see Figfr@uency (wr) = 0.32). All the values marked in the figure are rescaled
Fig. 3(d) and (e) are the power spectrums of period one affgfording t© ().
two oscillations. Clear peaks and subpeaks are seen. On the
other hand, there is no such clear peaks in Fig. 3(f) and tsirt to turn backward, the barriers grow higher by the ion
noise level is much higher compared with Fig. 3(d) and (@kccumulation near the barriers and the ions are trapped. Such
which implies that the signal in Fig. 3(c) is chaotic. unstable state lasts for some time and finally goes to the dc-

The period-doubling cascade is also observed in the Pietigrent state [9], [11], where there is no oscillation and the
plasma diode and in other beam systems [3], [9]-[11], [19}otential difference between the bulk and the electrodes is so
Fig. 4 shows the frequencies of nonlinear oscillations and thgyh that the assumption of immobility of dusts is not good.
growth rates obtained from simulations at varidus. and
a. The rescaled ion-plasma-frequencyuis, = Wy,.L/vio = D, Blocking Oscillation

a ~ 10. Fig. 4(a) shows that the rescaled frequencies ofB he d d the chaoti ilati here |
nonlinear oscillations are order of 1 which is one tenth of etween the dc-current and the chaotic oscillations, there Is

ion-plasma-frequency. a narrow regime of block_ing os.cilla.tior}s (the name is_ from [9]
where the property of this oscillation is studied) as in Fig. 5.

In the usual Pierce plasma diode, this mode is observed only
C. DC-Current Mode when a thermal electron beam is used instead of a cold electron
If we decrease ther or increase thé . from the chaotic beam [9]. In fact, the blocking oscillation is the alternation
oscillation state, the potential barrier [see the arrow mark between the dc-current state (no reflected particles) and an
Fig. 2 (b)] becomes so high that ions in the beam start to tuanstable state—the state where there are reflected and trapped
backward at this potential barrier (the position of the barrier iens. The noise in Fig. 5 is due to the trapped ions when the
usually located near the beam-injection point). Once the ioggstem is in the “unstable” state. The peak in Fig. 5 appears
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when most of the trapped particles are drained out and the
system is in the dc-current state. Therefore it can be thought 5025 30 35 40 45 50 55 €0

that there is some mechanism of stabilizing the ion beam by o

reducing the potential barriers. In our system, it seems that ®)

the electron Debye shielding has an effect of stabilizing the o _

ion beam. It is verified by the fact that the equilibrium statg?s‘}hg;i:g Sr‘;zr:'k:f;;?yﬁ%rfsnigﬁi 'grgz';grffﬁsgﬁﬂﬁgtgﬁgg
exists in the broader parameter regimes in our system thandpresent the region of chaos. -

the Pierce plasma diode using just a cold electron beam.

E. Phase Diagram wherew, is the phase velocity of the wave inside the diode.
It is seen from (1)—(3) that the main control parameterghe bounce frequency; is defined as,/ckE/m with wave
areqc andkp. which are the combinations of many individuanumberk and maximum electric field repulsing the beam
parameters.;o, vio, L, 1., Zndo/ni0. Fig. 6 is thekp, versus at the beam-injection point{ = 0). The details onZ, and
«/m phase diagram. The chaaS)(or the periodic oscillation L, are in [10], [11], and [15]-{17].
(1P, 2P, ...) regimes are so narrow that it is difficult It is seen in Fig. 7 that the phases of the system are
to distinguish them in Fig. 6. The dc-currenD) and the dominantly dependent omrather than the input parameters
equilibrium (S) regimes cover the large area of the phas® kp.. This implies that the system state can be well classified
diagram. The blocking oscillatior) is not marked here since by 4 regardless of the input parameters.
it is a very rare case. It is easily seen that the period-doubling
“§S— 1P —- 2P — .- —» C — (B) — D" will occur if
the « decreases or thep. increases. The dust charge effect
is reflected in thekp, = L/A\. = Ly/Fe?n;/eoT., where ~ We studied the model of an ion-beam going through the
F =1— Zngo/ni. When the dust chargge or the density dust and the Boltzmann electrons in the bounded system.
ngo have large values, thep. becomes small which meansA linear dispersion relation was derived for the perturbation
the system can be more stable. about a uniform equilibrium. It was shown that there’s no
The D-C boundary is shifted to the left when there is aistable uniform equilibrium at least i® < /7 < 7 for large
external voltage. It is noted that &s). goes to zero, the- kp. (in this paper we plotted . = 59.5 case). This analytic
parameter regime of oscillation shifted to that of Pierce plasmesult was verified by many simulations fér< o/7 < 4

V. CONCLUSION

diode (compare Figs. 1 and 6 in [10]). and 20 < kp. < 60. Instead of uniform equilibrium, there
is a broad regime of nonuniform equilibrium in the— kp.
IV. CLASSIFICATION OF NONLINEAR OSCILLATIONS phase-diagram, which is contrasted with the usual Pierce diode

The above phase diagram is just two-dimensional so %O] [11] Wh_ere a uniform equilibrium is possible. There are
structure is simple, but if we considered another paramepegl_(l)_(tj)-(joublln%ca\j\?adleitbztmeenhthe d(;:_-currrev:t ;node and the
effects such as dc or ac driving voltages, the phase diagrgﬂwu” flum mode. Ve plotted the pnase diagrant ol Versus

would have a three- or four-dimensional structure which may ™ Itis shown that the system states are great]y influgncgd
be very complex. The various phases can be simply classif the dusts and electrons. There appears a blocking oscillation

S . . . . de which is thought to be possible due to the electron
in view of some single diagnostic parameter. This parame . . . )
is defined as follows: %Iebye-smeldmg over ions in the beam. Therefore this mode

. could not be found in the research of [10] and [11] where a
L, _ muio [ZW%(WO - %)} _ wy /Wy cold electron beam was used.
Laip Wpi Wpi0 2(1 — v /vi0) All the oscillations described in this paper have ion time-
(8) scale since the ion-beam oscillates interacting with the dusts
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and the electrons, while the oscillations in a usual Pierce-diofie]
have electron time-scale as in [9]-[11].

A diagnostic parameter was defined similarly as in [10] and
[11] to classify the various phases. It has been shown that the]
phases of many beam-systems can be classified well in terms
of this parameter [10], [11], [15]-[18] which is also suitablg;g)
for our system, too. 7]

[18]
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