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A variety of dynamic behaviors in dusty plasmas is expected under the experimental condition of
weak friction with gas molecules. The device “KAGEROU” provides such an environment for
dynamic collective phenomena. Self-excited dust oscillations in Coulomb crystals have been
observed at low values of plasma density and gas pressure. An instability mechanism was identified
to be delayed charging in an inhomogeneous equilibrium dust charge in the sheath. The theoretical
growth rate was formulated in relation to the destabilization of a transverse dust lattice wave
(T-DLW), which was found to be very sensitive to the presence of a small amount of hot electrons
which produces a substantial positive equilibrium charge gradiépf ., around the equilibrium
position of dust particles in the plasma—sheath boundary. The first experimental observation of a
correlated self-excited vertical oscillations in a one-dimensional dust chain indicates a
destabilization of T-DLW. The experimental condition is very consistent with the parameter area
which predicts numerically an instability of T-DLW. @001 American Institute of Physics.

[DOI: 10.1063/1.1350967

I. INTRODUCTION from the point of view of particle motion. In terms of wave
motion, T-DLW is either destabilized or damped depending
In a very low gas pressure, interesting dynamic behaven the vertical gradient of equilibrium dust charge in a
iors of dust particles come out, although they are hidden in gaheath,VQg.eq. The growth rate is proportional t§Qg.q
high neutral density environment. Delayed charging gives uaround the equilibrium floating position. The gradient is very
a new energy exchange process between the electric field asénsitive to the sheath model. We will point out the impor-
negatively charged dust particles traversing over an inhomadance of the electron energy distribution function, particu-
geneous equilibrium dust charge. The effect was first foundiarly the presence of suprathermal electrons.
experimentally in terms of spontaneous vertical oscillations  The second topic is the first identification of spontane-
of dust particles trapped at the plasma—sheath bourtdary. ously excited T-DLW in a linear chain of strongly coupled
In strongly coupled dust particles, unstable vertical mo-dust particles under a very low gas pressure condition.
tion of dust particles provokes a similar oscillation for neigh- ~ In the next section, the observation of an unstable verti-
boring particles, which makes a collective mode. One ofcal oscillation will be represented with the parameter range
them is the so-called transverse dust lattice WER®OLW). which brings the unstable motion of particles. The effect of
In a linear chain of dust particles, spontaneously excitedlelayed charging on the dispersion relation of T-DLW, as
T-DLW has been identified under a very low gas presgure_We” as the vertical oscillation of dust particles, will be dis-
In a two-dimensional2D) system, the transverse wave modeCUSSEd together with the plasma condition which leads to
was also observed to be excited by applying the radiatiofnstability in the third section. In the fourth section we give
pressure of laser light. the observation of spontaneously excited T-DLW. Finally, a
In the present paper, we summarize the experiments ofiscussion and a conclusion are given in the last section.
unstable vertical oscillations, especially the parameter-region
V\{hich Iegds to the instability. The deilayed charging IS CONY; DYNAMICS OF PARTICLES
sidered in the scheme of the dispersion relation for T-DLW
including the stability of single particle motion. Depending A variety of dynamic behaviors of dust particles appears
on the condition, dust particles are either driven or brakedinder low gas pressure. Figure 1 shows several forces on
dust particles as a function of particle radius under a typical
glow discharge condition gb=100 mTorr (Ar, Te~1 eV,

*Paper MI 34, Bull. Am. Phys. Sod5, 218 (2000.

finvited speaker. Ti~0.1eV, n=10"m™3 \p~500um, p=2.33g/crm).
3Electronic mail: takamura@nuee.nagoya-u.ac.jp The friction force with gas moleculds, is comparable to the
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FIG. 1. Several forces on the dust particle trapped at the plasma-sheath
boundary as a function of the particle radius under a typical glow discharge
condition. (Ar, p=100mTorr, T,.=1¢€V, T;=0.1eV, n,=10“m3, p
=2.33glem®, Ap~500um.)

ion drag forcef;, the gravitational force; and the inter-
particle Coulomb forcé .. High neutral density in glow dis-
charge is found to inhibit collective dynamic motions of dust
particles, in particular, a rapid motion. However, the situa-
tion dramatically changes when the gas pressure reduces up
to a few mTorr, as shown in Fig. 1. Recently, careful obser-
vations have been done in our grétp®under very low gas
pressures.

Experiments were performed in a dc Ar plasma device
“KAGEROU” at a very low gas pressure less than 10 (d) Side view (p ~ 2.6 mtorr)
mTorr, generated by the dc discharge between hot filaments y
and the anodes, as shown in Figa)2 The diffused plasma S ] M k
into the central area is confined by multiple cusps of the ] Y ;
magnetic field generated with a series of permanent magnets. L
The typical experimental condition is summarized in Table I,
in which we should note that the discharge voltage is as high

: . FIG. 2. () Schematic view of imental device “KAGEROU(b) T
as 70 V so that the energetic electrons may penetrate into th (&) Schematic view of experimental device (b) Top

) . i v?ew of a two-dimensional Coulomb crystal in a high gas presqgjeSide

confined region under such a low gas pressure condition b&iew of the above crystald) Side view of self-excited vertical oscillations

cause of their long mean free-paths. Dust particles aref dust particles in a low gas pressure.

trapped in a single horizontal layer in the plasma—sheath

boundary area above a negatively biased mesh electrode. T

biasing voltage is—10 V. These particles form a two-

dimensional Coulomb crystal inside the ring electrode due t

a strong repulsive Coulomb interactions as shown in Fig, -

2(b). A He—Ne laser illuminates it. The particle behavior istrapplng.

observed with an intensified charge-coupled devl€GD)

camera system with the conventional speed of 30 frames/STABLE I. Experimental condition and plasma parameters with dust particle
The side view of a Coulomb crystal shows a vertically characteristics.

stable positioning of particles at the gas pressure of 4.4

(¢) Side view (p ~ 4 4 mtorr)

h

13 Hz, and a maximum amplitude of about 2.1 rhiwe
(_,';,hould note that the equilibrium dust cha@g in the sheath
changes the sign deep inside the sheath, causing a release of

mTorr in Fig. Zc). When the pressure is decreased below a Parameters Value
critical value, an instability arises and dust particles in the lg 5-30 mA
crystal oscillate spontaneously in the vertical direction, as Va v
shown in Fig. 2d), in which a few images are superimposed x"”g :;‘_’1’60 v
for a period of 0.17 s. The vertical oscillation grows very p"EeAS';) 2.0-4.0 mTorr
slowly in time. A typical growth time is around 10 s. The Ne 108-10°m—3
dust happens to fall down from the trapping area when the Te 0.5-0.7 eV
amplitude exceeds around 2 mm. The FHHast Fourier Vs +13—+20V
p 1.2 or 1.5 g/cm

Transform analyses give the frequency of 10—-14 Hz. The 151025 2505
total potential curve around an equilibrium position is ap- or 2.2+0.05um
proximated as a parabolic, giving an eigenfrequency of about

=
[=%
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5 - to be one of reasons why patrticles drop down. The spatial
. rg~2.5um variation of oscillation amplitude in the vertical directions
4 Stable implies the collective interaction among particles: excitation
% o1 of T-DLW.? It will be discussed in the fourth section.
‘To 3 . gg Unstable
-‘:-0 2 | 07 lll. IMPACT OF DELAYED CHARGING ON T-DLW
< We first derive the dispersion relation for T-DLAWith
1 __ PANE \0'”";" the (_Jlelayed _Charging_ by using a simplifi_ed m(_)del of _1_-D_ dust
T — 1\1 T .r particle chal_rﬁ an3|der the dust_partlcles in equilibrium
20 25 30 35 40 45 along a straight line at a regular intervdl when then-th

p [mtorr] dust particle is vertically displaced from its equilibrium po-
sition, it experiences restoring forces by interaction with its
FIG. 3. Contours of the oscillation amplitude in the parameter spacg of negrest neighbors through a Debye screened Coulomb force
andp. and through direct interaction with vertically varying back-
ground electric fieldE. If z, denotes the vertical displace-
ment of then-th particle from the equilibrium height, we get
The spontaneous oscillation was observed either by dehe linearized equation of motion:

creasing the gas pressure or by decreasing the plasma den- o2z d d

. . . o n Z, E
sity. It is summarized as a stability boundary close to 0.1 mm m<—2+,8— =—Q(2)- —z,+6Q,-E(2)
in amplitude in then.-p diagram of Fig. 3. It should be dt dt dz
noted that particles are not levitatable at very low plasma +a(d)- (22— Zns1— Zn-1), 2
density so that the critical plasma dengity, should be rec-
ognized. where

We should consider the physical mechanism of energy Q(2)? d d

supply against the dissipation due to friction with gas mol-  a(d)= Fodg( 1+ 7\_0) exp{ - )\—D) (©)

ecules. Delayed charging is pointed out to be a candidate for
the energy gain from the sheath electrostatic fielthe is the coupling coefficient related to the screened interpar-
charging timedQ/Jl is generally very short, 3ms, for ex-  ticle potential.mis fthe mass of the du_st particlnD is the
ample, in the present case compared with the oscillation pe2ebye lengthE(z) is the sheath electric field, anglis the
riod of 67 ms. Nevertheless, it is still finite, not zero. The Coéfficient related to the friction force between a dust par-

instantaneous Charge on the dust is given by ticle and neutral gas mOleCUleQ(Z) is the equ”ibrium
. charge on the dust particles levitated at the equilibrium po-

Qd(t)sz(o)Jrf (1,+1o)dt. (1) sition z, and 6Q,, is the charge deviation forr® associated
0 with the delayed charging due to the finite charging time, and

matches the inhomogeneous charge variation when the dust
particle oscillates through the sheath. The time variation of
6Q, is described by the charging equation

We can follow it during the movement of dust particles in
the inhomogeneous sheath. T@g(t) may differ from the
equilibrium valueQg ¢4 So that the dust may be either more
accelerated and less decelerated or more decelerated and less 96Q,, 6Q, dQ z,

accelerated on the way of periodic motion compared to that  — 5 — — T_c+ dz 7.’ 4

in the case of instantaneous charging. The acceleration is . o .

obtained on the pag- VQq.,;<0, while the particle coming where 7 is the charging time for the dust particle. It shows
into the deep inside of sheath is slowed down by the electronat for instantaneous charging. tending to zerg 6Q,
static field because df-VQges>0. The reason the reduc- ~(dQ/d2)-z,, i.e., the charge takes on a value determined
tion of plasma density destabilizes the dust particles comely the instantaneous vertical position, as expected; on the
from the increase in the charging time inversely proportionecther hand, ifr. tends to infinity,6Q, tends to zero and the

to ne. We will discuss the physical aspect of the instability charge retains its original value. For a typical T-DLW with

in the general formalism related to the transverse wave in thnit¢. @7c.<1, we assume thag, and éQ, oscillate as
next section. exp(—iwt+inkd). Substituting them into Eq$2) and(4), we

By looking carefully at Fig. &) again, we note that the obtain the modified T-DLW dispersion relation with the ef-

oscillation amplitude differs among particles: several parfect of delayed charging,
ticles stay quiet at the same time. In addition, particles some- _ a(d)
times fall down from the trapping area. It is not reproduced w’+ip*w= w(z)— W
by the above single-particle analysis. Since the particles in

the dust crystal are coupled with a strong Coulomb interacHere, wg is the eigenfrequency given by

tion, the particles exchange their energy through such a col-

lective coupling. Therefore, the kinetic energy of specified w%z—d—(Q-E), (6)
particles can be increased by an energy transfer through Cou- m dz

lomb interaction from neighboring particles. This is thoughtand 8* is the effective damping rate given by

- (2_eikd—e_ikd). (5)
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ng=7.5x1013 m-3 T, =0.7[eV], rg=2.2[um], p=1.5[g/cc]

(a)
Te=0.7 eV 1016 o
- —— d=04mm B\[s™'1=0\s
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FIG. 5. Contour plot ofg* = B—2w; in the parameter space of andp.
The area on the left side ¢@f* =0 corresponds to the instability zone. The
dust particle is nonlevitatable ag<n..=3.0x10*m 3,

sity ng below which the particles are nonlevitatable. Instead,
a destabilization or a weakening of damping appears over

rg=2.2um some range of plasma density. We note tha@pproaches
0.6 o “""'14 — "“"'15 e BI2 corresponding to no delayed charging in the high density
10% * 10 310 10! limit, since 7, approaches zero. The dispersion relation
Nec N [m™’] shown in Fig. 4 was obtained numerically using the Child—

FIG. 4. (a) Dispersion relation for T-DLW under the close to experimental Langmuir sheath model. A similar Stab”ity boundary in the
condition in the Child—Langmuir sheath model=w' +iw'. (b) Imaginary ~ Ne-P diagram is shown in Fig. 5 taking* as a parameter.

w as a function of electron density taking gas pressure as a parameter. The left-hand area of the ling* =0 corresponds to an un-
stable zone. The critical plasma density for electrostatic levi-
tation is found to be 3.8 10"m™3, In the case of a Child—
Langmuir sheath, we have a substan¥ed,..q so that the

*
BT =p—2w. @ instability may be understood. However, the Child—
The effect of charging is represented by Langmuir sheath model is a kind of approximation to a cor-
7. dQ rect sheath structur.e.. We can _solye the Poisson equation with
w="5- EE' (8)  the boundary condition: the biasing voltage at the electrode

and zero voltage at infinity corresponding to a plasma poten-
It should be noted that the conditig# =0 gives a threshold tial. The Poisson sheath gives so weak@y.¢qthat we may
condition for the instability of the T-DLW and provides a not expect any instability in the experimental conditidn,
more general criterion corresponding to E@).in Ref. 1 for =0.7 eV, as is indicated by a chain line (rati®0%) in Fig.
the dust particle instability. Note thab; represents the 6(a). We cannot expect any destabilization of T-DLW even
growth rate of the single dust particle oscillation @&=0.  higherT, at the gas pressure in our experimental condition
Again the sign ofE- VQ.¢qis found to decide either driving as shown in Fig. @).
or braking for a single particle motion. As is suggested in Sec. Il, supra-thermal electrons may
Figure 4a) shows an example of dispersion relation for come into the dust trapping area because the discharge volt-
T-DLW in our typical experimental conditionn” andw' are  age is as high as 70 V and the gas pressure is so low that the
the real and imaginary parts of angular frequency, respeanean free-path may be a device scale. Therefore, we assume
tively. Nobody has yet succeeded in experimental verificaa small amount of supra-thermal electrons although the
tion of the propagation of T-DLW, although the propagationLangmuir probe characteristic cannot distinguish their pres-
of L-DLW (Longitudinal Dust Lattice Wavewas clearly ence. A few percent of supra-thermal electrons dramatically
demonstrated in an rf discharge by Homnearal® Recently  change the equilibrium dust charge distribution in the sheath.
we succeeded in the observation of propagation of T-DLW  Again we employ Poisson equation to determine the
externally excited and compared with the above theoreticadheath structure for two-component electrons, hot electrons
dispersion relatior® with T, and cold ones withl... Figure a) shows the
Figure 4b) shows the imaginary part of the angular fre- profiles of Qg.¢q in the sheath for some ratios of the hot
guency, the growth rate, as a function of plasma densityelectron population. We can distinguish the appearance of
taking a few gas pressure as a parameter. The condition large VQq.eq for a plasma with a few percent of energetic
>0 or B* <0 means the instability. We can distinguish thatelectrons compared with a pure Maxwellian plasma. Figure
some stabilization appears just above the critical plasma dei®(b) shows the stability boundary similar to Fig. 5 for the
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FIG. 6. (@) Equilibrium dust charg&..q as a function of height from the
negatively biased electrode taking the ratio of the hot electron population as
a parameter(b) Stability boundary8* =0 in the parameter space of and

p taking the same quantity as a parameter.

Child—Langmuir sheath model. The boundary extends to

high gas pressure for a small amount of hot electrons. Fig-

ures 7b) and 7c) give stability boundaries fon,— Ty, pa- ratio of hot electron [%]

rameter space taking gas pressure as a parameter and for

ne-ratio of hot electron population parameter space, respei—'G' 7. (@) Stability boundary5™ =0 in the parameter space of andTe

. . . or Maxwellian electrons taking the gas pressure as a paranigjenc)

t'vely' We understand reasonably well the destabilization o tability boundaries for non-Maxwellian electrons in the parameter spaces

single particle, as well as T-DLW under our real experimen-n_—T,, andn,-ratio of hot electrons, respectively.

tal condition. The dust charge increases with the population

of the hot electron so that the electrostatic upward force in-

creases. However, it does not always mean an increase potential well as a function of plasma density. The pure

destabilization becaus@,. ¢, distribution approaches again to Maxwellian plasma with the observel, of 0.5 eV in this

that of pure Maxwellian plasma when the ratio increasescase cannot explain the dependence. Inclusion of a few per-

This is also suggested by Fig(cJ. cent of supra-thermal electrons reproduces very well the ex-
The existence of hot electrons, which resolves the gaperimentally observed plasma density dependence of eigen-

between experiments and the calculation, is attributed to thifequency. Experimental points were obtained by the

magnitude of the discharge voltage. There have been sevemalbservation of resonant excitation of vertical oscillation with

papers in which the presence of hot electrons in similar dea small external ac voltage on the biasing electrode. The

vices is discussett:'? In addition, we have other evidence equilibrium levitation height of dust particles is plotted in

which supports our assumption. Figure 8 shows the eigenfré=ig. 9 as a function of again plasma density both with and

guency for vertical oscillations of dust particles in the sheathwithout supra-thermal electrons. The presence of hot elec-
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FIG. 8. Eigenfrequencies as a function of plasma density. Solid circles are
experimental points. The sheath model without the electrons gives the the-

oretical curve with a solid line, while the models with some amount of hot meshed electrode rectangular electrode
electrons give dashed curves. The Ar gas pressure is about 4.0 mTorr except
the lowest density case in whigh=2.0 mTorr. FIG. 10. Experimental configuration for forming a linear dust chain above a

long rectangular box on a negatively biased mesh electrode.

trons reproduces better the experimentally observed depen-

dence than the sheath model without them although the ef-

fect is not so great. experiments were performed again in a large unmagnetized
plasma device “KAGEROU.” According to the previous

IV. OBSERVATION OF SPONTANEOQUSLY EXCITED T- numerical analysis on the dispersion relation of T-DLW, we

DLW chose the gas pressure as low as possible, 1.8 mTorr, and the

plasma density as low as aboux30*m~2 in the plasma

In the second section, we described the instability of dust_ " ;
articles trapped at the plasma—sheath boundary in a low gégglon. The electron temperature is found to be about 0.5 eV.
P Dust particles can be levitated above a negatively biased

pressure. The_origin of destgbilizat@on has been exp!ained bPﬁeshed electrode and confined horizontally by a negatively
:Eg iueegﬁ ge&;g:;t? ifcd;ijzlt dpa,:t(';\:,lvis\,évr'thsgﬁﬁygf t%zagglézﬁ]l;ﬁ]nbiased ring electrode. A rectangular-shaped electrode on the
) . %iased mesh confines the one-dimensional chain of levitated

particles were found to drop onto the electrode. In addition . A . .
an inhomogeneous vertical oscillation over the horizontafjUSt particles as shown in Fig. 10. The bias voltage is about
—10 V, and that of the ring electrode is aboub0 V with

Coulomb Iattlcg was alsq one of open guestions. respect to the grounded chamber. The diameter of the em-
The collective behaviors of the dusty plasma would be : . )
. o . ployed dust particles is 51 um. The high-speed ICCD
very important for explaining this discrepancy. The strong . .
. . . . camera system has a good temporal resolution with up to 125
Coulomb coupling between neighboring particles allows the . . :
: ' image frames every second, that is, the sampling rate of this
transverse wave to be excited in the Coulomb crystal. The . . .2 .
. " Ccamera is 8 ms. Such a high temporal resolution is essential
standing wave formed by a superposition of the forward . . .
to analyze the dynamic behavior of the dust chain, because a
wave and backward wave reflected at the edge of the Cou-
lomb crystal may enhance the vertical oscillations. Dust par-
ticles located deep in the sheath may have a positive charge
or a weak upward force which would cause them to imme-
diately fall.
In this section, we describe the first observation of self-
excited transverse DLW propagating along a one-
dimensional dust chain by observing the correlated motion of

dust particles with a high speed ICCD camera systefthe

No4 No.3 No.2 No.l

—go.g
150 --.Nﬂ. e
_ - b s No. 3
8.0 o= 056V @—O exp. point i "( ) A
_ ~ Population ratio o
. Tep= 5.0V 0.0% 5
g6.0 Vp=-5V — — 02% E
£ > -—- () 5% 2
: g=lsm | T = 10% =
E 4.0 =
: g
£2.0 i
2
=

00 20 40 6.0 8.0 100
Plasma density [10]4 m'3] FIG. 11. (a) Typical snapshot taken by a high speed ICCD can{@jalime
evolution of the vertical positions of the dust particles No. 1-3 for several
FIG. 9. Levitation height of dust particles as a function of plasma density.periods.
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density and gas pressure. An instability mechanism induced

% L S:%j mm by delayed charging is proposed. Theoretical growth rate
---- d=13mm was formulated in relation to the destabilization of T-DLW.

8O == The dispersion relation was studied carefully taking non-

§ thermal energetic electrons into account. The effect of desta-
= bilization is found to be very sensitive to the presence of a

S 70f ng=9x101%m3 (in plasma) small amount of hot electrons which produces a substantial
| To=05eV VQg.eq @round the equilibrium position of dust particles in

rg=2.5 um the plasma—sheath boundary.

60— é . 4'1 : é —3 The first experimental observation of the self-excited

k [mm-1] vertical oscillation in a one-dimensional dust chain has been

carried out at a very low gas pressure indicating the destabi-
FI(_B. 12. Theoretical dispersion curve with an experimentally observed da“ﬁzation of T-DLW. The experimental condition is very con-
point. sistent with the parameter area which predicts numerically an
instability of T-DLW.
typical frequency of the self-excited vertical oscillation of A key to observe the above dynamic behavior was found
dust particles is about 10—15 Hz. to be a deviation of electron energy distribution from a pure
Figure 11a) shows a sample snapshot taken by this camMaxwellian, especially the presence of a hot electron popu-
era. It is found that nine dust particles almost aligned in dation.
single row are trapped in the plasma—sheath boundary. The
inter-particle distance ranged from 0.5-1.810 3m. Fig-
ure 11b) shows the time evolution of the vertical position of
the particles No. 1-3 for several oscillation periods where
we can observe a coherent wave motion. The FFT analysis$S. Nunomura, T. Misawa, N. Ohno, and S. Takamura, Phys. Rev.a2tt.

reveals the oscillating frequency of about 12 Hz. A small 2é97T°§(1999- N oo, 5. N - -
. : . . Takamura, N. Ohno, S. Nunomura, T. Misawa, and K. AsanBram-
deviation of the frequency influences the phase relation tiers in Dusty PlasmasProceedings of the 2nd International Conference

among d'us't partiqles oscillations over a very |Ohg PeriOd- on the Physics of Dusty Plasmé&lsevier, Amsterdam, 2000ICPDP-99,
This deviation, which may be due to a finite distribution of p. 337.
particle sizes, slightly complicates the phenomenon of’T- MiSﬁWt(a, S-QNunomufa, N. Ohno, and S. Takamura, Jpn. J. Appl. Phys.
; 39, L551 (2000.

T DLW propagation. . . . . 4S. Nunomura, D. Samsonov, and J. Goree, Phys. Rev. 84(t5141
Figure 12 shows the dispersion relationship calculated (2000.
from Eq. (5) by taking the experimental conditions into ac- 5s. Nunomura, N. Ohno, and S. Takamura, Phys. Plagnas17(1998.
count. The wavelength obtained from the time evolution of °T. Nitter, T. K. Aslaksen, F. Melandso, and O. Havnes, IEEE Trans.
the levitated vertical positions of dust particles, and the fre—é"’j‘\?m\;‘I 3‘?'2_2' 153%?194)5 o and NLE. G o, ReBERT4

. . . . . . V. mir . n n . F. Cramer .
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