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Single-particle Langevin model of particle temperature in dusty plasmas
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A model of heating a particle in a dusty plasma is developed to predict the particle kinetic temperature. A
Langevin approach is developed, generalizing a familiar Brownian motion model. Particles are cooled by
neutral gas while being heated by one of two mechanisms: fluctuating electric fields and randomly fluctuating
particle charge. Expressions are derived for the particle temperature resulting from these mechanisms. In both
cases, the balance of heating and cooling leads to a particle kinetic temperature that varies inversely with gas
pressure. When a particle is electrostatically suspended against gravity, the temperature is independent of
particle size when heated only by electric field fluctuations, whereas it increases with size when heated only by
charge fluctuations. An experiment is reported to demonstrate the use of the model in analyzing laboratory
data.

PACS numbep): 52.25.Zb, 52.25.Gj, 05.46.a

I. INTRODUCTION Here we present a more general treatment of electrostatic
heating, including heating by electric fields and random
Laboratory dusty plasmas have recently proven to be usesharge fluctuations. After developing the model, we show
ful in studying strongly coupled plasmas, plasma-dust interhow the predicted temperatures scale with common experi-
actions, and solid-liquid phase transitions. The dust particlegental parameterSec. 1)), derive a simple equation for the
are highly charged due to collection of plasma electrons antemperature due to random charge fluctuati@ec. 1V), and
ions and strongly repel one another. Clouds of such particledemonstrate the use of the model in analyzing an experiment
are confined by electrostatic traps in several types of experiSec. V).
mental system$l—5]. Neutral gas drag damps the particle
motions, allowing highly ordered structures called plasma Il. SINGLE-PARTICLE LANGEVIN MODEL
crystals to form. The plasma crystals are easily studied ex-
perimentally since they are optically thin with particle sizes . ) . . .
often>10 wm and interparticle spacings100 um. There duation of motion to predict a particle temperafiife This
have also been many theoretical studies of strongly Coupb@mperature.ls an estimate of the true part|cle k_|net|c tem-
and dusty plasmas dealing with, for example, dust chargin erature. This model neglects microscopic collective fluctua-

[6—10], levitation and confinemerit1-13, interparticle po-  Ho"NS i_n th_e plasr_na. Heating is due to a combination Qf
tential energy[14—16, and phase transitioj46—20. Brownian interaction with the neutral gas and electrostatic

Anomalously high particle kinetic temperatures have beel{luctuati_ons, Wh".e cooling is (_jue to ”e”“"?" gas drag. The
measured in several recent plasma crystal experinj@ats calculation of T is performed in analogy with the standard

25]. These temperatures are often much higher than that dfangevin treatment for the Brownian motion of a particle in
the neutral gas, to which the particles are collisionally@ ViScous medium. o . .
coupled. Several analytic and computational models of this The starting point for the calculation is the single-particle
phenomenon have been presented previdi$y26—28, in-  -angevin equation:
cluding an early review of the present mod@2B], but the 2
precise mechanisms leading to these high temperatures are ﬂ
still unknown. dt?
Here we present an analytic model of the kinetic particle
temperaturel based on a single-particle Langevin analysis.Here, x(t) is the coordinate of a single particley is the
The Langevin approach has previously been used to modgarticle massmyv is the drag force, and(t) is the fluctu-
dusty plasmag30,31. In the first effort, Ref.[30], only  ating part of the force acting on the particle. Equatitnis
Brownian heating by the neutral gas was considered in estihe equation of motion for a driven, damped harmonic oscil-
mating T. That study omitted electrostatic heating, which islator and our solution fol, will be analogous to finding the
widely believed to be necessary to explain the observed ten&verage kinetic energy of such a system. The restoring force
peratures, since they are often far higher than the neutral gaSw(Z,x, valid for small particle displacements, is composed
temperaturg21-26,31. Zhakhovskiiet al. [31] included a  of a combination of the local interparticle repulsion and the
particular kind of electrostatic heating, due to nonstochastiglobal confining potential due to gravity and the dc electric
charge fluctuations. field in the sheath. The interparticle contribution dg is
likely to be at the dust plasma frequencyw(2m
~10 Hz). Nitter[13] has calculatedv, due to the vertical
* Author to whom correspondence should be addressed. Electron@onfining potential, finding frequencies of order 10 Hz. In
address: addition, only the neutral gas dr§82,33 contribution to the

A model is developed using the single-particle Langevin
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drag forcemyv will be considered, thus neglecting any dis- 1 )
sipation due to interparticle collisions or particle-plasma in- Gy(w)=1im 5|U(w)| : (6)
teractions. Therefore, we taketo be the neutral gas damp- 0=

ing rate. We neglect ion drag and thermophoretic forces

which we believe to have a negligible effect on the true . : . .
; written as the velocity autocorrelation function evaluated at
particle temperature.

— H 2 H
While the drag force cools the particle, the fluctuating 7=0. Using Eq.(5), (u°) can be expressed in terms of the

force (1) acts to heat the particle. The balance of the heatiné) ower spectrum as
and cooling power, due t§(t) andmyv, respectively, de- 1 (=
termines the true particle temperature. (v?)= 2—] G,(w)dw. (7)
To model the real many-particle system meaningfully, us- TS e
ing only one particle with a single degree of freedom, we
must be selective in choosing the kind of fluctuating force
&(t) to consider. In particular, considering that we want to v(w)=y(w)é(w), (8)
find a temperature corresponding to random particle motions,
only fluctuating forces that act differently on neighboring where
particles should be included. This means that forces that act
uniformly on all the particles, or forces that have a wave- —iw
length long compared to the interparticle spacing, should not x(w)=
be included in&(t).
Qur sztrategy is to solve Ed1) for the mean-square ve- is the response function. Using E@®), the velocity power
locity (v<), which can then be used to compute the temperaépectrum is
ture, given by

We wish to derive an expression fép?). This can be

Now we solve Eq(1) for the velocity, obtaining

m(wg— w’+iyw)

G,(@)=|x(w)[’Gyw),

To=m(v?) 2
where
for one degree of freedom. This will be done by the method
of Fourier transforms. G — i E 2
First we review the relationship between mean-square f(w)_elfl 0|§(w)|
guantities, correlation functions, and power spef84,35.
We define the Fourier transform pair for velocity as is the power spectrum of the fluctuating force. Substituting
this result into Eq(7) yields the instantaneous mean-square
v(t)=i v(w)e “do, velocity,
27 ) —w
W= —]" Gwde. ©
Y 27m? —W(wz—wg)z-i-yzwz gesme.

v(w)=f v(t)e'“dt. )
” The fluctuating force has two parts, so th#t) = &g, (t)
+ &e4(t). The first, &g,(t), represents the random force on
the dust grain due to collisions with neutral gas molecules.
o2 The secondée4(t), represents the force due to electrostatic
v(Hv(t+ 7)dt. fluctuations in the plasma. It is expected thgty(t) will
/2 have a random, turbulent part that acts similarly to the
(4) Brownian force and a part due to coherent wave motion.

_ o . i Note that the Brownian and electrostatic forces are uncorre-
Here ¢ is the time interval for the integration, and the secondjgted, so that

equality holds with the assumption thaft) is stationary,

The velocity autocorrelation function is given by

1
C,(n)=(v(t)v(t+7))=lim Ef

f— o0 -

having no preferred origin in time, and ergodic, so thét) Gelw)=Gg'(w)+GiX(w). (10)
takes on all of its possible values for sufficiently loagThe

velocity power spectrurs,(w) and autocorrelation function In the absence of electrostatic fluctuatiodg{=0), the

are related by the Wiener-Khintchine relations: problem reduces to the usual treatment of Brownian motion

[34,35. The particle temperatufgg, for Brownian motion is
1 (= _ obtained from Eq(9) by assuming the spectrum is flat, i.e.,
Cy(n)= %ﬁwev((ﬂ)e*'wtdw, G'(w) is constant for a frequenay ranging from 0 to well
abovew,. This yields

” Br
G,(0)=| C,(r)e“dr. (5) _G/(0)
@ J’foo 7 T Br zmy . (11)

Usingu (t) from Eq.(3) in the integral of Eq(4) and taking  The flat spectrum assumption is traditionally invoked be-
the Fourier transform yields cause of the random, white noise nature of the Brownian
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force. With the additional assumption of thermal equilib- where Eq.(6) has been used to write
rium, Tg, is equal to the neutral gas temperature and(Eg.
is a statement of the fluctuation-dissipation theof&si. 1

— i 2
In analogy with the analysis for Brownian motion, we GéE(“’)_;'”l 3|5E(“’)| '
may now predict a temperature for a plasma crystal in the -
presence of electrostatic fluctuations. Using Egk.(9), and 1
(10), the total particle temperature predicted by the Langevin =lim = 2
model is Gsolw) 9@0 0|5Q(w)| )
TL=Tert Tes) (12 and we define
where 1
L 5 Gsgoe(w@)=lim 5[5Q*(w)5E(w)+5Q(w)5E*(w)].
. * w ES 0— 0
TES_ZWmf_w(wZ_wé)2+y2w2 Gf (w)dw (13)

These are the power spectra of the fluctuating electric fields

is the contribution due to electrostatic fluctuations. The nex@nd particle charge. Substituting Ed4) into Eq. (13) and
step is to find an expression for the power spectrum of thé€arranging terms yields
fluctuating forceGg ¥ w). ,

Here we list some general properties that must be satisfied B QoEof‘” yo?l
by &eq(t) and its power spectrurﬁ;?s(w). First, as men- ES” 2my (0P — 2)2+ Y202
tioned above, in the context of a real dusty plasma containing
many particles, only short-wavelength fluctuations can move
nearest-neighbor particles differentially and thus create inco-
herent particle motions. This rules out, for instance, modula-

G G G
oE | 26Q  PoQeE

E_g (2) QOEO +O(é\?) dw

tions of the global plasma properties due to 60 Hz nf2&g. =Tse+Tso+ Togoe+ o(8%). (15)
Second, only frequencies neap contribute significantly to

T_, since the factor in the denominator of EG.3) sup- In the integrand of Eq(15), the factor (w? m)/[(w?
presses any contributions fow — wg|>y. This will gener- — 002)%+ y2w?] is peaked around=* w, with width of

ally suppress the effect of any ion-acoustic turbulence fogger and is unit normalized. The physical consequence of
reasonable values afy, for example. Third, the fluctuations ihis term is that only fluctuations with significant power at
must be present where the particles are locatétch in the  froquencies neaw, can efficiently heat the particles. A flat
case of laboratory plasma crystal experiments is a region (gpectrum, analogous to the one assumed in derivingeLy,.
strong dc electric field, such as a sheath or double Jayer s 5ally a reasonable approximation for a power spectrum

. Neglecting Brownian motion and.ion drag, the forces act-g \yith a half width at half maximunfHWHM) o satisfying
ing on a particle are the electrostatic force due to the sheat > wo+ Y.

electri_c field and the gravitational force,_so that_the_ total  The first term of Eq(15),
force isF(t) =Fgg(t) + Fg. The electrostatic force is given
by Fe4(t) =Q(t)E(t), whereQ is the particle charge and

22 . 2
is the local electric field. In genera) and E both fluctuate aE:QOEOJ yolm Gae do, (16)
in time, so they can be expanded @s-Q,+ 6Q(t) andE 2my J—=(w?— wd)?+ y*w?\ E3
=Eq+ SE(t), whereQ,=(Q) andEy,=(E) are the average
values. The force can now be written as represents the direct interactions of the local fluctuating elec-
tric field SE with the particle. No assumptions have been
F(t)=Fo+ &es(t), made about the nature or origin 6E, but recall that only
fields that act differently on two neighboring particles can
where heat them. These include, for example, movement of or
_ charge fluctuation on a neighboring particle, and plasma os-
Fo=QoEo*Fs cillations either generated in the particle layer or propagating
and from upstream. The contribution due to plasma oscillations
at the sheath edge is considered below in Sec. V, whgte
Eed(t)=QodE(t) + E8Q(t) + 5Q(t) SE(t). Erce:ompared to experimental measurements of the tempera-
Equilibrium particle levitation requires th&,=0, so that In some cases;;e(w) is approximately flat out to some

F(t) = &4(t). Using this result and the expression above forlféquencyoe>wq+y. This allows us to simplify Eq(16).
£e4(t), the power spectrum of the electrostatic force fluctua-T10 do this, we first model the shape Gf;e(w) as a Gauss-
tions is given by ian:

Ggs(w)ZQgGsE(w)+ESGaQ(w)+QoEoGsQ5E(w) G e () = 2( 5E2) 1 exp( _wz)
+0(8%, (14) . V2moe '\ 202)
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where the normalization is consistent with E@). Inserting  upstream of the particld86]. These lead to fluctuations in
this expression into Eq16) and usingrg> wo+ y yields the  the local plasma conditions, which in turn lead to charge

flat spectrum approximation, fluctuations, much like the spatially inhomogeneous case dis-
cussed above.
7 Q3E5 [ (SE?) The third term in Eq(15),
Tse=\ 5 : 17
2myoe| Ej 22 2
_QoEof“ yolm (Gﬁqu)d
Note that the factor ¥, which is equivalent to a correla- PR 2my ) (w2 — w2)2+ y2w? | QoEo @
tion time for electric field fluctuations, indicates that broader (20)
spectrums have proportionally less power available to heat
the particles at frequencies neay. represents coupled effects between the particle charge and
The second term of Eq15), the electric field fluctuations. One such effect is Melarglso
collisionless damping37], which is significant when the in-
QZE3 (= yw?l Gso verse particle charging time 44, is comparable to the dust
Q= 2my J'—w(wz—wg)z-l- Y202 Q_S do, (18 plasma frequencw, . In most rf experiments, including the

one discussed below, the electron and ion densities are high

represents the interactions of the steady-state sheath electABough that I.,>w,, and Melandss damping can be ne-
field with charge fluctuation$Q on the particle. In a labo- 9lected.
ratory plasma crystal, this heating process would inject en-
ergy into vertical motion. lll. SCALING OF Tz AND T ;0
In cases where the spectru@yo(w) is flat up to a fre-

quencyoo> wo+ v, Eq. (18) can be simplified as We now discuss the scaling of;e andT(g% with the usual

dusty plasma parameters. The facl@ﬁEolmy in these

Q2E2 [ (5Q?) equations can be rewritten asg?/y by noting that| Q,E|
50~ > ) . (19 =mg for levitation equilibrium, wherey is the acceleration
myoql Qqp due to gravity. Here we are assuming that the confinement is

) solely in the vertical direction.
Here G so(w) has been assumed to have a Lorentzian shape \when the neutral gas mean free path for collisions with
with width o, as discussed below in Sec. IV. the dust is long compared to the particle size, it is appropri-

Several different mechanisms can lead to charge fluctuggte 1o use the Epstein drag force to compwté32,33. In
tions. One of these is the discrete nature of the chargingis case the damping rate is

process. Particles absorb individual electrons and ions from

the plasma at random times, leading to random charge fluc- 8/T.\~12p p
tuations[6—8]. To the extent that the fluctuations of charge y= 5\/:(—9 —9=K7—g st (21)
on neighboring particles are uncorrelated, these fluctuations T\ Mg pa pa

will lead to random, differential particle motions so tiaf,

will predict a true temperature. This heating mechanism i&Vherémg, Ty, andP, are the mass, temperature, and pres-
investigated in Sec. IV below. sure of the neutral gas, is the dust particle radius, andis

An entirely different contribution ta’Q comes from the the individual particle mass density. The parameétes 1 for
motion of a particle in a spatially inhomogeneous p|asmaspecular reflection or 1.39 fordlfque reflection of the neutral
potential, such as a plasma sheath or double [E88r This ~ 9as molecules from the dust parti¢le2]. We uses=1.39,
arises because the particle charge is dependent on loca$ Suggested by Pieper and Goree’s results in[R8f. Note
plasma conditions, so the charge will fluctuate as the particléhat the coefficienk , is inversely proportional to the neutral
moves about. The effect will be greatest, of course, wheigas thermal velocity. This shows that the temperatdigs
there are strong gradients in the plasma, with commensi@nd Tsq Scale inversely with neutral gas pressure amgf
rately large dc electric fields. One example is the levitationthroughKy), as expected.
of particles in a dc sheath or double lay@0,13. Zha- We can estimateng?/ y using typical experimental values
khovskii et al. [31] proposed a heating model based on thisfor the various parameters. For krypton neutral gas at room
effect. They pointed out that when bofhand E depend on  temperatureK,=1.71 mTorf* umgcm °. For the val-
position (in two or three dimensionsit is possible that the ues typical of plasma crystal experimen&s=4.7 um, p
force on a particle is not derivable from a potential. Particles=1.5 g/cn?, and Py=100 mTorr) this yields y/2m
are thus able to move in a closed path and gain energy fror3.86 Hz andng?/y=8.9 MeVis.
the ambient dc electric field. In equilibrium this energy input ~ Further insight into the scaling Gfse can be obtained by
is balanced by energy losses due to gas drag. It is not praevaluating the particle charg®,. This is essentially the
tical to model this effect with our method for two reasons.charge on a spherical capacitor with an electric potential
First, it intrinsically requires particle motion in at least two equal to the particle’s floating potential. The capacitance is
dimensions and second, it requires multiple interacting parproportional to the particle radiws while the floating poten-
ticles. Neither of these conditions is satisfied by our singledial is a multiple ofT./e, whereT, is the electron tempera-
particle, one-dimensional model. ture, so that the charge numbée|Q,/e| can be written as

It has been suggested that another contributions@
could come from electrostatic fluctuations propagating from Z=KpaT,. (22
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The numerical coefficienKy can be computed using the 602 1

orbital-motion-limited(OML) charging mode[38], as tabu- — =75 (25

lated in the Appendix. For example, for krypton ions drifting Qo 4z

at the ion acoustic speed andT>T;, Kg - _ ) _

=2913 um ! ev L. a result verified analytically in Ref§6] and[7]. Using Eqgs.
Using these results in E417) yields the desired scaling (19) and(25), we obtain

2 mg?

°(5E). (23 TR Zyo0z (26

T sg
B PgO’E
From this and previously defined relations we get the scaling

It is particularly interesting thal s is the same for large and for the random charge fluctuation temperature,

small particles, since it is independentafThis is true pro-
vided that the spectrum is flat up to a frequengy> wq
+ y. Having found the contribution td, due to electric field
fluctuations, we will now use Eq19) to calculate the con-
tribution due to random charge fluctuations.

p2a?

« 1/2, .
NeTo Py

Ts0 (27)

Note that random charge fluctuation heating is most sig-
IV. RANDOM CHARGE FLUCTUATION HEATING nificant for larger particles. This is mainly because larger
particles must be levitated in a region of large dc electric
In this section we derive an expression iojo when the  field E,, so that the random forcéQE, is commensurately
charge fluctuations are due to the discrete, random nature @frge. Such a levitation force is not required if the particles
the charging process. Specifically, we will justify the form of gre small, or if there is no gravity, as in recent microgravity
Eq. (19), and then rewrite it in terms of more intuitive ex- experiment$39]. In that caseT 5, should be calculated from
perimental parameters. Eq. (18) rather than Eq(26), and its magnitude will be sig-

First we justify the flat spectrum approximation used tonificantly smaller than for large particles levitated within the
obtain Eq.(19). Cui and Gore¢8] have shown thaG so(w)  sheath.

has a significant low-frequency component due to the dis-
crete nature of the electrons and ions that are collected by the
particles. They reported thaG,q(w) is approximately
Lorentzian in shape with a HWHNrq proportional to the We now demonstrate how the models for predicting par-
inverse of the charging timeg,, ticle temperatures can be used with experimental data. The
computation of Tso using Eq. (26) requires the particle
2 ~[an, chargeQ, which we determine from Langmuir probe mea-
0'Q=0.024<—) =0.1% ! Tz) st (24 surements off, using the OML model, Eq(22). The com-
Tch Te putation of T sz using Eq.(16) requires a spectrum of elec-
) _ o trostatic fluctuations, as well &3 In this experiment we use
where n is the electron density. The coefficiekt. was 3 | angmuir probe operated in ion saturation to measure the
found numerically using the method of R¢8] for use in  glectrostatic fluctuations. The values computedTrgs and
comparing to the experimersee Sec. V below Itis tabu- T __ are compared with the temperatures computed from the

lated for a variety of plasma para_meters in the apper.ld'ix. directly imaged particle motions in the experiment.
We are now prepared to examine the range of validity of

the assumption thato> wq+ v, which justifies the form of
Eq. (19. Considering the vertical confining potential, we

V. EXAMPLE EXPERIMENTAL APPLICATION

A. Experiment

first note thatwy~ 37y and likey it appears to scale approxi- In the experiment, highly charged plastic microspheres
mately as 14 [13]. Since we do not have an analytic expres-were levitated by the strong electric field in the dc sheath
sion for wg, we write above the powered electrode of a radiofrequefity dis-
charge plasma. The particles were 903 um diameter
oq neaZ with a mass densitp=1.5 g cm 3. After insertion into the
Ty :0.0375K7KT)_1 —5 plasma, several thousand particles were found to be arranged
Y PyTe in a cloud of two to three vertically aligned layers above a

capacitively coupled horizontal electrode. The particles had
using Egs.(21) and(24) above. Using the previously given an interparticle spacing af~500 um in the horizontal di-
value for K., K,=4610 sum m 2 eV 2 a typical rection. The discharge conditions were varied by changing
plasma density ne=10° cm™®, neutral pressureP,  the krypton neutral gas pressure from 55 to 200 mTorr while
=100 mTorr, andT.,=2 eV, we obtain aQ/4y~3a2, fixing the peak-to-peak electrode voltage and driving fre-
wherea is in um. Thus the conditionro>wo+y (Where  quency at 852 V and 13.55 MHz, respectively.

wo+ y=4v) holds, and Eq(19) is valid, fora=2 um. The In addition to levitating the particles, the dc electric field
condition will also hold for smaller particles at higher plasmaproduces a substantial ion flow, originating in the main
densities. plasma and moving past the particles to the electrode. Thus,

Cui and Goree also calculated the fractional mean-squarelectrostatic fluctuations originating above the sheath edge
charge fluctuations to be may propagate with the ion flow to the particle layer. This is
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sured electron temperatufe using Eq.(22) and Table | of
the Appendix (Kr, T./T;=80, U;/Cs=1). The same
FIG. 1. Side view sketch of the electrode, particles, visible Langmuir probe descrlbe_d above was used to ob’ganghe
sheath edge, and Langmuir probe. The probe is used to measure iHﬁeasurememMoAﬂ’ which were~4 eV and varied by
density fluctuations upstream of the particles. about 10% over the measured pressure range.
Particle kinetic temperature measurements were also
) ) ] made, for comparison with the theoretically predicted tem-
one possible source for the electrostatic fluctuations ”eedeﬁbratures. A vertical slice of the particle cloud was imaged
to compute Eq(16). _using a long-distance microscope to obtain vertical and hori-
We obtained the spectrum of low-frequency electrostatiGontal components of the particle velocities. Velocity distri-
fluctuations upstream of the pqrtlcles in the following man-p tions were obtained and were found to be approximately
ner. A rf-compensated Langmuir probe was used to measuigaxwellian, with different temperatures for horizontal and
the ion saturation current, which is proportional to the ionygrtical particle motions.
density, just above the visible sheath edge. The probe loca- Because we positioned the Langmuir probe several milli-
tion, shown in Fig. 1, was upstream of the particles, whichmeters upstream of the particle layer, our experimental fluc-
were levitated within the sheath. To measure the ion saturgyation spectrum serves as a measure of fluctuations gener-
tion current, a bias voltage of 27 V was applied to the 4ieq upstream. These propagate with the ion flow down
probe. The power spectrum of ion saturation current fluctuagoward the particle layer. It is possible, of course, that addi-
tions G;(w) was computed from the fast Fourier transform of tjona| fluctuations may be generated in the particle layer, as
the ac portion of the voltage drop across a MMesistor in - proposed, for example, in Reff42]. Therefore, the present
the external probe circuit. This was normalized using the d‘éomparison of the temperatures measured in the experiment
voltage across the same resistor. The result is the normalizgg the T s predicted by the model will test whether fluctua-

sheath ion flow ImiCI'OSPhere since the ion density; is proportional to the ion saturation
edge  direction  layers probe current. In Sec. V C below we will write the spectrum of
@\\\\\\\\\\\K\g\\\ . I t(ejl-%;:tri(r)]stt:::;:]sflg;:ct;u(atl;)ngs5E(w), which is needed in Eg.
N sressrdesre: : itw).
§ — — § The particle charge, which is required in both Eg6)
§ electrode \ and Eq.(16), was determined from the experimentally mea-
\

Y

power spectrum of ion density fluctuations, tions generated upstream of the particles accounts for their
1|6n()|2 heating.
Gi(w)= lim=|— , Further details of the apparatus and methods used in this
o—c0 i experiment are presented in REZ5].
102 . —
10'F L2 o e . experiment
° o + horizontal
— 10° ¢ o vertical 4
> E
o g model ]
o 107} * Tee :
..(:E ) * TaQ
D 10°F o o ]
o LR
£ * s e . . . i
£ 100} -
1074 } ; :
:I [m] o (=] ] o [u] a
10_5 1 1 1 I 1
50 60 70 80 90100 200

pressure (mTorr)

FIG. 2. Experimentally measured kinetic temperatures compared to the Langevin model prediction$ sHpredicts the temperature
due to electrostatic fluctuations. The values shown were computed fro@&qising fluctuation spectra measured experimentally upstream
of the particle layer. The temperature due to random charge fluctuafiggs, was computed using Eq26) and the experimentally
measured value of,.
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B. Comparison of experiment and Langevin model tions G;(w) are weak, and because only a small fraction of
for particle charge their total power is contained in frequenciess y, where it

We now use our experimental results to compute the temcan efficiently heat the particles. This disgrepancy between
peratures predicted by our model equations. We will thenl e @nd the measured temperature provides evidence that
compare them to the directly measured temperatures. fluctua_ltlons genergted upstream pf the particles are not re-

First we considefT 5, . Equation(26) above for comput- spo_nS|bIe f_or_ he_atmg them. This in turn suggests that f_Iuc-
ing T 5o requires the charg®, which we determine from the tuat|0|js originating elsewhere, for example, in the particle
experiment as described in the previous section, and the piayer itself, account for the heating.
rametersrg andy. We computedrg using Eq.(24) with K,
taken from Table Il in the appendix (Kr, To/T; VI. CONCLUSIONS

=80, U;/Cy=1) andn,=1C° cm °. The damping rate We have developed a simple model of particle heating in
was calculated using the value fétr, given in Eq.(21)  gugty plasmas. In addition to the Brownian interaction with
above (2 Hz y/l2m<8 Hz over the pressure range of this \q neytral gas, this model includes an electrostatic heating
experiment The charge numbet was calculated using the o chanism, which is needed in order to account for the large
measured', data, as discussed above in Sec. V A. particle temperatures observed in many recent plasma crystal
The resulting predicted temperatufgg due to random eyperiments. Two main types of electrostatic heating are dis-
charge fluctuations is about two orders of magnitude smallegssed: heating due to the interaction of electric field fluc-
than the measured temperature. Figure 2 compBggsand 1 ations with the mean particle charge, and heating due to the
the measured temperature over a range of pressures. Thferaction of charge fluctuations with a dc electric field.
reason thafl 5, is so small compared to the measured tem-  aqgitionally, we have demonstrated how the input param-
perature is that a relatively small amount of the charge flucaters of this model can be determined easily from experimen-
tuation power is available to heat the particlgs at frequenciegy| gata. Specifically, predictingjso using Eq.(26) requires
w=vy. Note, however, thafl s, could be significant for 5 measurement of the particle cha@ewhile predictingT s

larger particles, as indicated by EQ7). using Eq.(16) requires a spectrum of electrostatic fluctua-
tions, in addition toQ. In our experiment, we determinegl
C. Comparison of experiment and Langevin model from Langmuir probe measurementsTf, using the OML

for fluctuating electric fields model, Eq.(22). Note that other methods of measuring the

Now we considefT ;. Equation(16) for computingTsz ~ charge could also be used, for example, the resonance
requires the electric field fluctuation spectru@ye(w), in method[43—-45. We measured the electrostatic fluctuations

addition toQ and y. In the experiment we are able to mea- USiNg & Langmuir probe operated in ion saturation.
sure the ion density fluctuation spectru@i(w), as de- Comparing the experiment to the model also led to the
scribed in Sec. VA above. To rewri® (o) in terms of conclusion that in our experiment the fluctuations that ac-
Gi(w), we combine the Boltzmann response equationCOUNt for the particle temperature must originate somewhere
on;Inj=ed4/T,, and the relation SE~V(5¢)~ SpIN. other than upstream of the particle layer, and that the random
Here ¢ is the fluctuating part of the local potentidl is the charge fluctuations also do not account for the observed tem-
ion temperature, and is the spatial scale for changesdp. perature. These results suggest that fluctuations originating
This allows us to rewrite Eq(16) as in the particle layer must be considered as likely candidates
for the observed heating. However, charge fluctuations could

T272 rBw yim represent an important heating mechanism for larger par-
Toe~—— f ——|Gi(w)do. (28) fticles.
myr“Jo oty After this paper was submitted, the authors learned of

another paper, Ref46], where a model for random charge

Here we have leto,=0, thereby neglecting the restoring fluctuation heating is developed using a Langevin approach.

force due to the confining potential. It turns out that this
approximation does not significantly alter the present results.

Note that the integration limits in Eq(28 have been We thank A. Bhattacharjee and G. Morfill for useful dis-

changed from those of E¢16) to account for the fact that . ;ssions. This work was supported by NASA and the Na-
Gi(w) is an experimentally measured, single-sided powekional Science Foundation.

spectrum.

We integrated Eq(28) numerically from over a band-
width of 1000 Hz, using the fluctuation spectrud(w)
from the experiment and estimating the ion temperafiyre
~300 K. We assumed ~250 um, since those fluctua- The orbital-motion-limited OML) model is often used to
tions with wavelengths shorter thanwill be most effective  compute the charge of a spherical particle in a plasma. The
in heating the particles. Values for the damping ratand  method relies on balancing the electron and ion currents.
charge numbeZ were the same as those used in computingrhese currents depend on electron and ion densities and tem-
Tso- peratures, as well as particle size and surface potential. For a

The resulting predicted temperatufeg is five orders of negatively charged particle, electron currents are suppressed
magnitude smaller than the measured temperature, as showrponentially by the negative surface potential on the par-
in Fig. 2. This is because the upstream electrostatic fluctuaticle. The ion current also depends not only Bn but also
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TABLE I. Values of the coefficienKgy (um™ eV™?) in Eq. TABLE Il. Values of the coefficienK, (s umcm 3 evV~?)
(22). For each gas an@l,/T; ratio, four cases are shown: nondrift- in Eq. (24). For each gas andl/T; ratio, four cases are shown:
ing ions and ions drifting at one, two, and five times the ion acousnondrifting ions and ions drifting at one, two, and five times the ion

tic speed. acoustic speed.
Ui /CS Ui /Cs

Gas Te/T; 0 1 2 5 Gas TelT; 0 1 2 5

He 1 2115 2156 2220 2121 He 20 1100 2030 2500 2320
20 1497 2060 2256 2141 40 913 2030 2500 2320
40 1340 2063 2257 2142 80 757 2030 2500 2320
80 1187 2063 2258 2142 Ar 20 2040 3780 4780 4640

Ar 1 2772 2822 2913 2876 40 1698 3770 4780 4640
20 2076 2700 2939 2894 80 1416 3780 4780 4640
40 1901 2701 2940 2894 Kr 20 2480 4610 5880 5800
80 1729 2703 2941 2894 40 2070 4610 5880 5800

Kr 1 2986 3040 3137 3118 80 1720 4610 5880 5800
20 2271 2910 3161 3136
40 2092 2912 3162 3136

(4.4 (flowing iong of Ref.[38], respectively. These are still
80 1915 2913 3163 3137 only estimates of the particle charge since the model neglects
the effect of plasma non-neutrality and rf fluctuations present
inside the sheatf20].
on the speedJ; at which the ions flow past the particle. In The numerical solution of the OML model was also used
our experiments the particles are embedded in the self-bid® compute a particle charging time, which is used in com-
sheath so we expett; /C>1, whereC, is the ion acoustic puting the width of the charge fluctuation power spectrum
speed. [see Eq(24) abovd. We defined the charging timg, as the
Using the OML model, the charge on a particle can betime required for an initially uncharged particle to achieve a
expressed as a function of radiasind electron temperature: fraction 1—1/e of its equilibrium chargd8]. The equation
Q/e=KgpaT,. Values ofKq for various plasma parameters rcthTTé’zl(ane) shows the dependence of the charging
are listed in Table I. These were computed numerically bytime on the plasma parameters. It also depends on the ratio
balancing the electron and ion currents, which were comy;/C,. The coefficientk , is tabulated in Table Il for vari-
puted using Eq(3.2) and Eq.(3.3) (nonflowing iong or Eq.  ous plasma parameters.
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