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Experimental investigation of particle heating in a strongly
coupled dusty plasma
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Highly charged dust particles in a plasma can be strongly coupled when their kinetic temperature is
low. This temperature is determined by a balance of heating and gas cooling. The heating is believed
to be electrostatic, although its exact nature is still under investigation. Experiments in a
multiple-layer plasma crystal were conducted to test proposed heating mechanisms. A method for
measuring small-amplitude, low-frequency fluctuations in ion density was developed and, using
this, very low-frequency electrostatic fluctuations were found upstream of the particles. These
fluctuations should propagate with the ions towards the particles and heat them. However, the
fluctuations were uncorrelated with, and too weak to account for, the observed particle temperatures.
In the experiment, the temperature increased and then decreased with gas pressure; this result is only
partly consistent with an ion wake heating mechanism. These negative findings help narrow the
range of possible explanations for the observed temperatures. ©2000 American Institute of
Physics.@S1070-664X~00!01109-5#
ng
o
t o
n

on
u
th
ge
tu
u

o
m
i

he
ea
s

ou
a

ce
ab
w

m

er

to
ng-

e
ters

the

x-
t.
ra-
nd

ter-
the
ex-

m-
le
h
rely
ters
nd

t
ges
ift

ma
I. INTRODUCTION

Laboratory dusty plasmas are useful for studyi
plasma–dust interactions, strongly coupled plasmas, C
lomb lattices, and phase transitions. They typically consis
a low-density cloud of micron-sized particles embedded i
background of ions and electrons. The particles~dust! are
highly negatively charged, and they interact through a str
Coulomb repulsion. The background ions and electrons s
ply the charge to the dust grains and partially screen
interparticle repulsion. Since the particles are easily ima
using a video camera and laser light scattering, detailed s
ies of the microstructure and dynamics of the particle clo
can be conducted.

Many recent dusty plasma experiments have focused
a solidlike strongly coupled Coulomb state called a plas
crystal.1–5 In these experiments, the particles are levitated
the vertical direction by a deep potential well formed by t
sheath electric field and gravity, and are confined by a w
radial electric field. The particle kinetic energy is reduced
much by collisions with neutral gas molecules that the C
lomb repulsion between particles leads to highly-ordered
rangements of the particles in a crystal-like Coulomb latti
These experimental strongly-coupled plasmas are valu
because most previous strong-coupling research
theoretical.6–8

A measure of the expected amount of order in a plas
crystal is given by the Coulomb coupling parameter,G
5Q0

2/DT exp(2k). The parameterG is the ratio of interpar-
ticle potential energy to particle kinetic energy whereQ0 is
the mean charge,D is the mean nearest neighbor distance,9 T
is the kinetic temperature of the particles,k5D/lD , andlD

is the Debye screening length due to the plasma. In gen
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strongly-coupled plasmas haveG.1, with more highly or-
dered phases having progressively larger values ofG. A
variation in any ofQ0 , D, T, or k could, in principle, drive a
phase transition in the plasma crystal.

Plasma crystals do exhibit phase transitions from solid
liquid or gas when discharge conditions are varied by cha
ing the neutral gas pressure or rf power.10–12However, com-
putingG for these experiments is difficult,10,13and the degree
of order ~or phase! is usually determined by calculating th
translational correlation length and other order parame
based on the relative positions of the particles.14–16 Never-
theless, the results of Melzeret al.10 and Thomaset al.11

show that the particle kinetic temperature increases as
Coulomb lattice becomes more disordered, whileQ0 andD
remain approximately constant.10 ~The parameterk is even
more difficult to determine in a plasma crystal melting e
periment, but is thought to remain approximately constan!

As the above discussion illustrates, the particle tempe
ture plays a significant role in determining the structure a
dynamics of laboratory dusty plasmas. Therefore, an in
esting question to ask is: what controls or determines
particle kinetic temperature? In this paper we report an
periment that answers this question, in part.

Specifically, we are interested in the kinetic particle te
peratureT associated with the random motion of the who
particle. We use the term ‘‘kinetic’’ to avoid confusion wit
the surface temperature of the particle, which can be enti
different. To measure the kinetic temperature, experimen
and simulators commonly measure particle velocities a
compute

Tms5m^~v2^v&!2&, ~1!

wherem is the particle mass,v is a single vector componen
of the particle velocity, and the brackets denote avera
over many individual particle velocities. The particle dr
il:
4 © 2000 American Institute of Physics
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velocity ^v& is subtracted in computing the temperatu
Here the subscript ‘‘ms’’ denotes ‘‘measured from the me
square velocity,’’ to distinguish it from the true value,T.

The measured temperatureTms may overestimate the
true temperatureT for several reasons. First, the drift velo
ity may vary in time, makinĝ v& difficult to compute accu-
rately. Second, long-wavelength coherent particle osc
tions enter into Eq.~1!, even though they do not represe
random thermal motions. As far as we know, there has b
no attempt to account for these two problems in previo
experiments. For this reason it is unclear how closelyTms

approximates the true kinetic temperature, but it is likely
be strongly correlated. We discuss this issue further in A
pendix B.

The true particle kinetic temperatureT is determined by
a balance between particle heating and cooling. Coolin
thought to be primarily due to neutral gas drag,17,18 which is
proportional to the gas density. However, this linear relati
ship by itself does not account for the variation ofTms with
neutral gas pressure which we report in Sec. IV. Brown
collisions with the neutral gas should heat the particles
room temperature,'1/40 eV, but this is insufficient to ex
plain the large;10 eV or higher particle kinetic tempera
tures reported here, and in some other experiments.10,11,13

Hence an alternative heating mechanism is sought.
Fluctuating electrostatic fields in the plasma could h

the particles, as has been suggested previously.19–21To raise
the kinetic temperature, these fluctuations would need s
eral properties. First, only fluctuations with frequencies n
the dust plasma frequencyvp5(4pnpZ2e2/m)1/2 can sig-
nificantly move the particles.21 HereZ5uQ0 /eu is the aver-
age charge number on the particles, andnp is their number
density. For typical plasma crystal experiments,vp/2p
;10 Hz.13 Second, the fluctuations must have short wa
lengths to move nearest neighbors differentially and thus
ate incoherent particle motions. Third, they must be pres
where the particles are located. For ground-based pla
crystal experiments in rf discharges, this means the fluc
tions must be present inside the sheath where the part
are levitated by the strong electric force.

The fluctuations might originate within the sheath, p
haps driven by ions streaming past the particles.22–24 Alter-
natively, they might originate further upstream, in the ma
plasma, and then propagate with the ion flow into the she
Such fluctuations at frequencies as low as 10 Hz are pre
in a rf plasma, as we will show experimentally, althou
they have only been mentioned in the rf gas discharge lit
ture in the context of eliminating them from probe measu
ments. The origin of these fluctuations is undetermin
however, the low frequency, far below the ion plasma f
quency, suggests that they might be due to disturbance
the ionization balance.

Particles could also be heated by the interaction of th
random charge fluctuations with the levitating dc elect
field in the sheath. Random charge fluctuations have b
predicted to occur for any particle immersed in
plasma.25–27The spectrum of these fluctuations has been p
dicted to have a significant low-frequency component.25 A
fluctuation in a particle’s charge creates a fluctuation in
.
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electric force that levitates the particle. The fluctuating for
can in turn lead to random particle motions, thus heat
the particle. This heating mechanism is explored in Refs.
and 28.

Here, we report an experiment in an rf dusty plasma
determine whether particles are heated by low freque
electrostatic fluctuations in the sheath electric field. To
this, we measure electrostatic fluctuations generated
stream of the particles. We find that such fluctuations
present but are uncorrelated withTms, indicating that they do
not heat the particles. This conclusion is also supported b
separate analysis of the fluctuation levels, along with e
mates of the particle charge from theTe measurements de
scribed below, which yielded a predicted temperature m
lower thanTms.

21 This information is useful in narrowing the
field of candidate particle heating mechanisms.

II. EXPERIMENTAL SETUP

Experimental tests were carried out to measure elec
static fluctuation levels in a dusty plasma and compare th
to measurements ofTms. The experiment was conducted u
ing a plasma crystal formed by particles levitated in the
sheath of an asymmetric rf discharge. In previous exp
ments using similar apparatus, the particle temperature
varied by changing either the rf power or the neutral g
pressure.2,10–12Following this example, we chose to vary th
pressure. The structure and phase of the plasma crystal
also determined, using the method and criteria of Ref. 14

Highly charged plastic microspheres were levitated
the strong electric field in the dc sheath of a rf discha
plasma. Particle dynamics were studied using laser-li
scattering and video imaging under various discharge co
tions. The particles were 9.460.3 mm diameter, with a mass
density of 1.51 g/cm3. After insertion into the plasma, sev
eral thousand particles were found to be arranged in a cl
of two to three vertically aligned layers above a horizon
electrode. A schematic diagram of the experimental sys
is shown in Fig. 1.

The discharge was formed in a Gaseous Electron
Conference~GEC! Reference Cell, which was modified a
described in Ref. 15. The plasma was sustained using
amplifier operated at 13.55 MHz, which was capacitive
coupled to the electrode through a matching network. T
discharge conditions were varied by changing the Kryp
neutral gas pressure from 55 to 200 mTorr while fixing t
peak to peak electrode voltage at 8562 V. The dc bias volt-
age varied from225 V to 218 V over this pressure range

Particle measurements were made using laser light s
tering and video imaging. A slice of the particle cloud w
illuminated with two HeNe laser sheets, one horizontal a
the other vertical, and the scattered light was recorded o
SVHS video cassette recorder~VCR! using a charge-coupled
device~CCD! camera fitted with either a Nikon macro len
or a long-distance microscope, as shown in Fig. 1~a!. The
camera shutter speed was 1/250 s. Particle locations w
identified by first digitizing a sequence of images from t
recorded video. Up to 32 consecutive frames of video w
digitized at the video rate of 30 frames per second and
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corded as 6403480 bit-mapped images. Each 480-line fram
consisted of two interleaved fields separated in time by 1
s. Splitting the fields allowed a temporal resolution of 1/6
for a spatial field of 6403240 pixels. After thresholding eac
image to identify the particles, we recorded the tw
dimensional~2D! coordinates of the particle centers.

III. MEASUREMENT TECHNIQUES

A. Fluctuation measurements

We expect the measured temperatureTms to increase
with the ion density fluctuation leveldni /ni , if electrostatic
fluctuations dominate the particle heating. A Langmuir pro
operated at ion saturation was used to measuredni /ni at the
sheath edge, as described below, and in Appendix C. The
saturation current isI sat}niTe

1/2, whereTe
1/2 usually varies

much less thanni in most discharges. Thereforedni /ni

'dI sat/I sat, whereni and I sat are the mean ion density an
saturation current, respectively.

An rf-compensated Langmuir probe was used to m
sure the ion saturation current just above the visible she
edge. The probe, shown in Fig. 1~b!, was located upstream o
the particles, which were levitated within the sheath. T
probe design, shown in Fig. 2~a!, was based on suggestion
of Godyak29 and Overzet. The tip measured 5 mm long a
0.075 mm diam. A coaxial reference probe of 10 mm len
and 1.8 mm outside diameter was coupled to the probe

FIG. 1. Perspective view of electrode and particle imaging.~a! A 13.55
MHz rf voltage is applied between the electrode and the vacuum cham
~not shown!. Charged particles are levitated in the sheath above the e
trode. Horizontal and vertical laser sheets illuminate the particles and v
cameras record their trajectories.~b! Side view sketch of the electrode
particles, visible sheath edge, and Langmuir probe. The probe is use
measure ion density fluctuations upstream of the particles.
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through a 50 pF capacitor. Three choke inductors blocke
at 13, 26, and 40 MHz. To measure the ion saturation c
rent, a bias voltage of227 V was applied to the probe
While fluctuations with a characteristic wavelength shor
than the length of the probe tip may have been attenua
this was not thought to be a significant problem since o
waves propagating within a small solid angle about the pr
tip axis would be affected. All other waves would cross t
tip’s much smaller diameter.

The ion saturation current power spectrumGi(v)
[dI sat/I sat was measured by biasing the probe to227 V,
measuring the ac (dI sat) and dc (I sat) components of the
probe current, and taking fast Fourier transforms~FFTs!. The
measurement required the use of a small-current sen
amplifier, shown in Fig. 2~b!, as well as measures to reduc
60 Hz noise contamination. Further details of the measu
ment are given in Appendix C.

The normalized root-mean-square~rms! ion density fluc-
tuation dnrms was computed from the single-sided pow
spectrum,Gi(v). Recall thatdni /ni'dI sat/I sat, so that

dnrms5SE
0

BW

Gi~v!
dv

2p D 1/2

. ~2!

Equation~2! was computed numerically by integrating th
measuredGi(v) FFT power spectrum over a bandwidth BW
51000 Hz. Additionally, we verified that the particle laye

er
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o

to

FIG. 2. ~a! Probe assembly.~b! Amplifier circuit. Noise reduction features
include batteries to power the amplifier and bias the probe, differential
tection, and filters.
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downstream of the probe was not the cause of the meas
fluctuations by repeating the fluctuation measurements w
out particles present in the plasma.

B. Electron temperature measurements

Since, according to Ref. 21,Tms is expected to be pro
portional toQ0

2, the Langmuir probe was also used to me
sure the electron temperature,Te . The particle charge num
ber isQ0 /e[Z5KQaTe , wherea is the particle radius and
KQ is a numerical coefficient which must be computed us
the orbital-motion-limited~OML! charging model.30 ~See
Ref. 21 forKQ , tabulated for various plasma parameter v
ues.! Here, the electron temperature was measured at
sheath edge and in the main plasma region. The probe
age was stepped in 0.25 V increments from220 V to 130 V
while recording the current. After subtracting the ion satu
tion contribution, a fit to the exponential portion of ea
current–voltage (I –V) curve yieldedTe . This was repeated
for 11 neutral gas pressures between 55 and 200 mTorr
estimate error bars, measurements were repeated three t
15 min apart, at five of the pressures.

C. Particle kinetic temperature measurements

Particle trajectories in a vertical slice of the dust clo
were obtained using a long-distance microscope. The fiel
view was approximately 1.331.0 mm, which yielded a spa
tial resolution of;2.0 mm per pixel. The interparticle spac
ing was;500 mm, so that 1–4 particles were in the field
view at any time. Because a vertical slice of the cloud w
viewed, two components of the particle trajectories were
served; a vertical component denoted by~z! and a horizontal
component denoted by (x,y). The designation (x,y) is used
since the temperature is assumed to be isotropic in the h
zontal plane. Particles in two of the three layers were ty
cally imaged.

Trajectories of individual particles were obtained as f
lows. Video was digitized to yield the coordinates of all t
particles in a single field. This was repeated for 10 sepa
blocks, each consisting of 64 consecutive fields. The tra
tories were found using a computer algorithm th
‘‘threaded’’ a particle in one field to the same particle in t
next. The algorithm started with a particle P1 in a field a
searched for the closest particle P2 in the next consecu
field. Particle P2 was considered threaded~matched! to P1
when the separation distance between P1 and P2 was
than the minimum interparticle separation calculated us
all of the fields in the block.

Particle velocities were calculated along each stepi of
each particle trajectory usingva,i5DDa,i /Dt. Hereva,i is a
vector component of theith particle velocity,DDa,i is the
component of the corresponding particle displacement d
ing the time stepDt(51/60 s) between fields, anda
5(x,y) or ~z! indicates the horizontal or vertical vector com
ponent, respectively.

The velocity distributions were found to be approx
mately Maxwellian, with different temperaturesTms

(x,y) and
Tms

(z) in the horizontal and vertical directions. Equation~1!
was used to calculate the two components ofTms from all the
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individual particle velocitiesva,i . This procedure makes n
distinction between correlated and random particle moti
an issue we now address.

The true particle kinetic temperatureT is the kinetic en-
ergy associated with random, uncorrelated particle motio
It should not include the kinetic energy associated with
rected particle flows10–12 or long-wavelength particle
oscillations,31,32 which are predicted to occur in laborator
dusty plasmas. The problems associated with computin
good estimate (Tms) for T from experimental data are dis
cussed in detail in Appendix B, and a solution is sugges

Here, we simply note that one of our measured sing
particle trajectories does show evidence of oscillatory beh
ior. The x andz components of this trajectory are shown
Fig. 3 for the short time interval in which we were able
track the particle. This trajectory is unusually long for o
experiment; most particles could only be tracked for a fr
tion of a second. We also note that Fig. 3 resembles a ci
lar particle orbit, similar to those found by Melandsø33 in a
three-dimensional~3D! plasma crystal simulation. It is un
known whether this type of trajectory is representative
our experiment, because no other orbits we recorded sta
in the laser sheet as long as this one.

D. Structural measurements

Measures of structural order in the plasma crystal w
obtained by computing the translational correlation len
and sixfold coordination fraction from particle positions in
horizontal slice of the particle cloud. The particle imag
used in this computation contained about 100–200 partic
After obtaining the (x,y) coordinates of the particles in eac
frame, the structural analysis was performed as discusse
Refs. 14–16. The pair correlation function was compu
directly from the measured particle coordinates and avera
over 30 frames digitized from video every 0.5 s. The tra
lational correlation length is the scale length for the exp

FIG. 3. Particle trajectory recorded using side-view camera. This traject
recorded at 60 mTorr, was one of the few long trajectories recorded. Th~a!
horizontalx(t) and~b! verticalz(t) components of the particle trajectory ar
shown.
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nential decay of this function. We also computed the sixf
coordination fraction by dividing the number of particles in
frame having six nearest neighbors by the total numbe
particles in the frame, and averaging over 30 frames.

IV. RESULTS

While we did measure finite values of the rms ion de
sity fluctuationsdnrms, we found no correlation betwee
dnrms and the measured particle temperatureTms. This indi-
cates that electrostatic fluctuations near the sheath edg
not account for the particle heating downstream. The lack
correlation is illustrated in Fig. 4, which show ion dens
fluctuations,Te , Tms, and degree of structural order as fun
tions of neutral gas pressure, and in Fig. 5, which sho
plots of dnrms vs Tms

x,y and translational scale length.
The ion density fluctuation was small, typically 0.005

the average ion density, as shown in Fig. 4~a!. More impor-
tantly, this fractional ion density fluctuation varied by on
about 50% over the measured pressure range. Over the
pressure range, however,Tms varied by nearly an order o
magnitude, first increasing and then decreasing with incre
ing neutral gas pressure as shown in Fig. 4~c!. Measures of
structural order in Fig. 4~d! varied by a factor of 2–3, ove
the pressure range we tested, and they were inversely re
to Tms, as expected.

In the main plasma region, our Langmuir probe me
surements indicated a two-temperature electron distribut
This is different from the Druyvesteyn distribution that
often observed at higher gas pressures.29 As shown in Fig.
4~b!, the temperature of the hot electron component var
slightly, by 10%, over the measured pressure range. The
electron component had a temperature similar to that m
sured near the sheath edge, where a single temperature
tribution was observed.

V. CONCLUSION

We find that low-frequency electrostatic fluctuations c
ated upstream, and then propagating toward the particle
the sheath, do not account for the measured particle temp
ture Tms. This conclusion is supported by the fact thatTms

was not correlated with the upstream fluctuations. Furth
the fluctuations were of such a small amplitude that the c
responding particle temperature predicted by a Lange
model,21 is several orders of magnitude smaller thanTms.
The negative outcome of the test of our hypothesis is us
since it helps narrow the range of possible particle hea
mechanisms. In particular, if particles are heated solely
electrostatic fluctuations, then these fluctuations must or
nate downstream of the sheath edge, near the particles.

An alternative heating mechanism, involving fluctu
tions that originate in the particle layer itself, has be
proposed.23,24,33 In this mechanism, particle motions in
lower layer of a multilayer plasma crystal become unsta
due to an attractive force between the layers. The attrac
force exists because of enhanced ion density in a wake be
the upper layer. This instability is predicted to be streng
ened when the gas pressure decreases, which is cons
 .
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with our results in Fig. 4~c! for pressures greater than 8
mTorr, but not consistent with our results for pressures l
than 80 mTorr.

Several alternative heating mechanisms have been

FIG. 4. Measurements as a function of neutral gas pressure.~a! Root-mean-
square ion density fluctuationdnrms upstream of the particles, compute
from the measured fluctuation spectrum using Eq.~2! with a bandwidth of
1000 Hz, as a percentage of the average ion density.~b! Electron tempera-
ture. The electron energy distribution was found to be characterized
single temperature near the sheath edge and by two temperatures in the
plasma region. Error bars based on multiple measurements, separat
time, are on the order of the symbol size, except for the highTe component
of the main plasma, for which five representative error bars are shown~c!
Measured particle kinetic temperature for motion parallelTms

(x,y) and perpen-
dicular Tms

(z) to the horizontal electrode. The lack of correlation of this te
perature with the fluctuation levels shown in panel~a! indicates that elec-
trostatic fluctuations in the region upstream of the sheath edge do
account for the particle heating.~d! Translational correlation length and
sixfold coordination fraction. Larger values indicate a more highly orde
structure. Comparison with~c! indicates that the structural order is low
when the particle kinetic temperature is high, as expected.
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posed that involve charge fluctuations. In one class of th
mechanisms, random charge fluctuations due to the step
collection of ions and electrons drives random particle m
tion in the presence of the dc sheath electric field.21,28 An-
other heating mechanism has been proposed by Zhakhov
et al.34 This mechanism involves charge fluctuations due to
variation in charge with position in the dc electric field re
gion of a standing striation. Because of the positional dep
dence of the charge and the levitating potential, the interp
ticle force is not derivable from the gradient of a potentia
and it therefore represents a free energy source capabl
heating the particles. A variation of this heating mechani
proposed by Nunomuraet al.,35 involves an instability due to
the finite charging time. In Nunomura’s instability, the actu
charge is out of phase with the local equilibrium charge.
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FIG. 5. Ion density fluctuations upstream of the particles, as a percentag
the average ion density. These data are from Fig. 4, replotted so tha
horizontal axis is~a! effective particle temperature~in the horizontal direc-
tion! and ~b! translational scale length. The lack of correlation betwe
dnrms and bothTms and the translational correlation length suggests th
these fluctuations are not responsible for heating the particles.
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APPENDIX A: INTERPARTICLE SPACING, DENSITY,
AND PLASMA PARAMETERS

The characteristic particle separationb for a system of
particles can be defined in several possible ways. The d
nition generally depends on the dimensionality of the syst
and the particle arrangement. For lattice structures, the u
choice isb5D, the nearest-neighbor distance, which is a
the lattice constant. For square~2D! and cubic~3D! lattices,
Ds5A1/n2D andDc5A3 1/n3D, wheren2D andn3D are the 2D
and 3D particle densities, respectively. For other latt
types, it is convenient to express theD for that lattice in
terms ofDs or Dc ~see, e.g., Ref. 36!. For a 2D triangular
lattice,D t5(2/A3)1/2Ds .

When working with experimental data, for a 2D lattic
that is not perfect, there are two common methods of ch
acterizing the particle spacing. First,D can be defined as th
position of the first radial peak of the pair correlation fun
tion g(r ).14 This definition is equivalent to the expression f
D t above in the case of an ideal triangular lattice. Most du
plasma experimentalists use the terminology ‘‘interparti
spacing,’’ ‘‘nearest-neighbor distance,’’ or ‘‘average partic
separation’’ to refer toD computed in this way.10,12,13Sec-
ond, one can computeDs ~above! using the measured area
density. For an ideal lattice,D/Ds5(2/A3)1/2'1.075, while
for a real experimental lattice containing between 5% a
30% defects, we have found from our images thatD/Ds

51.089.
When computing the Coulomb coupling parameterG

5Q0
2/bGT exp(2k), the traditional choice in the theoretica

literature for one-component plasmas and Yukawa plas
is bG5A1/pDs or bG5A3 3/4pDc for 2D and 3D,
respectively.37,38 For the purpose of comparison to theory,
is advisable to usebG defined this way, as has been done
some previous plasma crystal melting experiments.10,23 Note
thatD/bG5(2p/A3)1/2'1.90 for an ideal 2D, triangular lat
tice.

APPENDIX B: DUST KINETIC TEMPERATURE
MEASUREMENT

Here we discuss some important issues related to c
puting an accurate estimateTms to the particle kinetic tem-
peratureT using particle trajectory data obtained in plasm
crystal experiments. The problems are briefly described
a solution suggested.

Equation~1! for the computed particle temperature c
be rewritten as the difference between the total kinetic
ergy and the drift kinetic energy,Tms5m^v2&2m^v&2.
Here,v is a single vector component of the particle veloci
Energy in correlated wave motion is included in them^v2&
term. We can express this explicitly by writingm^v2&
5m^v th

2 &1m^vwv
2 &1m^v&2, where m^v th

2 & is the thermal
contribution to the total kinetic energy,m^vwv

2 & is that due to
correlated wave motion, andm^v&2 is that due to particle
drifts. In this context,T5m^v th

2 &. Experimentally, the diffi-
culty lies in accurately computingm^vwv

2 & andm^v&2.
In practice, it is difficult to compute the kinetic energy o

coherent oscillationsm^vwv
2 & from experimental data. Long

wavelength compressional waves involve many particles.
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the other hand, we image only two or three particles a
time, due to the high magnification necessary to determ
particle velocities accurately. Thus it is difficult to determi
whether widely separated particles’ motions are correlate

The kinetic energy of drift motionm^v&2 can also be
difficult to compute. The difficulty arises in how the data a
sampled and averaged. If the sampling time is long co
pared to the time for particle drifts to change their directio
then the opposing flows are averaged together yielding^v&
'0. In this case, the true particle drift kinetic energy is u
derestimated.

A possible solution to these problems is to use the re
tive particle velocities rather than individual particle veloc
ties. For example, letvA5vRA1vwv,A1vDA and vB5vRB

1vwv,B1vDB , wherevR is the random part of the particl
velocity,vwv is that due to correlated wave motion, andvD is
that due to drift. The subscriptsA andB denote two different
particles appearing in the same sequence of video frame
A and B are sufficiently close together, thenvwv,A'vwv,B ,
vDA'vDB , andv rel5vA2vB'vRA2vRB , wherev rel is the
relative velocity. Now, ^v rel

2 &5^(vRA2vRB)2&5^vRA
2 &

1^vRB
2 &22^vRA&^vRB&. But ^vRA&'^vRB&'0, by the defi-

nition of a random velocity. Therefore, for sufficiently larg
averaging,̂ v rel

2 &'2^vRA
2 &[2^v th

2 & andTms'1/2̂ v rel
2 &.

Unfortunately, in the present experiment we were n
able to implement the relative velocity technique due to
extremely small number of particles~often just one! present
in our long-distance microscope’s field of view. As di
cussed, it is difficult in this case to account form^vwv

2 & and
m^v&2 making it likely thatTms overestimatesT, here and in
previous plasma crystal experiments.10–12,34While the extent
of this overestimation is unknown, it is likely that the ma
nitudes ofTms andT are strongly correlated.

APPENDIX C: ION DENSITY FLUCTUATION
MEASUREMENT

Here we give a detailed explanation of the method u
to measure the small amplitude ion saturation current fl
tuations, which are related todnrms as discussed in Sec. II
above. Two main problems required solutions. First,
small current signal had to be amplified and measured. S
ond, 60 Hz noise had to be minimized or accounted for
obtain a reasonable signal to noise ratio.

The normalized spectrum of ion saturation current flu
tuations was obtained by computing the ratio of the ac and
portions of the voltage drop across a 1 MV resistor in the
external probe circuit, shown in Fig. 2~b!. This ratio, ex-
pressed as a power spectrum, is identical to the satura
current spectrumGi(v)[dI sat/I sat. The ac and dc voltage
were measured simultaneously using two channels of a d
tal oscilloscope. The average~dc! voltage drop was recorde
directly on one channel of a digital oscilloscope, while the
voltage was first filtered and amplified before being record
on the second channel. To perform the ac measurement,
side of the 1 MV resistor was coupled through a very-low
frequency ~0.01 Hz! high-pass filter into a unity-gain
differential-input stage of the battery-powered amplifier. T
signal was then passed through an active 2-pole, 10-
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low-pass filter and finally an X10 or X100 gain output stag
The time-averaged FFT of this signal was computed on
oscilloscope using a Hanning window, with a Nyquist fr
quency of 12.5 kHz, and 2.5 Hz resolution; the averag
time was;24 s. Finally, the FFT data were normalized b
the dc voltage and recorded as a single-sided power s
trum. Substantial peaks at 60 Hz and its harmonies w
found in the initial ion saturation measurements.

Since only short-wavelength fluctuations were expec
to heat the particles, modulations of the global plasma pr
erties due to 60 Hz ripple in the rf generator were not e
pected to be physically significant. The 60 Hz modulatio
were verified to be global~long-wavelength! in two simple
tests. In the first, light from an emission line was collect
from a wide region of the plasma and measured with a p
tomultiplier tube. The power spectrum of this spectral em
sion showed distinct peaks at 60 Hz and its harmonics. In
second test, measurements of the low-frequency spectru
the electrode voltage showed similar peaks. Since these
Hz fluctuations were homogenous in the plasma, they co
play no role in moving one particle differently from anothe
Therefore they are of no interest in studying the heating
the particles.

Nevertheless, the 60 Hz noise initially proved to be
high as to obscure the desired portion of the spectrum; th
fore, several steps were taken to reduce it. First, the
coupled amplifier described above was mounted directly
the outer end of the probe. This prevented line pickup a
grounding problems present when using an external am
fier. Second, batteries were used both to bias the prob
227 V and to power the amplifier. Third, the matching ne
work between the rf power amplifier and the powered el
trode was carefully tuned to reduce 60 Hz noise coupled
the electrode from the rf generator. For some data run
fourth step of applying a digital filter to the measure
dI sat/I satspectrum was employed. However this step was
found to alter the results significantly and it was not used
the data presented here.
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