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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 temperatures200® American Institute of
Physics[S1070-664X00)01109-3

I. INTRODUCTION strongly-coupled plasmas ha¥&e>1, with more highly or-
dered phases having progressively larger valued'.ofA

Laboratory dusty plasmas are useful for studying _ . .. ", . o ;
: . variation in any ofQq, A, T, or x could, in principle, drive a
plasma—dust interactions, strongly coupled plasmas, Cou-

. o . . hase transition in the plasma crystal.
lomb lattices, and phase transitions. They typically consist o _ . .
. . . ; . Plasma crystals do exhibit phase transitions from solid to
a low-density cloud of micron-sized particles embedded in

background of ions and electrons. The particldas) are a_hqmd or gas when discharge cond|t|0n§ ";“e varied by chang-
. . . ing the neutral gas pressure or rf pow&r?However, com-
highly negatively charged, and they interact through a strong,_ =. . e 1013
Coulomb repulsion. The background ions and electrons Su&utmgl‘ for these experiments is difficuf;'and the degree

P : 9 of order (or phase is usually determined by calculating the

mile:h;t(i:crllgrrgee S?si:)hne (Sjil;]S(;[egtrha(;nSa?[?c?ega;::iléyassifreifnr; tZ? anslational correlation length and other order parameters
P P ' P Y IMag€Rased on the relative positions of the particfsd® Never-

using a video camera and laser light scattering, detailed stu heless, the results of Melzat al® and Thomaset alt

les of the microstructure and dynamics of the particle clou show that the particle kinetic temperature increases as the

can be conducted. . Coulomb lattice becomes more disordered, widlg and A
Many recent dusty plasma experiments have focused on - . i
- remain approximately constatt(The parametek is even
a solidlike strongly coupled Coulomb state called a plasm%ore difficult to determine in a plasma crystal melting ex-
crystal'=® In these experiments, the particles are levitated in P y 9
ystal- nese exp ' ba periment, but is thought to remain approximately constant.
the vertical dl_re(_:tlon by a de‘?p potential well f ormed by the As the above discussion illustrates, the particle tempera-
she_ath eIecFrlc_ﬂeId and gray|ty, a_md are confm_ed by a Weakure plays a significant role in determining the structure and
radial electric field. The particle kinetic energy is reduced Sodynamics of laboratory dusty plasmas. Therefore, an inter-
much by co!lisions with neutr-al gas moleculgs that the Cou'esting question to ask is: what controlls or deter’mines the
lomb repulsion between particles leads to highly-ordered arbarticle kinetic temperature? In this paper we report an ex-
rangements of the particles in a crystal-like Coulomb lattice, i

; eriment that answers this question, in part.
These experimental strongly-coupled plasmas are valuable o . . o .
: ) Specifically, we are interested in the kinetic particle tem-
because most previous strong-coupling research was

theoreticaf -2 peratureT associated with the random motion of the whole
A mea.s;ure of the expected amount of order in a Iasm%]article. We use the term “kinetic” to avoid confusion with
P b e surface temperature of the particle, which can be entirely

C_rstzt?L_'rse)?'\(/fn) b1¥h;heagr)#£g;,biscﬁfep:;?o F(;?riitrg?tﬁrr,- different. To measure the kinetic temperature, experimenters
<0 P k). P P and simulators commonly measure particle velocities and

ticle potential energy to particle kinetic energy wh€g is compute
the mean charge is the mean nearest neighbor distaide,
is the kinetic temperature of the particless A/\p, and\p Tone=m((v—(v))?), (1)

is the Debye screening length due to the plasma. In general,

wherem is the particle mass; is a single vector component

aAuthor to whom correspondence should be addressed. Electronic maiPf the parti<_:|e _v_elocity, and the brf'i_CkEtS denOte_ averages
over many individual particle velocities. The particle drift
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velocity (v) is subtracted in computing the temperature.electric force that levitates the particle. The fluctuating force
Here the subscript “ms” denotes “measured from the mean<an in turn lead to random particle motions, thus heating
square velocity,” to distinguish it from the true valug, the particle. This heating mechanism is explored in Refs. 21
The measured temperatuig,s may overestimate the and 28.
true temperaturd for several reasons. First, the drift veloc- Here, we report an experiment in an rf dusty plasma to
ity may vary in time, makingv) difficult to compute accu- determine whether particles are heated by low frequency
rately. Second, long-wavelength coherent particle oscillaelectrostatic fluctuations in the sheath electric field. To do
tions enter into Eq(1), even though they do not represent this, we measure electrostatic fluctuations generated up-
random thermal motions. As far as we know, there has beestream of the particles. We find that such fluctuations are
no attempt to account for these two problems in previougresent but are uncorrelated will,s, indicating that they do
experiments. For this reason it is unclear how closgly  not heat the particles. This conclusion is also supported by a
approximates the true kinetic temperature, but it is likely toseparate analysis of the fluctuation levels, along with esti-
be strongly correlated. We discuss this issue further in Apmates of the particle charge from tiig measurements de-
pendix B. scribed below, which yielded a predicted temperature much
The true particle kinetic temperatufeis determined by lower thanT ,,.%* This information is useful in narrowing the
a balance between particle heating and cooling. Cooling i§eld of candidate particle heating mechanisms.
thought to be primarily due to neutral gas dfag®which is
prqporthnal to the gas density. However, t_h|§ linear rglatlon—“_ EXPERIMENTAL SETUP
ship by itself does not account for the variationTgfs with
neutral gas pressure which we report in Sec. IV. Brownian  Experimental tests were carried out to measure electro-
collisions with the neutral gas should heat the particles testatic fluctuation levels in a dusty plasma and compare these
room temperatures=1/40 eV, but this is insufficient to ex- to measurements df,,s. The experiment was conducted us-
plain the large~10 eV or higher particle kinetic tempera- ing a plasma crystal formed by particles levitated in the dc
tures reported here, and in some other experim@fst®>  sheath of an asymmetric rf discharge. In previous experi-
Hence an alternative heating mechanism is sought. ments using similar apparatus, the particle temperature was
Fluctuating electrostatic fields in the plasma could heawaried by changing either the rf power or the neutral gas
the particles, as has been suggested previddsfyTo raise  pressuré:'°-*2Following this example, we chose to vary the
the kinetic temperature, these fluctuations would need sepressure. The structure and phase of the plasma crystal were
eral properties. First, only fluctuations with frequencies neaalso determined, using the method and criteria of Ref. 14.
the dust plasma frequenay =(47-ranZe2/m)1’2 can sig- Highly charged plastic microspheres were levitated by
nificantly move the particles. HereZ=|Qq /€| is the aver- the strong electric field in the dc sheath of a rf discharge
age charge number on the particles, ands their number plasma. Particle dynamics were studied using laser-light
density. For typical plasma crystal experiments,/2w  scattering and video imaging under various discharge condi-
~10Hz 2 Second, the fluctuations must have short wavetions. The particles were 9:.3 um diameter, with a mass
lengths to move nearest neighbors differentially and thus credensity of 1.51 g/crh After insertion into the plasma, sev-
ate incoherent particle motions. Third, they must be presergral thousand particles were found to be arranged in a cloud
where the particles are located. For ground-based plasnaf two to three vertically aligned layers above a horizontal
crystal experiments in rf discharges, this means the fluctuaelectrode. A schematic diagram of the experimental system
tions must be present inside the sheath where the particlés shown in Fig. 1.
are levitated by the strong electric force. The discharge was formed in a Gaseous Electronics
The fluctuations might originate within the sheath, per-Conference(GEC) Reference Cell, which was modified as
haps driven by ions streaming past the partiéfeé? Alter-  described in Ref. 15. The plasma was sustained using a rf
natively, they might originate further upstream, in the mainamplifier operated at 13.55 MHz, which was capacitively
plasma, and then propagate with the ion flow into the sheatltoupled to the electrode through a matching network. The
Such fluctuations at frequencies as low as 10 Hz are presedischarge conditions were varied by changing the Krypton
in a rf plasma, as we will show experimentally, althoughneutral gas pressure from 55 to 200 mTorr while fixing the
they have only been mentioned in the rf gas discharge litergpeak to peak electrode voltage at#85V. The dc bias volt-
ture in the context of eliminating them from probe measure-age varied from—25 V to —18 V over this pressure range.
ments. The origin of these fluctuations is undetermined; Particle measurements were made using laser light scat-
however, the low frequency, far below the ion plasma fre-tering and video imaging. A slice of the particle cloud was
quency, suggests that they might be due to disturbances iluminated with two HeNe laser sheets, one horizontal and
the ionization balance. the other vertical, and the scattered light was recorded on a
Particles could also be heated by the interaction of theiSVHS video cassette record&CR) using a charge-coupled
random charge fluctuations with the levitating dc electricdevice(CCD) camera fitted with either a Nikon macro lens
field in the sheath. Random charge fluctuations have beeor a long-distance microscope, as shown in Fi@).1The
predicted to occur for any particle immersed in acamera shutter speed was 1/250 s. Particle locations were
plasma?®~2"The spectrum of these fluctuations has been preidentified by first digitizing a sequence of images from the
dicted to have a significant low-frequency comporféna recorded video. Up to 32 consecutive frames of video were
fluctuation in a particle’s charge creates a fluctuation in theligitized at the video rate of 30 frames per second and re-
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FIG. 1. Perspective view of electrode and particle imagi@y.A 13.55 high-pass amp 10 kHz amp

MHz rf voltage is applied between the electrode and the vacuum chamber low-pass

(not shown. Charged particles are levitated in the sheath above the elec-

trode. Horizontal and vertical laser sheets illuminate the particles and videg|G. 2. (a) Probe assemblyb) Amplifier circuit. Noise reduction features

cameras record their trajectoried) Side view sketch of the electrode, jncjude batteries to power the amplifier and bias the probe, differential de-
particles, visible sheath edge, and Langmuir probe. The probe is used i@ction, and filters.

measure ion density fluctuations upstream of the particles.

corded as 648480 bit-mapped images. Each 480-line framethrough a 50 pF capacitor. Three choke inductors blocked rf
consisted of two interleaved fields separated in time by 1/6Q 13, 26, and 40 MHz. To measure the ion saturation cur-
s. Splitting the fields allowed a temporal resolution of 1/60 syent, a bias voltage of-27 V was applied to the probe.
for a spatial field of 646240 pixels. After thresholding each \whjle fluctuations with a characteristic wavelength shorter
image to identify the particles, we recorded the two-than the length of the probe tip may have been attenuated,

dimensional(2D) coordinates of the particle centers. this was not thought to be a significant problem since only
waves propagating within a small solid angle about the probe
IIl. MEASUREMENT TECHNIQUES tip axis would be affected. All other waves would cross the

tip’s much smaller diameter.

The ion saturation current power spectru@®;(w)

We expect the measured temperatlig to increase =g <atl | st Was measured by biasing the probe+@7 V,
with the ion density fluctuation levein; /n;, if electrostatic measuring the acdls,) and dc (s,) components of the
fluctuations dominate the particle heating. A Langmuir probeprobe current, and taking fast Fourier transfo®ETS. The
operated at ion saturation was used to measurén; atthe  measurement required the use of a small-current sensor-
sheath edge, as described below, and in Appendix C. The iogmplifier, shown in Fig. ), as well as measures to reduce
saturation current i$g,p<niTg, where T usually varies 60 Hz noise contamination. Further details of the measure-
much less tham; in most discharges. Thereforén,/n; ment are given in Appendix C.

~ Ol satl I sar, Wheren; andl g, are the mean ion density and  The normalized root-mean-squarens) ion density fluc-

A. Fluctuation measurements

ONms=

saturation current, respectively. tuation &n,,s was computed from the single-sided power
An rf-compensated Langmuir probe was used to measpectrumG;(w). Recall thatsn; /n;~ 8l ¢/l 5 SO that

sure the ion saturation current just above the visible sheath

edge. The probe, shown in Figlhl, was located upstream of JBW dow)\?

the particles, which were levitated within the sheath. The " Gi(w)ﬁ) ' )

probe design, shown in Fig(&, was based on suggestions

of GodyaK® and Overzet. The tip measured 5 mm long andEquation(2) was computed numerically by integrating the

0.075 mm diam. A coaxial reference probe of 10 mm lengthmeasureds;(w) FFT power spectrum over a bandwidth BW

and 1.8 mm outside diameter was coupled to the probe tip=1000 Hz. Additionally, we verified that the particle layer
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downstream of the probe was not the cause of the measure 60 ' i - -
fluctuations by repeating the fluctuation measurements with- 40 [ (@ ]

out particles present in the plasma. T 2F :
2 of ;

>
B. Electron temperature measurements 20 E
-40 | 3

Since, according to Ref. 2T, is expected to be pro- 60 . . . .
portional toQg, the Langmuir probe was also used to mea- 0 0.1 0.2 0.3 04 0.5
sure the electron temperatuii,. The particle charge num-

ber isQo/e=Z=KpaT,, wherea is the particle radius and ig o) ' ' ' ' ]
Kg is a numerical coefficient which must be computed using 3 ]
the orbital-motion-limited(OML) charging modef® (See & *§ ;
Ref. 21 forKq, tabulated for various plasma parameter val- % _22 3 ~ ]
ues) Here, the electron temperature was measured at the w0 b ]
sheath edge and in the main plasma region. The probe volt: . , . L

age was stepped in 0.25 V increments frer0 V to +30 V 00, 0.1 - 02 0.3 0.4 05
while recording the current. After subtracting the ion satura- time (s)

tion contribution, a fit to the exponential portion of each _ ) o o
current—voltage I(—V) curve yieldedTe. This was repeated FIG. 3. Particle trajectory recorded using S|de—V|eyv camera. This trajectory,

recorded at 60 mTorr, was one of the few long trajectories recorded@l he
for _11 neutral gas pressures between 55 and 200 mTorr: Tidrizontalx(t) and(b) verticalz(t) components of the particle trajectory are
estimate error bars, measurements were repeated three timssywn.

15 min apart, at five of the pressures.

, . L ) i distinction between correlated and random particle motion,
Particle trajectories in a vertical slice of the dust cloud,p, issue we now address.

were obtained using a long-distance microscope. The field of 114 true particle kinetic temperatufeis the kinetic en-

view was approximately 1:81.0 mm, which yielded a spa- g4y associated with random, uncorrelated particle motions.
tial resolution of~2.0 um per pixel. The interparticle spac- | shoyld not include the kinetic energy associated with di-
ing was~500 um, so that 1-4 particles were in the field of .o eq particle flowd=2 or long-wavelength particle
view at any time. Because a vertical slice of the cloud wag)qqiiations3132 which are predicted to occur in laboratory
viewed, two cpmponents of the particle trajectorie; were Obdusty plasmas. The problems associated with computing a
served; a vertical component denoted(b)/gnd a ho_rlzontal good estimate T, for T from experimental data are dis-
component denoted by(y). The designationx,y) is used ¢ ,55ed in detail in Appendix B, and a solution is suggested.
since the temperature is assumed to be isotropic in the hori-  are we simply note that one of our measured single-
zontal plane. Particles in two of the three layers were typipaiicie trajectories does show evidence of oscillatory behav-

cally imaged. o _ _ ior. Thex andz components of this trajectory are shown in
Trajectories of individual particles were obtained as fo"Fig. 3 for the short time interval in which we were able to

lows. Video was digitized to yield the coordinates of all the ¢ the particle. This trajectory is unusually long for our
particles in a single field. This was repeated for 10 separatgyneriment: most particles could only be tracked for a frac-
blocks, each consisting of 64 consecutive fields. The trajeCgon of a second. We also note that Fig. 3 resembles a circu-
‘t‘orles were found using a computer algorithm thatjyr particle orbit, similar to those found by Melandin a
threaded” a particle in one field to the same particle in the i, 06 _dimensional3D) plasma crystal simulation. It is un-
next. The algorithm started with a particle P1 in a field andnown whether this type of trajectory is representative for

searched for the closest particle P2 in the next consecutivg,,, experiment, because no other orbits we recorded stayed
field. Particle P2 was considered threadethtched to P1 in the laser sheet as long as this one.

when the separation distance between P1 and P2 was less
than the minimum interparticle separation calculated usin
all of the fields in the block.

Particle velocities were calculated along each step Measures of structural order in the plasma crystal were
each particle trajectory using, ;=AD, ;/At. Herev,;isa obtained by computing the translational correlation length
vector component of théh particle velocity,AD, ; is the  and sixfold coordination fraction from particle positions in a
component of the corresponding particle displacement durhorizontal slice of the particle cloud. The particle images
ing the time stepAt(=1/60s) between fields, andx  used in this computation contained about 100—200 particles.
=(x,y) or (2) indicates the horizontal or vertical vector com- After obtaining the X,y) coordinates of the particles in each
ponent, respectively. frame, the structural analysis was performed as discussed in

The velocity distributions were found to be approxi- Refs. 14—16. The pair correlation function was computed
mately Maxwellian, with different temperatur@sX?) and directly from the measured particle coordinates and averaged
T in the horizontal and vertical directions. Equatithh  over 30 frames digitized from video every 0.5 s. The trans-
was used to calculate the two component3 gffrom all the  lational correlation length is the scale length for the expo-

%. Structural measurements
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nential decay of this function. We also computed the sixfold 1 T
coordination fraction by dividing the number of particlesina  § @
frame having six nearest neighbors by the total number of § 08 [ ]
particles in the frame, and averaging over 30 frames. E’ o6 L 1
% fe . ?
IV. RESULTS goaf T Tt e
c

While we did measure finite values of the rms ion den- P 02 F ]
sity fluctuations én,,s, we found no correlation between E
oNms @and the measured particle temperatlifg. This indi- I t —
cates that electrostatic fluctuations near the sheath edge dos 7 ¢ ® : I:Z;L'?n";a;'.‘n"!,?i?r:a 1
not account for the particle heating downstream. The lack of | @ ¢ ¢ o Lo Teatsheath edge E
correlation is illustrated in Fig. 4, which show ion density o ,F ;o ]
fluctuations T, Trs, and degree of structural order as func- % JE % . . { 3
tions of neutral gas pressure, and in Fig. 5, which shows & - *
plots of on,s vs TxY and translational scale length. § 3 s 2 e g . o ° 3

The ion density fluctuation was small, typically 0.005 of § 2r ' 1
the average ion density, as shown in Figp)4More impor- g L3 E
tantly, this fractional ion density fluctuation varied by only 0f f
about 50% over the measured pressure range. Over the samg () T Tms®Y)
pressure range, howeveF, varied by nearly an order of __ 2°} T Tns® ] ]
magnitude, first increasing and then decreasing with increas- = 15 b —— 3
ing neutral gas pressure as shown in Fi@) 4Measures of g ]
structural order in Fig. @) varied by a factor of 2—3, over 10 | ]
the pressure range we tested, and they were inversely related -l
to Tphs, as expected. 5F .

In the main plasma region, our Langmuir probe mea- : ]
surements indicated a two-temperature electron distribution. 0 ' ' ' g
This is different from the Druyvesteyn distribution that is 3 s b 060 &
often observed at higher gas pressidreas shown in Fig. £ ' 'g
4(b), the temperature of the hot electron component varied 3 20 0.55 'é
slightly, by 10%, over the measured pressure range. The cold§ 15 3 050 8
electron component had a temperature similar to that mea- 2 ' g
sured near the sheath edge, where a single temperature disg 1.0} 045 g
tribution was observed. —é 05k 0.40 §
V. CONCLUSION ®%5 s 70 80 90100 o3

) . . T
We find that low-frequency electrostatic fluctuations cre- pressure (mTorr)

ated upstream, and then propagating toward the particles iG. 4. Measurements as a function of neutral gas pres&rRoot-mean-
the sheath, do not account for the measured particle tempergguare ion density fluctuatiodn,s upstream of the particles, computed

; ; ; from the measured fluctuation spectrum using &j.with a bandwidth of
ture Tpys. This conclusion is supported by the fact tafs 1000 Hz, as a percentage of the average ion der{&ityElectron tempera-

was not qurelated with the upstream flugtuatlons. Furtherture. The electron energy distribution was found to be characterized by a
the fluctuations were of such a small amplitude that the corsingle temperature near the sheath edge and by two temperatures in the main
responding particle temperature predicted by a Langevimlasma region. Error bars based on multiple measurements, separated in
model,zl is several orders of magnitude smaller th—EfnS- time, are on the order of th(_e syr_nbol size, except for the Righomponent

The neaative outcome of the test of our hvoothesis is usef cif the main plasma, for which five representative error bars are sh@vn.

. ¢ - g A yp - - Wieasured particle kinetic temperature for motion paralf&’ and perpen-
since it helps narrow the range of possible particle heatin@icular T to the horizontal electrode. The lack of correlation of this tem-
mechanisms. In particular, if particles are heated solely byerature with the fluctuation levels shown in pa(®l indicates that elec-
electrostatic fluctuations, then these fluctuations must Origitrostatic fluctuations in the region upstream of the sheath edge do not

. account for the particle heatingd) Translational correlation length and

nate downstrea_m of the.Sheath edg?’ nea.‘r the .part|cles. sixfold coordination fraction. Larger values indicate a more highly ordered

An alternative heating mechanism, involving fluctua- structure. Comparison witic) indicates that the structural order is low
tions that originate in the particle layer itself, has beenwhen the particle kinetic temperature is high, as expected.
proposed>2433 |n this mechanism, particle motions in a
lower layer of a multilayer plasma crystal become unstable
due to an attractive force between the layers. The attractiverith our results in Fig. &) for pressures greater than 80
force exists because of enhanced ion density in a wake belomTorr, but not consistent with our results for pressures less
the upper layer. This instability is predicted to be strength-than 80 mTorr.
ened when the gas pressure decreases, which is consistent Several alternative heating mechanisms have been pro-
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APPENDIX A: INTERPARTICLE SPACING, DENSITY,

L I B L B AL AR AND PLASMA PARAMETERS
2 [ ]
5 @ 1 The characteristic particle separatibrfor a system of
'§ 08 ) particles can be defined in several possible ways. The defi-
2 [ ] nition generally depends on the dimensionality of the system
= 06 [ N and the particle arrangement. For lattice structures, the usual
= I o hd ° o 1 choice isb=A, the nearest-neighbor distance, which is also
§ 0.4 F ° * i the lattice constant. For squaf2D) and cubic(3D) lattices,
g [ ] A¢=\1/n,p and A= 3/1/np, Wheren,p andngp are the 2D
é o2 L ] and 3D particle densities, respectively. For other lattice
= . types, it is convenient to express tilefor that lattice in
terms of A or A, (see, e.g., Ref. 36 For a 2D triangular
o 5 — 1'0 — 1'5 T, latlice, A=(21y3).
o When working with experimental data, for a 2D lattice
Tms’ (V) that is not perfect, there are two common methods of char-
acterizing the particle spacing. Firgt,can be defined as the
o pTTTTTTTTTTTTTTETTTEETTET position of the first radial peak of the pair correlation func-
s L ®) ] tion g(r).%* This definition is equivalent to the expression for
"§ 08 [ ] A, above in the case of an ideal triangular lattice. Most dusty
5 I ] plasma experimentalists use the terminology “interparticle
< 96 I . spacing,” “nearest-neighbor distance,” or “average particle
= [ . °e ] separation” to refer ta\ computed in this way”?**Sec-
§ o4 F e ° ] ond, one can comput&g (above using the measured areal
s ] density. For an ideal latticey/A = (2/y/3)¥?~1.075, while
a for a real experimental lattice containing between 5% and
E o2 ] 30% defects, we have found from our images thdf\
[ ] =1.089.
o ————— e When computing the Coulomb coupling paramefer
05 ! 1.5 2 25 3 =Q3/by T exp(—«), the traditional choice in the theoretical
translational correlation length (/4) literature for one-component plasmas and Yukawa plasmas

; 3
FIG. 5. lon density fluctuations upstream of the particles, as a percentage & Pr=V1/mAg or bp=33/47A. for 2D and 3D,
the average ion density. These data are from Fig. 4, replotted so that theespectively’”*® For the purpose of comparison to theory, it
horizontal axis is(a) effective particle temperatuién the horizontal direc- g gdvisable to usb, defined this way, as has been done in

tion) and (b) translational scale length. The lack of correlation between . . .
onms @and both T, and the translational correlation length suggests thatsome previous plasma CryStaI meltlng experlméﬁ@Note

these fluctuations are not responsible for heating the particles. thatA/bp=(2/ \/§)l/2~ 1.90 for an ideal 2D, triangular lat-
tice.

posed that involve charge fluctuations. In one class of thesBPPENDIX B: DUST KINETIC TEMPERATURE
mechanisms, random charge fluctuations due to the stepwi$4EASUREMENT

collection of ions and electrons drives random particle mo-  Here we discuss some important issues related to com-
tion in the presence of the dc sheath electric fieitf. An- puting an accurate estimalg, to the particle kinetic tem-
othergpea.tlng mechanism has been proposed by ZhakhovsljbratureT using particle trajectory data obtained in plasma
et al.™ This mechanism involves charge fluctuations due 0 &ysta| experiments. The problems are briefly described and
variation in charge with position in the dc electric field re- 5 5ojution suggested.
gion of a standing striation. Because of the positional depen- Equation(1) for the computed particle temperature can
dence of the charge and the levitating potential, the interpaiize reyritten as the difference between the total kinetic en-
ticle force is not derivable from the gradient of a potential,ergy and the drift kinetic energyTme=m(v2)—m(v)2.
and it therefore represents a free energy source capable pre 4 is a single vector component of the particle velocity.
heating the particles. A variation of this heating mechanisrr]znergy in correlated wave motion is included in tiép2)
proposed by Nunomuret al.* involves an instability due to term. We can express this explicitly by writingy(v?2)
the finite charging time. In Nunomura’s instability, the actual —m(v2)+m(v2,)+m(v)2, where m(v2) is the thermal
charge is out of phase with the local equilibrium charge.  ontripution to the total kinetic energg(v2,) is that due to
correlated wave motion, aneh(v)? is that due to particle
drifts. In this contextT=m(v3). Experimentally, the diffi-
culty lies in accurately computing(v2,) andm(v)?2.

We thank A. Bhattacharjee, L. J. Overzet, and V. A. In practice, it is difficult to compute the kinetic energy of
Godyak for useful discussions. This work was supported byoherent oscillationm<vfw> from experimental data. Long-
NASA and the National Science Foundation. wavelength compressional waves involve many particles. On
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the other hand, we image only two or three particles at dow-pass filter and finally an X10 or X100 gain output stage.
time, due to the high magnification necessary to determin&he time-averaged FFT of this signal was computed on the
particle velocities accurately. Thus it is difficult to determine oscilloscope using a Hanning window, with a Nyquist fre-
whether widely separated particles’ motions are correlated.quency of 12.5 kHz, and 2.5 Hz resolution; the averaging

The kinetic energy of drift motiorm(v)? can also be time was~24 s. Finally, the FFT data were normalized by
difficult to compute. The difficulty arises in how the data arethe dc voltage and recorded as a single-sided power spec-
sampled and averaged. If the sampling time is long comtrum. Substantial peaks at 60 Hz and its harmonies were
pared to the time for particle drifts to change their direction,found in the initial ion saturation measurements.

then the opposing flows are averaged together yielding Since only short-wavelength fluctuations were expected
~0. In this case, the true particle drift kinetic energy is un-to heat the particles, modulations of the global plasma prop-
derestimated. erties due to 60 Hz ripple in the rf generator were not ex-

A possible solution to these problems is to use the relapected to be physically significant. The 60 Hz modulations
tive particle velocities rather than individual particle veloci- were verified to be globallong-wavelengthin two simple
ties. For example, lebpa=vratvwatvpa @andvg=vrg tests. In the first, light from an emission line was collected
+ovw,stUps, Wherevg is the random part of the particle from a wide region of the plasma and measured with a pho-
velocity, v, is that due to correlated wave motion, anglis ~ tomultiplier tube. The power spectrum of this spectral emis-
that due to drift. The subscripsandB denote two different  sion showed distinct peaks at 60 Hz and its harmonics. In the
particles appearing in the same sequence of video frames. $econd test, measurements of the low-frequency spectrum of
A and B are sufficiently close together, ther, s~vu 5, the electrode voltage showed similar peaks. Since these 60
Vpa=~Upg, andv,g=va—vg~Ura—Urg, Wherev is the  Hz fluctuations were homogenous in the plasma, they could
relative velocity. Now, (vrze|>=<(v RA_URB)2>:<U2RA> play no role in moving one particle differently from another.
+{v&e) — 2(vra{vRe). But (vra)~(vre)~0, by the defi- Therefore they are of no interest in studying the heating of
nition of a random velocity. Therefore, for sufficiently large the particles.
averaging{va)~2(viN=2(vi) and T~ 1/2va). Nevertheless, the 60 Hz noise initially proved to be so

Unfortunately, in the present experiment we were nothigh as to obscure the desired portion of the spectrum; there-
able to implement the relative velocity technique due to thdore, several steps were taken to reduce it. First, the ac-
extremely small number of particlésften just ong present coupled amplifier described above was mounted directly on
in our long-distance microscope’s field of view. As dis- the outer end of the probe. This prevented line pickup and
cussed, it is difficult in this case to account fo(v2,) and  grounding problems present when using an external ampli-
m(v)? making it likely thatT s overestimated, here and in  fier. Second, batteries were used both to bias the probe to
previous plasma crystal experimehis!?3*While the extent —27 V and to power the amplifier. Third, the matching net-
of this overestimation is unknown, it is likely that the mag- work between the rf power amplifier and the powered elec-
nitudes of T, andT are strongly correlated. trode was carefully tuned to reduce 60 Hz noise coupled to
the electrode from the rf generator. For some data runs a
fourth step of applying a digital filter to the measured
Ol sal | sarSPECtrum was employed. However this step was not
found to alter the results significantly and it was not used for

Here we give a detailed explanation of the method usedhe data presented here.
to measure the small amplitude ion saturation current fluc-
tuations, which are related tén,,,s as discussed in Sec. lll H. Thomas, G. E. Morfill, V. Demmel, J. Goree, B. Feuerbacher, and D.
above. Two main problems required solutions. First, thezgﬂoﬁlnémn;dh{&lex- ;—egf\} 6L5§ ﬂ(;gj(‘)‘)dg(lg%
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portions of the voltage drop aci®s 1 M) resistor in the  7p. H. E. Dubin, Phys. Rev. 42, 4972(1990.
external probe circuit, shown in Fig.([®. This ratio, ex-  ®In Proceedings of the International Conference on the Physics of Strongly
pressed as a power spectrum, is identical to the saturatior-oupled Plasmasedited by W. D. Kraeft and M. Schlangés/orld Sci-

_ entific, Singapore, 1996
current spectrunG_i(w)z Sl sat | sat: '_I'he ac and dc voltages_ ®Several variations of the interparticle separation have been used in the
were measured simultaneously using two channels of a digi-jiterature when computing. This issue is discussed in Appendix A.
tal oscilloscope. The averagéc) voltage drop was recorded iiﬁ R/I/Ieliﬁr, A. Hon(ﬁjagn,Ean'al Af-_”PiEl,tPhyS- zev.5é37, 278%76(1199%6-
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APPENDIX C: ION DENSITY FLUCTUATION
MEASUREMENT
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