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Direct observation of microparticle gyromotion in a magnetized direct
current glow discharge dusty plasma
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Advanced Technology Division, SFA Incorporated, Largo, Maryland 20774

Earl E. Scime
Department of Physics, West Virginia University, Morgantown, West Virginia 26506

(Received 20 October 2003; accepted 20 January 2004; published online 16 Apjil 2004

Laboratory observations of oscillatory motion of charged microparticles have been made in an argon
dc glow discharge plasma created within a strong dc magnetic field. Measurements of the oscillation
frequency and amplitude are consistent with the gyromotion of magnetized dust grains under the
ambient plasma conditions. The measurements provide an effective method for the noninvasive
determination of the charge on the observed microparticles. The observations also seem to indicate
that the neutral drag force on the dust grains may be smaller than anticipated from the classical
estimation. ©2004 American Institute of Physic§DOI: 10.1063/1.1669396

I. INTRODUCTION In nearly all dusty plasma experiments, a magnetic field
is either absent entirely or else it affects only the ions and
The magnitude of charge on dust particles determineglectrons. In either case, the charged dust is treated as an
the properties of a dusty plasma. The process by which dusinmagnetized component. However, there have been several
grains become charged depends upon environmental factoksxperimental investigations into the role of magnetic fields
For example, in space, dust grains are usually charged by theh dusty plasmas. Satet al® performed experiments in a
collected flux of charged plasma particles, by photoionizaQ-machine potassium plasma which also includeg, C
tion due to incident UV radiation, or by secondary electron“Bucky balls.” The 0.7-nm diameter particles, with a mass
emission. In the laboratory, charging is primarily due tonumber of 720, each attached only one electron in the
charged particle collection, with the dust typically becomingplasma. The authors regarded these as heavy negative ions,
negatively charged. It is generally believed that the dusbut they could likewise be considered a fine dust material. To
grains act much like isolated probes and charge to the localetermine the charge on thg4Particles, the authors used an
floating potential in the plasma. Since the charged microparemegatron spectrum analyzer, in which collected particle
ticles also have appreciable mass, gravitational forces, asurrent is analyzed as a function of frequency of an applied
well as electrical, magnetic, radiation, and ion and neutratf electric field. A clear spectral peak at the cyclotron fre-
drag forces all can affect the particle motion. quency for singly charged ¢ particles was found. In addi-
Because of its fundamental importance, a number of pretion, the authors investigated low-frequency wave modes ex-
vious experimental investigations have focused on the meaited by applying a positive bias to a small disk electrode
surement of dust grain charge. For example, microparticlgontained within the plasma column. In this case, the famil-
charge has been measured by collecting dust grains that falir current-driven electrostatic ion cyclotron instabfiityas
through the plasma into a Faraday Cuplowever, those observed for the potassium ions, but a new spectral feature
measurements involved the removal of the particles from thevas also detected which appeared to be consistent with the
system and whether the grains retain the same value g, cyclotron frequency. Together, these experiments provide
charge outside the plasma as they possess inside remainsevidence for the magnetization of the small singly charged
important unanswered question. In other experiments, th€g, particles.
chargeQ=Ze has been measured while the particles re- In a different series of Q-machine experiments in which
mained in the plasma. These techniques involved lasemanometer-sized dust grains were dropped through the
excited resonancésn a rf discharge plasma and analysis of plasma column, Luo and D’Angeianonitored the electron
particle oscillations about a plasma sheh@harge measure- density as a function of time after the dust dispenser was
ments have also been performed in rf discharge plasmas Istopped. With the dust dispenser turned on, it was found that
an analysis of the compression of a two-dimensid2aD) virtually all of the electrons resided on the dust grains. The
plasma crystal layer under the influence of a known transtypical charge on the 1-5 nm grains was estimated to be 1-4
verse confining forc.While this is a sensitive method for electron charges. When the dust dispenser was turned off, it
the determination of charge, it does require the particles to beias found that, depending upon plasma density, magnetic
in a crystalline state and also is dependent on a model of thigeld strength and geometry, the time it took for the electron
crystallization process. population to recover could vary from a few seconds to more
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the 1-in. dimension. Unless otherwise noted, the magnetic
field strength at the location of the particle observations was
external Helmholtz coil 2.5 kG. The direction of the magnetic field can be controlled
by the orientation of the magnets and points either vertically

; upward or downward along the anode—cathode cylindrical
IR pruater axis. Across the experimental region, the magnetic field is
L v - reasonably ur_1iform and can be var.ied up to .approximately 5
_ kG by adjusting the magnet spacing. A pair of Helmholtz

B0 esma ¥ X = electromagnet coil$24 in. inside diametgrlocated outside

prorr—on the vacuum vessel and centered on the anode—cathode pair
[ ] — allow the magnetic field in the experimental region to be
AN varied by =75 G.

NdFeB magnet

insulator Alumina microparticlegAlfa Aesar Stock #3981)4were
used for these experiments. The Gaussian distributed par-
ticles are nominally 1.2 0.5 um diameter. The mass of a 1.2
um particle is~2.5x 10 ¢ kg. A small amount of the alu-
mina dust was placed directly on the cathode. Once the dis-
FIG. 1. A schematic diagram of the experimental setup as viewed from th%harge was initiated, individual dust grains charge up to the
position of the laser used to illuminate the charged dust particles. floating potential ané levitate within the plasma. For the ob-
servations reported in this paper, the individual dust grains

than 100 s. The authors concluded that the cases of delay@fServed were found approximately 1 centimeter above the

electron density recovery could be plausibly explained by th&athode and can be radially located anywhere from the center
magnetic confinement of small dust grains. of the discharge to slightly beyond the outer diameter of the

While each of these experiments provide indirect evi-cathode.
dence of the magnetization of nanometer-sized dust particles
that hold only one to a few electrons, direct observation ofjj|. OBSERVATIONS
the particle motion was not possible. The experiments de- ] ]
scribed in this paper focus on the effects of a magnetic field ~With a discharge voltage of 230 V and a neutral argon
strong enough that micron-sized dust is magnetized. The eRressure of 220 mTorr, several distinct regions were found
fect of a strong magnetic field on the charging and motion otvhere individual particles were separated well enough from
micron-sized dust grains witd~10* in a plasma is exam- other suspended particles for their motion to be observed
ined. We report direct observations of dust cyclotron motionunobstructed. For the initial observation to be described the
and demonstrate how the measurements can be used for tiggnetic field direction was upward and the position where

sensitive noninvasive determination of dust grain chafge, the particles were found is indicated by the “X” in Fig. 1,
above and slightly to the right of the cathode. The plasma

density was approximately 10cm™2 and the electron tem-
perature was-1.6 eV.

The experiments reported here were performed in the The suspended dust particles were illuminated by a
Naval Research Laboratory’s newly constructed DUsty20-mW 670-nm diode laser. The beam spot is elliptical and
PLasma EXperimen(DUPLEX Jr), a transparent polycar- was approximately 3-mm wide and 1-mm thick at the loca-
bonate cylindrical vacuum chamber that is 46 cm in diametetion of the particles. The beam was oriented at an angle of
and 61 cm in height. An aluminum plate with five vacuum 90° with respect to the camera, which corresponds to the
flanges provides probe access to the experimental volumdirection facing into the page in Fig. 1. The laser was aligned
from the top. Langmuir and emissive probes are used to meauch that the wide dimension of the beam was oriented per-
sure the floating potentia¥; and the plasma potentis,, pendicular to the magnetic field direction. The beam could be
respectively. The polycarbonate cylinder sits upon a stainlesspread into a sheet with a cylindrical lens, but it was found
steel chamber section that provides access4 in. diffusion  that the natural width of the beam was sufficient to follow
pump-based vacuum system. The base pressure of the systéme particle motion and that individual grains were much
is approximately X 10 ° Torr. more visible with the unspread beam.

Argon dc glow discharge plasmas were created for these Uniform circular motion of individual particles in a
experiments. A schematic diagram of the experimental setuplane perpendicular to the magnetic field was recorded using
is shown in Fig. 1. The anode and cathode were constructeal CCD imager operating at 30 frames per second. A compos-
from 1.75 in.-diameter by 1/8 in.-thick mirror-polished stain- ite image showing the position of a particle designated as
less steel. The anode was biased positive with respect to thHearticle A at various points during two periods of the orbit is
grounded cathode. The anode and cathode were separateddfyown in Fig. 2. The image was made using every third
a distance of 2 cm and were centered axially between a pauideo frame. This particular particle was observed to oscil-
of neodymium-iron-boride permanent magnets that providedate for more than 5 minutes before being perturbed by other
a strong axial magnetic field. The magnets are 1 in. thick bydust grains moving nearby. A plot of the particle’s position as
2 in. wide by 3 in. long. The magnetic field is aligned with a function of time for a period of one minute is shown in Fig.

«— external Helmholtz coil

Il. EXPERIMENTAL SETUP
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FIG. 2. Composite image of orbiting dust particle labeled Particle A. The [ particleC (b) 1
image was formed from selected video frames taken during two oscillation E [ A A i1
periods. =
S
:'ﬁ
I . : 2
3(a), while Fig. 3b) shows an expanded view of five seconds  x
of the time series. The particle motion is clearly periodic.

The orbital period is 1.120.02 seconds and the mean oscil- g ! 2 g * 8

lation amplitude is 1.5 0.07 mm. The time derivative of M)

the Particle A position data indicates that the peak transverse _ o . .
L . . FIG. 4. (a) Horizontal position versus time data for Particle ®) The

velocity is ~8.3 mm/s. Figure @) shows the Fourier trans- e ¢ position as a function of time.

form of the position time series data. A clear narrow peak at

a frequency of 0.89 Hz corresponding to the particle oscilla-

tion is visible.

Figures 4a) and 4b) show sections of the time series of onds and was observed to oscillate at a frequency of 1.9 Hz.
two additional examples of such periodic motion. The par-ts orbital radius was 0.35 mm and the peak transverse ve-
ticle illustrated in Fig. 4a), designated as Particle B, had an locity was 2.8 mm/s.
oscillation frequency of 0.83 Hz and was followed for over
one minute before the particle was lost. Its orbital radius was
0.35 mm and the peak transverse velocity was 2.1 mm/gy DISCUSSION
Higher oscillation frequencies have also been observed as
illustrated by the motion of Particle C shown in Figurgy To determine if the observed oscillatory motion is cyclo-
This particle was followed for over 2 minutes and 15 sec-tron motion, several factors must be considered. First, an

estimate of the anticipated particle gyrofrequency and gyro-
radius must be made in order to determine if the observed

, . . “me::ec') " . . orbital frequency and radius fall within the expected range
o : - : - for our distribution of particle sizes and ambient plasma con-
ditions. Second, the direction of the particle rotation must be

= ! - determined for comparison to the expected direction of cy-
§ ° ' clotron motion for a negatively charged patrticle. Third, the

N | il | values of oscillation frequency and orbital radius must be
2 . . . . . measured as functions of magnetic field strength and perpen-
dicular velocity, respectively, in order to test for the appro-
priate scalings expected for cyclotron motion. Finally, an
analysis of the forces acting on the particle and of alternate
possible explanations is necessary to check for consistency
between gyromotion and the laboratory observations.

2t (b 1.12s

A. Estimation of dust particle gyrofrequency and
gyroradius

time (sec.)
20 To estimate the gyrofrequency for a typical alumina par-
| © fy=0.89 Hz | ticle in this experiment, we first assume that the particles are
T=tizs roughly spherical with a radiusy;=0.6 um (corresponding

to the 1.2um peak in the size distributionin the plasma,

st ] the particles act much like spherical capacitors, acquiring a
chargeQ=CV. Therefore, the microparticle charge can be
0 1 2 3 4 5 described byQ=4megryAV, where AV is the difference
frequency (Hz) between the floating potential and the plasma potential

FIG. 3. () One minute of the Particle A horizontal position as a function of Vf_Vp . Since the dust CyCIOtron frequency IS glvenﬁM

time data.(b) Enlarged view showing details of several orbital peridds. = QB/ M.! we C?-n re-express the gyrofrequency in terms of
Fourier transform of particle position time series data. the particle radius as

FFT amplitude (arb.)
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380AVB
=2 1)
¢ wsas? . Pparticle

Herep is the mass density of the dust grain. The mea-
sured values o¥,=146V andV;=75V indicate thatAV
=—71V. (The measurement afV is described further in
the Appendix) SinceB=0.25T, Eq.(1) yields a value of increasing x
QOg=4.7rad/s, orfy=0.75 Hz. If particles with radii plus/
minus one standard deviation are considered, then the ex-
pected range of gyrofrequencies is 0.38 Hz to 2.2(Bl4
rad/s to 13.8 radjsThe measured frequencies of Particles A
(0.89 H2, B (0.83 H2, and C(1.9 H2 fall within this range.

To estimate the expected particle gyroradius, given by
pqa=v, 1Qy, the perpendicular velocity must also be deter-
mined. The particle velocities are determined from the time
derivative of the particle position data and generally range
from ~1 mm/s to~10 mm/s. Assuming a 1.2m particle
suspended in a plasma wittlv=—71V andB=0.25 T, the
expected gyroradii would range from0.2 mm to~2 mm.

The orbital radii of Particles A, B, and C fall within this =
range. Assuming 1.2m particles, the expected gyroradii for
Particles A, B, and C determined using their measured per-
pendicular velocities are 1.75 mm, 0.44 mm, and 0.59 mm,
respectively. These agree reasonably well with the experi-
mentally measured values of 1.57 mm for Particle A, and  — reflection
0.35 mm for both Particles B and C. It should be noted that :
the particle grain diameters may be slightly different than 1.2
um, which would change the expected value of b@thand

Pd-

B. Rotation direction determination

increasing y

el
Yeu

To be cyclotron motion, the charged particles must orbitFIG. 5. Composite image of Particle A and its reflection off the mirror-
in the diamagnetic direction. The determination of the rotafinished cathode. For this observation, the magnetic field is directed upward.
tional direction of the particles is difficult because of the low
viewing angles in the experimental configuration. The view-

ing angle from the camera to the center of Particle A, B, andmage corresponds to the reflection point moving away from
C orbits was approximately 8°. Since there is some slighthe camera, these data indicate that the particle rotates in the
curvature to the magnetic field lines at the edge of the cathcounterclockwise sense if viewed from above. This is the
Ode, one cannot assume that the plane Of the pal‘tlcle Orb|t '@(pected direction Of rotation of a negatively Charged par_
parallel to that of the anode and cathode. In particular, begcle gyrating in an upward directed magnetic field.

cause of the low viewing angle, the change in the projegted T test that the orbital motion is consistent with the ex-
position for a level orbit would only be approximately 5-6 pected gyromotion direction, the direction of the magnetic
pixels. Thus, conclusions regarding the direction of orbitaliie|d was reversed by turning over the permanent magnets.
motion made from the relativeandy particle positions may  For these measurements, the platform holding the permanent

not be reliable. However, by taking advantage of the mirmormagnet above the anode was modified to increase the direct
finish on the cathode, steeper viewing angles can be obtained

by examining the particle motion in reflection. The effective
viewing angle of the particle reflection is15°. Figure 5

shows a composite image of the orbiting particle and the 100 . . :
corresponding reflection for Particle A. The arrow indicates - % S o {08 -
the direction of motion of the particle’s reflection. Figure 6 T '..AAAAA {os D
shows plots of the reflectionandy positions from the video 8 ¢ “'&MAM Lo = Lo &
images as a function of time. While only about half of the 5 s % 2, 4 e s
orbit appears because the reflection is located near the edge 3 *! o Y A %, Pz 5
of the cathode, the position versus time data show that while ™ %} (P
moving from right to left(i.e., from largerx pixel values to it e o e

smaller valueg the particle first moves upward in tlyepo- time (s)

sition then downwardi.e., from largery values to smaller

then to larger agaijn Since moving vertically upward in the FIG. 6. Particle A reflectiox andy position versus time data.
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FIG. 8. The dust particle orbital radius as a function of tangential velocity.
FIG. 7. Dust particle oscillation frequency as a function of magnetic field Orbital radii are plotted versus perpendicular velocity for individual par-
strength. The circles indicate the measured oscillation frequency and thgcles observed in a group of oscillating dust grains.
dashed line is a least-squares linear fit to the data. The slope of the fit
indicates &/M value of 14.3. The solid line indicates the expected value of

oscillation frequency aB is varied forQ/M =12.1, which is determined by nearly the same for all the particles and varies little through-
the measured oscillation frequency when there is no applied Helmholtz coi

field. out the experiment. The dashed line is a least squares fit to
the measured oscillation frequenciescles and the slope is
a measure of the particle charge-to-mass ratio. These data

viewing angle. In this case, with the magnetic field directedindicate a value of 14.3 for the charge-to-mass raiith
downward, the particles were observed to rotate in the clockdo externally applied Helmholtz field, the Langmuir and
wise direction and were located near the center of the cattemissive probe measurements of the plasma and floating po-
ode at the position indicated by the “Y”in Fig. 1. This again tentials suggest a charge-to-mass ratio of 12.3 for guin2
is consistent with the expected direction of gyrorotation for aparticle. Under the same conditions, the oscillation frequency
negatively charged particle. was found to be 0.48 HE3.02 rad/$, yielding Q/M=12.1,
in good agreement with calculations based on the the probe
measurements. Assuming that the charge-to-mass ratio re-
mains constant, the valu@ M =12.1 can be used to predict

The definitions of cyclotron frequency and gyroradiusthe expected value of dust grain gyrofrequency as the mag-
provide scalings that particles in cyclotron motion must fol-netic field is changed, shown by the solid line in Fig. 7.
low. Since the dust particle gyrofrequen@y=(Q/M)B, it Consistent with cyclotron motion, the data indicate that ro-
is expected that for a constant charge-to-mass ratio, the oftation frequency scales linearly with the magnetic field
served oscillation frequency should vary linearly with mag-strength and that the slope is proportional to the charge-to-
netic field strength. To test this property, a pair of Helmholtzmass ratio.
electromagnet coils that are external to the vacuum vessel A second important cyclotron motion scaling is that of
were used. The coils could provide an additional dc magnetithe particle gyroradius. For constant magnetic field strength
field of up to 75 G directed either parallel or antiparallel toand charge-to-mass ratio, the dust gyroradiys
the 2.5 kG field created by the NdFeB permanent magnetss Mv , /QB varies linearly with perpendicular velocity. Fig-
While stronger fields could be created with the Helmholtzure 8 shows the measured orbital radius as a function of
coils, the secondary field was intentionally kept small totangential velocity for individual dust grains found in a
minimize alterations to the ambient plasma parameters.  group of oscillating particles. For these data, the discharge

Figure 7 is a plot of the observed particle oscillation voltage was 257 V and the neutral pressure was 280 mTorr.
frequency as a function of magnetic field strength. For thid.angmuir and emissive probe measurements indicate that
experiment, the discharge voltage was 250 V, the neutraV;=143 V andV,=205V, yielding AV=-62V. Again,
pressure was 230 mTorr, anldV~—46 V. To ensure uni- the particles were illuminated by a thin horizontal sheet of
form lighting of the particles over the entire diameter of thelaser light that was not moved during the experiment, so the
orbit, a 532-nm, 180-mW diode laser was used with theparticles all have nearly identical charge-to-mass ratios.
beam spread horizontally by a cylindrical lens. The data in-Thus, in comparing the orbital radii of the observed particles
dicate that the oscillation frequency varies linearly with mag-to the gyroradius, the coefficierM/QB(zQJl) can be
netic field strength. It is important to note that the sametaken to be constant for this group of particles. The data
group of particles was followed throughout this experimentshow that the orbital radius scales linearly with the tangential
and that the height of the sheet of laser light used to illumi-velocity, as expected for gyromotion. Furthermore, the recip-
nate the particles was not changed. Since the particles werecal of the slope of a least-squares linear fit to the data gives
all observed at the same vertical height above the cathod® measure of the gyrofrequency. In this case, the slope indi-
(i.e.,mg= QE, is satisfied at the same vertical locatipihis  cates that) 4= 3.88 rad/s and a charge-to-mass ratio of 15.5.
reasonable to conclude that the charge-to-mass ratio is vekysing the probe measurementsAd¥ and assuming a typical

C. Magnetic field and perpendicular velocity scaling
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dius scales linearly with the perpendicular velocity, the trap-
t2r 71 ping potential well would have to be parabolic. In such a
° case, the radial electric field is proportional te(2r2)r,
4 ] whered, is the depth of the potential well amg is the outer
7 radius of the well. Setting the centripetal force equal to the
i electric force, one finds that the orbital radius is givenrby
°r 4 ] =(Mr2/2Q¢o)Y% , . Therefore, using the radial electric
field model to account for the particle rotation, it is found
6f 1 that the slope of the vsv, plot would be inversely propor-
tional to the square root of the charge-to-mass ratio
] [(Q/M) 2], which is inconsistent with the experimental
° P observation that the slope is proportional tﬂgl
. ~(Q/M)~L. For such an electric field model to account for
] the observations would require the potential to have a spe-
cific value such that @,/r3=Q/M. Thus, we conclude that
0 : : : : : : it is highly unlikely that electric fields due to small-scale
0 2 4 6 8 10 12 . . .
18 potential wells are responsible for the observed motion.
Feentripetar (X 1077 N) Previously, a dc glow discharge plasma experiment in-
, , _ vestigating microparticle flows in the presence of a 400 G
FIG. 9. A comparison of the centripetal and magnetic forces calculated . L . . L
using measurements of the orbital radius and tangential velocity from thé"nagnetlc field \{arlable was _repqrt%ldvlth.the app“_ca“‘?” Of_
video images and the probe measurements of the plasma and floating potdfie field, an azimuthal rotation in the diamagnetic direction,
tials. The dashed line is a least-squares fit to the data. The solid line is But with rotation frequency much larger than the dust cyclo-
reference line with slope equal to unity. tron frequency, was observed when the dust density was suf-
ficiently high. This is in contrast to our observations, where
individual isolated particles have been observed performing
uniform circular motion at a frequency consistent with the
dust gyrofrequency. The authors concluded that the motion
was not gyromotion because the magnetic field strength was
too weak to have a direct effect on the dust particle motion.
Cyclotron motion of a charged particle results from theThey speculate that modifications to the potential profile
centripetal acceleration provided by the Lorentz force, whichcaused by the effect of the magnetic field on the ions and
acts when there is a component of the particle’s velocity thaglectrons could drive the dust motion.
is perpendicular to a magnetic field. Whether or not the mo- It has been shown that shear in the ion flow around a
tion described above is dust cyclotron motion, it is clearlycharged dust grain can lead to spinning of the particle with
uniform circular motion. Consequently, the centripetal forcefrequencies much higher than the dust cyclotron frequéhcy.
can be determined from the measurement of the particle$he magnetic moment created by this particle spin can lead
tangential velocity. Using Particle A as an example, theto a precession of the dust grain with frequency slightly
measurements indicate that the centripetal force required tieigher than the dust cyclotron frequency. However, since the
maintain the uniform circular motion, FC=va/r particle motion observed in our experiments is associated
=1.1x10" " N. Using the plasma and floating potential with a finite gyroradius and is not simply a precession of the
measurements, it is found that the magnetic fofeg particle, this mechanism does not explain our observations.
=Qu,B=(4meorgAV)v, B=1.0x10 ¥ N, which com- The observed orbital radii are consistent with a gyroradius
pares favorably to the centripetal force. Figure 9 shows @4=v,/Qy, Wherevy, is the dust thermal velocity and the
comparison of the magnetic force to the centripetal force fodust is assumed to be in thermal equilibrium with the room-
the rest of the particles analyzed using the same method faemperature neutral gas. In such a case, the thermal speed of
determination of the forces. A perfect match between the 1.2 um particle would be~4 mm/s, consistent with the
centripetal and magnetic forces would yield a straight linevelocity measurements shown in Fig. 8.
with slope equal to unity, as shown by the solid line in Fig. 9. Recently, orbiting particles in the horizontal plane in a
The dashed line is a least squares fit to the data, which hascapacitively coupled rf discharge plasma in the absence of a
slope of 0.958. These data strongly suggest that the dustagnetic field have been report€drhe dust particles used
grain motion is controlled by the magnetic field. were 9.8um in diameter, but the rotating particles observed
While the data seem to be consistent with the expectawere heavier than a single grain and were assumed to be
tions for cyclotron motion, other possible explanationsagglomerates of particles. However, those experiments
should also be considered. One must consider the possibilitthowed that different particles could orbit in both clockwise
that the particles could be trapped in small-scale potentiaghnd counterclockwise fashion at the same time. Since there
wells within which the oscillatory motion takes place. In was an observed pressure dependence on the oscillation fre-
such a case, a localized radial electric field would provide theuency, it was concluded that ion drag forces may be respon-
necessary centripetal force. If this were the case, to be corsible for the observed behavior. In our case, there has been
sistent with the experimental observation that the orbital rano observed dependence on neutral pressure and all particles

I:magnetic (X 10-18 N)
N

particle diameter of 1.2um, a value ofQ/M =16.6 would be
expected.

D. Analysis of particle forces
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were observed to rotate in the same direction—
counterclockwise withB directed upward and clockwise
with B directed downward. However, orbiting particles have
not been observed in the absence of a strong magnetic field
in our dc glow discharge setup, indicating that the observa-
tions of Ref. 11 may be specific to that experiment.

It is unlikely that ion drag forces drive the motion of the
dust grains in our experiment. For ion drag to be responsible
for causing the orbiting of the dust particles, the ions would
have toEXB drift around a small trapping potential well.
However, due to the high ion—neutral collision frequency at
neutral pressures of 220 mTorp;{/Q;~12), the ions can- 0 - - ;
not complete their gyroorbits and consequently cannot de- o8 o8 0% oo 1o
velop anEX B drift. Furthermore, for a radial electric field frequency (Hz)
that can confine charged dust particles, the direction of the
ion EXB drift is opposite to that of the cyclotron orbital FIG._lO. Acompari_son of_ ParticIeA_spectraI width to that of damped har-
direction for a negatively charged particle. That is, the ion™°Mc oscillators with various damping rates.
drag in such a potential well would cause the dust to orbit

opposite of the direction expected for negatively charged . .
dEEt P g y 9 quency in each case and the FFT amplitudes have been nor-
Contrary to the experimental observations, the CI%sicamalized. At 280 mTorr, the spectral feature is broader than

Epstein modé? of the drag force due to the n,eutral argont_at of the 220 mTorr case. While drawing definitive conclu-

atoms indicates that the orbital motion should be stronglyS

damped for the pressures at which these experiments wepéff'cu“’ the data are suggestive that neutral damping in-

conducted. For neutral pressures of the order of 220 mTorF,reases with pressure, although in each case the neutral drag

the neutral drag force is predicted to Be~5x 1025 N. If appears to have much smaller magnitude than predicted by

the neutral drag force were this large, the particle would no{he gpstelrt]hmodt;el. i de at | diff ¢
complete an orbit unless there was an azimuthal drivin Ince the observations were made at several dilteren

force present. However, consideration of the requirements ?{jeutral p_ressurei, a cogma':r!son o{;herl]r respecltl\ie ?fﬁ lllation
such a force makes this possibility unlikely. For example, it requencies can beé made. Figuré 12 Shows a plot of theé mea-

is unlikely that there is an azimuthal electric field driving the sured oscillation frequency for the particles included in the

particle motion since Maxwell's equations would require aanalysis for this paper. The frequency is normalized by the
cyclotron frequency expected for a lu2n particle using the

monotonic temporal change in the axial magnetic field. lon
drag forces acting in the azimuthal direction are not expecte easurepl vaIL_Jes_ @V andB. The grayed area between the
ashed lines indicates the bounds of the expected gyrofre-

to drive the particles for the reasons discussed above. Radia- ) ¢ il ithi tandard deviafi ¢ th
tion pressure on the particle is also ruled out since the orbitaf-€ncles Of particles within oné Standard deviation of the

motion has been observed with the laser light spread t3'2€ distribution peak. Although the pressure varies by ap-
. 0 .
widths of several centimeters in order to ensure even lightin roximately 30%, the frequency appears to be independent

of the particles over their entire orbit. In addition, to be f the neutral gas density. The effects of neutral drag in mag-

caused by radiation pressure, the laser light would consi§Ietlzecj dusty plasmas are the focus of a new series of ex-

tently have to be brighter on the side of the orbit necessary t8erlments in the DUPLEX device.
make the particle rotate in the direction consistent with cy-
clotron motion (with the field directed upward or down-
ward). ror
The notion that the neutral drag force may be much
smaller than expected is supported by observations. Since the
damping rate can be estimated from the resonance width for
a damped harmonic oscillator, we can estimate the neutral
damping from the width of the spectrum shown in Fi¢c)3
An enlarged view of the normalized spectrum for Particle A,
along with spectra calculated for damped harmonic oscilla-
tors with different damping rates is shown in Fig. 10. The
neutral argon pressure in this case was 220 mTorr. The width
of the spectrum indicates that the damping rate &7% of
the oscillation frequency or 0.0062% Figure 11 shows a
comparison of the resonance widths for two oscillating par-
ticles observed at pressures of 220 mTorr and 280 m-I—OrrFZIG. 11. A comparison of the spectral widths of particle oscillations at 220

respectiv_ely. To facilitate compar_ison of the two s_pegtra, th&nTorr (solid line) and 280 mTor(dashed ling At 220 mTorr, theQ of the
frequencies have been normalized to the oscillation fresystem is approximately 50, while at 280 mTa@r;-25.

normalized FFT amplitude

Ji — — 280 mtorr
—— 220 mtorr

normalized FFT amplitude
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Second, if the plasma and floating potentials can be mea-
sured independently, then for systems with a distribution of
O 1 particle sizes, measurement of the dust cyclotron frequency
i offers not only a method for the determination of charge, but
can also be useful in determining the size of the observed
1 2f 1 particle. Equation1) can be used with the measured oscil-
lation frequency to solve for the dust grain radiys For
example, we find that the diameters of Particles A, B, and C
1 8 5 E are more likely equal to 1.m, 1.07 um, and 0.76um,

respectively. Each of these values are well within one stan-
Q. T T dard deviation of the peak of the particle size distribution.
This technique may be beneficial in investigations of phe-
nomena relating to space or astrophysical dusty plasmas,
pressure (mtorr) which do have distributions of particle sizes and masses and
are immersed in magnetic fields. These results also raise the
FIG. 12. Normalized oscillation frequency as a function of neutral argon

pressure. The data are normalized to the predicted cyclotron frequency for%OSSIbIIIty of new experiments to test par“c'e charglng theo-

1.2 um particle for the ambient plasma conditions and the magnetic field €S by varying the magnetic field Strength and determmmg
strength. The grayed area indicates the range of values that would be efhe resulting particle charge.

pected for dust particles with diameter within one standard deviation of the

peak of the size distribution. The error bars are determined from the spectra

of the individual particle position time series. ACKNOWLEDGMENTS
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be used as a sensitive indicator of the charge on the indis'earch
vidual dust grains. The charge can be calculated using the '
measured particle gyrofrequency=M4/B. For Particle
A, this corresponds to a chargg=—4.3x10 *° C, or ap-
proximately 2. 10* electrons. Alternately, the charge can
be calculated using the expressiQr=4meor4AV using the In order to independently estimate the charge on a typi-
Langmuir and emissive probe measurements. In this caseal dust grain, the floating potentigl; and the plasma po-
corresponds to a charg®@=—4.7x10 '°C, or approxi- tential V, were measured using Langmuir and emissive
mately 3.0< 10* electrons. The charge on Particles B and Cprobes at the positions where the particles were found. Fig-
are calculated to be 4.2x 10" 1 C or ~2.64x 10 electrons  ure 13a) shows a photograph of the discharge plasma with a
and —3.0x10 '° C, or approximately 1.810* electrons, group of suspended particles visibl@article A is also vis-
respectively. ible as the individual grain to the left of the group of par-
There are two distinct advantages of measuring charggécles) The image shows that the particles are found near the
by this technique. First, if the particle size is known, then thetop of the glow region above the cathode. Near the position
charge can be found noninvasively, with no knowledge of theof the particles\V; andV, were measured to be 75 V and
plasma parameters required. The charge can simply be cal46 V, respectively. The large negative value\gf-V/, is
culated using the observed value of gyrofrequency alongndicative of the energetic electrons present in the discharge
with the known mass and magnetic field strength and th@lasma. In argon, the collision cross section for elecfrons
error in the determined value is limited only by the precisionwith energy on the order of 100 eV is3x 10 % cn?. At a
of the mass, magnetic field strength, and gyrofrequency meagressure of 220 mTorr, the mean free path for such energetic
surements. Once the charge is known, then this techniquelectrons is~0.5 cm. In the presence of energetic electrons,
can also be used to find the local potential relative to thehe floating potential of an object immersed in the plasma
plasma potential by solving the equatiQ+ CV. Using the can attain large negative values with respect to the plasma
dust particles themselves as probes is an attractive featumotential'® In this case, an additional term accounting for the
since the technique would be a nonperturbative method focurrent carried by the primary electrons must be included in
measuring electric field structures with higher spatial resoluthe current balance equation when deriving the floating po-
tion than might be acquired with probes. tential:

APPENDIX
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V; - Vp (volts)

AV =

176 eV

0 50 100 150 200 250

primary electron energy (eV)

FIG. 13. (a) Photograph of experiment showing levitated particles. Patrticle A is the individual particle visible to the left of the largelyrdbp.predicted
value of AV as a function of the primary electron energy.

aTe 12 VeV ey across the cathode sheath, this estimate is consistent with the
I(V¢)=ne om.] € eVp~Vi'keTe value of AV determined from the Langmuir and emissive
N probe measurements.
kBTe 1/2
—0.6ne )
m;
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