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Micron-sized particle-charge measurements in an inductive rf gas-discharge plasma
using gravity-driven probe grains
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A method for measuring the interactions of charged dust particles within a three-dimensional dust cloud in
a plasma is presented. The measurements have been performed with the help of gravity-driven heavy charged
probe particles, which moved through a dust cloud levitating at the diffuse edge of an inductively coupled rf
discharge plasma. Assuming a screened Coulomb potential surrounding each particle, both the particle charge
and the effective screening length were calculated from an analysis of the elastic particle interactions for 20,
30, and 50 Pa of neon pressure. The basic parameters of the bulk discharge plasma have been diagnosed with
a Langmuir probe to compare the experimental data with those deriving from different theoretical approaches.
The observed discrepancies are discussed.
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I. INTRODUCTION possibly more uniform plasma and to compare the obtained

A micrometer-size particle put into a plasma quickly ac- results with known theoretical approaches. For th.is reason
quires an electric charge due to absorption of electron antl€ charge measurements were performed at the diffuse edge
ion fluxes by its surface. This charge is a crucial parameter o®f an inductive rf discharge plasma. This region features
colloidal (dusty) plasmas; namely due to the presence of thenore uniformity[13] in comparison with the plasma sheath
electric charge on the dust grains, dusty plasmas exhibit nU9,10 or the stratuni12] regions. For example, the electron
merous specific phenomena such as spatial structurizatidemperature at the edge is uniform within 5 cm along the
and different kinds of dust waves and instabilitjds-3]. So  discharge axis for the given discharge parameters. In com-
knowledge of this parameter is quite important for under-parison, the electron temperature changes within 2—-10 eV at
standing different physical processes in dusty plasmas.  the dc strata; the suprathermal electrons in the plasma sheath

To the present time, a number of experimental techniquesan lead to a two-temperature electron distribution and un-
have been developed to evaluate the charge on a dust graifedictably disturb the particle charfl]. The electric field
immersed in a plasmpa'—ll]. Nevertheless, most of the re- strength at the edge ranges from 1 to 4 V/[8]. In com-
ported techniques are intended to determine the charge @frison, the electric field strength at the plasma sheath ranges
only the particles levitating in the plasma sheath region of om 5 to 22 V/ecm[10]. The obtained values of particle
rf capacitive planar discharge and do not permit one to megsparges will be compared with those calculated in the orbital
sure the charge pf a free particle in a bulk plgsma. In addiz,qtion limited (OLM) approximation[14,15 and using the
tion, these experimental results are very sensitive to the thesa_consistent molecular dynamics simulatiodDS) for

oretical model used of the sheat_h structure. Recently, thgqisional plasma[16]. It is shown that charge exchange
authors[11] have shown a strong influence of suprathermalyjisions of plasma ions with neutral atoms lead to a con-

electrons on the charging of the macroscopic particles levigjqeraple suppression of the particle charge even when the
tating in the plasma sheath. So a more detailed model for they, free path is considerably greater than the screening
sheath region is required for interpretation of the mentioneqgngih Nevertheless, additional arguments should be consid-

measurements of the particle charge. _ ered to explain the small value of the measured charges.
Research into the charging processes requires the most

simplified experimental conditions, such as well-diagnosed
uniform background plasma, spherical dust particles, etc. To
our knowledge, there is only one wof2] in which the The scheme of the experiment is shown on Fig. 1. The
charge was measured for the particles levitating in a bulkpeasurements were performed in a vertically installed glass
plasma. These measurements were provided in a stratum ofghe with 28 mm inner diameter and 60 cm length. The tube
dc glow discharge using an aperiodic particle oscillation inygs filled by neon in the pressure range of 20-50 Pa. An
an axial discharge tube electric field. Unfortunately, the stratgnductive rf discharge was excited in the tube by a two-circle
region has also a significant nonuniformity of the maincoijl inductor with 35 mm diameter powered by a rf voltage
plasma parameters, especially of the electron temperatur@jth a frequency of 100 MHz. The length of the glow was
which is important for the charging. about 10 cm. Two containers with dust powders were sus-
The main purpose of the present work is to determine th@yended in the upper part of the glass tube. The bottoms of the
electric charge of the spherical dust particles immersed in @ontainers were made from thin grids. The upper container
was filled by monodisperse spherical polymeficelamine
formaldehyde, p=1.51g/cnd) particles with d;
*Corresponding author. Electronic address: usachev@ihed.ras.ree1.87+0.04um diameter, while the lower container was

II. EXPERIMENTAL SETUP AND METHOD
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a1 i acting on a single particle, a selection of the falling particles
?\ [ e were carried away by their velocities. It was found that the
Artlaser [ Laser o lowest measured velocities of the falling particles correlated
?;';‘;gg‘;:' (@ well with the velocities calculated by the Epstein formula
[19] for the case of diffuse reflection on neon atoms from the
particle surface,
FIG. 1. Scheme of the experiment on charge measurements of . -
grains levitating at the diffuse edge of inductively coupled rf Fs = 5?nnmnvn,thr§vp: myg (1)

discharge.

where §=1.44 is the numerical facton, and m, are the

filled by particles withd,=12.74+0.17um diameter. At the eutral aas atom density and the atom mass. respectivel
first step, the upper container with small particles was shakefReUta 9 y . » resp Y
unn IS the mean thermal velocity of neutral atomgs the

with the help of a magnet. In doing this, the particles pen-

. . radius of the moving probe particle, is the probe particle
etrated through the grid bottom, fell down, and were part'a"yvelocity andm. is th?a Brobe Barticlepmass. gnly thg slowest
suspended in the low part of the discharge glow due to ! 4

: . . .probe particles were taken for further data processing. The
natural electrostatic trap at the diffuse edge._ Thls trap i pplication of Eq(1) corresponds to our physical conditions,
formed by the com_b|nat|on. of _the electrostatic fields thatnamely, the mean free path for the neon atomss much
result from the amblpola}r d|ﬁu§|on and of the chargeq SUr{onger than the dust particle radiug

face of the tubg17] and it permits one to suspend particles  As one can see on Fig. 2, the probe particle passes a
with maximum diameter up to gm. The maximum size of |evitated particle much more quickly than it is possible to
the suspended dust cloud depends on the diameter of the duskolve with the current frame rate, and the levitated particle
spheres used and can achieve about 1.5 cm for particles wiil repulsed from the probe particle in the horizontal direc-
1 um diameter{18]. In present work the size of the created tion. Because of this a detailed picture of particle interaction
cloud was made sufficiently smaabout 3x @2 mn?) to  will not be considered in this work. Typical trajectories of the
prevent a reduction of the electron density within the  disturbed levitating particles for the different impact param-
cloud due to the electron absorption on the particles. Thetersh are shown on Fig. 3. The mechanical pulsp ac-
number of particles in the cloud was about 500 with thequired by a levitating particle during a “collision” was cal-
mean dust particle densityy~5x10* cm™ and with the culated using a linear approximation of the first 2-5 points of
mean intergrain spacing about 3. In spite of using par- the particle shift after thga disturbance. The result o_f the mea-
ticles with a known diameter, the size of the levitating par-Surements of the acquired pulsap for p=51 Pa is pre-
ticles was independently measured using the light scatteringent€d on Fig. 4. The same kind of plots were built for the
techniquein situ [18]. It was found that the average diameter thgr neon pressures uséd and 30 Ppalso. The range of

of the levitated particles is a little bit less than its original (N€ iNvestigated impact parametérsvas about 40-250m.

size and consists of about 1.80+0,81. This occurred be- The interpretation of the obtained results for the pulses

cause the particles with a smaller diameter have a greateArp:Ap(h) was performed in the follow manner. The falling

o . . robe particle had straight trajectory with the impact param-
Erec;?gbg'r?é;o be captured in the electrostatic trap than thé(:terh (Fig. 5. Due to an interparticle repulsion during the

At the second step, the low container with big particlesprocess of interaction the levitated particle gains a final me-

. hanical pulse\p perpendicular to the probe particle trajec-
was shaken, and the heavy probe particles dropped down - . ; i
the levitating cloud with the light particles and collided with 8ry. As soon as the levitating particle does not shift substan

them. The dusty cloud was illuminated by a “laser knife” and.tIaIIy during the p_enod of particle interaction, the gained
o ! ._impulse can be written as

the process of particle interactions was recorded by a high-

speed video camera at frame rates of 500 or 1000 frames/s. __h “ F(r)

Typical recorded successive video frames are presented in Ap—2; N \,_rz_hzdr 2

Fig. 2. They show that the falling objects were composed of .

not only single probe particles, but few-particle clusters alsowherer is the current distance between the particles, and

Since the forces acting on a cluster are different from thos&(r) is the particle interaction force as a function of the
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FIG. 5. Scheme of the particle interaction.
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FIG. 3. ShiftsAX of the levitating particles vs the numbirof Fscr Fserd hirge, tNE = T,
successive video frames and a linear approximation of the initial ;
parts of the trajectories. ~ <0_74 +1.72/h+0. 921 /%Cf) g 1.05hrge
distancer. Assuming the particle interaction potential to be a (5)

screened Coulomb or&,2
8.20 The last equation is valid within an accuracy of 1% at

0.02<h/rg,<4. Thus, there are two fitting parameters, the

U(r) = (Q1Qu/n)exp(—rirge), (3) productQ;Q, and the effective dust screening length, to
fit the measured impulsesp(h) by the function of Eq(3).
This fitting procedure will be correct if we use a set of the
measured datAp(h) for a wide range of the impact param-
etersh.

As one can see in Fig. 4, many experimental points lie
below the approximating curveAp=h(Ap). These points

Qlep( h ) originate from those collisions when striking particles moved

whereQ; and Q, are the electrical charges of the levitated
and probe particles, respectively, angl is the effective dust
screening length, Eq2) can be rewritten as

Ap (4 at some angle to the plane of the “laser knife.” During the

fitting procedures only the points with maximum measured
impulsesAp at a given impact distancke were taken into
where account. The fitting procedures had a good convergence and
the unique final parameter®,Q, and rg,. Three fitting
0.6 . I : I . curves are shown on Fig. 4—the best fit by E4) (solid
; line) and two illustrating fits withr¢]pesit 50% for a com-
\ QQ; = 1.24x107 | parison. The resulting data on the prod@iQ, and the
“./ rp = 0.07 mm screening lengthrg, for the three neon pressures are pre-
o sented in Table I. The accuracy of determination of the fitting

Uplser \Tscr

g 04 o 010, = 082107 B parameter€),Q, andrg, was estimated to be 30% and 40%,

o Ay 2 mm respectively.

& . ! == - To compare the obtained results with known theoretical
< ' Q,Q, = 0.71x107 models of part|_cle charging and particle interaction in

T 024 R plasma, the basic plasma parameters such as electron tem-

peratureT,, electron number density, and permanent elec-
tric field strengthE were measured with the help of the probe
measurements. The details of the probe measurements have
been described ifil3]. The results are presented at Table I.
° T T T T T The electron distribution function was found to be the Bolt-
' zmann one. The measured strength of the permanent electric

field of the ambipolar diffusion in the region of a dust cloud

FIG. 4. The measured pulsag of the levitating particles vs the levitation wasEy=2 V/cm. The ion temperaturg was not
impact parameteh and the three approximations of the data with measured because of a very low value of the measured probe
Egs.(4) and(5). Solid line is the best approximation; dashed linesion current. Under our experimental conditions the ion tem-
are an illustration of sensitivity of the method. perature is close to the temperature of neutral atdms
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TABLE I. The parameter®;Q, andr ., of the best fit of the experimental data on the acquired pulges
with the Eqgs.(4) and(5) and the results of the probe measurements of the electron concentiatiod the
electron temperatur€, at the edge regiony; andusy; are is the drift and thermal ion velociti€§; is the ion
temperature estimated by E&); \p; and\pe are the electron and ion Debye radii, calculated on the basis of
the probe data.

Neon pressure  Q:Q» lscr Ne Te u; T; Uri \Di ADe
p (P3 (10°€h)  (um) (cm®) (eV) (cm/s (K) (cm/9 (um)  (um)

20 23 160 3Xx10® 45 3.7x10* 407 6.6x10° 80 910

30 17 150 3x10° 38 2.6x10* 353 6.1x10* 75 840

50 9.2 120 4#4&10®F 35 1.6x10* 319 5.6x10¢ 62 700

=298 K); at low neon pressures thg is increasing due to shows that for probe particles with the diameter of
the ion heating in the ambipolar diffusion fielj and results 12 um 7~ 2.4 us. During this time the moving probe par-
in 2/3 of the mean energy of ions drifting in the electrical ticle with the equilibrium speed,=75 cm/s passes only 2
field, um, i.e., much less than the diameter. Hence, the charge of

) the falling probe particle can be considered to be in equilib-
muy 6) rium with ambient plasma at each point of its trajectory.

’ To extract the charged, andQ, from the measured prod-

uct Q;Q, we need to know how the particle char@ede-

wherem and u;=uE, are the ion mass and drift velocity o on jts radius,. According to the OLM approach, in a
respectively, andl; is the neon ion mobility. The results of ¢ jisioniess plasma the surface potential of the spherical

calculation are presented at Table I. As one can see there, the yicle put into a plasma does not depend on its size. Hence
ion drift velocity u; is less than the ion thermal velocity, in the particle charge will linearly depend on its size, i.e.,

the whole pressure range being §tudieq. Hence, th? am_bie ro)=Arp. The main physical requirement of the OLM ap-
plasma can be considered as anisotropic in theoretical S|ml$-

Ti:Tn+

. ) ; ; roach isr,<<rp<<\;, where\,; is the ion mean free path in a
lations of the particle charging. Using the measured plasm p— D : b

: the elect dion Debve lenath | lasma. As a rule, these criteria are well satisfied in a labo-
r;?(;?jmael}sirs' € electron and lon Lebye lengihs were ca ClHétory dusty plasma. However, recently it has been shown

[16,2]] that the charge-exchange collisions of ions with neu-

trals began to affect the dust particle charge even at pressures
[ll. RESULTS AND DISCUSSION corresponding to thep<<\; criterion, and the particle sur-
face potentialp, depends on the particle radiug A self-

. ) ; consistent molecular-dynamics simulation shojd§] that
uct Q,Qy, first we should consider two questions, the Charg'for our experimental conditions the difference of the surface

ing time 7 for the probe particle and the dependence of th . . :
. . ; . otentials ¢, for spherical particles of 1.8 and 12.74n
particle chargeQ vs its radiusr, at constant ambient plasmaegiameters‘i:ponsistspof abouflS% of its valable Ii).

conditions. . : :
L . Experimental studies of the dependence of the particle
The charging time can be estimated by the formula surfafe potential on its diameter apre quite ambiguoSs. The
Q authors[12] measured the charge of spherical particles with
(7)  different diameter$1.87, 4.82, and 13.5[fm) levitating in a
dc stratum and found the dependend@é,)~r,* and
whereg, is the particle surface potential, amglis the mean Q(rp)~r§)'7 for gas pressures 66 and 200 Pa, respectively.
thermal electron velocity. A rough estimation of  The authorq9] investigated the dependence of the particle
=50 00@&™ and ¢4=-9 V using the OLM approachl4,15 charge vs its diameter in the plasma sheath region and found

To extract the charge®; andQ, from the measured prod-

T~ —_— o~ P 1
I Amringvee exp(— egy/ksTe)

TABLE Il. The experimental data on the charge numb&randZz, of the spherical particles with diameters of & and 12.7um and
the corresponding particle surface potentialdn comparison with the charge numbetsandZ, computed in the OLM approximation for
collisionless plasm#l8] and using the self-consistent molecular dynamics simulg¢bsS) for collisional plasmg19], calculated on the
basis of the measured plasma parameters.

Experimental data OLM14,15 MDS [16]
p(Pa Z Z ep(V) Z Z; ep(V) 4 Z ep1(V) ep2A(V)
20 1800 12800 2.9 5880 41600 9.4 3100 24800 5.0 5.6
30 1500 11000 25 5000 35400 8.0 2400 19500 3.8 4.4
50 1150 8100 1.8 4560 31700 7.3 2100 16500 3.3 3.7
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the sharper power dependencﬁ@(srd)~r§'3 and Q(rp)~rr2)'5 the 35S neon excited atom flow and the resonance vacuum
for the gas pressures 7 and 13 Pa, respectively. A nonlineattraviolet (VUV) photon flow on the particle surface. In
dependenceQ(rp)~r;(x> 1) has also been observed in doing this, the concentrations of the metastable neon atoms
[10,27. However, in recent workl1] it was clearly shown Ny and the resonance neon atomsin the plasma were
that the experimental dependen€@sQ(r,) measured in the measured by the emission absorption technique. The full
plasma sheatli9,10,23 are the result of different ambient concentration of botm;, and n, was found to be about 2
plasma conditions for the particles of different diameters,X 10" cm. In this case the flow of the excitedSatoms
levitating at different distances from a rf electrode. For ex-consists of only a few percent of the electron flow on the
ample, it was found if11] that two particles with different particle surface. About the same value was found for the
diameters of 3.5 and 50m levitating at the same place in VUV resonance phOtOﬂ flow on the particle surface. Taking
the plasma sheath have the same surface potential within tf@to account the low efficiency of electron output from the
experimental error of about 15%. As to the resedd] in particle surface under bombardment by the excited atoms
the dc stratum, the found nonlinear depende@(:q,)~ré9 and the VUV resonance photons, one can conclude that these
can also be attributed to the same reason as in the plasnRiocesses could not diminish the particle charge sufficiently.
sheath, in particular, to the different electronic temperature g our opinion, an additional diminishing of the particle
different places of the stratum. charge can be caused by a partial reflection of the electrons
were performed at the diffuse edge of a rf inductive dis-in the probe techniqui4], but was not applied to the dust
charge, which is characterized by a more uniform plasm&harging process. Unfortunately, quantitative data on elec-
media in comparison with the rf plasma sheath and the d&on reflection from a negatively charged dielectric surface
stratum regions. Thus, to extract the char@eendQ, from  are absent. _ _
Q=Ar,. The results of the splitting are presented in Table |l.measured screening lengtl, and the ionkp,; and the elec-
tained by using an additional coefficient equal to 1.15, whicrlata. As one can see from Table | these values have the
was found as the ratio of the MDS calculated surface potent€lation \pi > s> Ape for the investigated pressure range.
tials ¢y, and ey, of the 1.8um and 12.74im particles for our This relation reflects the_tran5|_t|on from a particle sheath
experimental conditions(Table 1), ie., finally, Q,/Q, Where the j/czale length is a linearized Debye lengih
=d,/1.15,,. Nevertheless, this correction is within the ex- =(Api+Ape)” "~ to 0ne where the scale length is the electron
perimental errors and will be omitted for simplicity in our Debye lengthpe, which correlates with the numerical cal-
present discussion. culations in[20].
It is difficult to compare the measured charges with the
data from other experimental workd—12), because all of
them were performed in rather different experimental condi-
tions. Therefore here we compare our experimental results In the present work a method for measuring the macro-
on the charge®); and Q, only with those computed for a scopic particle charge and the screening length within a levi-
collisionless plasma in the OLM approximati¢i4,15 and tating three-dimensional dust cloud has been realized. These
for a collisional plasma using a self-consistent molecularmeasurements were performed at the diffuse edge of a rf
dynamics simulation[16] on the basis of the measured inductively coupled discharge within the pressure range
plasma parameters. In both cases the charges were calcula@@-50 Pa of neon with the help of gravity-driven probe par-
for an isolated dust particle in anisotropic plasma with theticles. It is shown that the diffuse region is an ideal uniform
Boltzmann distribution function fon, andn;. The results of medium for investigation of the charging processes and for
the computations are presented in Table Il. As one can seggsting different theoretical models of particle charging and
the charge®); andQ, computed in the OLM approximation interaction. The obtained experimental results show that par-
are up to four times more than the measured ones. Thicle interactions in the cloud are well described with a
charge9Q; andQ, computed by the MDS method are much screened Debye potential within the range from one-half to a
closer to the measured charges, but nevertheless exceed flee Debye lengths. The measured screening length was
measured charges about 1.5 times. So our experimental ddtaund to be between the ion and electron Debye lengths,
on the particle charge are in agreement with the tHd€sof ~ which reflects the transition from a particle sheath where the
a sufficient enhancement of the ion current flowing to thescale length is a linearized Debye length to one where the
particle surface in a collisional plasma, but additional arguscale length is the electron Debye length for the used probe
ments should be considered to explain the last discrepancyparticles with 12.7um diameter. The measured charges were
In our experiment, dust concentration effef23] could compared with the calculated ones using the collisionless
not lead to a visible depletion of the electron density OLM approach and the self-consistent molecular-dynamics
within the dust cloud, because the mean free electron path imethod for collisional plasma. The charges calculated with
bigger than the size of the small dust cloud at all considerethe collisionless OLM approach exceed the measured ones
pressures. In this case, the electron density within the cloudp to four times. The charges calculated with the self-
is equal to the electron density in the ambient neon plasmaonsistent molecular-dynamics method for a collisional uni-
due to electron diffusion. Next, we estimated the values oform plasma are much closer to the measured ones, but nev-

IV. CONCLUSION
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