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High negative charge of a dust particle in a hot cathode discharge
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Dust particle levitation experiments in a plasma produced by a hot filament discharge, operating at low argon
pressure, are presented. The basic characteristics of a dust grain trapped in a plate sheath edge in these
experimental conditions are reported. Taking into account the sheath potential profiles measured with a dif-
ferential emissive probe diagnostic, the forces applied to an isolated dust grain can be determined. Two
different experimental methods yield approximately the same value for the dust charge. The observed high
negative charge is mainly due to the contribution of the primary electrons emitted by the filaments as predicted
by a simple model[S1063-651X99)14611-7

PACS numbes): 52.40.Hf, 52.25-b, 94.10.Nh

[. INTRODUCTION ods. The first one consists in measuring the levitation height
h. When the negative plate voltage is increadedcreases
Dust particles trapped in a laboratory plasma can acquiréoo. For any plate bias, the equilibrium height corresponds to
from a few to several thousand electron charges dependiri§e same sheath potenti@nd the same electric figlavhere
on their size and on plasma conditions. In the case of higithe balance between the electric and the gravitation forces is
dust concentratiofirf discharge for plasma processing or in achieved. The second one is provided by natural vertical os-
dc gIOW dischargbsevergﬂ p|asma properties can be drasti-Ci”ationS exhibited by a dust particle around its equilibrium
cally modified: the charge equilibriufil,2], the plasma par- Position, in the measured potential profile. The charges
ticles collective behaviof3—8], and the plasma particles found in both ways are compared to the value predicted by
transport[9,10]. Moreover, crystallizatiof11-17 of dust the OML model.
grains can be observed8-25. In symmetrical parallel-
plate rf discharges, dust particles of small s{ze0.1 um)
can accumulate in the center of the electropositive plasma
[26,27], in local maxima of the plasma potent{&8], in the A. Apparatus
plasma-sheath transition of the upper electri@# or of the

Il. EXPERIMENTAL SETUP

. The experiments are performed in a multipolar stainless-
lower electrod¢30]. Large dust particles are usually trapped steel cylinder, 40 ¢m long and 30 cm in diameter very simi-

atthe sheath edge of the lower electr¢ii—24. In general, lar to the one presented in R¢84]. The ionization sources

their location is determined by the relative strength of the X : . .
forces applied to them due to gravity, electric fields, ion anu%:e two heated tungsten filamerithaped like springs with
S

) : ”» . 0 cm length situated at the bottom of the device as
E:]Salsgdarag, and in certain conditions, thermophoresis effect etched on Fig. 1. Each filament is heated by a current

We report experiments on dust particle levitation in thege;';:(;ﬁg téymitgé”gnttLeeglﬁ,lgfe%;’nﬁggsS;feplgggggrg:ggag-
sheath edge of a conducting horizontal disc plate embedde(J y ; i
rds the grounded wall by the negative discharge voltage

in a continuous argon discharge plasma. Permanent magn(%';s@l .
! . ; . b= —40V, provided by a voltage regulated power supply,
fixed on the outside device wdlnagnetic box enable us to the plasma discharge appearing\aio=—35V. The dis-

operate at low argon pressui;,= 10 3 mbar(collisionless
plasma. The ionization sources are two heated tungsten fila-
ments emitting energetic primary electrons. This population Dust dropper Windows  ischarge circuit
is correctly represented by an isotropic drifting Maxwellian 7 Metallic plate l
distribution. In these conditions, using the orbital-motion- 1] N ]
limited (OML) model[33], we show that the main contribu- —““‘ /uﬁw

+
by the OML model, we can evaluate the strength of the filaments
forces applied to a dust grain. Because we use dust particles
with relatively large radius, only the gravitation and the elec- FIG. 1. Multipolar device in series with the continuous dis-

tion to the high negative charge of an isolated dust particle is
due to the primary electrons. =

tric forces play a significant role. charge circuit. A conducting disc plate over which dust particles
The dust charge is evaluated experimentally by two methievitate is set in the center of the chamber.

Using a differential emissive probe diagnostic, we mea- -
sure the sheath-presheath profile of the disc plate, for differ- Light
ent negative plate biases. Taking into account the shape o
the obtained potential distributions and the dust charge giver Tungsten—"1

Pumping system
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charge currentl~0.16 A is detected as a voltage drop their energy, they can induce secondary electron emission
across a resistor of @ in series with the discharge circuit. When they impact the dust surface. So, the net charge of an
Permanent magnets with alternate polarity are fixed outsidisolated dust in the considered experimental conditions must
the device to provide a magnetic confinement of the primaryulfill the following equation:
electrons. This technique allows us to work at low argon

C + +1(p)=
pressureP =10 3mbar, where the ionization mean free le($) +1pel &) +1i()=0, @)
path is of the order of 200 cm. So, the plasma produced Rvherel o, e, andl, are, respectively, the electron, the pri-

this way is collisionless and Langmuir probe measurementg,ary electron, and the ion currents on the dust grain surface.
give a ion(electron density of the order of fcm™. Inthe 4=\, —V is the difference between the floating potential of
center of the device, we have set a stainless steel horizontgde dust grairvy and the local potential. The velocity distri-
disc plate, 12 cm in diameter. This plate can be left to thepution of the background plasma electrons is Maxwellian
negative floating potential or can be more negatively biasedith a temperaturd, (checked experimentally with Lang-
using an external power supply. A dust dropper can benuir probe characteristitsThe corresponding current onto
driven above the plate and removed when dust grains arée dust particle is given by
trapped in the plate sheath edge. The dust particles are made
of hollow glass microspheres of raditg= (32+ 2) wm with kTe p( e¢)

i le(p)=eSn\/5——exp —|, 2
a mass densityy~110kg/nt. To observe them, they are 2mmM, KTe
illuminated with white light and a CCD camera records their
horizontal and vertical trajectories. In these conditions, thevhereeis the electron charg&is the dust grain surface, and

dust particles are trapped at the plate sheath edge in an hofle iS the electron density. _
zontal plane, parallel to the plate. In our experimental conditions, the primary electrons

population is correctly modeled by an isotropic drifting Max-
wellian function with a drift velocity, corresponding to the
) ) o ) ) drift energy:Ep=mev/2. Indeed, the Langmuir probe char-
The differential emissive probe diagnostic proposed byacteristics are well “fitted” by the sum of two currents re-
En Yao, Intrator, and Hershkowitg35] to measure the gyiting from two distribution functions, the first one centered
plasma potential as well as the small potential variations iyt the energy corresponding to the plasma potefitiatk-
what is usually called the presheath, consists of two heateground plasma electronsnd the second one whose maxi-
|de_nt|gal Langmuir probes. The_ first one ope_rat_es withouthum is shifted to the drift energf,. This result differs
emission and the second one with electron emission. A feedrom what Walch, Horanyi, and RobertsgB6] have ob-
back control circuit applied to this system gives the localgeryed in a multipolar device operating at an argon pressure
potential corresponding to the first common point when bothp_ — 2 6% 106 mbar and a discharge voltagé, = — 60 V.
probe characteristics are superposed. Indeed, this point cofy their case, because of a large ionization collision mean
responds to the beginning of the electron saturated curreffee path (about 5< 1P cm), the primary electron beam
where the difference between the two probes currents is zergmjtted from the filaments remains quasimonoenergetic. At
With this diagnostic, the spatial resolution is limited by the o pressurd®,,= 10" 3 mbar used in our experiment, the in-
size of the wires and their separation. We have used twejastic collisions with neutrals are greatly increagiediza-
identical tungsten filaments obtained from commercial lightiio, mean free path of the order of 200 crMoreover, the
bulbs. The spatial resolution cannot be lower than 1 MMy oltage drop across the filaments length introduces an initial
Each end of both filaments is connected to four copper wire§read of the primary electrons energy. These facts could
inserted into four small ducts drilled into an insulator ce-aypain the observed spread of the distribution function of
ramic tube, 3 mm in diameter, and connected to the extemnalis population. With the use of an isotropic drifting Max-
control circuit through a flange. This probe diagnostic can b&yejiian distribution function, we have calculated the corre-

B. Differential emissive probe

moved perpendicularly to the plate. sponding primary electron current given by
IIl. DUST PARTICLE CHARGE GIVEN BY THE esrbe )
ORBITAL-MOTION-LIMITED MODEL | DGZT [ Vpe(XbXp+ lye *m
an

In low-temperature laboratory plasmas, an isolated dust
grain acquires a negative charge when the balance of the ion
and electron currents on its surface is achieved. The charge
can be predicted in a reasonable approximation by the so-
called “orbital-motion-limited” model[33], where the dust wheren,e, T,e, andv,,, are respectively, the density, tem-
grain is considered as a spherical probe and must fulfill thgerature, and thermal velocity of the primary electraxs,
condition:ry<\p, \p being the effective Debye length. The =V, /Vpe, Xp=(Vp+Vy)/Vpe Wherevy,=(2e¢/me)Y? and
currents are calculated by assuming that the electrons ang,= (v,—Vy)/vpe. dis the coefficient of secondary electron
ions are collected if their collisionless orbitsollisionless emission. It depends on the dust material and on the primary
plasma intersect the probe surface. In a multipolar continu-electron energy. Its variation in the case of a Maxwellian
ous discharge in which hot filaments are used as cathodedistribution function is given in Ref.37].
the currents that contribute to the charging process must in- For the ion current, we consider that a dust particle at the
clude the primary electron contributid@6]. Depending on sheath edge of a negative plate is charged by monoenergetic

+ ﬁvb(xmxp+ g [1+erf(xm)]] (1-6), 3
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ions flowing from the background plasma to the plate. As- 0 - e —e——s—]
suming that the ions enter the sheath at the sound velocity presheath
cs= (kTo/m;)2 (Bohm’s criterion, when they hit the dust 101 7
particle their velocityv; is given by energy conservation: /
(mv?)/2=(m,c?)/2—e$, wherem; is the ion mass. The E'ZO . .
. . _ fitting functions
conservation of angular momentum givwes 4= c;b, where 30
b. is the collection impact parameter for an ion grazing the g
dust particle. Combining both relations, we deduce > 40
be=rq[1—2ep/mv2]¥2. (4) 50 4 [- Vbias =-S0V © -44V s 38V
o 32V v 265V
Then, the ion charging current is =60 +———— e+ }

S 2eq¢
Ii(qb):—rrbgenicsz—Zenics<1—m), (5)

wheren; is the ion density.
The chargeQq of a dust particle is determined Q4

0 1 2 3 4 5 6 7 8 9 10
Distance from the plate (mm)

FIG. 2. Plate sheath-presheath vertical potential profiles, for five
different plate biases. The symbols represent the measurements
made with a differential emissive probe diagnostic and the curves

= CV,4 whereC~4me,r 4 is the capacitance of a sphere with are the best fits given by E€L0). The plate biases are the follow-

radius rq [38]. In a typical situation wheren,=7
X10fem 3 Te=2.5eV, nype=3x10"cm™3, T,.=0.8¢eV,
and E,=19eV, the measured plasma potential \ig=
—1.7V. If we take for the local potentiaf,, the potential
for which Eq.(1) is fulfilled is thenV4=—17 V. This quite

high negative value is mainly due to the contribution of the

primary electrons and provides, for;=(32+2) um the
high negative dust grain chargeQg)om =(3.7=0.3)
X10°e™.

IV. FORCES ACTING ON A DUST PARTICLE

A. Gravitation force

ing: floating potential-26.5 V and applied voltages:32, —38,
—44, and—50 V.

where u, the reduced mass of the system dust-ion in the
laboratory frame, is equal to the ion mass dnds the col-
lection impact parameter defined in E¢).

Using again the conservation laws of energy and angular
momentum, the Coulomb drag force is

F cou= NimvZ(4702 ) LnA, 9)

where the impact parameter at right angle I,
=eQy/(4meom;v?) and L is the Coulomb logarithm in-

The first force, which affects the dust particle motion, istegrated over the interval fromb, to \p:LnA=Ln[(\3

due to gravity. The magnitude of this force is given by

4
Fg:mdgzgﬂ'rdpdga (6)

wheremy is the mass of the dust particlg,is the gravity
acceleration. For the kind of particles we consider with
=(32£2) um, Fg=(1.5+0.3)x 10 *°N.

B. Electric force

This force is exerted by the electric fielelperpendicular
to the plate. It is given by
Vv
Fe:QdE:_47T80rdVd_, (7)
Jz
whereV is the local sheath potential.

C. lon drag force

+b%)/(b2+b2,))].

Because of the low working pressutmolecular regimg
and because there is no gas flux, the gas drag force is negli-
gible.

For a given dust charge, the electric force depends on the
local potentialV. The ion drag forces also depend ®h
through the impact parametér., the ion densityn; and
velocity v; (their variations are given by the energy and mo-
mentum conservation lawsTherefore, to find the potential
V for which the forces are balanced, the sheath potential
profile must be known.

V. DETERMINATION OF THE FORCES ACTING
ON AN ISOLATED DUST AND THE DUST CHARGE
FROM THE PLATE SHEATH AND PRESHEATH
POTENTIAL MEASUREMENTS

The differential emissive probe system can provide the
sheath-presheath profile, in a direction perpendicular to the
plate. Figure 2 gives different profiles as a function of the

The ion flow, which is constant perpendicular to the platedistance to the plate in mm, obtained for five plate biases: the
sheath, exerts a force having two components: the collectiofioating potential-26.5 V and for—32, —38, —44, and—50
and the orbit drag forceR9]. In the case of the collection V, driven by an external power supply. The plate is at posi-
force, it is considered that all the ions impinging a dust graintion 0 and the reported data stop at 10 mm. As we see, the
transfer their momentum to it. The collection force is repre-effect of increasing the plate voltage is to shift the potential

sented by

Fco=Niuvi(mb?), (8)

distribution toward the plasma. The plasma potential is
reached at about 20 mm. Each set of measurements can be
well fitted by a function:
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FIG. 3. Forces applied to a dust particte € 32 um) versus the 1 mm

distance to the plate in mm, in the case of a plate at floating poten-
tial. The collection ion force is negligible and the Coulomb drag the
force is small enough so that the electric foFegonly balances the
gravitation forceF .

FIG. 4. Superimposition of five CCD camera frames showing

levitation height increase of the same dust particle above a
conducting platdat the bottom of the figusewhen the plate nega-
tive voltage is increased from-26.5 V to —32, —38, —44, and

V(z)=—aexp —bz) +c, (100 950V

represented by the curves in the diagram of Fig. 2, whése Another method to estimate the charge consists in study-
the vertical direction. The parametexsindb depend on the jng the vertical resonance oscillation of a dust particle, due to
plate voltage and has a common value equal to the plasmaan initial excitation. By superimposition of 22 successive
potential(—1.7 V). camera frames, the picture of Fig. 5 shows the vertical oscil-
Using the empirical functiori10) and assuming that the |ation of a dust particle moving horizontally from the left to
presence of a dust particle does not significantly alter thgnhe right side, over the plate at the floating potential. In our
local potential profile, we can now calculate the forces ap-experimenta| Conditions, when many dust partic|es are
plied on an isolated dust particle. In the case where the platgapped in a horizontal surface parallel to the plate, they are
is left, for example, at the floating potential, Fig. 3 gives thejn the liquid phase. Without excitation, their trajectories are
intensity of the forces as a function of the distance to theectilinear, without vertical or horizontal oscillations, with
plate, in mm. The electric and ion drag forces are calculatedudden direction changes in the horizontal plane, produced
with the charge Qq)om.=(3.7+0.3)X10% . The ion col-  py collisions. To obtain vertical oscillations, we transmit an
lection drag force is totally negligible and the ratio betweenimpulse to the dust particles by suddenly decreasing the gas
the gravitation force and the ion coulomb drag force is of thepressure. Then, to return to the initial conditions, the pres-
order of 15, these results being the consequence of the larggre is increased slowly in order to keep the local confining
dust radius. So, we can reasonably conclude that the equilithotential in the vertical directiof39,40. In Fig. 5, the os-
rium position of the dust is simply given by the balance ofcillation frequency is equal to (171) Hz and because the
the electric force=, and the gravitation forc&, . gas friction is negligible at the pressure of fambar, we
The charge can thus be estimated by measuring the levppserve no damping of these oscillations. We can find the

tation height. Using the monotonic functidd0), the dis-  chargeQ, writing the equilibrium equation in thedirection
tance from the plate gives directly the sheath potential wherg1):

the forces are balanced. Because we can inject a unique dust
particle in the plasma, we can study its position change over
the plate. In Fig. 4, five CCD camera frames are superim-
posed, each one showing the position of the same levitating
isolated dust grain for a given plate voltage. We observe that TABLE I. For each plate bias:-26.5, —32, —38, —44, and
when the plate bias is increased, the levitation height rises; 50 V, the measurement of a dust levitation heighy, is given.
For eachV,;,s, we have reported in Table | the measuredThe corresponding sheath potentigl, (and electric fieldE,) for
levitation heighth,,,. Each one corresponds to almost theWhich the electric force, balances the gravitation forde, is
same equilibrium sheath potentil, and local electric field nearly constant. The corresponding dust particle chargés also
Eeq- For each case, the dust charge found by writihg nearly constant. The mean vaIng:(—4.01tO.122 V provides
_ . . . the mean dust particle charg®@,=(4.4+1.2)X10°e".

=F4 is calculated and provides approximately the same

value. So, we conclude that an isolated dust particle of radius Voo (V)

md2+ QdE—mdg=0. (11)

32 um is in equilibrium in the plate sheath where the mean 265 32 38 4 >0
local potential isVe,=(—4.01£0.12) V. Its mean charge is  hgyy, (mm) 1.90 2.33 2.62 2.90 3.34
Qq¢=(4.4£1.2)X10°e". The error bar coming from the val- Veq (V) -3.88 —-360 —3.89 —-425 —4.40
ues dispersion given in Table | results in fact from the lim- E,, (kv/m) 2.11 1.62 2.11 2.17 2.40
ited capacity of functior{10) to represent all the experimen- Q,(10°e™) 4.3 5.6 4.3 4.2 3.8

tal data.
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a differential emissive probe diagnostic. An artificial flatten-
ing of potential profiles could be induced by this intrusive
system, producing a decrease in the local electric field. The
second one could be due to the appearance of a local sheath
potential steepening in presence of dust particles. So, with
our experimental measurements, in order to balance the
gravitation effect, the dust particle charge must be higher.
Nevertheless, the obtained experimental charge values again
justify the neglect of the ion drag forces as shown using the
dust charge calculated with the OML model.

VI. CONCLUSION

Dust particles levitation experiments, in the sheath edge
of a conducting horizontal disc plate embedded in a plasma
1 mm produced by a dc discharge have been presented. The ioniza-
tion sources consists of two heated tungsten filaments. The
contribution of the energetic primary electrons emitted by
(tehe filaments has been taken into account for the high charge
Calculation of an isolated dust graf®@ML model)). Using a
hdifferential emissive probe diagnostic, we have measured the
sheath-presheath plate profile for different negative plate bi-
ases. Then, using these potential profiles, we have calculated
the forces applied to the dust particle. We show that the ion

Assuming small oscillations around the equilibrium positioncollection and ion Coulomb drag forces are negligible. The
Zo=(1.90+0.05) mm and constant charg@,, Taylor ex- charge of a dust particle is evaluated experimentally by two
pansion to first order ofE in Eq. (11) provides: Q4E methods(i) by measuring the levitation height for each plate

—Q4Eo+ Qquz(dE/d2) 5. With the equilibrium condition: bias, corresponding approximately to the same sheath poten-
Q4Eo=myg, the resonance frequenay, is tial value and(ii) through the dust particle natural vertical

oscillation. In both cases, if we assume that the dust charge
, Qu (dE) does not depend on its position in the plate sheath, we de-
4

FIG. 5. Natural vertical oscillation of a dust particle levitating
over a conducting plate while migrating from the left to the right
side. This photo results from the superimposition of 22 successiv
camera frame&rame time duration: 0.04)sIn this situation(argon
pressure of 10° mbar) the dust particles trapped in the plate sheat
edge are in a liquid phase. The frequency is equal ta-(1L)yHz
and the oscillation is not damped.

dz (12 duce an approximately constant value of the dust charge. The
fact that the OML theory gives a value slightly lower than
the two others methods could be explained by an underesti-
mation of the measured electric field due to the perturbing
differential emissive probe diagnostic afal) by a change

w
(o] md

Forry=32um and the electric fiel& deduced from Eq.
(10) in the case wher&/,=—26.5V, the dust charge is

then Qd.:(4:3ir?'5)fx 10°% . The error bar isf. d?e tq the of the local sheath potential in presence of dust particles.
uncertainty in the frequency measuremefiie fit function  pig |ast point will be studied in a forthcoming publication.
being uniquely defined, it does not introduce any error in this

casg. We observe that this mean charge value is in good
agreement with the one given by the levitation height mea-
surements a¥/,s— —26.5V. Indeed, both methods used the  The authors would like to thank V. N. Tsytovich and S.
same potential profile. We see that this value is slightlyV. Vladimirov for helpful discussions during their visits in
higher than the one predicted by the OML modé)yfom. Equipe Turbulence Plasma. The technical support of B.
=(3.7+0.3)x 10°e~. We assume that this higher numerical Squizzaro, K. Quotb, and R. Bachelier is also greatly ac-
value originates from an underestimation of the electric fielcknowledged. This work was supported by a grant from the
due, at least, to two facts. The first one is related to the use ddirection des Recherches et Etudes TechnidD4ET).
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