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Positively charged particles in dusty plasmas
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The trapping of dust particles has been observed in a dc abnormal glow discharge dominated by electron
attachment. A dust cloud of several tens of positively charged particles was found to form in the anode sheath
region. An analysis of the experimental conditions revealed that these particles were positively charged due to
emission process, in contrast to most other experiments on the levitation of dust particles in gas-discharge
plasmas where negatively charged particles are found. An estimate of the particle charge, taking into account
the processes of photoelectron and secondary electron emission from the particle surface, is in agreement with
the experimental measured values.
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[. INTRODUCTION common feature of these studies is the formation of weakly
correlated structures of particles as they move in a dynamic
Dusty plasmas are low-temperature plasmas, consisting sétream. Steady-state conditions, as occur in gas discharge
neutral gas, ions, electrons, and micron-sized particles ddlasmas, are required to form ordered structures of positively
solid matter(dust particles These particles, which are im- charged particles. The absence of effective electrical traps
mersed in the plasma, may acquire appreciable charges §@pable of achieving levitation of positively charged par-
collecting electrons and ions, and by emitting electrdng]. ticles has so far prevented any gxpenmental observgtlon of
When emission processes are unimportant, the equilibriurftable structures by these particles. Rosenberg discusses
charge on the dust particles is negative as a result of theoretically[6] a scheme for forming an ordered structure
higher temperature and mobility of the electrons. The emis{Coulomb latticg of positively charged particles. To the best
sion of electrons from the surface of a particle may, howeverdf our knowledge, however, there have been no experimental
provide conditions for positive charging. Such differences inobservations of Coulomb structures consisting of positively
the sign of the charge on the dust particle can greatly modifgharged dust particles in a laboratory plasmas.
the properties of plasma. In particular, in plasma with posi- In the present paper, the formation of an ordered structure
tive dust particles, the electron density would be larger tha®f positively charged dust particles in the anode region of an
that of the ions, and instabilities and waves could be pro2bnormal dc glow discharge in air was observed. We esti-
duced[3,4]. Also, the electron emission from the particles mate the charge on the particles, taking into account the pro-
has been showii,6] to affect the electron Debye length, and C€sses of photoemission and secondary electron emission.
thus, the condition for plasma crystal formation. The value of charge obtained agrees quite well with the re-
Because the positively charged dust occurs in the pre§ults of probe measurements. Section Il describes the experi-
ence of strong u|travi0|e(UV) radiation or fast electrons, mental setup and observations. In Sec. lll, we consider esti-
plasmas with positive charged particles occur widely inmation of particle charge from probe measurements. In Sec.
space and also in the earth’s mesospmé@]_ In order to IV, we discuss the pOSitiVe Charging of dust particles due to
understand how dusty plasmas are formed and how they afecondary electron and photoelectron emission under condi-
fect various regions in space and in the earth’s atmosphere, ions close to those of the experiment.
is necessary to undertake laboratory investigations of posi-
tively charged dust systems. In laboratory conditions, the
electrostatic force acting on the charged particles can com-
pensate the gravity force resulting in levitation of the par- In this experiment, the glow discharge is formed in a cy-
ticles. At present, there is a large body of observations ofindrical stainless steel chamber with a specially shaped cold
levitated dust particles in capacitive rf discharg&6-15, electrode(see Fig. 1L The chamber, with an inner diameter
inductive rf discharged16,17], and dc glow discharges of 300 mm and height of 400 mm, has circular windows for
[18,19. In these experiments, dust particles are observed ifllumination and observation. The cathode consists of two
the form of distinct clouds at the edge of the plasma sheatttopper braces coupled by a molybdenum wire, and the anode
or near the electrodéor rf dischargegor, in the case of dc is a metal foil disk; the electrode separation is 46 mm. The
glow discharges, in the striation region and in artificially discharge current was varied from 0.5 to 15 mA, while the
created electric double layers. All such experiments producpressure of air was varied in the range 0.2—2 Torr. Measure-
negatively charged particles. ments of plasma density, electron temperature, and strength
Ordered, liquidlike structures of positive particles chargedof the electric field were obtained using single and quadruple
by thermionic emission have been observed in a laminar jetungsten cylindrical probes.
of thermal plasmd20], and under microgravity conditions Thin-walled hollow spheres of borosilicate glass  in
where the charging was mainly due to photoemis§ij. A diameter were introduced into the plasma. The wall thickness
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Dust dropper

Discharge tank

FIG. 1. Schematic diagram of the apparatus.

was approximately 2—am and the bulk particle density was
close to 0.8 g/crh A few grams of micron-sized particles
were placed in a dust dropper located on the upper side of the
tank. All the necessary observations were made by illuminat-
ing either horizontal or vertical planes with a sheet of Ar
(argon ion laser light of thickness 25@m and breadth 20
mm. The height of the laser was adjustable. Scattered light
was viewed through a window in the chamber. Individual
particles could easily be seen with a charge-coupled device
video camera fitted with a macro lens. Video images were
recorded on tape recorder; frames were digitized with
720X 540 resolution using an eight-bit monochrome frame
grabber.

In our experiments, we observed the formation of a cloud
consisting of several tens of particles several millimeters
above the central part of the anodee Fig. 2 After shaking
the dust dropper, the dust particles fell past the equilibrium
position, were reflected from the anode, and then became
suspended at a certain point in space. In our experiment, we
could not obtain a perfect crystal structure since, for any
discharge parameters, the kinetic energy of the particles was FiG. 2. Video images of the particle cloud Bt=0.3 Torr: for
more than 1 eV. Furthermore, the separation of the particleg) 1=6.2mA, (b) 3.8 mA, and(c) 10.8 mA. The scale in the
was not equidistant either within a layer nor between layersfigures corresponds to 5 mm.

The reason for not obtaining a perfect crystal structure might
be that random charge fluctuations caused by the photoemis- . . .
sion charging mechanism were relatively laf@e], leading result of changing plasma conditions. Figure 4 shows the

to heating of the dust particlé&3,24. As well, the particle variation of the relative intensity of emission and electron
temperature could be raised by the dispersive instability””mber density as function of the discharge current. Using

which occurs in an inhomogeneous dusty plag@sl, pro- this data, we estimate below the v.a.riation of parti_cle charge.
ducing spatial fluctuations of the grains similar to BrownianWhen the current approaches a critical value, which depends
motion. The considerable spatial inhomogeneity may als@n pressuréfor example, at 0.4 Torr,=2.4mA), the value
explain the variation in particle separation. of H increases sharply, i.e., at=l the cloud “jumps
When the discharge parameters were varied, the shape 8fvay.” At a discharge current of 10 mA, we usually ob-
the cloud and its position above the anode changed. For eserved the formation of several clouds suspended low above
ample, when the discharge current was reduced, the partictbe electrodé¢see Fig. 2c)] and these merged into one as the
cloud rose and became elongated in the vertical directiondischarge current decreased. It should be noted that the
Figure 3a) gives the effective cloud side= \h?+12, where analysis of grain equilibrium positions in the anode region
his the vertical dimension of the cloud ah its horizontal  requires the development of a complete model including the
dimension, as a function of discharge current. Figufig) 3 calculation of the sheath parameters as function of the dis-
shows how the distancE between the lower edge of the charge current, which is beyond the scope of this paper. In-
cloud and the anode varies as a function of the dischargstead, we concentrate on determining the value of the dust
current. The changing size and position of the cloud is garticle charge in the presence of emission processes.
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FIG. 4. Variation of(a) the relative intensity of discharge emis-
sion J and (b) the electron number density, as a function of

IIl. ESTIMATION OF DUST PARTICLE CHARGE discharge current

One of the basic problems of any dusty plasma experi-
ment is determining the value and sign of the particle charge.
The accuracy of particles charge measurement is, however,
still an open question. There are many techniques used for
charge measurement: the charge can be determined frofrhe negative sign before the gravity force indicates that this
resonant frequency measuremen®6,27], dust-acoustic force acts downwards while all the other forces are acting
wave experiment$28,29, the analysis of horizontal colli- upwards. The direction of the ion force is determined by the
sions of dust particles paif80], the analysis of the trajecto- ion flux, the direction of the thermophoretic force by tem-
ries of oscillating dust particlgs81], dust sound speed mea- perature gradient, and the direction of the electrostatic force
surementg32], and Mach cone experimenf83]. Most of by the sign of the anode fall.
these are, however, complicated, requiring special measure- Under our experimental conditions, it is impossible for a
ment procedures, and do not give precise results. On theegative anode fall to exist for various reasons considered in
other hand, for negatively charged particles, one can easily36]. Moreover, in our experimentS,<S;\Vm./m;, where
estimate the charge from probe measurements of plasma de®; and S, are the anode and cathode areas, ldand m;
sity and electron temperatufd1,19,33,34 For positively  are the electron and ion masses, respectively. In [R&, it
charged particles, such a simple estimation of charge is imhas been shown that in such cases there should be a positive
possible because it is necessary to take into account the emisaode fall. This conclusion is confirmed by the observation
sion processes. In this paper, we obtain the charge valugf a narrow anode glow near the electrode. This suggests that
using another simple approach: the balance of forces actinghe electrons are accelerated in the anode layer, acquiring
on the particle in the vertical direction. After this paper wasenergies~15-30 eV, sufficient to excite air molecules. In
written, the authors learned of another papkt] where the  addition, previous measurements and numerical estimates in-
same approach was proposed for estimating the charge dicate that it is almost impossible for a negative anode fall to
particles levitated in an rf discharge sheath. occur in an electronegative gas where the discharge is con-

For a dust particle levitated in the sheath region, the fol4rolled by electron attachmef88].
lowing main forces act along the verticakxis: the gravity As the ion flux and temperature gradient are directed
force Fg4, the electrostatic forcd=;, the thermophoretic away from the anode, the electrostatic, thermophoretic, and
force Fy,, and the ion drag force;; [35]. The total force ion drag forces must compensate the gravity force to obtain
acting on a particle at its equilibrium position is zero levitation. Thus,

Fe|_Fg+ Fth+ F|:O (1)

056407-3



A. A. SAMARIAN et al. PHYSICAL REVIEW E 64 056407

32 [am , T , 1
m,g=eZ4E+ 15 Verd KEJrTra minvsxa+xzl, P=40 mTorr
(2) 80 1=6 mA

where a, m,, and Zy are the particle radius, mass, and

charge, respectivelyf andm are the temperature and mass g 60 1
of the gas molecule is the thermal conductivitygT/dz is s
the temperature gradienty; is the ion massn; is the con- w44 {

centration of positive iong, is the velocity of ions in the :
sheath,y; and y, are given by

20 - L
L 27,.€°
X mvZa 0 :
0 5 10 15
Z4e? \? z [mm]
7 2\ 2 ()\D/a)2+ m: 23.)
Ya=2 a© In iUs FIG. 5. Variation of electric-fieldE with distance from the elec-
2 mivga Z4e° \? ' trodez The solid line shows the results calculated from &g, and
o mivza the points shovE as measured by a quadruple probe.
S
and 4 is the screening length. Figure 5 shows that the results using both methods are in

It is difficult to accurately determine the valuesf using  good agreement. Taking into account the value of the electric
Eqg. (2) as it involves many parameters that cannot be meafield E™@"=10-70 V/cm and the value of the gravitational
sured exactly. However, we can simplify the problem if atforce mpg=5x 10 2N, we can conclude that the positive
first we use the experimentally obtained parameters to estthargeZ, on a levitating particle of radiua=5 xm should
mate the values of all forces. For the particles used, whiclbe larger than 1500 elementary chargies., Z,>1.5x 10°).
have a radiug=5 um, the value of the gravity forcgg is In the next section, we estimate the value of particle charge
m,g=5x10"'*N. An estimate of the thermophoretic force using a theoretical approach.
givesF,<10 *N, since the temperature gradier®t/dz in
the sheath does not exceed 5 K&mThe upper limit of the
ion drag force can be estimated, from simple formulas: IV. ANALYSIS OF DUST PARTICLE CHARGING

20 m. 2 — .22 S —3 .
<ma’nmui(1-eZy/amo)?, wheren,~10°cm ? andv, The charge on a dust patrticle is the result of the net affect

i i[g,e 15\;/ Sl?grl%g ];olr? r&sra\éw;grf:ei[]?sw e?)stﬁ;/étg T:g?e“c/:tessiow_(_)f qll possible currents to the particle surf_qce. Thus, the equi-
) ' S librium chargeZ, is found from the condition for zero cur-
ever, the fact that in an attachment-controlled discharge, font

reverse propagating flux of negative ions having a concen-

tration close ton; will act in the opposite directio38],

further reducing the net ion drag force. Based on this reason- H(Zg)=lemt1p=0, (5)
ing, we can conclude that under the conditions of the present

experiment, gravity may be compensated almost entirely by ) o )
the electrostatic forc€&,. Accordingly, Eq.(2) can be sim- Wherelgnis the current due to emission processes, lgnis

obtained from the following equation: charges, where the emission processes are insignificant, the
main charging mechanism is absorption of plasma electrons
m,g and ions by the particle. As a result the dust particles become

Zdzﬁ- () negatively charge2,40]. In electronegative gas discharges

controlled by electron attachment, the number density of the

We obtain the value of the electric field using two different Positive and negative ions have similar values, and the elec-
probe techniques. First, one can measure the electrode bifi§n density may be one or two orders of magnitude lower
V,, and the plasma potential at the sheath boun¥gryand than the ion Qensme542]. Because of the Iar.ge Q|fference
then use the well-known approximatiot(z)=b22+vp for ~ between the ion and electron mass, and taking into account
the potential variation in the sheath regipt], wherez is  the higher temperature of the latter, the dust particles cannot

the vertical coordinate. Thus, the electric field is given by &cquire net positive charge without electron emission from
their surface. Electron emission constitutes a positive current

E(z)=E0—22(Vp—Vb)/h2, (4)  to the particle, and it can lead to the particle becoming posi-
tively charged. In our paper, we assume that the dust par-
where E is the value of electric field at electrode surface,ticles acquire a positive charge due to photoelectric and sec-
andh is the thickness of the sheath. The second way is thendary electron emission. These emission mechanisms are
direct measurement of the field using a quadruple pf8BE  the most important for laboratory dusty plasma in gas dis-
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charges, and their joint actions are able to compensate for th 1,00 3
thermal electron flux onto a dust particle from the bulk 3
plasma. o
A gas discharge plasma is a source of UV radiation due tc &
electron-impact excitation of neutrals. However, this radia-<_ 0,10 1 1

tion is usually too weak to alter the dust charge significantly <
in either normal dc discharges or rf discharges. The dis-

charge under study has parameters similar to those of a . 2
abnormal hollow cathode discharge, the main characteristic: 0,01 . i . : . : .

being a strong electric field in the cathode space and an elec 40 90 140 190 240
tron density maximum at the center of the dischargg].

This leads to an increase of the power of the UV radiation Uo [eV]

from the cathode region. Another characteristic of this type FIG. 6. D q  the ratio of ber densitidén

of discharge is the non-Maxwellian electron energy distribu- 0} on the :Eg:‘ encé'fothe fea;";‘ :eole%trgl:]r:b Ero ?oanI |aSSeS/\(Iﬁitsh
tion function due to the presence of a great number of high-_ ~3 and diﬁere%ﬁ° S 1-U.—300 6V 2—SU_ :4009ev
energy U,>50eV) electrons. These characteristics suggest™ m m ' m '
the existence of effective mechanisms for particle Charg'ng/vhereéis the secondary-emission coefficient. For bulk ma-

by photoelectric and secondary electron emissions. Below,_ . .
we consider the effect of these mechanism on dust parti(\:ll\{ee”als’ the energy dependencedis [40]

charge for conditions close to those of the experiment. 8(U,,,6.,,U)=7.46(Uy+edy)
m»¥m: . m o S
X exp(—2{(Ug+eps/Un')/Up,

The electror(ion) current to the dust particle surface from ©)

the surrounding plasma is given by orbit motion limited \\herey, and 8, are material constants. Different types of
theory [22,40 when a<<\q<\pgp, Where\pg IS @ mean giasses for example, haveé,=2—4 for energiesU,,

free path for electron-neutral or ion-neutral collisions. Tak-_ 5509_400 eV[40,42. Typical values ofT, are from 1-5
ing into account the mass of ions with respect to the electrog,, ’ s

mass, and the fact that the ions are close to room tempera- If we assume a Fermi distribution for the secondary-
ture, we may neglect the currents of the positive and negativ@mission electrons, the secondary-emission cutfefiom a

ions compared to that of the electrons. Generally, the elec= ... ; Sl i oy
. i ) ositively charged spherical particle is given
tron currentl . onto the dust particle surface is a compllcate(;:p y 9 P P g Iy

A. Plasma electron current

function of the thermal velocity = (2kTe/me)*? where 1* = 8l [ed /KT-Inf1+exo —ed. /KT
Te is the electron temperature, and the drift velocity s~ Olnleds/kTsInf P~ es/kTo)}
=(2U,/my)Y? whereU, is the kinetic energy of drift elec- +®(—edps/kTs) |/ D(ER/KTy), (10)

trons[2]. For simplicity, we consider two types of electrons

in the anode region of an abnormal dc discharge: thermalhere Er is the Fermi energy, an@(X)=f8Xp¢Y)an(1
electrons with number density,, characterized by tempera- +Q)dQ is a well-known tabulated function. Typical values
ture T, and high-energy electrons with number deneiiy of E for different types of glasses are in the range 0.05-0.5
and kinetic-energy) ,>kT,.. For Maxwellian electrons, the eV [43]. Because of this th&g/kT value for glasses is
orbit-limited current to an attracting isolated spherical par-small, and® (Eg/kTg)— m2/12.

ticle with an equilibrium surface potentiagi;>0 relative to In the case of a dust cloud, which is transparent to the
the surrounding plasma is emitted electrons, the equilibrium particle surface potential
¢ can be found from Eq¥6)—(8) by equatingl ++1,, and
_ /
|1=4ma?eny(2kTe/my) Y41+ eds/KT,). ®) | [or1% (10)]. The sign of the charge on the dust will vary

with the value of the ratio of number densitie/n,. The
In the case of the monoenergetic fast electrons, we have nf;/ne value, which leads tap;=0, is shown in Fig. 6 for
different energiedJ , of the fast electrons for glass witf,
=3 (Ii~ls9. Large values ohg/ne will produce positive
charging of the dust; small values will lead to negative
charging. The dependency of the equilibrium particle poten-
tial ¢ on the rationglne is shown in Fig. 7 for different
valuesU, .

Ih=ma’en,(2U,/my) Y41+ ed/U,). (7)

B. Secondary electron current

Assuming a Maxwellian distribution with temperatufe
for the secondary-emission electrons, the secondary-
emission currentg, from an isolated spherical particleb{

C. Photoemission current

>0) is given by We consider a monochromatic UV source with a unidi-
rectional flux of photons of enerdyr~8.2 eV, correspond-
lse= Olh(1+eps/kTs)exp —eps/kTy), (8) ing to the UV resonance line of nitrogen. Assuming a Max-
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FIG. 7. Dependency of the equilibrium potenti on the ratio
nfi/n, for different values of the energy,:1-60eV; 2—-90 eV;
3-120 eV. (solid lines, Maxwellian distribution; dashed lines,
Fermi distribution.

wellian distribution with temperaturd ,, for the emitted
photoelectrons, the photoemission currégf from an iso-
lated spherical particles>0) is given by

| oh= a2 QupeY I 1+ eps /K Ton)eXp([ E—eds]/KTyp).
(11

Here,Q.psiS the efficiency of absorption of the UV radiation
(Qape1 for 2ra/N>1, whereh is the wavelength6,22]), J
is the photon flux,Y is the photoelectric efficiency, and
=hv-W, wherehv is the photon energy, and/ is the pho-
toelectric work function. Typical values oiV for different

materials are in the range 1-6 eV; for example, glasses have

W=4.0-5.2eV. The values of depend on the photon en-
ergy hv. Forhv>7-8 eV, the photoelectric efficiency var-
ies from 0.1 to 1 for metals, and from 0.01 to 0.1 for dielec-
trics (for glassesy~0.1). Typical values ofT, are in the
range 1-2 eV.

If a Fermi distribution is assumed for the emitted photo-
electrons, the photoemission currelrgpI from a positively
charged spherical particle is given py]

;;h: 71'azeQabsY J[e¢s ln{l + eXF(X)}/

KTont @ (x) 1/ P(Ep/KTyy), (12

where x=(£é—edpe)/KTpy.

For a unidirectional photon flux with»>W, the photoemis-

sion currentl " is usually approximated d$,40]
o = ma’e Qup ** J exp — eds/KTyp), (13

whereY** is an effective valudthe yield of the photoelec-
trons close to 1 for metals, and to 0.1 for dielectrics. This
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10°
3
10° ]
o 1
5
< 10 -
1t +————T—T—T——T—
0 50 100 150 200 250 300
J [mWrem?]

FIG. 8. Dependency of the number dengity of the electron
currentl+ on the photon flux in the case okps=0 for glass with
Y=Y** =0.1,W=5 eV, andhv=8.2 eV, for the following cases:
1, Fermi distribution; 2, Maxwellian distribution; 3, approximation
(13).

dependency of the number density of the electrons in the
currentl; on the photon flux that leads taps=0 is shown

in Fig. 8 for glasses wittYy=Y** =0.1, W=5eV andhv
=8.2¢eV. The resulting dependency of the equilibrium par-
ticle potential s on the photon fluxJ for ng=10"cm 3 is
shown in Fig. 9 as bold lines.

Figure 9 also illustrates the effect on the variation of equi-
librium potential ¢ with photon flux when secondary elec-
tron emission is included. In this case, the equilibrium po-
tential ¢ of the positively charged dust particles was
obtained from

5 -
. 3
N i T, S
RIS i
3 { " t 1
>
1]
< 21 3
1 -
O T T T T T T L T T T T T T
0 50 100 150 200 250 300
J [mW/em?]

FIG. 9. Dependency of the equilibrium particle potentgglon
the photon fluxJ for the number densitp,= 10" cm 2 and for the

approach is attractive when the characteristics of the particl{:?)”owing cases: 1, approximatiofl0); 2, Fermi distribution; 3

material (W), or radiation flux fiv) are not well known.

Maxwellian distribution, under different conditions of particle

Assuming a dust cloud that is transparent for the emitteqnarging: photoemission withf/n,= 0 (bold lines; photo and sec-

photoelectrons, the equilibrium particle surface potential
can be found from Eqg6), (11)—(13) by equatingl;, and

lon(I5h:1pp ). For the different approached1)—(13), the

ondary electron emissions winhQ/ne=O.1 (fine solid lines, and
nglnezl (dashed linegs The points represent the experimentally
measuredps .
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1+ Ih=1sd 1)+ 1 pn(15h) (14a V. CONCLUSIONS

In the present study, levitation of positively charged dust
particles in the anode region of a dc glow discharge has been
I+ 1= et ;;; (14b) observed experimentally. A dust cloud consisting of several

tens of particles formed above the central region of the an-
for approach(13). The significance of the contribution of the ode. By varying the discharge parameters, it was possible to
secondary electron emission is determined by the numbethange the shape of the cloud and control its position above

density ratio f/n,). It can be seen that fa1!/n,<0.1 pho-  the anode.

toemission provides the main contribution to particle charg-  An analysis of the experimental conditions shows that the

Ing. _ _ ) charge of the levitating particles is positive, which signifi-
The particle surface potentighs can also be estimated cantly distinguishes this experiment from most discharge ex-
from the experimentally measured particle charge from the,eriments where the dust particles are negatively charged.
relationshipgs~eZy/a. These results are also shown in Fig. oyr results show that under our experimental conditions, the
9 for a=5um, taking into the account that is directly  rgje of secondary electron emission is insignificant with the
proportional to the discharge currdsee Fig. 4 and thatthe  cparge on the dust particles predominantly due to photoemis-
photon fluxJ was equal to 0.03 W/chtor a current of 2.6 sjon. An estimate of the charge agrees with the results of
mA. Comparing the calculated and experimental results, Weheasurements of the electric field, which is required for dust

conclude that the values obtained for particle surface potersarticle levitation in the earth’s gravitational field.
tial are in good agreement with our analytical estimates. No-

tice that the measured values suggest that under our experi-
mental conditions, the role of secondary electron emission is
insignificant and that the charging of dust particles is pre-
dominantly by photoemission. In spite of this, the uncer- The authors thank Dr. A. V. Chernyshev and Mr. A. M.
tainty of the value ofn!/n, did not allow us to determine Lipaev for assistance with the experiments. This work was
which from among the Fermi distribution, the Maxwellian supported by the Australian Research Council, Science
distribution, or approximatiorf12) is best able to describe Foundation for Physics within the University of Sydney and
the photoemission charging of dust particles. the Russian Fund for Basic Research, Grant No. 81-01-1665.

for Maxwellian (Fermi) approximations, and from
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