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Analytical expressions describing electron energy probability functions (EEPFs) in glow and afterglow dusty
plasmas are obtained from the homogeneous Boltzmann equation for electrons. At large energies in a glow dusty
plasma, the quasiclassical approach for calculation of the EEPF is applied. Considering the afterglow case, the ana-
lytical expressions are obtained assuming that the electron energy loss is mainly due to momentum-transfer electron-
neutral collisions and due to deposition of electrons on dust particles. Effect of dust particles on the EEPF is ana-

lyzed.
PACS: 52.25.Vy, 52.27.L.w, 51.50.+v, 52.80.Pi

INTRODUCTION

Dusty plasmas have been extensively studied in the
last three decades because these complex ionized gas
systems are of great interest in different fields [1-5]. At
theoretical description of dusty plasmas, one usually
assumes that electrons are in Maxwellian equilibrium
[1, 2]. However, for most of industrial and laboratory
plasmas, the electron energy probability function
(EEPF) often deviates from Maxwellian because of the
many different electron collision processes [3]. The
profile of electron energy probability function affects
different plasma parameters. Therefore, determination
of the EEPF profile is very important in studying of
different plasmas. For calculation of the EEPF in dusty
plasmas, usually different numerical approaches are
used. Here, we present analytical expressions describing
the EEPF in glow and afterglow dusty plasmas.

1. MAIN EQUATIONS AND ASSUMPTIONS

We consider an argon dusty plasma maintained by
an electric field E(t). Plasma consists of electrons, ions
with number densities n, and n;, respectively, and of
dust particles of submicron size with density n, and
radius a,. The plasma is assumed to be quasineutral,
i€, n,+nyZy|=n;, where Z, is the dust charge (in
units of electron charge e). It is also supposed that the
ions have Maxwellian distribution with temperature T,

(= 0.026eV), but the electron energy probability func-
tion F in general is not Maxwellian and satisfies to the
homogeneous Boltzmann equation [6]:

oF(ut) 2 9 |u¥? _,oF(ut)|
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where u is the electron energy (in eV), t is the time, m,
2

' E 2
is the electron mass, E? :—p% for the RF
2 vi(W+w

case, and E = Ep is the external electric field in the DC
case. Here E is the RF field amplitude, o =2f,

and f. is the RF frequency. v, =v, +v,,, where

em?

vesand v, are the frequencies for momentum-transfer
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electron-dust and electron-atom collisions. S(F)=Sc.(F)

+Sed(F), where Sga(F) and Sey(F) are the terms describ-
ing electron-atom and electron-dust collisions, respec-
tively [3, 4]. We consider low-ionized dusty plasma,
therefore, electron-electron collisions are not accounted
for in the model. The homogeneous Boltzmann equation
(1) may be used if the energy relaxation length is small
compared to the spatial inhomogeneity scale of the dis-
charge. For the case of a glow dusty plasma and for the
afterglow with low dust density, the EEPF can be pre-
sented in the form Fy = n.fo(u). The function f, is nor-

malized by J.fo(u)\/adu =1-
0

It is assumed that the electron (I, ) and ion ( I;) cur-
rents to a floating dust particle are in balance, or I, +
1;=0. The electron and ion currents to a dust particle are
calculated using the orbit-motion-limited (OML) theory,
taking into account the ion-neutral collisions in the
sheath around a dust particle [1, 2, 4]. In general, the
EEPF from Eq. (1) may be found only numerically.
However, as it will be shown below, approximate ana-
lytical solutions of Eq. (1) also exist.

2. THE APPROXIMATE ANALYTICAL SO-
LUTIONS FOR THE EEPF IN GLOW DUSTY
PLASMA

Assuming that the number of electrons with energy
larger than the first excitation energy threshold

(u” =~11.5eV for Ar) is small, one can neglect by trans-
formation of electrons with large energy into low-

energetic electrons, and the term describing inelastic
electron-atom collisions can be presented in the follow-

ing form [6] S&°(F)~—> vk, (u)F (uu*'?, where V¥, is
k

the collision frequency of the k-th inelastic process with

a threshold energy V..

As a result, the homogeneous Boltzmann equation
(1) can be written as

; e 1 o (u)
a_u{uslz((sDVm(u)Jré‘vem(u)){fo(U)Jrz ‘;u }:|z

~ (VS (U) + vy () £ (U)NU, ()
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where & =2mg/m,, &, =2m¢/my, m, and m, are the
masses of neutral gas atoms and dust particles, respec-
. E?
tively g =T, + Z—ee—,

3m, v, (OpVeg + NVem)

vy (U) = > v (u) is the total frequency for inelastic
k

electron-atom collisions including processes of excita-
tion and ionization, v, is the frequency describing dep-
osition of electrons on dust particles [4].

At large electron energies (u>u, >u” =11.5eV, and

by taking u, = 20 eV), the electron energy probability

function decreases rapidly with an increase of u. There-
fore, the quasiclassical approach can be applied for cal-
culation of the EEPF at large electron energies, and [6]:

fo(U) = C, exp(S(u)) , @)

where C, isa constant, and S(u) :—J-,Hl(u’)du’ with

Uy

1| Blves(u) +vys (u)]
Bi(u)=—"— : .

\/a \ 5Dved (U) + 5Vem(u)
At large electron energies the EEPF in a dusty plasma
decreases faster than in a dust-free plasma because the
ratio of S, in a dusty plasma to that in a dust-free plas-

ma for the same electric field sustaining the plasmas is

approximately Vea(U) + V15 () . The decrease increas-
\ vys (U)

es with an increase of ny or ag.
To calculate the EEPF at moderate and low energies

(u<u;), we move from u to the new variable

y=u, —u. In this case, Eq. (3) can be presented in the
following form

0 1 of,(y)
- f _ =Yoo
ay{a(y){ oY) Y, H

~[Vea (V) +vis (NI (VVU; —y (4)
where a(y) =u¥?(5,ve, (u) +ov,,, (u)) with

u=u, —y. It follows from Eq. (4) that
fo(Y) —{CZ -| ﬂ(y’)z(y’)exp[— | ﬁ(y”)dy”]dy’}

Y,
xexp{ | ﬁ(y/)dy’], ®)

where

A= vea (Y +vis (Y oY) u — vy’

0

x(y)= 0y

To obtain Eq. (5), we assumed that the EEPF and
it’s derivative on energy are continious at u=u, . The
constant C, in Egs. (3) and (5) can be found from the
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normalization condition [I fg(u)\ﬂdu:l}. Dusty
0

plasma parameters (the EEPF, effective electron tem-
perature and dust charge) obtained using Egs. (3) and
(5) were compared with those calculated numerically by
a finite-difference method with accounting for electron-
electron collisions and transformation of high-energy
electrons into low-energetic electrons at inelastic elec-
tron-neutral collisions. It was found that the analytical
expressions (3) and (5) can be used for calculation of
the EEPF and dusty plasma parameters at typical exper-
imental conditions [7], in particular, in the positive col-
umn of a direct-current glow discharge and in the case
of an RF plasma maintained by an electric field with
frequency f=13.56 MHz. Moreover, in a 13.56 MHz
plasma, the EEPF may become close to the Maxwellian
distribution at an increase of dust density. That is in a
qualitative agreement with numerical and experimental
results of previous authors [4, 7].

3. THE APPROXIMATE ANALYTICAL
SOLUTION FOR THE EEPF IN DUSTY
PLASMA AFTERGLOW

Now consider a dusty plasma afterglow. The after-
glow has the two characteristic times [6]:
7, =<ov,(u)>"and 7, =<, (U)+v5(U)>", where
<...>denotes the averaging on time. The time z, de-
termines the energy relaxation of electrons with large
energy (u>u"). z, is the time for energy relaxation of

electrons in the EEPF core (with u<u*). For u>u>*,
vz (U) >> ov, (u), and, therefore, 7, <<z, [6]. In the
afterglow, the number of electrons decreases first in the
tail of the EEPF, and essential changes in the EEPF core
take place at larger afterglow times (t >z, ).

Here, we will consider the afterglow times larger
than z,. For these times, the effect of inelastic electron-

atom collisions on the EEPF is small, and

1 8|2m, 4, oF
S.(F)r— | Zey¥%y (u) F+T, — 1|, (6
N T EAR 0 G|

where Tq is the neutral gas temperature, which is as-
sumed to be equal to 300 K (0.026 eV).

It is supposed that the average electron energy is
larger than the neutral gas temperature. We also assume
that for the most of electron energies considered here
the electron-atom elastic collisions dominate over the
electron-dust momentum-transfer collisions. Therefore,
the term in Eq. (1) describing electron-dust collisions

simplifies  to S.q(F)= -V, (u,t)F, where
Ve (u,t) =nyot, (u,t),2eu/m, is the frequency describing
collection of electrons by dust particles with the cross-
section ¢%q(u) = ma’g(1— ps(t) /u) for u >
ps(t) and 0 for u < g4(t). Here, ¢ (t) is the absolute val-
ue of dust surface potential. Taking into account these
assumptions, Eq. (1) simplifies to the following equa-
tion:
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oFut 1 0
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+ F(u,t)vey(u,t) =0.

[sv,, (u2F u,t)]+

(7

Here, we assume that the time-dependencies for dust
charge Z,(t) and dust surface potential ¢, (t) are expo-

nential: Z,(t)=Z,,exp(~t/y), o,(t)=p,exp(-t/y),
where @, =g (t=0), Z,,=Z,(t=0), and y is the
time characterizing the dust charge decrease in after-
glow. In this case, v&,(u,t) = a(l—p,exp(=t/y)/u)-/u
for u> g, (t), where a=nymaj.[2/m, . In this study, it

is also assumed that the frequency for electron-atom
collisions does not depend on electron energy
(6v,, =6v =const ) and the EEPF for t =0 can be pre-

sented in the following form [8]

F(u.0)= Aexp(-Au’), (®)

where x is a number. For Maxwellian and Druyvesteyn
EEPFs, x = 1 and x = 2, correspondingly.

1 [T
<u>" | T(E) |

where & =3/(2x), & =5/(2x), T(¢) :Tt‘f*1 exp(—t)dt

A, =

with & >0 is the gamma function, and <u > is the mean
energy of electrons, which is connected with the effec-

. . 3
tive electron temperature by expression <u>= ETeff f

<u> << u*,then
_ox [
Al <u >3/2 [r(él)]SIZ :

Taking into account these assumptions and using the
method of characteristics [9], one gets from Eq. (7) for
u < g,(t) the following expression for the EEPF:

F(ut) = A exp(361t/2 — Au*e*™). 9)

If the initial EEPF is Maxwellian, the previous ex-
pression coincides with that presented in [6]:

F(u,t)=C exp{— T”exp(ﬁvt)}exp(Sévt/Z) . (10

eff
To find the EEPF at u> ¢, (t), we also apply the
method of characteristics and get from Eq. (7):

3ovt 3
Fut)=A exp(%f Auxext _

2oy ¢sOe*t/}'+2a17 u "
2-p\ u 2 e

1
4%7(/3—1)( u ]Zﬂ"”ezyﬁtm
B2-p) oo ’

where B=6vy ,and a; =nyg7mag.2p,/m, .

@ay
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If the EEPF at u<g,(t) is Maxwellian, it follows
from Eq. (11) the following expression for the EEPF at
u> o (t):

(CV'3/2)

F/n (0)

Normalized EEPF fort =0 (a) and t=0.1/(¢v) (b);

ay=50 nm, n,=10° em™ and different dust densities: ng
=5.0x 10" em™ (solid curve), 3.0 x 10" ¢m™ (dashed
curve ), 10" em™ (dotted curve). For & < g, (t), the

EEPF is Maxwellian with T, =2 eB for t=0. Here,
y =0.1/(6v) . The same for ng =0 (c) and different af-

terglow times: t = 0 (dash-dotted curve);
0.1/(6v) (dotted curve); 0.3 /(6v) (dashed curve);

0.5/(ov) (solid curve)
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4ayy (3 —1)[ u jm‘ﬂ’ezm-m |
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Using Egs. (10) and (12), the EEPF was calculated
for different dust densities (see Figs.a,b). The case ng =0
was also considered (Figure c).

One can see in Figure that the EEPFs for &> g, (t)

in a dusty plasma differ essentially from those in a dust-
free plasma. With an increase of dust density, the differ-
ence on Maxwellian distribution in the region increases
which is accompanied by a decrease of a number of
electrons at large energies (&> ¢, (t)) and their increase

at small energies (& < o, (t)).

CONCLUSIONS

Thus, we have shown that the EEPF in dusty glow
and afterglow plasmas can be described analytically.
The results of analytical studies presented here are in a
good agreement with numerical and experimental re-
sults on dusty plasma of previous authors. It has been
shown that dust particles affect essentially the EEPF in
glow and afterglow plasmas, decreasing the number of
electrons at energies larger than the dust surface poten-

tial, while increasing their number at energies smaller
than the dust surface potential.
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BJIMAHUE NIBIJIEBBIX YACTHUL HA PACTIPEJEJIEHUE 3JIEKTPOHOB I10 DQHEPI'UH
B IINTASME B PEXJKUMAX CBEYEHUA U ITIOCJIECBEYEHUA

U.b. lenucenxo, H.A. Azapenxos, C. Heko, I. Bypmaka, A. I'nazkoe

W3 omHOpOOHOTO ypaBHEHHS BoNbIIMaHA MONYYEHB aHATUTHYCCKAC BBRIPAXKCHUS I (PYHKIMH pacnpenelcHus
AIEKTPOHOB 10 2Heprun (PPDD) B MbIIEBOI MIa3Me B pexKUMax CBeUeHUsI U nocaecBeuenus. s pacuéra @POD B
pEeXHME CBEUCHHS MPU OOJBIINX DIIEKTPOHHBIX JHEPTUAX MPUMEHEH KBa3MKJIACCUYECKU monaxoj. s mma3Mbl B
peXHME TIOCTECBEUCHUS aHAIUTUIESCKUE BHIPAKEHUS MOTYUEHBI B MPEATIONI0KEHHUH, YTO MOTEPU SHEPTUU DIIEKTPO-
HOB MPOUCXOJST B OCHOBHOM 3a CUET YIPYTUX DJIEKTPOH-HEUTPAIbHBIX CTOJKHOBEHHMH M OJlarojiaps OCa)ICHUIO
AJIEKTPOHOB Ha TBIJIEBbIC YacTUIIbl. [IpoaHamM3npoBaHo BIMUSHUE MBUIEBBIX YyacThil Ha DPOD.

BIIJIUB IMUJIOBUX YACTUHOK HA PO3IOAL EJIEKTPOHIB 3A EHEPTIEIO B IIVIA3ZMI
B PEXXUMAX CBITIHHA TA HICJIACBITIHHA

Lb. /lenucenxo, M.O. Azapcnukos, C. lexo, I. Bypmaka, A. I'naskoe

3 oHOpiAHOTO PiBHAHHS bojbliMana OTpUMaHO aHANITHYHI BUpa3y Uil QYHKIIT po3NOAiTy eJIeKTPOHIB 3a eHep-
riero (OPEE) B 3amopomieHol m1a3Mi B peXUMax CBITIiHHA Ta miciscBiTiHus. s po3paxynky @PEE B pexumi cBi-
TIHHS TIPH BEJNMKHX EIEKTPOHHHUX €HEPrisfiX 3aCTOCOBAHO KBa3iKIaCHYHMN mifaxifd. s mia3Mu B peXuMi HiCIACBi-
TiHHS aHAJIITHYHI BUpa3d OTPUMaHI B MPUITYIICHHI, [0 BTPATH €HEPTii eJIeKTPOHIB BiI0OYBalOTHCSI B OCHOBHOMY 3a
PaxyHOK MPYKHHUX €JeKTPOH-HEWTpPaIbHUX 3ITKHEHb Ta 3aBISIKM OCA/DKCHHIO EJIEKTPOHIB Ha IMWJIOBI YaCTHHKU.
IIpoananizoBano BIIMB MuIoBUX YacTHHOK Ha OPEE.
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