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ON MACROPARTICLE CHARGING IN PLASMA SYSTEMS
WITH ELECTRON BEAM

E.V. Romashchenko, 1.0. Girka, A.A. Bizyukov, A.D. Chibisov
V.N. Karazin Kharkiv National University, Kharkiv, Ukraine

E-mail: ev.romashchenko@gmail.com

The effect of different electron emission processes on macropraticle (MP) charging in a plasma at the presence of
electron beam is investigated. A complete model of the MP charging in the beam-plasma systems, which includes
possible electron emission processes from the MP surface, such as secondary electron emission, the thermionic elec-
tron emission, the field electron emission and thermal-field electron emission, is presented.
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INTRODUCTION

Charging of a MP in beam-plasma systems is one of
the basic problems in studies of interaction between the
MP and the plasma. In the presence of electron beam
there are several electron emission processes from the
MP surface. First, the electron beam directly causes
secondary electron-electron emission from the MP sur-
face. The thermionic and field electron emissions are
consequences of the MP bombardment by the electron
beam due to the increasing of temperature and absolute
value of negative potential of the MP, respectively. MP
has a negative potential in the “usual” two-component
low-temperature plasma due to higher mobility of elec-
trons. The MP charging due to electron beam impact and
MP recharging due to electron emission are competitive
processes. Moreover, under certain conditions, effect of
electron emission can even be more pronounced. As a
result, MP can become positively charged.

In previous studies, MP charging in the electron-
beam systems with account for the secondary electron
emission has been investigated in the framework of the
orbit motion limited (OML) approach [1] and on the
basis of the discrete charging model [2]. The influence
of field electron emission and secondary electron emis-
sion on MP potential has been studied in [3]. The effect
of thermionic electron emission and secondary electron
emission on MP potential has been investigated in [4].

In the present work, the studies of MP charging are
developed. A complete model of the MP charging,
which includes a possible electron emission processes
from the MP surface in the presence of electron beam in
the plasma, is presented. Obtained results are of im-
portance for better understanding of the MP charging
mechanisms in the beam-plasma systems.

1. MP FLOATING POTENTIAL WITH
ACCOUNT FOR EMISSION PROCESSES

The steady-state potential ¢, to which a MP is
charged, is determined from the balance of particle fluxes
which are collected by the MP surface and emitted from
it:

1i(0)+ 1e(@)+ 15(0)+ 1o o(@)+ le1e(0)=0. (1)
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Here, lj is the ion current, l¢ is the current of plasma

electrons , |y is the current of electron beam, le. is the
current of secondary electrons emitted from the MP
surface due to bombardment of electron beam, and l¢ Te
is the current of relevant electron emission (thermionic
electron emission, field electron emission, thermal-field
electron emission).

The currents |j, lg, and Iy to the MP surface are cal-
culated by using the OML theory [5]. The OML ap-
proach is applicable for MP radius a much less than the
Debye length Ap=(eoTe /nge?)*?: a<< Ap. In the case of
negatively charged MP
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In (2)-(7) ne, n;, and ny, are the particle density of
plasma electrons, plasma ions and beam electrons, re-
spectively; T, (T;) is the electron (ion) temperature,
v1e=(ks Te /Me)? (vri= (keTi /mi)Y?) is the electron (ion)
thermal velocity, u, is the velocity of beam electrons, &,
is the energy of beam electrons.

The secondary electron current le_e caused by elec-
tron impact is [6]

I,_,=6l,, p<0. (8)

The secondary electron yield ¢ is described by
Sterng-lass’s universal curve [6]
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where &, is the energy for which the secondary yield 4,
is maximum.

In the case of positively charged MP, the vast major-
ity of the secondary electrons returns to the MP surface
and only the most energetic ones leave the surface.

Thus, secondary electron current le.e is given by:

e e
I, =5l, exp[— kBTq')s J(u k;s J L 0>0, (10)
where T, is the thermal temperature of emitted second-
ary electrons, which is quite small (1...5 eV).

The secondary electron emission results in the suffi-
cient increasing of absolute value of MP negative poten-
tial in the energy range of beam electrons, within which
the secondary electron yield §>1. Moreover, in the case
of the equality of plasma and electron beam densities,
the MP floating potential can even become positive [1].

Another important emission process is the thermionic
electron emission. The current density of thermionic elec-
tron emission is given by Richardson-Dushman equation

[71:
ed
T J (11)

B 'mp
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JerE = Jer-D = APTmp exp[—

where T, is the MP temperature, e® is the work func-
tion, Ag is the Richardson constant. For most metals
Ap=(4..7)-10° A/(m*K?)[8].

The thermionic electron emission occurs if MP is
heated to a temperature above some threshold. One can
find this critical temperature by equating the plasma
electron current density and current density of thermion-
ic electron emission

Je = Jer (12)
where current density of electrons is expressed as:

Je = eng(ve) /4. (13)
Here, ng is the plasma particle density, vre= (KgTe

Ime)*? is the average thermal velocity of electrons.

MP critical temperature T, (K)

ed, Te=10eV
eV |ny=10"m> |n,=10*m>
Al 4.2 2023 2218
Ti 4.3 2068 2267
Cu,W 45 2156 2363

The results of calculations of critical temperature T,
for MP with different work function material such as
aluminium, titanium, copper and tungsten in the plasma
with electron temperature T, =10 eV and plasma density
ne=10"...10" m 2 are presented in the Table. For all the
materials, except tungsten, the critical temperature is
higher than the boiling temperature. The value of critical
temperature of MP turns out to be higher in the plasma
with density 10"® m™ than that in the plasma with the
smaller density 10 m2,

In the case of negatively charged MP, the repulsive
potential accelerates thermionic electrons from the MP
surface. The electric field causes the increase in the
work function due to the electrostatic barrier. Richard-
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son-Dushman equation with Schottky correction for the
work function is

ed —bVE J ' (14)
kBTmp

je,TE = je,R—Sh = APTn%p eXp(—

where E is the electric field. This equation is also called
as Richardson-Schottky equation.

The electric field on the MP surface is related to the
electric potential by

E=gpla, (15)
and Schottky correction can be rewritten as
elp
bVE =eAD = |—— (16)
Argqa

When the MP is positively charged, the electrons
have to overcome the floating potential and the surface
barrier. In this case, the current density of the thermion-

ic emission is given by [9]
oz = ApT2y| 1+ —2— lexp _EPHeA® | (17)
I(BTmp B'mp

In the case of very strong electric field, when
eAd>ed, there is the field electron emission from MP
surface. In this case the emission current density should
be calculated according to Fowler-Nordheim formula [7]:

. e’E? 87+/2m, (e®)®
leo-n =75, °F _—V(Y) , (18)
87hdt2(y) 3ehE
with

3
y= oL 2 (19)
drgy e
In (18), t(y) and v(y) are the elliptical functions [7].

Field electron emission from a MP occurs when its
surface electric field is about 2:10” VV/cm. In the follow-
ing, the plasma conditions and MP size, under which MP
has such electric field on its surface, are evaluated. The
field emission from MP surface is absent in the case of
low-temperature plasma, which consists of electrons and

ions. For example, in nitrogen plasma with Te /T; =10

normalized potential z=-ep/ksTe=10 [8]. The corre-
sponding electric field on the surface of the MP with
radius 1 pm equals 3-10° and 3-10° V/cm for MP with
radius 0.1 pm. However, the field emission from MP
surface is possible in the case of plasma with electron
beam. The MP can acquire the high negative charge due
to bombardment of electron beam. The floating poten-
tial of MP reaches -200 V for beam electron energy of
the order of a few keV [1]. If electric potential of MP
with radius 0.1 pm equals -200 V, the corresponding
electric field on its surface is 2-10” V/cm. Thus, the field
emission becomes important for MP with radius of
about 0.1 pm.

We have emission formulas (14) and (18) for two
cases: thermionic electron emission with taking into
account the Schottky effect, and field electron emission,
respectively. The relevant temperature and electric field
ranges are determined by [10]:

3/4
e’E L h e . kg Tmp
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ed— (20)
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1—ckBTmp >.2f kBTmp . (21)
Here,
2m, Je®
—t( y), (22)
7 is the Plank constant, and
-1
1 }Zme v(y) eE
== 1- . 23
2\ 7% eEved Arey®? @3)

The electric field-temperature curves calculated
from (20) and (21) divide the diagram in the Fig. 1 into
three regions: first one marked as TE, which corre-
sponds to the thermionic electron emission; second one
marked as FE, which corresponds to the field electron
emission, and a large region TFE between them. Both
temperature and electric field are high in the latter. Such
a case is possible in the vacuum arc discharge. Electron
emission in TFE range of temperatures and electric
fields belongs to so-called thermal-field emission. The
current density of thermal-field emission is given by
Murphy-Good formula [7]:

. eme(kBTm )2 7h ed — b\/_
jeM—G = P 0 lexp| -
' 27213 sinzhy kgTmp
(24)
were
V4
En? bVE
ho =| i . (25)
mge 7kgTmp

Murphy-Good theory is the more general approach.
The formula (24) in the limiting cases transforms to the
Richardson-Schottky thermionic emission formula (14)
and Fowler-Nordheim field emission formula (18):

je,R—Sh’ ahy <1,
Jep_n, €D <eAD.

Besides, the thermo-field (thermionic) emission cur-
rent It from the MP surface is limited by the space
charge. The maximum current is determined by Lang-
muir-Blodgett formula [11]:

je,TE = (26)
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Fig. 1. Thermionic emission (TE), field emission (FE)
and thermal-field emission (TFE) regions of
temperature and electric field for 4.5 eV work function
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where a is the tabulated function [11].

Thus, the thermal-field (thermionic) emission cur-
rent It from the MP surface is determined by the fol-
lowing conditions:

182, Ie1e (0)> 13 (p);
lete = 3/2 (28)
leter lete (‘/’)< e ((/7)

One can conclude that the solution of current bal-
ance equation (1) requires careful choice of the appro-
priate expression for emission current. At the same time,
one must keep in mind that electron emission is a limit-
ing process.

2. RESULTS AND DISCUSSION

The current balance equation (1) is numerically
solved in the two limiting cases: for MP with high tem-
perature and weak surface electric field, and for MP
with low temperature and strong surface electric field.
The numerical calculations are carried out for a colli-
sionless nitrogen plasma with the density of
no=10"m3, electron temperature of T, =10eV, ion
temperature of T; =1eV, electron beam density of
No=10"m=3 and electron beam energies of
ge=0.01...5 keV.
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Fig. 2. The floating potential of MP with radius 1 um
versus the electron beam energy for different MP
temperatures. “cold” MP (solid line), T,,=2363 K
(dashed line); T,,=2500 K (dotted line)

To begin with, the tungsten MP with radius a =1 pm
is considered at fixed temperatures: Tp, = 2363 K (criti-
cal temperature) and T,,,=2500 K in the energy range of
beam electrons &, = 0.01...5 keV. This case corresponds
to the thermionic electron emission. The emission current
is calculated according to the Richardson-Dushman equa-
tion (3) with taking into account the Schottky effect. If
MP is positively charged, emission current density is cal-
culated according to (9). The floating potential of MP as a
function of the electron beam energy is shown in Fig. 2.
The potential of “cold” MP turns out to be negative in the
whole energy range of beam electrons. The secondary
electron emission cannot lead to positive potential in the
plasma with density larger than density of electron
beam. At the temperature T,,,=2363 K, the MP potential
increases, but it remains negative. At the higher temper-
ature Tpmp= 2500 K, the MP potential becomes positive.
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The other example is shown in Fig. 3. The tungsten
MP with radius 0.1 um yields a high electric field at
electron beam energy more than 2 keV. The Fig. 3
shows the comparison of MP potential without taking
into account the field emission, and with it. One can see
that in the first case, the MP potential ¢ =-400 V for the
electron beam energy . = 4 keV, and in the second case,
@ =-300V. Thus, the field electron emission sufficiently
decreases the absolute value of negative MP potential.
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Fig. 3. The floating potential of MP with radius 0.1 um
versus the electron beam energy. MP potential is
calculated without taking into account the field emission
(solid line). MP potential is calculated with taking into
account the field emission (dashed line)

CONCLUSIONS

The present paper describes the mechanisms of
different kind of electron emission from MP in plasma
system in the presence of electron beam. Both field elec-
tron emission and thermionic electron emissions result in
the increasing of absolute value of MP negative potential.
However, the field electron emission does not change the
sign of the MP potential. This is explained by the differ-
ence of the energy range of beam electrons, at which the
thermionic and field electron emissions take place.
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BJUSHUE MMPOIIECCOB EJJEKTPOHHOM EMUCCHHU HA 3APAIKY MAKPOYACTHIIBI
B INTASBMEHHBIX CUCTEMAX C 3JIEKTPOHHBIM ITYYKOM

E.B. Pomawenxo, H.A. I'upxa, A.A. busiokos, A./l. ubucos

HccnenoBaHo BIMSIHME pa3IMYHBIX ITPOLECCOB 3JIEKTPOHHOW AMHCCHU Ha 3apsaixky Makpodactuusl (MY) B
IUIa3Me B IPUCYTCTBHUH 3JIEKTPOHHOTO IyuKa. [IpencraBiiena noiaHas Moaenb 3apsakn MUY B IMydkoBO-TUIa3MEHHBIX
cucTeMax, KOTopast BKIIIOYaeT B ce0sl BO3MOXKHBIE ITPOIIECCHI AIEKTPOHHOM 3MHUCCHH ¢ MToBepXxHOCTH MY, Takne kak
BTOpPUYHAS IEKTPOH-IEKTPOHHAS IMUCCHSI, TEPMOVIEKTPOHHASI, aBTOJIEKTPOHHAS!, TEPMOABTOIIEKTPOHHAS IMUC-
CHUH.

BILIMB MMPOIIECIB EJTEKTPOHHOI EMICII HA 3APSJI)KEHHS MAKPOUACTUHKH
Y IVTASMOBUX CUCTEMAX 3 EJIEKTPOHHUM ITYYKOM

O.B. Pomawienxo, 1.0. I'ipka, O.A. bizoxos, 0./. Qivicos

JlocnipkeHO BIUIMB PIi3HMX IPOIECIB €JIICKTPOHHOI eMicii Ha 3apsypkeHHs MakpodacTuHkd (MY) y ruiasmi y
MIPUCYTHOCTI €JIeKTPOHHOTO IydKka. [loaHo MoBHY Mozenb 3apsypkeHHs MY y MyYKOBO-TIa3MOBHX CHUCTEMaX, 10
CKJIaay SIKOi BXOISTH MOXJIMBI TpOIECH €JIEKTPOHHOI emicii 3 moBepxHi MY, Taki SIK BTOpPHHHA EJIEKTPOH-
eIIEKTPOHHA eMICisl, TEPMOCJICKTPOHHA, ABTOEJIEKTPOHHA Ta TEPMOABTOCIEKTPOHHA eMiCil.
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