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OF A STATIONARY REFLEX DISCHARGE

A model of stationary reflex discharge, which is based on the volume-averaged (global) one,
has been considered in the case of weakly ionized non-isothermal plasma. The temperature
and the density of plasma electrons are calculated. The process of cathode sputtering and the
formation of sputtered ions by means of the electron impact ionization, Penning ionization,
and sputtered ion charge exchange at gas ions in plasma are analyzed. The dependence of the
ionization degree of sputtered atoms on plasma parameters is determined. The influence of the
Penning ionization on the balance of charged particles in plasma is considered.
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1. Introduction

The reflex discharge, which is also known as the Pen-
ning discharge, was proposed for the first time by
F.M. Penning [1] in order to create a vacuum ma-
nometer. Nowadays, the major domain of reflex dis-
charge applications includes the vacuum equipment,
physics of atomic and electron collisions, physics
of charged particle beams, plasma physics, applied
plasma technologies, and so on. However, despite the
long-term and numerous researches, there is no sat-
isfactorily complete physical model that would de-
scribe the reflex discharge. This circumstance is par-
tially connected with the fact that the reflex discharge
has a number of modes depending on the working gas
pressure and the magnetic field [2], with the param-
eters of the discharge and the formed plasma being
substantially different in different modes. The reflex
discharge at pressures higher than p = 1.33 x 10~2 Pa
and low plasma ionization degrees is the most often
used for the creation of plasma sources on its ba-
sis. In this case, an optimum relation between the
plasma parameters and the energy contribution is of-
ten required.

In work [3], a model of stationary reflex discharge
on the basis of the volume-averaged (global) model
[4, 5] was proposed and analyzed. A comparison of
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experimental results with calculated data [3] showed
that the latter differ from the former to within a co-
efficient of about 2. Such an agreement between the
results is satisfactory for rather a simple model of re-
flex discharge. However, in work [3], the ionization of
the sputtered atoms of the cathode material owing to
the Penning ionization, i.e. the ionization of a neutral
atom at the collision with an atom in the metastable
state, was not taken into consideration. At the same
time, this phenomenon can considerably affect the
ionization degree of sputtered atoms in weakly ion-
ized plasma [6]. The course of the Penning ionization
process is rather efficient, because the excitation en-
ergy of gas atoms in the metastable state exceeds the
ionization potential of metal atoms.

In this work, the model proposed in work [3] will be
developed further. Here, we consider the Penning ion-
ization of sputtered cathode atoms and its influence
on the balance of charged particles in plasma.

2. Volume-Averaged (Global)
Reflex Discharge Model

While estimating the parameters of low-pressure
plasma discharges, when the particle losses are mainly
occurs owing to the diffusion, the volume-averaged
(global) model is widely applied (see, e.g., works
[4, 5, 7-12]). The overwhelming majority of those
works are devoted to the consideration of both sta-
tionary and pulsed discharges without a magnetic
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field, except for work [7], where the particle losses
owing to the diffusion in a magnetic field were ne-
glected altogether. In the general case, the reflex dis-
charge is a discharge in a magnetic field. Therefore,
in work [3], with regard for this and some other fea-
tures of the discharge, a discharge model on the basis
of volume-averaged (global) model was proposed.

In this work, the weakly ionized non-isothermal
plasma of a stationary reflex discharge is consid-
ered. According to work [3], the total adsorbed power
in the discharge equals

Pops = Nevp X

X (AegEiy + ARhrEe + ALhLE;), (1)

where N, is the electron density in plasma [m~=%];
N. = Ni; vg = /Te/M; is the Bohm velocity
[m/s]; Tt is the temperature of electrons [eV] (1eV =
=gx1leV =16 x 1071 J, where ¢ is the elemen-
tary charge [C]), M; is the ionic mass |kg|; Ei, the
average energy required for the formation of an ion-
electron pair or the ionization cost; F, the average ki-
netic energy taken away by an electron (provided the
Maxwellian distribution, its value amounts to 27,);
E; = (T./2) + ¢V is the average kinetic energy taken
away by ions, which is equal to the sum of the ion en-
ergy before entering the layer and the energy acquired
in the layer; V; is the cathode potential drop, which
is approximately equal to the discharge voltage Vyc;
and A.g is the effective area of charged particle losses
[m?]. The latter equals Aeg = Aphr + Aphr, where
Ap and Ap are, respectively, the area of the base and
the lateral surface of the cylinder [m?|; and Ay, and hg
are the axial and radial, respectively, ratios between
the plasma density at the plasma boundary and the
plasma density at the center.

According to works [13, 14], in the case of weakly
ionized non-isothermal plasma, the quantities hy, and
hgr equal

—1/2
hy =0.86 (3 + %) , (2)

he=hg, (1+G+G)""? (3)

where hp, = 0.8(44 R/A) "2 is the value of hg
in the absence of a magnetic field; A, = 1/Nyop; is
the mean free path of an ion in the gas [m]; Ny is
the density of neutral particles [m~3]; and o, the
transport cross-section of ion scattering by a neutral
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particle [m2]. At the collision of ions with the own gas
neutrals, oy; = 20.., where 0., is the cross-section
of resonant charge exchange [m?|. The parameter G
equals [14]

G 0.64 R
R Temi ’
[4 4+ 2
+ A
where \¢ = 1/Npope is the mean free path of an

electron in the gas [m|; ome the transport cross-
section of electron scattering by a neutral particle
[m?]; 7o = v, /Wee; i = Vs/Wei; Wee and we; are the
electron and ion, respectively, cyclotron frequencies;
vr, is the thermal velocity of an electron [m/s|; and
vs the ion sound velocity [m/s].

From Eq. (1), we can obtain a relation between the
density and the adsorbed power in the discharge:

Pabs

vB (Aegt Fis + AgphrEe + ALhLE;)

Ne = (4)
The balance equations for the charged particles in
plasma, provided that the process of particle losses
owing to the diffusion dominates over the recombina-
tion, can be written down in the form

NevAeg = Ki;NoN.V, (5)

where V' is the plasma volume [m®], and Kj, the
rate constant for the neutral particle ionization
[m?/s]. Equation (5) can be rewritten in the form

UB - N()V
Kiz B Aeff ’ (6)

By solving it, the electron temperature 7, as a func-
tion of the neutral particle density can be determined.

The interaction of plasma formed in the reflex dis-
charge with the cathode surface results in the destruc-
tion of a cathode material owing to the corpuscular
sputtering of this material into plasma and its subse-
quent ionization [15]. The balance equation between
the neutral atoms that arrive into the reflex discharge
plasma owing to the cathode sputtering by gas ions
and the ions of cathode material looks like

N, , N
VN Auhuvp + Y N ALhuvg = —2V+ =2V, (7)

where Yy, and Y, are the sputtering coefficients of
the cathode material by metal and gas ions, respec-
tively; N the density of metal ions [m™3]; Ng the
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density of gas ions [m™3]; v& the Bohm velocity of
metal ions [m/s]; Ny, the density of neutral atoms of
a cathode material [m~3]; 7p = A/D,, is the charac-
teristic diffusion time of a sputtered particle [s]; A is
the characteristic diffusion length [m]; Dy, the diffu-
sion coefficient of a sputtered atom in the gas [m?/s[;
and 7; the characteristic time of the sputtered atom
ionization [s]. Making allowance for the processes of
electron impact ionization, charge exchange at gas
ions, and Penning ionization, the characteristic time
of the sputtered atom ionization equals [15]

1

= F ) (8)
Ki,Ne + KcrNg + Kp1Ng

Ti

where K¢t is the rate constant of gas ion charge ex-
change at a neutral metal atom [m?/s|; Kpy the rate
constant for the Penning ionization of metal atoms
by metastable gas atoms [m?®/s]; and N7* the density
of metastable gas atoms [m~3|. In view of expression
(8), formula (7) looks like

Aphp [YoNfog + NToZ (Yo — 1) 7
Nm:LL[ggBVmB( )]D. (9)

Since the sputtering is one of the major processes
that result in the transport of a cathode material into
plasma, the sputtering coefficient Y has to be deter-
mined. This coefficient depends on the charge, mass,
and energy of a bombarding ion, the incidence angle,
as well as on the target material and the temperature
[15]. The process has an energy threshold of sputter-
ing. In gas discharges, the ion obtains the energy for
sputtering in the layer with cathode potential drop
Vs (the cathode layer) [5,16], which is approximately
equal to ¢Vs. In the first approximation, we assume
that Vi &~ V.. From the stationary condition for the
given independent discharge [3], it follows that V =~
Vac = Wiz/q7y, where v is the secondary emission co-
efficient, and W, the average energy spent for the
formation of an ion-electron pair by a primary elec-
tron emitted from the cathode surface. Despite that
the physical senses of the quantities W;, and Ej, are
identical, their values are not identical in the general
case, which is associated with different approaches
to the determination of those quantities. This fact
makes it possible to obtain rather a rough estimate
for the Vi-magnitude. On the other hand, V, can be
estimated by equating its magnitude to the discharge
ignition potential V;. The corresponding value of the
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sputtering coefficient will be some overestimated in
this case, because V;, > Vj.. According to work [2],
the condition of self-sustained discharge ignition in a
non-uniform electric field can be written in the fol-
lowing form:

R
1n<1+i> z/a(r)dn

T1

(10)

where « is the first Townsend coefficient (the number
of ionization events per unit path length; R the an-
ode radius; and ry a radius, at which an electron has a
sufficient energy for the ionization. In the case of dis-
charge in a magnetic field, the Townsend coefficient
can be estimated from the equation [17]

a=AgP\/1+ w212 x

BgP
X exp (— 2, \1 —|—w§e7'e2>,

where P is the gas pressure [Pal; the constants
Ap [m~'Pa~'| and By [V/m/Pa] are determined by
the type of a gas [5]; 7. the time of electron colli-
sions [s]; and E the electric field strength [V/m]. In
the case of gas discharge without a magnetic field
(B = 0), the first Townsend coefficient equals o =
= AoPexp(—BoP/E) [5, 16]. By solving Eq. (10)
with regard for Eq. (11), it is possible to determine
the discharge ignition potential V}.

Let us write the balance equation for metal ions in
the following form:

(11)

N og Aegt = Kiyu NNV + Kor Ny NV +

From Eq. (12), the density of metal ions is determined
as follows:

NV (Ki,Ne + Kot N + KpiNg")

N}t =
UgLAeﬁr

m

(13)

In the general form, the balance equation for meta-
stable atoms in the reflex discharge looks like

N
g
E RGener,i = E RLoss,i + m
- - T
i i D

where Rgener,i and Ryoss,i are the rates of metastable
gas atom creation and loss, respectively [m~3/s|;
' = A/Dg" the characteristic diffusion time for a

(14)
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metastable particle [s]; and Dg* the diffusion coeffi-
cient of metastable atoms in the gas [m?/s]. The re-
action rates are written down as the product of the
reagent densities NV, ; and the reaction rate constant
K: R=K x[[; Ny;.

The rate constants, cross-sections, and various pro-
cess parameters used i8n the calculations were taken
from works [18-26]. They are quoted in Table 1.

Table 1
Process Rate coefficient, Thre- |Cita-
m? /s shold, eV | tion
1le4+Ar—Art + 2e 2.34x 107147059 ¢ 15.76 | [18]
e+ Ar— Ar*+4e Xexp(f%'f‘g
22 P, 5.02><10_1sexp(7%f4) 115 | 18]
313p, 1.91x10718 exp(f 1%36) 11.6 | [18]
43P, 1.35x10~15 cxp(— 12Tf) 11.6 | [18]
511 P, 2.72x10~ 16 exp(— 12Tel4) 11.8 | [18]
6[p 2.72x10™ " exp (— 1‘;613) 13.2 | [18]
7|4s, 45’ 1,45x10~ 14 exp(— 12T-§6) 11.8 | [18]
8|55, 3d, 55, 3d’ 1.22x10™ 4 exp (— %8) 142 | [18]
9l4d, 65, 4d, Ad’, 7.98x10*15exp(—%) 150 | [18]
6s’,5d,7s,5d
10|highly excited 8.20% 10~ 1% exp (7 1%34) 155 | [18]
states
11|e+Ar— Ar+e exp(—31.3879 +
+1.6091n (T%) +
+0.0618 In*(T%) — [18]
—0.11711n3 (1Y)
Ome; m? [19]
12|e+Ar—Ar™+4e 2.5x107 70T x 11.5 | [20]
x exp (— 14:29)
13|e+Ar™ — Arte 4.3x107 16T 20]
14le+Ar™ — Art 4 2¢ 6.8x101°T0-67 « 4.2 [20]
4.2
X exp (— T—e)
15le+ArT — Ar™ +ho 10717 [21]
16le+Ar"™ — Ar* +e 2x10~13 [21]
17|Ar™+Ar™ — 6.4x10716 [21]
s Ar+Art 4e
18|Ar+Ar™ — Ar+Ar 2.3x107 2! [21]
19|Art +Ar— Ar+Art Cew, M2 [22]
20|e4Cu— Cut +2e 3.898x 10~ 1470-484 7.68 | [20]
x exp (— T4244)
21|Ar™+Cu— 2.36x107 "¢ (23]
— Ar+Cut +e
22|Art+Cu— Ar+Cu™t 2.3x107 16 [23]
Sputterin
23|Art = Cu Ye [24]
24|Cu™ — Cu Y [24]
25|Secondary emission ¥ [25]
26 |Diffusion Ar™ Dg*, m? /s [26]
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3. Results of Calculation and Discussion

The plasma parameters of a stationary reflex dis-
charge were calculated for the conditions of the ex-
perimental installation described in work [27]. The
geometrical dimensions of the installation were as
follows: the anode radius R = 0.08 m; the dis-
tance between the cathodes L = 0.336 m; the vol-
ume V = 6.756 x 1073 m?; the areas of the cylinder
base and lateral surface A; = 0.04 m? and Ap =
= 0.169 m?2, respectively. The cathodes were made
of copper (Cu). The discharge was ignited at a low
pressure of 0.01-12 Pa in the argon (Ar) atmosphere.

By solving Eq. (6) and making allowance for the ini-
tial conditions, the dependences of the electron tem-
perature in plasma on the pressure were obtained for
the cases of plasma in a magnetic field and without
a magnetic field. They are depicted in Fig. 1. As one
can see, the temperature of electrons decreases with
the increase of the gas pressure and the magnetic field
strength. The increase of the initial gas pressure or,
equivalently, the increase of the density of neutral
gas atoms gives rise to an increase of the probabil-
ity for electrons to collide with gas atoms and, ac-
cordingly, of their energy loss in elastic and inelas-
tic processes. On the other hand, an increase of the
density of neutral atoms results in an increase of the
plasma density, which can be seen from its depen-
dences on the pressure exhibited in Fig. 2. The role
of the magnetic field influence on the plasma density
and temperature has two aspects. First, the magnetic
field gives rise to an increase of the electron path
length in the gas and, accordingly, to an increase of
the probability for the electron to collide with gas
atoms. Second, the field results brings about a reduc-
tion of particle losses from plasma associated with the
diffusion. As a result, if compared withthe discharge
plasma without a magnetic field, the electron temper-
ature decreases a little (see Fig. 1), and the density in-
creases (see Figs. 2 and 3). The plasma density grows
substantially as the magnetic field increases to 0.06 T
(see Fig. 3) and weakly changes at higher fields.

Now, let us consider the formation of ions of sput-
tered atoms owing to the electron impact ionization,
Penning ionization, and charge exchange at gas ions
in plasma. For the calculation of the sputtering coef-
ficient and the diffusion time of a sputtered neutral
atom, we used a model proposed in work [15] The
calculated value of the diffusion time of a sputtered
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Fig. 1. Dependences of the electron temperature on the
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F1ig. 2. Dependences of the electron density in plasma on the
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Fig. 3. Dependence of the electron density in plasma on the
magnetic induction at P,ps = 100 W and P = 2 Pa
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particle 7p amounted to 1x 10™% s (at P = 2 Pa) and
the ionization time was 7; = 0.07 s. One can see that
Tp < T, which testifies that only a small fraction of
sputtered atoms was ionized, and the others turned
out on the surface of a discharge chamber owing to
the diffusion.

Taking the above-mentioned processes into ac-
count, Eq. (14) for the balance of metastable atoms
in the reflex discharge reads

NgNeK12 = NI'NEK s + NP NK g+

m Ng
+NmNg KQI + —m
™

(15)

This equation can be rewritten in a more detailed
form:

NgNoKi2 + Ni NoeKi5 = NJ'NoKi3 + NJ'No K14+

+ NI'NoKyg + NP N K7 + NNy Kig +
N™

+ NmNénKZI + %7
™

(16)

where the quantities from Ki5 to K13 and Koy are
the rate constants (the subscript designates the num-
ber of the process in Table 1). By solving Egs. (15)
and (16), as well as Eqgs. (4), (9), and (13), the de-
pendences of the densities for plasma electrons, meta-
stable Ar atoms, neutral Cu atoms, and Cu ions were
obtained, which are shown in Fig. 4. One can see that
the choice and the account for elementary processes
substantially affects the density of metastable argon
atoms and, accordingly, the contribution of the Pen-
ning ionization to the ionization processes of sput-
tered atoms (see Fig. 5).

In one case (see Fig. 4, a and formula (15)) where
the number of processes that were taken into account
was minimum, the calculated density of metastable
argon atoms exceeded that of electrons. A similar sce-
nario is also typical, e.g., of the pulsed magnetron
discharge at an insignificant degree of plasma ion-
ization. The corresponding plasma parameters were
calculated in work [28]. In this case (see Fig. 5), the
main process giving rise to the ionization of sputtered
atoms is the Penning ionization at the electron den-
sity No < 2 x 10'7 m~3. This conclusion agrees with
the results of work [6]. It should be emphasized that
the charge exchange of a gas ion at the metal atom
was not taken into account in works [6, 28].
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Fig. 4. Dependences of the particle densities in plasma on
the adsorbed power in the discharge at P = 2 Pa and B =
= 0.05 T; metastable Ar atoms were calculated by formula
(15) (panel a) and (16) (panel b); Cu ions (1); neutral Cu
atoms (2); metastable Ar atoms (3); electrons (4)

In the other case (see Fig. 4, b and formula (16)),
the addition of processes to Eq. (15), when not only
collisions with electrons are taken into considera-
tion, but also collisions of metastable atoms with
one another and with atoms in the ground state,
gives rise to a weak density change of metastable ar-
gon atoms. For example (see Fig. 4), N3* = 1.19 x
x101%m=3 at Pyps = 8 W and 1.44 x 106 m—3
at Pa,s = 350 W. Therefore, the contribution of
the Penning ionization to the ionization of sputtered
atoms becomes substantial at N, < 2x 101® m™3 (see
Fig. 5, b). The ionization degree of sputtered atoms
is a little lower than in the first case (see Fig. 5).

One can see that the application of different sets
of processes at calculations brings about a consider-
able discrepancy between the results obtained. It is
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Fig. 5. Dependenced of the ionization degree of sputtered
copper atoms on the electron density in plasma; metastable
Ar atoms were calculated by formula (15) (panel a) and (16)
(panel b); the total contribution of processes (1), electron im-
pact ionization (2), charge exchange at gas ions (3), Penning
ionization (4)

natural that, for the description of processes with the
participation of metastable atoms to be more com-
plete, it is necessary that every process giving rise
to the population of metastable levels in the atom
should be made allowance for. In essence, we need in
a complete enough model of impact plasma ioniza-
tion, e.g., like that used in work [29], which involves
collisions with electrons and atoms. In this case, the
number of processes that should be taken into con-
sideration will be rather large, whereas a complete
set of the rate constants for those processes could
be absent. Therefore, a finite number of elementary
processes, which is acceptable for the approximation
of actual experimental conditions, is made allowance
for at calculations. The analyzed spatially averaged
(global) model is simple enough, and the results of
calculations in its framework have sooner an evalua-
tive character. At the same time, the results of calcu-
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lations carried out in this and other works (see, e.g.,
work [6]) demonstrate that the role of the Penning
ionization in the ionization of sputtered atoms in a
weakly ionized plasma can be substantial. Therefore,
the account for a small number of the processes,
which are the most probable, in the model can be
quite justified. Anyway, the choice of the processes
for their consideration at calculations should be based
on the available data for the probability of processes
running under those or other initial conditions, and
on the corresponding comparison between final cal-
culation results and experimental data.

4. Conclusions

A model of stationary reflex discharge, which is based
on the spatially averaged (global) model has been de-
veloped for the case of weakly ionized non-isothermal
plasma. In the framework of the examined model for
experimental conditions, the dependences of the elec-
tron density and temperature in plasma on the ad-
sorbed power in the reflex discharge, magnetic field
strength, and initial gas pressure are calculated. The
results of calculations have shown that, under the
given conditions and at an adsorbed power of 350 W,
the temperature of electrons is about 1-10 eV, and the
plasma density reaches a value of 3.5 x 10" m~3. The
processes of cathode sputtering and formation of the
ions of sputtered atoms owing to the electron impact
ionization, Penning ionization, and charge exchange
at gas ions in plasma are considered. It is found that
the role of the Penning ionization and, accordingly,
its contribution to the ionization degree of sputtered
atoms can be considerable, but the calculation results
rather strongly depend on the choice of elementary
processes with the participation of metastable atoms.
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BILJIMB IIEHHIHTOBCHKOTI IOHI3AIIIT
HA BAJTAHC 3APA/I2KEHNX YACTUHOK ¥V TIJTA3MI
CTAILIIOHAPHOT'O BIJIBUBHOI'O PO3PAIY

Pezmowme

PosrisinyTo Mojesib craijioHapHOro BiZOMBHOIO pPO3psny Ha
ocHOBI mpocropoBo-ycepenneHol (global) Mozeni y Bumaaky
ciabkoionizoBanol HeizorepmMiunol mnasmu. IIpoBeneno pospa-
XYHOK TeMIIepaTypHU Ta I'yCTUHH €JeKTPOHIB miasmu. Posris-
HYTO IPOIECU PO3MUIIOBAHHS KATOMA Ta YTBOPEHHS 10HIB PO3-
IIOPOIIIEHUX aTOMIB 3a paxyHOK i0Hi3aIlil eJIEKTPOHHUM y/1apOM,
MEeHHIHIMOBCHKO! i0OHI3aIil Ta Iepe3apsi/?KeHHsI Ha iOHAX rasy
y mwia3mi. BusHadeHo crTyminb ioHi3amil po3noponieHnx aToMiB
BiJ mapaMeTpiB mia3Mu. PO3riisiHyTO BILINB IIEHHIHTOBCHKOI i0-
Hizamil Ha GayIaHC 3apsPKEHIX JaCTHHOK y ILIa3Mi.
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