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The temporal behavior of the plasma parameters in a high power impulse reflex discharge are investigated using
a time dependent global (volume averaged) model. The density of neutral atoms and cathode material ions coming
into the discharge by the cathode sputtering mechanism is determined. The comparison between the calculation data

and experimental results is provided.
PACS: 52.80.-s; 52.80.Sm

INTRODUCTION

The gas discharge plasma formed in the reflex dis-
charge (Penning discharge) is used in many technical
devices which are widely used for solving both physical
and applied problems, for example, in the charged parti-
cle sources [1], ion pumps and vacuum gauges [2] etc.
The reflex discharge was first proposed by Penning
F.M. [3] in 1936 for developing a vacuum manometer.
During the many-year history a large number of various
reflex discharge models were offered and investigated.
However, despite the long-term and numerous research-
es, there is no satisfactorily complete physical model
that would describe the reflex discharge. This circum-
stance is partially connected with the fact that the reflex
discharge has a number of modes depending on the
working gas pressure and the magnetic field [4]. In the
case of low gas pressure (p < 1.33-102 Pa) in the inte-
relectrode space a negative volume charge is predomi-
nant. Under higher gas pressures (p > 1.33-10% Pa) the
whole interelectrode space is filled with plasma. The
reflex discharge under pressures above p > 1.33-10° Pa
is often used as a base for formation of plasma sources.

Global (volume-averaged) models of steady-state
and pulse plasma discharges [5] are simple but rather
powerful tools to analyze. They have less computational
load and results of simulation can be analyzed relatively
easily. In [6], a model of stationary reflex discharge on
the basis of the volume-averaged (global) model [5, 7]
was proposed and analyzed. The difference between
experimental results with calculated data in [6] was
within a factor ~2. The model proposed in [6] was fur-
ther developed in [8]. The model takes into account the
Penning ionization of sputtered cathode atoms and their
influence on the balance of charged particles in plasma.

The authors of [9] investigated the behaviour of argon
plasmas produced by time-modulated power in high-
density plasma reactors using a spatially averaged (glob-
al) model. A global plasma model for an ionized physical
vapor deposition (IPVD) system is described in [10]. The
ionization mechanism and the temporal behavior of the
plasma parameters in a high power impulse magnetron
sputtering (HiPIMS) discharge was investigated in [11]
using a time dependent global model. A time-dependent
global plasma model for ionization region (IRM model)
in a HIPIMS discharge was proposed and analyzed in
[12]. The processes of modulated pulsed power magne-
tron sputtering (MPPMS) discharge are numerically
modeled (time-dependent global plasma model) and ex-
perimentally investigated in [13].
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The previous experience [14, 15] testifies that the
high power impulse reflex discharge is an effective in-
strument for producing a multicomponent gas-metal
plasma. In this case, the metal plasma component is
formed as a result of the ionization of particles sputtered
from cathode that penetrate into the discharge. The pro-
cesses of injection of a sputtered and ionized working
material into the impulse reflex discharge plasma have
been considered in [16] at an initial stage of dense gas-
metal plasma formation. A calculation model has been
proposed to estimate the parameters of the sputtering
mechanism for the required working material to be in-
jected into the discharge.

In the present paper the modeling of a high power
impulse reflex discharge is provided on the base of the
time dependent global (volume-averaged) model.

1. EXPERIMENTAL DETAILS

The parameters of the multicomponent gas-metal
plasma of a high-power impulse reflex discharge were
investigated at the “MAKET” facility [14] representing
the stainless steel vacuum chamber with the internal
diameter of 20 cm and the length of 200 cm. A maxi-
mum magnetic field induction is By < 0.9 T, magnetic
field pulse duration — 18 ms. The vacuum chamber was
pumped down to a pressure of 1.33-10" Pa; then the
igniting gas Ar was let into the chamber. The plasma
was produced by discharging a capacitor bank
(C =560 uF, Uy =3.8 kV) between two cold cathodes
with diameter @ =10cm, and the anode (vacuum
chamber). The cathodes were made from metallic Ti.
The gas—-metal plasma was produced in the mixture of
the igniter gas and the sputtered cathode material.

The multicomponent gas-metal plasma density was
investigated by microwave interferometry method. The
plasma probing was performed across the plasma col-
umn using the ordinary O-wave with the wavelengths
A =8mm and /1 = 4.13 mm. Besides, the current-voltage
characteristic of the discharge was regularly measured,
giving possibility to estimate the energy deposited in
plasma.

2. THE PULSED-POWER MODEL

The calculation is done by utilizing a time dependent
global model of a cylindrical plasma discharge, assum-
ing uniform spatial distributions of plasma parameters
over the plasma volume. All species densities are vol-
ume averaged. The electron density N, is directly given
by the ion densities N; assuming quasineutrality of the
plasma N, = XZN;, where Z; is ion charge. In the reflex
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discharge the most part of electrons go away in the radi-
al direction to the anode, and ions are axially directed to
the cathodes. The fluxes of ions and electrons are as-
sumed to be equal. The electrons are assumed to be in
thermal equilibrium and have a Maxwellian-like energy
distribution function.

The total heat balance of the rotating plasma was
considered in [17, 18] with assumption that the power is
deposited uniformly into the plasma volume. The ab-
sorbed power was assumed equals to Pys(t) = Py(t)Fg,
where Py(t) is discharge power input, Py(t) = l4(t) Ug(t),
and Fg4 is the adjustable parameter. The discharge volt-
age Uq(t) and the discharge current I4(t) were deter-
mined experimentally. A fitting parameter F4 represents
the fraction of the discharge power input that goes into
heating of electrons. In the paper [18] the components
of the energy balance in rotating plasma were calculat-
ed. Taking into account the results of [18], the adjusta-
ble parameter was taken as Fyq = 0.35. The plasma is
described by a set of nonlinear equations: particle bal-
ance equation for each of the species and one power
balance equation were calculated in sections 3 and 4.

3. PARTICLE BALANCE
In generalized form, the particle balance equation is

given by:
dN
E = Z RGener,i - Z RLoss,i , (1)

where Rgeneri @Nd Riossi are the characteristic particle
generation rate and loss rate, respectively, with includ-
ing of variety of processes running in plasma — such as
ionization, excitation, recombination, diffusion, charge
exchange, and others.

3.1. PARTICLE BALANCE FOR Ar SPECIES
The rate equation for the working gas Ar is

%_1 zVB Aeff)

— N X Art
dt Vp ( aYB
)
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where Na,, Nti, Na™, Na2", N, are densities of: neutral
atoms Ar and Ti, ions Ar* and Ar?*, electrons; vi" ,
~* the Bohm velocity of ions Ar" and Ar?': KA,
KA A are the rate constants of gas ion charge transfer;

V, — the plasma volume; A is the effective area for
charged particle loss; KA is the rate constant for the

neutral particle ionization; as — the rate constant for the
collisional three-body (e — e — ion) recombination; oy, —
the rate constant for the collisional three-body (e — neu-
tral — ion) recombination; agr — the rate constant for the
electron-ion radiative recombination; agp — the rate con-
stant for the dielectronic recombination.

For Ar* ions the rate equation can be written as
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where o3'; ars® arp” are the rate constants for recombi-
nation of Ar** ions ; Ki’;‘" is the rate constant for the
ionization ion Ar™.

The rate equation for Ar’*

dN,_ .
- N NeKlzr
dt

a1 a
+ N, K& r)_\TNArb‘/Br A
p
The rate constants, cross-sections, and various pro-
cess parameters used in the calculations were taken

from [19 - 28]. They are quoted in Table.
3.2. PARTICLE BALANCE FOR Ti SPECIES

The interaction of plasma formed in the reflex dis-
charge with the cathode surface results in destruction of
a cathode material owing to sputtering; the eroded mate-
rial goes into the plasma and is subsequently ionized.

The rate equation for Ti atoms is:

ions is

N (NG (N + o+ ade )+ @
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Here Nyi*, Ni2*, N** are, respectively, density of

ions Ti
locity of ions Ti

for the neutral particle ionization; as™; agg™, and agp™
are the rate constant for recombination of ion Ti*; Yy,
and Y, — the sputtering coefficients of the cathode mate-
rial by metal and gas ions, correspondingly; A is the
effective area of charged particle loss on cathodes; zp —
the characteristic diffusion time of a sputtered particle,
7p = A/Dp, with A as the characteristic time of sputtered
particle diffusion and D, — as its diffusion coefficient in
the gas or plasma. To calculate the ratio of sputtering,
the diffusion time of a neutral atom and the time of its
ionization we use the model proposed in [16].
For Ti ions the rate equation can be written as
dl:tw = NTiNeKiIi + NAﬁNTiK?‘Ir'tTi +

+NTiz+Ne(a21RR +C(21DR) N_. NeK;I -

*, T and Ti*% 77, 7, 7™ are Bohm ve-
¥, Ti** and Ti**; KT is the rate constant

(6)

1
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where org?, arp> are the rate constants for recombina-

tion of Ti**; K" the rate constant for ionization ion Ti™.
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The arr®, arp" are rate constants for recombination

of ion Ti**; K;‘Z‘ — the rate constant for ionization of ion
Ti*.
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dN_.. 2
T?: NTiz+NeK;' - NTig,Ne(amRR +a31DR)— (8)
1 Ti%*
VR N i3t VB Aeff '
v, T
Process Rate Cita-
coefficient | tion
lonization
1 e+ Ar — Ar + 2e Ki’;’ 19
2 e+ Arr — Ar’ + 2e KA 19
3 e+Ti— Ti" +2e K] 19
4 e+ Ti" — Ti*" +2e KT 19
5 e+ Ti7" - Ti* +2e KT 19
Three-body recombination
6 2e+Arf > Ar+te az 20
7 2e+Arff > Ar'+e a3 21
8 | Arfr+Ar+e— Ar+ Ar Oty 22
9 26+ Ti" > Ti+e og 23
Radiative recombination
10 e+Ar’ —» Ar+hv ORR 24
11 e+ Ar”" — Arf + hy ORR 24
12 e+Ti"— Ti+hv ORR 23
13 e+ Ti¥ > Ti + hv ORR 23
14 e+ Ti° - Ti° +hv ORR 23
Dielectronic recombination
15 e+ Arr SAr — Ar ORD 25
16 | e+ A > ArT > Ar ORD- 25
17 e+Ti" >Ti — Ti ORp 25
18| e+ Ti¥ Ti" > Ti" ORp 25
19| e+Ti¥ STiF > Ti° ORpT 25
Charge transfer
20 | Ar+ A" - A+ Arf KA A 26
21 Ti+Arf > Ti" + Ar K AT 27
CT
Sputtering

22 Ar' — Ti Y, 28
23 A S Ti Y, 28
24 Ti" - Ti Y 28
25 Ti" > Ti Ym 28
26 Ti¥ > Ti Ym 28

* excited atoms and ions

3.3. PARTICLE BALANCE FOR ELECTRONS

The continuity equation for the electrons is deter-
mined by quasineutrality, the electron flux across the
boundary is obtained as the sum of all ion fluxes. Ac-
cordingly, for equation 1, the characteristic rates of gen-
eration and loss of electrons are similar to those de-
scribed in equations 2-8.

4. POWER BALANCE

In the power balance equation the absorbed power
equates to power losses. The time-dependent electron
temperature T, can be obtained by solving the energy
balance equation of the system:

d(3 9
Vp[dt[Zq Ne'Tejj_ Pabs(t)_ Ploss(t)7 ( )

Here P, is the absorbed power, Py(t) = Py(t)Fg;
Poss(t) — power losses defined as
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Pios = Pve+ Pie+ Pji+ Pr+ Py, (10)
where Py, is the power released in the volume due to
energy loss in collisions of electron with neutral parti-
cles; Py is plasma power taken by electrons; P); — plas-
ma power taken by ions; Pg — power of recombination
(free-bound) radiation [23]; P, — power lost in electron-
ion collisions.

A part of the input power is also lost as kinetic ener-
gy loss of particles (electrons and ions) to the walls,
what can be described as

P = q'Ne‘VB Aetr ‘W, (11)

Pi=Xq-Zi ‘N Vg ‘Acrr ‘W, (12)

In these equations q is electron charge; W, — the av-
erage kinetic energy taken by electrons, in the Maxwell
distribution assumption its value is 2T,; W; — average
kinetic energy taken by ions, which equals to the sum of
ion energies before coming into the sheath (Debye
sheath) and obtained in the sheath, W;= (T./2)+V,,
where V; is the cathode potential drop approximately
equals to the discharge voltage Uy.

The power lost in electron-ion collisions is defined
according to:

Pu=Vp Z0Z-N;i-(3me/ m)(Te- Tg)-Wi-vei. (13)

Here m, and m; are mass of electron and ion; v, — is
the electron-ion collision rate, Ty is the gas temperature.

The power released in the volume due to the electron
energy loss during collision with neutral particles de-
fined as:

|:)Ve =q 'Ne ! NO ' Vp 'Wiz'Kiz- (14)
For ions this equation takes the form:
Pve=Z 0 'Ne - No- Vp WKz, (15)

where W;, is the average energy spent for ion-electron
pair formation or the ionization cost. For neutral titani-
um and ions (Ar’, Ti*, Ti#*, Ti*"), the value W;, was
taken equal to the ionization potential.

4.1. MEAN ENERGY EXPENDED PER ION PAIR
BY ELECTRONS

For partly ionized plasma, it is necessary to take into
account all processes associated with direct, cascade,
and nonradiative transitions, and the ionization cost in
this case depends not only on the temperature, but also
on the electron number density. The calculations taking
into account all the processes are rather complicated. In
the model proposed in [7], cascade and nonradiative
transitions are ignored. Thus, the mean energy expended
per ion pair by electrons for an atom can be determined
from the relation [7]:

Wiz O—e) = Eiz + Z Eexc,i

+ w%n ’
Kiz (Te) mM

where Eeyc; and Ky, denote, respectively, the energy and
the excitation rate constants of electronic levels of the
atom; E;, and K;, are the energy and the rate constant of
ionization, K is the rate constant of elastic collisions. In
the calculations are used the cross sections of the elemen-
tary processes: elastic scattering [29], excitation of 43
electron levels of Ar atoms [29, 30], ionization [19].
The results of the calculation are shown in Fig. 1.

K. .
exc,i (Te) 4+

Kiz O—e) (16)
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Fig. 1. Mean energy per electron-ion pair for Ar
on electron temperature: present results (curve 1),
data [31] (curve 2)

5. RESULTS AND DISCUSSION
5.1. CALCULATION RESULTS

Let us calculate the density and electron temperature
in the high power impulse reflex discharge. The initial
conditions are as follows: plasma column radius
R=0.1m; its length — L=1.35m; Ar pressure
p = 0.267 Pa (N, = 7.075-10"° m®); the plasma volume
V = 0.042 m% cathode surface area — 0.016 m?, area of
the end surface of the plasma cylinder — 0.063 m?. Ini-
tial electron density N, = 4-10"° m® T, =1 eV.

A system of 9 ordinary differential equations was
solved numerically, using the fourth-order Runge-Kutta
fixed-step method. The results of calculations are shown
in Figs. 2-4. By convention, the time behavior of the
gas-metal plasma density can be divided into three stag-
es. The first stage consists in the plasma creation and its
density rise. The second stage presents the existence of
the dense highly ionized plasma. The degree of ioniza-
tion of argon and titanium is, respectively ~84% and
~100% (see Fig. 4). The third stage — when plasma
density is decreasing and decays. The maximum elec-
tron temperature (see Fig. 2,b) was 7 eV (first stage),
the minimum 0.38 eV (third stage). The maximum par-
ticle density was (see Fig. 3): electrons N, =
7.15-10° m®; argon ions 5.96-10®m® (Ar") and
3.3-10" m® (Ar?"); titanium ions 4.43-10" m? (Ti"),
1.33-10"® m? (Ti?*) and 3.29-10" m™ (Ti*"). The densi-
ty of titanium ions Ti*" is greater than that of ions Ti".
In Penning-type plasma source [32], the density of Ti?*
is less than that of Ti*. This is due to the failure to take
into account a number of elementary processes, the
cross sections of which are absent in the literature.

These are the processes: of charge transfer (Ti, Ar —
neutral atoms, Ar  — excited atoms, Ar™ — metastable
atoms)

Ti¥ +Ti— Ti* + Ti", (17)
Ti¥+Ar— Ti* + Ar*, (18)
Ti¥+Ar > Ti" + Ar™, (19)
Ti?" + A" — Ti" + Ar*, (20)
and three-body recombination
2e+TiZ* > Ti' +e, (21)
Ti¥*+Ti+e— Ti'+Ti, (22)
Ti* + Ar+e — Ti' + Ar. (23)
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Fig. 4. Degree of ionization of Ar atoms,
and sputtered metal (Ti) atoms

The density of neutral argon atoms is greater than of
titanium. Accordingly, the reactions (18) - (20), (23) with
neutral argon will make a significant contribution. Pro-
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cess (18) is endothermic, respectively, under the given
conditions is unlikely. The lifetime of the excited states of
argon atoms is small in comparison with the collision
time. Therefore, the contribution of process 19 is appar-
ently insignificant. In contrast, the processes of 20 (the
lifetime of metastable levels Ar™ is longer than the colli-
sion time), 21, and 23 make the greatest contribution to
the decrease of the Ti*" ions charge. In calculations there
were not taken into account the concentrations of meta-
stable atoms Ar™ and the dimers (Ar,", ArTi", Tiy),
which can be formed in the discharge plasma [33]. Thus,
the decrease of Ti* ions density (see Fig. 3) can be ex-
plained if accounting all processes enumerated above.

5.2. COMPARISON WITH MEASUREMENTS

Fig. 5 shows the comparison of electron density
measured in a high-power impulse reflex discharge and
that found by calculations (the initial stage of the dis-
charge). As can be seen, the results of the calculations
differ from the experimental data by no more than a
factor of ~2. Such difference can be the result of some
unaccounted factors in the considered model. For exam-
ple, in the calculations the electron energy distribution
function was assumed to be Maxwellian, whereas in
reality, several groups of electrons with different energy

can exist in plasma of such discharge.
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Fig. 5. Comparison of the calculated (1)
and experimental (2), (3) electron density at the initial
stage of the discharge. Microwave interferometer
A=4.13 mm (2) and A = 8 mm (3)
(p =0.267 Pa, Uy = 3.8 kV)
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—

[

0.0;10" s.u;w’ 1.0x10?
ts
Fig. 6. Comparison of the calculated (1)
and experimental (2), (3) electron density.
Microwave interferometer A = 4.13 mm (2)

and ). = 8 mm (3) (p = 0.267 Pa, Uy = 3.8 kV)

During the whole time of the discharge (Fig. 6), the
values of calculated and measured electron density dif-
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fer within factor 2-5: the calculated values are larger
than the experimental ones. This fact may be explained
by failure to take account of all loss channels for radia-
tive losses and losses of plasma particles. To more fully
take into account the radiation losses, it is necessary to
create a collisional-radiative plasma model. Besides,
classic plasma diffusion across magnetic field was as-
sumed for calculation, but in practice in the reflex dis-
charge an anomalous diffusion with the transverse dif-
fusion coefficient close to the Bohm diffusion coeffi-
cient was observed.

CONCLUSIONS

Within the framework of the model under considera-
tion, the plasma density (ions and electrons) and tem-
perature in the high-power impulse reflex discharge are
calculated. The processes of cathode material sputtering
with subsequent ionization of sputtered atoms in the
plasma are investigated. The density of neutral particles
and sputtered cathode material atomic ions are deter-
mined. The comparison between the calculation data
and experimental results has been performed. In gen-
eral, the modeled densities are in satisfactory agreement
with the experimental data. Further development of the
model can give more accurate coincidence between the
experimental and calculation results.
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PACYET TAPAMETPOB IIJIABMbI MOIIIHOI'O UMITYJIbBCHOI'O OTPAKATEJBHOI'O PA3PSIJIA
FO.B. Koemyn

HccnenoBaHo n3MeHEHHE MapaMETPOB IUIa3Mbl BO BPEMEHHU B MOIITHOM MMITYJIBCHOM OTpPa)KaTeIBHOM paspsiie ¢
HCIIOJIb30BAaHUEM 3aBUCSIICH OT BpeMeHH TiI00ansHON (YyCpeaqHeHHOH Mo 00beMy) Moaenu. Onpe/ieneHa mIOTHOCTh
HEeWTpalbHbIX ATOMOB M HOHOB MaTepualia KaTro/a, IOCTYNAIoIIUX B pa3psi/ 3a CYET MEXaHHU3Ma KaTOJHOTO PAaCIIbl-
nenusi. [IpoBeZieHO CpaBHEHHE PACUYETHBIX JAHHBIX C PE3YJIbTATAMH IKCIIEPUMEHTA.

PO3PAXYHOK TAPAMETPIB IIVIA3MHU IOTYKHOT'O IMIIYJIbCHOI'O BIABUBHOT'O PO3PSI Y
10.B. Koémyn

JocinimkeHo 3MiHy napamMeTpiB IJIa3MHU B 4aci B MOTY)KHOMY IMITyJIbCHOMY BiJOWBHOMY PO3psiii 3 BUKOPHCTaH-
HSIM 3aJIeXKHO] BiJ] yacy riiobanbHoi (ycepeaHeHoi 3a 00’eMoM) Mojeni. BuzHaueHa rycTiHa HEHTpajJbHUX aTOMIB Ta
10HIB MaTepiany KaToja, 0 HaIXOJSITh Y PO3ps 32 paXyHOK MeXaHi3My KaToJHOro po3nwieHHs. [IpoBeneHo nopi-
BHSIHHSI PO3PaxyHKOBHX JIaHUX 3 pe3yJIbTaTaMH €KCIIEPUMEHTY.
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