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Abstract

The oopd1 particle-in-cell Monte Carlo collision (PIC-MCC) code is used to simulate
He/Xe discharge in order to determine the velocities of helium and xenon ions at the
presheath-sheath boundary in two ion species plasmas. Nine cases were simulated,
seven of which are He/Xe mixtures with varying helium partial pressure and then two
cases, one for pure helium and one pure xenon, while the discharge pressure is kept at
0.7 mTorr. As the partial pressure of helium is increased the velocities at the presheath-
sheath boundary also increase for both ion species. In all cases the xenon ions reach
the presheath-sheath boundary at approximately their own sound speed and the helium
ions reach the boundary at a velocity which is much lower than their sound speed.



Introduction

The velocities of ions in a two ion plasma mixture continues to be of interest in plasma
physics. The question of how the velocities of ions are determined at the presheath-
sheath boundary in plasmas with multiple-ion species is a fundamental question in basic
physics. In weakly collisional, single-ion plasmas the ions are accelerated to its sound
speed up in the presheath. The ions are thus expected to have attained their sound
speed at the sheath-presheath boundary according to the Bohm criterion [1]

up = (jﬁj)m (1)

where e is the elementary charge, T, is the electron temperature in Volts and M; is the
mass of the ions species in the plasma. For a plasma system where two or more ion
species are present the ions at the sheath-presheath boundary must satisfy the general
Bohm criterion [2].

njc?
1> J
; nevj

(2)

where the sum is taken over the number of different ion-species where n; is the ion
density, n. is the electron density, c; is the velocity of sound of each ion species and
vj is the drift velocity of individual ion species and the electrons are assumed to have
Maxwellian electron energy distribution. This criterion however remains unclear for
plasmas that contain multiple ion species as there are an infinite number of solutions.
There are two simple solutions that are of fundamental interest. These solutions how-
ever suggest two very different outcomes. The first would be that in a multi-ion-species
plasma the ions reach the sheath-presheath boundary at a common velocity, that is,
the ion sound speed of the system. The latter solution suggests that each ion species
in the system reaches it's individual Bohm velocity, or sound speed.

The issue of the ion velocities at the pre-sheath - sheath edge has been explored
experimentally by Lee et al. [3, 4] who applied laser-induced fluorescence (LIF) using two
diode lasers in Ar/Xe plasma to measure the argon and xenon ion velocity distribution
near a negatively biased plate. They concluded that the Ar™ and XeT-ion velocities near
the sheath-presheath boundary approach the common ion sound speed in the discharge
and thus satisfy the generalized Bohm criterion. Thus, argon ions reach the sheath
edge travelling faster and xenon ions travelling slower than the single-ion Bohm speed,
both ions travel at a speed very close to the ion sound speed of the system. Similar
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findings have been reported for Ar/He plasma where the Ar-ions reach the presheath-
sheath boundary travelling faster than their individual Bohm velocities [5] and for
He/Xe plasma [6] where the helium ion velocity approaches the common sound speed
of the system. Furthermore, when the relative concentration differences deviate from
roughly equal concentration each species approaches its own Bohm velocity [7]. There
have been reports of instabilities and its magnitude peaks near the sheath edge, and
thus identified as two-stream instability, observed in Ar/Xe [6], Xe/He [6], Ar/He [8]
and Ar/Xe/Kr [9] plasmas. However, in a He/Xe plasma instability was only observed
when helium ions are the majority [6]. Particle-in-cell Monte Carlo collision (PIC/MCC)
simulations have shown that each ion in an Ar/Xe plasma reaches its own Bohm velocity
at the presheath-sheath interface [10] and thus contradict the experimental findings of
Lee et al. [3, 4]. However it has been pointed out by Hershkowitz et al [11] that there
is substantial evidence (both experimental and theoretical) that Coulomb collisions and
ion-ion beam instabilities are important in these plasmas, but neither effect is included
in these earlier simulations [10]. Here we explore the ion velocities at the presheath-
sheath boundary in a He/Xe discharge using PIC/MCC simulations. We compare the

results of the simulation to recent experimental rsults on the He/Xe discharge.



The He/Xe system

The plasma systems simulated were set up with the goal of exploring the positive
ion velocities at the presheath-sheath boundary and thus determine which solution
of equation (2) is valid. For He and Xe there is a great difference in the masses
of the ion species and helium has very high ionization potential which is expected
to lead to relatively high electron temperature. Both of these are expected to be
preferable to promote ion-ion two stream instability [12]. Indeed instabilities have
been observed experimentally in the He/Xe discharge [6]. The partial-pressures range
from pure helium to pure xenon in steps of 0.1 mTorr, aside from one where the
pressures contribution is equal, keeping the total pressure of the system at 0.7 mTorr
in all cases. These systems are simulated using the PIC/MCC collision method. We
use the one-dimensional object-oriented PIC/MCC code oopdl [13, 14] and here it
is applied to study the ion velocities at the sheath edge for a discharge in a mixture
of helium and xenon. This method models the behaviour of the plasma by solving
the Poisson equation for each collision of super-particles. The simulation attempts to
model the multidipole experimental configuration described by Lee et al. [3, 4] and by
Herskowitz et al [6]. The simulated discharge is maintained between two equal-area
electrodes (1.77 x 1072m?) separated by a gap of 10 cm. The left hand electrode is
biased at -30V to generate an ion sheath. To model the ionization created by energetic
electrons in a multidipole chamber, we use a volume source with a uniform ionization
rate of 4.3 x 107"”m~!s~! to maintain the steady state. The electrons are created
with electron temperature of 88 eV. The electron temperature affects the velocity of the
particles in the system and subsequently the velocity they reach at the sheath-presheath
boundary. The simulation grid is uniform and consists of 2000 cells. Approximately
350,000 super-particle electrons and positive ions were used in the simulations. The
electron time step is chosen to be 3.6 x 10~ s. The simulations were run to a steady
state and diagnostics were gathered over 5,500,000 time steps.

The reaction sets and cross-sections used in the simulation are a collection from
various sources. The reaction set for xenon is the same as used in earlier simulation
[10]. The cross section for e-Xe elastic scattering is from the work of Mozumder [15].
The cross section for electron impact ionization is taken from from Rapp et al [16]. The
cross section for Xe-Xe elastic scattering comes from theoretical work by Phelps [17].
The cross sections for electron impact excitation of Xenon to the metastable states
3%2P at a threshold of 8.315 eV, higher states at 9.570 eV and to radiative states 3P

at a threshold of 8.47eV [18]. The reaction set for xenon and references to cross sections



used are given in table |. The cross section for e-He elastic scattering is assembled from
three sources [19-21]. The cross section for He-He elastic scattering come from two
sources [17, 22]. The cross sections for elastic ion scattering and resonant charge
exchange He + He™ — He + He™ comes from the collection of Phelps [17]. Due to
earlier criticism [11] the ion-ion Coulomb collisions have been added to the reaction
set. The cross sections for ion-ion Coulomb collisions (XeT-Xet and Het-He™) are
estimated by

mi + mo
o= (—=
ma2

)wbg In A (3)

[23] where m4 and my refer to the masses of the two colliding species with mg < mq,
by = e/(4dmeper) is the classical distance of closest approach where ¢ is the center-of-
mass energy in eV and In A = In(2Ap./bg) where Ap, is the Debye length for electrons.
For He there are various excitation metastable states included in the reaction set, firstly
those that are excited by electrons from the ground state, those are 23S at 19.82 eV, 21S
at 20.62 eV, 23P at 20.97 and 2'P at 21.22 eV. Secondly there are electron excitations
from the metastable states to higher energy states, those are 2'S — 23P at 0.348 eV,
21S — 2P at 0.604 eV, 23S — 21S at 0.796 &V, 23S — 23P at 1.148 &V and 23S
— 2P at 1.404 eV. Helium-electron de-excitation reactions are also included in the
calculations, those are 2'S — 23S, 23P — 11§, 21P — 1S, 23S — 1S and 2'S —
1'S. The e-He impact ionizations from metastable states included are 1'S — Het,
35S, — He™ and 2!S — He™ [24]. The cross sections for spontaneuos emission are
included, those are 23P — 23S, 2'P — 21S and 2'P — 1'S [25]. The reaction set
for helium and references to the source for the cross sections used are given in table
Il. The cross sections for charge exchange between helium and xenon He™ + Xe —
He™ + Xe is assumed to be the average of the cross sections for the charge exchange
between Xe™ + Xe and He™ + He. The cross section for Xe™ + He — Xe' + He
elastic scattering is considered to be the same as for He™ + He — He' + He [26].
The cross section for He + Xe — He + Xe elastic scattering is taken as the average
of cross sections for Xe-Xe and He-He. The reaction set for the cross terms between

helium and xenon is given in table Ill.
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Table I: The reaction set for a xenon discharge.

Reaction

Process

e+ Xe — e + Xe

e + Xe — e + Xe™
e + Xe — e + Xe'
e + Xe — e + Xeh

e + Xe — XeT+ 2

Xe + Xe — Xe + Xe
Xet+ Xet — Xet+ Xet
Xe + Xet — Xe + Xe't

elastic electron scattering

electron impact excitation to metastable states (8.315 V)
electron impact excitation to radiative states (8.437 V)
electron impact excitation to higher levels (9.570 €V)

electron impact ionization (12.13 eV)

elastic neutral scattering
ion-ion Coulomb collision

elastic ion scattering and resonant charge exchange

Table II: The reaction set for a helium discharge.

Reaction

Process

e + He — e + He

e + He(11'S) — e + He(2
(118) — e + He(2!
(118) — e + He(2
(11'S) — e + He(2?!
e + He(2 38) — e + He(2
e + He(2 3S) — e + He(2
(1S)—>e+He(23
(218) — e + He(2'!
e+ He(23S) — e + He(2!
e + He(2 'S) — e + He(2
(
(2
(
(2
(1
(

3
e+H623P)—>e+He( 1
1

1P) — e + He(l
e+He23S)*>e+He( 1

e+ He(21'S) — e + He(1 !

1S) — Het+ 2e
e + He(2 3S) — Het+ 2e
e + He(2 'S) — Het+ 2e

He + He — He + He
Het+ Het— Het+ He™t
He + Het— He + Het
He + Het— HeT+ He

He(2 3P) — He(2 38) + hv
He(2 'P) — He(2 'S) + hv
He(2 'P) — He(1 'S) + hv

3
3
3

elastic electron scattering

S
P) excitation from GS to 23P (20.97 eV)
P) excitation from GS to 2'P (21.22 eV)
) excitation from 23S to 23P (1.148 eV)
) excitation from 23S to 2'P (1.404 eV)
) excitation from 2'S to 23P (0.348 eV)
P) excitation from 2!S to 2'P (0.604 V)
S)  excitation from 23S to 2'S (0.796 eV)

) excitation from GS to metastable state 23S (19.82 eV)
S)  excitation from GS to metastable state 21S (20.62 eV)

S)  de-excitation from detailed balancing on 2'S to 238
S) de-excitation from detailed balancing on 23P to GS
S)  de-excitation from detailed balancing on 2'P to GS
S) de-excitation from detailed balancing on 23S to GS

S)  de-excitation from detailed balancing on 2'S to GS

electron impact ionization from GS (24.59 eV)
electron impact ionization from 23S (4.76 V)
electron impact ionization from 2'S (3.97 eV)

elastic neutral scattering
ion-ion Coulomb collision
elastic ion scattering
charge exchange

spontaneous emission to 233
spontaneous emission to 2'S
spontaneous emission to GS

1x107s~1
2.6 x 106s—1

1.8 x 10951

Reference
[15]

[18]
(18]
18]

[16]
27]

28]

Reference
[19-21]

[24]
[24]
[24]
[24]
[24]
[24]
[24]
[24]
[24]

[24]
[24]
[24]
[24]
[24]
[29]
[24]
[24]

[22, 27]
[26]
[26], [30]

31]
31]
31]
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Table III: The reaction set for the cross terms between xenon and helium

Reaction Process Reference
He + Xe — He + Xe elastic neutral scattering
He + Xet — He + Xe™T elastic ion scattering [26]

Het+ Xe — Het+ Xe elastic ion scattering
Het+ Xe — He + XeT non-resonant charge exchange
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Determination of the sheath edge

The method used to accurately determine the location of the boundary between the
pre-sheath and sheath is one of the methods described by Baalrud et al [32]. Beginning
at the biased plate we calculate the normalized charge density

p=(ni—ne)/ni (4)

where n; is the number of ions of a given species, n. is the number of electrons,
and working our way in we find the location where this value is as close to zero as
possible. We use the criterion that p has to be less than 0.0000001. With this we
could assume that moving closer to the biased plate from this point the plasma would
no longer be quasi-neutral as there will be far less electrons present. After locating
the presheath-sheath edge we look at velocity data from the simulation and obtain the
velocity of the ions that are present at the presheath-sheath edge. This is demonstrated
in figure 1 which shows the density profiles of the Het and Xe™ -ions and electrons
over the distance from the biased electrode for a discharge with helium and xenon
partial pressures 0.6 and 0.1 mTorr, respectively. The electron density profile is also
shown in the figure. We see that the electron density drops sharply as we approach the
electrode. The sheath edge is indicated with a vertical dashed line. These values can
then be compared to velocity values calculated using the Bohm criterion (equation(1))
and the electron temperature read from at the center of the simulated system.
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Figure 1: The density of Het and Xe™-ions as a function of location relative to the

biased electrode. The sheath edge is marked with a vertical dashed line.



Results and discussion
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Figure 2: Final electron temperature from the simulation at the discharge center as
blue diamonds and for comparison, measured electron temperature values [6] in a He/Xe
plasma as black boxes, versus the He'-ion fraction.

Figure 2 shows the discharge center electron temperature versus Het-ion fraction
for the various simulated cases. We compare the results from the simulation to the
measured values from Hershkowitz et al [6]. We see that the electron temperature
increases with increased Het-ion fraction. The electron temperature is 0.5 eV for
pure a Xe discharge and increases to 1.2 eV for a pure He discharge. We also see
that there is a good agreement between the measured and simulated values at lower
Het-ion concentrations as well as pure helium plasma. In fact the value of 88 eV for
the created electrons is chosen to get the simulated electron temperature close to the
experimental findings.
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Figure 3: Velocity of helium and xenon ions over the distance from the biased base
plate in the simulated chamber for a pure He discharge, a pure Xe discharge and a
He/Xe discharge at 0.7 mTorr. In the helium-xenon discharge the partial pressures were
0.6 and 0.1 mTorr, respectively.

Figure 3 shows the velocity of He™ and Xe™-ions as a function of distance from the
biased plate. In figure 3 the vertical dashed line shows the location of the presheath-
sheath boundary in the two species plasma and the solid horizontal lines mark the
velocity of each ion species of the single ion species plasmas calculated using the
center electron temperature and the Bohm criterion (equation(1)). The solid red and
blue lines show the velocity of He™ and XeT-ions in a two ion species plasma whilst the
dashed red and blue lines show the velocities of helium and xenon-ions where only one
species is present. Comparing the velocity profiles we see that the xenon-ion velocities
are quite similar in the mixture and pure cases, there is however a striking difference
when we look at the helium-ion velocity profiles where the velocities in the pure case
are significantly higher than those in the two species mixture.

Figure 4 shows the drift velocities of helium and xenon at the sheath-edge simulated

using PIC/MC as well as the values for the velocity calculated using the electron tem-
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Figure 4: The drift velocity of helium and xenon ions at the sheath edge obtained
from particle-in-cell Monte Carlo method, diamonds for helium and dots for xenon. Also
shown are the velocities calculated using the electron temperature of the system and the

Bohm criterion, crosses for helium and x’s for xenon. These values are plotted against
the number of helium ions realative to total number of ions present.

perature from the simulation. In the He/Xe mixtures the velocities of the helium ions
obtained from the simulations are consistently much lower than the values calculated
using the center electron temperature and the Bohm criterion (equation (1)), this does
however not apply to the xenon ions. For the xenon the values match up quite closely
to the values found using the Bohm criterion (equation(1)) and so in that case the
Bohm-criterion gives a good prediction for the velocity at the sheath edge. In figure 4
we see that there is a large drop in the velocity of the helium ions when we compare the
simulated values for the single species helium plasma and the two species helium-xenon
plasma. For helium ions the values calculated using the Bohm-criterion are in most
cases close to two times higher than the values optained from the simulation. The one
exception is in the case where no xenon is present, where the velocity values for helium
calculated using the Bohm-criterion and the simulation only differ by about 12 percent.
The result is similar for pure xenon where the difference between the values is close to
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7.5 percent. We see in figures 4 and 5 that the velocity of the XeT-ions is quite stable
compared with the velocity of He™-ions when the number of ions present, from each
species, is changed. The velocity of the xenon ions goes from about 605m/s to about
722 m/s which is close to a 20 percent increase, this happens as the ratio of xenon
ions present is decreasing. The change in the helium ion velocity is a bit more erratic
but as the ratio of helium ions increases, so does their velocity, which goes from 1534
m/s to 2470 m/s which is an increase of about 61 percent. The velocity of both ion

species increases as the helium partial pressure increases.

6000 ' 4 Simulated He
+  Calculated He
e Simulated X
5000 - X Caleulated Xe -
+
4000 - . .
£ + + ++ 7
23000 - -
O
o 4
L2000+ 5 ¢ .
+ M +
1000 - « —
h g O i x
D | | | |
0.1 0.15 0.2 0.25 0.3

+
nHe+;‘l(nHe+ nxe+)

Figure 5: The drift velocity of He™ and Xe™ ions at the sheath edge obtained from
particle-in-cell Monte Carlo method, diamonds for helium and dots for xenon. Also
shown are the velocities calculated using the electron temperature of the system and the
Bohm criterion, crosses for helium and x’s for xenon. These values are plotted against
the number of helium ions relative to total number of ions present. This figure only
shows the values for two-species plasma.
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In figure 5 we look at the ny.+ fraction up to 0.3 and we see more clearly the
simulated velocity values from the cases where both helium and xenon -ion species
are present. We can see more clearly the increase in velocity of the Xet-ions when
the Het-ion concentration is increased. The velocity increase for the xenon-ions is
somewhat small compared to the increase in velocity of the helium-ions.
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Figure 6: The drift velocity of helium and xenon ions at the sheath edge obtained from
particle-in-cell Monte Carlo method, diamonds for helium and dots for xenon. Velocities
calculated using the electron temperature of the system and the Bohm criterion are also
marked, crosses for helium-ions and x’s for xenon-ions. Also plotted are values taken
from [6] which are marked with asterix’s for He™-ions and squares for Xe™-ions. These
values are plotted against the number of He'-ions relative to the number of electrons.
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In figure 6 measured velocity values [6] from a Xe-He mixture have been added to
the graph. We see an agreement in the way that the velocities of the ions increase
with increased relative HeT-ion density. This seems to have a somewhat greater effect
on the helium-ions as we see from the more drastic changes in velocity of those ions.
As the ratio of helium-ions present in the mixture is increased the helium-ion velocity
also increases significantly. In fact Herskowitz et al [6] show that the He™-ion velocity
follows the common sound speed of the He/Xe system. We also see that the measured
velocities for Xe™-ions agree well with the results from the simulations at least for low
He™-ion concentration. Similarly the measured Het-ion velocity agrees well with the
results from the simulations. There is however a data point for the helium-ions taken
from [6] when the ny.+ /n. is quite close to zero that goes against this development.
In all cases the xenon ions reach presheath-sheath boundary at approximately their own
sound speed while the helium ions reach the boundary at a velocity that is much lower

than its sound speed.
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Conclusions

PIC/MCC simulation was performed on a He/Xe discharge in order to explore the
ion velocities of positive ions at the presheath-sheath boundary. We find good agree-
ment between the measured He™-ion velocity values from Hershokwitz et al [6] and
the values obtained from the simulation. Similarly the velocity of Xet-ions found by
simulation agrees with experimental findings. We can also see that the Xe™-ions reach
the presheath-sheath boundary at its individual sound speed, while the He™ reach the

boundary at a much lower velocity than its individual sound speed.
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