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Introduction

= In a weakly collisional plasma with a
single ion species a presheath
develops in the plasma and ions are
accelerated to the Bohm speed (ion
sound speed) at the presheath-sheath

edge
eT. 1/2
o= (%)

where T. is the electron temperature
and M is the ion mass

D. Bohm, in The characteristics of electrical discharges in magnetic fields, No. |,
volume 5 in National nuclear energy series — Manhattan project technical
section, edited by A. Guthrie and R. K. Wakerling (McGraw-Hill, New York,

1949), Chap. 3, pp. 77-86.

Lieberman and Lichtenberg,
Principles of Plasma Discharges,
2nd ed., John Wiley & Sons,

2005, p. 167



Introduction

m For multiple-ion species there is a generalized Bohm
criterion

where the sum is over the number of ion species, u; is the
ion drift velocity at the presheath-sheath edge, n; is the ion
density, n. is the electron density, and the equality is
usually assumed

m However, this criterion leads to an infinite number of

possible solutions
m Two simple solutions are apparent
m All ions reach the sheath edge with the same velocity, the
ion sound speed of the system.
m Each ion species has its own Bohm speed at the sheath
edge

K.-U. Riemann, IEEE Trans. Plasma Sei. 23, 209 (1995)



Outline

m The oopd1 — 1D3V particle-in-cell/Monte Carlo code
m The reaction set for the Ar/Xe discharge

m Measurements of Ar™ and Xe™ velocities at the
sheath-presheath boundary

m Simulations to determine the Ar™ and Xe™ velocities
m The search for ion-ion two stream instability
= Summary



The oopd1 particle-in-cell/Monte Carlo code



The oopdl — 1D3V particle-in-cell/Monte Carlo code

m To model the discharge we use the object oriented plasma
device 1D3V (oopd1) particle-in-cell/Monte Carlo code

m This code is currently being developed at the University of
California at Berkeley to replace the XPDx1 codes

m The oopd1 was developed to combine XPDP1, XPDC1,
and XPDS1 family of codes into an object oriented code
written in C++

m The oopd1 will be more user friendly than the earlier codes
and its easier to add new chemistry and external circuit
elements than in the earlier codes



The reaction set for the Ar/Xe discharge

m The cross section set for 0
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The reaction set for the Ar/Xe discharge

m A reaction set was 107
constructed for xenon as i
well as the Ar—Xe cross
terms
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The reaction set for the Ar/Xe discharge

Ar reactions
e+Ar— Ar+e
e+Ar — Art + 2e
e+Ar— Arf +e
e+Ar— A

e+ Ar — Ar(4p) + e
e+Ar— Ar(ll) + e
e+Ar— Ar(lll) + e
e + Ar — Ar(higher) + e
Ar+Art — Ar+ Art
Ar + Ar — Ar + Ar
Ar+ Art — Art 4+ Ar

Xe reactions
e+Xe — Xe+e
e+Xe — Xet +2e
e+ Xe — Xe™
e+Xe — Xe'+e
e+Xe — Xe +e
Xe + XeT — Xe + Xet
Xe + Xe —» Xe + Xe
Xe + XeT — Xet + Xe

Xe/Ar reactions

Xet + Ar — Xe™ + Ar
Art + Xe — Art + Xe
Ar + Xe — Ar + Xe

elastic scattering

electron impact ionization (15.76 eV)
electron impact excitation (11.62 eV)
electron impact excitation (11.55 eV)
electron impact excitation (13.2 eV)
electron impact excitation (14.09 eV)
electron impact excitation (14.71 eV)
electron impact excitation (15.20 eV)
elastic scattering

elastic scattering

charge exchange

elastic scattering
electron impact ionization
electron impact excitation
electron impact excitation
electron impact excitation
elastic scattering
elastic scattering
charge exchange

12.13 V)
8.315 V)
8.437 eV)
9.570 eV)

elastic scattering
elastic scattering
elastic scattering
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Measurements of Ar™ and Xe* velocities at
the sheath-presheath boundary



Measurements of Ar™ and Xe™ velocities

m Measurements of Art and

1400 3
Xe™ velocities indicate N TR
that the velocities R il e |
approach the ion sound z ] — 1,5
speed of the system near -l e e J22
the sheath-presheath ST 45
boundary IR TOPTSOOTITOU I

Distance z (cm)

Lee et al. Appl. Phys. Lett., 91 041505 (2007)



Measurements of Ar™ and Xe™ velocities

m The measured drift velocities of

Art and Xe*-ions at the sheath P
edge, with respect to the ion s
concentration ratio at 0.7 mTorr P | + +

Tt
1 Jt T

m The velocities differ only slightly
for approximately equal ion

1000

drift velocity (m/s)

A
.

concentrations
m When either ion concentration e
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greatly dlffers from the Other, fractional Ar concentration (nARIn_)

each species leaves the plasma
at its own Bohm velocity Yip et al. Phys. Rev. Lett., 104 225003 (2010)



Measurements of Ar™ and Xe™ velocities

m Recent theoretical work 09
claims that for roughly equal ol
densities of cold ions a
collisional friction associated ,
with ion-ion two stream -y
instability will bring the two
ion species drift velocities wle
closer together, and each ion
species leaves the plasma at
the common sound speed

Baalrud et al. Phys. Rev. Lett., 103 205002 (2009)

V, and v, [mis]
8

Yip et al. Phys. Rev. Lett., 104 225003 (2010)

Hershkowitz et al. Phys. Plasmas, 18 057102 (2011)



Simulations to determine the Ar™ and Xe"
velocities at the sheath-presheath boundary



Simulations to determine the Ar™ and Xe™ velocities

m The simulation attempts to model the multidipole
experimental configuration described by Lee et al.

G=43x10""m¥s

m The simulation discharge is maintained between two
equal-area electrodes (1.77 x 1072 m?) separated by a
gap of 10 cm

m The left hand electrode is biased at —30 V to generate an
ion sheath

Lee et al. Appl. Phys. Lett., 91 041505 (2007)

Lee et al. J. Phys. D: Appl. Phys., 39 5230 (2006)



Simulations to determine the Ar™ and Xe™ velocities

m To model the ionization created by the energetic electrons
in the multidipole chamber, we use a volume source with a
uniform ionization rate of 4.3 x 10~ m—3s~1 to maintain
the steady state

m Electrons are created with electron temperature of 0.88 eV,
and ions with temperature of 32 meV
m Three cases were simulated

m a pure argon discharge at 0.7 mTorr

m a pure xenon discharge at 0.7 mTorr

m an argon-xenon discharge with argon and xenon partial
pressures 0.5 and 0.2 mTorr, respectively

Gudmundsson and Lieberman Phys. Rev. Lett., 107 045002 (2011)



Simulations to determine the Ar™ and Xe™ velocities

m The density profiles of the
charged particles for

m (a) a pure argon discharge

m (b) an argon-xenon discharge
with argon and xenon patrtial
pressures 0.5 and 0.2 mTorr,
respectively

m (C) a pure xenon discharge
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Simulations to determine the Ar™ and Xe™ velocities

m The effective electron
temperature in the presheath
region

m For comparison the measured
electron temperature is 880 meV

m The xenon ion temperature is
roughly the same for a pure
xenon discharge and Ar/Xe
mixture,

m The argon ion temperature is
higher for argon ions in an Ar/Xe
mixture than for a pure argon
discharge

Teﬂ [meV]

T [meV]

500 =]
@
450 i
400 L ____.cC -
350 4
S ———————————— -
300F T J
250 Ar/Xe mixture 4
- - -pure Ar
200 =~ —pu‘re Xe . ) ) g
0.1 0.2 0.3 0.4 0.5
x=x _[cm]
o
55F |
()
50 4
45 W
P WM
Y e i
.
30l Xe"in Arixe |
Ar*in Ar/Xe
25F - --xe'inxe
LAt
20k . . . Ar in Ar
0.1 0.2 0.3 0.4 0.5



Simulations to determine the Ar™ and Xe™ velocities

m The velocity of argon and
Xenon ions versus 0
distance from the biased
plate shifted by the
location presheath-sheath

lon velocity [m/s]

boundary ! | Ar*in Ar/xe
. . . o i edoe Xe"in AriXe |
m The solid horizontal lines ~2000 1 [ sheain e S AinAr
[ --- Xe'inXe
show the Bohm speed for e
a pure argon and pure XX [em]

xenon discharge

m The dashed horizontal
lines show the Bohm
speed in an Ar/Xe mixture
for argon and xenon ions



Simulations to determine the Ar™ and Xe™ velocities

m For the Ar/Xe mixture the two

same velocity profile as it /
does in the mixture of argon ' Txmx o fom)
and xenon

m Similarly for a xenon
discharge the xenon ion has
almost the same velocity
profile as it does in the
mixture of argon and xenon

o xe" in ‘Xe )

ions have very distinct 0 —
velocity profiles within the
presheath -
. E !
m For a pure argon discharge z !
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Simulations to determine the Ar™ and Xe™ velocities

. T Toff X X
Disch. Tet Xo uBf: . uBf‘;c " uB?Ar . UB?XC L. n/10'8
[meV] [cm] [m/s] [m/s] [m/s] [m/s] [m ’3]
Ar 336 0.300 898 - 985 - 4.7
Ar/Xe 344 0.295 907 501 926 544 5.6
Xe 398 0.285 - 540 - 584 6.6

m The ion speed at the presheath-sheath boundary is roughly
the same for an ion in a pure argon or xenon discharge
and for the same ion in a mixture of argon and xenon

m Therefore we draw the conclusion from our simulation that
each ion reaches its own Bohm speed at the
presheath-sheath interface

m These findings contradict the experimental findings of Lee
et al. where the ion velocities near the presheath-sheath
boundary approach the common ion sound speed for both
argon and xenon ions in the Ar/Xe discharge

Gudmundsson and Lieberman Phys. Rev; Lett., 107 045002 (20)



The search for ion-ion two stream instability



The search for ion-ion two stream instability

m For the Ar-He system ion-ion two stream instabilities have
been measured in the presheath, and they are strongest
when the relative concentration of each ion species is
similar
Severn et al., Phys. Rev. Lett. 90 145001 (2003)

Hershkowitz, Phys. Plasmas 12 055502 (2005)

m Furthermore, it is argued that ion-ion two stream instability
leads to a collisional friction that slows down one ion
species and accelerates the other, while this collisional
friction can be ignored in a stable plasma

Baalrud et al., Phys. Plasmas 18 023505 (2011)



The search for ion-ion two stream instability

m Thus to understand the simulation results, we have
calculated the instability condition from kinetic theory

m The Vlasov dispersion assuming drifting Maxwellian
velocity distribution for each of the species involved

A2
ekw)=1->" (242) Z'(¢)

J

where the plasma dispersion function is
Z(¢) = i7r1/26_<26rfc(—i§“)

G = (w/k +ivj/k — 1)) /(2"/2v)

Fried and Wong, Phys. Fluids, 9 1084 (1966)



The search for ion-ion two stream instability

m For plasma that consists of electrons and two positive ions
we can write the dispersion relation

2k202 = Z(Co) + S (Vi/vRZ/(G).
J

where

m Kk is the wavenumber

m ). is the electron Debye length

m V= ugj(nj/ne)'/? (j =1, 2 corresponds to argon and
xenon ions, respectively) are the density-weighted ion
Bohm speeds

m v; = (eT;/M;)"/2 are the ion thermal velocities

Tuszewski and Gary, Phys. Plasmas, 10 539 (2003)



The search for ion-ion two stream instability

m Also
G = (w/k+iv/k —up)/(2"2y)

m w is the radian frequency

m u; and v; are the drift and thermal velocities of the species,
respectively

m y; is the collision frequency with the background gas
m The least stable solutions are a slow (ion thermal) wave
with phase velocity v,, ~ v;, and a fast (ion acoustic) wave
with Vph ~ UB
m Both fast and slow waves can be driven unstable if the

relative ion drift velocity is large compared to the ion
thermal velocities



The search for ion-ion two stream instability

m The real (solid line) and imaginary
(dashed line) parts of the phase
velocity Vpn = Vpnr + jVphi and the
frequency w = w; + jw; for the
simulation parameters

m Assuming T = 0.34 eV (Top)
m Assuming T = 0.85 eV (Bottom)

m The slow wave is unstable for
wip > 0

[mis]

Von

Vo [M/s]

-100)

-150)

150|

100|

50f

T, =340 meV

-50f == T

w [rad/s]

-100f

-150)

10"
K [L/m]

10"
K [L/m]

100|

50|

T, =850 meV

50|

w [rad/s]

10°
K [1/m]

10°
Kk [1/m]




The search for ion-ion two stream instability

m We find no evidence of unstable waves in our simulation,
which is the proposed mechanism for a common system
speed

m Reducing the ion temperatures 60% below the
self-consistent simulation values, we obtain the onset of
instability for the ion acoustic wave at k)¢ ~ 0.44. This
corresponds to unrealistic (below room temperature)
values of 19 meV for argon and 16 meV for xenon

m Alternatively, increasing Teg by a factor of 2.5 above the
simulation value can lead to the onset of instability



Summary
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Summary

m The velocities of Art and Xe™ ions near the
presheath-sheath boundary in an Ar/Xe discharge are
studied by particle-in-cell/Monte Carlo simulation

m For a pure argon discharge the argon ion has almost the
same velocity profile as it does in the mixture of argon and
xenon

m Similarly, for a xenon discharge the xenon ion has almost
the same velocity profile as it does in the mixture of argon
and xenon

m The ion speed at the sheath-presheath boundary is the
same for an ion in a pure argon or xenon discharge and for
the same ion in a mixture of argon and xenon

m We conclude that in our simulation, each ion reaches its
own Bohm speed at the presheath-sheath interface
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