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Introduction

• The question of how the velocities of ions are determined at the
presheath-sheath boundary in plasmas with multiple-ion species is of
fundamental interest

• 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

uB =

(

eTe
M

)1/2

where Te is the electron temperature and M is the ion mass (Bohm,
1949)

• For multiple-ion species there is a generalized Bohm criterion (Rie-
mann, 1995)

∑

j

(

nj
ne

) u2Bj

u2j
≤ 1

where the sum is over the number of ion species, uj is the ion drift
velocity at the presheath-sheath edge, nj is the ion density, ne is the
electron density, and the equality is usually assumed

•However, this criterion leads to an infinite number of possible solutions

• Two simple solutions are apparent

–All ions reach the sheath edge with the same velocity, the ion sound
speed of the system.

– Each ion species has its own Bohm speed at the sheath edge

• To model the discharge we use the object oriented plasma device 1D
(oopd1) 1d-3v particle-in-cell/Monte Carlo code (PIC/MCC)

Measurements of Ar+ and Xe+ velocities

Figure 1: The measured drift velocities of Ar+ and Xe+-ions at
the sheath edge versus the fractional Ar+-ion concentration at 0.7
mTorr. From Yip et al. (2010).

•Measurements of Ar+ and Xe+ velocities indicate that the velocities
approach the ion sound speed of the system near the sheath-presheath
boundary for approximately equal ion concentrations

•When either ion concentration greatly differs from the other, each
species leaves the plasma at its own Bohm velocity

•Recent theoretical work claims that for roughly equal densities of cold
ions a collisional friction associated with ion-ion two stream instability
will bring the two ion species drift velocities closer together, and each
ion species leaves the plasma at the common sound speed (Baalrud
et al., 2009)

Simulations to determine the Ar+ and

Xe+ velocities

• The simulation attempts to model the multidipole experimental config-
uration described by Lee et al. (Lee et al., 2007, 2006) and (Yip et al.,
2010)

• The simulation discharge is maintained between two equal-area elec-
trodes (1.77× 10−2 m2) separated by a gap of 10 cm

• The left hand electrode is biased at −30 V to generate an ion sheath

• To model the ionization created by the energetic electrons in the mul-
tidipole chamber, we use a volume source with a uniform ionization
rate of 4.3× 10−19 m−3s−1 to maintain the steady state

• Electrons are created with electron temperature of 8.8 eV, and ions
with temperature of 32 meV

Results and discussion

• Earlier the simulations have shown that in the absence of ion-ion col-
lisions, for a pure argon discharge the argon ion has almost the same
velocity profile as it does in the mixture of argon and xenon. Similarly,
for a xenon discharge the xenon ion has almost the same velocity pro-
file as it does in the mixture of argon and xenon (Gudmundsson and
Lieberman, 2011)

• Thus, each ion reaches its own Bohm speed at the presheath-sheath in-
terface which contradicts the experimental findings of Lee et al. (2007)
where the ion velocities approach the common ion sound speed for both
ions in the Ar/Xe discharge

• These results have been challenged due to the lack of ion-ion Coulomb
collisions in our simulations (Hershkowitz et al., 2012)

•Here we discuss the influence of adding ion-ion Coulomb interactions
to the simulation as well as increased electron temperature

•We estimate the ion-ion Coulomb collision cross section by a Coulomb
momentum transfer cross section and assume isotropic angular distri-
bution of the scattered ions

σ = πb20 ln Λ

where b0 = e/(4πǫ0ER) is the classical distance of closest approach and
ER is the center-of-mass energy in eV and ln Λ = ln(2λDe/b0) ≈ 13
and λDe is the Debye length for electrons.

• Figure 2 shows the velocity of argon and xenon ions versus distance
from the biased plate shifted by the location presheath-sheath bound-
ary for a pure argon discharge, an Ar/Xe discharge and a pure xenon
discharge at 0.7 m Torr when ion-ion Coulomb collisions are included
in the simulation.

• Each ion reaches its own Bohm speed at the presheath-sheath interface
as seen in figure 3
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Figure 2: The velocity of argon and xenon ions versus dis-
tance from the biased plate shifted by the location presheath-sheath
boundary for a pure argon discharge, an Ar/Xe discharge and a pure
xenon discharge at 0.7 m Torr.
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Figure 3: The velocity of argon and xenon ions at the presheath-
sheath boundary versus the fractional Xe+-ion concentration.

• Figure 4 shows the velocity of argon and xenon ions versus distance
from the biased plate when ion-ion Coulomb collisions are included in
the simulation and the cross section multiplied by a factor of 1000

•As the influence of the ion-ion Coulomb collisions are increased the ion
velocities at the presheath-sheath interface approach each other if the
ion concentration is similar but when either ion concentration greatly
differs from the other, each species leaves the plasma at its own Bohm
velocity as seen in figure 4
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Figure 4: The velocity of argon and xenon ions versus dis-
tance from the biased plate shifted by the location presheath-sheath
boundary for a pure argon discharge, an Ar/Xe discharge and a pure
xenon discharge at 0.7 m Torr.

−0.2 0 0.2 0.4 0.6 0.8 1

−2000

−1500

−1000

−500

0

[Xe +]/([Xe +] + [Ar +])

v
i
 [

m
/s

]

 

 

Xe+

Ar +

Figure 5: The velocity of argon and xenon ions at the presheath-
sheath boundary versus the fractional Xe+-ion concentration.

Conclusions

•We find that the velocity of argon and xenon ions at the presheath-
sheath boundary and Ar/Xe plasma is influenced by ion-ion Coulomb
collisions

•High ion-ion Coulomb collision cross section brings the two ion veloci-
ties closer together

Acknowledgments

This work was partially supported by the Icelandic Research Fund Grant
No 130029-051, by the Department of Energy Ofce of Fusion Energy
Science Contract DE-SC000193, and by the California Industries under
University of California Discovery Grant ele07-10283 under the IMPACT
program.

References

S. D. Baalrud, C. C. Hegna, and J. D. Callen, Physical Review Letters
103, 205002 (2009).

D. Bohm, in The characteristics of electrical discharges in magnetic

fields, edited by A. Guthrie and R. K. Wakerling (McGraw-Hill, New
York, 1949), no. I, volume 5 in National nuclear energy series – Man-
hattan project technical section, chap. 3, pp. 77–86.

J. T. Gudmundsson and M. A. Lieberman, Physical Review Letters 107,
045002 (2011).

N. Hershkowitz, G. D. Severn, S. D. Baalrud, C. C. Hegna, and J. D.
Callen, Physical Review Letters 108, 139501 (2012).

D. Lee, G. Severn, L. Oksuz, and N. Hershkowitz, Journal of Physics D:
Applied Physics 39, 5230 (2006).

D. Lee, N. Hershkowitz, and G. D. Severn, Applied Physics Letters 91,
041505 (2007).

K.-U. Riemann, IEEE Transactions on Plasma Science 23, 709 (1995).

C.-S. Yip, N. Hershkowitz, and G. Severn, Physical Review Letters 104,
225003 (2010).


