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Ion mobilities in XeÕNe and other rare-gas mixtures

D. Piscitelli,1 A. V. Phelps,2 J. de Urquijo,3 E. Basurto,4 and L. C. Pitchford1
1Centre de Physique des Plasmas et Applications de Toulouse (CPAT), UMR 5002 CNRS, 118 route de Narbonne,

31062 Toulouse, France
2JILA, University of Colorado and National Institute of Technology, Boulder, Colorado, USA

3Centro de Ciencias Fı´sicas, Universidad Nacional Auto´noma de Me´xico, Post Office Box 48-3, 62251,
80309-0440 Cuernavaca, Moreno, Mexico

4Departmento de Ciencias Ba´sicas, Universidad Auto´noma Metropolitana, 02200 Me´xico Distrito Federal, Mexico
~Received 13 May 2003; published 29 October 2003!

The ion mobility or drift velocity data important for modeling glow discharges in rare gas mixtures are not
generally available, nor are the ion-neutral scattering cross sections needed to calculate these data. In this paper
we propose a set of cross sections for Xe1 and Ne1 collisions with Xe and Ne atoms. Ion mobilities at 300 K
calculated using this cross section set in a Monte Carlo simulation are reported for reduced field strengths,
E/N, up to 1500310221 V m2, in pure gases and in Xe/Ne mixtures containing 5% and 20% Xe/Ne, which are
mixtures of interest for plasma display panels~PDPs!. The calculated Xe1 mobilities depend strongly on the
mixture composition, but the Ne1 mobility varies only slightly with increasing Xe in the mixture over the
range studied here. The mobilities in pure gases compare well with available experimental values, and mobili-
ties in gas mixtures at lowE/N compare well with our recent measurements which will be published sepa-
rately. Results from these calculations of ion mobilities are used to evaluate the predictions of Blanc’s law and
of the mixture rule proposed by Mason and Hahn@Phys. Rev. A5, 438 ~1972!# for determining the ion
mobilities in mixtures from a knowledge of the mobilities in each of the pure gases. The mixture rule of Mason
and Hahn is accurate to better than 10% at high field strengths over a wide range of conditions of interest for
modeling PDPs. We conclude that a good estimate of ion mobilities at highE/N in Xe/Ne and other binary rare
gas mixtures can be obtained using this mixture rule combined with known values of mobilities in parent gases
and with the Langevin form for mobility of rare gas ions ion in other gases. This conclusion is supported by
results in Ar/Ne mixtures which are also presented here.

DOI: 10.1103/PhysRevE.68.046408 PACS number~s!: 51.10.1y, 51.50.1v, 52.20.Hv
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I. INTRODUCTION

This motivation for the work reported here is to impro
the data base for modeling glow discharge based devi
The ion mobility or drift velocity data needed for modelin
glow discharges in rare gas mixtures are not generally av
able, nor are the ion-neutral scattering cross sections w
could be used to calculate these data. We are particu
interested here with Xe/Ne mixtures where xenon is the
nority gas and which are used in plasma display pan
~PDPs! @1#. The electrical properties of glow discharges a
determined to a large extent by the ion transport through
high field sheath in front of the cathode, and ion mobil
data as a function of the reduced field strength,E/N, the
ratio of the electric field to the gas density ratio, are nee
up to about 1500 Td (1 Td510221 V m2) for PDP modeling,
for example. Where data for ion mobilities are not availab
Blanc’s law@2# or other rough estimates have been used@3#.
Because of the large uncertainty in other input data in
models@1#, notably in the secondary electron emission co
ficients, g, for ions bombarding the MgO coating on th
dielectric surfaces in the case of PDP models, relatively li
attention has been paid to the uncertainties in the ion mo
ity data. In order that uncertainty in the ion mobility data n
be the dominant source of uncertainty in calculations of
electrical characteristics of PDPs, we estimate that these
bility data must be accurate to some tens of percent.
shown below, predictions from Blanc’s law exceed this t
erance. Thus, while it is not necessary to have very pre
1063-651X/2003/68~4!/046408~10!/$20.00 68 0464
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ion mobility data, improvements are needed in the ion m
bility data to improve the accuracy of the models.

In this paper we report Monte Carlo calculations of Xe1

and Ne1 mobilities in pure gases and in 5% and 20% Xe/N
mixtures. The Xe1 and Ne1 scattering cross sections used
these calculations are also reported here. These Monte C
results are used to evaluate ion mobilities determined fr
Blanc’s law and the mixture rule of Mason and Hahn@4#, the
latter of which is found to yield ion mobilities accurate
within about 10% at highE/N. The Mason and Hahn mix
ture rule is then used to generate ion mobility data in ot
Xe/Ne mixtures and in Ar/Ne mixtures. Predictions from t
mixture rule are within 10% of the Monte Carlo calculatio
in all Ar/Ne mixtures forE/N greater than 200 Td. We hav
chosen to use develop Monte Carlo technique for these s
ies, but an alternate approach would have been to use
three-temperature theory as discussed, for example, in
@5#.

We have measured ion mobilities in Xe/Ne mixtures, a
preliminary results were presented by de Urquijoet al. @6#.
Our more recent experimental results agree very well w
calculations at lowE/N where the experiments are mo
reliable. A detailed analysis of the experiments in gas m
tures will be published separately.

This paper is organized as follows. A Monte Carlo sim
lation is used to calculate the ion mobilities, and this
briefly described in Sec. II. The cross section data are p
sented in Sec. III, and results from the Monte Carlo calcu
tion of the ion mobilities in Xe/Ne mixtures is shown in Se
IV. In Sec. V we show comparisons of our Monte Car
©2003 The American Physical Society08-1
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PISCITELLI et al. PHYSICAL REVIEW E 68, 046408 ~2003!
calculations with predictions from mixture rules for Xe/N
and for Ar/Ne mixtures. Conclusions are given in Sec. V

II. CALCULATION OF ION MOBILITIES

The ion mobilities, or more precisely, the ion drift veloc
tiesvd , are determined from a Monte Carlo simulation of t
motion of ions between two infinite, parallel electrode
separated by a distanced across which a voltageV is ap-
plied. The volume between the electrodes is filled with
binary gas mixture, and the number densities of the two n
tral species areN1 andN2 , respectively. The total gas den
sity is N. Ions of each gas species are considered and
are subjected to the combined influence of a uniform elec
field or strengthE and collisions with the neutral backgroun
gas. We suppose that the neutral background gas temper
is 300 K. The ions undergo collisions with the neutrals, a
the angular scattering in the center of mass reference fram
modeled as the sum of isotropic and backward-scatte
components~see Sec. III!. As has been pointed out by Phelp
@7#, this way of representing the differential scattering cro
section is consistent with measured charge transfer cross
tions and previously measured ion mobilities, and it is co
venient for use in Monte Carlo simulations.

Our Monte Carlo simulation is standard. Ions are injec
at the anode with zero initial velocity and their motion b
tween collisions in a uniform electric field is determined
Newton’s equations of motion. The time between collisio
is determined using the null collision technique@8#. When a
collision takes place, the nature of the collision is determin
by comparing a random number to the cumulative sum of
collision frequencies normalized to total~sum of real and
null! collision frequency. For each ion species there are f
possible results of a collision; null collision, isotropic sca
tering with the parent gas atom, backscattering with the p
ent gas atom, or isotropic scattering from the second a
species in the mixture. If the collision is null, the ions co
tinue their trajectories as if nothing had happened. For ba
scatter collisions, the ion velocity in the laboratory fram
after the collision is the same as that of the neutral collis
partner before the collision (180° scattering in the cente
mass frame!. For isotropic collisions, the direction of the io
velocity vector in the center of mass reference frame is r
domized. Hagelaar@9# has emphasized that the direction
the center of mass ion velocity after an isotropic collisi
can be determined simply by selecting random angles f
distributions uniform in the azimuthal angle and in the cos
of the polar angle.

The ion drift velocity was determined in two differen
ways. First, we follow one ion through a very long dr
distance, dividing the distance into uniform segments
lengthdx and calculating the drift velocity through each se
ment as the ratio ofdx to the transit timedt through the
segment. The ion drift velocity is then calculated as the
erage drift velocity through a large number of segments. T
product of the gas pressure and the gap spacing,pd, is sev-
eral torr cm. Second, we simulated the drift tube experime
of Basurtoet al. @10# releasing a large number of ions~sev-
eral 1000! from the anode and noting the transit time to t
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cathode for each ion. The drift velocity in this latter case
the drift distance divided by the average of the ion tran
times. Provided the ion drift velocity is in equilibrium with
the electric field, these drift velocities are equal. We return
the question of equilibrium below in Sec. IV.

We report our Monte Carlo results in terms of the reduc
ion mobility mN, which is determined from the drift velocity
vd as follows:

mN5
vd

E/N
. ~1!

We use SI units for the reduced mobility, i.e., m21 V21 s21,
and the reduced electric field strengthE/N is in units of Td
~Townsend! where 1 Td510221 V m2.

III. ION-NEUTRAL SCATTERING CROSS SECTIONS

For the purpose of a Monte Carlo calculation, it is conv
nient to approximate the true, but unknown, differential el
tic scattering cross sectionI («,u) of an ion colliding with its
parent atom as the sum of an isotropic~in the center-of-mass
frame! componentQiso(«) and a backward scattered comp
nentQb(«),

I ~«,u!'Qiso~«!/4p1Qb~«!d~u2p!/2p sinu, ~2!

where« is the relative energy,u is the scattering angle in th
center-of-mass reference frame, andd is the Dirac delta func-
tion. The diffusion cross sectionQd in our scattering mode
@7# is given byQd5Qiso12Qb . In the absence of inelasti
collisions, the momentum transfer cross sectionQm is the
same asQd . The effect of inelastic collisions on the respe
tive definitions is discussed in Ref.@11#.

This form for the differential scattering in Eq.~2! is an
approximation, and the differential cross sections propo
in this section are interim recommendations pending
availability of more accurate data@12#.

The cross sections used for calculating the mobilities
Xe1 and Ne1 are shown in Figs. 1 and 2, respectively.~Note
that the range of energies shown in these figures is far la
than needed for calculations of mobilities but may be use
in other contexts.! These are plotted against the ion energy
the laboratory system so as make more obvious the simi
ties and differences in cross sections for ions of a giv
energy moving through the mixture. That is, for the ion e
ergies significantly above thermal which are of greatest
terest in this paper, plots of cross sections versus labora
energy allow one to compare the relative importance of c
lisions of a given ion with various target atoms without ma
ing transformations of energy between laboratory and cen
or-mass frames. For use in a Monte Carlo simulati
however, it is convenient to have analytical expressions
the cross sections as functions of relative energy, and th
are given below. Recall that the relative energy is equa
the ion energy in the laboratory frame multiplied by the ra
of the target atom mass to the sum of the target atom and
ion masses, if we assume the target atom is at rest. Tha
the relative energy of the collision partners is one-half
ion energy in the laboratory frame for ions moving in the
8-2
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ION MOBILITIES IN Xe/Ne AND OTHER RARE GAS . . . PHYSICAL REVIEW E 68, 046408 ~2003!
parent gas. For Xe1 in Ne, the relative energy is 0.13 time
the Xe1 energy in the laboratory frame and for Ne1 in Xe,
the factor is 0.87.

A. Xe¿ in xenon and neon

The cross sections for elastic scattering of Xe1 ions with
Xe are shown in Fig. 1. The short-dashed curve is the ba

FIG. 1. Cross sections for elastic scattering of Xe1 with Xe and
with Ne versus ion energy in the laboratory reference frame.
short-dashed curve is the backward scattered component an
long-dashed curve is the isotropic component for elastic collisi
of Xe1 with Xe. The upper and lower solid curves are the diffusi
cross section for Xe1 with Xe and Ne, respectively, in this scatte
ing model. The points show experimental data. The symbols
references are as follows:b, Ref. @13#; ., Ref. @14#; •, Ref. @16#;
m, Ref. @14#; L, Ref. @24#; l, Ref. @17#; j, Ref. @21#; and., Ref.
@18#.

FIG. 2. Cross sections for elastic scattering of Ne1 with Xe and
with Ne versus ion energy in the laboratory reference frame.
isotropic and backscatter components of the Ne1/Ne scattering
cross section are indicated by the long-dash and the short-
lines, respectively The solid lines labeled Ne1/Xe and Ne1/Ne are
the diffusion cross sections for target Xe or Ne atoms as indica
and the solid curves labeled ‘‘Cohen’’ are from the quantum m
chanical calculations of Ref.@28#. Cross sections for asymmetri
charge transfer from Ne1 to Xe1 are shown in the curve labele
Qct. The symbols are measured values of charge transfer and d
sion cross sections and references are as follows: •, Ref.@14#; c,
Ref. @25#; j, Ref. @30#; ., Ref. @15#; andl, Ref. @27#.
04640
k-

ward scattered componentQb and at energies above abo
500 eV is obtained by fitting a smooth curve to measu
symmetric charge transfer cross sections@13–18#. Such col-
lisions are elastic because there is no change in interna
ergy of the particles. The long-dashed curve is the isotro
componentQiso for elastic collisions of Xe1 with Xe. At low
energies, the ion scattering is conventionally assumed to
isotropic and equal to the Langevin cross section@19#, which
can be expressed as

QLangev in52pa0
2~aRy/«!0.5, ~3!

where« is the collision energy, i.e., the relative energy of t
colliding particles in the center-of-mass reference frame,a is
the polarizability in atomic units ofa0

3, a0 is the Bohr radius,
and Ry is the Rydberg in the same units as«. Note that the
numerical coefficients in Eq.~3! are consistent with ‘‘isotro-
pic scattering’’ or ‘‘spiraling’’ collisions version of the
Langevin cross section@20#.

Because of the lack of information regarding the effect
isotropic component ofQd at energies above roughly 0.1 eV
we set it equal to the Langevin cross section at all energ
Next, the backward scattering cross section is adjusted
that the diffusion cross section passes through the cross
tions derived from measurements of the mobility of Xe1 in
Xe at laboratory energies from 0.3 to 5 eV@21#. Finally, the
backward scattering component at energies below 0.3 e
adjusted so that the diffusion cross section approaches
isotropic cross section smoothly. Note that according to
model presented here the differential cross section
Xe1-Xe scattering becomes isotropic at these low energ
and the backward scattering peak used to experimentally
termine symmetric charge transfer cross sections at low
ergies becomes too small to be measured@7#.

Analytical expressions for the Xe1-Xe cross sections are

Qb53.6310219@11~«/0.1!2#0.2/«0.42/@11~0.09/«!1.3#/@1

1~«/1000!0.25# ~4!

and usinga527.2 a.u.@22# in Eq. ~3!,

Qiso53.39310219/«0.5, ~5!

where« is the collision energy in eV, i.e., the relative ener
of the colliding particles in the center-of-mass referen
frame. Note that the backward scattering cross sections g
by Eq. ~3! for energies above 100 eV are 20% to 30
smaller that the values for charge transfer recommended
Sakabe and Izawa@23#.

In the absence of more detailed information, the cro
section for elastic scattering of Xe1 ions with Ne shown in
Fig. 1 is taken equal to the Langevin cross section, Eq.~3!, at
all energies and is assumed to be isotropic (Qiso5Qd). With
aNe52.67 a.u.@22# in Eq. ~3!, the analytical expression fo
the Xe1-Ne cross section is

Qiso5Qd51.059310219/«0.5. ~6!

As shown in Fig. 1, this assumed cross section leads
agreement with diffusion cross sections derived from p
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PISCITELLI et al. PHYSICAL REVIEW E 68, 046408 ~2003!
lished mobilities for Xe1 in Ne at energies~in the laboratory
frame! from 0.3 to 2 eV@24#. The fact that the diffusion
cross section for Xe1 in Ne is much smaller than that fo
Xe1 in Xe at energies interest for mobility calculations, i.
0.01 to 10 eV, leads to a strong dependence of the X1

mobility on the mixture composition for low concentration
of xenon, as will be seen below.

B. Ne¿ in neon and xenon

Cross sections for elastic scattering of Ne1 ions with Ne
and Xe are shown in Fig. 2. For elastic collisions of Ne1

with Ne, the short-dashed curve is the backward scatte
component and the long-dashed curve is the isotropic c
ponent. The solid curve labeled Ne1/Ne is the diffusion
cross section for Ne1 with Ne in this scattering model. Thes
curves were obtained by fitting the experimental cha
transfer cross section@13,15–17,25,26# and mobility-based
diffusion cross section data@27# using the procedure dis
cussed above for Xe1-Xe collisions. The curves labele
‘‘Cohen’’ are theoretical results from Cohen and Schneide
quantum mechanical calculation of the diffusion and char
transfer cross sections@28#. It will be noted that ourQb curve
drops below the theoretical and experimental charge tran
cross sections at energies near 10 eV because the cros
tions represent different aspects of the collision. Our cr
sections for collisions of Ne1 with Ne have the same gener
behavior as those of Jovanovicet al. @29#, but differ signifi-
cantly in detail.

Analytical expressions for the Ne1-Ne cross sections as
function of relative energy are

Qb52.8310219/«0.15/~110.8/«!0.3 ~7!

and from Eq.~3! with a52.67 a.u.@22#,

Qiso51.059310219/«0.5. ~8!

Because of our use of center-of-mass energies,Qiso is the
same as for Xe1-Xe collisions. Again, the charge transfe
cross sections given by Eq.~7! for energies above 100 eV ar
20% to 30% smaller that the values recommended by Sak
and Izawa@23#.

The cross section for elastic scattering of Ne1 with Xe is
analogous to what we use for Xe1 scattering with Ne. That
is, the cross section for elastic scattering of Ne1 with Xe
shown by the solid curve in Fig. 2 is taken equal to t
Langevin cross section at all energies and is assumed t
isotropic (Qiso5Qd). The fact that the diffusion cross se
tion for Ne1 in Xe is approximately the same as that for Ne1

in Ne at ion energies of interest for mobility calculation
e.g., at laboratory energies near 0.3 eV, is manifested in
results below as a relative insensitivity of the Ne1 mobility
to the mixture composition.

An analytical expression for the Ne1-Xe cross section as
a function of relative energy is

Qiso5Qd53.39310219/«0.5. ~9!
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For completeness we also show in Fig. 2 the measured c
section for the transfer of charge from Ne1 to Xe @30,31#.
Upper limits to this cross section of 1310221 m2 at an av-
erage energy of 0.026 eV have been obtained from flow
afterglow experiments@32#, while swarm experiments yield
an upper limit of 2310223 m2 at average laboratory energie
from 0.04 to 0.1 eV@33#. A fit to this data shown by the solid
curve is

Qct55310221~«22.5!/@11~«/10!4#0.5. ~10!

The measured maximum cross section for Xe11 formation
~not shown! is about an order of magnitude smaller a
peaks at 40 eV@30#.

Charge transfer from Ne1 to Xe1 or Xe11 is neglected in
our Monte Carlo calculations of the ion mobilities becau
numerical tests show that it is not important for the con
tions reported here.

IV. CALCULATED ION MOBILITIES IN Xe ÕNe MIXTURES

In this section we present results of Xe1 mobilities in
pure Xe and Ne and in 5% and 20% Xe/Ne mixtures. W
also present calculated Ne1 mobilities in pure Ne and in the
20% Xe/Ne mixtures. These gas mixtures were chosen
cause of their relevance to PDPs.

A. Xe¿ mobility in Xe ÕNe mixtures

In Fig. 3 we show the Xe1 mobilities calculated in pure
xenon, in pure neon, and in 5% and 20% Xe/Ne mixtur
For comparison, the experimental points~open symbols in
the figure! from Larsen and Elford@21# for Xe1 in pure
xenon at 294 K and for Xe1 in pure neon from Johnsen an
Biondi @24# at 300 K are also shown in the figure. In pu

FIG. 3. Calculated~solid symbols! mobility of Xe1 vs E/N in
pure neon, in pure xenon, and in 5% and 20% Xe/Ne mixtu
compared to experimental results~open symbols! of Larsen and
Elford @21# in pure xenon and of Johnsen and Biondi@24# in pure
neon.
8-4
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ION MOBILITIES IN Xe/Ne AND OTHER RARE GAS . . . PHYSICAL REVIEW E 68, 046408 ~2003!
xenon, there is very good agreement over the full range
E/N between our calculations and the measurements
Larsen and Elford.

The Xe1 mobility is very sensitive to the concentration
Xe in the mixture, especially for small concentrations of X
and for the higher values ofE/N. This sensitivity is due
mainly to the large diffusion cross section for Xe1 scattering
with Xe as compared to that with Ne. The cross section ra
from Fig. 1 is 7:1 at 0.1 eV and 16:1 at 1 eV. The on
experimental data available in the mixtures was reported
preliminary form by de Urquijoet al. @6#. Comparisons with
our more recent experimental results range from good
very good at lowE/N and fair forE/N greater than 200 Td
These results will be published separately along with a
tailed description of the two systems used for these meas
ments, the analytical procedures, and a discussion as to
agreement and differences between the present calcula
and the measurements.

The experimental data for Xe1 mobility in pure neon are
limited to E/N less than 140 Td. Calculations compare w
with experimental results at lowE/N. The agreement is ac
ceptable up to 140 Td, but the trend in the experiments is
the mobility to decrease somewhat withE/N. Because the
collision frequencyn, used in the calculations for Xe1 col-
lisions with neon is independent of energy@see Eq.~6!#, the
calculated mobility is independent ofE/N. An exact analyti-
cal expression for the mobility can be obtained from mom
tum transfer theory@22#,

mN5
e

MR
S n

ND 21

. ~11!

This can also be written as@34#,

mN535.9310243~6.95/2p!32.69

31025/~aMr !
0.5 m21 V21 s21, ~12!

where the reduced massMr is in units of the proton mas
and the atomic polarizability in atomic units. Note that t
factor ~6.95/2p! multiplies the conventional expression fo
the ion mobility in order to take into account our use of t
spiraling version of the polarization cross section rather t
the ‘‘rigid core’’ version used in conventional mobility for
mulas. See Table 5-5-1 of Ref.@22# and Sec. III D of
Ref. @35#. The numerical value from Eq.~12! is
1.5631022 m21 V21 s21 for Xe1 in pure neon.

The increasing difference between calculated and m
sured mobility with increasingE/N suggests in pure neo
that the diffusion cross section for Xe1 collisions with Ne
should be modified for high ion energies. However, the av
able mobility data are not sufficient to propose a better cr
section for Xe1 collisions with Ne at this point.

We have confirmed that anisotropy in the scattering cr
sections has no effect on the calculated ion mobility provid
the momentum transfer cross section is constant. This re
is anticipated from momentum transfer theory, which sho
that the ion mobilities depend only on the momentum tra
fer cross section and not on the assumed angular distribu
@22#. This result is also consistent with the conclusions
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Jovanovic´ et al. @29# who conclude that anistropic scatterin
has little effect on the calculated mobility~but a large effect
on the perpendicular diffusion coefficient!.

B. Ne¿ mobility in pure neon and in XeÕNe mixtures

The calculated Ne1 mobilities in pure neon and in the
20% Xe/Ne mixture are shown in Fig. 4. For compariso
Ne1 mobilities in pure neon at 293 K measured by Heg
berg et al. @36# are shown as open symbols, and the cal
lated values of the mobility are in excellent agreement w
these experimental results and with the recent measurem
of Basurtoet al. @10# ~not shown in the figure!. As was an-
ticipated above on the basis of the cross sections used in
calculations, the Ne1 mobilities are not very sensitive to th
mixture composition for xenon concentrations up to 20
The calculated Ne1 mobilities in the 5% Xe/Ne mixture are
almost indistinguishable from the results in pure neon a
are therefore not shown in the figure. In the 20% Xe/
mixture, the Ne1 mobility is slightly less than that in pure
neon at lowE/N and very slightly higher at highE/N. The
low E/N decrease is due to fact that the momentum tran
between Ne1 and Xe at low ion energy more than compe
sates for the reduced number of Ne1 with Ne. At higher ion
energies, momentum transfer between Ne1 and Xe no longer
compensates for the reduced number of Ne1 collisions with
Ne because the Ne1/Xe diffusion cross section decreas
with ion energy.

C. Mean ion energies

The range of Xe1 energies relevant to the calculation
the ion mobilities reported here varies considerably with g
mixture. In Fig. 5 we show the calculated mean energy~in
the laboratory frame! of Xe1 in pure xenon and in the 5%
and 20% mixtures vsE/N. A small increase in the percen
age of Xe in the mixture leads to a significant change in
mean energy of Xe1, as well as in the mobility as see
above. For comparison the mean energies of Ne1 in pure

FIG. 4. Calculated mobility of Ne1 vs E/N in pure neon~j!
and 20% Xe/Ne mixtures~.! compared to experimental results~h!
of Hegerberget al. @36# for Ne1 mobilities in pure Ne at 293 K.
8-5



e
-

n
lc
flu
ne

on
os
id
on
o

on
f t

i
’’
h
re
is
tio
e

,
th

th
f
on
re

b-
xi-

ts
ft
h
ot
ns.
. 6
of

x-
la-

hed

rap-
he
tum
. A

er
tions

th-
ll. In
ess
ace,

is
ns
he

ger
fore

n a
ut

eld
e

h
s

PISCITELLI et al. PHYSICAL REVIEW E 68, 046408 ~2003!
neon are also shown in the figure. The presence of 5%
20% Xe in a Xe/Ne mixture has relatively little effect on th
mean energy of the Ne1. That is, at 1000 Td the mean en
ergy of Ne1 in 20% Xe/Ne is only 17% higher than that i
the pure neon. Recall that the gas temperature in our ca
lations is 300 K, and this finite gas temperature has an in
ence on the ion mean energy only for the lowest mean e
gies ~low E/N, pure xenon!

The calculations show that the ion energy distributi
functions over the range of conditions in Fig. 5 are alm
Maxwellian, and hence the mean energies in Fig. 5 prov
information on the range of energies of the cross secti
entering into the mobility calculations. The good comparis
between calculated and experimental mobilities for the i
in their parent gases provides a measure of confidence o
cross sections up to about 1 eV for Xe1 and up to about 4 eV
for Ne1 ~energies in the laboratory frame!.

D. Use of the local field approximation

When the energy gained by the ions in the electric field
locally balanced by energy lost in collisions, the ‘‘local field
approximation is said to apply, ions are in ‘‘equilibrium wit
the field,’’ and the ion mobilities in a given gas mixture a
functions of onlyE/N as we have assumed above. In th
section we address the question of when this approxima
is valid in Xe/Ne mixtures. According to momentum transf
theory, the exponential time constant,teq , describing the
approach of the ion drift velocity~or ion mobility! to its
equilibrium value, is@37#

~teq!
215vm8 5( Ni S Mi

m1Mi
DQm,i~« rel!v rel,i , ~13!

whereMi is the mass of the neutral background gas atomm
is the ion mass, and the sum is over all components in
mixture. Ni is the density of thei th component of the mix-
ture. The mass ratio factor comes about by considering
change in laboratory frame velocity of the ion as a result o
collision. That is, momentum exchange between heavy i
and low mass atoms is not efficient and a long time is

FIG. 5. Calculated Xe1 mean energy~laboratory frame! vs E/N
in pure Xe, pure Ne, and in the 5% and 20% Xe/Ne mixtures. T
open symbols are the mean energies calculated for Ne1 in pure
neon.
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quired for the heavy ion energy distribution to be in equili
rium with the local reduced field. Thus, the local field apro
mation is more questionable for Xe1 mobilities in pure neon
and in Xe/Ne mixtures with low concentrations of Xe.

To evaluate the equilibration distance of Xe1 mobility for
different conditions, we simulated drift tube experimen
with variable column depth~product of gas pressure and dri
distance!. The ions are introduced into the drift tube wit
zero initial velocity, and the details of the evolution, but n
the equilibration distance, depend on the initial conditio
The results of these calculations are summarized in Fig
where the equilibration distance is shown as a function
E/N for pure neon, and in 1%, 5%, and 10% Xe/Ne mi
tures. The equilibration distance was defined in the calcu
tions as the distance at which the ion mobility has reac
within 1/e of its final equilibrium~largepd) value. The most
evident trend is that the equilibration distance decreases
idly with increasing Xe concentration, mainly because of t
increasing collision frequency but also because momen
transfer is more efficient between particles of equal mass
slightly longer equilibration distance is required for high
E/N because the ion energies are higher and cross sec
lower. The experiments of Johnsen and Biondi@24# for Xe1

mobility in pure neon were carried out with a minimumpd
~product of pressure and distance! of 4.49 torr cm which
should assure equilibrium conditions.

In a glow discharge, the electric field is high at the ca
ode and decreases more or less linearly in the cathode fa
an abnormal dc glow discharge, the cathode fall thickn
depends on gas composition and composition of the surf
but can be 0.1 torr cm~or less at high current density!. Use of
a local field mobility for ion transport in its parent gas
generally suitable, but it is questionable for minority gas io
when the minority gas is present in small concentrations. T
cathode fall thickness in a plasma display panel cell is lar
than in a dc glow discharge because the voltage drops be
the sheath is fully formed. The sheath length in PDPs i
matrix geometry@1# at the time of the peak current is abo
0.8 torr cm for the typical conditions@3#, and E/N at the
cathode is 1000 to 1500 Td. We estimate that the local fi
mobility provides an adequate representation of the X1

e

FIG. 6. Equilibration column depth~in units of pressurex dis-
tance! for Xe1 mobility in pure Xe, pure Ne, and in Xe/Ne mixture
with 1% and 5% Xe.
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FIG. 7. Xe1 mobilities vsE/N in 5% and 20% Xe/Ne mixtures predicted from Blanc’s law and using the mixture rule of Mason
Hahn. Shown for comparison are Monte Carlo calculations of the Xe1 mobilities.
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transport in the sheath in PDPs in 10% Xe/Ne mixtures,
should be used with caution for xenon concentrations
than 5%.

V. MIXTURE RULES

Different mixture rules have been proposed to calcul
transport coefficients of ions in gas mixtures from a know
edge of the transport coefficients in each of the single p
components@2,4,37–39#. The best known of these is Blanc
law which states that the reciprocal of the ion mobility is
linear function of the fractional concentration of either co
stituent of the mixture. This is generally valid for very lo
fields ~thermal energies! or for the limiting case of constan
collision frequency for both gases at all energies. Some m
ture rules have been reviewed by Himoudi@40#. A systematic
evaluation of the different proposed mixture rules is outs
the scope of this paper, although it would be quite use
Since we are mainly interested in highE/N, we focus here
on the mixture rule of Mason and Hahn@4# which was de-
rived from momentum transfer theory for constant cross s
tion and for fields high enough that thermal energy of
neutral collision partner can be neglected.~See also Wheal-
ton et al. @38# for clarifications on the approximations use
in the derivation of this mixture rule.! This mixture rule can
be written as

1

~mN!mix
2 5(

i

xi

~mN! i
2 S m1Mmix

m1Mi
D 1/2

, ~14!

where Mmix is the weighted, average mass of the mixtu
expressed as

M̄mix5
( iv iM i

( iv i
with v i5

xi

~mN! i
S m

m1Mi
D 3/2

.

This mixture rule relates the inverse of the square of the
mobility in a gas mixture to a weighted average of the
verse squares of the ion mobilities in each of the pure ga

Results of predictions of Blanc’s law and the mixture ru
of Mason and Hahn are compared to Monte Carlo calcu
tions of Xe1 mobilities in 5% and 20% Xe/Ne mixtures i
Fig. 7. Not surprisingly, deviations from Blanc’s law increa
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with increasing field and are as high as 50% at 1000 Td
the 5% mixture. A much better prediction of the ion mobili
can be found from the mixture rule of Mason and Hah
which yields results in good agreement with the Monte Ca
results for Xe1 mobilities in 5% and 20% Xe/Ne mixture
for E/N greater than 200 Td.

We tested, although not systematically, the mixture rule
Milloy and Robson@37# in the form given by Whealtonet al.
@38# and in the form discussed by Iinumaet al. @39#. In the
former and for the cases tested, the differences between
Xe1 ion mobilities predicted using these mixture rules a
our calculated values increase with increasingE/N above
about 100 Td. Our preliminary calculations suggest a m
accurate result can be obtained using the form discusse
Iinumaet al.The interpretation of these results is outside t
scope of this paper, and our empirical conclusion is that
mixture rule of Mason and Hahn is to be preferred for i
mobilities in gas mixtures at highE/N (.100 Td) and when
symmetric charge transfer can occur.

A difficulty in using mixture rules is that data for ion drif
velocities in each of the pure gases is needed. For exam
while data for Xe1 in Xe are available over a wide range o
values ofE/N, the experimental data for Xe1 drifting in
pure neon is limited toE/N less than 140 Td. Therefore, it i
necessary to rely on theory for data at higherE/N using Eqs.
~12!, for example. From the measured values of Xe1 drift
velocities in pure xenon and the analytical form for the dr
velocity of Xe1 in pure neon, it is possible to deduce Xe1

drift velocities in Xe/Ne mixtures with a precision sufficien
for use in models of plasma display panels.

A. Ion mobilities in other XeÕNe mixtures

In Fig. 8 we show Xe1 and Ne1 mobilities vs E/N in
Xe/Ne mixtures containing 3% to 50% Xe calculated usi
the mixture rule of Mason and Hahn. These are our reco
mended data for use in PDP models.

B. Ion mobilities in Ar ÕNe mixtures

Ion mobilities in other rare gas mixtures are also of tec
nical interest. For example, models of cold-cathode fluor
cent lamps of the type used in display lighting require i
8-7
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FIG. 8. Reduced mobilities vsE/N in different Xe/Ne mixtures~% Xe in the mixture is indicated! for Xe1 ~left panel! and for Ne1 ~right
panel!.
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mobility data at high fields@41,42#. Ternary mixtures~Xe/Ar/
Ne! are used in flat, mercury-free fluorescent lamps for ba
lighting applications@43#. Also, rare gas mixtures other tha
Xe/Ne have been studied for the PDP application@1#. We
propose that the ion mobility data forE/N greater than abou
100 Td needed for modeling gas discharges in binary
gas mixtures can be deduced with adequate precision u
the Mason and Hahn mixture rule, data from the literature
ion mobilities in their parent gases, and from Eq.~12! above
for ion mobilities in other rare gases.

To test this hypothesis, we calculated ion mobilities
Ar/Ne mixtures using the Monte Carlo simulation, fro
Blanc’s law and from the mixture rule of Mason and Hah
The ion mobilities in Ar/Ne mixtures calculated with th
Monte Carlo simulation are shown in Fig. 9. The cross s
tions used in the Monte Carlo simulation for Ar1 scattering
with Ar are from Phelps@7#. The mobility of Ar1 in pure
argon calculated with these cross sections compares
well with available experimental data@44#. The Langevin
cross sections@Eq. ~3!# are used for Ar1 scattering with Ne
and for Ne1 scattering with Ar~with a polarizabilty of 11.11
a.u. for argon atoms@22#!. Thus, from Eq.~12!, we find a
reduced mobility of 1.7631022 m21 V21 s21 for Ar1 in
pure Ne and 0.87531022 m21 V21 s21 for Ne1 in pure Ar.

As shown above for Xe1 mobilities in Xe/Ne mixtures,
application of the Mason and Hahn mixture rule to ion m
bilities in Ar/Ne mixtures yields mobilities which compar
very well with the Monte Carlo results. The relative diffe
04640
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ng
r
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ence between the predictions of the Mason and Hahn’s m
ture rules and Blanc’s law are shown in Fig. 10 for Ar1 and
Ne1 mobilities in different Ar/Ne mixtures as indicated. Th
fractional differences using the Mason and Hahn mixtu
rule are somewhat less than those shown in the exampl
Xe/Ne mixtures above.

VI. CONCLUSIONS

A set of ion-neutral scattering cross sections has been
rived and used in a Monte Carlo simulation to calculate
mobilities of Xe1 and Ne1 in Xe/Ne gas mixtures. Good
agreement is found in the comparisons of calculated
measured mobilities for Xe1 in pure xenon and for Ne1 in
pure neon. Acceptable agreement is also found for Xe1 mo-
bilities in pure neon, although there appears to be a syst
atic increase in the difference withE/N. This acceptable to
good agreement shows the usefulness of the cross sec
presented here for calculations over the range of ener
relevant to our conditions (,1 eV for Xe1 in xenon and up
to about 4 eV for Ne1 in Ne!. We have shown that the
distance required for the Xe1 mobility to be in equilibrium
with the local value ofE/N is dependent mainly on the ga
mixture. While the local field approximation is valid for mix
tures with high xenon concentration, it is questionable
PDP conditions for mixtures containing small concentratio
~several percent or less! of xenon.

The impetus for this work was the need for ion mobili
FIG. 9. Calculated reduced mobilities of Ar1 ~left panel! and Ne1 ~right panel! in Ar/Ne mixtures as indicated on the figures.
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FIG. 10. Fractional difference between Ar1 ~left panel! and Ne1 ~right panel! mobilities predicted by the mixture rules of Blanc an
Mason and Hahn~M&H ! for the Ar/Ne mixtures as indicated in the legends.
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data in Xe/Ne mixtures for models of plasma display pan
PDPs. In the PDP application, the xenon concentrations v
from 3% to 20% Xe in Ne, and ion mobility are needed up
about 1500 Td. The results presented here provide a wa
checking the predictions of mixture rules, and we ha
shown above that acceptably accurate values of the Xe1 mo-
bilities in arbitrary mixtures of Xe/Ne and forE/N greater
than about 100 Td can be very simply obtained using
mixture rule proposed by Mason and Hahn. In order to
this mixture rule, ion mobility data in pure gases are need
These data are readily available only for ions in their par
rare gas. Lacking data for ion mobilities in rare gases ot
than their parent, these mobilities can be estimated using
C.

en

io
o
i

ic

04640
s,
ry

of
e

e
e
d.
t
r

he

form derived from a Langevin cross section and given in E
~12!.

Our recent experimental values of ion mobilities in Xe/N
mixtures agree well with the calculations at lowE/N where
the experiments are most accurate. These will be publis
separately.
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