PHYSICAL REVIEW E 68, 046408 (2003
lon mobilities in Xe/Ne and other rare-gas mixtures

D. Piscitellil A. V. Phelps? J. de Urquijc® E. Basurtd® and L. C. Pitchford
ICentre 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
SCentro de Ciencias Bicas, Universidad Nacional Automa de Mgico, Post Office Box 48-3, 62251,
80309-0440 Cuernavaca, Moreno, Mexico
“Departmento de Ciencias B&as, Universidad AGtmma Metropolitana, 02200 feo 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"and Né collisions with Xe and Ne atoms. lon 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 1500 102 V m?, in pure gases and in Xe/Ne mixtures containing 5% and 20% Xe/Ne, which are
mixtures of interest for plasma display pané&RDP3. The calculated X& mobilities depend strongly on the
mixture composition, but the Nemobility 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 loE/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 Hdlthys. 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 atElighin 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.
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I. INTRODUCTION ion mobility data, improvements are needed in the ion mo-
bility data to improve the accuracy of the models.
This motivation for the work reported here is to improve  In this paper we report Monte Carlo calculations of Xe
the data base for modeling glow discharge based devicednd Ne'" mobilities in pure gases and in 5% and 20% Xe/Ne
The ion mobility or drift velocity data needed for modeling Mixtures. The Xe and Ne" scattering cross sections used in

glow discharges in rare gas mixtures are not generally availnese calculations are also reported here. These Monte Carlo
Esults are used to evaluate ion mobilities determined from
I

able, nor are the ion-neutral scattering cross sections whic anc’s law and the mixture rule of Mason and HdH, the
icnciglris?ee duhS:r(:: \t,sitﬁag;ﬁ;er;&ﬁ?egﬁérvevieirgnpizrttLCeUIriril. tter of which is found to yield ion mobilities accurate to
within about 10% at highe/N. The Mason and Hahn mix-

. . ; ture rule is then used to generate ion mobility data in other
(PDP3 [1]. The electrical properties of glow discharges aréxe/Ne mixtures and in Ar/Ne mixtures. Predictions from the

determined to a large extent by the ion transport through thgyiyyre rule are within 10% of the Monte Carlo calculations
high field sheath in front of the cathode, and ion mobility j 4| Ar/Ne mixtures forE/N greater than 200 Td. We have
data as a function of the reduced field strend#N, the  chosen to use develop Monte Carlo technique for these stud-
ratio of the electric field to the gas density ratio, are needegkes, but an alternate approach would have been to use the
up to about 1500 Td (1 Fe10 ** vV m?) for PDP modeling, three-temperature theory as discussed, for example, in Ref.
for example. Where data for ion mobilities are not available[5].

Blanc's law[2] or other rough estimates have been usd We have measured ion mobilities in Xe/Ne mixtures, and
Because of the large uncertainty in other input data in thereliminary results were presented by de Urqujaal. [6].
models[1], notably in the secondary electron emission coef-Our more recent experimental results agree very well with
ficients, vy, for ions bombarding the MgO coating on the calculations at lowE/N where the experiments are more
dielectric surfaces in the case of PDP models, relatively littlereliable. A detailed analysis of the experiments in gas mix-
attention has been paid to the uncertainties in the ion mobiltures will be published separately.

ity data. In order that uncertainty in the ion mobility data not  This paper is organized as follows. A Monte Carlo simu-
be the dominant source of uncertainty in calculations of thdation is used to calculate the ion mobilities, and this is
electrical characteristics of PDPs, we estimate that these mayriefly described in Sec. Il. The cross section data are pre-
bility data must be accurate to some tens of percent. Asented in Sec. Ill, and results from the Monte Carlo calcula-
shown below, predictions from Blanc’s law exceed this tol-tion of the ion mobilities in Xe/Ne mixtures is shown in Sec.
erance. Thus, while it is not necessary to have very precisp/. In Sec. V we show comparisons of our Monte Carlo
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calculations with predictions from mixture rules for Xe/Ne cathode for each ion. The drift velocity in this latter case is
and for Ar/Ne mixtures. Conclusions are given in Sec. VI. the drift distance divided by the average of the ion transit
times. Provided the ion drift velocity is in equilibrium with
the electric field, these drift velocities are equal. We return to
the question of equilibrium below in Sec. IV.

The ion mobilities, or more precisely, the ion drift veloci-  \We report our Monte Carlo results in terms of the reduced
tiesv, are determined from a Monte Carlo simulation of theion mobility «N, which is determined from the drift velocity
motion of ions between two infinite, parallel electrodes,vq as follows:
separated by a distanakacross which a voltag¥ is ap-
plied. The volume between the electrodes is filled with a
binary gas mixture, and the number densities of the two neu-

| i N ively. Th | n- . S
tral species arél; andN,, respectively. The total gas de %ye use Sl units for the reduced mobility, i.e.; iV " 1s™ 1,

II. CALCULATION OF ION MOBILITIES

Ud

sity is N. lons of each gas species are considered and the L L .
are subjected to the combined influence of a uniform electri nd the reduced electric field strendthN is in units of Td

— 21 2
field or strengtle and collisions with the neutral background Townsend where 1 Td=10" vm~.
gas. We suppose that the neutral background gas temperature
is 300 K. The ions undergo collisions with the neutrals, and !l- ION-NEUTRAL SCATTERING CROSS SECTIONS
the angular scattering in the center of mass reference frame is o, the purpose of a Monte Carlo calculation, it is conve-

modeled as the sum of isotropic and backward-scatterelient to approximate the true, but unknown, differential elas-
componentgsee Sec. Ill. As has been pointed out by Phelps ¢ scattering cross sectidige, 6) of an ion colliding with its
[7], this way of representing the differential scattering CroS$harent atom as the sum of an isotrofiitthe center-of-mass

section is consistent with measured charge transfer cross SefFéme componenD;..(¢) and a backward scattered compo-
tions and previously measured ion mobilities, and it is conyent(y, () 180

venient for use in Monte Carlo simulations.
Our Monte Carlo simulation is standard. lons are injected I(e,0)~Qiso(€)/4m+Qp(e) 80— m)[2mrsing,  (2)
at the anode with zero initial velocity and their motion be-
tween collisions in a uniform electric field is determined by wheree is the relative energyd is the scattering angle in the
Newton’s equations of motion. The time between collisionscenter-of-mass reference frame, ahid the Dirac delta func-
is determined using the null collision techniqi8d. When a  tion. The diffusion cross sectioQq in our scattering model
collision takes place, the nature of the collision is determined7] is given byQ4= Qiso+2Q} . In the absence of inelastic
by comparing a random number to the cumulative sum of theollisions, the momentum transfer cross sect®@g is the
collision frequencies normalized to totédum of real and same as)y. The effect of inelastic collisions on the respec-
null) collision frequency. For each ion species there are foutive definitions is discussed in Réfl1].
possible results of a collision; null collision, isotropic scat-  This form for the differential scattering in E@2) is an
tering with the parent gas atom, backscattering with the parapproximation, and the differential cross sections proposed
ent gas atom, or isotropic scattering from the second atorin this section are interim recommendations pending the
species in the mixture. If the collision is null, the ions con- availability of more accurate dafa2].
tinue their trajectories as if nothing had happened. For back- The cross sections used for calculating the mobilities of
scatter collisions, the ion velocity in the laboratory frameXe* and N& are shown in Figs. 1 and 2, respectivéNote
after the collision is the same as that of the neutral collisiorthat the range of energies shown in these figures is far larger
partner before the collision (180° scattering in the center othan needed for calculations of mobilities but may be useful
mass framg For isotropic collisions, the direction of the ion in other context3.These are plotted against the ion energy in
velocity vector in the center of mass reference frame is ranthe laboratory system so as make more obvious the similari-
domized. Hagelada9] has emphasized that the direction of ties and differences in cross sections for ions of a given
the center of mass ion velocity after an isotropic collisionenergy moving through the mixture. That is, for the ion en-
can be determined simply by selecting random angles fronergies significantly above thermal which are of greatest in-
distributions uniform in the azimuthal angle and in the cosineterest in this paper, plots of cross sections versus laboratory
of the polar angle. energy allow one to compare the relative importance of col-
The ion drift velocity was determined in two different lisions of a given ion with various target atoms without mak-
ways. First, we follow one ion through a very long drift ing transformations of energy between laboratory and center-
distance, dividing the distance into uniform segments ofor-mass frames. For use in a Monte Carlo simulation,
lengthdx and calculating the drift velocity through each seg- however, it is convenient to have analytical expressions for
ment as the ratio ofix to the transit timedt through the the cross sections as functions of relative energy, and these
segment. The ion drift velocity is then calculated as the avare given below. Recall that the relative energy is equal to
erage drift velocity through a large number of segments. Théhe ion energy in the laboratory frame multiplied by the ratio
product of the gas pressure and the gap spagdgjs sev-  of the target atom mass to the sum of the target atom and the
eral torrcm. Second, we simulated the drift tube experimentf®n masses, if we assume the target atom is at rest. That is,
of Basurtoet al. [10] releasing a large number of iofisev-  the relative energy of the collision partners is one-half the
eral 1000 from the anode and noting the transit time to theion energy in the laboratory frame for ions moving in their
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1017 r r v v v ward scattered componefl}, and at energies above about
v 500 eV is obtained by fitting a smooth curve to measured
Xe/Xe: Qq = QgolXe) + 20, symmetric charge transfer cross sectiph3—18. Such col-
lisions are elastic because there is no change in internal en-
ergy of the particles. The long-dashed curve is the isotropic
componen;,, for elastic collisions of X& with Xe. At low
energies, the ion scattering is conventionally assumed to be
isotropic and equal to the Langevin cross secfib®l, which
can be expressed as

()

®

10

Cross section (m?)
2
o

Xe*/Ne: Q4= Q. (Ne)

1020 L L L
102 10" 10° 10t 102 108 10t wheres is the collision energy, i.e., the relative energy of the

Laboratory ion energy (eV) colliding particles in the center-of-mass reference framis,

FIG. 1. Cross sections for elastic scattering of Xgith Xe and the pOIarlzablhty N ato”?'c units ao, ao .IS the Bohr radius,
with Ne versus ion energy in the laboratory reference frame. Th€'lnd RY is the Rydberg_ in the same um_tszot_e tf:gt the
short-dashed curve is the backward scattered component and tﬁ'é’mer'cal C_oel:flmen‘t‘s n E,qS)" are consistent V\,”th Isotro-
long-dashed curve is the isotropic component for elastic collisiond'® scgtterlng or .sp|raI|ng collisions version of the
of Xe™ with Xe. The upper and lower solid curves are the diffusion La&ngevin cross sectiof20]. . . .
cross section for Xe with Xe and Ne, respectively, in this scatter- ~ Because of the lack of information regarding the effective
ing model. The points show experimental data. The symbols anéSOtropic component o, at energies above roughly 0.1 eV,
references are as followst, Ref.[13]; ¥, Ref.[14]; », Ref.[16]: we set it equal to the Langevin cross section at all energies.
A, Ref.[14]; O, Ref.[24]; ¢, Ref.[17]; W, Ref.[21]; and %, Ref. ~ Next, the backward scattering cross section is adjusted so
[18]. that the diffusion cross section passes through the cross sec-

tions derived from measurements of the mobility of X

parent gas. For Xein Ne, the relative energy is 0.13 times Xe at laboratory energies from 0.3 to 5 ¢¥1]. Finally, the
the Xe" energy in the laboratory frame and for Nén Xe, ~ backward scattering component at energies below 0.3 eV is
the factor is 0.87. adjusted so that the diffusion cross section approaches the
isotropic cross section smoothly. Note that according to the
model presented here the differential cross section for
Xe"-Xe scattering becomes isotropic at these low energies

The cross sections for elastic scattering of Xens with  and the backward scattering peak used to experimentally de-
Xe are shown in Fig. 1. The short-dashed curve is the backermine symmetric charge transfer cross sections at low en-

ergies becomes too small to be measuidd

107 y y y y y Analytical expressions for the XeXe cross sections are
Ne}Xe: Qq = Qg (Xe)

\\ QLangminZZWag(aRy/S)o'Sv )

A. Xe% in xenon and neon

Q,=3.6x10 91+ (£/0.1)%]°%%43[1+ (0.09£)13)/[1

Ne*/Ne: Q, = Q(Ne) + 2Q, + (8/100()0.25] (4)

o
10-13 S0’

and usinga=27.2 a.u[22] in Eq. (3),

-

......
-

-

Qiso=3.39x 10 1905 (5)

1010F

Cross section (m?)

wherece is the collision energy in eV, i.e., the relative energy

of the colliding particles in the center-of-mass reference

frame. Note that the backward scattering cross sections given

by Eg. (3) for energies above 100 eV are 20% to 30%

smaller that the values for charge transfer recommended by
FIG. 2. Cross sections for elastic scattering of Neith Xe and ~ Sakabe and Izawi23].

with Ne versus ion energy in the laboratory reference frame. The In the absence of more detailed information, the cross

isotropic and backscatter components of the*NNe scattering ~ Section for elastic scattering of Xeions with Ne shown in

cross section are indicated by the long-dash and the short-dadfig. 1 is taken equal to the Langevin cross section,(Bqat

lines, respectively The solid lines labeled MXe and Né/Ne are  all energies and is assumed to be isotroide (= Q). With

the diffusion cross sections for target Xe or Ne atoms as indicatedy .= 2.67 a.u.[22] in Eq. (3), the analytical expression for

and the solid curves labeled “Cohen” are from the quantum me-the Xe'-Ne cross section is

chanical calculations of Ref28]. Cross sections for asymmetric

charge transfer from Neto Xe* are shown in the curve labeled Qiso=Qg=1.059< 10 1905, (6)

Qct. The symbols are measured values of charge transfer and diffu-

sion cross sections and references are as follows: « [R4f. »,  As shown in Fig. 1, this assumed cross section leads to

Ref.[25]; B, Ref.[30]; ¥, Ref.[15]; and ¢, Ref.[27]. agreement with diffusion cross sections derived from pub-

1 0-20
102 10! 100 10! 102 108 104
Laboratory ion energy (eV)
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lished mobilities for Xé in Ne at energiesin the laboratory o o o
frame from 0.3 to 2 eV[24]. The fact that the diffusion  —~
cross section for Xeé in Ne is much smaller than that for = pure Neon
Xe" in Xe at energies interest for mobility calculations, i.e., - ARl — g
0.01 to 10 eV, leads to a strong dependence of thé Xe &E 104 " "=—nu .
mobility on the mixture composition for low concentrations g \-\_ 5%Xe/Ne
of xenon, as will be seen below. = ""'\.\_ \'\_\.
= 20%Xe/Ne \.\. N
B. Ne* in neon and xenon g \'\_
n —n—mp ~u
Cross sections for elastic scattering of ‘Niens with Ne 3 H-D-'D‘ﬂ'-‘d'-% T
and Xe are shown in Fig. 2. For elastic collisions of Ne é 14 pure Xenon ﬁ._%% E
with Ne, the short-dashed curve is the backward scatterec R %»u% ]
component and the long-dashed curve is the isotropic com- T A A "
ponent. The solid curve labeled NéNe is the diffusion 10 100 1000
cross section for Newith Ne in this scattering model. These E/N (Td)

curves were obtained by fitting the experimental charge
transfer cross sectiofil3,15-17,25,2band mobility-based
diffusion cross section datf27] using the procedure dis- .

cussed above for XeXe collisions. The curves labeled COMPared to experimental resulispen symbols of Larsen and
“Cohen” are theoretical results from Cohen and Schneider’sﬁgg:]d [21] i pure xenon and of Johnsen and Biof4] in pure
guantum mechanical calculation of the diffusion and charge- "~
transfer cross sectiofi28]. It will be noted that ouQ,, curve o
drops below the theoretical and experimental charge transfdro’ completeness we also show in Fig. 2 the measured cross
cross sections at energies near 10 eV because the cross segction for the transfer of charge from Nﬁo Xe (30,31.

tions represent different aspects of the collision. Our cros&§/PPer limits to this cross section of<110™~" m” at an av-
sections for collisions of Newith Ne have the same general €rage energy of 0.026 eV have been obtained from flowing
behavior as those of Jovanowit al. [29], but differ signifi-  afterglow experiment$32], while swarm experiments yield
cantly in detail. an upper limit of 2< 10~ 2* m? at average laboratory energies

Analytical expressions for the NeNe cross sections as a from 0.04 to 0.1 e\(33]. Afit to this data shown by the solid

FIG. 3. Calculatedsolid symbol$ mobility of Xe™ vs E/N in
pure neon, in pure xenon, and in 5% and 20% Xe/Ne mixtures

function of relative energy are curve is
_ — 19, . 0.15 0.3
Qo=2.8<10"He"(1+0.8k) @ Qu=5X10"2(s—2.5/[1+(s/10°5. (10
and from Eq.(3) with «=2.67 a.u[22], ) ) . )
The measured maximum cross section for" Xeformation
not shown is about an order of magnitude smaller and
Qieo=1.059% 10~ 1905 ® u g

peaks at 40 e\30].

Charge transfer from Neto Xe* or Xe™* is neglected in
Because of our use of center-of-mass enerdigs, is the  our Monte Carlo calculations of the ion mobilities because
same as for X&-Xe collisions. Again, the charge transfer numerical tests show that it is not important for the condi-
cross sections given by E) for energies above 100 eV are tions reported here.

20% to 30% smaller that the values recommended by Sakabe
and lzawag 23].

The cross section for elastic scattering of Neith Xe is V- CALCULATED ION MOBILITIES IN Xe

/Ne MIXTURES

analogous to what we use for Xescattering with Ne. That
is, the cross section for elastic scattering of‘Neith Xe

In this section we present results of Xamobilities in
pure Xe and Ne and in 5% and 20% Xe/Ne mixtures. We

shown by the solid curve in Fig. 2 is taken equal to thegisg present calculated Kemobilities in pure Ne and in the

Langevin cross section at all energies and is assumed to bg,

isotropic Qiso=Qg). The fact that the diffusion cross sec-
tion for Ne” in Xe is approximately the same as that for'Ne
in Ne at ion energies of interest for mobility calculations,

e.g., at laboratory energies near 0.3 eV, is manifested in the

results below as a relative insensitivity of the Nmobility
to the mixture composition.

An analytical expression for the NeXe cross section as
a function of relative energy is

Qiso=Qq=3.39x 101922 9)

% Xe/Ne mixtures. These gas mixtures were chosen be-
cause of their relevance to PDPs.

A. Xet mobility in Xe/Ne mixtures

In Fig. 3 we show the X& mobilities calculated in pure
xenon, in pure neon, and in 5% and 20% Xe/Ne mixtures.
For comparison, the experimental poiritgoen symbols in
the figure from Larsen and Elford21] for Xe" in pure
xenon at 294 K and for Xein pure neon from Johnsen and
Biondi [24] at 300 K are also shown in the figure. In pure
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xenon, there is very good agreement over the full range of T AL A
E/N between our calculations and the measurements of
Larsen an+d Elford. N _ : ] pure Neon

The Xe" mobility is very sensitive to the concentration of \

Xe in the mixture, especially for small concentrations of Xe- 104 o—o® -
and for the higher values d&/N. This sensitivity is due ] Mﬂ.ﬂ\“i ]
mainly to the large diffusion cross section for Xecattering ] / %‘N ]
with Xe as compared to that with Ne. The cross section ratio : ] . m 1
from Fig. 1 is 7:1 at 0.1 eV and 16:1 at 1 eV. The only ] 20%Xe/Ne ]
experimental data available in the mixtures was reported in a
preliminary form by de Urquijeet al. [6]. Comparisons with
our more recent experimental results range from good to
very good at lowE/N and fair forE/N greater than 200 Td.
These results will be published separately along with a de- "'i'o A 160 o "1'(')'00
tailed description of the two systems used for these measure

ments, the analytical procedures, and a discussion as to th: E/N (Td)

agreement and differences between the present calculations

and the measurements.

The experimental data for Xemobility in pure neon are
limited to E/N less than 140 Td. Calculations compare well
with experimental results at lo&/N. The agreement is ac-
ceptable up to 140 Td, but the trend in the experiments is fof]
the mobility to decrease somewhat wiliiN. Because the
collision frequencyr, used in the calculations for Xecol-
lisions with neon is independent of enerigee Eq(6)], the
calculated mobility is independent B/N. An exact analyti- B. Net mobility in pure neon and in Xe/Ne mixtures
cal expression for the mobility can be obtained from momen-
tum transfer theory22],

lity (10°'m™'s™v

o
0,
Og

Reduced mob

FIG. 4. Calculated mobility of N& vs E/N in pure neon(l)
and 20% Xe/Ne mixturesk) compared to experimental results)
of Hegerberget al.[36] for Ne™ mobilities in pure Ne at 293 K.

ovanovicet al.[29] who conclude that anistropic scattering
as little effect on the calculated mobilitput a large effect
on the perpendicular diffusion coefficignt

The calculated N& mobilities in pure neon and in the
20% Xe/Ne mixture are shown in Fig. 4. For comparison,
e ( V)—l Ne* mobilities in pure neon at 293 K measured by Heger-

uN= Mol N (11) berget al. [36] are shown as open symbols, and the calcu-
R

lated values of the mobility are in excellent agreement with
these experimental results and with the recent measurement

This can also be written 484, of Basurtoet al. [10] (not shown in the figure As was an-

uN=35.9< 10" %X (6.95/27) X 2.69 ticipated above on the basis of the cross sections used in the
calculations, the N& mobilities are not very sensitive to the
X10%(aM )% m 1V ist (12 mixture composition for xenon concentrations up to 20%.

o ) The calculated N& mobilities in the 5% Xe/Ne mixture are
where the reduced mad$, is in units of the proton mass 4imost indistinguishable from the results in pure neon and
and the atomic polarizability in atomic units. Note that the 5y therefore not shown in the figure. In the 20% Xe/Ne
factor (6.95/2r) multiplies the conventional expression for mivire. the N& mobility is slightly less than that in pure
the ion mobility in order to take into account our use of the yaon at lowE/N and very slightly higher at hig/N. The
spiraling version of the polarization cross section rather thaf,, E/N decrease is due to fact that the momentum transfer
the “rigid core” version used in conventional mobility for- panveen N& and Xe at low ion energy more than compen-
mulas. See Table 5-5-1 of Ref22] and Sec. D of  gyteq for the reduced number of Neith Ne. At higher ion
Ref. [35]2' ]’Peipuinfencal +vglue from Eq.(12) energies, momentum transfer between N@d Xe no longer
1.56< 102 m *V~*s " for Xe" in pure neon. compensates for the reduced number of Mellisions with

The Increasing d_|fferenc_e between calcu!ated and MeXe pecause the NéXe diffusion cross section decreases
sured mobility with increasing=/N suggests in pure neon i ion energy.

that the diffusion cross section for Xecollisions with Ne
should be modified for high ion energies. However, the avail-
able mobility data are not sufficient to propose a better cross
section for Xé& collisions with Ne at this point. The range of Xé energies relevant to the calculation of
We have confirmed that anisotropy in the scattering crosghe ion mobilities reported here varies considerably with gas
sections has no effect on the calculated ion mobility providednixture. In Fig. 5 we show the calculated mean eneligy
the momentum transfer cross section is constant. This resute laboratory frameof Xe™ in pure xenon and in the 5%
is anticipated from momentum transfer theory, which showsand 20% mixtures v&/N. A small increase in the percent-
that the ion mobilities depend only on the momentum transage of Xe in the mixture leads to a significant change in the
fer cross section and not on the assumed angular distributiomean energy of X&, as well as in the mobility as seen
[22]. This result is also consistent with the conclusions ofabove. For comparison the mean energies of Ne pure

C. Mean ion energies

046408-5



PISCITELLI et al. PHYSICAL REVIEW E 68, 046408 (2003

T |/- ’g‘ T T

1004 pure Ne " i 5 100 +i . E
_ \ . i/ E Xe*in puﬁNle/
2 " 5%XelNe a " .
s . N— 8 T e e
o 10 / u 4 e 10714 - — o
2 /' s 20%XeMe _ E - .

/ —
@ — ——— 8 . . " 5%Xe/Ne
5 " 5/ \ 5 1x1024 3
E 1w (Ne*inpureNe) . 3 B
- /l e +

JQ U/ . ~ = Xe |n.pure Xe TR

o1 —n pure Xe g 1x1034 — ]

14 o . . . 3 100 1000
0 500 1000 1500 E/N (Td)
E/N (Td)

FIG. 6. Equilibration column deptftin units of pressurex dis-
FIG. 5. Calculated Xé mean energylaboratory framgvs E/N  tance for Xe™ mobility in pure Xe, pure Ne, and in Xe/Ne mixtures
in pure Xe, pure Ne, and in the 5% and 20% Xe/Ne mixtures. Theyith 1% and 5% Xe.
open symbols are the mean energies calculated for Nepure

neon. quired for the heavy ion energy distribution to be in equilib-

neon are also shown in the figure. The presence of 5% dfum with the local reduced field. Thus, the local field aproxi-
20% Xe in a Xe/Ne mixture has relatively little effect on the Mation is more questionable for Xemobnmeg; In pure neon
mean energy of the Ne That is, at 1000 Td the mean en- @nd in Xe/Ne mixtures with low concentrations of Xe.
ergy of Ne' in 20% Xe/Ne is only 17% higher than that in 10 evaluate the equilibration distance of Xenobility for
the pure neon. Recall that the gas temperature in our calcélifferent conditions, we simulated drift tube experiments
lations is 300 K, and this finite gas temperature has an influwith variable column deptfproduct of gas pressure and drift
ence on the ion mean energy only for the lowest mean enegistance. The ions are introduced into the drift tube with
gies(low E/N, pure xenoh zero initial velocity, and the details of the evolution, but not
The calculations show that the ion energy distributionthe equilibration distance, depend on the initial conditions.
functions over the range of conditions in Fig. 5 are almosfThe results of these calculations are summarized in Fig. 6
Maxwellian, and hence the mean energies in Fig. 5 providevhere the equilibration distance is shown as a function of
information on the range of energies of the cross sectiong/N for pure neon, and in 1%, 5%, and 10% Xe/Ne mix-
entering into the mobility calculations. The good comparisonyres. The equilibration distance was defined in the calcula-
between calculated and experimental mobilities for the iOﬂ%ionS as the distance at which the ion m0b|||ty has reached
in their parent gases provides a measure of confidence of thgithin 1/e of its final equilibrium(largepd) value. The most
Cross iectlons up to about 1 eV for Xend up to about 4 eV gyident trend is that the equilibration distance decreases rap-
for Ne™ (energies in the laboratory frame idly with increasing Xe concentration, mainly because of the
increasing collision frequency but also because momentum
D. Use of the local field approximation transfer is more efficient between particles of equal mass. A
When the energy gained by the ions in the electric field isslightly longer equilibration distance is required for higher
locally balanced by energy lost in collisions, the “local field” E/N because the ion energies are higher and cross sections
approximation is said to apply, ions are in “equilibrium with lower. The experiments of Johnsen and Biof#] for Xe™
the field,” and the ion mobilities in a given gas mixture are mobility in pure neon were carried out with a minimyma
functions of onlyE/N as we have assumed above. In this(product of pressure and distancef 4.49 torrcm which
section we address the gquestion of when this approximatioshould assure equilibrium conditions.
is valid in Xe/Ne mixtures. According to momentum transfer  In a glow discharge, the electric field is high at the cath-
theory, the exponential time constant,,, describing the ode and decreases more or less linearly in the cathode fall. In
approach of the ion drift velocityor ion mobility) to its  an abnormal dc glow discharge, the cathode fall thickness
equilibrium value, i37] depends on gas composition and composition of the surface,
but can be 0.1 torr crfor less at high current densjtyJse of
(13) a local field mobility for ion transport in its parent gas is
generally suitable, but it is questionable for minority gas ions
when the minority gas is present in small concentrations. The
whereM; is the mass of the neutral background gas atmm, cathode fall thickness in a plasma display panel cell is larger
is the ion mass, and the sum is over all components in théhan in a dc glow discharge because the voltage drops before
mixture. N; is the density of theéth component of the mix- the sheath is fully formed. The sheath length in PDPs in a
ture. The mass ratio factor comes about by considering thenatrix geometryf 1] at the time of the peak current is about
change in laboratory frame velocity of the ion as a result of &.8 torrcm for the typical conditiong3], and E/N at the
collision. That is, momentum exchange between heavy ionsathode is 1000 to 1500 Td. We estimate that the local field
and low mass atoms is not efficient and a long time is remobility provides an adequate representation of the” Xe

M;
m+ M;

(Teq)_lzvr’nzg N; Qm,i(srel)vrel,ia
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FIG. 7. Xe" mobilities vsE/N in 5% and 20% Xe/Ne mixtures predicted from Blanc’s law and using the mixture rule of Mason and
Hahn. Shown for comparison are Monte Carlo calculations of the Xebilities.

transport in the sheath in PDPs in 10% Xe/Ne mixtures, butvith increasing field and are as high as 50% at 1000 Td in
should be used with caution for xenon concentrations lesthe 5% mixture. A much better prediction of the ion mobility
than 5%. can be found from the mixture rule of Mason and Hahn,
which yields results in good agreement with the Monte Carlo
V. MIXTURE RULES results for X& mobilities in 5% and 20% Xe/Ne mixtures
for E/N greater than 200 Td.

Different mixture rules have been proposed to calculate \ve tested, although not systematically, the mixture rule of
transport coefficients of ions in gas mixtures from a knowI—Mmoy and Robsor{37] in the form given by Whealtoet al.
edge of the transport coefficients in each of the single pure3g] and in the form discussed by linune al. [39]. In the
component$2,4,37-39. The best known of these is Blanc’s former and for the cases tested, the differences between the
law which states that the reciprocal of the ion mobility is axe* jon mobilities predicted using these mixture rules and
linear function of the fractional concentration of either con-gyr calculated values increase with increasiN above
fields (thermal energigsor for the limiting case of constant accurate result can be obtained using the form discussed by
collision frequency for both gases at all energies. Some MiXfinymaet al. The interpretation of these results is outside the
ture rules have been reviewed by Himo{sd]. A systematic  scope of this paper, and our empirical conclusion is that the
eVaantion Of the diﬁerent proposed miXture rUIeS iS Outsid%ixture ru|e of Mason and Hahn is to be preferred for ion

the scope of this paper, although it would be quite usefulmopjiities in gas mixtures at hig/N (>100 Td) and when
Since we are mainly interested in h|@1N, we focus here Symmetric Charge transfer can occur.

on the mixture rule of Mason and Haffd] which was de- A difficulty in using mixture rules is that data for ion drift
rived from momentum transfer theory for constant cross secye|ocities in each of the pure gases is needed. For example,
tion and for fields high enough that thermal energy of theyhijle data for X& in Xe are available over a wide range of
neutral collision partner can be neglectéBiee also Wheal- ygjyes of E/N, the experimental data for Xedrifting in

ton et al. [38] for clarifications on the approximations used pure neon is limited t&/N less than 140 Td. Therefore, it is

in the derivation of this mixture ruleThis mixture rule can necessary to rely on theory for data at higéN using Egs.

be written as (12), for example. From the measured values of" Xdrift

12 velocities in pure xenon and the analytical form for the drift

1 = Xi_ [ M+ Mmix (14) velocity of Xe" in pure neon, it is possible to deduce Xe
(uN)Z i 5 (uN)? | m+M, ’ drift velocities in Xe/Ne mixtures with a precision sufficient

for use in models of plasma display panels.
where M ,,ix is the weighted, average mass of the mixture

expressed as
A. lon mobilities in other Xe/Ne mixtures

In Fig. 8 we show Xé and Né mobilities vsE/N in
Xe/Ne mixtures containing 3% to 50% Xe calculated using
the mixture rule of Mason and Hahn. These are our recom-

ended data for use in PDP models.

m 3/2

m+ M;

v _ZjoiM; th o
M S T T ),

This mixture rule relates the inverse of the square of the io
mobility in a gas mixture to a weighted average of the in-
verse squares of the ion mobilities in each of the pure gases. L :

Results of predictions of Blanc’s law and the mixture rule B. lon mobilities in Ar/Ne mixtures
of Mason and Hahn are compared to Monte Carlo calcula- lon mobilities in other rare gas mixtures are also of tech-
tions of Xe" mobilities in 5% and 20% Xe/Ne mixtures in nical interest. For example, models of cold-cathode fluores-
Fig. 7. Not surprisingly, deviations from Blanc’s law increasecent lamps of the type used in display lighting require ion
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FIG. 8. Reduced mobilities V&/N in different Xe/Ne mixture$% Xe in the mixture is indicatedor Xe™* (left pane) and for N& (right
pane).

mobility data at high field§41,42. Ternary mixturegXe/Ar/  ence between the predictions of the Mason and Hahn’s mix-
Ne) are used in flat, mercury-free fluorescent lamps for backture rules and Blanc’s law are shown in Fig. 10 for"Aand
lighting applicationg43]. Also, rare gas mixtures other than Ne" mobilities in different Ar/Ne mixtures as indicated. The
Xe/Ne have been studied for the PDP applicatith We  fractional differences using the Mason and Hahn mixture
propose that the ion mobility data f&/N greater than about ryle are somewhat less than those shown in the example of
100 Td needed for modeling gas discharges in binary rarge/Ne mixtures above.

gas mixtures can be deduced with adequate precision using
the Mason and Hahn mixture rule, data from the literature for
ion mobilities in their parent gases, and from EtR) above

for ion mobilities in other rare gases. A set of ion-neutral scattering cross sections has been de-

To test this hypothesis, we calculated ion mobilities inrived and used in a Monte Carlo simulation to calculate the
Ar/Ne mixtures using the Monte Carlo simulation, from mobilities of Xe" and N€ in Xe/Ne gas mixtures. Good
Blanc's law and from the mixture rule of Mason and Hahn.agreement is found in the comparisons of calculated and
The ion mobilities in Ar/Ne mixtures calculated with the measured mobilities for Xein pure xenon and for Nein
Monte Carlo simulation are shown in Fig. 9. The cross secpure neon. Acceptable agreement is also found fof Xeo-
tions used in the Monte Carlo simulation for Ascattering  bilities in pure neon, although there appears to be a system-
with Ar are from Phelpg7]. The mobility of Art in pure atic increase in the difference wi/N. This acceptable to
argon calculated with these cross sections compares vegood agreement shows the usefulness of the cross sections
well with available experimental dafal4]. The Langevin presented here for calculations over the range of energies
cross section§Eq. (3)] are used for Af scattering with Ne  relevant to our conditions<(1 eV for Xe" in xenon and up
and for N&" scattering with Ar(with a polarizabilty of 11.11 to about 4 eV for Né& in Ne). We have shown that the
a.u. for argon atom§22]). Thus, from Eq.(12), we find a  distance required for the Xemobility to be in equilibrium
reduced mobility of 1.7810%m 1V ~1s! for Ar" in  with the local value ofE/N is dependent mainly on the gas
pure Ne and 0.87810? m 1V ~1s ! for Ne" in pure Ar.  mixture. While the local field approximation is valid for mix-

As shown above for Xé mobilities in Xe/Ne mixtures, tures with high xenon concentration, it is questionable for
application of the Mason and Hahn mixture rule to ion mo-PDP conditions for mixtures containing small concentrations
bilities in Ar/Ne mixtures yields mobilities which compare (several percent or lessf xenon.
very well with the Monte Carlo results. The relative differ-  The impetus for this work was the need for ion mobility

VI. CONCLUSIONS

v v v v
—.z Ar"in pure Neon >
X 4 ’ o
o ~— €
N 1o —— ‘\ 5% 9r/Ne i % 104 Ne'in pure Argon ]
~ v = | —t————d———q—a——
z \v\,\'\'\ 0\‘“\‘\ < 1§i§t§3::\0 — 25% Ar/Ne
= . £ L Ny S
‘g’ 25% ANe = v 3 /-\,if:t:\’\’
£ —— v, £ 50% Ar/Ne e
8 — _— ~y ~e
] e . § Ne* in pure Neon
. p=1
§ Ar'inpure Argon %~ 3
14 5 c 14 -
v \J v \J
100 1000 100 1000
E/N (Td) E/N (Td)

FIG. 9. Calculated reduced mobilities of Afleft pane) and N€& (right pane) in Ar/Ne mixtures as indicated on the figures.
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FIG. 10. Fractional difference between ‘Afleft pane) and N€& (right pane] mobilities predicted by the mixture rules of Blanc and
Mason and HahiM&H ) for the Ar/Ne mixtures as indicated in the legends.

data in Xe/Ne mixtures for models of plasma display panelsform derived from a Langevin cross section and given in Eq.
PDPs. In the PDP application, the xenon concentrations vargl2).

from 3% to 20% Xe in Ne, and ion mobility are needed up to  Our recent experimental values of ion mobilities in Xe/Ne
about 1500 Td. The results presented here provide a way a@nixtures agree well with the calculations at I&/N where
checking the predictions of mixture rules, and we havethe experiments are most accurate. These will be published
shown above that acceptably accurate values of tiere- ~ Separately.
bilities in arbitrary mixtures of Xe/Ne and fde/N greater

than about 100 Td can be very simply obtained using the

mixture rule proposed by Mason and Hahn. In order to use D.P. and L.C.P. would like to acknowledge partial support
this mixture rule, ion mobility data in pure gases are neededof this work through the French Ministry of Research. Many
These data are readily available only for ions in their parentiseful discussions with J.P. Boeuf and G. Hagelaar are also
rare gas. Lacking data for ion mobilities in rare gases othegratefully acknowledged. A.V.P. thanks L.A. Viehland for
than their parent, these mobilities can be estimated using theelpful correspondence.
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