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The measurement of the mobility of $Fn the mixtures SE-Ar and Sk-Xe is reported over the density-
reduced electric field strengtB/N 1-180 Td (1 Townsene&1017V cm?), from a time-resolved pulsed
Townsend technique. Simultaneously, the mobility of SiA the same binary mixtures has been calculated
from a set of collision cross sections for SAr, SK;™-Xe, and Sk -SF; using a Monte Carlo simulation
procedure for ion transport. The good agreement between measured and calculated mobilities in these gas
mixtures has led us to conclude that the validation of our cross section sets is confirmed. The elastic collision
cross section, a predominant process for ion energies lower than about 10 eV, was determined from a semi-
classical IWKB approximation using a rigid core potential model for the ion-neutral systems under consider-
ation. This elastic cross section was then added to several other inelastic collision cross sections found in the
literature for ion conversion, electron detachment of Sthd charge transfer. Moreover, the calculations of the
mobility and the ratios of the transverse and longitudinal diffusion coefficients to the mobility were extended
into a much wideiE/N range from 1 to 4000 Td. Additionally, we have also calculated the energy distribution
functions and the reaction coefficients for ion conversion and electron detachment. Finally, we have shown that
the range of validity for the calculation of the mobility in gas mixtures from Blanc’s law is only valid for the
low E/N region, where the interaction is dominated by elastic collisions and the ion distribution function
remains essentially Maxwellian.
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I. INTRODUCTION and some specific gas mixturesee, e.9.,8,9]). On the other

Gas mixtures involving sulfur hexafluoridésk,) are nand, for the case of ion interactions with gSEhe only

commonly used in numerous applications such as high voIt‘:’“’a"?.ble Cross zectl%n_s in the tllk:eratulred_for%SFthe_mngc:ar
age engineering, plasma processing rare gas-halide excim%?ga ive ion produced in a nonthermal discharge ig)
those concerning the inelastic processes of electron detach-

lasers, and many mofeee, e.g/1-4]). Also, these mixtures i ; d ch A w0l Th
have been suggested as possible substitutes to using pJf§nt: ion conversion and charge trangfed). There are no
cross section data on the elastic processes which, as is

Sk, because of its very high global warming potential of thek | | the ion t i th Lol
latter, which amounts to be nearly 24 000 times that of,CO KNOWN, largely govern the ion transport in nonthermal pias-

the most abundant greenhouse gas in the atmosgBére

Many of these applications involve an electrical discharg

e . ; . . VOrKis t
environment under nonthermal plasma conditions, mainhfi€termine the elastic cross sections of Sk collision with
governed by the electron and ion transport in a strong, nonU'® Sk, Ar, and Xe in the gas phase, followed by the cal-
uniform, space charge dominated electric field. Thus, in orCulation of the mobility and the longitudinal and transverse
der to optimize these plasma processes, a better understargmponents of the diffusion tensor of Sk the Sk-Arand
ing of the basic phenomena and more comprehensiv 5-Xe mixtures. The resulting sets of elastic and melastlc_
knowledge of the electron or ion-molecule swarm and cros&0!liSion cross sections for these pure gases become vali-
section data are strongly needed. These fundamental set ted from the systematic comparison between the ion mo-

s Gt col
data are regarded to be rather well known for the case dflity calculated from an optimized Monte Carlo methdd]
electrons in SFand some of its mixturef2,5-8, whereas &Nd the time-resolved measurements of SR Ar and Xe
the basic data for SFon-molecule interactions are compara- 21d N their binary mixtures with $F Moreover, the ion
tively scarce, and more particularly for the gaseous mixture Ob'.l'ty In a gas mixture is usually calculated from restric-
involving SF; [8]. Ive linear approximations. Thus, the present paper also aims

The onlv available measured ion swarm data deal mostlat discussing the validity of such linear approximation in
y aval u ! W Yhese gas mixtures, and to extend the range of the density-

with the interaction of Sgions with only a few pure gases o ced electric field strengf/N, well above that hitherto
measured, where no mobility data are available in the litera-
ture at all. These mobility and diffusion coefficients are nec-
* Author to whom correspondence should be addressed at Univeessary in electrical fluid models for the modeling of numer-
sité Paul Sabatier, CPAT, UMR 5002 du CNRS, 118 route de Narous nonthermal plasma discharges over wide rangé&s idf
bonne, 31062 Toulouse Cedex 4, France. FAX: 05 61 55 63 32. Following this introduction, Sec. Il is devoted to an over-
Email address: yousfi@cpat.ups-tise.fr view of the experimental time-resolved technique used to

As regards the calculations, the aim of this work is to first
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measure the mobility of §F in the binary mixtures SFAr L L L B
and Sk-Xe. Section Ill describes the calculation of the elas-
tic collision cross sections, based on the JWKB approxima-
tion, by using a specific interaction potential model that is
well adapted to ion-neutral polyatomic interaction systems
for both the symmetric and asymmetric cases. The elastic
cross sections are calculated for the collision of Skith
pure Sk, Ar, and Xe. The validation of the cross section sets
is discussed in Sec. IV for the case of the mobility of, Sii

SF;, Ar, and Xe. The validation analysis is then continued for 0 T I BRI W

the mobility of SF~ in the binary mixtures SFAr and 0 200 400 600 800

SFKs-Xe over the sam&/N range and Sfmixture composi- Time  (us)

tions used in the measurements with the gas mixtures. Then

for a wideE/N range(i.e., up to a few thousands of Tthe = X

mobility and diffusion(transverse and longitudiratiata of ~ conditions of the transient ar&/N=30 Td, d=3.1 cm, andN
SF;~ ion are given for the case of the different gas mixtures, 3.];t24x| 10.1 9m5 '6Tb<hiérans't_timeT3 Itsh 'nd'gatedd Theb.ﬁsqg'ng
including the calculations of ion conversion and detachmen_r(') GSEZ%yVIi S._l cm s+ and the reduced mobiity o
coefficients. Finally, theE/N ranges over which the elastic ~— '

collisions predominate over the inelastic ones are discussed

in terms of the calculated energy distribution functions. Ad- con _Nolo _ _

ditionally, the validity of using Blanc’s law to evaluate the In(®) = T, {1 - exi=n(d i) ®
mobility of SF;” in these mixtures is discussed both at low
and highE/N regimes.

Current (arb. units)

FIG. 1. Negative ion transient in gXe for 10% SFk. The

Moreover, for largep andd—v,t >0, the exponential term in
Eq. (3) is very small as compared to unity, so that this equa-
tion can be approximated to

[l. EXPERIMENTAL DETAILS

i - io(t) = 2 (4)
The time-resolved pulsed Townsend method relies on the T,

measurement of the total displacement current due to ele(fbr T,<t<T,, which means that the displacement current
e n»

trons and ions drifting through a parallel-plate capacitor ° . X ; : .
[12,13. The dischargegis initif?ted b)? the iné)tantanegus refemains essentially constant during the ion drift regime. On

lease of photoelectrons from the cathode by the action of thsmal grounds, the above equation describes the motion of

very short flash of UV light. These photoelectrons move to-a negative ion lamina that was formed very close to the cath-

wards the anode by the action of the uniform electric fieldOde due to strong attachment, and travels toward the anode

between the electrodes. For the present experiment, in whic\f\‘g;?eudt I%?'Z%éti 'gﬁg\}\'g'asg;i Iloen t?allf:g?el?l? f?grsn t\)/sr(iZhntek;e
ionization processes are either absent or negligible in co - ™19 P

parison with electron attachment, the electrons will attacH" transit time can be readily measured. Finally, the drift

readily to the molecules, giving rise to a measurable currenYeloc'ty Is evaluated by

in the external circuit given bj12,14] v =diT,. (5)
N and from it the reduced mobility
iot) = %) exp(— ), (1) o N

e Ko=3 o (6)
N, E

wheren, is the photoelectron numbaeg, is the ion chargey

is the electron attachment coefficient, is the electron drift
velocity, andT.=d/v, (d being the gap spacings the elec-
tron transit time. Accordingly, the negative ion current during
the electron transit i§12,14]

whereN,=2.69x 10'° cm2 is the gas density at STP.

The apparatus used for this study has been described in
detail elsewherg¢13,15. The UV light pulse was produced
by a nitrogen laset337 nm, 1 ns width, 1.4 mJ, maximum
output energythat released the photoelectrons from an alu-
minum cathode. The anode holds a central hole of 1 cm in
[1-exf- )], (2) diameter, covered by a flat OHFC copper mesh of
n 75 lines/mm, to allow the passage of the UV light. The gap

distance was kept fixed d=3+0.001 cm. The base vacuum
whereT,=d/v, is the negative ion transit time ang is the  pressure was typically 21077 torr. The gas pressure was
negative ion drift velocity. Under the special conditions of measured by a 0-1000 torr with 0.02% accuracy, and its
strong attachment, occurring at lIo&/N, and for the high temperature with 0.1 C resolution. The measurements were
pressures used in these experimeb up to 200 tory, the  performed at room temperature over the range 296 up to 303
negative ion current will reach its maximum value well be-K. The maximum error in the setting d&/N is then esti-
fore the electron transit timg&.. During the ionic drift regime mated to be less than 0.3%. The ionic avalanche was de-
T.<t<T,, the negative ion current {42,14 tected by a transimpedance amplifier with a gain of Y0A

Nyo

in(t) = T
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and 400 kHz bandwidth. The gfFare gas mixture was pre- Xe. Thus we could only measure this drift velocity over a
pared inside the discharge vessel by first injecting the minorvery reduced range d&/N since the S acquires a fairly
ity gas; normally, the initial gas pressure was in the rangeigh drift velocity that would eventually lead it to breakup
50-200 torr. The stated purities of SFAr, and Xe were into SK +F, as can be seen from FigsiaB-3(c), for the
99.8%, 99.99%, and 99.9999%, respectively. The overalfross sections leading to the above products of Sfth
precision of the measured mobility is 2—4 %. Sk, Ar, and Xe, respectively. Notice that, in general, above
The use of aluminum as the cathode material has the ad0 €V, the dissociation cross sections are as high as
vantage that its work function is very close to that of thel0 *° . Notice also that the quite hete., with about 1
energy of the laser photon®.69 e\j. Thus, the electrons €V) electrons susceptible to be released from thg & by
would be released from the cathode with virtually zero transd€tachment would be most likely recaptured after a few
lational energy, so that the electron capture process woulf€@n free paths, or, when theg3hare in the mixture is low,
occur very efficiently with a very high cross section of the {0 9ain enough energy from the field to create for eithey SF
order of 10 crr?. Even though the present apparatus lack<" F from electron impacts with SF However, the latter
mass analysis, we have previously given a number of reasof@S€ may be neglected over the present wofi range,
to support the fact that it is perfectly possible to carry outPecause of the very low GFdetachment cross sections in
negative-ion transport studies reliably, provided that thghe corresponding ion energy rangsee Figs. @&)-3(c)].
ranges of operation are such that there exists the certainfyurther evidence of the above will be apparent below, from
that only one majority species forms very close to the anod&e very good agreement between measured and calculated
and drifts across the gad5]. In this respect, the negative Mobilities for Sk drifting in the Sk-Ar and Sk-Xe mix-
ions can be formed in $Fby resonantSF,) and dissocia- {Ures. Previous values of the mobility of SHn SF;-Ar
tive electron attachmertSF,~,F~, and other minority spe- presented in a conferenf&6] are superseded by the present

cies, and by ion-molecule reactiofig]. Since the SEmol- ones and therefore the former data should be disregarded.
ecule has a very Iarge electron attachment crlgss seatjon lIl. COLLISION CROSS SECTIONS AND METHOD

for slow electrongfor instance,o spe-~ 8% 10713 cn? for OF CALCULATION

100peV ando spe-~ 10716 cn? for 240 meV; see, e.gl2)), _ y _

the majority ion is Sf, followed by SE”, which is formed The calculation of the mobility of Sf in the present

by dissociative attachment, its cross section peaking ainary Sk-rare gas mixtures with the optimized Monte Carlo
~0.3 eV With o4y sps~ 4 X 10728 e, Thus, even for elec- simulation procedurél_l] dem.ands the knowledge of a very
tron impact energies af=100 meV, SE is being produced complete set of el_astlc and |_nelast|c cross'sec'tlons. In vyhat
predominantly, Sinceoy spe/ Tgarses—~ 30. Therefore, for follows some detalls concerning the (_jetermmanon a_nd origin
the mixtures under study, and for the relatively small valueé)Tc both elastic and inelastic collision cross sections are
of E/N (i.e., low mean electron energ)eshe negative ion 9'ven. .

avalanche signal can be ascribed to the presence of &  ItIS known that under nonthermal plasma discharge con-
least as the overwhelming majority species over such eleditions, and for ion energies not exceeding a few tenths of
tron energy range. On the other hand, over the relatively hig§": the main collision process that governs ion drift and dif-
pressure range used in this experiment, even for relativel§uSion of Sk in the rare gases at large is the elastic one. The

small SK concentrations in the mixture of say, 10%-20  collision cross sectio®y, associated with the elastic process
torr SR, with an attachment rate constant kf,~1.41 for S is unknown and therefore needs to be estimated

x107cmPst for e=0.1eV, N=3.3x10 cm3(p from calculations requiring the knowledge of the interaction
=10 torp, this gives an attachment frequency lgfiN= 7v potential. Several interaction potentials have already been
~4.6x 10 5L, Inserting this value into Eq1), we see thi':lt used to describe the ion-atom interactions, in contrast with
99.4% of the initial photoelectron population produced at th€ Polyatomic ion-moleculatom systems which are less

cathode surface has been attached to then8trals to form studied. However, there are previous studies concerning the
SF,” in only 100 ps. Considering a typical electron drift ve- polyatomic ion-molecule system for the case of flue gases,

locity of the order of 5< 10° cm s, and a gap spacing of 3 such as for example, COor .H20+ in. collision v_vith several

cm, the electron transit time &=600 ns, thereby indicating other molecule$17,18. The interaction poFentlaI developed

that electron attachment in this experiment proceeds veryy. Masonet al. [19] was used in previous calculations

readily during the very first stages of electron motion, lead 17,18, and_ has been adapted in the present work. This rigid

ing to the formation of a lamina of negative ions very closeCOr€ potential corresponds to the algebraic sum of one repul-

to the cathode, as is seen from E2). Furthermore, even for sive and one at:[rectlye term. The adaptatlon of this potentlal

average electron energies well above thermal, most of th¥() for the Sk ion in the rare gases consists of choosing

photoelectrons are captured just after their release, well bdD€ most adequate exponent for the repulsive term, as well as

fore they relax and acquire their drift velocity, according to the other three parametefise., 1, &, anda). ThusV(r) is

the appliedE/N value. This in turn means that, for the rela- Writtén as

tively high pressures used in this study, a photoelectron could Ve {2( i a)e (fm— a)“}
r=e, - :

be captured by a $Fmolecule during the first collisions, (7)
well before it attains its drift velocity. The only exception to
the above is the case for the mobility of SFn pure Ar or  wheree,, is the potential well depth,,, the position of the

Xe. In our case, we used only a few ppmgSHuted in Aror  potential minimum, and the internuclear distance. The rigid

—a r—a
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0,1

late Q,, from a complex quantum method, capable of render-
ing accurate collision cross sections, with the disadvantage
of demanding a very long computing tilh21]. An alternate
method, of good accuracy over the present energy range,
from thermal up to a few tens of eV, that provides the values
of Q,, within a reasonable computing time, is the semiclas-
sical formalism used in the present work. This is based on
the JWKB approximation for the calculation of the phase
shift § induced by the rigid core interaction potenfigl) on
T the diffused wave with respect to the incident wave
5 10 15 [17,22,23
0 2 1/2 o 2\ 1/2
8~ 5(b)=kJ dr(l—b—z—v(r)> —kJ dr(l—b—z) ,
r g b r

Intemuclear distance (10 cm)
o

F-L-d-T--C-

0,0

Potential energy (eV)

FIG. 2. The interaction potentials for §FSF;, SF;"-Ar, and
SF;"-Xe, calculated from Eq(7).

9
core diametea is the shift induced by the ion on the neutral with the impact parameter
between its center of mass and its center of charge. The
. . . ) 1+1/2
parameten is determined by equating the attractive term of b= . (10)
the interaction potential with the classical attractive polariza- k

tion term, thereby leading td.7,19 The wave numbek of the relative motion is proportional to

the relative ion energy,, andl is the angular momentum
quantum number. Then, from the phase shjftthe elastic
collision cross section for momentum transfer can be calcu-

3e,(rm—a)* = Caag, (8)

whereag is the polarizability of the neutrdrare gas atom or

SFK; moleculg, and C, the ionic charge statéC,=-1 for lated as
SF;"). Figure 2 shows a plot of the three calculated interac- 4l
tion potentials of S with SF;, Ar, and Xe. The particular Qmley) = — >+ Dsir?(8,1— 8). (11

2
values obtained for the potential parameters of the three dif- k™0
ferent interaction systems are summarized in Table I. One oy the determination of the ion swarm transport coeffi-
can note in Fig. 2 the three typlcal regions of the interactionjents from a Monte Carlo simulation, in addition@g, one
potential. Namely, the short internuclear distance range COli5q needs the relevant inelastic collision cross sections. In
responding to the high energy region where the interactiop, - case, ion conversion, charge transfer, and electron de-
poFer_]tlaI is domlnated_by the r_epulsmn betwe_en the nucleigchment may also take place, mostly for ion energies ex-
This is followed by an intermediate energy region where the.eeging 1 eV: these cross sections were taken in principle
electrostatic forces of both the nuclear repulsion on the ongom scarce data available in the literature0]. Thus we

hand and on the other hand the attraction forces between ﬂP%\ve for the SE-X system, where stands for SE Ar, or
ion and the dipole moment induced on the neutral are influy, ' Y

ential. And finally in the lower energy region corresponding

to the long internuclear distance range, the latter attraction SK +X— SK +F+X, (12
forces are predominant.

Once the potentiaV/(r) is known from the previous rela- SF, +X— SR+ F +X, (13)
tions, the elastic collision cross secti@), which is the
dominant collision process in the case of;Skan be calcu- SF, +X—e+SRK+X, (14)

lated first from a simplified classical techniq(i20]. This _ .

latter method has the unavoidable drawback brought abodér ion conversion to Sf,F", and electron detachment, re-
by a singularity problem that cannot be eliminated, givingspectively. Additionally, the reaction

rise to a resonance phenomena that produces an oscillation _ _

on the differential cross section. It is also possible to calcu- SR+ Sk — SR +Fe + Sh (15

is the dissociative charge transfer o 5.

TABLE I. The position of potential minimunn,, the depth of These inelastic collision cross sections for the above pro-
the potential welk,,, and the rigid core diameterof the interaction  cesses, along with the elastic ones are plotted in Figs.
potentialsV(r) for the systems SF-SF;, SF; -Ar, and SE-Xe. 3(a)-3(c) for SK;"-SF;, SK; -Ar, and Sk -Xe systems, re-

spectively. Since the inelastic cross sections for ion conver-
Collision system rm(A) en(eV) a(A) sion to F, ion conversion to SF, charge transfer and elec-
SF; -SKs 4.94 0.12 0.88 tron detachment have not been measured fq 8Rergies
SF,-Ar 3.74 0.10 0.05 below 1 eV, these were extrapolated down to their respective
SF,™-Xe 5.17 0.07 0.03 thermodynamic thresholds of 2, 1.35, and 3[@¥]. For the

case of electron detachment, the respective cross section
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FIG. 3. (a) Set of cross sections for §FSF; system. Full line:
calculated elastic cross sectiog; the symbols represent the mea-
sured data taken from Ref8]; o(F"): ion conversion to F
o(SF;): ion conversion to SF; ocr: charge transferyges electron
detachment form SF. The broken lines represent the extrapola-
tions of the inelastic cross sections at lower energibs.Set of
cross sections for FAr system. Full line: calculated elastic cross
section og; the symbols represent the data taken from Ref;
o(F7): ion conversion to F o(SFK;): ion conversion to SF; oget
electron detachment form §F The broken lines represent the ex-
trapolations of the inelastic cross sections at lower ener(eSet
of cross sections for $FXe system. Full line: calculated elastic

cross sectionrg; the symbols represent the data taken from Ref.

[8]; o(F"): ion conversion to Fo(SK"): ion conversion to SF;
o4er €lectron detachment form §F The broken lines represent the
extrapolations of the inelastic cross sections at lower energies.
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15 L
o [
N> L
S0
N C

L 100
0,5 sl - L1
1 10 100
E/N (Td)

FIG. 4. Reduced mobility data of §Fin SF-Ar mixtures for
different fractions of SE; symbols: measurements; solid lines: cal-
culations. The experimental values for puresS¥ere taken from
the drift tube-mass spectrometer measurement of [R6f.

does not vanish even at energies smaller than the electron
affinity of SK;~ (1.1 eV) [10], which is indicative of the
contribution to the cross section from tffeF;")* excited ion
states. Thus, we extrapolated the electron detachment cross
section to energies even lower than those given by Wang
al., so that our calculated reaction coefficients coincide with
the measured ones BYN=433 Td[10]. In all three cases,
we observe that the calculated elastic cross section for mo-
mentum transfer dominates for SFenergies lower than 1
eVv.

Finally, the present procedure of cross section determina-
tion can be summarized as follows. For a given system.,
SF; -Ar), we start from an initial pair of the potential param-
eters(r,, ande,,) which give us the rigid core diametafEq.
(8)]. Then, the corresponding momentum transfer cross sec-
tion is calculated using the JWKB approximatifiags. (9)
and(11)]. The cross section set is then completed by adding
the inelastic cross sectioidescribed by reactions 12 up)15
before performing the Monte Carlo simulations that allow
the first comparison between the measured and calculated
ion swarm parameters. In the case of a disagreement higher
than the experimental uncertain®.g., 3% for ion mobility,
the potential parameters are fitted up to obtain a good coher-
ence between measurements and calculations. The cross sec-
tion sets thus obtained for each individual system are directly
used without any new fitting for the gas mixtures.

IV. RESULTS
A. Validation and discussion

Figures 4 and 5 show the calculated mobilities of SR
the binary mixtures SFAr and Sk-Xe for different frac-
tions of Sk in these gas mixtures, along with the measured
ones. The measured mobilities for Sk pure Sk shown in
Figs. 4 and 5 were taken from a drift tube-mass spectrometer
measurement of proven reliability30], and a very good
agreement is seen between measurement and calculations. In
our experiment, the loweE/N end was dictated mostly by
the detectability of the signal. As is noted in Fig. 1, the drift
velocity is inversely proportional to the transit time of the
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FIG. 5. Reduced mobility data of gFin SF-Xe mixtures for FIG. 6. The mean energy of electrons as a functiofEB¥ for
different fractions of Sk symbols: measurements; solid lines: cal- different fractions of SEin the SK-Ar gas mixture.

culations. The experimental values for puregS¥ere taken from
the drift tube—-mass spectrometer measurement of [R6f.
high energy around 2.5 eV fdé/N=1 Td, as is shown in

ion across the gap. Thus, as the share of iBRhe mixture  Fig. 6. In contrast, for either pure §Br SK-Ar mixtures in
increases, the mobility of the ion becomes smaller and, fowhich the share of Sfexceeds 10% of the whole, the mean
fixed E/N, the ion transit time becomes larger, thereby lim-electron energy becomes sufficiently l¢w0.5 eV) so as to
iting our measurement. This is nicely shown in both Figs. 4preclude substantial formation of SFThe reason for this,
and 5 by the fanning out of the mobility curves to higheras is well known, is that SF formation by electron impact
E/N ending values as the §Fontent in the mixture in- has a very high attachment cross seciigpsgs at very low
creases. On the other hand, the higk#N limit was re-  electron energies near zero eV, and it becomes negligible
stricted to mostly the fairly constant portions of the mobility above about 0.7 eV, while the dissociative electron attach-
curves and their rising portions in which both measuremeninent cross sectioty,; sps-becomes higher tham,, sgg only
and calculations agreed well. It has already been discussexbove around 0.2 eV, to be relayed byfBrmation by elec-
that at relatively high values dE/N both electron impact tron attachment above roughly 2 or 3 &ée, e.g[2]). As it
dissociation and ion conversion leading to;SBecome im- was explained in the experimental section, the mobility of
portant. SF;~ in the pure gas was measured by adding only small

The Monte Carlo calculations were performed over aamounts, in the ppm range, of §iito the rare gas. In Fig. 6
range ofE/N from 3 Td to 400 Td, which is slightly wider we show that the mean electron energy for 0.01% iSFAr
than that covered by the measurements. The mobility curveemains essentially equal to that of pure Ar, which means
bear the typical shape, consisting of a plateau at lo\M,  that it is only safe to measure the mobility of the assumed
due to the influence of the attractive part of the interactionSF;" at very low values oE/N. Notice that this restriction is
potential arising from the polarization exerted by the ionalmost eliminated for the other Ar mixtures for which
upon the neutral. In the intermediate energy range, we iderthe share of Sfexceeds or equals 10%, showing an excel-
tify a maximum, and then a rapid decrease of the mobility atent agreement between measured and calculated mobilities.
high E/N due to the dominant, repulsive part of the interac-The previous simple observations based on the magnitude of
tion potential arising from short-range forces. These thre¢he attachment cross sectifa, srs-Or 04 sps) as a func-
different regions on the mobility curve can be related to thetion the incident electron energy applied to Ar with a small
corresponding three different portions of the elastic crossdmixture of Sk (i.e., 0.01% concerning the dominant ion
section limited by a change in the slope, as displayed in Figgeither Si~ or SK") are no longer valid in pure gFsince
3(a)-3(c). the negative ions formed at differef/N or energy (for

The good agreement observed in Figs. 4 and 5 betweeexample lower or higher for 2 eV corresponding roughly to
the measured and calculated mobilities of ;Skn the 30 Td) are subject to complex and significant ion conversion
SF;—rare-gas mixtures, where the relative deviation betweeprocesses as described for instance, by McGeehah[24].
them does not exceed 3%, well within experimental uncerindeed, these authors showed that in purg, #fe Sk~ ion
tainties, leads us to regard the present cross section sets udes a dominant concentration in comparison tQ"Sthd F
in the calculation as validated. For the Sfr case, it is  up to about 300 Td. However, such ion conversions are cer-
important to note that the measured mobility data are containly much lower in the case of Ar with only a small admix-
strained to a very narrol/N range(0.8—-2.3 Td in order to  ture of Sk. In this latter case, only the §Fdetachment
avoid any substantial production of SHrom dissociative cannot be negligible, although only for highEfN values.
electron attachment, thereby keepingsSEs the predomi- Furthermore, it is interesting to observe that the results
nant ion drifting across the gap. Indeed, since thg®ga- shown in Fig. 6 are coherent with those of Hureeml. [7].
tive ions are produced by electron attachment, when the SF Concerning the ion collision cross section validation at
concentration in the mixture with Ar is, say, less than 1%,thermal energies, the extrapolated, zero-field mobilities of
even at small values dE/N the electrons acquire a fairly SF; in the pure gases $FAr, and Xe were estimated to be
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FIG. 7. (a) The energy distribution function of gFin SF;, Ar,
and the SEAr (50:50 mixture for E/N=400 Td.(b) The energy
distribution function of Sf in SF;, Ar, and the SE-Xe (50:50

mixture for E/N=2000 Td.

0.53, 1.61, and 0.71 c¢hwv~ts™L, respectively, and are in

excellent agreement with the experimental ones.
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FIG. 9. (a) Calculated mobility of SE in SF;, Ar, and the
SFKs-Ar (50:50 mixture over a wideE/N range. The symbols are
the measured mobilities. The mobilities for puregSiere taken

from Ref.[6]. (b) Calculated mobility of S§ in SK;, Xe, and the

SFKs-Xe (50:50 mixture over a wideE/N range. The symbols are

the measured mobilities. The mobilities for puregSifere taken

It is important to note that the present calculations show™™ Ref.[6]
no significant contribution of the inelastic cross sections on

the Sk~ mobility over a quite widee/N range up to 400 Td.
This is illustrated more particularly in Fig.(d@, where the
energy distribution function of SF in pure Sk,SR-Ar

tant for ion energies exceeding 10 €ée Fig.

the transport coefficients, does not exceed a few eV. Thus it
seems that this rather low, limited energy region of the dis-
tribution function contributes very little to the appearance of
(50:50 and pure Ar are plotted as a function of ion energythe inelastic processes such as iqn cqnversion, chargg trans-
for E/N=400 Td, which is the upper limit range chosen for fer, and electron detachment, which indeed become impor-
comparing the ion mobilities of §Fin SF-Ar and Sk-Xe,

3. Then, any

shown in Figs. 4 and 5, respectively. It is clearly seen in Figattempts to calculate the mobility B/N values higher than

7(a) that the mean energy of the bulk of ions, which are@bout 400 Td should be accompanied by a full consideration
influential in either the measurement or on the calculation off the cross sections for the above inelastic processes. This is

10

-

SF, mean energy (eV)

1000

1 10 100
E/N (Td)

FIG. 8. The mean energy of §Fin SF; Ar, and the SE-Ar

(50:50 mixture as a function oE/N.

well illustrated in Fig. Tb), showing the SE energy distri-
bution function forE/N=2000 Td, and also in Fig. 8, where

the extreme case fdE/N=4000 Td is shown.
Once the selected and calculated collisi
sets have been validated on the grounds of

on cross section
a very successful
agreement between measurement and calculation of the mo-

bility of SF4™ in the SK-Ar and Sk-Xe mixtures, it is worth

pointing out that for the purpose of understanding and mod-
eling of electrical discharges requires the calculation of the

mobility and diffusion coefficients over a very wide range of

E/N, using the present Monte Carlo code
extended thé&e/N range up to 4000 Td, as is

. Thus we have

shown in Figs.

9(a) and 9b) for the calculated mobilities of GFin Sk, Ar
(or Xe), and Sk-Ar (or Xe) (50:50. Furthermore, the ratios

between the transverse or longitudinal diffusion coefficients

and the ion mobility,D+/K and D, /K, are plotted in Figs.
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FIG. 10. (a) CalculatedD+/K ratio of SF;™ in the SF-Ar (50:50 and Sk-Xe (50:50 mixtures as a function d&/N. (b) CalculatedD, /K
ratio for SF;™ in the Sk-Ar (50:50 and Sk-Xe (50:50 mixtures as a function dt/N. (c) CalculatedD1/K ratio for SF;™ in SF, Ar, and
Xe as a function oE/N. (—) pure Ar; (--=-- ) pure Sk;(---) pure Xe.(d) Calculated ratid, /K for SF;"SF;, Ar, and Xe as a function of
E/N. (—) pure Ar; (-+=-- ) pure SF; (---) pure Xe.

10(@) and 1@b), respectively, for the mixtures GRAr kinetics model used to deduce the reaction coefficients from
(50:50 and Sk-Xe (50:50. Moreover, these values 8ft/K  drift tube data obtained by O’Neill and Crag@5]. Indeed,

andD, /K are also shown for pure Ar, Xe, and SiR Figs. their simplified kinetics mode{[25]) did not consider the
10(c) and 1@d). The behavior of the diffusion coefficient is particular case of ion conversion from Sko F [10], which
qualitatively the same in both the pure gas and in the gas quite significan{see Fig. 8)]. Nevertheless, it is worth
mixture, and its dependence wiBYN can be explained es- noting that slight changes in the extrapolated cross sections
sentially from the same physical grounds as has been done

previously for the ion mobility. Since the diffusion coeffi- 107
cients are inversely proportional @,, this means that the F
diffusion coefficients of SF in SFK;-Ar are as expected 107 £
higher than those for §F in SF;-Xe, because th®,, mag- :

seen in Figs. ®) and 3c).

In order to validate, at least partially, the inelastic cross
sections used for the present calculations of transport coeffi-
cients, the reaction coefficients for formation of ;SFrom
SF;", and of electron detachment from Skvere calculated 10*
for the SK"-SFK; system, and are shown in Fig. 11 along with
the reaction coefficients measured by different authors
[25-27. It is seen from this figure that both calculated and G, 11. Reaction coefficients for SFion conversion to SF
measured reaction coefficients follow a similar trend, al-as a function ofE/N. Solid line: calculation; measurements from
though there exists a fairly large quantitative discrepancy adifferent sourcesO [22]; A [23]; O [24]; ¢ [25]. The reaction
both ends of th&/N range covered in the calculation for the coefficient for electron detachment. Dotted line: calculation; mea-
ion conversion coefficient, which may be attributed to thesurementsx [22].

nitude of Sk -Ar is lower than theQ,,, one of Sk -Xe, as is ~g 1x102 L
g

EN (Td)
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ues of E/N where the polarization part of the interaction
potential is predominant, and for ion-neutral systems in
which the individual energy distribution functions are Max-
wellian with the same order of magnitude for all the gaseous
» components of the mixture. On the other hand, the classical
Blanc's law[Eq. (16)] must be corrected after a more or less
complex formalism, generally based on the momentum
i ; EMN =300 Td | transfer theory in a great deal of cases. Indeed, such correc-
] / tions are needed either in the presence of only elastic colli-
— sions at higheE/N (see, e.g., Ref$28]), or in the presence
0 20 40 60 80 100 of both elastic and inelastic processes at BN value (see

SF, fraction in Ar (%) the recent work of Jovanoviet al. [29]). However, the

Monte Carlo method remains to be the most direct and rig-

— orous way to obtain the ion transport parameters in gas mix-

: — T
5 | L tures provided the ion-gas collision cross sections are avail-
- . able for each individual component of the mixture. Figures
_4F EIN = 4000Td . 12(a) and 12b) show the inverse reduced mobility of Skn
f n T T— SKs-Ar and Sk-Xe as a function of the SHraction, respec-
5 3L i tively, for several values oE/N. Indeed, these figures show
¢ | ) a good linearity at low reduced field$or example,E/N
s . L 1 =300 Td, but an increasing deviation from the Blanc’s law
E/N = 300Td asE/N rises.
L | L | L | L | L
! 0 20 40 60 80 100 V. CONCLUSION
SF, fraction in Xe (%) The elastic collision cross sections have been calculated

for the collision systems SFSF;, SK-Ar, and Sk -Xe
_FIG. 12. (3 The inverse of the mobility of SF in the Sk-Xe  from a semiclassical JWKB approximation based on a rigid
mixtures as a function of the fraction of §i the mixture. Solid  core potential model, well adapted for polyatomic interaction
lines : Monte Carlo calculation; dotted lines : calculation from systems, while the inelastic cross sections were taken from
Blanc's law. (b) The inverse of the mobility of S in the Si-Ar  jiterature. The cross sections sets used have been validated
mixtures as a function of the fraction of §k the mixture. Solid  fom the good agreement found between those calculated
lines : Monte Carlo calculation; dotted lines : calculation from from a Monte Carlo simulation for %Fion transport and the

Blanc's law. measurements based on a time-resolved pulsed Townsend
technique.

at low energies affects significantly the reaction coefficient, To the best of our knowledge, the present measurements

but not the mobility of Sf. of the mobility of S~ in the Sk-Ar and Sk-Xe mixtures

are the first to be reported, and were found in good agree-
ment with those calculated within £3%, well within our ex-
perimental uncertainties. Following this, we have extended
In gas mixtures, the ion mobility is usually calculated our range of calculation of the mobility and the ratios be-
from macroscopic, classical approximations, as, for exampleyween the diffusioritransverse and longitudinaind the mo-

B. Assessment of the linear approximation in gas mixtures

from Blanc’s law bility up to E/N=4000 Td.
1 X Finally, the classical, linear, Blanc’s law used in gas mix-
=> - (16) tures to determine §F mobility data is compared to present
Kmix n Kn Monte Carlo calculations in both GAr and Sk-Xe mix-

tures. Significant deviations were found more particularly in

! N Y the case of SEAr mixtures for E/N higher than several
andK, is the corresponding ion mobility in such pure gas. Ir'hundreds of Td when the ion distribution is no longer Max-

spite of its fairly widespread use for calculating the ion mo- .
bility in a gas mixture, one must be well aware that the abovéNe"'an'
equation is valid only over the loi/N regime. This mac-
roscopic relation has been derived on the assumption that

elastic collisions are the only ion-neutral interaction process, This work was partially supported by DGAPA-UNAM,
where the ion distribution is Maxwellian. Thus these fairly IN 104501, and UAM-2250216. Thanks are due to A. Bustos
strong approximations restrict the use of Blanc’s law to val-for his technical assistance.

wherex, is the mole fraction of gas speciasn the mixture,
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