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Electron scattering in dense He-Ar gas sssixtures: A pressure s»&t study
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The dependence of the energies of high-n Rydberg states of CH3I on the molar composition of
helium-argon mixtures (in the number density range 1.3x 10~0-5.6& 10 cm ) is reported. The
energy shifts, when normalized to a given density value, are found to vary linearly with the mole

fraction of either component of the binary, rare-gas mixture. The observed change in sign of the

energy shift is attributable to the different signs of the electron scattering lengths for the two

rare-gas components. As a result, there exists a mixture composition, at a mole ratio [He] j[Ar]
2.0, at which the shift is null. The experimental results for the gas mixture agree with the Fer-

mi formula, as modified to include the Alekseev-Sobel'man polarization term. Effective electron
scattering lengths and cross sections, polarizabilities, and thermal velocities are used to character-
ize the effects of the binary gas perturber system.

where

a„(p)-+ (2trh'/m)ap,

ap(p) - —10ae'p t', (3)

and m and e are the electronic mass and charge, respec-
tively, a is the electron scattering length, p is the number
density, and a is the polarizability of the perturber medi-
um. The sign of the scattering term may be either positive
or negative depending on the nature of the perturber. Be-
cause of the increasing contribution of the nonlinear po-
larization term at higher densities, the Fermi model can-
not describe the observed linear density dependence of the
energy shift. The observed linearity can be reproduced,
however, by replacing Eq. (3) with the polarization term
of Alekseev and Sobel'man, " so that the modi6ed Fermi

Recent attempts to describe the band properties of
dense rare gases' have revived an interest in pressure shift
studies at higher densities. Specincally, when alkali-metal
absorbers are replaced by molecular absorbers such as
methyl iodide and benzene, an order of magnitude in-
crease in the perturber gas density becomes possible. The
shift of the high-n Rydberg states of these absorbers was
found to vary linearly with perturber number densities as
high as —2x10 ' cm . Electron scattering lengths ob-
tained from shift data for He, Ne, Ar, and Kr (Refs. 3
and 4) agreed with the results of previous pressure shift
studies ' and with electron scattering cross sections extra-
polated to zero energy.

The interaction between a highly excited molecular ab-
sorber and the perturbing medium can be decomposed
into two independent additive terms according to the Fer-
mi model. These two terms are (i) a scattering term,
h„(p), describing the interaction between the optical elec-
tron and perturber; and (ii) a polarization term, h~(p),
describing the interaction between the cationic core and
the perturber. The sum of these two terms gives the total
energy shift, d, , (p):

formula now reads

&&(p) ~ (2trh /m)ap 9 8—7(a.e /2) (hv) ' p, (4)

~here v is the relative thermal velocity of the colliding
partners.

We report here some experimental results on the e6'ects
of the molar composition of a binary, rare-gas mixture of
helium and argon on the energy positions of the high-n
Rydberg states of CH3I. We have measured the spectral
shifts produced by helium-argon mixtures of varying mo-
lar compositions as well as by pure helium and argon
gases. Research grade (Liquid Carbonic, 99.998%) He
and Ar gases, both as single component perturbers and as
mixed perturbers, were introduced into a pressure-tight
absorption cell containing 0.3-0.5 torr CH3I (Aldrich,
99%). The CH3I had previously been puri[ied by freeze-
thaw procedures within the evacuated gas handling sys-
tem. Further details on the experimental arrangement
will appear elsewhere. ' Special care was taken to insure a
homogenous mixture of the CH3I sample and the two
high-pressure gases. The two components were alternate-
ly introduced into the cell in a series of 10-12 steps. The
gas pressure was monitored using a calibrated Model
205-2 Setra pressure transducer. Densities for the pure
rare-gas perturbers were 5x10' ~p~7x10 cm
and for the mixtures they were 1.3&10 ~ p ~ 5.6x10
cm . The spectrometer was a one meter McPherson
Model 225 normal incidence monochromator equipped
with a Hinteregger hydrogen lamp and a double beam
chamber. The experimental bandwidth was 5.7 meV.
Absorbance of the room-temperature gaseous mixtures
was obtained using a McPherson Model 782 logarithmic
ratiometer. Energy shifts were reproducible within an
error of ~ 1.5 meV. Total energy shifts were evaluated
for the nd and nd' spectral series of CH3I for the
10~ n ~ 16 members. In the case of binary mixtures,
neither line splitting nor extra line broadening was ob-
served. For the single-component perturbers, the follow-
ing shift rates were obtained: 2.45x10 eVcm for
helium and —4.86 x 10 eV cm for argon. These
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&im (P) ~1~i 1 (P) +~2%2(P) (5)

The total shift, 4,' (p), produced by the binary rare-gas
mixture is a weighted sum of the shifts effected by the
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values agree with the shift rate values reported in Refs.
3-6.

The absorption spectrum of the pure CH3I in the high-n
Rydberg transition range is shown in Fig. 1. The assign-
ments' of the spectral features used in the shift analysis
are shown at the top of Fig. 1. The two shaded areas indi-
cate the observed range of the asymptotic line shift. The
left-hand side, or "blue limit, "of a shaded area represents
the perturbation by pure helium and the right-hand side,
or "red limit, " refers to pure argon. The line positions for
binary perturber mixtures fall between these two limits.
Shifts due to both pure and binary perturbers are normal-
ized to 1 & 10 ' cm

These normalized shift values for helium-argon binary
perturbers of different molar compositions are shown in
Fig. 2(a) as a function of mole fraction. The experimen-
tal points for the binary mixtures lie on the solid line that
connects the two shift limits for the pure helium and ar-
gon perturbers. Starting from pure He, the shift de-
creases with increasing Ar content; at a molar ratio
[Hel/[Arl 2 the shift is zero; and as Ar concentrations
increase, the shift changes sign and decreases toward the
limiting value for pure Ar. The fact that our experimental
points fall on the solid line [Fig. 2(a)l proves the following
formula:
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pure components. X1 and X2 are the appropriate molar
fractions. The effect of molar ratio on the spectral shift
can also be accounted for by inclusion of three effective
parameters in Eq. (4). The effective parameters for the
binary gas mixtures (i.e., the set [a,g, a,g, u,s1) were ob-
tained by taking a sum of the component parameters
weighted according to their mole fractions. Thus, for ex-
ample, we de6ne

Ar

FIG. 2. (a) The "open squares" are averaged total shift
values of the CH3I nd and nd' series in the presence of perturber
mixtures of He and Ar gases of varying molar fraction. The
solid line, 6,'(p) connecting the two experimental shift limits for
pure He and Ar perturbers can be reproduced by Eq. (4). The
scattering shift is represented by the dashed line, and 6 (p) is
taken from Eq. (2). All shift values are normalized to number
density of 1 x102' cm 3. (b) Plot of elfective electron scatter-
ing cross sections for various He-Ar gas mixture compositions.
The cross sections, o,g s, were calculated using a,g 1.08agXH,
—1.63apX~, where XH, and X~, are molar fractions.
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FIG. 1. Room-temperature absorption spectrum of pure
CH3I vapor. The nd and nd' Rydberg series are identified at the
top of the figure. The range of spectral shifts produced by He-
Ar perturber are indicated at n 10 by shaded areas. The
high-energy limit of the shaded range refers to the spectral shift
e6'ected by pure helium. The low-energy limit refers to pure ar-
gon. Both shifts and shift limits are normalized to a number
density of 1 & 10 ' cm

when XA, and 4'H, are the appropriate molar fractions.
The polarizabilities for helium and argon are 0.21 & 10
and 1.66&10 cm, respectively; the relative thermal
velocities are v (SkT/re) '~, p is the absorber scatterer
reduced mass and the scattering lengths for the single-
component perturbers, as derived from our data are
1.08ao for helium and —1.63ao for argon. The dashed
line of Fig. 2(a) shows a similar effect on the scattering
term, [Eq. (2)l of the He-Ar binary gas mixture. The
dashed line [calculated from Eq. (2) using a,s] describes
the effect of molar ratio on the potential barrier. The
He-rich mixture represents a "repulsive" barrier while the
Ar-rich composition is an "attractive" barrier for the opti-
cal electron. The scattering shift, 4 (p) refers only to the
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interaction electron perturber. Therefore, it changes sign
at a lower [He]/[Ar] molar ratio than the total shift,
6,'(p). The h„(p) becomes null and changes sign at
[Hel/[Ar] 1.5 molar ratio.

Based on Eq. (6), effective scattering cross sections for
high-n Rydberg electrons' could be calculated. It is the
first attempt to derive cross sections for elastic electron
scattering in rare-gas mixtures using pressure shift data.
The effective cross sections at the low-velocity limit, cr,ff

4+a,ff, for gaseous He-Ar mixtures are shown in Fig.
2(b). At a [He]/[Ar] 1.5 molar ratio, rr, tr becomes zero.

This study presents new information on the scattering
of optical (quasifree) electrons in dense rare-gas mixtures.

The electron scattering properties of rare-gas mixtures
of any other combination are predictable and may be
"tailored" by variation of the molar composition.
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