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Absorption spectra of the high-n molecular Rydberg states of CH;l, perturbed by varying number densi-
ties of argon (up to ~11x 102 ¢cm~3), are reported. Red shifts, which increase with increasing argon
number density, are observed for both discrete and autoionizing states. These red shifts vary linearly with
the perturber number density for principal quantum numbers n=10. We explain these results quantita-
tively on the basis of the electron scattering length in argon, as well as the polarization of the medium by

CH;I*.

The effects of a perturber atmosphere on highly excited
(i.e., Rydberg) states of atoms and molecules is a historical-
ly important problem, originally treated theoretically by Fer-
mil'? (see also Refs. 3 and 4), which has gained increasing
importance recently,>™'* primarily as a result of a massive
renascence of interest in Rydberg-state studies. The earlier
molecular work focused on external pressure effects on
low-energy Rydberg states!*!® and, as a result, was unable
to draw on the theoretical treatment of Fermi,!'? which is
strictly applicable only for Rydberg states near their ioniza-
tion threshold. In contrast, studies of high-» atomic Ryd-
berg states perturbed by an inert atmosphere of up to 4-6
rd (rd = relative density, 1 rd=2.7x10'° cm~3),16-20 for
example, cesium perturbed by the rare gases,?’ have shown
the applicability of the Fermi theory near threshold, albeit
not without raising several questions concerning the limits
of this model.

In the present paper we report experimental results on the
effect of increasing argon number density on the energy po-
sitions of high-n Rydberg states of CHsl, as measured by
absorption spectroscopy. In addition, we provide an analysis
of these data within the context of the Fermi model,!"? and
a recent extension® of this model which incorporates a linear
dependence of the polarization energy on the perturber
number density. It is important to note that the number
densities of argon considered in the present work are more
than one order of magnitude larger than those previously
employed in atomic studies.?’

Our choice of CH;l for this study was predicated on the
existence of extensive assignments?'-?’ of those molecular
Rydberg states which converge to I;=1(?E3;) =9.538 eV
and I,=1(Ey;;)=10.164 eV. Thus we were able to inves-
tigate argon pressure effects on the discrete states (E, < /)
as well as on the autoionizing states (I, < E, < I,), all at
energies below the cutoff of the LiF windows used in this
study in the vacuum ultraviolet.

The experimental arrangement for the absorption mea-
surements has been described previously;?® the details of
the sample cell?® and of the gas-handling system?® have been
given. Briefly, monochromatic synchrotron radiation
(DORIS storage ring, Deutsches Elektronen-Synchrotron,
HONORMI monochromator, and data-acquisition system?>°)
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is passed through a stainless-steel sample cell capable of
sustaining pressures up to ~ 100 atm. Entrance to and exit
from the sample cell is via a pair of optically matched LiF
windows, thus permitting the measurement of transmission
spectra T(hv). These spectra, which are presented here as
absorption spectra A (hv)=1—T(hv), are normalized to
both the incident photon flux and the empty-cell transmis-
sion.

The CHjl (99% pure) was from Merck-Schuchardt and
was used without further purification. We verified the ab-
sence of contaminants in the spectral region of interest by
comparison of our pure CH;I spectrum with previously pub-
lished spectra.?-% The argon (99.997% pure) was from
Deutsche I’Air Liquide.

Absorption spectra for pure CH;l (p=0.1 Torr, trace a)
and for CH;I in Ar (<10 ppm CH;l, traces b-e) are
shown in Fig. 1. The spectral resolution in all cases is 2
meV. There is an obvious red shift of both the discrete and
autoionizing structure as the argon number density is in-
creased. The energy positions of the high-n Rydberg states
belonging to the d and d’ series (n = 10) are plotted versus
argon number density in Fig. 2. (Zero argon number densi-
ty corresponds to pure CH;I at p=0.1 Torr.) The energy
shift is clearly linear over the large density range investigat-
ed. Moreover, this shift is independent of n, for n =10, as
is shown in Fig. 3 for the d series. (Our evaluation is limit-
ed to nd,nd’ states with 10 << n <16 because of the strong
overlap and perturbation by members of other series for
n < 10, as well as the rapid line broadening with increasing
argon number density for n > 16.)

According to the Fermi model,"? the energy shift A(p)
=FE,(p)—E,(p=0) (p is the perturber number density)
for high-n Rydberg states is comprised of two effects:

Alp)=Ax(p)+A,(p) . N

Since, in a high-n Rydberg state, the optical electron is far
removed from the cationic core, this electron scatters off
the perturber atoms as essentially a free electron, thereby
inducing a shift in excitation energy which is given by!-?

A(p) = QuE¥Y m)ap , 2

where m is the electron mass and a is the scattering length
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FIG. 1. Absorption spectra (room temperature) of pure CHjl (a,
p=0.1 Torr) and CH;3l (< 10 ppm) in argon. The argon number
density is b, 1.5; ¢, 3.4; d, 5.7; e, 11.3x10% cm~3. The spectral
resolution is 2 meV. The assignments given in the lower frame
refer to pure CH;l

(determined by the nature of the perturber). Moreover, the
cationic core polarizes the neighboring perturber atoms,
thus leading to an additional shift in excitation energy
which, in the Fermi model, is given by!:2

A,(p)=—10e%ap? , 3)
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FIG. 2. Excitation energy positions of members of the CH;l nd,
nd’ series as a function of argon number density. The lines are
least-squares fits.
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FIG. 3. CH;l d series energy shifts vs principal quantum number
for four argon number densities: ®, 1.5, ¥V, 34, m 57, A,
11.3%x1020 cm 3.

where « is the polarizability of the perturber.

It follows from the Fermi model that, for argon (scatter-
ing length a= —1.70ay and polarizability a=1.63x10"2
cm?®),’! the energy shift A should not depend linearly upon
p, at least for the high number densities reported in this Ra-
pid Communication, where Eq. (3) predicts a strongly non-
linear behavior. This prediction is contradicted by the
present results, as is shown in Fig. 4. In this figure we have
plotted the average experimental shift of the n =10 4’ Ryd-
berg states (closed circles), A (dotted line), and Ay +4,
(dot-dashed line), each as a function of increasing argon
number density. The experimental data exhibit a linear
dependence on p which is not fully accounted for by Ag.
Clearly, the treatment of A, given by the Fermi model does
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FIG. 4. CHj3l d’ series energy shift vs argon number density.
The experimental points, with error bars, represent the average (for
n=10) d’ energy shift. - - -, A, from Eq. (2) of text. —-—+, A
from Egs. (1)-(3) of text. ——, A from Eq. (5) of text.
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not adequately describe the observed polarization effect.

Alekseev and Sobel’man® have presented an analysis of
the polarization shift which is more general than that pro-
vided by the Fermi model. These authors find®

Ap(p)=—9.87(aez/2)2/3(75u)1/3p , 4)

where v is the average thermal velocity of the perturber
atoms. They also show? that the scattering shift A, remains
the same in their model as in the Fermi theory. Combining
Egs. (1), (2), and (4), then, we find

Alp)=QatY/m)agp , (5)
where the effective scattering length is given by
aer=a —9.87(m/27k?) (ae¥/2)3(kv)/3 . 6)

We have calculated A(p) from Eq. (5) using the values of a
and a given above, with v=4.3x10* cm/s. (v was calculat-
ed from the Maxwell-Boltzmann distribution at 7=300 K.)
This is plotted as a function of argon number density in Fig.
4 (solid line), and the agreement with experiment is excel-
lent. Moreover, our value of (2@kY m)acs=4.93x10-2
eVem?® compares favorably with that reported previously?
for (lower density) measurements of the high-n Rydberg
states of cesium in argon, namely, 4.63x 1072 eVcm®.

The validity of Egs. (4)-(6) for high-n Rydberg states in
the presence of perturber atoms requires (i) that n be so
large that the perturber interacts independently with the op-
tical electron and the cationic core, and (ii) that the impact
approximation be valid (i.e., the time between collisions
must be long in comparison to the interaction time for both
electron-perturber and core-perturber scattering). Quantita-

tively, this means that®

r, << nlag 7N
and

Xi=rip<<l1 , (8)

where r;, the Weisskopf radius of the cationic core, is
ri=(mae4v)Y3, while X; is a dimensionless parameter
which represents the fraction of the core interaction volume
sampled by a single perturber. Alekseev and Sobel’man®
have shown an example, however, where even in the case
when X;=1, Eq. (4) remains valid for A, as long as the
inequality of Eq. (7) is satisfied. And, for the data of Figs.
3 and 4, Eq. (7) holds and Xx;=1-7.

In summary, we have reported experimental results on
the effect of argon perturbers on the high-n Rydberg states
of CH3l. The perturber-induced energy shift of these states
is constant for n =10 and exhibits a linear dependence on
the argon number density, which is in agreement with
theory.® We find quite close agreement between our molec-
ular measurements and similar measurements made on
atoms even though, to our knowledge, this is the first study
of high-n Rydberg states made at such large perturber
number densities. Finally, we note that we have performed
similar measurements on CHj3l perturbed by He, Ne, and
Kr. These results will be reported in the near future.
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