MISSOURI

Missouri University of Science and Technology

&I Scholars' Mine

Physics Faculty Research & Creative Works Physics
01 Jan 1985

Erratum: Normalized Line Shapes For Far-wing Continuum
Spectra: The Rb-Xe Satellite Band (Physical Review A(1985) 32, 5
(3150-3152))

Ronald James Bieniek
Missouri University of Science and Technology, bieniek@mst.edu

Follow this and additional works at: https://scholarsmine.mst.edu/phys_facwork

b Part of the Physics Commons

Recommended Citation

R. J. Bieniek, "Erratum: Normalized Line Shapes For Far-wing Continuum Spectra: The Rb-Xe Satellite
Band (Physical Review A(1985) 32, 5 (3150-3152))," Physical Review A, vol. 32, no. 5, pp. 3150 - 3152,
American Physical Society, Jan 1985.

The definitive version is available at https://doi.org/10.1103/PhysRevA.32.3150

This Article - Journal is brought to you for free and open access by Scholars' Mine. It has been accepted for
inclusion in Physics Faculty Research & Creative Works by an authorized administrator of Scholars' Mine. This work
is protected by U. S. Copyright Law. Unauthorized use including reproduction for redistribution requires the
permission of the copyright holder. For more information, please contact scholarsmine@mst.edu.


http://www.mst.edu/
http://www.mst.edu/
https://scholarsmine.mst.edu/
https://scholarsmine.mst.edu/phys_facwork
https://scholarsmine.mst.edu/phys
https://scholarsmine.mst.edu/phys_facwork?utm_source=scholarsmine.mst.edu%2Fphys_facwork%2F2510&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/193?utm_source=scholarsmine.mst.edu%2Fphys_facwork%2F2510&utm_medium=PDF&utm_campaign=PDFCoverPages
https://doi.org/10.1103/PhysRevA.32.3150
mailto:scholarsmine@mst.edu

RAPID COMMUNICATIONS

PHYSICAL REVIEW A

VOLUME 32, NUMBER $§

NOVEMBER 1985

Rapid Communications

The Rapid Communications section is intended for the accelerated publication of important new results. Manuscripts submitted to this section are
given priority in handling in the editorial office and in production. A Rapid Communication may be no longer than 3% printed pages and must be
accompanied by an abstract. Page proofs are sent to authors, but, because of the rapid publication schedule, publication is not delayed for receipt of

corrections unless requested by the author.

Normalized line shapes for far-wing continuum spectra: The Rb-Xe satellite band
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(Received 22 April 1985)

Recent advances in experimental spectroscopy offer the promise of yielding much detailed information
about molecular potentials and collisional interactions from a study of the light emitted or absorbed in the
far wings of atomic lines. However, readily manipulable, accurate theoretical expressions and methods are
needed to extract such knowledge. Straightforward formulas, based on the distorted-wave approximation,
for the normalized emission intensity in the far wing of a pumped atomic line are given here. By normaliz-
ing theoretical spectra with respect to the strength of the atomic line, one obtains a convenient form for the
analysis of experimental differential spectra that are reported in nonarbitrary units. Theoreticaal and experi-
mental spectra are numerically consistent in the test case of the blue-wing satellite (~ 7610 A) of the Rb

D, line (7800 A) broadened by Xe perturbers.

Many advances have recently been made in experimental
measurements of collisionally redistributed polarized light!
and far-wing spectra, both at infrared®3? and synchrotron
wavelengths,* and even in molecular reactions.” This in-
cludes the numerical determination of emission intensities
and absorption coefficients of resolved interference struc-
ture associated with spectral satellites of atomic lines*6-8
and avoided crossings.” Analogous rainbow phenomenon
has been observed in the energy spectrum of electrons eject-
ed in Penning ionization.!® In a previous paper, an analytic
semiclassical method of computing far-wing spectra was
presented, and shown to be in excellent agreement with
quantal results.!! However, it was not compared intimately
with experiment. In particular, the intensity scale was given
in infamous arbitrary units, which has been the prevalent
manner when comparing theory with experiment. The tran-
sition dipole moment can always be adjusted in computa-
tions until acceptable intensity agreement is achieved, but
this assumes the rest of the elements in theoretical formulas
are given correctly or evaluated accurately. A more direct
test is presented here. The overall accuracy of a theoretical
expression needs to be verified in relatively simple cases if
it is to be trusted in more complex situations. These are
now arising as more energetic states are becoming experi-
mentally accessible.

Hedges, Drummond, and Gallagher pioneered a simple
method of reporting experimental far-wing spectral intensi-
ties that is amenable to theoretical analyses.!? One defines a
normalized differential emission intensity (dIy/dw) as the
ratio of the differential intensity per unit volume (dI/dw)
per unit perturber density (n,) and the total integrated in-
tensity of the line (I7):

diy _ n,tdl/ dw _ dl/de W
dw f(dI/dw)dw npIr

where w =\"! (inverse wavelength). The advantage of this
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is that the integrated line intensity is dominated by the
atomic resonance, and can be adequately approximated by
the atomic line intensity I,. The well-known formula for
the atomic emission intensity per unit volume is'?

4
delv
IT=1A=’1;‘—‘—“‘64;T c[—ci ui, 2

where n;* is the number density of excited atoms, v, is the
frequency of the atomic resonance line, and u 4 is the corre-
sponding transition dipole moment. Emission in a far wing
is due to close collisions between excited and perturbing
atoms, and entails a change of one unit in the orbital angu-
lar momentum /! If one assumes that the collisional wave
functions associated with / 1 are not too different than
that for / (a good approximation in realistic situations), then
the differential intensity per unit volume per unit wave
number w(=A"1) is given within the distorted-wave ap-
proximation by

5,2
d(w.E) _ npnA*ng42 QI+D|Tw,E)?, (3a)
dw 3y, 7
with
T'w,E) = [ WlCER )y (RIS J(Er,R)dR , 3b)

where 7, is the number density of perturbers, g is the sta-
tistical weight of the initial-state potential that correlates to
the relevant atomic level, v; is the speed of initial relative
motion of the colliding atoms, ¢/ ER)~k~V?
xsin(kR — /7 +8,) is the initial-channel wave function at
internuclear separation R, y/(E;R) is the final-channel
wave function, and u;(R) is the transition dipole moment
coupling the quasimolecular states. (Note that, E;=E;
—hcw+hcwy.)

One can make a significant simplication for the normal-
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ized intensity by assuming that u,(R) is effectively con-
stant over the range of R that contributes to the spectral
range of interest. Although the transition dipole moment is
expected to be a slowly varying function of R, it is more dif-
ficult to compute accurately than internuclear potentials.
Stationary-phase methods based on Jeffreys-Wentzel-
Kramers-Brillouin wave functions demonstrate that transi-
tions for a given w are localized about Condon points R¢
associated with the same transitional energy, i.e., where
hv=V,(Rc)— V;(Rc). Except in cases of avoided cross-
ings'® or collision-induced dipole moments,® u,(R) should
be a slowly varying function of R. Thus, the transition di-
pole moment will generally have nearly the same value at all
the transition Condon points for a given photon energy.
Since the Condon points are independent of /, the effective
dipole moment can be designated as u,. Consequently,
T w,E)=pu,{¢/lY}). Finally, for the common experimen-
tal case of one or two Condon points per w, a given spectral
region will correspond to a continuous, finite interval of R.
As long as this is not large, u;(R) will not vary appreciably
over the interval. This implies that u, can be replaced by a
single value u, over a limited spectral range of w. This is
generally a good approximation for the entire structure of a
spectral rainbow satellite feature.

With the assumption u;(R)=u,, the expression for the
normalized differential intensity becomes

dly 1611'5'[ o | e 3
Dy _ glome] o || He
do v; |wy M4
XE(21+1)f¢/(E,R)dJ}(Ef,R)dR . @
1

This expression has units of (length)*, due to the choice
o=\"1. Of course, the appeal of this equation is the elim-
ination of a variable transition dipole moment. Since
(f./m4) is expected to be of order unity, Eq. (4) allows one
to concentrate on the intermolecular potentials, the most
variable input into calculations and upon which structure in
the line shape is most dependent. These can be adjusted
until satisfactory agreement is obtained between theoretical
and experimental line shapes. The uncertainty in the varia-
tion of the transitional dipole moment is expected to have a
less pronounced effect.

Since no beam experiment has been made for a far-wing
line shape, the actual differential intensity is an average
over an initial kinetic energy distribution. The single-energy
equation is given because the energy distributions in experi-
ments cannot be guaranteed to be totally thermal. Howev-
er, if the system is in thermal equilibrium and if only the
atomic line is pumped, the distribution is just the thermal
one of the atomic collisional energies—as long as densities
are low enough to preclude significant populating of bound
states through three-body collisions. If these conditions are
met, then the thermally averaged normalized line shape is

dl(w,T) _ 2w fo“ EV2exp(—E/kgT)

(np1Ir) do (mwkgT)¥2

x dIN(m,E) dE

o O]

The corresponding equations for the absorption coefficient
a can be obtained by merely replacing / by « in Egs. (4)
and (5), and by then multiplying the right-hand side of Eq.

(ny 1 74,1072 em®)

7880 7600 76'29 630 7eeo
A(A)

FIG. 1. Normalized differential emission intensitigs (w=1"1)
for the far blue-wing satellite of the Rb D, line (7800 A) collisional-
ly broadened by Xe perturbers. The solid line (—) is the experi-
mental spectum for a temperature of 7=706 K. The simple dashed
line (— — —) is a theoretical spectrum at a single incident energy
of %kBT [Eq. (4)], while the dash-dot line (— - — +) is the ther-
mally averaged spectrum [Eq. (5)]. The theoretical spectra are
based on the assumption that the local transition dipole moment
wir(R) is independent of internuclear separation, and is equal to the
asymptotic atomic value.

@) by (w4/w)3.

The overlap integral in Eq. (4) can be computed in a
variety of ways. An accurate semiclassical method based on
an analytic, stationary-phase evaluation of the overlap in-
tegral has been reported elsewhere.!! [Such methods can
also handle variations in u;(R) to first order about each
Condon point.] Figure 1 displays theoretical emission spec-
tra of the satellite feature in the far-blue wing of the Rb D,
line (7800 A) of Rb broadened by Xe perturbers, using this
stationary-phase technique. (g= -5— instead of -5— because of
the large fine-structure splitting.) It has been assumed that
Piw = 4; in the similar Na-Xe system, the variation of u(R)
is only about 10% from the atomic value.!® Figure 1 also
displays the experimental results in the low-density (binary
collision) limit for a femperature of 706 K."” Note that the
satellite peak is 200 A into the blue wing of the atomic line.
One of the computed spectra is that for a single incident en-
ergy of %kBT=0.091 eV. As discussed in Ref. 11, the po-
tentials were adjusted until the position of the satellite peak
and its far-side half-width (i.e., the side opposite the atomic
line) roughly matched the experimental values. It was then
a joy and relief to see that the normalized intensity agreed
acceptably well with experimental values, for there are no
other adjustable parameters.

The single-energy line shape is much more structured
than the experimental one, although the slight undulations
on the near side of the experimental satellite are real. One
expects that the pronounced structure in the theoretical line
shape would become broadened and perhaps even washed
out through thermal averaging. This can be understood in
the following way. The satellite feature is caused by interfer-
ence between pairs of Condon points R associated with the
same transitional energy, i.e., where hv=AV(R¢c). The
closer v is to the atomic resonance value (i.e., farther away
from the satellite, on the near side), the greater the separa-
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tion of these transition points. Since the undulatory struc-
ture of the satellite is due largely to interference effects as-
sociated with the wave-functional phases at the Condon
points, the wide range of energies and angular momenta in-
troduced through thermal averaging should randomize the
structure most noticeably on the near side of the satellite.
This is indeed what is seen in the thermally averaged
theoretical spectrum shown in Fig. 1.

Unfortunately, the intensity of this spectrum is only about
44% of the experimental spectrum. The change from the
single-energy case has happened because satellite transitions
for collisional energies E; < 3kgT occur near the classical

turning point. for /=0, often into bound states of the shal-
low ground-state well. (Reference 18 describes how the am-
plitudes and phases of the bound-state wave functions were
computed.) At these low incident energies, transitions will
be into classically accessible regions of the effective lower-
state potential only for relatively small values of angular
momenta. Thus, the contributions to df/dw from these en-
ergies in the thermal distribution are small. In contrast, the
contributions from higher energies were truncated by the
centrifugal barrier in the entrance channel, as in the case of
E,-=-§—kBT. However, since E; < %kBT form a significant
fraction of the thermal distribution, the intensity of the
averaged spectrum is significantly less than that for a single
incident energy of 3 ksT.

The discrepancy between the experimental and theoretical
results is most likely due to a combination of two causes.
First, the intermolecular potentials utilized in the computa-
tion were not finely tuned, and are probably in error to
some extent. Secondly, the transition dipole moment may
have increased from the atomic value at Rc contributing to

the satellite (6-8ap). As a test of the first possibility, a
thermally averaged theoretical spectrum was computed for
T =413 K. Its intensity was about 39% of the experimental
one. Thus the intensity discrepancy between the experi-
mental and theoretical spectra changes by (0.44—0.39)/
0.44=0.11 (or 11%) in going from T =706 to 413 K. As
for the second possibility, we can consider the similar Na-
Xe system. In that case, the same assumption that g, = u 4
would introduce an error of (1.1u,/um,4)?=1.2. Both possi-
ble sources of error are expected to generate discrepancies
of a few tens of percent. This is consistent with the differ-
ence between the experimental and thermally averaged com-
puted spectra. However, the discrepancy in line shape can
be attributed to errors in the potentials. (As discussed else-
where,’ the secondary peak at 7645 A is not a rainbow in-
terference supernumerary, in contrast to what would gen-
erally be assumed in standard theoretical interpretations.)

Of course, there is the possibility that some factor on the
order of + was incorrectly omitted in the derivation of Eq.
(4). However, several internal and external checks were
conducted, and no error was discovered. (This included a
comparison to close-coupled calculations on the red-wing
absorption spectrum of Sr broadened by Ar perturbers.!%20)
Consequently, Eq. (4), and the semiclassical method used
to evaluate it, seem a viable basis from which to analyze the
newly available experimental intensities of far-wing line
shapes, and to extract information about intermolecular po-
tentials and transition dipole moments.
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