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Pressure dependence of Na resonance line broadening by Kr and Xe

W. P. West* and Alan Gallaghert

(Received 3 October 1977)

The fluorescent spectrum of the Na D lines, pressure broadened by Xe and Kr, has been measured for
noble-gas densities of 2)(.10' -3 X 10 cm; at the lower density, the lines are isolated while, at the

higher, they are severely blended. The spectra are obtained in normalized intensity units allowing the
nonbinary behavior of the line wing intensity to be clearly observed. At the lower density the broadening is
well characterized by isolated binary interactions; at the higher density multiple-perturber interactions
domiriate. Nonlinearities in the pressure dependence of shifts, widths, and satellite shape are reported.

I. INTRODUCTION

The theory of collisionally broadened atomic line
shapes in low-pressure gases is relatively mell
developed. The line shape depends on atomic in-
teraction energies that are frequently poorly
known, but methods for calculation of a line shape
in terms of these interactions are well estab-
lished. '"' Primarily, the impact approximation is
used to calculate the width and shift of the Lor-
entzian line core and the quasistatic approximation
is used for the far wings mith certain improve-
ments in the neighbprhppd pf ' satellites, " pr
intensity maxima in the line wings. The transition
between "line core" and "far wing" occurs at
(v —&o,)&, =—1, where v, is the characteristic col-
lision time, co photon frequency, and co, the unper-
turbed atomic frequency.

'The problem of describing line shapes at high
pressures, with overlapping collisions and multi-
body interactions, is quite formidable. The im-
pact approximation is- not applicable in the line
core and even the simple quasistatic theory re-
quires a number of additional assumptions of
questionable validity in order to be applicable in
the far mings.

The quantum-mechanical improvements to the
quasistatic theory in the neighborhood of satel-
lites"' (see Ref. 7 for a. recent review) are lim-
ited to nonoverlapping interactions (low pressures).
One method that is applicable in all parts of the
line at all densities is the Anderson-Talmari-type
semiclassical theory, ' which utilizes the Fourier
transform of the autocorrelation function. Calcu-
lations"' "based on this theory have utilized the
approximations, .(i). that multiple-perturber inter-
actions are uncorrelated and can be represented
by scalarly additive identical radiator-perturber-
pair interactions; (ii) that no nonadiabatic mixing
of (effectively) molecular adiabatic states occurs;
(iii) that the quantum-mechanical effects associated
with turning points and quasibound or bound states

be neglected; and (iv) straight-line collision or-
bits. Other, related theories"" do not remove
any of these assumptions, while treatments of
nonadditive interactions are so far too formal to
yield quantitative results. "'" The additivity as-
sumption for different perturbers has been tested
in one case." In practice, only Refs. 3, 9-11,
based on the Anderson-'Talman-type theory, have
calculated a high-pressure spectrum from inter-
action potentials, and they have utilized further
approximations due to the severe computational
difficulties. All these calculations have assumed
a single-excited and ground-state binary-interac-
tion potential, which is rarely valid(a 'S, &, 'P, &, -
transition, where the 'P, &, -'P, &,fine-structure is
large, is an'exception). Further, Aef. 10 utilized
an unrealistic square-well potential and Ref. 9 in-
vestigated only a single interaction potential.
Kielkopf' carefully investigated the computational
difficulties as well as a number of interatomic po-
tentials, although he concentrated primarily on
certain satellite shapes. This recent work repre-
sents most of our present understanding of high-
pressure line shape, yet only a few qualitative
conclusions of Ref. 3 are applicable to any speci-
fic transitions other than those studied therein.
Furthermore, the above assumptions used so far
in evaluating the Anderson-Talman theory are of
questionable validity; in particular the single-
potential approximation is completely inappro-
priate in the present case.

The inaccuracies resulting from the assumptions
utilized in the theories are largely untested since,
as noted in Ref. 3, available data are not suffi-
ciently restrictive. In fact, the theories have suf-
ficient free potential parameters to readily fit a
single measured line shape, ' satellite shape, '" or
the pressure-dependence of the line-core shift and
width. Clearly, comprehensive data for systems
with known interaction potentials are needed.

It is the purpose of this work to provide accurate
quantitative data for the pressure dependence of
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the line shape in the region of the D lines and a
nearby red satellite. Furthermore, we have cho-
sen a case for which the binary-pair interactions
are relatively well known from theory" "and ex-
perj. ment. "'"

At the lowest pressures studied, the line shape
is predominantly due to binary interactions, and
at the highest pressures the D lines have essen-
tially disappeared. The line shape is analyzed to
obtain the. pressure dependence of the D-line shifts
and widths, but there are no calculations available
to which these results can be compared. The de-
pendence of the satellite shape on pressure is re-
ported, but again no calculation is presently avail-
able for comparison. We have studied the region
just beyond the satellite to search for a' second-
ary" satellite due to NaXe„and made quantitative
comparisons to theoretical predictions based on
the additive-potential model.

For the perturber densities [Xe] of these exper-
iments, the extreme wing intensities, at frequen-
cy shifts in excess of 100 cm ', are predominantly
due to only one —and two-perturber interactions or
to NaXe and NaXe, spectra. There are no satel-
lites on the extreme red wing and the relatively
simple, quasistatic, additive-pair interaction
theory for the NaXe, spectra can be tested there.
We.have made detailed comparisons of the ex-
treme-wing data to the predictions of this theory
in a separate publication.

II. EXPERIMENT AND RESULTS

The fluorescence spectrum of optically excited
Na(3P) in the presence of Xe and Kr was measured.
The cell temperature was 450 K and the sodium
density [Na]. was below its equilibrium value. De-
tails of the apparatus are given in Ref. 22. The
Na vapor was optically thin ([Na] & 10" cm ') and
the total emission spectrum without radiation en-
trapment was measured. In order to obtain fluo-
rescence signals without interference from instru-
mental and Rayleigh scattering, the cw dye laser
(-1 W/cm' in 0.01 nm) used to excite the Na(3P)
was tuned to various wavelengths 0.1-0.5 nm in
the wings of the broadened resonance lines. Scat-
tering at the laser wavelength are ignored and all
portions of the emission spectrum are obtained by
measuring the spectrum for different laser wave-
lengths. Three-photon scattering" was not ob-
served, as expected for our weak laser power
density. At the noble-gas densities of the experi-
ment essentially complete spectral redistribution
and 'P, &,

—'P, &, mixing occurs, and the fluores-
cence spectrum is independent of the exciting
wavelength.

The results a.re reported as I„(k), the normal. —

ized emission intensities per em ' interval divid-
ed by noble-gas density [Xe] or [Kr],

I (k) I(k)

[Xe]f)(i)) (d, /d)'dd
(12

where I(k) is the measured fluorescence intensity
per cm ' interval, in arbitrary units. At low [Xe]
most of the integral results from the D lines while
the line-wing intensity is predominantly due to
binary Na-Xe interactions and is a constant in
'such a plot. In' the wing of a Lorentzian line with
bi oadened]ewidth y c(- [Xe], I~(k) is constant at all
[Xe]. Departures from this behavior, are observed
in the line wings i eported below. The (k,/k)' fac-
tor .in the normalization integral is a relatively
minor factor that gives a physical meaning to the
integral. As shown in Ref. 22, this integral equals
kckoi', [Naf], where k, is the D-line centroid fre-
quency, I', the spontaneous emission rate, and
[Nar] the total concentration of excited Na(3p) in
all bound and free forms.

In Fig. 1 the line-center data are given for a
number of Xe densities. The rms fluctuation in
individual points is -2%, while the absolute nor-
malization is accurate to -5%. A number of re-
dundant data sets were taken in the 587-593 nm

region to search for any regular intensity undula-
tions. Such undulations are known to occur in the
neighborhood of some satellite structures for
low2 or high~' perturber pressures. One calcu-
lation has indicated that such' undulations might
occur at high perturber pressures even though

.they do not occur at low pressures. ' A "satellite"
structure appears in Fig. 1 as a -591 nm red edge
to the relatively constant intensity 590-591 nm re-
gion, however, no intensity undulations secre dis-
cerned anywkere in the 587-593 nm ((vavelengtk for
any [Xe]. The upper limit on the fractional change
in any undulations is set by the experiment at -1/o.
Another, much weaker satellite occurs on t'he blue
wing at -559 nm (Fig. 2). The lower intensity of
this satellite precluded an equivalent search for
undulatory structure in its wavelength region. In
Fig. 2 the entire measured spectrum is plotted on
a log-log scale to give an overview of the entire
line wings. The ~A = -100 to -2500 cm ' region
ig the Na*Xe A-X band"; .its;red edge at 4k
=—-2200 cm ' is not a satellite, rather. , it;is due-to
the effect of the repulsive inner wall of the A-state-
potential on the perturber:distribution. ' The
pressure dependence of the 4k =-300 to -4500
cm ' region is the subject of:Ref. 22 and is not
discussed here. .

The red-wing region is shown in Fig. 3 for sev-
eral krypton densities. As with xenon, the pres-
sure dependence of the 4k&-100 cm ' region is
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by 1/2.89 for the comparison to our data. As
shown in Fig. 4, the resulting I„(k) calculated us-
ing the (full width) y/[Xe] of the P, &2 line mea-
sured by McCarten and Farr has about the same
shape as the present measurement but is lower by
a factor of -1.6. A 36%%uo larger value of y[Xe], and
thus of I„(k), has recently been calculated by Lwin
et al. ' As shown in Fig. 4, if the wing shape re-
ported in Ref. 24 is normalized to the Lorentzian
wing according to the procedure described above
using their calculated y/[Xej, the agreement with
the present results is much better (-20%). Lwin,
McCarten, and Lewis have suggested that the
y/[Xe] measured by McCarten and Farr" may be
in error in the case of xenon and the present data
support that suggestion. We are not aware of any
other measurements of Xe broadening of these Na
lines.

The full widths at half maximum (FWPIM) of the Xe
broadened P,&,(589.6 nm) and P,&a(589.0 nm) lines
were measured with an instrument resolution
b. =0.03 nm at the lower [Xe] and 0.05 nm for the
higher [Xe]. The observed widths (W) of ~0.6 nm.
were corrected by (5-30)%%uo for the instrumental

contribution using the approximation y = (W —r ) '.
The shifts (d) of the peak positions of these two
lines were measured relative to a low-pressure
sodium discharge lamp. Since the measurement
of the shifts involves only the determination of the
peak positions, the uncertainties are deemed to be
significantly less than the instrumental resolution
and are +0.003 nm at the lower [Xej and +0.01 nm

at the higher [Xe7. At low [Xe7, y and d are pro-
portional to [Xe], so we have plotted y/[Xej and

d/[Xe] vs [Xe] in Fig. 5 to indicate departures
from low-pressure behavior. The low-pressure
limiting values of d/[Xe] shown in Fig. 5 have
been measured by McCarten and Farr, ~ while both
the calculated" and measured~ limiting values of
y/[Xe] are shown. The uncertainty in the widths
obtained in the present low-resolution measure-
ments includes uncertainty in the above correction
for instrumental broadening.

III. DISCUSSION

The general pattern of the data in Figs. 1 and 2

is a broadening and red shift of the D lines with
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FIG. 3. Normalized fluorescence of optically thin Na
at 450 K in the presence of Kr densities of 2.02x10~~
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increasing [Xe]. The intensity in the line centers
decreases relative to that in the wings until they
merge and the lines disappear. It is useful to rec-
ognize that a single isolated Lorentzian line would
have a normalized intensity I„(k) given by Eq. (2).
Thus, if y/[Xe] were a constant, the width of the
line would be proportional to [Xe], the normalized
line peak would decrease as [Xe] z, and the wings
would appear constant, (the area'decreases as
[Xe] by definition). Such a constant wing inten-
sity and y/[Xe] is consistent with a binary (Na-Xe)
interaction only. At low [Xe] the normalized wing
intensities are indeed independent of [Xe], but at
the high [Xe] of these experiments the riormalized
line-wing intensities generally decrease with in-
creasing [Xe]. This is caused by the depletion of
free Na*- atoms due to molecular formation and
the fact that multibody interactions (Na"Xe„,
n =2, 3, . . . ) spread the intensity into other por-
tions of the spectrum. In essence, according to
the Poisson distribution, the probability of one
and only one Xe in a particular volume 4V.about
a Na* is given by AV [Xe] exp(-d V[Xe]). Here the

ip p+. I I I. I I I III
-I 0

Zk (c m-~)

FEG. 4. Normalized fluorescence of Na at 450-460 K
in the presence of Xe. Present data at [Xe]=2.2x10~8
cm 3 (solid line). Data of McCarten and Farr normal-
ized to their measured broadening coefficient y/[Xe]
=2.79 x10" cm2 (short dashes) and the calculated 9

broadening coefficient y/[Xe] = 8.78 x 10 20 cm2 (dash-dot]
Also shown are the pure Lorentzian shapes (dash-
double-dot) and (dotted), for these two values of y/[Xe].
6k is measured from the center of the (unperturbed) D1
line.

I I I I I I I I

- IOO

A. Shift and width

The shifts and F%HM of the D lines were plotted
as d/[Xe] and y/[Xe] vs [Xe] in Fig. 5. The low-
pressure limit of the broadening rate y/[Xe] is
uncertain by about +30/p due to the disagreement
betmeen the present data and Ref. 26, but within
this uncertainty y/[Xe] does not appear to vary

probability of remaining a free Na* with no Xe in-
side LV is exp(-AV[Xe]), and the remaining prob-
ability is accounted for by multiple-Xe interac-
tions. A morq complete discussion of these mul-
tibody contributions to the ming spectrum is con-
tained in Ref. 22.
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FIG. 5. Broadening rate y/[Xe], where y is the full
width in cm ~ for the 590 nm line (6) and 596 nm line
(0]. Shift rate d/[Xe] for the 590 nm line (V) and 596
nm line (0). The width for |Xe]= 2.2 x 10~8 cm 3 is from
the wing-intensity analysis in Fig. 4. . The values on the
[Xe]=0 axis are by McCarten and Farr (k, e, T, and
a for width and shift at 596 nm, and by Lwin et aE. (k
and ~ for width of 590 and 596 nm). The straight lines
fitted to the shift data are for comparison purposes only.

with [Xe]. It appears that our data for the shift
rate can be fitted, within experimental accuracy,
with strai. ght lines whose intercepts are the low-
pressure limits measured by McCarten and Farr.

The approximately constant y/[Xe] and linearly
varying d/[Xe] might be taken as indicative of pre-
dominantly one- and two-Xe interactions, but this
may be deceptive. In the impact approximation,
collisions with impact parameters greater than
the Weisskopf radius R~ are ineffective at broad-
ening, while all closer collisions contribute almost
equally; the shift is predominantly due to colli-
sions with impact parameters near R~.' Here
R~ = (y/[Xe]s v,)'I ', with vo the mean interatomic-
collision velocity, is the impact parameter that
yields unity phase shift and "interruption" of the
optical phase. To obtain a constant y/[Xe] and

d/[Xe], Na*-Xe collisions should be independent
and not overlap in time. The average-number N
of perturbers inside R~ at one time is given ap-
proximately by -'vRS~[Xe], neglecting effects due
to Boltzmann factors associated with the inter-
atomic potentials, and N «1 is required for non-
overlapping collisions. In the present case R~
=—13 A and N= 2.5 at our highe—st [Xe] =3.2 && 10ao

cm . The Poisson distribution gives the proba-
bility (N"/n]) exp(-N) of n-independent perturbers
inside R~, so interactions with more than one or
even two Xe at a time inside R~ is highly likely.
However, the large frequency shifts associated
with these severely broadened lines would appear
to be outside the rarige of validity of the impact
approximation, and these large shifts may be pri-
marily due to perturbers at R&R~. Thus the rea-
sons for the observed pressure dependences of
y/[Xe] and d/[Xe] are not clear. . These highly

qualitative comments, as necessary in the ab-
sence of any directly applicable quantitative
theory of nonbinary pressure broadening, are
intended only to suggest the types. of issues in-
volved in interpreting data.

The parameters p and d completely characterize
a Lorentzian broadened line; however, at these
high perturber densities the lines are no longer
Lorentzian. At the highest density studied, 3.2
X10"cm ', the D lines are broadened to such an
extent that their widths are not obtainable. There-
fore comparison to theory, when available, should
be made using the complete line profile.

B. Secondary satellite

It has been noted that if one assumes additive-
pair interactions a satellite feature at b k, in the
binary (NaXe) spectrum will also appear in the
quasistatic spectrum as a weaker satellite at
26k„due to the triatomic (NaXe, ) spectrum. "
These satellite features will be broadened com-
pared to those given in Fig. 1 of Ref. 27 due to the
atomic motion, but the area under each broadened
satellite feature must remain nearly the same as
that which the quasistatic theory predicts will oc-
cur across the same spectral region (e.g. in the
present case the region of 590.3-591.7 nm in
Fig. 1). The present data at [Xe]= 3.2 && 10"cm '
correspond to V,[Xe]=0.83, where V, =(4m/3)R', is
the volume inside the satelli. te radius R, = 8.5 A,
obtained from Ref. 18. The results of Ref. 27 are
expressed in terms of 6 = —'V, N, where N is the

32
perturber density, so to the extent that the 6-12
potential of Ref. 27 is applicable our data corres-
pond to 6 =0.026. From Fig. 1 of Ref. 27 it can be
seen that a highly discernable secondary satellite
is predicted for & values in this range. No such
feature is apparent in our measured spectrum.

In order to test more quantitatively for a satel-
lite at 24k, we have carried out an approximate
calculation of the spectrum to be expected under
the additive-potential assumption. We have util-
ized Eq. (9) of Ref. 22 to calculate the contribution
of the NaXea spectrum to I„(k) using knowledge of
the NaXe spectrum obtained at low [Xe]. In es-
sence, the low-pressure limit of I„(k), which rep-
resents the NaXe spectrum, is convoluted with it-
self. This approximation introduces the motional
broadening into the NaXe, spectra as convolutions
or superpositions of the observed broadening due
to single-perturber motion. Royer has derived a
similar expression, except utilizing the convolu-
tion of quasistatic wings with essentially the
broadened line core.~ The predictions of this ap-
proximation are compared to the data in Fig. 6.
We have included I„(k) contributions from NaXe
and NaXe, only, so that the calculated I„(ak) is
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given by the Poisson distribution. ) Thus, for ex-
ample, at [Xe]=2.2 &&10" cm ', a factor of 15
smaller [Xe] than in the above comparison, the
secondary satellite is 15 times weaker relative
to the NaXe satellite and is no longer visible in
the theoretical line in Fig. 6. McCarten and Farr~
have reported a broad hump at --100 cm ~ in the
red wing of the absorption profile of Na perturber
by Xe. They have attributed this feature to the
(NaXe, ) secondary satellite. However, from the
present normalized data it follows that at their
perturber density (3.2 X 10" cm ') any such sec-
ondary satellite would be about 10' lower in inten-
sity than that of the primary satellite; thus it is
obviously not the feature reported in Ref. 26. The
beginning of the NaXe A-X band absorption, the
broadband at -100 to -2000 cm ' in Fig. 2, is
probably what was observed.
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FIG. 6. Normalized Na emission in the presence of
fXe]=2.2xl0~~ cm and 3.2xl02 cm", in the wave-
length region of the red satellite. The higher-pressure
data have been multiplied by 3 to avoid overlapping the
low-pressure data and to facilitate comparison with the
theoretical shape. Here Ak is measured from midway
between the D lines.

somewhat lower than the measured l„(hk). The
omitted terms, representing N Xae„(n&2) spectra,
are expected to be slowly varying with ~k in the
satellite region under investigation, so that they
should not affect this comparison of spectral
shapes. In this calculation there is some ambigu-
ity in the choice of the unperturbed atomic fre-
quency k„and a value midway between the D lines
was chosen. Note the predicted NaXe, secondary
satellite hump at --80 cm ' in the [Xe]= 3.2 x 102O

cm ' theoretical spectrum; its intensity is -10/o
that of the primary. satellite at --40 cm '. There
is no indication of this secondary satellite in the
data.

The relationship between the predicted magni-
tudes of the primary and secondary satellite is
very useful in any search for them. This is easy
to see from Eq. (9) of Ref. 22, and is consistent
with the results of Ref. 27. In essence, when the
area under the primary satellite I„(&k,)W, where
W is the observed satellite width, is a fraction a
of the normalized emission, Eq. (9) of Ref. 22
predicts that the area under the secondary satellite
will be about 2am. (This is roughly equivalent to
the probability of finding two Xe inside A„as

C. Intensity undulations near satellites

Another aspect of this satellite feature has al-
ready been noted in the data section; we do not
observe intensity undulations at any pressure, in
contradiction to the suggested' ' shapes for
broadening of Cs resonance lines by high-pressure
Xe. This supports the suggestion in Ref. 3 that
realistic potentials and considerable computational
care are necessary for such. calculations.

D. Conclusions

The qualitative behavior of the far-wing intensi-
ties as a function of perturber density can be un-
derstood in terms of the depletion of free Na* due
to molecular formation and the more spread out
character of the NaXe„spectra as n increases.
These effects are predicted by the additive-inter-
action model as given in Eq. (9) of Ref. 22. How-
ever, the behavior is not well understood quantita-
tively. In particular, we do not observe a second-
ary satellite or intensity undulations in the neigh-
borhood of the red satellite, nor has the pressure
dependence of I„(k) been calculated. The line-core
shifts and widths appear to have a very simple
[Xe] dependence, for unknown reasons.
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