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Using stimulated Raman gain spectroscopy, we have measured the temperature and density
dependence of the Raman linewidth and line shift for the Q(1) and Q(0) vibrational transitions in
H, covering the range 77—480 K and 1—20 amagats, and as a function of ortho to para ratio. We
conclude that the dominant contribution to the Q(1) linewidth comes from vibrational dephasing
collisions, an effect not included in current theories. The line-shift coefficient has a much larger
temperature variation than the linewidth coefficient, with the ratio of line shift to linewidth reach-
ing a maximum value of 7.3 at 81 K. These results are important for applications requiring the tun-
ing of the Stokes frequency generated by the stimulated Raman process.

I. INTRODUCTION

The ability to measure the linewidths and line shifts of
Raman transitions at high resolution was vastly improved
with the demonstration in 1977 of cw and quasi-cw stimu-
lated Raman gain spectroscopy (SRGS)! using lasers with
linewidths in the tens of MHz. The resolution obtainable
for this type of spectroscopy is usually limited by the
Doppler width, which in the case of Raman transitions
can be extremely small (100 MHz or less). This high reso-
lution provides a unique opportunity for studying the
basic physics of the collisions that contribute to the Ra-
man linewidth and line shift.

Important information can be obtained about these col-
lisional processes if the temperature is varied (in addition
to the density) since this will change both the relative
velocity of the collision and the relative number density of
perturbers in a particular rotational state. Calculations of
the linewidths and line shifts (see, for example, Ref. 2) can
yield information about the intermolecular forces govern-
ing the collisional processes. The temperature dependence
could also be an important part of the analysis if data
were available.

This study was motivated primarily by the following
questions: how do the Q-branch Raman linewidths in H,
vary as a function of temperature, and what collisional
mechanisms contribute to the observed density-broadening
coefficient? Ab initio theories of the Raman linewidth>*
predict a large temperature variation for the Q-branch vi-
brational Raman linewidth, while predicting little varia-
tion for the S-branch rotational Raman linewidth. This
difference results from the fact that the dominant contri-
bution to the Q-branch linewidths arises from resonant
rotationally inelastic collisions, and therefore the
linewidth will be a strong function of the relative popula-
tion in nearby rotational levels. For example, the Q(1)
linewidth should depend strongly on the population in the
J=3 level. This population can be changed by 3 orders of
magnitude by changing the temperature from 298 to 77
K. At 77 K, the residual linewidth should reflect the
broadening mechanisms that have been left out of current
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line-broadening theories and thus give new data for
theoretical studies.

Several experimental’~® determinations of Raman
linewidths exist for H, at room temperature. Unfor-
tunately, data at other temperatures exist for only a few
cases. There has recently been a study of the temperature
dependences of the linewidth and line shift for the rota-
tional Raman transitions in H,. 10 However, as noted
above, we expect the rotational Raman linewidths to have
a much different temperature dependence, and hence the
temperature dependence of the Q-branch linewidths can-
not be determined from this study. Linewidth data as a
function of temperature for the vibrational Q-branch
transitions were obtained in only one experiment’ over a
very limited temperature range. No studies have been
made of the linewidth at temperatures below 273 K, prob-
ably because the Raman linewidth is very narrow for Q-
branch transitions and thus it is only since the recent
development of SRGS that high-resolution experiments
have been possible.

The determination of the Raman line shift as a function
of density and temperature is also important because the
collisional mechanisms that contribute to the line shift are
different from those contributing to the broadening. The
line shift has received much less attention theoretically
than the linewidth, probably because of the lack of precise
data. There are only two early studies of the Q-branch
line shift as a function of temperature.”!! We concluded
that both the linewidth and line shift need to be deter-
mined to provide high quality data for a broad range of
temperatures for continued development of the theory.

This research was also motivated by the recent revival
of the technique of stimulated Raman scattering, primari-
ly in H,, as a method of laser frequency conversion. This
revival is largely due to the development of high-power,
efficient excimer lasers that can serve as the pump source
for many applications. One important application is the
frequency conversion of the XeF and XeCl lasers to the
blue-green'? frequencies for naval communications. Other
applications for excimer lasers include techniques for
aperture combining'® and beam cleanup.'* All these ap-
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plications require that the Raman linewidth in H; be ac-
curately known as a function of temperature as well as
density.

A second application is the conversion of lasers to the
ultraviolet (uv)'>'® and vacuum ultraviolet (vuv)!’ fre-
quencies using the anti-Stokes lines produced by mul-
tiwave mixing in H,. One group'® observed a marked in-
crease in the uv conversion efficiency when the tempera-
ture was reduced from 298 to 77 K and qualitatively ex-
plained their data as resulting from a temperature-induced
change in the Raman linewidth. The temperature depen-
dence of the Raman linewidth is an important parameter
in the theoretical analysis of this frequency conversion
process'® and needs to be accurately determined.

We therefore started a research program designed to
study this interesting problem, and we report here the first
experimental results. Preliminary results of these experi-
ments have been reported earlier.”®

II. EXPERIMENTAL

The SRGS experimental apparatus, illustrated in Fig. 1,
is basically similar to the one described by Owyoung.!
The experiment involves two cw lasers, one operating as
the probe laser at the Stokes frequency and one operating
as the pump laser. The probe laser is a single-frequency
argon-ion laser tuned to 488 nm. The frequency of this
laser system was determined to drift less than 10 MHz
during the course of an experimental scan. The pump
laser is an electronically tunable single-frequency
Coherent Model No. 699-21 ring dye laser operating at
612 nm for the experiments on the Q(1) transition. The
time-integrated linewidth of this laser system is quoted by
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FIG. 1. Experimental configuration used for the cw stimulat-
ed Raman gain spectroscopy in H,.

the manufacturer to be less than 1 MHz. The pump laser
is amplitude modulated at 100 kHz with a electro-optic
modulator, combined with the probe laser on a dichroic
mirror, and mode matched into a multipass Raman cell.

The multipass cell is the heart of the experiment. Simi-
lar multipass cells have been used in other experiments.!°
The multipass optics consists of two mirrors with a 30 cm
concave radius spaced approximately 60 cm apart. The
lasers enter and exit the multipass cell through small holes
in the mirror substrates. We have designed and success-
fully used these optics with both cw and pulsed lasers
with up to 50 passes through the Raman cell.

The Raman cell is the product of several design itera-
tions to achieve the requirements of simultaneously ob-
taining a broad temperature operating range coupled with
high-pressure operation. The windows on the cell are
AR-coated sapphire that has been braised into a special
conflat flange designed to cover the temperature range of
77—500 K at pressures of up to 500 psi. The entire sys-
tem, including the multipass optics and the Raman cell, is
then mounted in a vacuum enclosure to minimize beam-
steering effects and condensation on the windows as the
cell temperature is changed.

After the lasers exit the multipass cell, the pump and
Stokes lasers are focused into a double-pass Raman cell
that serves as a reference cell for the line-shift experi-
ments. In this cell the temperature is held constant at 298
K while the density is varied over a limited range, depend-
ing on the temperature and density of the multipass cell.

After exiting the double-pass reference cell, the probe
laser is separated from the pump laser, using a pair of
dispersing Pellin-Broca prisms, and is detected by a fast
photodiode. As the pump laser is electronically scanned
through the Raman resonance, it acquires a 100-kHz
modulation through the Raman gain process. This modu-
lation forms the observed signal. The signal is extracted
from the noise with a lock-in amplifier that has been
referenced to the 100-kHz modulation and is recorded us-
ing an x-y plotter.

The accurate measurement of pressure-induced Raman
line shifts presents a difficult problem because the conven-
tional technique requires that both narrow-band laser sys-
tems be actively stabilized to high precision. We eliminat-
ed this problem in our experiment by including the
double-pass room-temperature reference Raman cell (not
shown in Fig. 1) after the variable-temperature Raman
cell. The recorded Raman gain signal was therefore a
combination of two signals that were deconvolved from
each other in the data-fitting procedure. In this manner
we obtained the line-broadening and shift data relative to
room-temperature data during the same scan of the dye
laser.

The pressure in the experimental cells was measured us-
ing a 10000-torr MKS Baratron gauge, and the tempera-
ture was measured using a Chromel-Alumel thermocouple
gauge referenced to 273 K. The density was calculated
using the perfect-gas law since the density calculated us-
ing the second virial coefficient?' deviates from this calcu-
lation by less than 1% at the maximum density of 12
amagats used in these experiments.

Para-H, was generated by storing gas evaporated from
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liquid H, in an aluminum cylinder. Tests of the para-
ortho conversion rate using spontaneous Raman scattering
indicated that the percentage of para-H, did not change
during the experiment.

III. RESULTS

An example of typical experimental data for the Q(1)
transition in H, at 81 K is given in Fig. 2. Here we see
two well-spaced resonances with slightly different widths,
one from the room-temperature reference cell and one
from the cooled Raman cell. We note that the line shift is
significantly larger than the line broadening at this tem-
perature. From data taken at many temperatures and
densities, we can derive the temperature dependence of the
linewidth and line shift.

A. Linewidth analysis

A Lorentzian line-shape function was used to determine
the full width at half maximum (FWHM) Raman
linewidth from the Raman gain signals. The line shapes
are theoretically predicted to have Lorentzian profiles.
Within the limit imposed by our signal-to-noise ratio, we
observed no deviation from the Lorentzian line shape at
the lowest densities used in this experiment (0.93
amagats). The FWHM linewidths were plotted as a func-
tion of density at each temperature.

Figure 3 gives an example of the linewidth data for the
Q(1) transition at 81, 298, and 474 K. The data at 298
and 81 K were taken on several different days over about
a year. Thus the resulting scatter represents the internal
consistency of the experiment. We can see from Fig. 3
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(3.0 amagat, 298 K)
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FIG. 2. Raman gain signal at 81 K, illustrating the linewidth
and line shift of the Q(1) Raman line in H,. At this tempera-
ture the shift coefficient is 7.3 times larger than the broadening
coefficient. Zero on the frequency scale is the zero-density posi-
tion of the Raman line at 4155.25 cm ",
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FIG. 3. Density dependence of the experimental FWHM Ra-
man linewidths (MHz) at temperatures of 81, 298, and 474 K.
The solid lines are fits to Eq. (1), yielding the 4 and B coeffi-
cients given in Table I.

that this consistency is very good, particularly since the
electronic scan drive for the dye laser was recalibrated
many times during that year.

The solid lines in Fig. 3 are the least-squares fits to the
linewidths using the diffusion model (Dicke narrowing)
described in Sec. IV. The fitting formula for the FWHM
linewidth is of the form

A‘VFWHM=A/p+Bp N (1)

where A is a coefficient proportional to the self-diffusion
coefficient, p is density, and B is the density-broadening
coefficient. The coefficients 4 and B at each temperature
were then derived from these fits and are the final result
of the data analysis, as listed in Table I.

Figure 4 gives the temperature dependence of the
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FIG. 4. Temperature dependence of the Raman linewidth for
the Q (1) vibrational transition in H,. The squares are data tak-
en at 81, 298, and 474 K, and the X’s are individual measure-
ments at other temperatures. The triangle is the data of
Owyoung (Ref. 9). The solid line is the fit to the data given by
Eq. (2). The dotted line is the data of van den Hout et al. (Ref.
10) for the S (1) rotational Raman line.
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TABLE I. Temperature dependence of the Q (J) Raman linewidth parameter.

A (MHz amagat)

B (MHz/amagat)

Previous Previous
T (K) J R, This work work This work work
81 0 3:1 189+40 29.0+1.0
0 1:7.7 76+ 6 45.410.8
1 3:1 107120 41.5£0.6
298 0 3:1 257112 76.6+0.8 66.01+5.0°
70°
83.0+3.0°
1 3:1 309+11 302+9¢ 52.210.5 51.3+0.6¢
45.0+3"°
42°
55.012.0¢
53.1¢
63f
474 1 3:1 508+29 94.0+2.0

*Reference 22.
YReference 6.
‘Reference 8.
dReference 9.
‘Reference 5.
fReference 7.

density-broadening coefficient B in Eq. (1) for the Raman
linewidth of the Q(1) transition. The data taken at 81,
298, and 474 K are indicated by the squares. The values
for A and B determined from Eq. (1) are also given in
Table I. Data taken at other temperatures are indicated
by the X’s in Fig. 4. These measurements are much less
accurate than those at the above three temperatures but
they show the consistency of the measurement. In the
study of the Q(1) linewidth, the ortho-para ratio (R,.)
was not varied.

Table I also lists the results of previous measurements
of the Q(1) linewidth at 295 K by Owyoung,’ Murray
and Javan,?? Allin et al.,® Hunt et al.,? and Foltz et al.’
We observe that our measurements agree almost exactly
with the data of Owyoung,” who used the SRGS tech-
nique, whereas those measurements of the other authors
differ by 15—20%. We believe that the current value is
correct to better than 5% due to the high resolution af-
forded by our experimental technique. The only other set
of linewidth data in the literature for the Q(1) transition
is that of Lallemand and Simova.” Although they report-
ed temperature measurements over a limited range with
the same qualitative trend as our data, their linewidths are
30% larger than ours. This discrepancy probably results
from the inherent difficulties of running a single-mode
laser coupled with a stimulated Raman experiment.

Figure 4 also plots (dashed line) the rotational Raman
linewidth for the S(1) transition determined by van den
Hout et al.'° We note that the broadening coefficient is a
factor of 2 larger than the Q(1) transition at 298 K and
has little temperature dependence. As will be discussed in
Sec. IV, the rotational Raman lines are expected to have
larger linewidths.

The solid line in the figure is a phenomenological
second-order fit to the Q(1) linewidth. When we include
both terms in Eq. (1) to model the Raman linewidth at

any density, we derive a best-fit formula for the FWHM
Raman linewidth in MHz for temperatures between
77—500 K, densities of 1—50 amagats, and for an ortho-
para ratio of 3:1 as

0.92

309

T
Av(p)=—=
=

298

+[51.8+0.152(T —298)
+4.85x 1074 T —298)]p . )

Here Av is the FWHM Raman linewidth in MHz, p is the
density in amagats, and T is the temperature in K. This
phenomenological fit could be improved if data were tak-
en at temperatures between 81 and 298 K.

Data for the Q(0) transition in H, were acquired at
temperatures of 298 and 81 K for an ortho-para ratio
(R,p) of 3:1, and at 81 K for ortho-para ratios of 3:1 and
1:7.7. A and B values derived by fitting the data to Eq.
(1) are given in Table I. The signal-to-noise ratios for the
Q(0) data were somewhat worse than the Q(1) data
shown in Fig. 2. This limited the parameter space that
could be investigated with the experimental apparatus.
Improved signal-to-noise ratios could be obtained using
the recently developed modulation techniques of Rosasco
et al.®® with a modification of our signal-detection ap-
paratus. We hope to modify our experiment in the future
to allow Q(0) data to be obtained at lower densities and
for different ortho-para ratios.

B. Line-shift analysis

The line shifts of the Q(1) and Q(0) transitions were
measured for each of the temperature and density condi-
tions described above for the linewidth measurements.
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Two techniques were used. In the early phase of the ex-
periment, we measured the center frequency of the Raman
transition for two successive scans at different densities
and then plotted the difference as a function of density.
This method assumed that the dye- or argon-laser fre-
quency did not drift during the two scans. This technique
yielded data with some scatter because of the uncertainty
in the frequencies of the lasers. Later in the experiment,
the double-cell approach (described in Sec. II) was imple-
mented with excellent results. The data for the Q(1)
transition at 81, 298, and 474 K and the Q(0) transition
at 81 K in para-H, were taken with the two-cell tech-
nique; Q(1) line shifts at other temperatures and the
Q (0) line shifts were determined using the first technique.

The Raman line shift can be modeled using a second-
order expansion in the density as!!?

vr(p)=vg(0)+Cp+Dp?, (3)

where vz (0) is the zero-pressure Raman transition fre-
quency, and C and D are coefficients that only depend on
temperature. Most previous experiments had to operate at
such high densities that the term proportional to the den-
sity squared had to be included in the data analysis. In
our experiments, we were able to operate at densities of
less than 25 amagats, and thus a linear fit determining
only C in Eq. (3) was used in our data analysis. Only at
474 K was the linear component in Eq. (3) small enough
that we had to include the second-order term in the data
analysis. The line-shift coefficients ( C) for all the transi-
tions, temperatures, and ortho-para ratios investigated are
given in Table II. Also given is a comparison with the
data obtained by other groups.”!"*? The agreement be-
tween all the measurements is quite good.

Figure 5 plots the temperature dependence of the linear
line-shift parameter for the Q(1) transition for the ortho-
para ratio of 3:1 and the temperature range of 77—480 K.
The X’s indicate the data taken with the first technique,
and the squares indicate data taken with the reference cell
technique. The solid line is a phenomenological fit to the
data yielding C in MHz/amagat as
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FIG. 5. Temperature dependence of the Raman line shift for
the Q(1) vibrational transition in H,. The squares are data tak-
en at 81, 298, and 474 K, and the X'’s are individual measure-
ments taken at other temperatures. The solid line is the
phenomenological fit to the data given by Eq. (3). The dotted
line is the data of van den Hout er al. (Ref. 10) for the S(1) ro-
tational Raman line.

C=[vr(p)—vg(0)]p~!
=[—96.14+0.777(T —298)
—8.82x10~4T —298)?], (4)

where vg(0) is the zero-density Raman frequency (not
measured in this experiment). Also plotted in Fig. 5 by
the dashed line is the temperature dependence of the S(1)
rotational Raman transition observed in Ref. 10. Note the
considerable difference in the temperature behavior of the
line-shift parameters for two transitions.

It is surprising to find that the value of vg(0) is not
known to better than +0.02 cm~!. Stoicheff** obtained
4155.207 cm~! [extrapolated to zero density using Eq.
(4)], Foltz et al.” obtained 4155.259 cm~!, and Brannon
et al.” obtained 4155.240+0.02 cm~!. There is a similar
uncertainty in the value of the Q(0) transition frequency.

TABLE II. Temperature dependence of the Q(J) Raman line-shift coefficients.

C (MHz/amagat)

D (MHz/amagat?)

Previous Previous
T (K) J R, This work work This work work
81 0 3:1 —250+10 —270+10° 0.16+0.02°
0 1:7.7 —336x10
1 3:1 —305+10 —290+10? 0.16+0.02?
298 0 3:1 —64+5 —71+52 0.168%
—65° 0.174°
1 3:1 —96+1 —94+5*% 0.147%
—9QP 0.135°
—90+3¢
474 1 3:1 9.5+£0.9 3.9¢ 0.51+£0.07

2Reference 11.
YReference 22.
‘Reference 7.
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This uncertainty could be considerably reduced using the
SRGS technique combined with the recently developed
wavemeters that have accuracies of a few parts in 1077,

This plot, coupled with Eq. (4), is important for appli-
cations where the Raman frequency needs to be tuned in
stimulated Raman frequency conversion. It is interesting
that the transition can be tuned in both directions by
changing the temperature of the gas. The largest tuning is
obtained at 81 K. The ratio of the shift coefficient, given
by Eq. (3), to the broadening coefficient, given by Eq. (2),
reaches a maximum value of 7.3 at 77 K. This is a very
surprising result since this ratio for absorption transitions
in the infrared is typically 0.1 or less.

IV. DISCUSSION

The Raman linewidth has a complex density depen-
dence that will change as a function of temperature. To
illustrate this dependence, we have plotted in Fig. 6 the
density dependence of the FWHM Raman linewidth
in the reduced variables of Y =Avgwym/Avp and
X =Avpp/A, where Avp is the Doppler width and A4 is
proportional to the self-diffusion constant, Eq. (1). The
Raman linewidth for all temperatures and densities can
thus be represented by one plot.

We can identify three general density ranges in Fig. 6
where different collisional mechanisms play dominant
roles. In the low-density region, collisions have little ef-
fect on the line shape and the linewidth is determined by
Doppler broadening. In this limit, the line shape is a
Gaussian with a FWHM linewidth (in Hz) given by

e

m

Avp=—"[2(In2)kT/m]'/?, 5
where T is the temperature in K, m is the mass, k is
Boltzmann’s constant, and k, is the effective wave vector

(angular units) given by??

ke =2m[2v,vs(1—cosf)+vk ]2 . (6)

Here v, and vg are the pump and Stokes laser frequencies
in cm™!, @ is the angle between the pump and Stokes
lasers, and vy is the Raman transition frequency (cm™—!).*
For forward scattering (6=0°), k,=2mvg. The Doppler
widths for forward scattering for each of the temperatures
illustrated in Fig. 3 are given in Table III. We note from
Eq. (5) that the Raman linewidth at low density is propor-
tional to T/

As the density increases, collisions start to contribute to
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FIG. 6. Density dependence of the Raman linewidth as a
function of reduced variables X,Y. The collisional narrowing
has been calculated from the hard-collision model (see Ref. 22).
In reduced variables, the collisional broadening contribution to
the linewidth can be calculated from Y =X (4B /Av}), where 4
and B are given in Table I, and Avj is given by Eq. (5). We
have illustrated here the broadening contribution at 298 K for
the Q(1) transition.

the line shape. If the most frequent collisional process is
elastic velocity-changing collisions, as in the case of H,,
the line shape starts to narrow when the mean free path
for collisions is approximately equal to 1/k,. This nar-
rowing was first explained by Dicke.?® A simple physical
picture explaining this effect has been given by Murray
and Javan.?

For densities above 1 amagat, the collisionally narrowed
Doppler line shape is Lorentzian and has a FWHM
linewidth (in Hz) inversely proportional to density given
by

Dyk?
Avpwhm = — )
P

where D, is the self-diffusion coefficient in
cm?amagats™! and p is the density in amagats. This is
known as the diffusion model and it has been discussed by
several authors.’>?’=2° Unfortunately, this model does
not give the correct limit at zero density.

There are several line-shape theories covering the densi-
ty range between O and 1 amagat (Refs. 27 and 28) that
predict collisional narrowing and give the proper asymp-
totic limits. Two types of collisions are considered: the

)

TABLE III. Temperature dependence of the cutoff density p, for the diffusion model.

Avp D, Pc

T oW R, (MHz) (cm?amagats™!) (amagat)
81 0 3:1 569 0.871 1.10
0 1:7.7 569 0.350 0.45
1 3:1 568 0.493 0.63
298 0 3:1 1090 1.19 0.79
1 3:1 1089 1.42 0.92
474 1 3:1 1373 2.34 1.23
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hard collision, where the mass of the collision partner is
larger than the radiator, and the soft collision, where the
mass of the collision partner is smaller than the radiator.
Although collisions for H; lie between these two limits,
Murray and Javan?> have concluded that the hard-
collision model best fits their results.

We plot the FWHM linewidth (Avgwyy) predicted by
the hard-collision model and diffusion model in Fig. 7,
where the reduced variables are the same as those used in
Fig. 6. At X=3.33, the hard-collision model predicts a
linewidth that is ~10% smaller than that predicted by
the diffusion model. If we use this as the cutoff point for
the validity of the diffusion model, we can calculate a cut-
off density (p.) below which the hard-collision model
must be used to predict the spectral line shape. These cut-
off densities are given in Table III for all the Q-branch
linewidths measured at temperatures of 81, 298, and 474
K. Note that p. is approximately 1 amagat and varies
only by a factor of 2 over this temperature range. In our
fitting procedure, we only use linewidths for densities
larger than p., and thus the temperature dependence of
Dy can be extracted from the A parameters given in Table
I. The temperature dependence of D is discussed in Sec.
IV C below.

As the density further increases above 1 amagat (see
Fig. 6), the linewidth is broadened, primarily due to in-
elastic rotational collisions (for Raman Q-branch transi-
tions). This broadening is linearly dependent on density,
and a Lorentzian line-shape results.

If the processes of collisional narrowing and density
broadening are considered statistically independent, the
total line shape is the convolution of two Lorentzians (as-
suming the diffusion model for collisional narrowing).
Thus, the resulting Lorentzian line shape will have a
width that is the sum of a term inversely proportional to
density and one linearly dependent on density. This is the
expression given in Eq. (1), used to model our measured
Raman linewidths.
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FIG. 7. Calculated collision narrowing of the FWHM Ra-
man linewidths for the hard-collision model and the diffusion
model (after Ref. 22). The hard-collision model predicts a
linewidth that is 10% smaller than that predicted by the dif-
fusion at X=3.33. This value of X is used to calculate the cut-
off density p, for the data analysis.
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A. Temperature dependence
of the Raman density-broadening coefficient

A good review of the relationship of Raman line-
broadening coefficients to intermolecular forces is given
by Srivastava and Zaidi.*® In general, the collisional pro-
cesses that contribute to the linewidths for isotropic Ra-
man scattering (e.g., vibrational Q branch) are different
from those that contribute to anisotropic Raman scatter-
ing (rotational S branch). Thus we obtain complementary
information about the intermolecular forces by studying
both the density and temperature dependence of both the
rotational and vibrational Raman linewidths.

Hydrogen is a unique system in which to test line-
broadening theories because the large rotational level
spacing allows most of the population to be placed in one
or two rotational levels at low temperatures. This can
have important implications for the understanding of col-
lisional contributions to the linewidth.

The first theoretical study of the vibrational Q-branch
transition for H, was the work of Van Kranendonk.’
This work has served as the basis for several extensions of
the work to rotational Raman linewidths.’~3* Table IV
compares his calculated Q-branch linewidths for H, at
room temperature with experimental measurements. Van
Kranendonk obtained good agreement for all Q-branch
transitions except the Q (1) line, for which the theory gave
a linewidth that was a factor of 3 too low. Another
research group using his basic theory has obtained similar
results,® also given in Table IV. There has been only one
other study of Q-branch linewidths. Bonamy et al.* ex-
plicitly considered the temperature dependence of the Q-
branch linewidths in HD. However, this theory has not
yet been applied to the self-broadening of the Q-branch
linewidths in H,.

In general, the line-broadening coefficient has contribu-
tions from elastic collisions, which cause perturbations in
the phase of the radiation field, and inelastic collisions,
which remove the molecule from the rotational level in-
volved in the radiation process. For the purposes of this
discussion, the most important conclusions that have been
reached by both Bonamy et al.* and Van Kranendonk?® is
that, in the absence of vibrational effects, the widths of
the Q-branch lines are due exclusively to inelastic rota-
tional collisions, and that the contribution of the elastic
phase-perturbing collisions is identically zero. This is not
the case for the rotational Raman lines; hence the
linewidths of these transitions are generally larger than
the Q-branch linewidths [see Fig. 4 for a comparison of
the Q (1) to the S(1) linewidths].

The most important inelastic collision for H, is the
resonant collision. An example of this type of collision is
a radiating molecule in the Jg =1 level colliding with
J,=3 and exchanging rotational quantum numbers
(resonant collisions between odd and even J’s for H, and
D, are forbidden by the ortho-para spin rule). Because
the net energy exchange is zero, the temperature depen-
dence of the resonant collision rate is proportional to the
Boltzmann factor for the population in the J=3 level.
All other inelastic collisions [such as (Jg,J,)
=(1,2)—(3,0) with AE=233 cm™!] are less probable, and
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TABLE IV. Comparison between theory and experiment for the Q-branch Raman linewidths.

Av (MHz/amagat) Vibrational
Theory Experiment contribution
T (K) J ny Ref. 3 Ref. 8 (this work) (MHz/amagat)
81 0 0.25 <2 <2 29.0£1.0 29.0£1.0
0 0.89 <2 <2 45.410.8 45.410.8
1 0.75 <2 <2 41.510.6 41.5+0.6
298 0 0.130 66 78 77.0£1 0—9
1 0.658 18 24 52.4+0.6 28-34

2 0.117 78 86 80.0+11° 0—-2+11

3 0.090 108 116 137.0+28* 21-29+28

2Average of values in Refs. 6, 8, and 22.

hence have a smaller contribution to the linewidth.

Table IV shows that this model gives good agreement
for all the Q-branch transitions except the Q(1) line. A
qualitative explanation for this discrepancy was first sug-
gested by Allin et al.® and later by Gray and Welsh.>
They suggested that the additional broadening for the
Q(1) line is connected with a vibrational perturbation
mechanism that is proportional to the population in the
initial state. This mechanism can be thought of as a vi-
brational dephasing contribution to the linewidth that
arises from elastic collisions.* We therefore suggest a
phenomenological model for the temperature dependence
of the Q-branch linewidths as

B, T)=a;+a.n(J,T)+BUJ,T,Ry,) , (8)

where B is the FWHM linewidth in MHz/amagat given
in Table I, and n (J,T) is the relative population in the J
rotational level at temperature T. The a; . coefficients are
contributions from vibrational dephasing, and the 8 coef-
ficient results from rotationally inelastic collisions. The B
coefficient depends on 7, J, and the ortho-para ratio R,
and has been calculated by Van Kranendonk® for T=300
K and R,,=3 (see Table IV). Since B in Eq. (8) is ap-
proximately zero at 81 K (see, for example, the analysis in
Ref. 10), an analysis of the linewidths at low temperature
will give the vibrational dephasing contribution to the
linewidth.

Following the analysis in Ref. 11, i(7T) is a
temperature-dependent coefficient related to the isotropic
molecular forces, whereas a.(T) is the temperature-
dependent coupling coefficient giving a linewidth propor-
tional to the relative density in the J rotational level
n(J,T). Figure 8 gives our data at 81 K for both the
Q(0) and Q(1) lines plotted as a function of relative den-
sity n(J,T). The data are well fit by a straight line giving
a; =23 MHz/amagat and a.=25 MHz/amagat. Al-
though this result is encouraging, more data at different
ortho-para ratios are needed to completely verify this
analysis.

Using Eq. (8), we can determine the vibrational contri-
bution to the linewidth at T'=298 K by subtracting the
calculated values of B given in Table IV from our data.
The ranges of the residual contribution that can be attri-
buted to vibrational dephasing are given in Table IV.
This analysis is only qualitative and large uncertainties
are presented in Table IV. However, we find that the

available data at 298 K can be best represented by
a;=0x5 and a,=45+5 MHz/amagat. A value of
a.=42 MHz/amagat was proposed in Ref. 35. The
values of ;. at 298 and 81 K are given in Table V and
compared with values obtained for the line-shift coeffi-
cients. Again, more measurements are needed, particular-
ly as a function of ortho-para ratios.

From this analysis, we conclude that the main contribu-
tion to the Raman linewidth at 81 K comes from vibra-
tional dephasing collisions, an effect not included in any
current theoretical analysis of the Q-branch linewidths of
H,. In addition, we conclude that over two-thirds of the
Q(1) linewidth comes from vibrational dephasing at
T=298 K. These conclusions are, however, only qualita-
tive at this point. New theoretical studies are needed to
calculate the broadening coefficients as a function of tem-
perature and to relate the a;. to specific intermolecular
forces. With the present experimental techniques, we are
able to accurately determine these very small density-
broadening coefficients at low densities, thus providing
new opportunities for theoretical studies of Raman
linewidths.

B. Temperature dependence of the Raman line shift

In the only theoretical analysis of the Q-branch line-
shift in H, as a function of temperature,“ a statistical

60

7
//v
o kv | 1 L 1 1 1 I 1
0 0.2 0.4 06 08 1.0

RELATIVE POPULATION IN J STATE

FIG. 8. Vibrational contribution to the Raman linewidth at
81 K (O) and 298 K (A). The solid and dashed lines are fits
whose coefficients are listed in Table V.
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TABLE V. Vibrational contribution to the Q-branch linewidth and line shift.

Coefficients (MHz/amagat)
Linewidth [Eq. (8)]

a; ac
This Previous This Previous
T (K) work Expt. Theory work Expt. Theory
81 23+ 25+1
298 05 4545 42°
Line shift [Eq. (9)]
a; ac
81 —225 —261° —260° —100 —42° —63°
298 —58 —60° —60° —58 —51° —63°
—45¢ —68°

*Previously suggested in Ref. 35.
YReference 11.
‘Reference 7.

model for the vibrational perturbation of the transition
frequency was used to derive the line shift from a
Lennard-Jones potential model. In this analysis, the
linear line shift parameter ( C in Table II) could be divided
into two parts (similar to the line-broadening discussion
above):

C=ai(TD+a(T)n{J,T), 9)

where a; was interpreted in terms of the vibrational fre-
quency perturbation arising from isotropic intermolecular
forces, whereas a, was shown to arise mainly from molec-
ular coupling through the dispersion forces. It was found
that a; was strongly dependent on temperature, but a,
had only a small temperature dependence. A detailed dis-
cussion of the interpretation of a¢; and a, in terms of the
intermolecular forces can be found in Refs. 11 and 35.
The calculated values of a; and a, at 298 and 85 K are
given in Table V along with values derived using Eq. (9)
from our data in Table II and the experimental measure-
ments of May et al.!' and Lallemand and Simova.” The
theory is in reasonable agreement with experiment. The
theory also predicts that C=0 at T ~393 K, in approxi-
mate agreement with our finding, see Eq. (4), that C=0 at
T=446.

However, there have been no line-shift calculations us-
ing a unified approach that simultaneously calculate the
line-broadening coefficient. Although this has been done
for HD by Bonamy et al.* using an impact theory, the
theory has yet to be applied to H,. The simultaneous cal-
culation of the line shift and line broadening as a function
of temperature and ortho-para ratio would be a stringent
test of any impact theory. There appears to be a need for
new theoretical advances in this area.

C. Temperature dependence of the diffusion coefficient

The final parameter that can be determined from the
present measurement is the temperature dependence of the
self-diffusion coefficient D, used in Eq. (7). There have
been several determinations of the temperature depen-
dence of this coefficient as discussed in Ref. 21, and a

comparison of data and calculations is given in Ref. 36.
There appears to be reasonable agreement between experi-
ment and theory for temperatures above 65 K. Figure 9
plots the theoretical temperature dependence of D, for H,
and shows that it follows a 7% power law for tempera-
tures above 65 K. Figure 9 also plots the values of D,
determined at 81, 298, and 474 K from the Raman gain
experiment (see Table III). For the Q(1) transition at 298
and 81 K, the agreement is reasonably good, but there is
marked disagreement at 474 K. The best power law that
can be obtained for the three points is 70°2. It may be
that the coefficient determined from Raman linewidth
data cannot be represented by a power law scaling at high
temperatures.

A0 T T T

D, (cm? amagat/sec)

/ 0O D, Derived from A

02 ¥ B
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FIG. 9. Temperature dependence of the self-diffusion coeffi-
cient Dy. The solid line represents the theoretical and experi-
mental values given in Ref. 36. The squares are values for D,
determined from the Raman experiment (Table IV). The dashed
line is the best fit for a power-law dependence for the Q(1)
transition.
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In addition, we find that D, determined from the Q(0)
linewidth data are lower than for the Q(1) data varying
by a factor of 2.5 with respect to the ortho-para ratio at
81 K. Although there has been some discussion in the
literature of quantum symmetry effects’”*® that give dif-
ferent values of D, as a function of ortho-para ratios,
these effects occur at temperatures below 40 K and hence
cannot be used to explain the variations observed in this
experiment. We, therefore, have no current explanation
for the observed dependence of the A parameter, see Eq.
(1), on temperature and ortho-para ratio.

V. SUMMARY AND CONCLUSION

We have measured the Raman linewidth and line-shift
coefficients for the Q(0) and Q(1) vibrational transitions
as a function of temperature for two ortho-para ratios.
We conclude that the dominant contribution to the Ra-
man linewidth at 81 K is due to vibrational dephasing col-
lisions, and that at 298 K these collisions still result in
over two-thirds of the observed linewidth for the Q(1)
transition. Because these effects are not included in any
current theory of the Q-branch Raman linewidths, there is
a need for new theoretical studies.

The observed Raman line shifts as a function of tem-
perature for the Q(0) and Q(1) are in good agreement
with previous measurements. The line-shift coefficient
has a much larger temperature variation than the
linewidth coefficient, with the ratio of line shift to
linewidth reaching a maximum value of 7.3 at 81 K. The
theoretical prediction that the linear coefficient of the
density line shift for the Q(1) transition should be zero at
393 K has been experimentally measured to occur at 446
K. There has been no theoretical study of the Q-branch
Raman line shift in H, since 1964. The progress in both
theoretical and experimental techniques since that time
can now allow a detailed comparison between theory and
experiment. Further progress on this problem requires
new theoretical studies.

Finally, we conclude that the existing theory for the
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temperature dependence of the self-diffusion coefficient
Dy does not predict the dependence observed for the A
parameter determined from the Raman linewidth mea-
surements. Although there is reasonable agreement at 298
K, there is marked disagreement at 474 K and at 81 K,
where we measure a dependence of A4 on ortho-para ratio.
The fact that 4 changes by a factor of 2.5 when the
ortho-para ratio goes from 3:1 to 1:7.7 cannot be ex-
plained by any current theory for D,. We are led to the
conclusion that the one-parameter diffusion model for the
Raman line shape at densities above 1 amagat is not de-
tailed enough to predict the temperature dependence of
the collisionally narrowed Raman linewidth. It may be
that the assumption of the statistical independence be-
tween the collisional narrowing of the Doppler width and
the density broadening is not valid at low temperatures.
Study of the ramifications of this change in assumptions
is beyond the scope of this study, but should be theoreti-
cally addressed to direct new experimental efforts.

Note added in proof. In Sec. III B it was concluded that
the Q(1) Raman frequency was only known to an accura-
cy of 0.02 cm~!. A recent comparison of high-resolution
Fourier-transform Raman data (Ref. 39 and references
therein) to ir absorption data indicates that the Q-branch
translition frequencies are now known to better than 0.001
cm
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