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of the rotational Raman lines in Nz and Hz
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The temperature and density dependence of the rotational Raman linewidths and line shifts for
the diatomic molecules N2 and H2 has been measured using stimulated Raman gain spectroscopy.
Room-temperature results for the density-broadening coefficients, 8, in N2 are compared with ab in-
itio calculations, while the low-temperature (80 and 195 K) results are the first to be reported, to our
knowledge. Values of y in the relation, 80(:T~, were determined from fits to the data for self-

broadening in Nq yielding 0.25 g y g0.39. Foreign-gas (02) broadening coefficients for the N2 tran-
sitions were also measured and found to be 10—15% smaller than the self-broadening coefficients.
Our linewidth and line-shift results for H2 are in general agreement with previous measurements.

I. INTRODUCTION

Modeling the rotational Raman gain in Ni is of interest
since stimulated Raman scattering will alter the mode
quality of a high-intensity beam propagating through air.
Accurate knowledge of the Raman linewidths is neces-
sary for any useful model because the steady-state Ra-
man gain is inversely proportional to the linewidth. Re-
sults of previous studies of the room-temperature rota-
tional Rarnan linewidths in N2 typically differ by 30%%uo,

while results at other temperatures have not ben report-
ed. The main purpose of this work is to measure the tem-
perature dependence of the linewidths and line shifts for
the rotational Raman transitions (Sbranch) in N2.

This work differs from previous measurements of rota-
tional Raman linewidths3 in three aspects. First, we
have measured the temperature dependence of the line
broadening over the range 80—300 K. Previous work in
Ni has been only for room temperature. Second, the den-
sities, used in this work (0.01—2.0 amagat) are 2 orders of
magnitude lower than those (1.0—100 amagat) used in
previous measurements. Complications due to overlap-
ping of adjacent lines are eliminated by working at lower
densities where the Raman lines are typically separated by
100 linewidths. Finally, all previous measurements have
used spontaneous Raman scattering, whereas we have
used stimulated Raman scattering, which has a frequency
resolution several orders of inagnitude higher than its
spontaneous counterpart.

This paper reports experimental results for line-
broadening and line-shift coefficients for Stokes rotational
Raxnan transitions in N2 and H2. Results are presented
for the even- J transitions, S(2) through S(16), at tempera-
tures of 80, 195, and 295 K in N2 and for S(0) and S(l) at
temperatures of 80 and 295 K in Hi. The foreign-gas (Oi)
broadening and shifts of the four strongest Ni transitions
have also been measured at 195 and 295 K. The room-
temperature broadening coefficients in N2 are compared
with ab initio calculations, whereas the low-temperature
N2 self-broadening and the Oi foreign-gas results are the
tirst to be reported to our knowledge. The present tem-

perature dependence of Ni is compared to that found in
studies of CO and CO&. Finally the present H2 results are
compared w'ith previous measurements.

II. EXPERIMENTAL PROCEDURE

A. Apparatus

An overview of the experimental setup is shown in Fig.
1. This quasi-cw stimulated Raman spectrometer is simi-
lar to that developed by Esherick and Owyoung and con-
sists of a cw probe laser, a tunable, pulsed pump laser, a
pair of gas (sample and reference) cells, and fast photo-
diodes to detect the induced Raman gain on the probe
beams.

The probe laser is a Kr+-ion laser, operating at 568 nm
and forced into single-mode operation with the insertion
of a temperature-stabilized etalon into the cavity. This
laser has a time-averaged linewidth less than 30 MHz.
The probe beam was split into two equal intensity beams
so that Raman signals could be simultaneously obtained
from two separate gas samples. After passing through
their respective sample cells, both of the cw probe beams
were chopped at 10 Hz with a mechanical chopper (not
shown in Fig. 1). This resulted in 170-psec square-wave
pulses that were incident on the photodiodes. Chopping
of the probe increases the saturation intensity for the pho-
todiodes. The average power of the probe beams was 150
mW in both the sample and reference cells.

The pump laser was a tunable, single-mode (1-MHz
linewidth) cw dye laser that was pulse amplified using a
Quanta-Ray PDA-1. The cw dye laser input to the
PDA-1 was typically 4M m%. The PDA-1 was pumped
with the 532-nm output (130 mJ per pulse) from a
frequency-doubled YAG laser (where YAG denotes yttri-
um aluminum garnet). At 565 nm, the tunable output of
the PDA-1 consisted of 2-mJ, 10-nsec [full width at half
maximum (FWHM)] pulses at 10 Hz. The linewidth of
the pump laser was 100 MHz, about a factor of 2 larger
than the Fourier transform for a 10-nsec pulse. Peak
pump intensities at the focal planes were estimated to be 5
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GW/cm in the sample cell and 70% of that in the refer-
ence cell.

The pump probe beams were mode-matched and then
were focused and crossed in the gas cells using 40-cm fo-
cal length lenses. The crossing angle was 1.0' in both of
the cells. A series of diaphrams placed around the probe
beams was used to eliminate scattered pump light. Both
probe beams were monitored with reverse-biased photo-
diodes that had rise times of less than 1.0 nsec, and were
terminated with 50-0 resistors. The total probe power in-
cident on the photodiodes during the 170-p,sec probe-laser
pulses was 10 mW. Capacitors (300 pF} were used to
block the 170-p,sec pulses and to pass the 10-nsec Raman
signals. These signals were amplified by a factor of 100
and then averaged with gated integrators. Output time
constants for the integrators and total scan times were
usually 0.5 sec and 4 min, respectively. Occasionally, for
weak transitions, time constants and scan times were in-
creased to 2.5 sec and 10 min, respectively. After the
pump beam exited the reference cell, it was also moni-
tored with a third photodiode. This signal was used to
normalize the two Raman signals for slow-pump power
variations during the scans.

The sample cell was constructed by attaching a pair of
3.0-cm-diam Brewster window extensions to a drilled-out
10 cmi cube of aluminum. One face of the aluminum
cube is in contact with a second reservoir that can be
filled with either liquid Nz or an acetone dry-ice bath.
The cooled sample cell was insulated with a vacuum, and
the temperature was monitored with a thermocouple that
was imbedded in the aluminum cube. The reference gas
cell was kept at room temperature and a pressure of 10
Torr for Nq scans and 200 Torr for most of the H2 scans.

The temperature dependence of the linewidths and line
shifts was measured by taking measurements at three tem-
peratures: 80, 195, and 295 K. At each temperature the
line shape was recorded for several densities over the
range 0.01—2.0 amagat. For the low-temperature runs,
there was a time period ranging from a few to 15 minutes
between scans with different densities, so that any gas
added between scans always had sufficient time to come
to thermal equilibrium with the cell. For each set of runs
at constant temperature, the density was randomly
changed rather than constantly adding or eliminating gas
froin the sample cell for each succeeding run.

The pressure in the experimental cells was measured us-

ing a 10000-Torr MLS Baratron gauge, and the tempera-
ture was measured using a Chromel-Alumel thermocou-
pled gauge referenced to 273 K. The density for both Nz
and H& was calculated using the perfect gas law since the
density calculated using the second virial coefficient devi-
ates from this calculation by less than l%%uo at the densities
and temperatures used in these experiments.

B. Data analysis

All of the experimental line shapes were fit to either
Voigt or Lorentzian profiles rather than the more accu-
rate Galatry profile, ' which accounts for Dicke narrow-
ing. Using the Voigt profile is a good approximation for
the N2 rotational transitions studied here since the
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FIG. 1. Schematic of experimental apparatus for quasi-cw
stimulated Raman spectroscopy.

Doppler broadening (5 MHz), and hence the Dicke nar-
rowing, is negligible. This is also a good approximation
for the H2 transitions, since the instrumental width typi-
cally accounts for one-half the total linewidth and uncer-
tainties in the instrumental linewidth will mask the small
difference between the Voigt and Galatry profiles. Thus
we have used Voigt profiles to fit our data using the pro-
cedure described here.

Since the laser linewidth was comparable to the low-
density Raman linewidth, it was important to account for
this instrumental width in the data analysis. Although
the pump-laser frequency profile was not directly mea-
sured, it was indirectly determined by scanning the laser
over a narrow Raman line [e.g., S(0} in Hi at 5 Torr].
This transition has negligible (1 MHz) collisional broaden-
ing compared to 100 MHz of Doppler broadening. The
profile for this transition was found to fit extremely well
to a pure Gaussian. Since the convolution of two Gauss-
ians results in another Gaussian, we concluded that the
pump-laser profile could be approximated as a Gaussian.
Fitting Voigt profiles to low-density, narrow Nz line pro-
files with known Doppler and Lorentzian contributions
confirmed this conclusion. The probe-laser linewidth was
assumed to be negligible when convolved with the pump
linewidth; thus all the data presented here were analyzed

1.00

I-
Cflz 0.75
LU

z 0.50

M
UJ

~~0.25

LU
CL

M-T~t ~4' P

0 2400 4800 7200 9600 'l 2000

RELATIVE LASER FREQUENCY DIFFERENCE (MHz)

FIG. 2. Example of S(10}line shape in N2 at 295 K and 10
Torr (narrower profile) and at 195 K and 400 Torr (wider pro-
file). Individual dots are data and the solid lines are Voigt fits.
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6000 TABLE I. Temperature dependence of the self-broadening
coefficients for the rotational Raman lines of N2.
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FIG. 3. S(10) linemidths in N2 at temperatures of 80 K (G),
195 K (O ), and 295 K (Q). Solid lines are linear least-squares
Cits to the data.

assuming a Gaussian profile for the instrumental width.
The fitting procedure used to determine the Lorentzian

portion of the line shapes was different for the Nz and Hz
data. We first describe the fitting procedure for the Nz
transition. For high densities in Nz, Doppler broadening
(5 MHz) and the laser linewidth (100 MHz) can be
neglected. This fact is confirmed with the following re-
sult: Fitting Voigt profiles with freely varying Lorentzian
and Gaussian parameters to our higher density (greater
than 0.1 amagat) data gave negligible Gaussian com-
ponents. Thus sample cell line shapes for high densities
were first fitted to pure Lorentzians to get a first approxi-
mation to the Lorentzian width. The low-density refer-
ence cell data were then fitted to Voigt line shapes with a
fixed Lorentzian (determined from the high-density fits)
and variable Gaussian components. This Gaussian com-
ponent, representing the pump-laser profile for that par-
ticular scan, was then used in a final Voigt fit to the sam-
ple cell profile. Any fluctuations in the pump-laser
linewidth from scan to scan were accounted for with this
procedure. These Gaussian components were typically
within +20 MHz of an approximate average value of 100
MHz. The change in Lorentzian linewidth determined
from the first Lorentzian fit and the final Voigt fit was
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FIG. 4. J dependence of the N2 rotational Raman broadening
coefficients fox 80 (G), 195 (0 ), and 295 K (4 ).

TABLE II. Comparison of different measurements of the
room. -temperature self-broadening in N2.

2
4
6
8

10
12
14
16

Present work

4160+400
3580+60
3570+30
3270+60
3070+60
2870+50
2660+270

8 {MHz/amagat)
Ref. 3 Ref. 6

3370
3050
3050
2660
2590
2400
2205
2080

Ref. 7

3280+300

3150+300

2820+300

typically a few percent and further iterations were not
necessary.

For the Hz transitions studied, experimental constraints
did not allow the density in the cell to be larger than 3
amagat. Therefore the approximate density-broadening
coefficient could not be determined from the high-density
data. Hence, the above procedure ~as not applicable. In-
stead, all of the Hz line shapes were fitted to Voigt pro-
files with freely adjustable Lorentzian and Gaussian com-
ponents.

III. RESULTS
A. Line broadening in N2

An example of the S(10) Raman profile in Nz is shown
in Fig. 2. The narrower profile was taken at 10 Torr and
295 K and the wider profile was taken at 400 Torr and
195 K. Individual dots represent the data, and the solid
line represents the fit for a Voigt line shape, which is
dominated by its Lorentzian component for the 400-Torr
data. A slight asymmetry is observable in the data of Fig.
2 and was characteristic of most of the Nz data obtained.
An asymmetry of this magnitude will not have an appre-
ciable effect on the linewidth determinations, but could
produce significant systematic errors in the line-shift
determinations because the line shifts are so small. This
asymmetry is discussed later in Sec. III C.

For densities larger than 0.004 amagat ( -3 Torr at 298
K), the rotational Raman lines of Nz are collision
broadened giving a Lorentzian line-shape function.
Hence, the linewidth will be a linear function of density.
We have therefore taken the Lorentzian component result-
ing from the data-fitting procedure described in Sec. II 8
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FIG. 5. Comparison of theoretical calculations with experi-
mental data for collisional broadening of' the rotational Raman
lines in N~ at room temperature. The calculations are from Ref.
11 (long dash)„Ref. 12 (short dash), and Ref. 13 (solid line).
The experimental data are from Rd'. 3 (C3) and ibis work (Q ).

and determined the density-broadening coefficients 8 for
each temperature studied by fitting the linewidths to a
straight line. The data and the linear fit (solid line) for
the S(10) transition are given in Fig. 3 for temperatures of
298, 195, and 80 K. Individual points indicate the data,
and the solid lines represent the least-squares fits. The
statistical uncertainties (one standard deviation) for the
broadening coefficients determined from the fits in Fig. 3
are 1—2%. Systematic errors, due to uncertainty in the
dye-laser scan width, are about 1% or less.

Table I summarizes all of the N2 self-broadening coeffi-
cients measured in this study. These values are graphical-
ly illustrated in Fig. 4 as a function of rotational quantum
number. Odd- J transitions in N2 were not studied. For
S(4) through S(12), the specified uncertainties are one
standard deviation for the least-squares fit. For S(0), S(2),
S(14), and S(16), data were obtained at only one density,
and the uncertainties shown for these transitions represent
the error in the linewidth determination of a single-line
profile.

Earlier room-temperature measurements by different
authors' ' have shown considerable disagreement (30%).
Table II compares these earlier results with our present re-
sults. It can be seen that the three earlier studies show
significant differences, while our current measurement is
consistent with that of Ref. 7. The results of the three
previous studies that are shown in Table II were obtained
at densities where adjacent lines appreciably overlapped
with one another, ~hereas the present results were ob-
tained at densities where there was no overlapping. %e
postulate that the differences in the experimental results
of the previous studies given in Table II are due to sys-
tematic errors arising from the overlapping of adjacent
lines.

Theoretical calculations of the collision-broadened Ra-
man linewidth have been perfomed by Grey and Van
Kranendonk, " Srivastava and Zaidi, ' and Robert and
Bonamy. ' The difference in these three approaches is in
the treatment of the short-range intermolecular inter-
actions. The results of these different approaches are

FIG. 6. Lorentzian (0) and Gaussian (Q) components from
Voigt fits to data as a function of density for S(1) in Hi. Solid
line is a linear one-parameter fit to Eq. (I).

compared with our measurements in Fig. 5, where the
room-temperature broadening coefficients are shown as a
function of rotational quantum number L We also show
the experimental values of Jammu et al. for comparison.
It should be noted that Srivastava and Zaidi' have used
an adjustable arameter to obtain their fit to the data of
Jammu et al. , whereas the calculations of Grey and Van
Kranendonk" and Robert and Bonamy' do not use any
adjustable parameters. Figure 5 shows the ab initio calcu-
lations of Robert and Bonamy' to be in the best agree-
ment with our measurements.

To compare the pure rotational linewidths to the pure
vibrational linewidths, we first note that the present rota-
tional broadening coefficients are 10—15% larger than
previously measured' ' Q-branch vibrational broaden-
ing coefficients for low densities (0.1 amagat). Because
negligible Doppler broadening of the rotational transitions
means that Dicke narrowing is also negligible, the rota-
tional line shapes are accurately described by Voigt pro-
files, while the vibrational transitions (with 20 times more
Doppler broadening) require Galatry profiles for the most
accurate fits. Also, because the vibrational transitions (0.3
cm ') are more closely spaced than the rotational (8
cm ) transitions, coherent line-mixing effects must be in-
cluded to precisely describe the vibrational line shapes at
densities of 1 amagat or larger.

Previous to this work, only atomic foreign-gas (He and
Ar) broadening of the Nz rotational transitions had been
investigated. We have also measured diatomic foreign-
gas (Oi) broadening coefficients at 195 and 295 K for the
four strongest Nz transitions. Our Oi results in Table III

6
8

10
12

2970+130
2770+80
2750+50
2450+70

2690+120
2600+100
2410+ 100
1980+100

TABLE III. Temperature dependence of the foreign-gas (02)
broadening coefficients of N2 rotational Raman lines.

8 (MHz/arnagat)
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TABLE IV. Hq rotational Raman parameters for an ortho:para ratio of 3:1.

80

'Reference 18.

(cm ')

354
587
354
587

48
80
92

153

Do'
(cm amagat sec ')

0.871
0.493
1.19
1.42

A

(MHz amagat}

1.37
2.10
1.87
6.15

pc
(amagat)

0.095
0.088
0.068
0.134

B. Line broadening in Hq

The Raman linewidth for H2 has a much more complex

density dependence than that for N2. This results mainly

from the fact that the Hz density-broadening coefficient is

approximately a factor of 30 smaller than the N2 broaden-

ing coefficient, and thus Dicke' or collisional narrowing

of the Raman linewidth can be observed' ' in the low-

density regime if the resolution is high enough. A sum-

mary of the relevant collisional processes that contribute

to the linewidth at various densities is given in Ref. 18.
For densities above a certain cutoff density (p, defined

below), the Raman line-shape function is Lorentzian with

a FWHM linewidth b,v that can be expressed as

where & (MHz amagat) is a coefficient proportional to
the self-diffusion coefficient Do (cm~amagatsec '). For
forward scattering, ' A is equal to

A =4/ADO (2)

where vent is the Raman transition frequency in cm
This model is known as the diffusion model of the Ra-

man linewidth and it diverges as the density approaches
zero. There is a cutoff density, p„at which this model
predicts a linewidth that is 10% larger than that predicted
by the "hard collision" line-shape theory. ' We have pre-
viously determined that

p, =3.333 /Eve,

where b,vn(MHz) is the FWHM Doppler width of the Ra-
man transition given by (forward scattering)

b,vD ——7. 15x 10 vx (T/m)' (4)

show that the foreign-gas broadening by O2 is typically
85—90% of the self-broadening at both temperatures.
Thus the foreign-gas broadening by 02 is approximately
30% larger than the foreign-gas broadening by the atomic
gases.

where vz is in MHz, T is the temperature in K, and m is
the mass in amu. For densities larger than p„ the line
shape is Lorentzian and the widths can be effectively
modeled using Eq. (1).

For example, the experimental data set for the S(1)
transition at 298 K is given in Fig. 6. From the Voigt fit,
we determine both the Lorentzian and Gaussian contribu-
tions to the experimental linewidth. Since the Raman line
shape is Lorentzian for all densities shown in Fig. 6, the
Gaussian contribution is due to the spectral width of the
pulsed dye laser. The Lorentzian and Gaussian contribu-
tions to the linewidth are plotted in Fig, 6, where we see
that the Gaussian contribution is approximately constant
while the Lorentzian contribution varies approximately
linear in density.

Unfortunately, the 100-MHz resolution of our current
laser system does not allow the Dicke narrowing of the Hi
rotational Raman linewidth to be resolved with any pre-
cision. We have therefore chosen a fitting procedure that
uses Do determined from our previous study' to calculate
A from Eq. (2). The Lorentzian component of the experi-
mental linewidth for densities larger than p, is then fitted
to Eq. (1) with one free parameter 8 The p. arameters
used in this fitting procedure are given in Table IV.

The density-broadening coefficients 8 determined using
this procedure are given in Table V, where the uncertain-
ties shown are one standard deviation for the one-
parameter linear least-squares fit. This fit is illustrated by
the solid line in Fig. 6 for the S(1) transition. The max-
imum correction to the hnewidth due to including the col-
lisional narrowing term in Eq. (1) is on the order of
5—10%.

We have also included in Table V data from the previ-
ous work of Van Den Hout et al. and Cooper, May, and
Gupta. ' There are small discrepancies with the results of
Refs. 20 and 21. Some of these differences could be due
to small errors in our estimate of A for these rotational
transitions. We emphasize that the N& results of Sec.
IIIA are free of this problem since Dicke narrowing is
negligible.

TABLE V. Self-broadening coefficients for the rotational Raman lines of H2.

s(J) This work

84+2
104+2

8 (MHz/amagat)

Ref. 21

84+2
105+4

This work

67+2
110+3

63+1
99+1
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5v= vx (p) —vg (0), (5)

where vn (p} is the Raman transition frequency at the den-
sity p. Hence a negative shift results in a smaller Raman
frequency. Density shifts were plotted as a function of
density difference between the sainple and reference cells
rather than density because data were collected for refer-
ence cell pressures of 50, 100, and 200 Torr. The tem-
perature is 295 K for the data of Fig. 7. A summary of
our H2 density-shift results is given in Table VI, along
with the results from Refs. 20 and 21. The agreement be-

C. I.me sifts m N2 and H2

In all of the above cases for which density-broadening
measurements were reported, we have also Inade density
line-shift measurements. In all cases the line shifts were
only a few percent of the linewidth, and hence any asym-
metries in the line shapes need to be carefully analyzed.

The asymmetry in Fig. 2 is typical of that observed in
our data for the higher-density N2 data. The lower-
density N2 data contained an asymmetry that occurred
only further out in the wing of the spectral profiles.
About 80% of the total number of line profiles at all den-
sities and temperatures exhibited this small asymmetry,
where the data were slightly larger than the symmetric fit
on the high-frequency side of the line. Roughly 20% of
the line profiles were symmetric and only rarely did the
asymmetry appear such that the data were smaller than
the fit on the high-frequency side. It was determined that
this asymmetry was not due to the saturation of the detec-
tion system by either the probe beam or the Raman signal.
By scanning the dye laser backwards„ it was determined
that the asymmetry always remains such that the data are
larger than the fit on the high-frequency side of the line,
where the high-frequency side corresponds to a larger Ra-
man shift. For densities above 0.5 amagat and for the
pump-laser intensities used here, this asymmetry is not
consistent with the measured magnitudes of Stark effects
in N2. At this time we are unable to determine the
cause of these asymmetries.

In N2, both the self-density shifts and the 02 foreign-
gas density shifts were found to lie in the range 50—150
MHz/amagat for the transitions and temperatures dis-
cussed above. There was no uniform dependence with ei-
ther temperature or quantum number J. More important-
ly, there were inconsistencies observed in both the data ac-
quired during the course of a single day and in the data
collected from day to day. These inconsistencies have
forced us to conclude that the line-shift measurements in

Nz are substantially disturbed by the asymmetric line
shapes. The data can, however, be used to establish an
upper limit to the magnitude of the line shifts. For all
transitions and temperatures indicated for N2 in Tables I
and III, the density line shifts are less than 150
MHz/amagat. Future elimination of the asymmetry
would enable us to detect line shifts as small as 10
MHz/amagat with our current experimental apparatus.

The density shifts observed in Hz, unlike those in N2,
were free of the inconsistencies inentioned above. Data
for S(1}in H2 at 295 K are illustrated in Fig. 7, where the
density shift is defined as

30.0

22.5x
K

15.0

I-
M Q

7.5
E7 C3

0.6
I I I

1.0 1.5
DENSITY (amagat)

2.0 2.5

FIG. 7. Example of data for line-shift determination for S(1)
in H2 at 295 K. The solid line is the least-squares fit.

tween our results and those of Ref. 21 is consistent with
the combined uncertainties for the two experiments.

It should be noted that the density shift for the rota-
tional Raman line in H2 is substantially different from
that observed for the vibrational Raman lines. 's For ex-
ample, at 80 K, the shift of the Q(1) vibrational transition
is 13 times larger than the S(1) rotational Raman line.
This difference results from the perturbation of the vibra-
tional frequency of the H2 molecule during an elastic col-
lision, an effect not present for the rotational transition.

IV. DISCUSSION

TABLE VI. Temperature dependence of the density line
shifts for H2 rotational Raman lines.

5v= vg (p) —vg (0) (MHz/amagat)
295 K 80 K

This work Ref. 21 This work Ref. 20

6.5+3
5.9+ 1

3.1+1.5
4.0+1.5

—22.3+0.6
—23.0+0.6

—22.3
—17.8

A simple qualitative understanding of this temperature
dependence for the N2 rotational Raman broadening data
given in Table I can be obtained from a consideration of
Anderson's impact theory of the collisional broadening.
The linewidth can be expressed as

hv=n (uo(u) )=n (u ) (0 (u) ),
where n is the molecular number density (cm ), u is the
relative velocity of the collision partners, cr is the
collisional-broadening cross section, and the angular
brackets denote an average over the velocity distribution
of the gas. As can be seen from Eq. (6}, the temperature
dependence of the density-broadening coefficient is impli-
cit in the velocity dependence of the collisional cross sec-
tion. For example, if we assume a "hard-sphere" model
for the cross section (velocity independent), the density-
broadening coefficient (hvln) measured in our experi-
ment would be proportional to T

The broadening cross stx:tion is composed of contribu-
tions from several different types of collisions. Both elas-
tic phase-perturbing collisions, and rotationally inelastic
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From this simple argument, we would expect our
density-broadening coefficients to scale as T, de-
pending on the relative contribution to the cross section of
the QQ and dispersion forces.

To test this simple model of the temperature depen-
dence, we have fitted our data in Table I to the equation

8 =Bo(T/295P', (9)

where 80 is the density-broadening coefficient at 295 K.
The results are given in Table VII as a function of initial
rotational state. We find that 0.26& y ~0.39, in reason-
able agreement with this simple picture. We believe that
most of the scatter in y as a function of J is due to the

collisions contribute to the linewidth. However, there are
several cases where the contribution from elastic collisions
is small. For example, the linewidth for isotropic vibra-
tional Q-branch Raman scattering have no contribution
from elastic collisions if collisions perturb the ground
and final vibrational level the same amount. This appears
to be a good approximation for all cases except for hydro-
gen.

Rotational Raman linewidths, on the other hand, have
contributions from phase-perturbing elastic collisions.
This is the primary reason why rotational Raman transi-
tions usually have larger linewidths than vibrational Ra-
man transitions. However, for the case of Nq, CO, and
CO&, it has been calculated" that elastic collisions contri-
bute no more than 15% of the cross section. The present
Nq rotational linewidth measurements are 15% larger
than the previous Ni vibrational measurements, ' ' in
good agreement with the conclusion that elastic collisions
account for 15% of the rotational linewidths. Therefore,
in most cases, the primary problem is to calculate the
velocity dependence of the cross section for rotationally
inelastic col11s1ons.

The calculation of the collisional cross section has been
the subject of considerable research. A good review of the
various approaches to this calculation for Raman transi-
tions has been given by Srivastava and Zaidi. One ap-
proach to this calculation is to expand the long-range part
of the intermolecular potential in a multipole expan-
sion, " ' and then calculate the contribution to the
cross section of each term in this expansion. Using this
approach, Gray and Van Kranendonk" have shown that
for molecules such as N2, CO, and COq, the most impor-
tant terms in this expansion for self-broadening are the
quadrupole-quadrapole (QQ) potential and the dispersion
potential.

It can be shown in general that the velocity depen-
dence of these contributions to the cross section scales as

) ( U
2/(n —1—) ) (7)

where n is the exponent of the radial dependence of the
long-range part of the potential in the form V(r)-r
For the Qg potential, n=5, while for the dispersion po-
tential n= 6. Substituting Eq. (7} into Eq. (6) and
remembering that u~T ', we find that the density-
broadening coefficient should scale with temperature as

T(n —3)/2(n —1)

Bp
S(J) (MHz amagat '}

Cp
(MHz arnagat ' K ')

6
8

10
12

4160
3580
3560
3270
3060
2870

0.33+0.02
0.28 +0.01
0.26+0.04
0.3320.004
0.35%0.002
0,39+0.03

6.8+0.4
5.1+0.7
4.8+0.1

5.4+0.7
5.2+0.6
5.4+0. 1

fact that a much larger temperature range needs to be in-
vestigated to accurately determine this small temperature
dependence.

However, the scaling given in Eq. (9} may not be valid
over a wide temperature range. By theoretically examin-
ing temperature dependence of the rotational Raman
linewidth over a wide range, Pack proposes a quadratic
temperature scaling law for density-broadening coeffi-
cients that can be written as

8 =So+Co(T —295)+Do(T —295)

where 80 is the broadening coefficient at 298 K [same as
in Eq. (9)], and Co and Do are fitting coefficients. We
have previously used this temperature scaling formula in
modeling Raman linewidths in H2. ' The data from
Table I have been fitted to Eq. (10) assuming DO=0, and
the results are also given in Table VII. We find that this
expression is just as useful as Eq. (9) in modeling the
dependence of the density-broadening coefficient over the
limited temperature range investigated in our experiment.
Both Eqs. (9) and (10) can be used to predict 8 to better
than 3% over the range of 80—300 K. Recent studies
show that the temperature dependence for vibrational Ni
line shape is accurately described by a modified exponen-
tial ~ap scaling law or a polynomial inverse energy-gap
law. s Thus, although Eqs. (9) and (10) are useful for
predicting low-temperature rotational Raman linewidths
for N2, additional data (more data points covering a larger
temperature region) are necessary to unambiguously deter-
mine the temperature dependence.

There are few molecular systems for which the rota-
tional Raman linewidths have be:n determined as a func-
tion of temperature, and no other studies in Ni. However,
there have been extensive studies of the temperature
dependence of absorption linewidths in CO (Ref. 29) and
COi. The absolute magnitude of the linewidths deter-
mined from absorption will be different from those deter-
mined from Raman scattering. This is due to the fact
that different states are involved in the calculation of the
collision cross section. However, the temperature depen-
dence will be similar if the same terms in the multipole
potential are responsible for the broadening. This is the
case" for both CO and CO& where the most important
terms in the potential are the same as for Ni.

Most of the data for linewidths in the literature are
given in terms of pressure-broadening coefficients. We
can compare results by noting that y in Eq. (9) is related
to q by y =1—q, where g is the exponent of the tempera-

TABLE VII. Fit parameters for temperature dependence of
density self-broadening coefficients in N&.
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ture for pressure-broadening coefficients. The ri values
for the Nz rotational Raman linewidths of this study cov-
er a similar range of values as observed for the Nz vibra-
tional Raman linewidths and the absorption linewidths
in CO (Ref. 29) and COz.

The details of the exact theoretical temperature depen-
dence of the rotational Raman linewidths requires an ab
initio calculation of the velocity-dependent collisional
cross section, and is beyond the scope of this study. How-
ever, the precision of the data presented here should allow
a detailed comparison with linewidths calculated from the
various theoretical approaches thus allowing new theoreti-
cal advances to be made.

U. CONCLUSIONS

The density self-broadening coefficients have been mea-
sured at temperatures of 80, 195, and 295 K for the even-
J rotational Raman transitions in N2. The temperature
dependence of these coefficients was found to fit both
linear and T" models to within 3%, however, additional
temperature-dependent data are necessary to accurately
determine the temperature dependence of these rotational

linewidths. The room-temperature results of this work
are in agreement (less than 5%%uo differences for J& 2) with
the most recent ab initio calculations. Foreign-gas
broadening of these Nz transitions, due to Oz, was also
measured and found to be 10—15% smaller than the
self-broadening coefficients. We have also determined
that the density self-shifts and Oz foreign-gas shifts for
these same Nz lines are no larger than 150 MHz/amagat.
In a previous paper, we have used the above results in the
modeling of the temperature dependence of the steady-
state Raman gain coefficient in Nz.

The rotational Raman density broadening and shifts in

H2 were measured at 80 and 295 K. Our results were in
general agreement with previous experimental work. This
agrtx:ment of our Hz data with other independent mea-
surements provides confidence in the new temperature-
dependent Nq results presented above.
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