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Speed Dependence of Pressure Broadening in Molecular Rotational Spectra
Using a Novel Technique
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The line shape of a mm-wave rotational transition of CH;I in an excited vibrational state is observed
for molecules in different velocity classes. The collisional self-broadening is measured as a function of
relative speed by a novel experimental approach and clear evidence of speed dependence is observed.
This result confirms the failure of an oversimplified model, which however is still widely used. We
discuss it in detail, and we also show that the rotational temperature of the perturbing molecules has a

large influence on the pressure broadening coefficient.

PACS numbers: 33.70.Jg, 33.20.Bx

The broadening effect of collisional relaxation in
molecular and atomic spectroscopy has been studied
both experimentally and theoretically for many years.
Recently, the interest in this field has increased because
accurate values of the pressure broadening coefficients
v, and of their temperature dependence, are needed for
retrieving the distributions of different compounds from
atmospherical spectra. A power law for temperature
dependence,

y =T, (1

is commonly assumed.

A different scheme to attack the same problem is to
study the dependence of y on the speed of the colliding
molecules, and several recent works were devoted to
this approach [1-10], but still some important questions
remain open. In this case too a simple power law,

y = vi, )
is assumed, where v, is the relative speed in the collision.

Since the average velocity is proportional to T'/2, the
equation

n=1-gq/2 3)
is used to relate the temperature exponent n to the veloc-
ity exponent g. The extra 1 in Eq. (3) is due to the usual
practice of expressing y in units of frequency/pressure.
Equations (1) and (2) are practical laws based on elemen-
tary theoretical models [11,12]; however, they can be use-
ful when the observed temperature (or velocity) range is
not too large.

Velocity studies were devoted either to the distortions
that this dependence introduces in the line profile of a
gas at thermal equilibrium [mainly in the infrared (IR)
and optical regions [5—8]] or to their counterpart in the
time domain, namely, the departures from the exponential
decay after a pulsed excitation (in the microwave and
mm-wave regions [1-4]). Experiments of this kind
are extremely difficult because the searched effect is
small and can be masked by other causes; therefore,
accurate measurements with a high signal-to-noise ratio
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are necessary. A more direct investigation of the problem
is obtained if single velocity classes can be selectively
excited. In the IR region, this was realized by laser
saturation measurements in Ref. [9] and by a pulsed
technique with Stark switching in Ref. [10]. But even in
these cases experiments are not easy because the relevant
information is entangled with other effects.

We follow a different approach [13] to excite molecules
in selected velocity classes. A cw frequency-stable CO,
laser is tuned to the P(8) line at 10.5 um, very close
to the IR frequency »ig of the CHj3l transition from the
ground state J = 9, K = 8 rotational level, to the vibra-
tional state vg = 1, J = 10, and K/ = 9. This excited
level is hence populated by laser pumping, and a spec-
tral analysis is performed to measure the profiles of the
rotational lines in the mm-wave region, at frequencies
near 150 GHz. Here we report results for the hyper-
fine transition (ve,J,KI,F) = (1,10,9, %) — (1,9,9, %),
but qualitatively similar results were obtained also on
other hyperfine components. A schematic diagram of the
experimental apparatus is displayed in Fig. 1. The laser
frequency is stabilized at the desired value (with a resolu-
tion of about 10 kHz) by a frequency-offset-locking tech-
nique, using as a reference a second CO;, laser stabilized by
the saturated fluorescence technique. The sample cell is a
mm-wave resonator about 90 cm long, which has a hybrid
Fabry-Pérot structure with a quality factor Q@ = 6 X 10%;
further details about the microwave circuits can be found in
Ref. [14]. To record a line profile, the klystron frequency
is scanned, under computer control, while the resonator
transmission is detected by a synchronous amplifier tuned
to the frequency of the laser chopper [13]. The power
transmitted through the sample cell is not absorbed, but
it is slightly increased by a process of stimulated emission,
because the laser populates the higher of the two rotational
levels connected by the transition.

The IR excitation is velocity selective: If the frequency
of the pump laser is detuned by an amount Ay g from the
exact IR resonance, it can be absorbed only by molecules
with a velocity component in the direction of the laser
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FIG. 1. Schematic diagram of the experimental setup. The
mm-wave generator is a phase-locked klystron frequency
doubled by a GaAs Schottky-barrier diode. The pressure meter
is a high-quality capacitance manometer. The offset radio-
frequency generator is used to preset the frequency difference
between the lasers. By referencing the amplifier of the mm-
wave detector to the frequency (1 kHz) of the laser chopper,
only the molecules in the excited vibrational state are observed.

A
<

beam given by v,, = cAvir/vir. The laser travels in-
side the sample gas almost collinearly with the mm-wave
radiation; therefore, a Doppler shift is induced also on the
rotational transitions. Moreover, since both the laser and
the mm waves are reflected back and forth by the reso-
nator mirrors, we observe a splitting of the mm-wave
lines into two components, which correspond to counter-
propagating and copropagating radiations. A single line is
observed only when Avig = 0, while in other cases two
mm-wave lines are present with a frequency displacement
Avpm = TvmmAvir/vir. Examples are shown in Fig. 2.
The measurement of the splitting allows a direct accurate
calibration of the velocity scale; the observed Avg, is
consistent at the level of 2% with the preset detuning of
the laser, and this puts an upper limit to the effect of ve-
locity changing collisions.

The analysis of the observed raw spectra must take into
account the distortion introduced by the mode of the mm-
wave resonator. Independent measurements of the cavity
transmission are recorded, in the absence of the laser, by an
amplitude modulation technique and used to apply suitable
corrections to the line shapes. For each value of the
laser detuning, the measurements are repeated at several
different pressures: the explored range is typically 0.1 to
7 Pa. The analysis of the profiles starts with an estimation
of the doublet splitting from recordings at low pressures,
then a twin Lorentzian profile at this fixed distance is fitted
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FIG. 2. Examples of recorded line shapes for different pres-
sures and IR detunings: (a) Avi;g = 0, p = 1.5 Pa; (b) Avig =
7.5 MHz, p = 0.15 Pa. These are raw recordings, not corrected
for the (small) distortion caused by the mode of the mm-wave
resonator. The pump laser power is about 2 W.

to the data, to evaluate the width of the lines. A Lorentzian
shape is an acceptable choice because of the essentially
Doppler-free nature of the experiment, and it is consistent
with the observed profiles. The widths are subsequently
plotted versus pressure, a straight line is fitted to the
measurements, and the slope is the experimental estimate
of the pressure broadening coefficient y at the given laser
detuning Avig. The same result is obtained if the set
of all profiles at a given detuning and different pressures
is analyzed simultaneously to yield the estimated slope
and splitting. The width extrapolated to zero pressure is
typically 15 kHz (HWHM); it can probably be ascribed
to wall collisions and other small spurious effects, and it
should be compared with the 80 kHz Doppler width at the
operating (room) temperature.

Should one expect a dependence of y on Awpir?
Because of the velocity selection operated by the laser,
our spectroscopic method looks at molecules whose
relative velocity in the collisions has not the Maxwell
distribution, but the conditional distribution

v Ja v?
florlves) =2 N e""(‘?)

v, 2 _ — 2
x f exp[u “(l'jg’z %) ]du, @)

YUy

where v = [2kT(m, + m,)/m,m,]"/? is the most proba-
ble relative velocity at thermal equilibrium, m, and m, be-
ing the masses of the emitting and perturbing molecules,
respectively, and @ = 1 + m,/m,. The rms velocity of
the conditional distribution in Eq. (4) is o, = [vﬁ,z +
v3(1 + 1/2a)]"/2, which has to be compared with the value
U, = vp/3/2 of the Maxwell distribution. Equation (4)
holds for the general case of collisions with a foreign
gas, but in our case m, = m, and a = 2: The shape of
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FIG. 3. Conditional relative velocity distribution function
f(v,lv.,) (in the case m, = m,) for v., = 0 (a), v., = vo/2
(b), v., = vy (¢), and v,, = 3vy/2 (d). The dashed curve is
the Maxwellian distribution.

the conditional velocity distribution is displayed in Fig. 3,
where it is plotted for different values of v, ;/vo and com-
pared to the Maxwell distribution.

On the whole, by changing the IR detuning Avg, we can
select particular values of the emitter velocity v, . in the
direction of the laser beam and hence change the average
relative velocity ©, of the broadening collisions. In Fig. 4
the experimental results are reported and the measured
trend with ¢, (dotted line) is compared to the trend
predicted by theory (solid line). Theoretical calculations
were performed by the semiclassical approximation of
Anderson, Tsao, and Curnutte (ATC) [15] as modified for
the case of a hyperfine line [14]. The dipole-dipole, dipole-
quadrupole, and quadrupole-quadrupole interactions were
considered, using the value @ = 5.35 X 10726 esu [16] for
the molecular electric quadrupole moment of CHsl, and
a numerical integration over the velocity distribution of
Eq. (4) was performed. The perfect agreement between
experimental and theoretical results is probably somewhat
accidental, but the existence of a velocity dependence
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FIG. 4. Pressure broadening coefficient y versus rms relative
velocity. Dotted line is the best fit to experimental results. The
solid line is the trend calculated by the ATC approximation.
The dashed line is what one would obtain if the rotational
temperature of the perturbing molecules would be changed
consistently with the rms relative velocity.
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of the relaxation rate y is evident. A fit of Eq. (2)
to our experimental results yields g = 0.84(28) at 95%
confidence level.

It is common in the literature to relate the value of g to
the intermolecular force acting during the collision. For
an interaction potential V depending on the distance r as
r~™, one should get [6,9-11,17]

qg=(m—3)/(m—1), ()

and hence the expected g values range from O (m = 3),
which is the case of a dipole-dipole potential, to 1 (m = ),
for a hard sphere potential. Since in our case the interac-
tion is mainly dipole-dipole, Eq. (5) is in complete dis-
agreement with experimental results. A similar difficulty
was met in Refs. [9] and [10].

As a matter of fact, Eq. (5) is obtained from an over-
simplified version of the semiclassical impact approxi-
mation and is exceedingly crude for most cases. Better
accuracy is obtained if the energy transfer is taken into ac-
count, which in the ATC approximation is realized by the
so-called resonance functions fi, (k). They give, for each
particular interaction, the dependence of the broadening ef-
ficacy of a collisional transition on the quantity

k= 7AE/R, (6)

where AE is the energy transferred to translation from the
internal degrees of the colliding pair and 7 is the duration
of the collision. The resonance functions fi,(k) have
different shapes for different interactions, but in every case
they rapidly fall off to O for large values of k, which by
Eq. (6) mean large 7 and hence low v,. As a consequence,
g values are obtained larger than predicted by Eq. (5).
In fact, also for the case of the dipole-dipole interaction,
a velocity dependence of the relaxation rate is expected.
Figure 5 shows the result of calculations performed for
the presently investigated line, taking into account only
the dipole-dipole interaction. The relaxation rate referred
to a single pertuber ov, = yp/N is displayed versus v,.
Here o is the collisional broadening cross section, p the

ov, (10°cm®/sec)

FIG. 5. Calculated dependence of the relaxation rate ov, on
the relative velocity v, for the dipole-dipole interaction. The
relaxation rate depends also on the rotational temperature 7' of
the perturbing molecules.
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gas pressure, and N its density. The speed dependence
of the relaxation rate is well evident. Moreover, one can
also see a marked dependence on the rotational temperature
of the perturbing molecules. For this reason different
results are obtained if the velocity dependence of vy is
studied by velocity selection, as we do, or by temperature
variation. The dashed line in Fig. 4 reports the calculation
for what one would obtain if the rotational temperature
of the colliding molecules would be changed consistently
with the rms relative velocity: the v, dependence of y
would be closer to the constant value predicted by Eq. (5).
In fact, the widespread use of Eq. (5) is supported by
experiments which measure the temperature dependence
of v, in the case of the dipole-dipole interaction, and find
values close to 1 for the exponent n. By Eq. (3) this would
mean that g is close to 0. However, this confirmation is
misleading because two opposite effects are present: the
relaxation rate increases with the relative velocity [smaller
7 in Eq. (6)] and decreases with the rotational temperature
of the perturber [larger AF in Eq. (6)]. This balance is not
at all general: an opposite effect of perturber population is
expected [18] for lines with a rotational quantum number
J larger than the most populated value, J = 20 in our case.

In summary, our investigation leads to three main re-
sults. First, the pressure self-broadening of molecular ro-
tational transitions depends on the relative speed of the
colliding molecules: While not unexpected on the basis
of previous work, the clear evidence of this result comes
from a direct and clean experiment with sub-Doppler reso-
lution, backed by a simple theory that carefully and cor-
rectly uses the standard ATC approach to deal with these
problems. Second, this evidence confirms that the relation
in Eq. (5) connecting the speed dependence of the relax-
ation rate to the distance dependence of the interaction may
be completely wrong; for the case of the dipole-dipole in-
teraction it predicts no variation, while an evident variation
was found in our measurements. Equation (5) has been
criticized in some careful studies, but, as a matter of fact,
it is still used by many authors, at least as a rough guide,
for comparison with experimental results. Third, the re-
lation in Eq. (3) connecting the speed dependence of the
relaxation rate to the temperature dependence of the pres-
sure broadening coefficient is also wrong, if the perturb-

ing particle has low lying energy levels, such as molecular
rotational levels.

As a final remark, we note that the experimental
approach described here is general and it can be used
in other spectral regions, as long as the frequency of the
radiation sources is measured accurately.
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