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Abstract—The O, and N, pressure-broadening parameters of the 18, 17, 17, 225 521, 14,
and 29, ,—28,, 5 transitions in the ground vibrational state of HNO, have been measured in
the temperature range between 100 and 380 K. Above 190 K the measurements were made in
an equilibrium cell. Below 190 K, a cell with collisional cooling to circumvent the temperature
limits imposed by the vapor pressure of the sample gas was used. The data were fit to the usual
exponential temperature dependence with resultant » values ranging from 0.67(5) to 0.84(10)
for O, and from 0.62(3) to 0.74(9) for N,.

INTRODUCTION

HNO, plays an important role in the chemistry of the upper atmosphere and therefore its line
frequencies have been extensively studied in the microwave and infrared (i.r.).! However, there have
been relatively few data on the pressure-broadening parameters, particularly at temperatures other
than room temperature.>* This is understandable since HNO, decomposes rapidly at temperatures
above 400 K and since low-temperature measurements are ordinarily limited by its vapor pressure,
which becomes very small even at 200 K. To circumvent the limitations imposed by the vapor
pressure of the sample gas, we have developed a method, known as collisional cooling, for the study
of gas-phase samples at temperatures far below the point at which the samples freeze.** We have
also developed a variable temperature equilibrium cell for use at temperatures which permit a large
vapor pressure of the sample gas to be sustained in the cell. We have recently used these techniques
to study the O,, N,, and He pressure-broadening of H,O in the 80-600 K temperature range.’

In this paper we present the O, and N, pressure-broadening coefficients for the 18, ,5-17, 5,
22, 15215 14, and 29, ,—28,, 5 transitions in the ground vibrational state of HNO, in the temperature
range from 100 to 380 K. The results are compared with the previous air-broadening study of May
and Webster® and with the previous Anderson theory calculations of Tejwani and Yeung.'® We find
that a simple power-law equation is sufficient to describe the temperature variation of the
pressure-broadening parameters even to the lowest temperatures reported here, in contrast to a
drop off below the power law at low temperatures which was seen in our previous study of H,O.
These results, along with our previous room-temperature study of HNO, over a wide range of
quantum states,” should be applicable to the calculation of pressure-broadening parameters in thei.r.

EXPERIMENTAL DETAILS

We have discussed the experimental details of our variable temperature pressure-broadening
techniques in a recent paper.’ Briefly, for temperatures above 190 K, which is a rough lower limit
on the usable vapor pressure of HNO;, a conventional equilibrium cell was used. The cell consists
of a quartz tube in an oven with a temperature variable between 80 and 600 K. The oven extends
beyond the cell to ensure that the windows are maintained at the same temperature as the cell.

The collisional cooling cell, used at temperatures below 190 K, is shown in Fig. 1.

1To whom all correspondence should be addressed: Department of Physics, The Ohio State University, 174 West 18th
Avenue, Columbus, OH 43210-1106, U.S.A.
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Fig. 1. The collisionally cooled cell and injector assembly used for low temperature experiments.

This cell has been slightly modified from our previous work to provide an in-gas thermocouple
for direct gas-temperature measurements. The cell temperature can be varied between 80 and
300 K. The upper temperature limit for data collection is set by the freezing point of the sample
gas.

Spectroscopically-active gas, which would have a very low vapor pressure at low temperature,
flows into the cell via the injector shown in the center of the cell in Fig. 1. The injector consists
of a heated 0.035-in. dia stainless steel tube in a vacuum region separated from the cell by a 0.01-in.
thick stainless steel diaphragm. The cell is filled with a static pressure of broadening gas against
which the sample gas cools. The sample gas cools rapidly, requiring fewer than 100 collisions to
approach the broadening gas temperature, in contrast to the many thousands of collisions required
to reach the cell walls where it traps. Pressure of the broadening gas is controlled through a
computer controlled valve and was varied between 0.02 and 0.3 torr.

We have previously described the broadband spectrometer and millimeter/submillimeter tech-
niques used in this experiment.!"'? The output from a computer-controlled 10-15 GHz YIG
oscillator is tripled to drive a 1-W, 26-40 GHz TWT amplifier. The output of the TWT is multiplied
into the millimeter/submillimeter by a crossed waveguide harmonic generator and propagated
quasioptically through the cells described above. The microwaves are then sent into a 1.5 K InSb
detector. Pressure measurements are made by an MKS capacitance manometer. Thermal transpi-
ration caused by the temperature difference between the cell and gauge is corrected using the
method of Takaishi and Sensui."” Pressure corrections in this study were small, typically less than
3%. ’

The microwave power was swept rapidly in frequency through the absorption line. The
bandwidth of the digitizer and detector was large enough to preserve all significant Fourier
components. This also preserves the baseline undulations (reflections) which make deconvolution
of spectral lineshape difficult. We have therefore used the baseline subtraction technique described
in Ref. 9 to reduce this effect in the collisional cooling cell.

For each pressure-broadening parameter, data were recorded at about 30 different pressures.
Since the large amount of data would have made a fitting a Voigt profile time consuming, the
digitized data were fit to a Lorentzian lineshape with a linear and quadratic term in the baseline.
The broadening coefficients were obtained from a least-squares fit to these data with points
weighted inversely as the square of the pressure. The measurements were confined to the region
where the Doppler contribution was small. The correction for Doppler broadening was subtracted
off via the equation,'

Avi=Avi+ AV} ¢))
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Table 1. Measured pressure-broadening paramcters.T’ 1.8

189,18 - 179,17 227)15-219,14 290,29 - 280,28

Temperature | - 'Y(O,) [ Y(N,) Temperature | YO,) | Y(N,) | Temperature YO, | YNy
104 6.04 9.11 193 446 6.29- 113 547 7.93
114 5.63 8.41 216 425 5.64 130 4.89 7.02
132 5.09 7.80 243 3.87 5.31 193 404 572
193 4.05 6.12 251 3.51 5.17 216 3.80 5.23
216 411 5.88 284 3.24 4,77 243 3.38 5.02
239 3.57 5.58 298 3.25 4.62 251 324 4.66
251 341 5.18 324 2.96 421 284 294 4.47
284 322 5.10 298 3.19 4.03
298 2.97 4.57 324 252 372
327 3.03 4.20
337 2.76 476
354 271 411
380 2.28 3.95

t Temperature in degrees K.

¥ Broadening parameters in MHz/Torr.

§ Absolute uncertainty estimated at + 10%, relative uncenainty at + 5%.

where Av, is the pressure broadened line width, Av, is the observed linewidth, and Av, is the Doppler
width.

To avoid possible problems with warming of the background gas in the collisional cooling cell,
the flow rate of HNO, molecules into the cell was kept low. A flow rate analysis, similar to that
done in Ref. 9, was done on HNO,. No observed effects were seen in the measured linewidth with
increased flow rate.

RESULTS AND DISCUSSION

Pressure-broadening measurements were made on the 18y 1517017, 227, 15217, 14, and 29 528, 2
transitions of HNO; at the frequencies 231,627.279 MHz, 369,487.272 MHz, and 369,257.890 MHz
respectively. Results for broadening by O, and N, are shown in Table 1. Figures 2, 3 and 4 show
the results from Table 1 plotted on linear axis where open squares represent N, broadening
coefficients and open circles represent O, broadening coefficients.
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Fig. 2. Measured pressure-broadening parameters of the Fig. 3. Measured pressure-broadening parameters of the

18,1517, 17 transition of HNO, broadened by 0, (0)and 22, 521, , transition of HNO, broadened by O, (O) and

N, (0). The solid lines are the resuit of a least-squares fit. N, (0). The solid lines are the result of a least-squares fit
to Eq. (2). to Eq. (2).
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Fig. 4. Measured pressure-broadening parameters of the Fig. 5. Average temperature variation of air-broadening
29, 5928, transition of HNO, broadened by O, (O) and  parameter. ( ) Results of this work (O) data from
N, (). The solid lines are the result of a least-squares fit ‘ Ref. 5.

to Eq. 2).

The data of Table 1 were fit to the power law formula -
Y(T) = y(T)[To/TT, 2

where y(T,) is the pressure-broadening parameter at reference temperature T,(300K) and 7 is a
constant exponent of the temperature ratio. This expression is commonly used to characterize the
temperature variation of pressure-broadening parameters.'* The results for the best-fit parameters
are given in Table 2 along with their statistical uncertainties. The results are also plotted as the
solid lines in Figs. 2, 3 and 4. The results for temperature coefficients give values from n = 0.84
to 0.62. As can be seen from the figures, the previous power law equation adequately describes the
variation in the experimental results even down to the lower temperatures.

May and Webster® have recently studied the v, and v, vibrational bands of HNO; in the i.r. They
have made air-broadening measurements at temperatures of 295 and 214 K and have determined
a single average pressure-broadening parameter for all of the lines in the vibrational band.
Combining our O, and N, data to obtain air-broadening coefficients and averaging over the three
transitions that were studied here, we obtain an average-air broadening parameter of

y(T,) = 4.16 MHz/torr (where T, = 300K) and n» =0.70. The resultmg curve'is shown in Fig. §,
along with the results from Ref. 5.

As can be seen, there is good agreement between the i.r. data and the microwave results, with
the i.r. data falling within 5% of our calculated line. Therefore, the results reported here should
be directly applicable in the i.r. and should give a reasonable estimate of the air-broadening
parameter of HNO, at the temperature and pressure ranges encountered in the upper atmosphere.

Tejwani and Yeung have calculated theoretical air-broadening parameters using Anderson
theory.!® The results of these calculations for the transitions studied here are listed in Table 3 along
with the results from this work, where the data from Table 2 and Eq. (2) have been used to calculate

Table 2. Best fit 300 K broadening parameters and n values.t>

1851817017 | 22715-21714 | 29,29 28028

0, N, 0, N, -0 N,
Y(300K) 3.014) | 4.71(7) 3.17(8) |4.51(11) 2.91(7) 4.20(9)
In 0.69(3) | 0.64(3) 0.84(10) | 0.74(9) 0.67(5) |0.67(4)

t Broadening parameters in MHz/Torr.

¥ Uncertainties are one standard deviation taken from the least squares fit.
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Table 3. Air-broadening parameters experiment (this work) vs theory (Ref. 10).}

180,18- 17017 | 227,15-21714 | 29929 - 28928

This work | Ref. 10 | This work Ref.y 10 This work | Ref. 10
Y(300K) 4.34 4.60 422 4.38 391 4.30

|y200k) | 564 | 637 573 | 512 514 | s.40

t Broadening parameters in MHz/Torr.

the air-broadening data at 200 and 300 K from the experimental data. As can be seen from the
data in Table 3, the variation between theory and experiment range from less than 1% to as large
as 13%.

SUMMARY

In this study, we have measured the temperature variation of the pressure-broadening of HNO,
for the 18y ,5-17y 17, 2275215 4, and 29, ,28, 5 transitions in the ground vibrational state.
Measurements were made for both O, and N, broadening in the 100-380 K temperature range by
the use of a heated equilibrium cell for elevated temperatures and the use of a collisionally cooled
cell at the lower temperatures where HNO, has a small vapor pressure. The observed pressure-
broadening data can be fit to the usual empirical power law, giving n values between 0.62(3) and
0.84(10). Good agreement is seen between the data and previous experimental data obtained in the
ir.
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Collisions and Rotational Spectroscopy
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Motivated by Oka’s early work on molecular collisions and especially collision-induced rotational
transitions, this paper addresses progress in these areas. Particular attention is paid to recent
extensions to lower energy collisions of astrophysical significance and to questions about the
relation between experimental observables and the more fundamental molecular interactions.
© 1992 Academic Press, Inc.

I. INTRODUCTION

The contributions of Professor Takeshi Oka have influenced a number of fields and
the careers of many individuals. His pioneering contributions to the field of molecular
collisions, and especially their relation to rotational energy transfer, have been of
particular interest to us, notably the insights in his article “Collision-Induced Tran-
sitions between Rotational Levels,” which was published in 1973 (7). In this paper
we relate this pioneering work to ensuing developments, with particular emphasis on
the impact on the physics of lowering the energy of the collisions. More specifically,
we seek to address the question, “Is it possible to build a spectroscopic-like interplay
between theory and experiment for collisional physics which is analogous to that of
rotational spectroscopy?”

II. COLLISIONAL AND RADIATIVE SPECTROSCOPY

At some very fundamental level there is an intimate connection between the familiar
radiative spectroscopy and collisional spectroscopy. In the former, molecules are sub-
jected to essentially dipolar radiative fields derived from spectroscopic sources, usually
for the purpose of investigating energy level spacings, but also in principle for deter-
mining transition rates induced between levels by the interaction between the radiative
field and the electric dipole moment of the molecule. In the latter, an electromagnetic
field also mediates the interaction, but in a more intimate manner; higher-order mul-
tipole moments play a significant role and a continuous spectrum of radiation replaces
the essentially monochromatic radiation. This results in a much more complex in-
terplay between the two partners.

In his article Oka emphasized that a means for making progress in the complex
field of collisional spectroscopy is to consider limiting cases which simplify the general
case. In this regard, perhaps the most important parameters are the strength and time
scale of the interaction, considerations which lead to classification of collisions in the

0022-2852/92 $5.00 324
Copyright © 1992 by Academic Press, Inc.
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limits as “hard” (2) or “soft” (3). More recently, in very low energy collisions, ad-
ditional phenomena associated with quasibound states have been considered (4, 5).
The characterization of these collisions requires a more detailed quantum mechanical
treatment, but advances in computational power coupled with a reduced number of
energetically open collisional channels have made these more complex calculations
possible.

It is useful to begin with a consideration of measures of how “classical” or “non-
classical” a process might be. Additionally, since nonclassical effects may be among
the most interesting and informative, it is important to seek out the most favorable
circumstances for their observation. Clearly, the starting point for such a consideration
should be the Correspondence Principle which can be stated as

The predictions of the quantum theory for the behavior of any physical system must correspond
to the prediction of classical physics in the limit in which the quantum numbers specifying the
state of the system become very large.

For collisional systems, the appropriate quantum numbers are those specifying the
internal states of the molecule and its collision partner and the orbital angular mo-
mentum associated with the collisional velocity and impact parameter. An additional
consideration is the angular momentum associated with energetically open channels
and the averaging over these channels which must take place before any experimentally
observable quantity results.

As a numerical example, consider the situation depicted in Fig. 1 in which a helium
atom with a kinetic energy corresponding to 300 K and impact parameter 3 A collides
with a CO molecule. For this case a simple calculation shows that L = 30 #. This is
a relatively large quantum number and serves as the basic justification for assuming
classical paths in semiclassical theories. Similarly, the energy associated with 300 K
corresponds to about J = 10 for CO, so that the spacing between energy levels is very
small in comparison to the thermal quanta and many channels are open energetically.

From this it is easy to conclude that ambient collisions between CO and helium
should in many respects be classical and describable by classical or semiclassical the-
ories. An experimental verification of this expectation is provided by the work of Nerf
and Sonnenberg, who measured the collision cross section for CO broadened by helium
at 294, 195, and 77 K and found them essentially unchanged (6). We have found
similar results for a wide range of molecules, an example of which is shown in Fig. 2.
This constant cross section is the most classical of results, corresponding to a simple
billiard ball model.

He

FIG. 1. Helium atom colliding with a CO molecule with an impact parameter of 3 A.
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FI1G. 2. Helium pressure- broadening cross section as a function of temperature for the 4, ,~3;, transition
of Hzo

III. THEORETICAL AND CONCEPTUAL APPROACHES

A useful picture especially applicable to soft collisions can be developed in the
context of Anderson theory (3, 7). Consider Fig. 3 which shows the collision between
an idealized molecule A with two states and transition frequency w,; and a collision
partner B. Here B passes A with velocity v and impact parameter 4. The interaction
potential can be considered to be of the form

K
r(eyt’

where r(¢) is the time varying distance between A and B, and K and » are constants
characteristic of the multipole moment(s) involved. Substituting

V(t) = (1)

Molecule B

Molecule A

FIG. 3. The basic geometry of a collision in Anderson theory showing the impact parameter b.



COLLISIONAL SPECTROSCOPY 327

x=  k=—wp (2)
into time-dependent perturbation theory gives the matrix element for the transition
probability

‘ 27K [ &
(al PIb) = hb" o Jow (1 + x2)"/2 dx, (3)

and for pressure-broadening calculations, the transition probability weighting factor
S(by = [{a| PIb)|?, (4)

the pressure-broadening cross section

o =f 2xbS(b)db, (5)
o
and linewidth
Ay = Nvo , (6)
27

where v is the molecular velocity.

Equation (3) is in the form of a Fourier integral and shows the interaction of the
multipole moments of the molecule with the spectrum of the collision. For k > 1, the
Fourier components of the radiation produced in the collision do not reach the tran-
sition frequencies of A and the contribution to broadening or transition probability
is small. In this context it is useful to note that hydrogen and helium have the largest
thermal velocities, thereby leading to the smallest k’s and the highest-frequency Fourier
components. Furthermore, a hard sphere has in effect # = oo for that class of molecules
which come within the sphere’s radius R, thereby producing P = 1 and the classical
collisional cross section

R
'3 =f 2xbdb = wR*. (7).
o

More exact treatments additionally consider the internal energy levels and multipole
moments of the collision partner and orientation effects (8, 9).

As an example, consider room temperature collisions between molecules with large
electric dipole moments. In this limit the semiclassical theory works well (to within
an adjustable scale factor) as shown for the case of Formaldehyde (CH,O) in Table
1(10). Inspection of these results shows that the detailed transition to transition vari-
ation is reproduced to essentially experimental uncertainty. This semiclassical theory
also provides a means of understanding collisions which give rise to variable temper-
ature results more complex than those shown in Fig. 2. Figure 4 shows a typical result
for an example in which a small molecule with its own internal degrees of freedom is
substituted for helium. Here the cross section initially increases with decreasing tem-
perature, only to fall at the lower temperatures. With the lowering of the temperature
of the system, on average the collision partners of the spectroscopic gas are in states
for which smaller net energy defects can be realized in the Fourier integral. However,
at even lower temperatures the width of the spectrum of the collision narrows so that
this gain is overcome by the failure of the spectrum to reach high enough in frequency.
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TABLE 1

Pressure-Broadening Parameters for Formaldehyde (CH,0, Also Written H,CO)?

Transition Observed® Theory
200+ 1o 2.6(7) 226
2,1, 28.9(6) 272
2, < lig 28.6(6) 272
33 < 200 20.8 (4) 209
313+ 2y, 243 (5) 23.6
3.2, 24.5 (6) 236
350« 2, 30.2 (6) 30.0
35— 250 30.7(8) 30.0
4,3 23.0(7) 27
4,3, 23.1(7) 23.1
6,5 6,6 25.8(11) 25.7
95— 90 28.4(12) 30.0

#Data from Ref. 10.
® Broadening parameters are in MHz/Torr.

Another factor is important in the comparison between collisional and energy-level
spectroscopy. Because the spatial scale of a collision is comparable to the dimensions
of the collision partners, the higher-order multipole moments can play a significant
role. Conversely, in interactions with external radiation the interaction with the dipole
moment is dominant because of the dipole nature of the external field over molecular
dimensions.

At lower collision energies new phenomena which are beyond the context of sem-
iclassical models become important. Although several distinguishable cases can be
identified, for our purposes they can all be associated with quasibound states. Consider
Fig. 5. At high collision energies the molecules effectively bounce off strong repulsive
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FIG. 4. Cross section for the 4, 433, transition of H,O broadened by N, as a function of temperature.
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Intermolecular Potential

Intermolecular Distance

FIG. 5. Slice along one dimension of a typical intermolecular potential.

cores in a fashion represented by the semiclassical theory discussed above. However,
at lower energies the existence of the shallow attractive well gives rise to the formation
of intermediate states during the collision. In this regime much more exact (and com-
putationally costly) methods are required which quantize the entire problem, including
the angular momentum of the molecular trajectories (4, 5).

An especially interesting calculation has been done by Palma and Green (11) for
CO-He collisions and the results are shown in Fig. 6. Using a potential obtained by
ab initio techniques, the pressure-broadening cross section was calculated as a function
of collision energy. This result is shown as the upper line in this figure. At the lowest
energies, large resonances associated with the quasibound states are important. These
decrease slowly in size with increasing collision energy, and finally approach the classical
plateau associated with higher energy collisions. Palma and Green then reduced the
depth of the attractive well by a factor of two and repeated the calculation, producing
the results shown by the middle line. The lower line was obtained by completely
eliminating the attractive well. These results are extremely useful, providing a basis
for substantial qualitative understanding of low energy processes. They show the im-
portance of the shallow attractive well in forming resonances which increase the ex-
perimentally observable cross sections. Furthermore, in the case of no well the approach
toward zero cross section at zero energy is, at least to the authors, intuitively satisfying.

Figure 7, developed by use of the MOLSCAT computer routines' for the CO-He

! Private communication from Sheldon Green.
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FIG. 6. Pressure-broadening cross sections for the full well, the half well, and no well.

system and using the full well illustrates a number of additional features. In this figure
the angular momentum L is the total angular momentum, the good quantum number
of the problem. Calculations are done on an L-by- L basis and after each calculation
the cross section obtained at that L is added to the sum of all preceding calculations
at that energy, thus producing an accumulated cross section as a function of energy
and angular momentum. This value is then plotted on the graph of Fig. 7. The most
striking observation is that the size of the resonances decreases rapidly with increasing
energy, becoming broader and weaker, and eventually approaches a flat plateau beyond
the right of the region plotted. Additionally, it can be noted that the resonances saturate
with increasing L and that the region of steepest rise (i.e., the region of largest differential
cross section) increases gradually in L with increasing energy.

Upon first viewing this, it is easy for those who desire some insight into the physics
to be overcome with dismay. However, it is possible to make at least one very simple
calculation which restores some of the experimentalist belief that they ought to be
able to have some picture of what is being measured. Consider that the angular mo-
mentum of the helium in the example above can be given by

F1G. 7. Plot of the pressure-broadening coeflicient for the CO-He system at each energy as a function of
the total angular momentum of the calculation.
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Lh = mub, (3)

where L is the quantum number associated with the “orbital” angular momentum,
m the mass of the helium atom, v the velocity of the helium atom, and b the impact
radius. The kinetic energy Ej of the helium atom is then given by

Ek= jmvz (9)
and
L=% V2Em. (10)

If Fig. 7 is replotted as a contour plot and the line which is given by Eq. (10) is added,
Fig. 8 results. Remarkably, the line lies (with no adjustable parameters) exactly along
the maximum in the differential cross sections. Points above the line simply represent
cases in which the helium atom misses the CO molecule (too much angular momentum
at a given energy results from too great an impact parameter ) and points below represent
cases where the impact is closer to the center of the molecule (and thus less efficient
in the transfer of angular momentum). This is not only a satisfying physical result,
but more importantly one which strongly indicates that human intuition about these
microscopic processes is still good enough to use as a guide to find interesting paths
of scientific inquiry.

IV. AN EXPERIMENTAL APPROACH TO LOW-TEMPERATURE COLLISIONS

In his 1973 article, Oka noted the importance of these very low energy collisions
to astrophysical problems, but went on to say that they would probably have to be
resolved by theoretical methods because of the difficulty of producing appropriate
conditions in the laboratory. However, for the past several years we have made a
number of measurements in this regime by use of a technique which we have developed
and refer to as collisional cooling. We have discussed this technique in detail elsewhere
and only briefly describe it here (12, 13). The basic problem lies in the vanishingly
small vapor pressures of spectroscopically active gases of primary interest at very low
temperatures. This, however, does not preclude their existence in astrophysical contexts.
In the laboratory a similar environment, on a very much faster time scale, can be
produced by injecting warm, spectroscopically active molecules into a cold background
gas (typically helium or hydrogen; or in somewhat higher temperature regimes, nitrogen

Angular Momentum

S 1
Energy (cm")

FiG. 8. Contour plot of Fig. 7 with line which is the locus of points of Eq. (10) added.
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or oxygen). Elementary calculations show that for spectroscopically useful pressures,
the gases cool to the temperature of the background gas very rapidly, and remain in
the cell as they diffuse toward the cold walls for a period sufficient to produce con-
centrations which are easily observable. Although there are other means for producing
“cold” gases, this one is particularly attractive because it produces samples of well
defined temperature, over macroscopic path lengths, and which are cold in all degrees
of freedom (with the possible exception of vibration, an attribute which can be used
to advantage in some circumstances) (14).

We have now done a number of experiments in this regime, and a summary of
results is shown in Fig. 9 (13, 15-18). In this figure the observed cross section divided
by the cross section at 300 K is plotted in order to show a normalized cross section
for which at least a first-order correction for size has been made. The curves shown
are each representative of a large number of measurements, all of which are typically
within 5% of the plotted lines. These curves are much smoother than the theoretical
plots of Figs. 6 and 7 because the experiments are averaged over thermal energy dis-
tributions. Although detailed calculations have only been done for two of the cases,
CO-He and DCI-He (18), it is useful to inquire if the qualitative features of these
results can be understood in the context of the ideas and calculations put forth above.
As might be expected on the basis of simple theory, those species with the most widely
spaced rotational levels do show the smallest normalized cross sections, and for CO,
the higher, more widely. spaced rotational levels also have smaller cross sections at
low temperatures. These observations are clearly consistent with the fact that resonances
are related to the number of energetically open channels which form quasibound
states. This number should be related to the relative sizes of the molecular energy
level spacings and the depth of the attractive well. However, in this context it is some-
what surprising to see how little state to state variation there is in CH;F given the
significantly larger energetic isolation of the higher K lines. Finally, at the lowest
temperatures, none of the observed cross sections are increasing with decreasing tem-
perature; many, in fact, show rapidly decreasing cross sections. Although this result
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FIG. 9. Observed normalized helium pressure-broadening cross sections for a number of species in the
temperature region below 5 K.
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is satisfying in the context of the Fourier components of semiclassical theories, the
situation in the context of the more exact theories is less clear.

V. STATE-TO-STATE COLLISIONAL TRANSITION RATES

Although pressure broadening and the study of collision-induced rotational tran-
sitions are intimately related, Oka clearly recognized that substantially more infor-
mation can be obtained from the latter. This was a major theme of his 1973 article.
Below we discuss a series of experiments which illustrate this point and which are
based on the experiment shown in Fig. 10.

The experimental system, which we have previously described (19-21), consists of
two major subsystems. The spectrometer can probe the absorption profiles of the
relevant rotational transitions necessary to map out energy transfer in most molecules.
Briefly, it consists of a reflex klystron operating at about 35 GHz, a harmonic generator
which produces millimeter /submillimeter radiation at multiples of the klystron fun-
damental, a diagnostic cell, and an InSb detector. The klystron was phase locked to
a frequency synthesizer, and the harmonic generator provided the power at the fre-
quencies required for the diagnostic probe. A high accuracy capacitance manometer
was used to determine the amount of gas in the diagnostic cell. The detector has a
frequency response of about | MHz at its operating temperature of 1.6 K.

The second subsystem was a Q-switched CO, laser which produced 500 nsec pulses
of 10 um radiation yielding about 40 W per pulse every 200 usec. The laser beam
entered the diagnostic cell through a ZnSe window and a 3 mm diameter hole. The

LASER Q-SWITCH ||
STABILIZER DRIVER :
l
PZT| CO, LASER Q-SWITCH | !
PYROELECTRIC MASTER | |
DETECTOR TRIGGER i
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N CONTROL

. | He-COOLED
g%xgﬁz%,\é | MULTIPLIERé DETECTOR(P
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svNTHESIZER || KYsTRON | f  SIGNAL
- ) I
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F1G. 10. Block diagram of infrared-millimeter /submillimeter double-resonance experiment.
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other end of the cell had a teflon window which acted as a beam dump for the laser
radiation while appearing transparent to the mm/submm radiation. The shape of the
infrared pulse was monitored by a fast pyroelectric detector, and the average power
was measured by an infrared power meter.

The experimental method consists of monitoring the change in strength of a rota-
tional absorption line following pumping of excess population into a rovibrational
state of the molecule. To do this the microwave system was locked to the frequency
of the rotational transition in question, the laser was pulsed, and the time response of
the transition was recorded on a fast digitizer. This time-resolved infrared-millimeter-
submillimeter-wave double-resonance technique is extremely powerful for determining
state to state energy transfer. The individual rotational transitions studied are easily
resolved, the spectrometer is extremely sensitive and highly tunable making many
lines accessible, the absorption of a line is easily measured, and the absorption coef-
ficients for rotational transitions are well known. Since the rotational energy levels
initially have only small population differences (typically <5%), rotational spectroscopy
is extremely sensitive to additional changes in state population. These characteristics
make it possible to determine the absolute number densities in essentially all the states
of interest in the molecule.

Oka’s work describing the propensity of certain interactions predicts that molecular
collision dynamics are governed by the symmetry and the dominant multipolar mo-
ments of the colliding molecules (/). For the symmetric-top molecule CH;F, the
dominant multipolar moment is the dipole moment, which produces the familiar
collisional selection rule AJ = 0, £1, AK = 0. Moreover, the C;, symmetry of CH3;F
restricts collisions that change the quantum number K by multiples of three. Both of
these observations have been experimentally verified in our previous work, and the
dipole-dipole interaction was clearly demonstrated to be the dominant multipole-
multipole collisional process (19, 22). Oka’s work also outlined the formalism for
calculating the transition matrix elements for higher-order multipole-multipole in-
teractions. In particular, he showed how the maximum quantum change in rotational
state is directly related to the order of the interacting multipole moment of the molecule.
In our study of collisional transitions with AJ < 10, the propensity rules laid out by
Oka successfully described the observed processes. '

For pairs of molecules with large dipole-dipole interactions, it is clear that these
strong interactions so dominate the pressure-broadening process that the deconvolution
of higher-order effects is problematic at best. Methyl Fluoride (CH;F) is an interesting
case in point with pressure-broadening parameters similar to those shown in Table I
for CH,0. In this context, we have undertaken a series of time resolved measurements
of state to state transition probabilities as a function of temperature and have quan-
titatively calculated many of the underlying rates. This work has included not only
the study of pure rotational processes but also fast vibrational swapping processes
which we have found to be important. Collectively, these rates provide a fairly complete
map of collision induced rotational energy transfer in this molecule and are shown in
Table II (23). Inspection shows that there are two dominant rates at room temperature,
the rate associated with the electric dipole moment and the rate associated with rotation
about the molecular symmetry axis, the AK = 3n rate. The important point is that
many other slower rates are quantitatively observable in these state to state measure-
ments. Since many of these rates are more than two orders of magnitude slower than
the dominant rates, their contributions to pressure broadening are essentially negligible
and would be very difficult to deconvolute from such data.
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TABLE II

Collision Induced Transition Rates in CH,F

IZCH 3}: IZCH 3F
Gas kinetic collision cross section 442 44
Dipole-Dipole cross section at 300K 320 (30)
AK = 3n cross section at 120K 33.1(16) 46.6 (20)
AK = 3n cross section at 150K 28.6(78) 47.0 (31)
AK = 3n cross section at 200K SL1 (57 54.8 (74)
AK = 3n cross section at 250K 46.0 (42) 74.1 (59)
AK = 3n cross section at 300K 137 (5)
AK = 3n cross section at 350K 190 (40)
AK = 3n cross section at 400K 235 (50)
v, V-swap cross section at 120K 50.6 (10) 54.1 (1)
v; V-swap cross section at 150K 434 Q20 523(15)
v, V-swap cross section at 200K 364 (21) 36.2 (10)
v, V-swap cross section at 250K 2809 30.2 (16)
v3 V-swap cross section at 300K 189 (15) 21.02h
v; V-swap cross section at 350K 15.6 (10) 16.8 (28)
v; V-swap cross section at 400K 13.4 (35) 13.6 (19)
lan= 2 weighted cross section at 300K 236(51) 5.10 (45)
An= 3 weighted cross section at 300K 1.60 (6) 2.61 (40)
Azt = 4 weighted cross section at 300K 1.14 (D 1.82(43)
JAJ1= 5 weighted cross section at 300K 0.897 (31) 1.27 (20)
{AR= 6weighted cross section at 300K 0.622 (36) 1.02(6)
An= 7 weighted cross section at 300K 0.510 (20)

= 8 weighted cross section at 300K 0.489 (25)

AR = 9 weighted cross section at 300K 0.438 (20)
|as = 10 weighted cross section at 300K 0418 (15)

a from SPG law at 300K (A2) 0.221(6) 0221 (6)
y from SPG law at 300K 1.22¢3) 1.22(3)
¢ for IOS cross sections at 300K (A2) 287 (68) 287 (68)
¥ for 108 cross sections at 300K 1.30 (5) 1.30(5)

& All cross sections are in A2,

While Table II appears to contain a wealth of collisional information, such is not
the case. Consider for example the v; vibrational swapping rate (the V'-swap) as a
function of temperature. All of these rates are derivable from an Anderson-like for-
mulation of Sharma and Brau (24) which uses as its input a single dipole moment
derivative independently obtainable from other measurements. Figure 11 shows the
agreement between the theoretical prediction and the observed values from Table 11
Only a small adjustment of this parameter is required to reproduce all of these indi-
vidual rates 1o within experimental uncertainty.

Similarly, all of the A.J = #u rates can be calculated from the ‘c” and “¥” constants
of the IOS {Infinite Order Sudden) scaling law or the ‘@’ and “y” constants of the SPG
(Statistical Power Gap) law (25). This leaves, at present, only the AK = 3#n processes
unexplained on the basis of fundamental parameters. However, since these cross sec-
tions arc smoothly varying and approach the gas kinetic cross section at the lowest
temperatures observed, it scems unlikely that they represent a large amount of inde-
pendent data about the molecular interaction. Although all of this reduction in the
number of parameters required to characterize these temperature-dependent state-to-
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FIG. 11. Comparison between observed vibrational swapping rates for CH;F and rates calculated via the
theory of Ref. (24) as a function of temperature.

state processes should "be considered to be a significant achievement, it shows that
there is not much independent information in the data set which could serve as a
basis for a study of the intermolecular potential.

VI. DISCUSSION

It is interesting to raise the question if it is possible to develop spectroscopic-like
theories for collisional processes; theories in which a small number of physically well
founded constants, defining the intermolecular potential, can be related to a much
larger number of observable collisional parameters. In addition, there is both a practical
and philosophical question: Is it the goal to use knowledge of the intramolecular
potential to predict experimentally observable parameters or to invert the problem
and seek fundamental molecular information from measurements of some of these
parameters?

The pressure-broadening work on CH,O discussed above and shown in Table I is
in some sense an example of a one constant spectroscopic theory. However, in it the
information obtained about the intermolecular potential is limited to the value of the
electric dipole moment, a parameter which can be obtained with far greater accuracy
via the Stark effect. Next, consider the case of collisions dominated by an electric
dipole term in one molecule and an electric quadrupole term in another molecule.
An interesting early example is that of the pioneering calculations of Benedict and
Kaplan for H,O broadened by N, (26). However, values of electric quadrupole mo-
ments are much less well known than electric dipole moments, and Benedict and
Kaplan used the time-honored spectroscopic technique of fitting the value of the quad-
rupole moment to the data. However, in this case other higher-order interactions
make important contributions, lending uncertainty to both the physical meaning of
the fitted quadrupole moment and the accuracy of the prediction for the rest of the
cross sections. More recently, we have made a number of measurements of a wide
variety of gases with strong electric dipole moments broadened by N, and O, (27).
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In cases where there were previous theoretical calculations, significant differences were
found, especially for oxygen, which has the smaller quadrupole moment and for which
higher-order interactions are presumably more important.

Thus, we conclude that for room-temperature pressure-broadening experiments,
semiclassical theories can be spectroscopic when the collisions are dominated by long-
range interaction, but in these cases only limited amounts of information are obtained
about the intermolecular potential and often that information is available with higher
accuracy by other means.

Next, let us consider the more general question of the amount of independent
information available. Clearly, in the room-temperature pressure-broadening problems
discussed above there is little independent information because, although there is
apparently a wide range of experimental data, they can be predicted to experimental
accuracy by one or at most a few constants. In many respects this is analogous to
energy level spectroscopy in which for heavy asymmetric rotors literally thousands of
transitions can be predicted to better than 1% accuracy by three rotational constants.
The situation for near-ambient-temperature state-to-state rate measurements is similar,
but less clear at this point in time. As discussed above, for the case of CH;F, a large
body of state to state rates can in fact be related to a few fundamental constants.
However, at this time the data for the AK = 3 processes have not been derived from
more fundamental constants and might themselves be fundamental. It is worth noting
that at high temperatures the regions of the potential which are sampled by these
collisions are simple and perhaps it should not be surprising that these collisions can
be described by relatively few parameters. Somewhat more speculatively, it is interesting
to note that the AK = 3n process involves rotations about the symmetry axis of CH;F
induced by collisions with the rather complex shape associated with the CH; group.
Thus, the general question about the amount of information contained in these pa-
rameters remains open.

However, as collisional techniques are extended to much lower temperatures the
situation with respect to the amount of information becomes qualitatively different.
First, the number of independent resolution elements which can be investigated ex-
perimentally increases significantly. The spectral “resolution” of a thermal collision
is essentially set by the width of the thermal velocity distribution, a fractional quantity.
Thus, there is as much spectral space between 2 and 4 K as between 150 and 300 K.
Over this very wide range it is meaningful to think in terms of investigating the col-
lisional interaction by tuning the temperature-dependent spectrum of the collision.
In addition, over this wide range of energy the collisional process interrogates more
of the interaction potential and the information contained therein. Thus we conclude
that over the wide energy range from room temperature to a few degrees Kelvin there
is potentially more information available about the intermolecular potential. Fur-
thermore, there are more resolution elements to carry this information to experimen-
tally resolvable observables.

We have conducted a series of experiments using MOLSCAT which were designed
to address some of these issues. One of the most interesting results is that the size and
location of the resonances for CO-He collisions are extremely sensitive to details of
the potential; locations of spectral lines are much less dependent on the values of
rotational constants. In fact, even if given an ideal, nonthermally averaged collision
spectrum it is not clear that one could devise a means of adjusting the intermolecular
potential to converge to the correct answer. Although it is tempting to deduce that
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the wealth of spectral information shown in Figs. 6 and 7 imply a wealth of information
about the more basic interaction potential, there is no evidence that this is the case.

More recently, very interesting and enlightening close-coupled calculations have
been done for HDO-He (28). HDO is a species with much wider rotational energy
level spacing than CO and provides an additional test of some of the ideas discussed
above. These calculated cross sections show a slow continuous decline below 300 K
until energies which correspond to about 10 K are reached. Here resonances appear
which significantly raise the values of the cross section. Because there are so few of
these resonances, they survive the thermal averaging and produce significant structure
in the thermally averaged pressure-broadening cross sections.

A straightforward conclusion that follows from comparing the CO-He and HDO-
He cases is that the former has a more complex spectrum, not because of an inherently
more complex interaction potential, but rather because its more closely spaced rota-
tional levels lead to more energetically open channels and more resonances. Thus, it
would appear that if the goal is to use the spectrum of the collision to learn about the
intermolecular potentials via observation of the resonances an appropriate density of
rotational states is also needed. If the states are too closely spaced relative to the depth
of the attractive well, an exceedingly dense, complex, and sensitive spectrum results;
one that is perhaps unassignable. On the other hand, if the levels are too widely spaced,
it is possible that no resonances will be observable and this source of information
about the intermolecular potential will remain untapped.

Finally, let us consider how many parameters are required to characterize the in-
termolecular potential. There is the analogous question in energy level spectroscopy.
In both cases the answer clearly depends on the range of validity as well as the accuracy
required for the task at hand. To take an example from energy level spectroscopy once
again, diatomic molecules can be characterized by Morse potentials or Dunham po-
tentials. In the former case, a small number of constants provides a reasonably good
model over a very wide range of internuclear distances. In the latter, arbitrary accuracy
is obtainable, but at the expense of a much larger constant set and a very reduced
range of applicability. Similarly, numerical surfaces produced by fitting large expansions
in Legendre polynomials to the results of ab initio calculations of the intermolecular
potentials are often used as starting points for detailed collision calculations. However,
much simpler potentials based on more analytical approaches have also been used
(5). Although there is no question that the potentials produced by ab initio calculations
are superior, it is not as clear that the number of parameters in them are representative
of the amount of independent information.

Thus, in the end we suggest that the answer to the question, “Is it possible to build
a spectroscopic-like interplay between theory and experiment for collisional physics?”
is clearly yes. However, just as in energy level spectroscopy the answer is only mean-
ingful in the context of a specification of the accuracy and range of validity required.
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