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To provide data for the complete series of rare gases, relative cross sections are obtained for the crossed
molecular beam state-to-state rotationally and rovibrationally inelastic scattering of S1 (1Au) glyoxal (CHO-
CHO) in its 00, K′ ) 0 states by Ne, Ar, and Xe. When added to cross sections from a new analysis of Kr
data and to published data for H2 and He, sets of cross sections for the entire rare gas series are available that
show the competition among more than 25 rotational and rovibrational channels. The latter all involve∆υ7′
) +1 whereν7′ ) 233 cm-1 is the lowest frequency mode. Despite large variations in the collisional kinematics
and in the interaction potential energy surfaces, the competition among rotationally inelastic channels is
essentially identical for the gases Ne, Ar, Kr, and Xe. In turn, those cases differ from H2 and He solely by
the fact that orbital angular momentum constraints with the light gases limit scattering to only those states
with ∆K j 15. In contrast, the competition between rotational and rovibrational scattering changes with the
collision partner to the extent that state-to-state resolution of rovibrational scattering is not possible for Ar,
Kr, and Xe. Previous theoretical predictions for Ar inelastic scattering are consistent with earlier arguments
that this competition is dominated by kinematic factors rather than by variations in the interaction potential.
The relative cross sections are obtained from experiments in which a laser prepares S1 glyoxal in the 00 K′
) 0 state withJ′ ≈ 0-10. Dispersed S1-S0 fluorescence is used to monitor the inelastic scattering to more
than 25 destination states with∆K′ resolution. Inelastic cross sections are extracted by computer simulation
of the fluorescence spectra.

I. Introduction
The planar molecule glyoxal (CHO-CHO) with 12 vibra-

tional degrees of freedom has provided an instructive experi-
mental window on vibrational and rotational energy transfer.
Perhaps no other polyatomic molecule has yielded such detailed
information about the competition among such a large number
of vibrational and rotational channels in single collisional
encounters. The view comes from combining crossed molecular
beams with a laser pump-dispersed fluorescence probe approach
that not only allows selection of an initial rovibrational level
from which energy transfer occurs but also permits observation
of all important energy transfer channels.

So far, the studies have involved energy transfer from each
of four initial rovibrational levels in the S1 state encompassing
three different modes.1-5 For three of these initial levels, over
20 state-to-state channels are monitored. For the fourth level,
the competition can be followed among almost 50 channels.
The competition is seen experimentally by the sets of relative
cross sections for the single-collision population of the destina-
tion states. The cross sections are extracted from the dispersed
fluorescence by the use of spectral simulations.

Most of the glyoxal crossed beam experiments have involved
the collision partners H2 or He.1-3 In the present paper, we
report new results that allow the channel competition to be seen
for the entire rare gas series, He to Xe. Since earlier work has
shown that the internal degrees of freedom of the collision
partner H2 do not participate in the inelastic scattering,5-8 we
have also included H2 in this rare gas series for the purpose of
comparison.

Cross sections for inelastic scattering of glyoxal from the
collision partners H2, D2, He, and Kr have been reported.1-4

The results reported here come from new experiments that yield
cross sections for Ne, Ar, and Xe. Additionally, we revisit the
Kr data with an improved computer simulation in order to
extract a more accurate set of cross sections. The end result is
a characterization of the systematic changes that occur in the
state-to-state channel competition when the collision partners
range from H2 to Xe.

Figure 1 displays most of the energy levels that are relevant
to the present experiments. Glyoxal is a near-symmetric top

Figure 1. Some of the S1 glyoxal energy levels that are accessible by
inelastic scattering from the 00, K′ ) 0 level. (Left) All vibrational
levels within 800 cm-1 of the S1 zero point level. The frequency of
fundamentals is given in parentheses. (Right) An experimental diagram
showingK′ rotational levels associated with the 00 and 71 vibrational
states. The energies are those of states withJ′ ) K′.
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(κ ) -0.99), and in the cold beam expansion (∼35 K), it is
possible to resolve the rotationalK′ states that define the angular
momentumL ) Kp about the top axis (the “a” axis in Figure
1). A laser initially pumps the S1 levels 00, K′ ) 0 with J j
10. For convenience, we refer to these initial states as 00K0.
The subsequent inelastic scattering of these excited molecules
results in rotational excitation of higherK′ states as well as the
rovibrational states of the fundamentalν7′ ) 233 cm-1. Despite
collision energies exceeding that of many other fundamentals,
overtones, and combinations, excitation of this lowest frequency
mode, the CHO-CHO torsion, is the only vibrational destination
state that can be observed.

The resulting array of final states reached by the inelastic
scattering fall in two groups, namely, those reached by pure
rotational inelastic scattering and those associated with theν7′
rovibrational scattering. These levels are observed in dispersed
fluorescence that is isolated from only those molecules that have
undergone inelastic scattering. The resolution (2 cm-1) is
sufficient to see the individualK′ states. Relative cross sections
for the inelastic scattering to the individual destinationK′ states
are obtained by computer simulation of the dispersed fluores-
cence. UnfortunatelyJ′ state resolution is not possible, and little
information is available concerning the excitation of overall rota-
tional angular momentum described by theJ-state distribution.

Glyoxal (00K0) scattering has been reported earlier for H2,
D2, He, and Kr.1-5 Inelastic scattering fluorescence spectra have
been reported for the collision partners N2, CO, and C2H4, all
28 amu.5 Additionally, scattering spectra of the pair C6H12

(cyclohexane) vs Kr, both 84 amu collision partners, have been
obtained at a reduced resolution (10 cm-1), where the individual
rotational channels could not be seen.4 This ensemble of data
displays trends that are further explored by the new data of the
present study. Perhaps most intriguing is the recent discovery5

that the details of the competition are much more responsive to
the reduced mass of the collision pair than to variations of the
intermolecular potential energy surface (PES). From this point
of view, our exploration of glyoxal inelastic scattering by the
rare gas series may be seen as a study of kinematic effects on
rotationally and rovibrationally inelastic scattering. Such effects
concern the relative velocity, center of mass collision energy,
collisional linear momentum, impact parameter, and so forth.
Some of the kinematic factors for our glyoxal+ rare gas series
are collected in Table 1. It is seen that they cover a wide range.
Despite these variations, we will show that the competition
among the inelastic scattering channels for the series has far
more similarities than differences.

II. Experimental Procedures

A detailed description of the experimental apparatus and
methods has been published,3,9 and only a brief description of

the beam conditions and experimental apparatus is given here.
The experiment involves two molecular beams, a seeded glyoxal
beam crossed at 90° with a rare gas target beam. The seeded
beam is prepared by passing 160 Torr of helium over solid
glyoxal maintained at-25 °C, producing approximately a 7%
glyoxal in helium mixture. This beam is generated by expansion
from a General Valve pulsed nozzle with a 0.5 mm diameter
orifice. The beam is skimmed to narrow the collision region
and to better define the collision conditions. The target beam
consists only of the inert gas neon, argon, or xenon. This beam
is produced by the expansion of approximately 20 Torr of the
target gas from a second General Valve pulsed nozzle with a
0.5 mm diameter orifice and is unskimmed.

The molecular beam velocities are estimated from the
expansion conditions. The sample beam velocity has been
estimated assuming zero velocity slip between the glyoxal and
the He carrier gas. As discussed elsewhere,1,9 the molecular
beam velocity will tend toward the isentropic limit, visen) (2Cp′
T/m′)1/2, whereCp′ is the molar averaged heat capacity,T is the
stagnation temperature 300 K, andm′ is the molar averaged
mass. This assumption yields a maximum glyoxal velocity of
1.3 × 105 cm/s. The target beam velocity should be close to
that derived from the monotonic gas formula,V ) (5kT/m)1/2,
where k is the Boltzmann constant,T is the stagnation
temperature 300 K, andm is the mass of the target gas. Table
1 lists the calculated velocity of each target gas as well as the
collision energy,Ecm ) µ(V1

2 + V1
2)/2, as obtained with the

calculated velocities.
Under our experimental conditions, most of the inelastically

scattered glyoxal molecules are involved in only a single
collision. This situation is achieved by adjusting the target gas
expansion so that only 15-25% of the excited glyoxal molecules
are involved in inelastic collisions. Since the probability of a
scattered molecule encountering a second collision is the same
as the probability of the first, 75-85% of the inelastically
scattered glyoxal molecules encounter only a single collision.

A 10 Hz pulsed laser with a 0.3 cm-1 bandwidth is used to
pump glyoxal into the 00, K′ ) 0 states withJ′ ) 0-10. The
pumping is achieved by tuning to theK′ ) 0 r K′′ ) 1 00

0

glyoxal sub-bandhead at 455.05 nm.3

All of the important inelastic scattering channels are moni-
tored by S1-S0 fluorescence. Some of the fluorescence is
directed into a 1.7 m monochromator, where the dispersed
fluorescence is collected by a photomultipler tube (PMT). The
monochromator resolution of 2 cm-1 is sufficient to resolverR
sub-bandheads. The dispersed fluorescence signal is normalized
on a shot-to-shot basis to the total fluorescence intensity as
monitored with a second PMT. Two spectra are recorded on
alternate laser shots: a collision free spectrum where only the
sample nozzle fires and a spectrum where both nozzles fire.
Emission from only those states populated by inelastic scattering
emerges from the subtraction of the two spectra. Three point
smoothing of the resulting spectra is used to reduce the noise.

III. Results and Analysis

The experimental data consist of dispersed S1-S0 emission
that originates only from those S1 glyoxal molecules that have
undergone inelastic scattering. These scattering spectra, as we
term them, are obtained as the difference between spectra
generated with and without the target beam running. Charac-
terization of the inelastic scattering is given by the relative state-
to-state cross sections that are extracted from computer simu-
lations of the scattering spectra.

A. Inelastic Scattering Spectra. A segment of the scat-
tering spectrum from glyoxal+ Ne is displayed in Figure 2. It

TABLE 1: Calculated Parameters for Glyoxal (00K0)
Collisions with H2 or Rare Gases

target
gas

µa

(×10-25 kg)
vrel

b

(×103 m/s)
Ecm

c

(cm-1)
∆Kmax

d

(via L)
∆Kmax

e

(via Ecm)

H2 3.2 2810 640 14 18
He 6.2 2200 750 21 19
Ne 25 1520 1400 59 26
Ar 39 1420 2000 87 32
Kr 57 1350 2600 121 36
Xe 67 1340 3000 140 39

a Reduced mass of the system.b Relative velocityVrel ) (V1
2 + V2

2)1/2.
c Center of mass collision energyEcm ) µVrel

2/2. d Limiting ∆K
established by orbital angular momentumL. ∆K ) µVrelb/p. See
Discussion.e Limiting ∆K established byEcm. See Discussion.

8478 J. Phys. Chem. A, Vol. 102, No. 44, 1998 Clegg et al.



includes emission from states reached by both rotational and
rovibrational inelastic scattering. The gap in the 00

0 band
origin region is a result of depopulation of the initially pumped
00K0 states. The maxima to the blue arerR sub-bandheads from
the 00K′ destination states reached by rotationally inelastic

scattering, some of which are labeled by theK′ value. The only
rovibrational inelastic scattering channel that contributes to the
structure involves∆υ7 ) +1. That structure is associated with
the 71

1 band, and some of the 71K′ states responsible for therR
sub-bandheads to the blue of the 71

1 origin are labeled in the
figure.

All of the vibrational states included in the level diagram of
Figure 1 are energetically accessible by rovibrational scattering,
and strong emission bands from five would occur within the
spectral range of Figure 2, namely, 121, 72, 51, 73, and 5171.
The band origin positions are marked on the figure. None of
the bands is detectable. Since it is unlikely that any of the other
levels would be associated with larger rovibrational cross
sections, we conclude that∆υ7 ) +1 scattering is the only
significant rovibrational channel in glyoxal+ Ne interactions.
There is some indication that an additional rovibrational channel
is active in collisions with the heavier target gases. The issue
is addressed below.

The analogous scattering spectra for glyoxal+ Ar, Kr, and
Xe are displayed in Figure 3 with the Ne spectrum included
for comparison. The Kr spectrum has been published previ-
ously,4 but it appears here with revised 00K′ assignments as a
consequence of an improved spectral analysis.

B. Spectral Simulation and the Relative Scattering Cross
Sections. The state-to-state cross sections are extracted from
the scattering spectra by computer simulation. Details of the
simulation program are given elsewhere.3 So much is known
about the spectroscopy and photophysics of glyoxal that the
spectrum can be simulated with essentially only two adjustable
parameters. One is associated with the profile of the sub-
bandheads. We model those maxima by use of an effectiveJ
distributionP(J) in the destination states that has the form

in which J runs fromK′ to 100 andT ) 100 K. We attach no
physical significance to our chosenP(J); it is merely a
convenient way to model the width and depth of the sub-
bandhead maxima.

The second parameter is the set of relative destination state
populations. Since the scattering is essentially a single-collision
event under our beam conditions, these populations are also the
relative state-to-state cross sections that we seek. Comments
about the small influence of multiple collisions have been given
elsewhere.5

The changes to our original spectral fitting program for the
present analysis involve the rotational term values. Glyoxal is
almost a symmetric top (κ ) -0.99), and the term values are
approximated as such. Specifically,

The last three terms account for centrifugal distortion and were
ignored in our previous spectral simulations because of their
small contributions to the rotational energies. Now, with our
use of heavier collision partners that populate higherK′ states,
they become important. The zero point centrifugal distortion
constants are, in cm-1, DJ′ ) 6.1 × 10-6, DJ′′ ) 6.2 × 10-6,
DJK′ ) DJK′′ ) -8.4 × 10-5, DK′ ) 3.2 × 10-3, andDK′′ )
1.9 × 10-3.10 It is, however, the excited state vs ground state
differences that affect line positions. While∆DJ and∆DJK are
small enough to be ignored,∆DK is not, and since the constant
is multiplied byK4, its inclusion is important for the higherK′

Figure 2. Segment of the fluorescence spectrum from S1 glyoxal
molecules that have been inelastically scattered by Ne. The structure
is from states within the 00 level populated by rotationally inelastic
scattering and from states within the 71 level reached by rovibrational
scattering. The gap at the 00

0 band origin is due to depopulation of the
initially pumped states. The maxima to the blue of the 00

0 origin arerR
sub-bandheads fromK′ states populated by the inelastic scattering. Some
are labeled with theK′ identity. Labels to the blue of the 71

1 origin are
for K′ states associated with the 71 vibrational states. The region to the
blue of the 22 020 cm-1 is displayed with 5× enhancement and
displaced for clarity. The calculated positions of the 00

0 band origins at
21 973 cm-1 and the 71

1 origin at 22 078 cm-1 are marked. The origin
positions are also marked for other bands: A(51

1), B(72
2), C(121

1), D(
73

3), and E(51
171

1).

Figure 3. Segments of scattering spectra for glyoxal (00K0) + Ar, Kr,
and Xe in a display analogous to that in Figure 2. The Ne spectrum of
Figure 2 is included for comparison. All of theK′ notations refer torR
sub-bandheads of the 00

0 band and involve states populated by
rotationally inelastic scattering.

P(J) ) (2J + 1)e-BJ(J+1)/kT

F(J,K) ) J(J+1)B + (A - B)K2 - DJ (J(J + 1))2 -

DJK J(J + 1)K2 - DKK4
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states produced by the heavy collision partners. Adding the
DKK4 contributions to the term values shifts the sub-bandheads
increasingly to the red asK′ increases.

Inclusion of centrifugal distortion does not affect our earlier
analysis of glyoxal+ H2 and glyoxal+ He spectra.1-3 In those
cases, the highestK′ values reached by inelastic scattering,K′
) 14 or 15, are not enough to allow the centrifugal distortion
corrections to be meaningful relative to our experimental
resolution. As the target gas mass and collision energies
increase, observable rotational excitation extends toK′ states
as high as 26, and the addition of centrifugal distortion
corrections become important for a proper accounting of the
spectral structure.

Comparisons between the simulated and experimental scat-
tering spectra for glyoxal+ Ne, Ar, Kr, and Xe are shown in
Figure 4. An earlier simulation of the glyoxal+ Kr spectrum
without correction for centrifugal distortion has been presented
elsewhere.4 Comparisons of the two simulations reveal the
marked improvement provided by the new simulation, especially
at the blue end where emission from high 00K′ states occurs.

The simulations of the glyoxal+ H2 and He spectra1-3 were
relatively straightforward on account of a separation that exists
between emission from states reached by rotational scattering
and that from rovibrational scattering. Since there was little
spectral overlap, all of the sub-bandheads from these scattering
events could be resolved, and accordingly, the relative cross
sections for all of the 00K′ and 71K′ destination states shown in
Figure 1 were extracted without ambiguity.

The spectral simulations are more difficult for Ne, and the
difficulty increases further for the heavier scattering gases. The
complication arises on account of rotational scattering to higher
00K′ states whose emission structure overlaps that of the 71K′
states reached by rovibrational scattering. With Ne, 00K′ states
with K′ ) 20 are important contributors to the emission
structure, and with all the heavier gases, the 00K′ structure
continues to at leastK′ ) 26. It would be instructive to see the

high ∆K tails of rotational inelastic scattering by the heavy
gases, but it is beyond the limit of our experimental sensitivity.
Centrifugal distortion corrections are important for all these
gases, but additionally, care must be taken to identify properly
the contributions of rotational vs rovibrational inelastic scattering
to the overlapping structure.

In the Ne scattering spectrum, the series of sub-bandheads
from the 00K18-20 states overlaps sub-bandheads from the 71K0-6

states. In these cases, it is important to fit the shape of the
peak as well as the height to extract the individual contributions.
Simulations of these overlapping maxima could accommodate
various mixtures of the contributing state populations, and this
ambiguity is reflected in larger error bars on some of the relative
cross sections.

Simulations of the Ar, Kr, and Xe spectra reveal that all the
structure to the blue of the 00

0 gap is due to emission from 00K′
states populated by rotational scattering. This emission persists
at least toK′ ) 26. The sub-bandheads from this scattering
are sufficiently intense that all structure from the 71K′ states
reached by rovibrational scattering is obscured. As opposed to
the case of glyoxal+ Ne, there is no indication based on the
shape of the 00K′ sub-bandheads of any contributions to the
structure from rovibrational scattering. Consequently, state-to-
state rotationally inelastic cross sections for Ar, Kr, and Xe are
reported only for rotationally inelastic scattering.

While structure from rovibrational scattering to the 71K′ states
cannot be resolved in the heavy gas scattering spectra, the
presence of rovibrational scattering remains much in evidence.
It appears as the hump underlying structure in the region
22 040-22 080 cm-1, a consequence of the buildup of the 71

PP sub-bandhead structure. (The analogous structure from 00K′
states occurs to the red of the 00

0 band gap.) Emission from the
71K′ states reached by the rovibrational channel was included
in the glyoxal+ Ar, Kr, and Xe simulations. While there is
no evidence in the simulations that the positions of any maxima
in this region are affected by the underlying 71K′ emission, the
relative intensities of the maxima cannot be reasonably repro-
duced without this rovibrational emission. For the spectral
simulation, the 71K′ populations were initially assumed to have
a distribution equivalent to that of glyoxal+ Ne scattering. The
distribution was then modestly adjusted to fit the bottom of the
wells between the sub-bandheads. This fitting gave the simula-
tions for glyoxal+ Ar, Kr, and Xe that is shown in Figure 4.
It provides an upper limit to the rovibrational cross sections.

One can argue that the distribution of 71K′ cross sections so
obtained is over estimated relative to the distribution of rotational
cross sections derived from fitting the maxima with 00K′
emission. The argument centers on the fact that our simulations
for all scattering gases consistently produce poor fits to the
intensity to the red of the 00

0 band gap (see Figure 4). The
intensity in this region is due primarily to overlap ofPP sub-
bandheads from the 00K′ states. Increasing the rotational cross
section for the 00K′ states forK′ ) 12-26 improves the fit in
this red region but overestimates intensity in the bluerR sub-
bandhead region. To compensate, the magnitude of 71K′ cross
sections may be decreased. This compromise results in a poorer
fit of the well depths and of therR sub-bandhead profiles. We
use the fit, however, as our lower bound to the rovibrational
cross sections.

There are indications that inelastic scattering from Ar, Kr,
and Xe might excite an additional vibrational channel, namely,
121. The 121 vibrational mode is a C-CdO bend 380 cm-1

above the zero point level, and the 121
1 band origin is within

the range of our spectra (see Figure 2). Inclusion of this

Figure 4. Comparison of the experimental scattering spectra (dots)
with the best fit computer simulation (solid line) for glyoxal (00K0) +
Ne, Ar, Kr, and Xe.
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scattering channel resulted in a fit that more closely simulated
the valleys between therR sub-bandheads in the region from
22 000 to about 22 050 cm-1. According to the simulations,
this channel cannot exceed 7% of the total inelastic scattering
cross section, and it may be much less. Earlier theoretical
calculations3,7 for the lighter target gases, H2, He, and Ar
predicted that 121 is an active but small scattering channel. In
the predictions, the channel accounted for no more than 1% of
the total cross section.

The relative cross sections for Ne, Ar, Kr, and Xe are listed
in Table 2 and plotted against the energy transferred,∆E, in
Figure 5. Relative cross sections for H2 and He have been given
elsewhere.3 Sets for the various gases are not normalized to
one another, and no information has been obtained from the
data about the absolute magnitudes of these cross sections. The
Ne cross sections include those for both rotationally inelastic
scattering, identified by the destination states 00K′, and rovi-
brational scattering to the destination states 71K′. As described
above, only the rotational cross sections for Ar, Kr, and Xe can
be extracted from the scattering spectra. Maximum and

minimum ranges for rovibrational cross sections emerge from
the analysis without the individual state-to-state values. These
ranges are indicated on the cross section plots of Figure 5.

There are several sources of potential uncertainty associated
with these experiments. Details of these uncertainties are
discussed elsewhere.3 It is believed that the primary source of
uncertainty arises from the subjective nature of fitting the
spectra, and it is only this type of error that is reflected in the
error bars. Determination of the error bars involved increasing
and decreasing the value of each individual cross sections until
the simulation became visually unacceptable.

IV. Discussion

This study of single-collision inelastic scattering of S1 glyoxal
by the rare gases focuses on the competition among at least 25
channels. As described in the Introduction and shown in Figure
1, these channels involve pure rotationally inelastic scattering
from the initial S1 glyoxal state 00K0 and rovibrational inelastic
scattering that excites specific rotational states in the lowest
vibrational level,ν7′ ) 233 cm-1.

The competition is seen most fundamentally in the segment
of S1-S0 fluorescence spectra shown in Figures 2 and 3 that
include the 00

0 band comprised of emission from the states 00,
K′ ) n reached by rotational scattering and the 71

1 band
comprised of emission from the states 71, K′ ) n populated by
rovibrational scattering. The competition is seen more explicitly
in Figure 5, where the sets of relative cross sections are
displayed for each target gas. The cross sections are derived
from simulations of the fluorescence spectra. For convenience,
we label the state-to-state cross sections according to the identity
of the destination state. Thus, rotationally inelastic cross

Figure 5. Relative cross sections for inelastic scattering of glyoxal
(00K0) by H2 and the rare gases plotted against∆E, theT f R, V energy
transferred. For H2, He, and Ne, rotationally and rovibrationally inelastic
cross sections are shown with circles and squares, respectively, as well
as with error bars. For Ar, Kr, and Xe, only rotationally inelastic cross
sections are shown. The dashed lines show the upper and lower bounds
for vibrational cross sections.

TABLE 2: Relative Inelastic Scattering Cross Sections for
Glyoxal (00K0) with Various Collision Partnersa

Ne

K′ 00K′ 71K′
Ar

00K′
Kr

00K′
Xe

00K′
0 0.052
1 0.052
2 0.045
3 [1.0] 0.04 [1.0] [1.0] [1.0]
4 0.96 0.04 0.99 0.99 0.91
5 0.70 0.03 0.58 0.52 0.49
6 0.49 0.03 0.47 0.37 0.48
7 0.39 0.02 0.35 0.34 0.32
8 0.38 0.02 0.29 0.27 0.32
9 0.26 0.02 0.23 0.20 0.24

10 0.26 0.02 0.20 0.19 0.20
11 0.21 0.02 0.20 0.18 0.20
12 0.19 0.02 0.19 0.18 0.19
13 0.16 0.02 0.14 0.12 0.12
14 0.16 0.01 0.13 0.12 0.12
15 0.13 0.12 0.12 0.11
16 0.11 0.09 0.07 0.09
17 0.08 0.07 0.07 0.06
18 0.07 0.07 0.05 0.05
19 0.04 0.05 0.05 0.05
20 0.03 0.04 0.03 0.03
21 0.03 0.03 0.03 0.03
22 0.03 0.03 0.03
23 0.02 0.03 0.03
24 0.02 0.03 0.03
25 0.02 0.02 0.03
26 0.02 0.02 0.03

a Cross sections for rotational scattering are identified by the
destination states 00K′ and those for rovibrational scattering by the
destination states 71K′. The values have been normalized to unity for
the 00K3 cross section for each gas.
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sections are designatedσ(00Kn), and those for rovibrationally
inelastic scattering are labeledσ(71Kn).

An earlier comparison of inelastic scattering with H2, D2, and
He5 suggests that the H2 and D2 internal degrees of freedom do
not observably participate in the inelastic scattering. Hence,
the previously obtained cross sections for H2 are included with
those for He to set up a discussion of scattering with the entire
“rare gas” series H2, He, Ne, Ar, Kr, and Xe.

A. Rotational vs Rovibrational Inelastic Scattering Com-
petition. The cross sections displayed in Figure 5 show
immediately the dominant aspect of the competition between
rotationally and rovibrationally inelastic scattering. The mag-
nitude of the rotational scattering increases relative to vibrational
scattering as the mass of the target gas increases. The increasing
dominance of rotational scattering is, in fact, sufficient to
preclude measurement of individual state-to-state rovibrational
cross sections for the heavier gases Ar, Kr, and Xe.

We long ago noted the surprising similarity of rotational and
rovibrational scattering of H2 from glyoxal (00K0) for compa-
rable energy transfer.1,3 As seen in Figure 5, the rotational and
rovibrational cross sections merge smoothly when plotted against
∆E, the energy transferredT f V,R, in the inelastic scattering.
In contrast, the cross sections of He scattering2,3 show the
expected separation between the rotational and rovibrational sets.
Our new data for Ne scattering now show that this separation
increases. As displayed in Figure 5, the competition is only
poorly seen for Ar, Kr, and Xe, suggesting that the separation
has grown further for the heavier collision partners.

Elsewhere5 we have commented on the relative importance
of the interaction PES vs the collisional kinematics in establish-
ing these distinctive competitions. Observations of inelastic
scattering with the trio of collision partners H2 vs D2 vs He,
where D2 and He cross sections are the same, strongly suggest
that the collisional kinematics play the dominant role in the
competition. This conclusion is reenforced by experiments with
a trio of 28 amu collision partners, N2 vs CO vs C2H4, for which
the channel competition is almost identical despite the large
differences in potential energy surfaces.

Presumably, kinematics are playing a similarly dominant role
in the channel competition for the entire rare gas series.
Experiments are now underway to instruct us about which
aspects of kinematics are most important.5 The center-of-mass
collision energy, the relative velocity, and the collision mo-
mentum can all be controlled experimentally in order to
illuminate this issue.

Three-dimensional fully quantal inelastic close-coupled infinite-
order-sudden-scattering calculations designed for our beam
conditions have been reported for the collision partners H2

6-8

and He.7,11 Comparisons between the predicted and experi-
mental cross sections are included in Figure 6. Since the
calculations used an identical interaction PES for both gases
derived from ab initio treatment of S0 formaldehyde+ He,6-8,11

the impressive match for H2 and He further emphasizes the
secondary role of the PES in controlling the competition.

The only theoretical predictions relevant to our new rare gas
data concern the collision partner Ar.7 They are shown in Figure
6. Scattering calculations for glyoxal (00K0) + Ar collisions
are available forEcm ) 80 meV (650 cm-1) collisions as
opposed to our experimentalEcm ) 250 meV (2000 cm-1). The
calculations are based on an intermolecular PES adapted from
ab initio calculations on the S0 formaldehyde+ Ar interaction.
Despite the largeEcm mismatch and the approximate PES, the
comparison in Figure 6 shows that the experimental and
predicted rotational distributions agree remarkably well over

the limited∆E range of comparison (see comments below). In
contrast, the experimental and predicted rovibrational values
differ by about an order of magnitude. We take this mismatch
as further indication of the kinematic dominance of the rotational
vs rovibrational competition. Given the consistent agreement
between the theory and experiment whenever theEcm assumed
for calculation is that of the experiment, the singular mismatch
in Figure 6 is almost certainly due to the lowEcm used in the
calculation.

B. Distributions of Rotationally Inelastic Scattering Cross
Sections. Plots of the rotationally inelastic cross sections are
presented in Figure 7 to show the most compelling aspect of
the scattering. When the relative rotational cross sections are
plotted against∆E or ∆K with common normalization, the cross
section distributions for H2 and all the rare gases generally match
to within the error bars. Thus, the channel competitions in
rotationally inelastic scattering of glyoxal (00K0) by these gases
all look much the same. The only deviations from this common
behavior are small, occurring at the very tail end of scattering
by H2 and He (large∆E or large∆K). We emphasize that it is
the cross section distributions that match, not the absolute cross
sections themselves. While the absolute values cannot be
extracted from our spectra, we presume they differ substantially
among the rare gases.

The close match of rotational distributions is further empha-
sized by comparisons of the original scattering spectra for the
heavier gases Ar, Kr, and Xe. In these cases, the fluorescence
contributions of states populated by rovibrational scattering is
so small that the spectra represent fairly good views of
rotationally inelastic scattering alone. Figure 8 displays the
spectra normalized to one another. The relative populations of
rotational states within the 00

0 band control the relative intensi-
ties of the structure, and in the superposition of the spectra in
Figure 8, it is seen that those populations must be remarkably
similar.

Figure 6. Plot of predicted (open symbols) and experimental cross
sections (solid symbols or dashed lines) for inelastic scattering of
glyoxal (00K0) by H2, He, and Ar against the energy transferred,∆E.
The H2 and He cross sections are from ref 3 (experimental) and refs 8
and 11 (predicted). The predicted Ar cross sections are from ref 7.
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The qualitative similarity of cross section distributions for
energy transfer about the top axis of glyoxal is far from a unique
situation. Common cross section distributions among rare gas
partners appears to be the rule rather than the exception for
diatomic molecules in thermal systems. The central interest in
the diatomic studies has generally concerned the development
of fitting or scaling laws to accommodate absolute cross
sections. Hence, the existence of common distributions has been
acknowledged only implicitly in the literature. One can see,
however, the near coincidence of distributions for a given set
of rotational cross sections from a specific level in a diatomic
by the close match of fitting or scaling law parameters for
various rare gas collision partners. More explicitly, the
coincidence of cross section distributions emerges clearly when
normalized plots of the absolute cross sections are made in a
form similar to those of Figure 7. We have made such
comparisons from the reported data for numerous diatomic

molecules, usually in excited electronic states. The diatom-
atom systems include I2 with He,12,13 Kr,13 and Xe;12 Li 2 with
Ne, Ar, and Xe;14 NO with He,15-18 Ne,16 Ar,15-18 and Kr;16

HF with He, Ne, and Ar;19 CN with He20 and Ar;21 and IF with
He, Ne, Ar, Kr, and Xe.22,23 As with glyoxal, the distributions
for the heavier rare gases for a given diatomic generally match
qualitatively over an extended∆J range, where as that for He
often falls off at large∆J. This He fall off has usually been
attributed to angular momentum constraints.

The most extensive diatomic data are probably those of Na2

that include the entire rare gas series of collision partners.24-30

To bring emphasis to the generally unrecognized existence of
common rotational distributions that occur in many diatomic
systems, we display in Figure 9 some of the Na2 data24 plotted
in a form that reveals the close similarity of the rate constant
distributions among the entire set of rare gas collision part-
ners.

To quote a recent review, “state-resolved rotational energy
transfer in polyatomic molecules is a relatively unstudied
arena”.31 With respect to finding polyatomic data that yield
cross section distributions for comparison among rare gas
collision partners, this lament rings true. We have been able
to find suitable data only for CH4 and NH3. The motivations
for studying rotational transfer with these molecules are often
associated with making connections to the interaction PES, and
explicit comparisons of the distributions are not given in the
literature. Our explorations of the data for CH4 with He,32,33

Ne,33,34and Ar33,35-37 show that the situation is much the same
as that for the diatomic systems and for glyoxal. The distribu-
tions for the heavier rare gases are qualitatively similar, whereas
that for He33 is somewhat distinct. The initial efforts for NH3

involved explorations of the selection rules using He, Ar, and
Xe.38,39 Subsequently, absolute cross sections become available
for Ar from bulb experiments,40 and relative cross sections
became available for H2,41,42He,41 and Ar43 from crossed beam
experiments. Whereas the bulb cross sections may be fitted

Figure 7. Plots of the relative cross sections for rotationally inelastic
scattering of glyoxal (00K0) by H2 and the rare gases. The sets of cross
sections have been normalized to one another for comparisons. They
are presented in two groups for clarity with cross sections for Ar shown
with both groups. One display shows the cross sections plotted against
∆E, the energy transferredT f R. The other shows the cross sections
plotted against∆K′, a measure of the transfer of orbital angular
momentum to internal angular momentum.

Figure 8. Superposition of the scattering spectra from glyoxal (00K0)
in collision with Ar, Kr, and Xe. The intensities of the three spectra
have been normalized to one another, and the superpositions are
presented pairwise for clarity. The spectra are those from Figure 3.

Figure 9. Rate constants for state-to-state rotational energy transfer
from J ) 4, J ) 6 andJ ) 38 of A(Σ) Na2 in collision with He, Ne,
Ar, Kr, or Xe plotted against∆J. The sets of cross sections for various
gases have been normalized to one another for each initial state. The
data are from ref 24.
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with an exponential gap law (EGL),40 the distributions for the
various rare gas partners differ from each other.

As noted above, the competition between rotationally and
rovibrationally inelastic scattering in glyoxal is controlled
predominantly by kinematic factors. The secondary role of the
interaction PES is ascribed to the fact that the interactions are
dominated by the repulsive wall of the PES and that these steep
walls do not differ greatly even among collisional systems, even
though other regions of the PES may differ substantially.

One presumes that this rationale also pertains to the rare gas
collision partners associated with our rotational cross section
distributions. The rotationally inelastic scattering in our crossed
beam experiments involves impulsive interactions with the
repulsive wall, and presumably neither the anisotropy nor the
steepness of the wall differs enough among the rare gas partners
to produce unique rotationally inelastic scattering distributions.
The narrow range of parameters that characterize the PES
associated with the scaling and fitting laws for the diatomic
systems are consistent with this proposition. It is further
reenforced by the narrow range of PES parameters derived from
the highly successful use of a recent angular momentum
model44,45 that reproduces quantitatively many of the diatomic
cross sections.

An intriguing dichotomy arises concerning the kinematic
factors that prove so important in controlling the rotational vs
rovibrational inelastic scattering competition. Since the kine-
matics have such a large influence on that competition, the
question then arises as to why the rotational distributions are
not also responsive to the kinematic differences. Those
distributions remain impressively insensitive to kinematic varia-
tions. The situation may be put in perspective by noting the
broad range of collisional parameters that exist in our glyoxal-
rare gas series. Differences in the kinematic factors, as
displayed in Table 1 or inferred from its entries, span as much
as an order of magnitude. The question concerns such a
universal aspect of rotational energy transfer in both diatomic
and polyatomic molecules that it warrants explicit theoretical
attention. For example, insights might emerge from further
explorations of the angular momentum model44,45that has such
good success with diatomic examples.

Without offering an answer or physical insight to this
question, the theoretical treatment of glyoxal scattering bears
on the issue.6-8,11 The H2 and He predictions displayed in
Figure 6 were carried out for the actualEcm of our experiments.
In contrast, those for Ar were performed7 for Ecm ) 650 cm-1

(80 meV), an energy far below theEcm ) 2000 cm-1 of our
actual experiment. Despite the kinematic mismatch between
the calculations and experiment, the predictions shown in Figure
6 fit the experimental rotational distribution to within the error
bars. Thus, the message relayed by the scattering calculations
echoes that of the experiment; the distribution of rotationally
inelastic cross sections is surprisingly insensitive to the kinematic
details of the collision, at least for these high collision energies.

The exponential gap law representation of rotational cross
section distributions introduced by Polanyi and Woodall46 to
describe early HF data has evolved into elaborate theoretical
and experimental discussions of fitting and scaling laws.47

Without attempting to establish any scaling or fitting parameters
for glyoxal experiments, the possibility of fitting the cross
sections with a simple exponential gap law is explored in Figure
7. It is seen that EGL fitting based on angular momentum
transfer (∆K) is reasonably successful, whereas EGL fitting
based on energy transfer (∆E) is less appropriate. The central
role of angular momentum in rotationally inelastic scattering

has been extensively discussed,12,44,45,47,48and it forms the basis49

of the energy corrected sudden (ECS) scaling laws that have
had considerable success in the treatment of rotationally inelastic
scattering of diatomic molecules from rare gases.12

The fall off of cross sections for∆K J 10 for H2 and He is
probably the only opportunity in our data to detect limits on
rotationally inelastic scattering imposed by the collisional
kinematics. It is instructive to explore the respective rolls of
collisional energy and collisional angular momentum as limiting
factors. Orbital angular momentum considerations have been
discussed earlier in some detail in conjunction with scattering
of glyoxal by H2

1. For the present purposes, it is sufficient to
calculate the approximate orbital angular momentumL available
to the collision pair from the classical expressionL ) µVb, where
µ is the reduced mass,V is the center of mass velocity, andb is
the impact parameter. An approximate upper limit is obtained
if one assumes that the probability of inelastic scattering falls
off rapidly for collisions with impact parameters beyond the
geometric boundaries established by the H and O atoms that
lie 1.6 and 1.7 Å from the glyoxal center of mass. The values
so calculated are listed in Table 1 along with the appropriate
center of mass velocities. The table also contains the minimum
rotational energy of theK′ states, as calculated forJ ) K.

The limiting orbital angular momentum valuesL ≈ 14p and
21p for H2 and He, respectively, are close to the maximum∆K′
≈ 15 observable in our experiments for each gas (Figure 7).
Since the available collision energy is well above that needed
to reach these rotational states, the fall off in cross sections at
large∆K appears to be a consequence of angular momentum
constraints rather thanEcm limitations.

The story differs for Ne and the heavier gases. In these cases,
the systems run out of collision energy long before reaching
their angular momentum limits. For example, the orbital angular
momentum limit ofL ≈ 100p for scattering by neon corresponds
to a rotational levelK ) J ≈ 100 whose energy is about 19 600
cm-1 above the initial level, 00K0. In contrast the glyoxal-
neon collision energyEcm ≈ 1400 cm-1 corresponds to
excitation ofK ≈ 27, far below the limit imposed by the orbital
angular momentum.

Rotationally inelastic scattering to levels near theEcm limit
cannot be observed experimentally for Ne and the heavier gases.
The observational cutoff atK ) 21 for Ne occurs when the
rotational cross sections become too small to be resolved in
the midst of the rovibrational inelastic scattering. For example,
the rR sub-bandhead of 00K21 emission is overlapped by sub-
bandheads from 71K.5,6 The rotational and rovibrational cross
sections for scattering to these levels are of comparable
magnitude, and beyond∆K ) 21, the rotationally inelastic
scattering by Ne becomes too small to measure.

Rotational cross sections for Ar, Kr, and Xe are reported to
K ) 26 which is the limit of our spectroscopic search. As can
be seen in Figure 7 or Table 2, cross sections for scattering
with ∆K ≈ 20-26 have fallen to about 2% of the largest
observed rotationally inelastic cross section (∆K ) 3), and their
scaling against∆E has begun to level off.
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