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State-to-State Inelastic Scattering from $ Glyoxal with the Rare Gas Series: Uniform
Rotational vs Changing Vibrational Channel Competition

Samuel M. Clegg, Andrew B. Burrill, and Charles S. Parmenter*
Department of Chemistry, Indiana Umirsity, Bloomington, Indiana 47405

Receied: February 13, 1998; In Final Form: April 9, 1998

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 ‘@ $glyoxal (CHO-

CHO) in its @, K' = 0 states by Ne, Ar, and Xe. When added to cross sections from a new analysis of Kr
data and to published data fog EInd 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 ikvglve

= +1 wherev; = 233 cmt 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 fsandHe solely by

the fact that orbital angular momentum constraints with the light gases limit scattering to only those states
with AK < 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 prepghgsxal in the @ K’

= 0 state withJ’ ~ 0—10. Dispersed S5 fluorescence is used to monitor the inelastic scattering to more
than 25 destination states wittK' resolution. Inelastic cross sections are extracted by computer simulation
of the fluorescence spectra.

I. Introduction 800 —

5171 *_(/122 600 —

The planar molecule glyoxal (CHECHO) with 12 vibra- o0 6(715)1;-8(735)C-H wag L " /{O/a _ K=14
tional degrees of freedom has provided an instructive experi- o7 - //%_ Ny
mental window on vibrational and rotational energy transfer. —~g.,1_ 7'12' n -
Perhaps no other polyatomic molecule has yielded such detailed § B o
information about the competition among such a large number gsoo — s 5(509) o a— —10

. . . . . _ O 7 C-C=0 bend
of vibrational and rotational channels in single collisional @ = =
encounters. The view comes from combining crossed molecular W 400 — 12 (380) E B -
beams with a laser pump-dispersed fluorescence probe approachg C-C=Obend g I ]
that not only allows selection of an initial rovibrational level g *® - A
from which energy transfer occurs but also permits observation 8, | 7 (233) 200 = 10—
of all important energy transfer channels. torsion T

So far, the studies have involved energy transfer from each 440 i —
of four initial rovibrational levels in the Sstate encompassing 5 —
three different modek.®> For three of these initial levels, over oL _— )

04—

20 state-to-state channels are monitored. For the fourth level, )
the competition can be followed among almost 50 channels. Figure 1. Some of the Sglyoxal energy levels that are accessible by

PP - . inelastic scattering from the?0K' = 0 level. (Left) All vibrational
The competition is seen experimentally by the sets of relative levels within 800 cm of the S zero point level. The frequency of

Cross sections for the Slnglg-colllsmn population of the dgstlna- fundamentals is given in parentheses. (Right) An experimental diagram
tion states. The cross sections are extracted from the dispersedhowingk’ rotational levels associated with thé &nd 7 vibrational

fluorescence by the use of spectral simulations. states. The energies are those of states With K'.

Most of the glyoxal crossed beam experiments have involved
the collision partners pHor Hel™3 In the present paper, we  The results reported here come from new experiments that yield
report new results that allow the channel competition to be seencross sections for Ne, Ar, and Xe. Additionally, we revisit the
for the entire rare gas series, He to Xe. Since earlier work hasKr data with an improved computer simulation in order to
shown that the internal degrees of freedom of the collision extract a more accurate set of cross sections. The end result is
partner H do not participate in the inelastic scattering,we a characterization of the systematic changes that occur in the
have also included Hin this rare gas series for the purpose of state-to-state channel competition when the collision partners
comparison. range from H to Xe.

Cross sections for inelastic scattering of glyoxal from the  Figure 1 displays most of the energy levels that are relevant
collision partners b D,, He, and Kr have been reportéd: to the present experiments. Glyoxal is a near-symmetric top
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TABLE 1: Calculated Parameters for Glyoxal (0°K9)
Collisions with H, or Rare Gases

target a Vrel’ Ee®  AKmad  AKpad
gas (x10%kg) (x1Cm/s) (cmt) (viaL) (viaEcm)
H> 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

2 Reduced mass of the systehRelative velocityve = (112 + v2)Y2
¢Center of mass collision energfen = uwve?/2. 9 Limiting AK
established by orbital angular momentum AK = uveb/f. See
Discussion® Limiting AK established by See Discussion.

(xk = —0.99), and in the cold beam expansion36 K), it is
possible to resolve the rotationél states that define the angular
momentumL = KA about the top axis (thea” axis in Figure
1). A laser initially pumps the Sevels @, K' = 0 with J <
10. For convenience, we refer to these initial states®%$.0

The subsequent inelastic scattering of these excited moleculest

results in rotational excitation of high& states as well as the
rovibrational states of the fundamental = 233 cnTl. Despite
collision energies exceeding that of many other fundamentals,
overtones, and combinations, excitation of this lowest frequency
mode, the CHG-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 withvthe
rovibrational scattering. These levels are observed in disperse
fluorescence that is isolated from only those molecules that have
undergone inelastic scattering. The resolution (2-Ynis
sufficient to see the individudl' states. Relative cross sections
for the inelastic scattering to the individual destinatidrstates
are obtained by computer simulation of the dispersed fluores-
cence. Unfortunately state resolution is not possible, and little
information is available concerning the excitation of overall rota-
tional angular momentum described by thstate distribution.

Glyoxal (K9 scattering has been reported earlier for H
D,, He, and Kr=5 Inelastic scattering fluorescence spectra have
been reported for the collision partnersg, CO, and GHg, all
28 amu® Additionally, scattering spectra of the paifHd,
(cyclohexane) vs Kr, both 84 amu collision partners, have been
obtained at a reduced resolution (10&mwhere the individual
rotational channels could not be seefThis ensemble of data
displays trends that are further explored by the new data of the
present study. Perhaps most intriguing is the recent discovery
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 o
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 glyoxalrare gas series
are collected in Table 1. Itis 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 fal
more similarities than differences.

r
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the beam conditions and experimental apparatus is given here.
The experiment involves two molecular beams, a seeded glyoxal
beam crossed at 9Qvith 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 elsewRérthe molecular
beam velocity will tend toward the isentropic limitsas= (2C,'
T/m')¥2, whereCy' is the molar averaged heat capacifys the
agnation temperature 300 K, amd is the molar averaged
mass. This assumption yields a maximum glyoxal velocity of
1.3 x 10° cm/s. The target beam velocity should be close to
that derived from the monotonic gas formulas= (5kT/m)/2,
where k is the Boltzmann constant] is the stagnation
temperature 300 K, anah is the mass of the target gas. Table
1 lists the calculated velocity of each target gas as well as the
collision energy,Ecm = u(v1? + 119)/2, as obtained with the
calculated velocities.

Under our experimental conditions, most of the inelastically

dscattered glyoxal molecules are involved in only a single

collision. This situation is achieved by adjusting the target gas
expansion so that only ¥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, 7585% of the inelastically
scattered glyoxal molecules encounter only a single collision.

A 10 Hz pulsed laser with a 0.3 crhbandwidth is used to
pump glyoxal into the 9§ K' = 0 states with) = 0—10. The
pumping is achieved by tuning to th¢ = 0 — K" =1 08
glyoxal sub-bandhead at 455.05 8m.

All of the important inelastic scattering channels are moni-
tored by $—S 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 crhis sufficient to resolvéR
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

gmerges from the subtraction of the two spectra. Three point

smoothing of the resulting spectra is used to reduce the noise.

[ll. Results and Analysis

The experimental data consist of dispersed & emission
that originates only from those; §lyoxal 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 detailed description of the experimental apparatus and A. Inelastic Scattering Spectra. A segment of the scat-
methods has been publish&¥land only a brief description of  tering spectrum from glyoxat Ne is displayed in Figure 2. It

Il. Experimental Procedures
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Figure 2. Segment of the fluorescence spectrum fromggoxal
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scattering, some of which are labeled by Kievalue. The only
rovibrational inelastic scattering channel that contributes to the
structure involvef\v; = +1. That structure is associated with
the 7% band, and some of théR' states responsible for thg
sub-bandheads to the blue of thkdfigin 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,1122, 51, 73, and 57
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 tha&tv; = +1 scattering is the only
significant rovibrational channel in glyoxat Ne interactions.
There is some indication that an additional rovibrational channel

molecules that have been inelastically scattered by Ne. The structurejs active in collisions with the heavier target gases. The issue

is from states within the ®level populated by rotationally inelastic
scattering and from states within thélgvel reached by rovibrational
scattering. The gap at th% band origin is due to depopulation of the
initially pumped states. The maxima to the blue of t@@ﬂgin are'R
sub-bandheads froi states populated by the inelastic scattering. Some
are labeled with th&’ identity. Labels to the blue of the} Brigin are
for K’ states associated with thévibrational states. The region to the
blue of the 22020 cmt is displayed with X enhancement and
displaced for clarity. The calculated positions of trﬂeband origins at
21 973 cm! and the 7 origin at 22 078 cm® are marked. The origin
positions are also marked for other bands: A(B(79), C(12), D(
73, and E(&77).

Relative Intensity (arb. units)
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Figure 3. Segments of scattering spectra for glyoxd@K® + 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 th€ notations refer téR
sub-bandheads of theg (band and involve states populated by
rotationally inelastic scattering.

is addressed below.

The analogous scattering spectra for glyokahr, Kr, and
Xe are displayed in Figure 3 with the Ne spectrum included
for comparison. The Kr spectrum has been published previ-
ously? but it appears here with revisedk0 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 elsewhéreso 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 effedtive
distribution P(J) in the destination states that has the form

PQ) = (2J + 1)e BIIDAT

in which J runs fromK' to 100 andT = 100 K. We attach no
physical significance to our choseR(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
elsewheré.

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

F(J,K) = J(J+1)B + (A — B)K*> — D, (J(J + 1)Y° —
Dy J(J + 1)K® — DyK*

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 higKestates,
they become important. The zero point centrifugal distortion
constants are, in cm, Dy = 6.1 x 1075, Dy’ = 6.2 x 1079,

includes emission from states reached by both rotational andD;' = Dy = —8.4 x 107°, D' = 3.2 x 1073, andDy" =

rovibrational inelastic scattering. The gap in th% iBand
origin region is a result of depopulation of the initially pumped
0°K? states. The maxima to the blue &Resub-bandheads from
the K’ destination states reached by rotationally inelastic

1.9 x 107310 |t is, however, the excited state vs ground state
differences that affect line positions. WhideD; andADyk are
small enough to be ignored\Dy is not, and since the constant
is multiplied byK*, its inclusion is important for the highé¢'
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Figure 4. Comparison of the experimental scattering spectra (dots)
with the best fit computer simulation (solid line) for glyoxaPK0) +
Ne, Ar, Kr, and Xe.

states produced by the heavy collision partners. Adding the

DkK?# contributions to the term values shifts the sub-bandheads

increasingly to the red as' increases.

Inclusion of centrifugal distortion does not affect our earlier
analysis of glyoxah- H, and glyoxaH- He spectrd2 In those
cases, the highe#t' values reached by inelastic scatteriig,
= 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 extendk'tstates
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 glyoxat 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
elsewheré. Comparisons of the two simulations reveal the
marked improvement provided by the new simulation, especially
at the blue end where emission from highKOstates occurs.
The simulations of the glyoxat H, and He spectfas were
relatively straightforward on account of a separation that exists

Clegg et al.

high AK 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 @K18-20 states overlaps sub-bandheads from &7
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 theg@ap is due to emission fronPK
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 th&7states
reached by rovibrational scattering is obscured. As opposed to
the case of glyoxat Ne, there is no indication based on the
shape of the &’ 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 thé&7states
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 cntl, a consequence of the buildup of the 7
PP sub-bandhead structure. (The analogous structure ftisim 0
states occurs to the red of th%tﬁhnd gap.) Emission from the
7K' 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 underlyintK7 emission, the
relative intensities of the maxima cannot be reasonably repro-
duced without this rovibrational emission. For the spectral
simulation, the ¥’ 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 dK7 cross sections so
obtained is over estimated relative to the distribution of rotational

cross sections derived from fitting the maxima witBKO
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 theSOband gap (see Figure 4). The

between emission from states reached by rotational scatteringintensity in this region is due primarily to overlap & sub-
and that from rovibrational scattering. Since there was little bandheads from the’R’ states. Increasing the rotational cross
spectral overlap, all of the sub-bandheads from these scatteringsection for the &' states forK' = 12—26 improves the fit in
events could be resolved, and accordingly, the relative crossthis red region but overestimates intensity in the BResub-

sections for all of the &' and 7K' 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
0K’ states whose emission structure overlaps that of tKe 7
states reached by rovibrational scattering. With N&; 8tates
with K' = 20 are important contributors to the emission
structure, and with all the heavier gases, tR&'Gstructure
continues to at leagt’ = 26. It would be instructive to see the

bandhead region. To compensate, the magnitudéksfcross
sections may be decreased. This compromise results in a poorer
fit of the well depths and of th&R 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,
12, The 12 vibrational mode is a €EC=0 bend 380 cm!
above the zero point level, and thej12and origin is within
the range of our spectra (see Figure 2). Inclusion of this
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A A LA LARES LERR LA LAAM) R TABLE 2: Relative Inelastic Scattering Cross Sections for
3 H Glyoxal (0°K? with Various Collision Partners?
L 2 4
= 3 Ne Ar Kr Xe
E K' 0K’ 7K' oK' (0 oK'
L . 0 0.052
.:::L':::}::::me::::1:::::::::;:::. 1 0.052
= E 2 0.045
: He 3 3 [1.0] 0.04 [1.0] [1.0] [1.0]
I ]%ilﬁ 1 4 0.96 0.04 0.99 0.99 0.91
3 (] E 5 0.70 0.03 0.58 0.52 0.49
o ] 6 0.49 0.03 0.47 0.37 0.48
S T T 7 0.39 0.02 0.35 0.34 0.32
T I 8 0.38 0.02 0.29 0.27 0.32
S 9 0.26 0.02 0.23 0.20 0.24
P %ﬂf;{ Ne ; 10 0.26 0.02 0.20 0.19 0.20
5 L iﬁii i 11 0.21 0.02 0.20 0.18 0.20
st LX) 12 0.19 0.02 0.19 0.18 0.19
8 I fi 3 13 0.16 0.02 0.14 0.12 0.12
B [ L L 14 0.16 0.01 0.13 0.12 0.12
wn (Saay ARRN ALY LRRRE RARA RARRRARARI RARE= 15 0.13 0.12 0.12 0.11
@ 3 16 0.11 0.09 0.07 0.09
o I %im ] 17 0.08 0.07 0.07 0.06
O L 1%y _ 18 0.07 0.07 0.05 0.05
o F \,____iiji 19 0.04 0.05 0.05 0.05
= X i T 20 0.03 0.04 0.03 0.03
T LS tntb ] 21 0.03 0.03 0.03 0.03
@ g 22 0.03 0.03 0.03
3 I% 3 23 0.02 0.03 0.03
Y Kr ] 24 0.02 0.03 0.03
- Iiii - 25 0.02 0.02 0.03
N S E 26 0.02 0.02 0.03
I ~..... EIHE L— aCross sections for rotational scattering are identified by the
j"'“i‘.'l'l'll,'l‘."T'.‘ﬁ‘.'l',':'.‘i‘.':'.'fj destination states®®’ and those for rovibrational scattering by the
destination states'®'. The values have been normalized to unity for
F Xe . the K3 cross section for each gas.
E ﬁii 3
2 .......I.HI E
F ii 1t} fi minimum ranges for rovibrational cross sections emerge from
T LTI T the analysis without the individual state-to-state values. These
0 300 600 900 1200 ranges are indicated on the cross section plots of Figure 5.
AE (cm™) There are several sources of potential uncertainty associated

. . . . ) . with these experiments. Details of these uncertainties are
Figure 5. Relative cross sections for inelastic scattering of glyoxal

(0°K9) by H, and the rare gases plotted agaitEL theT — RV energy discuss_ed else_whe?elt is believed_ tha_lt the primary source of
transferred. For b He, and Ne, rotationally and rovibrationally inelastic ~ UNcertainty arises from the subjective nature of fitting the
cross sections are shown with circles and squares, respectively, as welbpectra, and it is only this type of error that is reflected in the
as with error bars. For Ar, Kr, and Xe, only rotationally inelastic cross error bars. Determination of the error bars involved increasing
sections are shown. The dashed lines show the upper and lower boundgnd decreasing the value of each individual cross sections until
for vibrational cross sections. the simulation became visually unacceptable.

scattering channel resulted in a fit that more closely simulated |, Discussion

the valleys between thi&® sub-bandheads in the region from '

22 000 to about 22 050 crh.  According to the simulations, This study of single-collision inelastic scattering afgdyoxal

this channel cannot exceed 7% of the total inelastic scatteringby the rare gases focuses on the competition among at least 25
cross section, and it may be much less. Earlier theoretical channels. As described in the Introduction and shown in Figure
calculationd” for the lighter target gases,.HHe, and Ar 1, these channels involve pure rotationally inelastic scattering
predicted that 12is an active but small scattering channel. In  from the initial S glyoxal state &° and rovibrational inelastic

the predictions, the channel accounted for no more than 1% of scattering that excites specific rotational states in the lowest
the total cross section. vibrational IeveI,V7' =233 cnl.

The relative cross sections for Ne, Ar, Kr, and Xe are listed ~ The competition is seen most fundamentally in the segment
in Table 2 and plotted against the energy transfernd, in of $—S fluorescence spectra shown in Figures 2 and 3 that
Figure 5. Relative cross sections fos &#d He have been given  include the @band comprised of emission from the statés 0
elsewheré. Sets for the various gases are not normalized to K' = n reached by rotational scattering and th}a band
one another, and no information has been obtained from thecomprised of emission from the statés R’ = n populated by
data about the absolute magnitudes of these cross sections. Theovibrational scattering. The competition is seen more explicitly
Ne cross sections include those for both rotationally inelastic in Figure 5, where the sets of relative cross sections are

scattering, identified by the destination stat€k’Qand rovi-
brational scattering to the destination statb€' 7 As described

displayed for each target gas. The cross sections are derived
from simulations of the fluorescence spectra. For convenience,

above, only the rotational cross sections for Ar, Kr, and Xe can we label the state-to-state cross sections according to the identity

be extracted from the scattering spectra.

Maximum and of the destination state. Thus, rotationally inelastic cross
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sections are designateq0°K"), and those for rovibrationally
inelastic scattering are labeled7K").

An earlier comparison of inelastic scattering with, B,, and
He® suggests that thegand D, internal degrees of freedom do
not observably participate in the inelastic scattering. Hence,
the previously obtained cross sections forafle included with
those for He to set up a discussion of scattering with the entire
“rare gas” series b He, Ne, Ar, Kr, and Xe.
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A. Rotational vs Rovibrational Inelastic Scattering Com- L 8 Hellum . g}%} Experental =
petition. The cross sections displayed in Figure 5 show F 5‘3@,? ° ggﬂﬂggg 3
immediately the dominant aspect of the competition between L $g B g q

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 fifrom glyoxal (P’K°) for compa-
rable energy transférd As seen in Figure 5, the rotational and
rovibrational cross sections merge smoothly when plotted against
AE, the energy transferréedl— V,R, in the inelastic scattering.

In contrast, the cross sections of He scattéringhow 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 sections (solid symbols or dashed lines) for inelastic scattering of

poorly seen for Ar, Kr, and Xe,_sugge_st_lng that the separation glyoxal (K9 by Hy, He, and Ar against the energy transferra.

has grown further for the heavier collision partners. The H, and He cross sections are from ref 3 (experimental) and refs 8
Elsewhere we have commented on the relative importance and 11 (predicted). The predicted Ar cross sections are from ref 7.

of the interaction PES vs the collisional kinematics in establish- ipe [imited AE range of comparison (see comments below). In
ing these distinctive competitions. Observations of inelastic contrast, the experimental and predicted rovibrational values
scattering with the trio of collision partners;is D, vs He, differ by about an order of magnitude. We take this mismatch
where [ and He cross sections are the same, strongly suggestys fyrther indication of the kinematic dominance of the rotational
that the collisional kinematics play the dominant role in the g rovibrational competition. Given the consistent agreement
competition. This conclusion is reenforced by experiments with patween the theory and experiment wheneveiBheassumed
atrio of 28 amu collision partners,2Ns CO vs GHy, for which for calculation is that of the experiment, the singular mismatch
the channel competition is almost identical despite the large j, Figure 6 is almost certainly due to the Id8, used in the
differences in potential energy surfaces. calculation.

Presumably, kinematics are playing a similarly dominantrole B, Distributions of Rotationally Inelastic Scattering Cross
in the channel competition for the entire rare gas series. Sections. Plots of the rotationally inelastic cross sections are
Experiments are now underway to instruct us about which presented in Figure 7 to show the most compelling aspect of
aspects of kinematics are most importarithe center-of-mass  the scattering. When the relative rotational cross sections are
collision energy, the relative velocity, and the collision mo- plotted againsAE or AK with common normalization, the cross
mentum can all be controlled experimentally in order to section distributions for Hand all the rare gases generally match
illuminate this issue. to within the error bars. Thus, the channel competitions in

Three-dimensional fully quantal inelastic close-coupled infinite- rotationally inelastic scattering of glyoxal%®) by these gases
order-sudden-scattering calculations designed for our beamall look much the same. The only deviations from this common
conditions have been reported for the collision partnefsH behavior are small, occurring at the very tail end of scattering
and He’'! Comparisons between the predicted and experi- by H, and He (largeAE or largeAK). We emphasize that it is
mental cross sections are included in Figure 6. Since the the cross section distributions that match, not the absolute cross
calculations used an identical interaction PES for both gasessections themselves. While the absolute values cannot be
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derived from ab initio treatment ofy$ormaldehydet He $-811 extracted from our spectra, we presume they differ substantially
the impressive match for Hand He further emphasizes the among the rare gases.
secondary role of the PES in controlling the competition. The close match of rotational distributions is further empha-

The only theoretical predictions relevant to our new rare gas sized by comparisons of the original scattering spectra for the
data concern the collision partner ArThey are shown in Figure  heavier gases Ar, Kr, and Xe. In these cases, the fluorescence

6. Scattering calculations for glyoxal %) + Ar collisions contributions of states populated by rovibrational scattering is
are available forE;,, = 80 meV (650 cm?) collisions as so small that the spectra represent fairly good views of
opposed to our experiment&l, = 250 meV (2000 cm?). The rotationally inelastic scattering alone. Figure 8 displays the
calculations are based on an intermolecular PES adapted fronmspectra normalized to one another. The relative populations of
ab initio calculations on thegSormaldehydet Ar interaction. rotational states within theJ®and control the relative intensi-

Despite the larg&.,, mismatch and the approximate PES, the ties of the structure, and in the superposition of the spectra in
comparison in Figure 6 shows that the experimental and Figure 8, it is seen that those populations must be remarkably
predicted rotational distributions agree remarkably well over similar.
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Figure 7. Plots of the relative cross sections for rotationally inelastic C ° =
scattering of glyoxal (&°) by H, and the rare gases. The sets of cross - I3 .
sections have been normalized to one another for comparisons. They B 55 . n
are presented in two groups for clarity with cross sections for Ar shown B B 930 7
with both groups. One display shows the cross sections plotted against - sg ve —
AE, the energy transferrel— R. The other shows the cross sections Lo Lo d
plotted againstAK', a measure of the transfer of orbital angular 18-12 6 0 6 12 18 24 30
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Figure 9. Rate constants for state-to-state rotational energy transfer
fromJ = 4,J = 6 andJ = 38 of AE) Na in collision with He, Ne,

Ar, Kr, or Xe plotted againsiJ. 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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molecules, usually in excited electronic states. The diatom
atom systems include with He }213Kr,12 and Xei? Li, with
Ne, Ar, and Xet** NO with He!>18 Ne 16 Ar,1518 and Kri®
HF with He, Ne, and A%? CN with HE® and Ar?t and IF with
He, Ne, Ar, Kr, and Xe&223 As with glyoxal, the distributions
for the heavier rare gases for a given diatomic generally match
qualitatively over an extendefJ range, where as that for He
often falls off at largeAJ. This He fall off has usually been
attributed to angular momentum constraints.

The most extensive diatomic data are probably those ef Na
] that include the entire rare gas series of collision partffers.
3 To bring emphasis to the generally unrecognized existence of
S W B common rotational distributions that occur in many diatomic
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21900 21950 22000 22050 22100 22150 systems, we display in Figure 9 some of the, Nat&* plotted
Frequency (cm") in a form that reveals the close similarity of the rate constant
Figure 8. Superposition of the scattering spectra from glyox8K@p distributions among the entire set of rare gas collision part-

in collision with Ar, Kr, and Xe. The intensities of the three spectra pers.

have been normalized to one another, and the superpositions are T4 gyote a recent review, “state-resolved rotational energy
presented pairwise for clarity. The spectra are those from Figure 3. transfer in polyatomic molecules is a relatively unstudied
The qualitative similarity of cross section distributions for arena™! With respect to finding polyatomic data that yield
energy transfer about the top axis of glyoxal is far from a unique cross section distributions for comparison among rare gas
situation. Common cross section distributions among rare gascollision partners, this lament rings true. We have been able
partners appears to be the rule rather than the exception forto find suitable data only for CiHand NH;. The motivations
diatomic molecules in thermal systems. The central interest in for studying rotational transfer with these molecules are often
the diatomic studies has generally concerned the developmentassociated with making connections to the interaction PES, and
of fitting or scaling laws to accommodate absolute cross explicit comparisons of the distributions are not given in the
sections. Hence, the existence of common distributions has beeriterature. Our explorations of the data for ¢iith He 3233
acknowledged only implicitly in the literature. One can see, Neg233*and AR335-37 show that the situation is much the same
however, the near coincidence of distributions for a given set as that for the diatomic systems and for glyoxal. The distribu-
of rotational cross sections from a specific level in a diatomic tions for the heavier rare gases are qualitatively similar, whereas
by the close match of fitting or scaling law parameters for that for H&? is somewhat distinct. The initial efforts for NH
various rare gas collision partners. More explicitly, the involved explorations of the selection rules using He, Ar, and
coincidence of cross section distributions emerges clearly whenXe 3839 Subsequently, absolute cross sections become available
normalized plots of the absolute cross sections are made in afor Ar from bulb experiment4? and relative cross sections
form similar to those of Figure 7. We have made such became available for #142He ! and Ar*3 from crossed beam
comparisons from the reported data for numerous diatomic experiments. Whereas the bulb cross sections may be fitted
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with an exponential gap law (EGEY,the distributions for the  has been extensively discusdédt+5474@and it forms the basi®
various rare gas partners differ from each other. of the energy corrected sudden (ECS) scaling laws that have
As noted above, the competition between rotationally and had considerable success in the treatment of rotationally inelastic
rovibrationally inelastic scattering in glyoxal is controlled Scattering of diatomic molecules from rare ga¥es.
predominantly by kinematic factors. The secondary role of the ~ The fall off of cross sections foAK 2 10 for H; and He is
interaction PES is ascribed to the fact that the interactions arepProbably the only opportunity in our data to detect limits on
dominated by the repulsive wall of the PES and that these steeprotationally inelastic scattering imposed by the collisional
walls do not differ greatly even among collisional systems, even kinematics. It is instructive to explore the respective rolls of
though other regions of the PES may differ substantially. collisional energy and collisional angular momentum as limiting

One presumes that this rationale also pertains to the rare ga%a}ctors. (?rb't‘?l angular mgmerlltpm co.n3|d<.arat|o.nz have been
collision partners associated with our rotational cross section discussed earlier in some detail in conjunction with scattering

distributions. The rotationally inelastic scattering in our crossed ©f 9lyoxal by Ht. For the present purposes, it is sufficient to
beam experiments involves impulsive interactions with the Calculate the approximate orbital angular momentuavailable
repulsive wall, and presumably neither the anisotropy nor the t© the collision pair from the classical expressios: uvb, where
steepness of the wall differs enough among the rare gas partner 'S the reduced mass;is the center of mass velocity, abds

to produce unique rotationally inelastic scattering distributions. (€ impact parameter. An approximate upper limit is obtained
The narrow range of parameters that characterize the pegif one assumes that the probability of inelastic scattering falls

associated with the scaling and fitting laws for the diatomic Off rapidly for collisions with impact parameters beyond the
systems are consistent with this proposition. It is further 980Metric boundaries established by the H and O atoms that

reenforced by the narrow range of PES parameters derived from'i® 1.6 and 1.7 A from the glyoxal center of mass. The values
the highly successful use of a recent angular momentum S° calculated are |ISj[(-t,'d in Table 1 along with .the appropriate
modef445that reproduces quantitatively many of the diatomic center of mass velocities. The table also contains the minimum
Cross sections. rotational energy of th&' states, as calculated fdr= K.

An intriguing dichotomy arises concerning the kinematic The limiting orbital angu_lar momentum valuks« 1% and
factors that prove so important in controlling the rotational vs 21 for H, and He,.respectlvely., are close to the mamrn@lﬁ
rovibrational inelastic scattering competition. Since the kine- = 15 observaple in-our gxpenmentg for each gas (Figure 7).
matics have such a large influence on tha:[ competition, the Since the available _coII|S|on energy is well _above that ngeded

. . . P to reach these rotational states, the fall off in cross sections at
question then arises as to why the rotational distributions are

) . . . large AK r n n f angular momentum
not also responsive to the kinematic differences. Those arge appears to be a consequence of angular momentu

distributions remain impressively insensitive to kinematic varia- constraints rather thaln limitations.
. o P yr . : The story differs for Ne and the heavier gases. In these cases,
tions. The situation may be put in perspective by noting the

broad range of collisional parameters that exist in our glyexal the systems run out of collision energy long before reaching
ge ol onatp i . . glyo their angular momentum limits. For example, the orbital angular
rare gas series. Differences in the kinematic factors, as

displayed in Table 1 or inferred from its entries, span as much momentum limit ofl. ~ 1001 for scattering by neon corresponds

as an order of maanitude. The question concerns such ato a rotational leveK = J ~ 100 whose energy is about 19 600
9 ) N cm~! above the initial level, &°. In contrast the glyoxat

universal aspect of rotational energy transfer in both diatomic neon collision energyEam ~ 1400 cnt® corresponds to

Z?tgn‘ggxat?:n:rcer;;:ﬁcrel esintsf;a';]tlg vr\:]a}rrs tn;smeexrp“em;rg:ﬁaﬁtt'ﬁgl excitation ofK ~ 27, far below the limit imposed by the orbital
) p'e, g 9 9 angular momentum.

explorations of the angular momentum mddétthat has such Rotationally inelastic scattering to levels near g, limit

9°°O,' success V\{Ith diatomic examples. ) o . cannot be observed experimentally for Ne and the heavier gases.
Without offering an answer or physical insight to this The gpservational cutoff & = 21 for Ne occurs when the

question, the ghﬁoretlcal treatment of glyoxal scattering bears rgiational cross sections become too small to be resolved in

on the issué-%!t The H, and He predictions displayed in e migst of the rovibrational inelastic scattering. For example,

Figure 6 were carried out for the actu&}, of our experiments. the 'R sub-bandhead oPR2 emission is overlapped by sub-

In contrast, those for Ar were performiefdr Ecrn = 650 cnt? bandheads from!K.56 The rotational and rovibrational cross

(80 meV), an energy far below tt&.;, = 2000 cn* of our sections for scattering to these levels are of comparable
actual experiment. Despite the kinematic mismatch between nagnitude, and beyondK = 21, the rotationally inelastic

the calculations and experiment, the predictions shown in Figure gcattering by Ne becomes too small to measure.

6 fit the experimental rotational distribution to within the error Rotational cross sections for Ar, Kr, and Xe are reported to
bars. Thus, the message relayed by the scattering calculationg — 26 which is the limit of our spectroscopic search. As can
echoes that of the experiment; the distribution of rotationally g seen in Figure 7 or Table 2, cross sections for scattering
inelastic cross sections is surprisingly insensitive to the kinematic \yith AK ~ 20—26 have fallen to about 2% of the largest
details of the collision, at least for these high collision energies. observed rotationally inelastic cross sectigi(= 3), and their
The exponential gap law representation of rotational cross scaling againshE has begun to level off.
section distributions introduced by Polanyi and Wodtalh
describe early HF data has evolved into elaborate theoretical
and experimental discussions of fitting and scaling l&Ws.
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. 1t is seen that EGL fitting based on angular momentum
transfer AK) is reasonably successful, whereas EGL fitting References and Notes
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