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State to state Ne—CO rotationally inelastic scattering

Stiliana Antonova,® Ao Lin, Antonis P. Tsakotellis, and George C. McBane
Department of Chemistry, The Ohio State University, Columbus, Ohio 43210

(Received 1 February 1999; accepted 30 March 1999)

Measurements of state-to-state integral cross sections for rotational excitation of CO by collisions
with Ne are reported. The measurements were performed in crossed molecular beams with
resonance enhanced multiphoton detection at collision energies of 711 and 787Téra cross
sections display strong interference structure, with a propensity for Zoddelow Aj=10.
Predictions of theab initio potential surface of Moszynslet al. [J. Phys. Chem. ALO1, 4690
(1997)]and the nevab initio surface of McBane and Cybulski. Chem. Phys110, 11734(1999),
preceding papedre compared to the data. The new surface agrees more closely with the observed
interference structure, although significant disagreements remairf99® American Institute of
Physics[S0021-9606(99)01024-7]

I. INTRODUCTION sensitive to details of the potential surface. We have now
performed similar experiments with Ne as the collider, and

The quantum mechanical treatment ©f~R energy we describe those experiments and corresponding calcula-
transfer is now a well established field. The treatment hasions here.
two main parts: a description of the potential energy surface A few experimental studies of the Ne—CO system have
for the interaction, and an evaluation of the quantum meappeared. Viriaf:” viscosity? diffusion® and thermal
chanics of nuclear motion on that surface. For atom-rigiddiffusion’ coefficients are available. They were interpreted
rotor collision systems, the latter part can now be handledvith simple isotropic potentials, although the thermal diffu-
routinely; at low to moderate collision energies, essentiallysion results did indicate that anisotropic terms in the Ne—CO
exact dynamical calculations are practical, while at highepotential could be importaritNerf and Sonnenberg reported
energies a hierarchy of approximations is available whos@je pressure broadening cross sections in 1975 for the CO
applicability has been well studiéd® On the other hand, the 1.0 rotational transition at 77, 198, and 294X The
CQ“_SUUEUOH of accurate potential energy surfaces remaingtation-vibration infrared spectrum of the weakly bound
difficult.” Two main approaches are popular. One approaciNe—-CO complex was reported in 1993 by McKellar and
is to adjust parameters in a flexible empirical potential modeto-workerst! they assigned part of the data by fitting the
to fit a set of experimental data. The second is to calculate bgbserved transitions to an empirical energy level expression
electronic structure methods the values of the total energy abr a slightly asymmetric rotor. Recently, Walker al. pub-
the three-atom system at many different nuclear arrangdished a pure rotational spectréfrand McKellar and Chan
ments, and then fit those points with an analytic expressioneported infrared data on higher excited stafes.

The empirical approach suffers two problems. One is the  The firstab initio potential energy surface for Ne—CO
danger that the empirical model might not be sufficientlywas published recently by Moszynskt al'* It was com-
flexible to describe nature’s surface accurately. The other iputed using symmetry-adapted perturbation the@pPT)
that the available data are often sensitive to only some rewith the bond length of CO fixed at its experimental equilib-
gions of the potential surface, so the fit may be poorly contium value. The SAPT potential surface reproduced the ob-
strained in .ot.h.er regions. ~served infrared spectrum very well. It aided the assignment

Theab initio approach suffers from the expense of high-of a bending combination band and predicted additional tran-
quality electronic structure calculations. For atom-rigid rotorsjtions. TheX—3, line positions agreed with the experiment
systems, total energies for many tens or even several hundregthin 0.07 cm?, indicating that the isotropic part of the
nuclear arrangements must be evaluated to constrain the siotential is very accurate in the van der Waals well.
face. Tradeoffs between computational expense and accuracy A new ab initio potential surface is described and com-
are required, and the problem becomes rapidly more difficulpared to spectroscopic, pressure broadening, and virial coef-
as the numbe_rs of electrons and.nuclel increase. _ ficient data in the accompanying papeit was computed by

In an earlier paper, we described scattering experimentge supermolecule approach with COSDcalculations and
on He—CO collisions and comparison with two high-quality fairly large basis sets.
potential surfaceé.Qne surfa}ce was puretyb initio and the In this paper we present the first study of Ne—CO scat-
other was anab initio/empirical hybrid. Interference struc- tering. We report state-to-state integral scattering cross sec-
ture in the post-collision rotational distribution proved very tions for center of mass collision energies of 711 ¢mand
797 cm . Our measurements probe primarily the anisotropy

YPresent address: Department of Physics, Bryn Mawr College, Bryn Mawr,Of_ the potential_’s repulsive wall. We compare the rgsults
PA 19010. with cross sections computed from the SAPT potential of
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Moszynski et al}* and from the new CCSO) potential 10
called S2 by McBane and Cybulski.

* 711 em™
Il. EXPERIMENT

In the experiment, a rotationally cold beam of CO col-
lided with a supersonic Ne beam in a differentially pumped
scattering chamber. 21 resonance enhanced multiphoton
ionization (REMPI) was used to probe the postcollision CO
rotational distribution. Detailed descriptions of our crossed
molecular beam apparatus and experimental procedure ap + +
peared in an earlier paper. + +

The CO was seeded in arggs% CO/95% Ar)to help
cool its rotational distribution before the collision. In our 0O b L L L
apparatus, the angle between the CO and Ne beams, an 1p
therefore the center of mass collision energy, can be variec
by moving one of the molecular beam sources. The experi-
ments reported in this paper were done at intersection angle:
of 127° and 140°, corresponding to collision energies 711
cm ! and 797 cm?, respectively. Finite translational tem-
peratures in the two molecular beams contribute most of the
width in the collision energy distribution; we estimate 3 K in
the Ar/CO beam ath 2 K in the Nebeam, yielding widths
o /E of about 4% at the lower energy and about 6% at the @
higher one.

UV light at 215 nm, typically about 10@J/pulse, was
generated by tripling the visible output of a pulsed dye laser P
pumped by the second harmonic of an injection seeded, ¢ ¢ s
Q-switched Nd:YAG laser. The UV beam entered the scat- O'Oo 5 10 15 20
tering chamber in the plane of the molecular beams and was j
focused in the region of the beam crossing with a 10 cm
focal length lens. Its polarization was slightly elliptical, with
the long axis nearly perpendicular to the molecular beam
plane. A fast photodiode monitored shot-to-shot variations in .
the pulse energy. n(j)e (2] +1)(on—lort) | @

Scattered CO molecules were ionized with 2+1 REMPI Sj
through theS branch of theE 'TI—X 'S (0,0) band'® dc  wherel,, andl  are the areas under the spectral lines with
electric fields accelerated the ions through a half-meter flighind without the Ne beans; is the rotational line strength
tube and onto a microsphere plate dete¢®Mul). The  factor taken from Bray and Hochstrassér.
amplified output current was mass gated and collected by a Each data point in Fig. 1 is a weighted average of several
Stanford Research Systems gated integrator. measurements; the error bars indicate two standard devia-

The dye laser and the CO beam valve pulsed at 10 Hzjons in the mean, and represent only random errors. Table |
The Ne valve was opened for two laser shots and left closefists the data used in preparing Fig. 1. Data at the two ener-
for the next two laser shots. At each wavelength we CO”eCte@ieS have been separately scaled to a maximum density of
eight samples with the Ne beam on and eight with it off. (.8,

Etalon effects in the optical path introduced small
(=~5%), consistent oscillations in the laser pulse energy with
wavelength. A comparison between data analyzed with and

The initial rotational distribution in the CO beam was without corrections for this effect showed that the error in-
measured each day; usually between 70% and 75% of thgoduced into the densities was negligible.
population was in thg=0 state and most of the rest was in
thej=1 state. A small number of molecules remained in thely. CALCULATIONS
higher rotational levels. This precollision higtpopulation
was smaller than the scattered population for all final level
we report here. We calculated integral and differential cross sections for

Figure 1 shows the collision-induced changes in CO roNe—CO scattering with theoLSCAT program of Green and
tational state densities. The vertical scales are arbitrary. Thlutson'® We used the SAPT potential energy surface of
extract the densities from the recorded spectra we used thdoszynskiet al* and the CCSD(Tsupermolecule potential
expression S2 of McBane and Cybulski that is described in the accom-

relative density

ensity

lative d

FIG. 1. Relative collision induced densities at the two energies.

Ill. RESULTS

éA. Scattering calculations
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TABLE |. Experimental collision-induced densities and their estimated CC one, and the CS calculations reproduce the correct phase
standard deviations. of the even—odd oscillations everywhere. We performed

211 o — similar test calculations at 290 and 500 ¢mAt the lower
_ energies the CS calculations continued to extract the phase of
It ni S ni S the even—odd oscillations correctly but many individual
2 0.800 cross sections were in error by 20% or more.
3 0.625 0.055 0.552 0.029 All calculations used the hybrid log-derivative/Airy
4 0.498 0.035 0.473 0.020 propagator of Alexander and ManolopoldisMOLSCAT'S
5 0.800 0.634 0.019 built- | . tineéthe “VRTP h
6 0.439 0.030 0.461 0.018 uilt-in angular expansion rou ineghe mecha-
7 0.538 0.022 0.440 0.015 nism”) were used; the potentials were expanded in a basis of
8 0.409 0.021 0.257 0.011 Legendre functionsP,(cosé) including terms up through
9 0.452 0.021 0.229 0.011 |=14, as recommended by Moszynsial. for the SAPT
10 0.355 0.031 0.228 0.014 surface.(We found, however, that terms with>7 made
11 0.263 0.029 0.163 0.010 | " tributions to th fiofEyent
12 0.218 0.028 0.151 0.008 only very small contributions to the cross sec iprisventy-
13 0.132 0.026 0.100 0.007 point Gauss—Legendre quadrature was used to evaluate the
14 0.138 0.024 0.096 0.007 expansion coefficients. The rotational basis sets included all
15 0.063 0.008 the open rotational channels and at least two closed channels
16 0.066 0.009

at each energy. The sum over total angular momendum
terminated atJ=135#, where the inelastic integral cross
sections had converged to better than 0.622Ad the elastic
cross sections to within 17at both energies. We performed
panying papet® Moszynskiet al. describe both a purab calculations separately for the two major isotopes of neon
initio surface and a second version with a slightly modified(Mass numbers 20 and 2and weighted the results as de-
P, anisotropic term that fit the infrared data of McKellar Scribed below.

et al. better. We performed calculations with both surfaces,

and found very small differences in their predicted integral

cross sections. The results we report here were obtained Wi pensity to flux corrections

the empirically modified surface. All our calculations treated . .
CO as a rigid rotor. The REMPI signal measures the number density of mol-

We used the coupled statg€S) approximation of €cules in the focal volume of the probe laser, so the experi-
McGuire and Kouri® To check the accuracy of the approxi- Ment is more sensitive to molecules that move slowly in the
mation, we performed a close-couplédC) calculation on laboratory. We used the straightforward approach of
the SAPT surface at 720 crhusing total angular momenta Dagdigian” and differential cross sections resulting from
from O to 99 in steps of 9, and compared the results with dhe CS calculations, to evaluate the necessary density-to-flux
similar CS calculation. Both sets of incomplete cross secSENSitivity factors:
tions are shown in Fig. 2. The agreement is fairly good. The < g> ( g

A

17 0.031 0.010

largest discrepancy appears fof_.4, where the CS ap-
proximation overestimates the cross section by about 25%.
For most other transitions the CS result is within 10% of thewhere g is the initial relative speed; is the postcollision

laboratory speed of a scattered CO molecule, and
cri_fl(da/dw)if is the normalized differential cross section
for thei—f transition.

The density to flux corrections are more important in this
experiment than our earlier He—CO one, because there is a
much wider variation in laboratory speed for different final
CO rotational states. The variation in experimental sensitivi-
ties(g/v¢);; is roughly a factor of 2; the experiment is least
sensitive to the lowest rotational levels and most sensitive to
jt=15 and 18 at 711 and 797 ¢rh respectively. A more
sophisticated evaluation of the sensitivity factors, similar to
the approach of Nauliret al?? but extended to arbitrary
beam intersection angles and realistic laser focus geometry,
gave similar results.

Figure 3 shows the experimental data together with pre-
. dicted densities calculated from the SAPT and CCBBur-

. faces. Each predicted density is a weighted sum of four state-
J to-state integral cross sections, corresponding to the two

FIG. 2. Incomplete cross sections, accumulated from CC and CS calculd@jor isotopes of neon and the two rotational states of CO

tions at 720 cm® with total angular momentd=9n, n=0...11. with significant population in the unscattered beam. The in-

%)if dw, (2)

Ut

\o)
(=}
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FIG. 3. Experimental results and predictions from the two potential surfaces. The vertical scale is arbitrary, but has been adjusted to correspond approximately
to cross sections in &for the dominant 0+ transitions. The experimental data at each energy were scaled to match the sum of the predicted densities.

tegral cross sections were each multiplied by their own  The broad decrease in density wjtis a nearly universal
density-to-flux sensitivity factors before weighting. The observation in state-to-stafe— R transfer; Maricq discussed
“theory” points are therefore given by this trend thoroughly in his 1995 theoretical papehe
20 22 even—odd propensity, on the other hand, is an interference
U(j):fo(a'g?azo<g> +a§j2a22<g> ) effect first identified by Bruméf and by McCurdy and
Ut/ o] Ut/ o Miller.?® The interference is related to the rigorous even-A
20 29 requirement in scattering of homonuclear diatomic mol-
ai?a20<g> +g§j2a22<g> ) (3)  ecules. In heteronuclear molecules, propensities for either
Uil g Ut] 4 even or oddAj can appear; the observed propensities are
related to the relative importance of terms in the potential
with even or odd Legendre orders. Most theoretical studies
of this interference effect have used model potential surfaces
of the form

+1,

with fractional precollision populationg,=0.75 and f;
=0.25 and isotopic abundances,=0.92 anda,,=0.08.
The largest contribution comes from tiag integral cross
section, which contributes about 70% of the total density.

V. DISCUSSION

2
V(R,6)=2, V|(R)P(cos6) (4)
A. Comparison of experiment and predictions 1=0

The experimental data at 711 cinshow oscillations in  and examined the behavior of predicted propensities as the
density withj, with clear maxima af =5, 7, and 9, and a relative importance of th&/; andV, terms was changed.
roughly monotonic decrease at highjerAt 797 cm %, the  Experimentally, these interference effects have been ob-
peak atj=5 is prominent, but the peak §t=7 has been served in collisions of NG52°CN*-*3and CO®
reduced to a shoulder and the 9 density does not stand out The densities predicted by the SAPT Ne—CO surface
at all. The densities decrease in a stairstep fashion beyorshow maxima aj=4, 6, 9, and 11 for both collision ener-

j =8, suggesting that the propensity may have switched tgies. The propensity at lowj is exactly opposite the experi-
the even rotational levels at=10, 12, and 14. mental one. The CCSD) surface does a somewhat better
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job of predicting the densities at lowj; it gives a shoulder truncation of the CO rotational basis set, and the use of the
atj=5 and maxima af=7 and 9. Neither potential repro- coupled states approximation. Convergence tests give us
duces the strong maximum gt 5. The two surfaces agree confidence that the first three of these approximations intro-
with each other quite well in the total inelastic cross sectiorduce negligible error. The accuracy of the coupled states
and in the rate of falloff with increasingj. Above j=10  approximation was discussed above. The comparison with
the two potentials show nearly the same behavior; both preincomplete close-coupled cross sections indicates that CS
dict larger densities at rotational levels abgwell than we predicts the phase of the oscillations correctly even though it
observe. may introduce small errors in the values of the integral cross
B. Origins of disagreement sections.

Discrepancies between theory and experiment could
come from errors in the experiment, in the Ne—CO potential. Potential surface errors
surfaces, in the scattering calculations, or in the averaging
procedure that relates the calculated cross sections to tr‘fﬁe
measured densities.

The most likely source of the discrepancies between

ory and experiment at lowj is errors in the potential
surfaces themselves. For the SAPT surface, this conclusion

1. Systematic experimental errors is perhaps not surprising for two reasons. First, the perturba-

We collected ions only at the COmass, although Hines tion theory used in construction of the potential surface is
et al. have shown that under some conditions a significanfnOre accurate at long range than at short rér@ec_ond, the
fraction of the ionized CO appears at thé @ass:® They calculations used by Moszynskt al. in constructing their
measured a branching ratio intd” ©f about 5% at lowj that ~Ne—CO surface extended to a minimum distance of only 5
varied smoothly withj and decreased with decreasing pulsebohr, while classical trajectories for our collision energies
energy. Their probe pulse energy was about ten times our§an reach distances as short as 4.7 bohr. A significant part of

we therefore expect to produce few @ns. In addition, we the dynamics may therefore be occurring on parts of the
determined earliérthat no correction for € formation is ~ Surface that have been extrapolated framinitio results at

necessary under our probe conditions. larger distances. The CC$D surface was constructed from

The most important systematic error in our experimentab initio points that extended farther into the repulsive re-
probably arises from angular momentum alignment in thegion, and its absolute accuracy is more or less constant with
scattered CO. Several theoretical stutfie¥ have concluded R: its errors are probably nearly all due to basis set incom-
that diatomic molecules scattered into higstates are likely pleteness and incomplete treatment of electron correlation.
to have their angular momenta aligned perpendicular to thEitting errors in both surfaces appear to be relatively small.
initial relative velocity. Our detection arrangement is less ~ We performed scattering calculations on several one-
sensitive to such molecules than to unaligned Snes,we Parameter modifications of the SAPT surface and found that
have probably underestimated the densities at pigmthe ~ the even-4 propensity was remarkably robust toward
limit of perfect negative alignment, we would report a den-Simpleminded tinkering with the potential. Neither changing
sity only 0.6 of the correct value; more likely errors are the reduced mass of the system nor changing the length scale
10%—20% forj ~ 15 and less at lowsr The alignment effect of the potential by a few percent had any noticeable effect on
should not vary rapidly withj, as would be required to the even-4 propensity. Multiplying all the odd-I \(R)
strongly affect our observed odif propensity at lowAj.  terms in the potential expansion by some 1 suppressed
On the other hand, reduced experimental sensitivity fronfhe even-A propensity forc>1 and amplified it foc<1, as
alignment effects probably contributes to the lower ratio ofWe expected from the theoretical work of McCurdy and

high to low Aj scattering seen in the experiment. Miller.?® However, even witlt=1.2, the evenij propensity
remained strong. The modifications have their largest effect
at the oxygen end of the molecule. Valuescajreater than

1.2 produced unphysical potentials, so we did not pursue this
scaling further.

The new CCSIDT) potential comes closer to reproduc-

ing the even—odd oscillations at lodj, but it still does not
@redict the strong maximum aj=>5; in the unaveraged

52.; cross sectionsgy’.; is a local maximum. This com-

2. Averaging procedure

The procedure for averaging over the initial rotational
distribution in the beam and correcting for the density-to-flux
transformation, while it is subject to some err8tsioes not
introduce errors that vary rapidly with In the unaveraged
agij cross sections, the SAPT potential shows a stron
even-4 propensny while the CCSI) potgntlal shows a parison suggests that while its repulsive wall is more accu-
modest maximum aty_,5 and a strong maximum aty_, .

: = rate than the SAPT one, neither of the two surfaces is as
The average over experimental conditions reduces the ampliz. ., 1o as the best He—CO surfatie

tude o_f the osqillations in both potentials, but the qualitative Since we are attempting to judge the accuracy of the two
behavior remains the same. surfaces by measuring the phase of the interference in the
rotational excitation cross sections, it is important to deter-
mine whether both surfaces are on the same “interference
The scattering calculations are approximate in at leastringe.” That is, if the propensity changes from even to odd
four ways: the numerical solution of the coupled-channelAj many times as a model surface changes continuously
equations, the truncation of the sum over partial waves, théom the SAPT to the CCS() surface, then the improved

3. Scattering calculations
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707 T T T T T T T T than was observed; this difference is probably due at least in
part to angular momentum alignment, which was not allowed
for in the analysis. In addition, the SAPT potential surface
predicts an incorrect phase for the interference oscillations in
the low Aj cross sections, while the new CCSD@urface
agrees qualitatively with the experiment at ldvy. This dif-
ference is probably due to residual errors in the SAPT sur-
face in the repulsive region.

—— SAPT
——- CCSD(T)

R, /bohr
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