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State-to-state rotational rate constants for CO+He: Infrared double
resonance measurements and simulation of the data
using the SAPT theoretical potential energy surface

Tony C. Smith, David A. Hostutler, and Gordon D. Hager®
Air Force Research Laboratory/Directed Energy Directorate,
Kirtland Air Force Base, New Mexico 87117-5776

Michael C. Heaven
Department of Chemistry, Emory University, Atlanta, Georgia 30322

George C. McBane
Department of Chemistry, Grand Valley State University, Allendale, Michigan 49401

(Received 8 September 2003; accepted 6 November)2003

An extensive data set of 54 time-resolved pump-probe measurements was used to exaimihe CO
rotational energy transfer within the C&=2 rotational manifold. Rotational levels in the range
J;=2-9 were excited and collisional energy transfer of population to the leield —10 was
monitored. The resulting data set was analyzed by fitting to numerical solutions of the master
equation. State-to-state rate constant matrices were generated using fitting law functiais and
initio theoretical calculations that employed the SAPT potential energy surface of HedjraefhJ.

Chem. Phys.107, 9921(1997)]. Fitting laws based on the modified exponential GdEG),
statistical power exponential ggSPEG), and energy corrected sudden with exponential power
(ECS-EP)models all yielded acceptable simulations of the kinetic data, as did the theoretical rate
constants. However, the latter were unique in their ability to reproduce both our kinetic data and the
pressure broadening coefficients for €8e. These results provide an impressive demonstration of
the quality of the symmetry adapted perturbation th€8#&PT) potential energy surface. @004
American Institute of Physics[DOI: 10.1063/1.1637341

I. INTRODUCTION amount of information about both the attractive and repul-
sive parts of the potential.
CO-He collisions have served as a prototype for atom—  In 1980, anab initio potential energy surface was pub-

diatom interactions for years. A few applications for accuratdished by Thomas, Kraemer, and Dierck¥efiTKD) that
CO-He data exist, particularly in astrophysics, but theagreed reasonably well with the experimental data available
steady interest has mainly arisen from the accessibility ofit the time. In 1994 McKellar and Chan published a high-
CO-He interactions to both experimental and theoreticafesolution infrared spectrum of the He—CO van der Waals
studies. The atoms are small enough that theoretical descrigomplex:® Their experiment was later extended in both the
tions both of the intermolecular forces and of the resultingR*® and microwavé’~*° regions. The spectroscopic data
collision dynamics can be nearly of quantitative accuracyMade it clear that the TKD description of the He—CO attrac-
CO and He are stable and easy to handle in the Iaboratory,ve well was inadequate. These _results inspired a_series of
and CO can be probed by almost every popular form of'€W theoretical efforts; at least six He—CO potential func-

state-selective spectroscopy as well as by mass spectromet ns have been publlshgd since 1992 The most widely
Detailed reviews of CO—He work have appeared in paper sed have been the XC(fgmpirical potential of Le Roy and

by Thachuket al.} Heck and Dickinsof,Antonovaet al.2 co-workers’® which began with a simplab initio form and

. 2 ! . . . was adjusted to fit the infrared data, and the symmetry
and Gianturceet al.* and therefore we will only give a brief . . .
overview here adapted perturbation theoBAPT) ab initio potential of

, _ Heijmenet al?* The XC(fit) potential gives a better descrip-

) Experl.ments carried out before 1994 on He-CO 98%ion of the attractive well, though Antonow al3 suggested
mixtures included measurements of transport propertiegnat the SAPT potential describes the repulsive wall more
virial coefficients, and pressure broadening coefficiénts. accurately on the basis of state-to-state integral cross-section
Molecular beam experiments included total cross Seétio”ameasurements.
differential cross section® relative total energy transfer In the present work we have recorded room temperature
cross sectioh; and free jet rotational relaxation CO—He rotational relaxation data for the first time using IR
measurements:*3 This collection of data provided a modest double resonanc®. In these experiments a particular CO
rotational state inh=2 is prepared by2-0) overtone band

YAuthor to whom correspondence should be addressed. Electronic maiff‘bsorpti0n ofa “pump” photon, and_ the subsequent collision
gordon.hager@kirtland.af.mil induced populations in other rotational levelswf2 are
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8000 dashed arrows represent probe laser transitions that arise
from rotational levels populated by rotation energy transfer
(RET) processes.

Our IR pump-probe double resonance experimental ap-
paratus has been described in detail elsewfiened only a
short description will be given here. During the experiment,
0.25 Torr of CO(Air Products, ultra-high purityand 0.50
Torr helium(Spectra Gases, ultra-high pupitwere added to
a 71 cm long stainless steel absorption cell. The absorption
cell contained wedged calcium fluoride (Gakvindows and
Probe Laser had a clear aperture diameter of 6 cm. A capacitance manom-
eter (MKS, Baratron 622A02TBE and a K-type thermo-
couple were used to monitor the pressure and temperature of
the gas mixture contained within the absorption cell. The gas
mixture was replaced often during the experiment to ensure
that the purity remained high.

The pump laser was a pulsed optical parametric oscilla-
tor (OPO), tunable between 2.29 and 2 4, described in
detail elsewherd®—32 An injection-seeded Nd:YAG laser
Pump Laser (Spectra-Physics, GCR 1701@ith a 6 ns pulse width op-
erating at 10 Hz provided 130 mJ of 1064 nm radiation for
the OPO. The OPO output beam had a sub-Doppler band-
width (~165 MHz), a temporal pulse width of less than 6 ns,

0 | —— and an average pulse power of 1 mJ. To reduce the single
FIG. 1. An energy level diagram for the pump-probe transition scheme use&)aSS gain in the absorption (.:e”’_ the OPO 'E.’Ser beam W_aS
in the CO IR double resonance experiment. expanded from 3.4 to 16 mm in diameter. During the experi-
ment, the OPO was tuned and fixed to a selected rovibra-
tional transition of the first overton@-0) band and the out-
determined by absorption of a “probe” photon in th@2) put beqm made a single pass down the center of the CO
band. The data set contains 54 IR double resonance pumpPsorption cell. A small percentage of the pump laser beam
probe combinations. The data set, while extensive, is insufas aligned through a reference cell, which contained 30
ficient to determine the complete rotational energy transfef©IT of CO. A sharp decrease in fransmittance was observed
rate coefficient matrix, which has about 450 independent pa@s the OPO laser was tuned onto the line center of a CO
rameters. The full rate coefficient matrix was approximatecabsorption feature. The transmittance was monitored during
from computer simulations of our data using the maste€ach experiment and data collection was terminated if the
equation and three common scaling laws: the modified expdaser frequency began to drift away from the line center.
nential gap (MEG), statistical power exponential gap  The probe laser was a narrow bandwidt80 MHz) cw
(SPEG), and energy corrected sudden with exponentidead salt diode lasetMuetek, GMBH OLS-150 tunable
power(ECS-EP)models. In addition, we compare the data tofrom 4.5 to 5.0um with an average power of 1 mW. The
rate constants calculated from the SAPT potential surface. output beam was passed twice through the CO absorption
cell with the incoming and outgoing beams slightly off-axis.
The intensity of the probe laser was monitored with a liquid
Il. EXPERIMENT nitrogen cooled InSb detectofKolmer Technologies,

The lowest rotational and vibrational energy levels of KISDP-0.5-J1, 10 ns rise time and a 12 KV/W sensitivity
carbon monoxide along with the IR pump-probe double reso! N INSb detector was sensitive to both the probe and pump
nance scheme are illustrated in Fig. 1. The pump laser pulstSer wavelengths so long pass filters were placed in front of
represented by the long solid arrow, corresponds to excitd1€ detector to absorb the pump radiation. The output wave-

tion of a single rovibrational transition of the first overtone length of the probe laser was tuned by changing the tempera-
(2-0) band. Because the vibrational frequencyw,( fure and current across the liquid nitrogen cooled laser diode.

=2170cm 1)?° of CO is large, they=2 level is essentially Unfortunately, the temperature and current setting needed to

unpopulated at room temperature. Consequently, the pumpring the diode laser wavelength resonant with a desired CO
laser pulse prepares a well-defined population in one initiagbsorption feature was found to change daily. Therefore, a
rotational state ob =2. A continuous-wavécw) probe laser 0.3 m monochromatofMcPherson, 218 with 150 lines/mm
was used to monitor the time-dependent population#2  grating blazed at 4.qum) was used to confirm that the de-
through fully resolved rotational lines of tt{8-2) absorption  sired(3-2) band transition was being probed. The probe laser
band. The short solid arrow in Fig. 1 represents the cw prob&ansmittance data was collected at®0nput impedance on
laser, which is monitoring population in a rotational level an oscilloscope, digitized, and recorded on an IBM compat-
that is directly populated by the pump laser pulse. The shorible computer. To improve the signal-to-noise ratio of the
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s Putse Tim double resonance data for a mixture of 0.25 Torr of CO and
e TP T Thning Pump J,=3 0.50 Torr of helium. It is clear from the inset in Fig. 2 that
Vibrational Probe J=2 the addition of helium increases the rate at which the rota-

Relaxation

tional relaxation process occurs.

A. Data reduction

We have collected an extensive data set that contains 54
IR double resonance pump-probe combinations. During the
experiment both the pump and probe lasers were tuned to the

Rotational line centers of each CO transition and the pump-probe data

PROBE LASER TRANSMITTANCE

Jelaxation was collected at 10 ns time steps resulting in 501 data points
(" ; ; ; . between—1 and 4us (similar to the data shown in the inset
TIME (us) in Fig. 2). Our IR double resonance data reduction method
' L ' . was described in detail in our previous paper on CO self-
o 10 » 3 “ rotational relaxation and only a brief description will be
TIME (ps)

given here® The ideal data for a straightforward study of
FIG. 2. A pump-probe infrared double resonance signal that displays th&O—He RT rate processes would only contain RET informa-
time-dependent transmittance of a probe laser that was tuned to(#)e R tion. However, it is easily seen from Fig, 2 that the double

transition of the(3-2) band of CO. A sharp decrease in the cw probe trans- agonance data is a composite of both rotational and vibra-
mittance occurs following the pump laser pulse. For this trace the pump Waf: | f Th idlv ch . f
tuned to the R(2}ransition of the(2-0) overtone band. The double reso- 1ONal €nergy transfer processes. The rapidly changing part o

nance signal displays rapid rotational relaxation at early times while vibrathe signal in the 0—3us range results from the rotational
tional loss fromv =2 is responsible for the long exponential decay. The relaxation process. After Jus the rotational distribution
e e oot o e e Baches equibrium and the slow decay s cetermined by
trace is the signal for 0.25 Torr of CO and 0.5 Torr of He. vibrational relaxation. There is an additional complication
that arises from velocity changing collisions. The pump laser
(165 MHz linewidth)excited a velocity subgroup within the
collected double resonance data the oscilloscope was set 800 MHz wide Doppler profile of the CO rotational line.
average 100 traces. Velocity relaxation then caused a time-dependent broadening
Both the pump and probe lasers were linearly polarizedf the probe transitions, which contributed to the decay of
and care was taken to ensure that the data did not incur errdiie probe laser absorption signal monitored at the line center.
from initial state alignments. The polarization effects wereln order to correct for velocity relaxation effects we needed
completely avoided in our double resonance data by settingp characterize the time-dependent evolution of the lineshape
the pump and probe laser polarization alignment to the magiof the probe transition. This was accomplished by collecting

angle(54.74°). time-resolved double resonance data at fixed frequencies,
while stepping the probe laser across the absorption profile
Ill. RESULTS of the CO transition. These series of time-resolved double

resonance traces were transformed to frequency-resolved
i:newidth measurements at every time step. An analytical
xpression that could be used to parametrize the lineshape
ata was then constructed by the following procedure. At
each time step the frequency-resolved linewidth data was fit
with a Gaussian function and the CO transition linewidth
was determine@see the data displayed in the inset of Fig. 3

the population anf=2 of v=2. The background thermal . - resulting measured time-dependent linewidth data had a
population inv=2 of room temperature CO is negligible _. : ; . :
sigmoid shape. The sigmoid function

and the transmittance of the probe laser through the CO ab-
sorption cell was a maximum value before the pump laser b,

fired. The pump laser prepared popula.tu.)n in a smg_le quan- Av(t)=a;+ T+exp(—(t—cy)/dy) (1)

tum state ;=3 of v =2) att=0 and collisions immediately

began to redistribute population among the neighboring rowas found to represent the time-dependent linewidth data
tational levels, producing a sharp decrease of the probe laseery well, wherea,, b, ¢, andd, are adjustable fitting
transmittance following= 0. The long exponential decay in parametergthe subscript for each adjustable fitting param-
the IR double resonance data is due to the vibrational relaxeter was chosen to coincide with the equation numbére
ation process as CO molecules are removed feeaR. In-  gray trace through the center of the measured linewidth data
formation about the rotational relaxation process is containeth Fig. 3 represents a fit of the linewidth data using Eqg.

in the initial spiked feature in the IR double resonance data. The CO-He RET contribution to the IR double reso-
The inset in Fig. 2 displays an expansion of the initial IR nance data was extracted by first correcting for the effects of
double resonance data on a faster time scale. The gray tragihrational relaxation. Since the number density of GO(
shows the experimental IR double resonance data for only2) prepared by the weak pump laser pulse was very low,
0.25 Torr of pure CO while the black trace displays the IRthe most probable collisions for CO€ 2) occurred with the

Atypical IR double resonance signal is displayed in Fig.
2, which shows the time-dependent relative transmittance o
the probe laser. In Fig. 2, the pump laser was resonant Witﬁ
the R(2)branch transition of the first overtori2-0) band of
CO, pumpinglJ;=3 of v =2, while the probe laser was tuned
to the R(2)branch transition of thé3-2) band, monitoring




2288 J. Chem. Phys., Vol. 120, No. 5, 1 February 2004 Smith et al.

of CO(v=0) collision partner, antlis time starting with the

Batati

Relaxation arrival of the pump laser pulse. The negative sign was in-
| cluded to invert the profiles because the absorption was reg-
5 Timing 025Torrco  Pump/;=3 istered as a negative going signal. The CO vibrational relax-
= 0.50 Torr He Probe J =2 .
=2 ation VV rate was treated as a constant value for all
9 4sf rotational levels of CQ{=2). The effect of velocity chang-
; ing collisions was then factored out using the scaling rela-
2 i IR T iy W I 1T tionship
< 23 Rovd o wﬁﬁ‘:‘t}“’./ﬁ:
g Z 120 w ekl gl Av(t)
= 5 100 - P(J;,J¢,1)=F(J; ,Jf,t)m. 3)
0.3 . . .
g niitied 0 1 2 3 4 , L .
¢ TIME (us) Figure 3 shows a plot of a typical time-resolved population
. ", l' ; ; p profile that was generated from the raw data by application
TIME (us) of Egs.(2) and (3). Note that the trace converges to a con-

stant value beyond 2s, indicating the rotational equilibrium
FIG. 3. The time-dependent rotational population evolutionJiee2 after ~ has been reached and the effects of vibrational relaxation
excitation ofJ;=3. The inset shows the experimentally determined time- hayve been successfully taken into account.
dependent excited state linewidttie MHz) for the J;=2 level following
excitation ofJ;=3. The experimental data are represented by dots while the
line through the center of the data is a fit of the time-dependent linewidth

using Eq.(1). B. Computer simulation of rotational relaxation
kinetics
higher number density C@&0) and He collision partners. At rotational equilibrium the populations of the rota-

The rate for vibrational-to-vibrationa(VV) relaxation®>  tional levels conform to a Boltzmann distribution. However,
CO(W=2)+CO(=0)—2COw=1), is ~kyw=2.73 sincethe pump and probe laser intensities changed daily, the
x 10 2cmPmolecule 1s™t. Since the vibrational-to- relative intensities of the experimental double resonance data
translationalVT) relaxation of CO0=2) by CO@p=0) and had little meaning. This defect was overcome by scaling the
He are much slower, the vibrational relaxation of @O( average value of each population profile between 3 apd 4
=2) was dominated by CO VV self-relaxation. The doubleto a corresponding Boltzmann percentage. For example, at
resonance data was corrected for vibrational relaxation byotational equilibriumJ=2 has a Boltzmann population of
the simple transformation 4.31%, so they-axis in Fig. 3 has been scaled so that this
value coincides with the data at the asymptote.

F(Ji . Jr,0==1(J;,Jp DexptkyMU), 2) To facilitate computer simulations of the reduced data
wheref(J;,J;,t) is the experimental double resonance sig-sets the time-dependent population profiles were represented
nal for pumpingJ; and probingJ;, M is the number density by the expression

Cyq b4exﬁ_(c4+d4)t)_(C4+d4)exﬂ_b4t))}

P(Ji,Js,t)=as 1—exp(—byt) — Cytdy 1 Catdy—by

4)

whereay, by, ¢4, andd, are adjustable fitting parameters. stants for transfer frond’ to J, respectively. During the ex-
This expression accurately reproduced the population eV°|Lberiment RET arises from both CO—CO and CO—He inter-
tions. The fitted parameters for E@) are collected in Table  5¢tions and Eq(5) accounts for both kinetic processes. Since
. our primary object for this work was to study CO—He RET
the CO—-CO rotational relaxation rate constarkgg(]f:c)
were taken from the work of Phippes al2° The master equa-
tion, as written in Eq(5), incorporates all rotational levels.
dN; co_c co_c However, only those rotational levels that contain significant
W:;’ (KyZy q\IJ'_kJ’HJ CNJ)[CO] thermal populations need to be included to provide an accu-
rate description of rotational relaxation. Sine®7% of the
rotational population resides in rotational levels beldw
<20 at 297 K we restricted the model to consider29. A
matrix of 900 rate constants is needed to solve this system of
whereN; is the population in rotational level, andk;°;°°  equations. Applying detailed balance and setting the diagonal

and kff;!*e are CO-CO and CO-He relaxation rate con-elastic rates to zero reduces the problem to that of finding

Rotational relaxation irv=2 was simulated using the
series of coupled differential equatioftee master equation)
defined by

+3 (KSO5Ny — KS27HN,) [ Hel, 5)
=



J. Chem. Phys., Vol. 120, No. 5, 1 February 2004 Rotational energy transfer for CO+He 2289
TABLE I. Coefficients for Eq.(4) which represent the time-dependent population evolutions.

Ji Js a4a b4 Cy d4 Ji Js ay b4 Cy d4

2 3 23.1992 0.006 370 0.004 772 0.001 558 6 9 11.3785 0.005 653 0.001 874 0.003 772
2 4 14.5029 0.008 962 0.001 847 0.001 642 6 10 6.9987 0.005 733-0.000 059 0.871 089

2 5 14.0701 0.007 434 0.001 471 0.001 735 7 1 3.7302 0.004 505 0.000 747 0.001 912
2 6 14.6149 0.004 568 0.001 863 0.002 293 7 2 5.3239 0.006 989 0.000 530 0.002 252
3 2 10.9780 0.010944 0.002 022 0.001 307 7 3 7.4286 0.005 747 0.000 553 0.001 840
3 4 13.0418 0.011 193 0.001 523 0.001672 7 4 9.0246 0.007 699 0.000 661 0.002 053
3 5 13.1826 0.007 952 0.001 310 0.001 792 7 5 15.0569 0.006 193 0.002 999 0.003 068
3 6 12.3222 0.006 678 0.001 255 0.002 377 7 6 13.3771 0.009 248 0.001 561 0.002 370
4 2 9.1706 0.008 412 0.001 886 0.001 672 7 8 17.7054 0.006 380 0.003 461 0.002 864
4 3 15.856 0.007 375 0.003 414 0.001 922 7 9 13.6106 0.005 547 0.002 240 0.002 834
4 5 15.0380 0.008 658 0.002 168 0.002 223 7 10 10.6333 0.006 357 0.002 183 0.004 205
4 6 12.7142 0.007 349 0.001 337 0.002 319 8 2 6.1946 0.004 041 0.001 195 0.002 733
4 8 12.3275 0.004 151 0.001 450 0.002 696 8 3 8.1089 0.004 495 0.001 224 0.002 917
5 2 8.3342 0.006 904 0.001 828 0.001 957 8 4 9.9897 0.004 453 0.001 341 0.002 894
5 3 11.1262 0.007 853 0.001 696 0.001 789 8 5 11.7693 0.005 733 0.001 957 0.003 587
5 4 11.6938 0.010187 0.001 380 0.001 935 8 6 10.9397 0.008 022 0.000 715 0.002 004
5 6 12.7817 0.009 714 0.001 097 0.001 876 8 7 13.6824 0.009 142 0.001 712 0.002 551
5 7 12.6531 0.007 727 0.001 320 0.002 420 8 9 16.1328 0.006 805 0.003 519 0.003 135
5 8 11.5019 0.006 660 0.001 743 0.004 010 8 10 10.0127 0.007 521 0.002 213 0.005 139
5 9 9.7784 0.004 781 0.001 026 0.003 586 9 2 5.9837 0.005 246 0.051 713 0.133115
5 10 6.9994 0.004 612 2.18265 0.663534 9 3 7.6658 0.003734 0.000 945 0.002 763

6 2 8.4103 0.004 580 0.002 231 0.002 345 9 4 6.9728 0.006 075 26%le 0.001 236

6 3 7.9829 0.008 319 0.000 656 0.001 650 9 5 7.6139 0.006 326 487e  0.111 293

6 4 10.7057 0.008 391 0.001 372 0.002 414 9 6 9.3666 0.007 779 0.000 612 0.003 792
6 5 13.2719 0.009 934 0.001 503 0.002 022 9 7 15.3107 0.006 101 0.002 753 0.003 164
6 7 18.1716 0.006 698 0.003 642 0.002 986 9 8 17.5374 0.007 284 0.003 948 0.003 325
6 8 12.5916 0.007 307 0.001974 0.003 460 9 10 15.0758 0.007 217 0.003 823 0.003 313

3parameter has units of number dengityolecules cm®); sufficient digits are quoted to reproduce the original data to full accuracy.

435 independent rate constants, but this is obviously todGhe master equation was solved numerically using the
many parameters to be determined from the data collected ifourth-order Runge—Kutta method and the MEG, SPEG, and
these experiments. 'Therefore, we havg applied thg usUglcs-EP fitting law expressions were fitted to #@J; ,J; ,t)

method of representing the CO—He rotational-translation rez ;es The variance between the observed and calculated

laxation rate constant matrix with fitting law functions.

The full CO—He rotational relaxation rate constant ma-
trix was extracted using three of the most common fitting
laws3* modified exponential gagMEG), statistical power
exponential gagSPEG), and energy corrected sudden with

population profiles, sampled at 100 points between 0 and 4
uS, was minimized by iteratively changing the values of the
adjustable parameters for each fitting law expression.

Good agreement between the simulations and the experi-

exponential gap basis ratéECS-EP). Please refer to our mental data was achieved and the optimized fitting law pa-
previous CO—CO RET paper for a detailed descriptions ofameters are listed in Table Il. The estimated error was de-
our technique and procedure for using these fitting Bvs. termined by adjusting each parameter, while holding the

TABLE Il. Experimentally determined parameters for the MEG, SPEG, and ECS-EP fitting laws and the

variance between computer simulations and our experimental data.

Fitting result§ .
Theoretical results

Parameters MEG SPEG ECS-EP ECS SAPT®
a (10" ™ e molecules ' s7%) 5.17(54) 12.76(1.40) 4.77(39)
b 1.36(16)  1.45(15) 0.27(12)
c 2.14(19)  0.276(29)  0.753(27)
Ic (A) --b Seb 1.6(1.3)
o 0.1827 0.1860 0.1859 0.3620 0.2470

“Experimental values from this work. Values in parentheses are estimated error which were obtained by varying
the parameter until a 10% increase in the variance was obtained while holding all other parameters constant.

bParameter not associated with the fitting law.
“Variance between experimental and computer simulated population evolutions.

dvariance from computer simulations of our experimental data using the ECS fitting law rate matrix of Bel

Brunoet al. (Ref. 35).

“Variance from computer simulations of our experimental data using a rate matrix calculated using the symme-

try adapted perturbation theo($APT) potential energy surfacdref. 22).
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other parameters constant, until a 10% increase in the vartended to larger distances to ensure that the asymptotic
ance was observed. Surprisingly, the three fitting laws reproboundary conditions were imposed beyond the centrifugal
duced the data with nearly the same variance. The MEG lawarrier. The partial wave sum was terminated when the elas-
had a slightly lower variancé~2% lower than the best fit tic cross sections had converged to at least?aAd the
variance of the SPEG and ECS-EP lawEhe only literature  inelastic cross sections to 0.00%.A

values for the rate constants, determined from pressure The most rapid variations in the inelastic cross sections
broadening studies of the Raman Q-branch spectrum, wemgith collision energy occur at very low collision energies,
obtained by BelBruncet al®® using the ECS fitting law. and just above the energy thresholds for opening of new
These authors used a slightly different expression to repreasymptotic channels. The grid of energies used in the calcu-
sent the ECS basis rate constark§Y,9 from the one used lations was selected to capture most of those variations for
in our analysis and therefore our fitted parameters are ndhe subsequent thermal average. Just above each threshold,
directly comparable with theirs. However, we have used theibeginning withJ=1, a series of total energies was used
relaxation rate constant matrix to simulate our data and thevhose spacings began at 1 chand increased to larger val-
variance from this calculation is listed in Table II. This rate ues as the cross sections became smoother. Each series was
constant set yields population profiles that deviate signifiterminated when the next threshold was reached. For all
cantly from the experimental results. The largest discrepanthresholds below)=21, CC calculations up to kinetic ener-
cies occur for processes that involve small changes in thgies of about 4T were performed. Beginning at thle=21
angular momentum. threshold(870.7 cm'}), CS calculations were used and the

. . total energies extended up to 2500 ¢m

C. Theoretical calculations

Arate coefficient matrix was calculated directly from the 2. Thermal averaging
SAPT ab initio potential surface of Heijmeet al?* Time- Thermally averaged cross sections were evaluated ac-
independent scattering calculations were used to evaluaEeording to the expression
state-to-state collision cross sections for the rotationally in-
elastic processes, and these cross sections were then aver-
aged over the distribution of collision energies to obtain rate

coefficients. Details of the calculations are described in the . - .
following paragraphs. whereeg, is the precollision center-of-mass translational en-

ergy. The integration average was carried out using trapezoi-
dal rule fore,<2500cni . Beyond this range the integral
was evaluated analytically by assuming that the cross section

Although the SAPT potential includes the vibrational co- o(e;) was independent of the collision energy.
ordinate of CO, the present scattering calculations were sim-  Cross sections for upward and downward transitions be-
plified by treating CO as a rigid rotor. A two-dimensional tween two rotational states should obey the principle of de-
intermolecular potential was derived from the full SAPT po-tailed balance for both the CC and CS cross sections. We
tential by averaging over the CO vibrational motion. Thetherefore checked our thermalized cross sections for consis-
expectation values of the CO internuclear distancetency with detailed balance as a means of evaluating the
(D,(r)[r"|®y(r)), where ®,(r) is the v=2 vibrational accuracy of the Boltzmann averaging procedure, and in par-
wavefunction, were needed for construction of the vibra-icular the effect of our assumption of constant cross sections
tionally averaged potential. These matrix elements were cafor translational energies above 2500 ¢mFor each pair of
culated with the LEVEL program of Le RdY.The two-  CO levels, we evaluated a “fractional detailed balance er-
dimensional potential was expanded in terms of Legendreor,” 4, from
polynomials with radially dependent expansion coefficients
(the standard VRTP representation of MOLSQAFor ener-
gies up to 870 cm! a 12 term expansion was used. The
number of polynomials was increased to 18 for the higher
energy region of the potential. xXexp —(es—&;)/KT) |/ay:(T). ()

The MOLSCAT program of Hutson and Gre&hwas used
for all the scattering calculations. The close coupled equaNo transition involvingJ<24 levels showed a fractional er-
tions were solved using the hybrid log derivative Airy propa-ror greater than 1%. Errors of 10% appeared abd#e0.
gator of Alexander and Manolopolod$The energies of the Because more than 97% of the equilibrium CO population is
asymptotico =2 CO rotational levels were calculated from in J<20 at 297 K, the errors in the thermalized cross sec-
the molecular constants of Maki, Wells, and JennifYgehe  tions involving highd should be unimportant in comparisons
rotational basis sets contained all open channels and at leasith the data. The thermalized cross sections were multiplied
two closed channels at each energy. “Exact” close coupledy the average collision speedp)=(8kT/mu)?(1.34
(CC) calculations were performed for total energies belowx10°ms 1), to convert them to state-to-state rate coeffi-
870 cm! and the coupled state&CS) approximation of cients.
McGuire and Koul® was used for higher energies. All The ab initio rate constants were used to simulate the
propagations were carried out to a center of mass separatid®(J; ,J;,t) data. Figures 4—8 show comparisons of the ex-
of at least 40g, though many of the calculations were ex- perimental and simulated curves. In each of the figures the

O'if(T):(kT)_Zf:StO'if(st)eXFi_St/kT)dSt' (6)

1. Scattering calculations

23:+1

eav=| oitn =0T 5377
|
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J.=6
Jy= 10
0 1 2 0 1 2 0 1 2 0 1 2
TIME (ps) TIME (us)

FIG. 4. Time-dependent rotational populations Jgr=2—10, with the ex-  FIG. 5. Time-dependent rotational populations ¢ 2—-10, with the ex-
ception of J;=5, following the excitation ofJ;=5. The smooth lines ception of J;=6, following the excitation ofJ;=6. The smooth lines
through the data are from computer simulations that used rate constantBrough the data are from computer simulations that used rate constants
derived from the SAPT potential energy surfd&ef. 22). derived from the SAPT potential energy surfd&ef. 22).

simulated populations are represented by the smooth curv&é@minant collision process and that the RET rate constant
through the P, ,J; ,t) data. To illustrate the quality of the fit Matrices are the same for the=0 and 2 levels. The pressure
for levels with small equilibrium populations, the data in Proadening coefficients are then giverfby

Figs. 4—8 are not all displayed on the same relative intensity 1

scale. The agreement between the SAPT theoretical rate ma- ¥(3".J")=7— > ka’HJ’—i_z Kyrar | (8)

trix model and the experimental data was very favorable, % I

with most of the simulations lying within the noise limits of \whereJ’ and J” are the upper and lowe} values for a

the experimental data. specific rovibrational line. Pressure broadening coefficients
calculated from the rate constant matrices are compared with
the experimental data of BelBrura al*?in Fig. 10. Here it

can be seen that the rate constants derived from the SAPT

Graphical representations of the rate constant matriceBotential energy surface perform far better than those from
from the MPEG, SPEG, ECS-EP, and SAPT models aréhe present fitting-law expressions. The reason why our
shown in Fig. 9. As all four models provide reasonably goodfitting—law rate constants fail this test is easily discerned from
simulations, it is evident that the data do not define a uniquéhe plots in Fig. 9. The rate constants for removal of popu-
set of rate constants. Careful inspection of the matricedftion from a given rotational levelkf ==,k; . ;) de-
shows that they are fairly similar for the rate constants thatrease with increasind;, because the fitting-law expressions
determine transfer between the leveld;£5-10, J; decrease as the energy gaps between the levels increases.
=5-10). The most obvious discrepancies are for the rat&his results in a predicted drop in the pressure broadening
constants associated with high valuesi@f>15). The high-  coefficients with increasing; . The ECS model of BelBruno
J; regions of the rate constant matrices can be assessed byal3® reproduced the pressure broadening data by using
considering the pressure broadening data fot-B€, as this  parameters that yielded a very weak dependence on the en-
data extends up td,=21. Approximate pressure broadening ergy gaps. Consequently, their rate constants for transitions
coefficients were calculated by assuming that RET is thavith large values ofAE| (and|AJ|) were relatively large.

IV. DISCUSSION
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J,=8

J=10

L L 1 ! i | I 1 I I 1 I

0 1 2 0 1 2 0 1 2 0 1 2
TIME (us) TIME (us)

FIG. 6. Time-dependent rotational population evolutions Jer2-10, FIG. 7. Time-dependent rotational population evolutions Jg=2-10,

with the exception ofl;=7, following the excitation oflj=7. The smooth  with the exception ofl;=8, following the excitation ofl;=8. The smooth

lines through the data are from computer simulations that used rate constaritges through the data are from computer simulations that used rate constants
derived from the SAPT potential energy surfd&ef. 22). derived from the SAPT potential energy surfg&ef. 22).

T . - both instances the CO final state distributions showed a clear

Because thelk‘]i summations were limited by the pressure preference for odd\J transitions. Antonoveet al found
broadening coefficients, their state-to-state rate constants f@qat cross sections calculated from the SAPT potential also
small |[AJ| transitions were constrained to be relatively low. exhibited this trend. The fact that the propensity for add
The low rate constants for smglAJ| transitions were re- transitions is manifest by the calculated rate constants indi-
flected in the kinetic simulations of our double resonanceates that the SAPT potential produces this effect for a broad
data, where the temporal population profiles for levels adjarange of collision energies. Unfortunately, the data from the
cent toJ; were in poor agreement with the measurements. present study cannot be used to test this aspect of the theo-

Rate constants from the SAPT potential reproduced bothetical model. The raw experimental observations did not
the kinetic and pressure broadening data. This model suGhow a symmetry preference. In part this was due to the fact
ceeds because thg rate constants are nearly constant withthat both CO+CO and CO+He collisions contribute to the
increasingd; (for J;>5), as there is very little dependence transfer process. As the former has a preference for Aven
on the energy gaps for the transitions that dominate the ratieansitions the combination with CG&€He events that favor
constant matrix. The dependence of the rate constants addAJ diminishes the degree of modulation observed. There
|AJ| is more consistent with an energy transfer process thas some compensation for this interference in the data analy-
is governed by the momentum gap. sis as the kinetic model included the symmetry preference of

The rate constant matrix derived from the theoretical calthe CO+CO collisions. However, the latitude in fitting the
culations is presented in Table Ill. For transitions with smallHe+CO rate constants was such that the existence of a sym-
to moderate values gfAJ| the rate constants show a prefer- metry preference could not be established meaningfully ac-
ence for transitions with odd values @fJ. This trend is cording to the statistics of the fitting procedure.
illustrated in Fig. 11 where the rate constants for transfer In their study of CO+CO collisions, Phippst al2°
from J;=5 and 10 are plotted as a functionif. Antonova  found an interesting correlation between the rotational en-
et al3 observed this symmetry preference in their crossedergy transferred and the degree of velocity randomization for
beam study of He+CO rotationally inelastic scattering. Twosingle collision events. Collisions that exchanged small
collision energies were examinési83 and 720 cm') and in  quantities of rotational energy were ineffective in relaxing
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FIG. 9. Bar graph representations of the best fit rate constant matrices gen-
erated from the MEG, SPEG, and ECS-EP models are displayed ingplots
b, andc, respectively. Rate constants predicted from the SAPT potential
energy surface are displayed in ptbt
that employed the SAPT potential energy surf&cEitting
laws based on the MEG, SPEG, and ECS-EP models all
yielded acceptable simulations of the kinetic data, as did the
; L ; L : ; theoretical rate constants. However, the latter were found to

) 1 2 0 1 2 be unique in their ability to reproduce both the kinetic data
TIME (us) and the pressure broadening coefficients for134®. These
results provide an impressive demonstration of the quality of
FIG. 8. Time-dependent rotational population evolutions Jg=2-10, the SAPT potential energy surface.

with the exception o;=9, following the excitation of;=9. The smooth The fitting law expressions were unable to reproduce the

lines through the data are from computer simulations that used rate constants . . . .

derived from the SAPT potential energy surf4&ef. 22). combined kinetic and pressure broadening data because the
rate constants were primarily dependent on the transition en-
ergy gaps in these models. The pronounced fall-off in the

the velocity distribution. Conversely, collisions that caused

large changes in the rotational energy were also effective in

randomizing the velocities. This trend indicated that small 50 O

AE transitions were mediated by long-range attractive forces

while a much harder collision, ?:wol\gljing t?]e repulsive wall 45 —3‘?’&3@%%%5@%53532 Zggsagggae@e@ﬂ%gg@am

of the intermolecular potential, was needed to impart large R 5080, .:.:o Ozd i .

rotational energy changes. This behavior was much less af ~ 4} a® Oag“" °ﬂogz “a

parent for CO+He. The linewidth measurements indicated & a  eoat g o "% ‘o

that all single-collision transitions were highly effective at E 3t g 92“ ”nun nuc” ‘*32 “n

velocity randomization. This was to be expected as the long- o o . o

range attractive forces between CO and He are too weak t = ,|° ngs & e 83; "y

be efficient in mediating energy transfer. Even for snaall 220 ® SAPT o%a

transitions, energy transfer is an impulsive event that occurs . _"’O 3 MBS °o“na

on the repulsive wall of the potential. “lo 4 I9EEG °
20 . - : -

\. SUMMARY =20 -10 0 10 20

M

Time-resolved pump-probe measurements were used to
examine CO+He rotational energy transfer within the COFIG. 10. Simulations of the CO—He pressure broadening data using the

P . | ifold. R . Ll Is in th predictions for the SAPT potential energy surface, and the ECS-EP, MEG,
v=2 rotational manifold. Rotational levels in the range and SPEG fitting law models. Negative values of the index M correspond to

=2-9 were excited and transfer of population to the levels branch lines with 3 —M. Positive values of M indicate R branch lines
J;=1-10 was monitored. The resulting data set was anawith J=M—1. The experimental CO—He pressure broadening data were

s ; ; _taken from Ref. 40 and are illustrated by the solid black circles. The pre-
lyzed by flttlng to numerical SO|Ut|0nS_ of the master equa dictions from the SAPT PES are represented by gray solid circles, the
tion. State-to-state rate constant matrices were generated Uscs_gp fitting law by open circles, and the MEG and SPEG fitting laws are

ing fitting law functions andb initio theoretical calculations represented by open squares and triangles, respectively.
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TABLE ll. Theoretical COt+He inelastic rotational relaxation rate constants calculated from the SAPT PES. Rate constants in units of
10" *cm® molecule t s72.

JiNJ¢ 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

o

0 240 154 127 031 057 017 025 0.13 0.10 0.08 0.05 0.05 0.03 003 002 001 001 001 001 O
7.07 0 510 253 265 070 1.20 043 051 031 022 020 0.11 0.11 0.06 0.06 0.04 0.03 0.02 0.02 0.01
728 820 O 6.02 3.01 325 096 149 061 065 043 029 026 0.15 0.15 0.09 0.08 0.05 0.04 0.03 0.02
797 539 797 0 631 332 353 111 166 0.71 074 049 034 031 0.18 0.18 0.11 0.10 0.07 0.05 0.04
234 674 476 754 0 6.40 349 372 119 179 077 081 055 037 035 020 0.20 0.12 0.11 0.08 0.06
476 197 575 443 7.13 O 6.49 355 387 124 189 082 086 059 040 0.38 0.22 022 0.14 0.12 0.09
148 362 1.79 498 412 6.88 O 6.63 357 399 127 196 086 090 0.63 043 041 024 024 0.15 0.14
224 132 282 159 446 382 6.73 0 6.78 356 4.09 130 201 090 093 0.67 045 044 025 0.26 0.16
111 153 1.13 233 140 4.08 355 6.64 0 6.95 353 416 133 205 095 095 0.70 047 046 0.27 0.27

9 082 089 115 094 199 123 376 330 659 O 7.12 350 422 137 207 099 096 0.74 048 0.48 0.28
10 064 056 069 091 0.79 173 110 350 3.08 656 O 731 3.46 425 140 208 103 096 0.77 0.49 0.50
11 032 046 042 054 075 067 152 100 326 289 655 O 749 342 427 143 208 1.07 096 0.80 0.49
12 029 0.22 034 032 044 062 058 135 091 3.04 271 654 O 7.67 337 428 146 206 111 094 0.82
13 013 019 0.16 025 026 036 052 051 119 084 283 254 654 0 7.86 331 427 149 201 115 0.92
14 011 009 0.13 012 020 021 030 044 046 106 0.78 264 239 654 0 8.04 324 425 152 195 118
15 0.05 0.07 006 0.10 0.09 0.16 0.17 0.26 0.37 041 094 0.72 246 224 654 O 822 316 421 156 1.88
16 0.04 004 005 005 0.07 0.07 013 014 022 032 037 083 067 230 210 654 O 8.40 3.07 4.14 1.60
17 0.02 0.02 0.02 0.03 0.03 0.06 006 010 0.11 0.19 0.27 033 0.73 062 214 196 654 0 8.59 299 4.04
18 0.01 0.01 001 002 0.02 0.03 0.04 005 0.09 009 016 023 030 064 058 198 182 654 0 8.77 294
19 001 0.01 0.01 0.01 0.01 0.02 002 0.04 0.04 0.07 0.08 0.14 0.19 027 056 055 183 170 654 O 8.94
20 O 0 0 0.01 0.01 0.01 0.01 0.02 003 003 006 0.06 012 0.16 025 048 052 167 160 652 0

o ~NOoO O WNRE
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