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Rotational energy transfer in collisions between CO (X2*, v=2,J=0, 1, 4,
and 6) and He at temperatures from 294 to 15 K

David Carty,¥ Andrew Goddard,” lan R. Sims,® and lan W. M. Smith?
School of Chemistry, University of Birmingham, Edgbaston, Birmingham B15 2TT, United Kingdom

(Received 20 April 2004; accepted 17 June 2004

Infrared-vacuum ultraviolet double resonance experiments have been implemented in the ultracold
environment provided by a Citigue de Raction en Ecoulement Supersonique Uniforme
apparatus. With this technique rate coefficients of two kinds have been measured for rotational
energy transfer in collisions between CO and #®: those for total removal from the selected
rotational states)=0, 1, 4, and 6 in the vibronic sta®'S> ", v=2, and(b) those for transfer
between selected initial and specific final states. Using different Laval nozzles, results have been
obtained at several different temperatures: 294, 149, 63, 27, and 15 K. The thermally averaged cross
sections for total removal by collisions with He show only slight variations both with initial
rotational state and with temperature. The variation of state-to-state rate coefficientsvatiow
several general feature§) a decrease with increasinyJ; (ii) a propensity to favor oddJ over
evenAlJ; and (iii) at lower temperatures, the distribution of rate coefficients agaiddbecomes
narrower, and decreasesJiare increasingly favored over increases,ia preference which is most
strongly seen for higher initial values df The results are shown to be in remarkably good
agreement with those obtained &b initio scattering calculations by Dalgarno and co-workers
[Astrophys. J571, 1015(2002]. © 2004 American Institute of Physics.

[DOI: 10.1063/1.1780163

I. INTRODUCTION a proper understanding of the relative intensities of rotational
transitions observed, in emission, from dense interstellar
The application of molecular beam and laser techniqueglouds. Ever since the serendipitous discovery of millimeter-
has begun to provide very detailed information about colli-wave emission from CO in 1970the role of CO in molecu-
sions in which simple molecules are transferred between rggr astrophysics cannot be overemphas?zemi.this regard,
tational levels in their electronic ground state. This increasgye note that CO is the second most prevalent molecule in the
in experimental information has been paralleled by progresperstellar medium having an abundance~of0* relative
in the theory of such processes, which has led, in turn, to agy H,. Moreover, it is the most abundant dipolar molecule,
improved understanding of the factors that govern the naturgg rotational transitions observed in emission fr&@%0
and efﬁCiency Of inelaStiC CO||iSi0nS. A knOWIedge Of the and |tS isotopomers are frequenﬂy used to |Ocate and map
rates of rotational energy transfer are required to understangense interstellar cloufisooth in the Milky Way and in
many gas-phase phenomena, including the propagation, aer galaxieS.In addition, because of its abundance, emis-
sorption and dispersion of sound waves, the transport prosion from rotational states of CO with>0 provides an im-
erties of gases, optical pumping processes, the pressuggant cooling mechanism in the interstellar medifi-
broadening of spectral lines, and the evolution of nonequinay in this brief survey, we note that comparisons of the
librium  population distributions formed, for example, in jtensities of emission from different rotational levels and

chemical reactions and supersonic expansions. The ConNeggterent isotopomers of CO enable the physical conditions
tions between these phenomena and inelastic collisions bﬁq— different regions of the interstellar medium to be

t\r/]veen.coag ndee are d'SCUSSEq brlhefly by Phlepalc.i fafmlg estimated However, it is necessary for such calculations, as
they cite 30 references to work in these connected fields. o 55 for estimates of the radiative cooling rate, to know

Finally, and as a major stimulus for the work reported Nihe rate coefficients for transfer between different rotational

this paper, a -kpowledge of the rates Of rotaugnal EN€IYYavels of CO in collisions with the major interstellar species,
transfer in collisions at low temperatures is required to yleIdH H and He
2 I .

In many ways, collisions between CO molecules in their
dpresent address: Cold Molecules Group, Department of Molecular Physicg.xX 12+) electronic ground state and He atoms provide an

Fritz-Haber-Institut der Max-Planck-Gesellschaft, Faradayweg 4-6,: - .
D-14195 Berlin, Germany. ideal test case for comparisons between experiment and

bpresent address: Department of Chemistry, University of Leeds, Leed€0ry, not least because it is one of the few heavy rotor-
LS2 9JT, UK. noble gas atom systems for which it should be possible to

“Present address: PALMS-UMR 6627 du CNRS, Equipe Astrochimie Ex-ca|cylate the potential energy surface that governs the colli-
peaimentale, Universitele Rennes 1, Banent 11c, Campus de Beaulieu,

35042 Rennes Cedex, France. Electronic mail: ian.sims@univ-rennesl.flfs'(_)_n dynamlcs_ very accurately- The aCC_uraCy of bOt_h these
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formed on the selected potential energy surface has beamployed an infrared-infraredR-IR) version of the DR
tested by a wide variety of experiments. Thus De Lucia andnethod to investigate state-to-state rotational energy transfer
co-worker€?? have published the results of a number ofin CO-CO collisions at room temperature. They employed a
studies of pressure broadening and line shifts for rotationgbulsed optical parametric oscillator to promote CO mol-
lines in CO in a background of helium. Using a “collisional ecules to a selected rotational leval)(in v=2 and then
cooling” technique, these experiments have been performethonitored the evolution of population in this and other

at temperatures as low as 1.19%yhich is important, since =2, J levels by observing absorption on lines in tt&2)
only at such low temperatures do the results become senstibrational band using a tunable cw diode laser. The data
tive to the small van der Waals well on the CO-He potential.were analyzed by numerically solving the master equation
This feature of the intermolecular potential has also beemnd yielded rate coefficients footal removaland for state-
explored, even more directly, in spectroscopic experimentso-state transfefrom 29 initial levels. In contrast to the re-
on the CO-He complex formed at low temperatufes. sults of Antonovaet al® for CO-He collisions, Phippst al*

Compared, for example, with N&;*® there have been reported that, for CO-CO collisions, evérd processes were
relatively few experiments that have directly examined rotafavored for transitions with low values.
tional energy transfer in collisions between CO and He, and  Very recently, Smithet al!® have published experimen-
very few indeed that have obtained data at the state-to-statal data on CO-He rotational energy transfer using the same
level; that is, which have provided rate coefficients or crosdR-IR DR technique at room temperature. CO was excited
sections for transfer between defined initial and final statesnto specific rotational levels){) in v=2 ranging fromJ;

In a series of paper$,Belikov, Smith and their co-workers =2-9 and populations monitored Ja=1—10 as described
have sought to derive such rate constants by observing thebove. These data were fitted using a Master equation ap-
evolution of CO rotational level populations in the environ- proach, coupled either with one of a number of scaling laws,
ment of a free jet expansion, in which the main gas is Heor with state-to-state rate coefficients which they calculated
However, such methods are not state resolved. Consequentlysing the potential surface of Heijmest al'® They found

the interpretation of their observations is complex and relieshat their data could be fitted extremely well using these
on the details of the state-to-state rate coefficient matrix thatalculated rate coefficients, and saw in this agreement strong
is assumed. evidence for the accuracy of the Heijmenal. surface.

More recently, two papers have reported results that can The present paper reports DR experiments on rotational
be more directly compared with the data that we report in theenergy transfer in CO-He collisions at temperatures down to
present paper. Antonowet al,*® using a crossed beam appa- 15 K. Like Phippset al,! we have used a pulsed IR laser
ratus and detecting CO state-specifically with -a12reso-  source to promote CO molecules to selected rotational levels
nantly enhanced multiphoton ionization scheme, have deJ; in CO(X 3" ,v=2). However, in contrast to them, we
rived relative integral cross sections for rotational excitation have employed vacuum ultravioldVUV) laser-induced
of CO from its two lowest rotational level$( ", v=0, fluorescencéLIF) to observe molecules in specific rotational
J=0 and 1, in collisions with He at collision energies of 72 levels in COX '3 ",v=2). This technique has been imple-
and 89 meM6.95 and 8.6 kJ mol). For small changes i, mented, using several different Laval nozzles, in the low
the observed cross sections display oscillatory structure, @emperature environment that can be provided in a CRESU
predicted by theor{?*”with odd changes id being favored  (Cinetique de Raction en Ecoulement Supersonique Uni-
over even changes, but this structure decreases for higher forme) apparatus?® and we report data for several tempera-
and the cross sections decrease smoothly. The results werges: 294, 149, 63, 27, and 15 K. Measurements at such low
compared with those of scattering calculations and it wasemperatures are advantageous because the results of the col-
agreed that thab initio surface obtained by Heijmaat al!®  lisions should be particularly sensitive to the attractive part
using symmetry adapted perturbation the@®APT) gives a  of the potential energy surface and, in addition, not only is
satisfactory description of the repulsive wall of the CO-Hethe average collision energy reduced as the temperature is
potential energy surface, although it should be noted that thiowered, but also the spread of collision energies is nar-
results of Antonoveet al. would be insensitive to the attrac- rowed. On the other hand, as the temperature is lowered, the
tive part of the potential, since their collision energies arerange ofJ levels that can be accessed is reduced, as a result
much greater than the van der Waals well depth. Heijmarf the narrowing of the rotational state distribution in the

et al. found a minimum on the CO-He potential f23.734 =0 level from which molecules are promoted by an allowed
cm ! (0.284 kImol?), with the ground state of COHe  (AJ=+1) infrared transition.

possessing a dissociation energy of only 6.79 tif0.081 The general technique that we employ here has now
kd mol™%). been rather widely used, not least in our own laboratory, to

Because CO state selection was achieved in a supersorobtain rate coefficients for rotational energy transfer in
expansion, the measurements of Antoneval® were con-  simple molecules. In particular, Jamessal*® have reported
fined to relative cross sections for transitions frdm0 and  experiments like our own on rotational energy transfer in
1, the levels which contained the bulk of the rotational dis-NO(X ?I1,,,,v =3) in collisions with He, Ar, and Mat tem-
tribution after the expansion. On the other hand, double resgeratures down to 7 K. However, performing such measure-
nance(DR) methods offer the possibility of obtaining data ments on CO introduces an extra level of experimental dif-
from a wider set of initial levels and can also yigldsolute  ficulty. In NO, the probe laser can be operated in the
values for the derived rate coefficients. Phimsal! have ultraviolet (UV) region of the spectrum at wavelengths
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FIG. 1. A schematic diagram of the CRESU apparatus adapted for the study of rotational energy transfer in collisions beté&n @&(2,J) and He
using the IR-VUV DR technique.

which can be accessed quite straightforwardly by frequencynd N,. A schematic of the apparatus is given in Fig. 1. The

doubling the output of a commercially available, pulsed dyeBirmingham CRESU apparatus was used both in the mea-
laser. However, thé 'IT-X '= electronic transition in CO  g\;rements of Jamest al. and in our own experiments, and

lies tp_mu_ch shorter _Wavel_eng_ths than the Iowe_st E’leCtron'ﬁweir paper contains a full description of the characteristics
transition in NO and its excitation therefore requires the cre-

ation of pulses of tunable laser radiation in the VUV part ofand capab|I|t|e§ of this apparatus. The methqdolqu of the
the spectrum. This requirement may explain why there havgresept work differs from that of James al. malnly in the
been no previous reports of the kinds of DR experiment thatecniques that have been employédito excite the target
we describe here, even at room temperature. molecule, here CO, to selected rotational levels in a particu-
Two kinds of IR-VUV DR (or IR-UV DR) experiment lar vibrational state of the electronic ground state,
can be performed. In the first kind, which we refer to as aCO(X '3 *,0=2), and(ii) to observe CO molecules in spe-
kinetic experiment, we follow the evolution of population in cific levels X!3%,0=2J) and how these populations
a single rotational level, usually; ; that is, the level directly evolved in time following excitation to a selected initial level
populated by absorption of radiation from the IR pump laser(J,).
The frequency of the “probe” laser is fixed to that of an
absorption Iine_from the selected Iev_el and the intensity ofA_ The CRESU apparatus
the LIF signal is measured as the time delay between the
pulses from the IR pump and the VU@r UV) probe lasers The CRESU techniqi# provides a means of preparing
is systematically varied. If the probe laser is set to monitora uniform and fairly dense gas sample {40
population inJ;, then such experiments yield the rate coef- 10" molecule cm®) at a defined low temperature, while
ficient for total removal fromJ;. In the second kind of ex-  ayoiding the problems of condensation associated with cryo-
periment, which we refer to as spectroscopiexperiment, genic cooling. The heart of a CRESU apparatus is a

the time delay between the two laser pulses is set to Corr_%onvergent-divergent Laval nozzle. Isentropic expansion of a

spond to a fraction of the average time between collisions in . : .
reprepared gas mixture through this nozzle produces a jet of
the gas sample, and the frequency of the probe laser g

scanned to record a DR spectrum. The intensities of lines igas in Wh'Ch,the tempe'rature', dengty, and velocity are con-
this spectrum reflect the populations created by collisions irpt@nt and which retains its uniformity for several tens of cen-
levels other thad; at the instant that the probe laser is fired, imeters. A different nozzle, each with a unique nozzle pro-
and they yield values of the state-to-state rate coefficients fol€, is required to obtain a particular temperature and density
transfer betweed; and other rotational statels. We report ~ for a given carrier gas, here helium. The temperatures and
the results of both kinds of experiment in the present papeidensities attained in the present experiments are listed later

in Table I. In the present experiments, the gas samples con-
Il EXPERIMENT sisted 0f<1% of CO in helium and the effects of CO-CO

The apparatus and general technique employed in theollisions could be ignored.
present experiments are very like those used in the IR-Uv  All further details of the CRESU apparatus employed in
DR experiments of Jamet al!® on rotational energy trans- the present experiments can be obtained by reference to the
fer in collisions between NO(?I1,,,,v=3J) and He, Ar, paper by Jamest al}®
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TABLE I. Rate coefficients /10~ ** cm® molecule * s™%) and thermally averaged cross sectigfis)/A?) for the removal of CO from selected rotational
levelsJ; in X 13, v=2 in collisions with He at 15, 27, 63, 149, and 294 K.

[He]/10' Ky an 2/107H

TIK molecule cm J; Kystg, /st 1-1,, Kisty, . /ms™t cnm®molecule'st (0)IA?
15 5.05 0 4.790.40 0.829 4.120.33 8.2+0.6 27.2+2.1
1 6.55+0.98 0.643 4.210.63 8.34:1.2 27.8+4.1
4 5.61+0.36 0.960 5.320.35 10.7+0.7 355+2.3
6 5.93:0.35 0.999 5.920.35 11.7+0.7 39.1+2.3
27 4.65 0 5.780.52 0.903 5.22:0.47 11.1+1.0 27325
1 6.05+0.66 0.761 4.68:0.50 9.8+1.1 242+2.6
4 6.41+0.56 0.883 5.66:0.49 12.0=1.0 29.7+2.6
6 5.46+0.36 0.982 5.360.35 11.9+0.8 29.4+2.0
63 2.06 0 3.950.22 0.958 3.780.21 18.4=1.1 29.8+1.7
1 3.50+0.40 0.883 3.020.35 15.1*1.7 245+2.7
4 4.25-0.58 0.839 3.520.49 17.5+2.4 28.3+3.9
6 3.67£0.42 0.910 3.340.38 16.2+1.9 26.2+3.0
149 1.44 1 3.820.16 0.948 3.620.15 255+1.0 26.9+1.1
4 4.14-0.26 0.887 3.670.23 25.5+1.6 26.88:1.7
6 4.29+0.22 0.890 3.820.20 26.5+1.3 27.95:1.4
294 5.35 1 16.630.40 0.973 15.820.39 29.7+0.7 22.3+0.6
5.35 4 17.920.54 0.931 16.730.50 31.3+0.9 23.5+0.7
5.34 6 20.732.74 0.919 19.052.52 35.7+4.7 26.8+3.5

B. The IR-VUV DR technique of the (X 13 ,v =2) state. In practice, earlier experiments in

our group on reactions of C atoms in thélP, electronic

In the present experiments, pulses of tunable IR radia- d staf? had ¢ Kineti
tion were generated using a frequency-mixing technique. Th8"UN state had made use of VUV LIF to observe kinetic

pulsed output(ca. 1110 mJ per pulserom an injection- decays of the C atoms, ar_1d _the method used there to generate
seeded Nd:yttrium aluminum gameéYAG) laser (Con- pulses of VU\/ laser radiation was adapted for use in the
tinuum, Precision )l was frequency doubled in g#BaB,0,  Present experiments. . B _
(BBO) crystal to yield pulses of ca. 500-550 mJ at 532 nm. In the prclesent experiments, CO in specific rota’qenal lev-
This radiation pumped a dye laséBirah, Cobra Stretoh €IS of the X 37,v=2) state was observed by exciting LIF
which, when operated on Pyridine 2 dye in methanol, gener the (0,2 band of the A 'IT-X '3 ) system, which has its
ated pulses of 80—90 mJ energy and which could be tune@rigin at 165.325 nm. The spectrum consistoR, andR
between 725 and 738 nm. The dye laser beam was a“gnéganches, though it should be noted for this type of system
through a double Fresnel rhomb and combined with 100-P(1) and Q(0) transitions are absent, and consequently
120 mJ of the residual fundamental output from the Nd:YAGCO(=0) is only detectable via thB(0) transition. Unfor-
laser on a dichroic mirror. These two copropagating lasefunately, theR branch possesses a band hgadhe region of
beams then passed through a LiNp€rystal, which was theR(4)-R(6) transitiong, and is thus susceptible to over-
held at 80°C, to generate by difference frequency mixingap at higher temperatures.
pulses of infrared radiation that contained 5-10 mJ energy ~ Pulses of VUV laser radiation were generated using two
per pulse. This output, which had a line width of ca. 0.06photon resonant four-wave mixing in xenon faand the
cm 1, could be tuned between 2.274 and 2.408, a range implementation of this method in the CRESU apparatus is
that covered an appreciable portion of t#0) vibrational ~ described in some detail elsewhéteriefly, dye laser radia-
overtone band of CO. In practice, P-branch transitions in thigion was tuned to 255.94 nm in order to excite Xe in a two-
overtone band were used to promote CO molecules to sghoton transition to the B°6p[ 21/ 2] state. Radiation from
lected rotational states in th& ¢S ", v =2) state. a second pulsed dye laser, aligned with the beam from the
The present experiments on rotational energy transfer ifirst and fired simultaneously could be tuned through the
CO and those of Jamex al® on rotational energy transfer wavelength range from 565 to 567.5 nm to generate VUV
in NO differ mainly in respect of the state-specific observa-radiation between 165.29 and 165.50 nm. This radiation
tion of the molecules excited by the IR pump laser. In thepropagated horizontally and, as shown in Fig. 1, was directed
case of NO, molecules were promoted to selected rotationglerpendicular to the gas flow in the CRESU chamber.
levels in theX 2I1,,,, v=3 state and these molecules were For kinetic measurements, the frequency of the VUV
then observed by exciting LIF at ca. 258—259 nm in(®&) probe laser was set to that of an absorption fromJhevel
band of the A23 T-X2II) system. In the case of CO, the in CO(X 'S ",0=2), whereJ; denotes the rotational level to
lowest electronic transition lies to much shorter wavelengthwhich CO molecules were directly excited by absorption of
and consequently it was necessary to generate VUV laseadiation from the IR pump laser. Using a solar blind photo-
radiation in order to observe CO in specific rotational levelsmultiplier tube (Thorn EMI 9403B mounted behind an in-
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terference filter, centered at 158.9 nm with a bandwidth of 4

23.4 nm(Acton Research and above the gas flow, LIF sig- E/a—s

nals were recorded as the time delay between the pulses from o
the IR pump and VUV probe lasers was systematically var-
ied. In spectroscopianeasurements, the time delay between
the pulses from the IR pump and VUV probe lasers was fixed
at a small valug30 ns, except for the experiments at 294 K,
where it was 15 ns and the frequency of the visible dye
laser, and hence that of the VUV radiation, was scanned to
record the relative LIF intensities of a number of lines in the
(Al,v=0—-X13",0=2) band.

The tunability of the IR pump laser meant that, in prin-
ciple, two kinds of spectroscopic experiments could be per-
formed. In all of the experiments whose results are reported
here, the frequency of the IR “pump” source was fixed and
the frequency of the VUV probe laser source was scanned, as
described in the previous paragraph. The results that these (b)
experiments yielded were judged to be superior to those from =
the smaller number of experiments that were performed with
the frequency of the VUV laser fixed and that of the IR laser
scanned?® The frequency of the IR pump laser could be
tuned into resonance with the required transition in the first
overtone band of CO by recording part of this band by pho-
toacoustic methods using a small spectrophone cell contain-
ing 20 Torr of CO.

LIF signal / arb. units

delay time / ps

LIF signal / arb. units

IIl. ANALYSIS OF EXPERIMENTAL RESULTS

~T

In this section we describe briefly how we analyzed our 0 0.0 014 0i8 1:2 1:6 2:0 214 28 32
experimental observations so as to yield b@hrate coeffi-
cients for total removal of CO from selected rotational levels
intheX 3%, v =2 state, andb) rate coefficients for transfer FiG. 2. Examples of the decays of LIF signdtspen circles in kinetic
in single collisions between these selected initial levd|$ (  experiments af = 15 K where the probe laser is used to follow the decay in

and specific final IeveIsJ(f). The methods used are essen-Populations in the initially pumped levé| as the delay between the pulses
tiallv th d ibed by J 5 |13 from the IR pump and VUV probe lasers is varied, fitted to single exponen-
lally those described by Jamesal. tial decays (solid lineg: (a) shows the result of an experiment on
COX 3", v=23=6), and (b) shows the result of an experiment on

COX 3" v=23=1).

delay time / ps

A. Rate coefficients for total removal from selected
rovibronic levels

In all the kinetic experiments, in which LIF signals were
observed at different time delay$) from the initially se-  the detection zone, which under the current experimental
lected levelJ;, the variation in the intensity of these signals conditions is negligibly slow on the time scale of rotational
(I',e) with t could be fitted to a single exponential. However, relaxation.
the signals did not decay to zefoe., to the value recorded Because the population if) does not generally relax to
before the IR pump laser was fireBut rather to a signal  zero, the first-order rate coefficierity(, ), found by fitting
aplprgpriate to the thermally equilibrated population ine | |F signals to a single exponential decay, as shown in
X*X", v=2,J;. Two examples of this behavior are illus- o panels of Fig. 2, is related to the rates of transfer both
trated in Fig. 2. In pane(a), which records the variation of 4t of and into the level; and the rate equation for this
I e with t from COX 12 *,0=2,J,=6) at 15 K, the signal population (\,) is?
does indeed decay to its baseline value, since the fractional :
rotational population id=6 at 15 K is only 0.0012. In panel
(b), however, which records the variation lofz with t from
COX!3*,v=23=1) at 15 K, the signal decays at longer
times to a value which is a significant fraction of its value _
immediately after firing the IR pump laser, reflecting the fact =Ky al JNJi[He]JF; koo NolHel, (1D
that the fractional rotational population =1 at 15 K is

0.36. We note here that vibrational relaxation by He or self—WhereNJi_ andN, are thg C(_)n_centratlon.s of COin the |r1|t|al
relaxation by the small fraction of CO included in the gas(Ji) @nd in other §+J;) individual rotational levelsiHe] is

mixture was very slow on the time scale of thesethe concentration of helium in the gas flow, akg ; and

experimentgf‘ The only other loss mechanism for kJVJi are the rate coefficients for transfer fraipto J and
COX13*,v=2.) in this experiment is by diffusion out of from Jto J;, respectively.

dN, /dt=—> kj ;N [He]+ > kyj3Nj[He]  (1a)
I J [ I J ™
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To obtain the first-order rate coefficient for total transfer NO(X 2I1,,,v =3,J).213 This method requires the record-

out ofthe level(i.e., kst 1=Ky, ans[Hel) fromkyg;, We  ing of two LIF DR spectra recorded at different fixed delay
assume that the second term on the right of @&) can be times. The first spectrum is recorded at a del&y) (that is
written as ;k; ;[He]Z;N;, so that Eq(1b) becomes short compared with the relaxation time from the selected
level in collisions between CO molecules and He atoms, so
that one can neglect the transfer of molecules in secondary
collisions and attribute the observed populations entirely to
the result of collisions between CO molecules in the lelyel

2) and He atoms. Under these conditions, the rate of population
transfer into any collisionally populated lev&l can be de-
scribed by the equation

dNy /dt=—Kk; an s[HeINy +Kay 55 [HEINgy

== (Kky, an 3+ Kan 5 3)[HEIN; +kq J,Ji[He]NOi1

where Ngi is the concentration of molecules initially pro-
moted toJ; (and hence théotal concentration in all levels
of v=2 on the time scale of these experimgntand dN; /dt=k; 5, N;[He], (5
(kJi ,a,,J/kaMJi) is the ratio of populations id; and in all

other rotational levels at thermal equilibriuiie., when  which, if 6t is sufficiently short, can be recast in the approxi-

dN; /dt=0). mate form
Equation(2) corresponds to the equation often encoun- _ 0
tered in “relaxation kinetics’®® whereby a two-state system Ky; 9= (8N, /N3 )/ St He], ©®

relaxes exponentially to equilibrium with a first-order rate 0 . I
coefficient given by the sum of the forward and reverse ratéNhereNJi is the concentration of CO molecules initially ex-
coefficients. In passing from Edlb) to Eq. (2) we have cited by the IR pump laser td;, and 6N, is the small
assumed that the system can be treated as a two-level syst@eoncentration found in level; at the delay ofét.

comprising the initially excited rotational state and a set of ~ For a givenJ;, (5NJf/N8i) was estimated by comparing
Boltzmann-like distributions over the destination states thathe intensities of lines frond; in the short delay spectrum
can be described by the same temperature as the final dist(irJf’&) and in a second spectrum recorded au$ delay

bution. In this case, the fractional contribution to total back(|Jf ), taking into account any appropriate factors to correct

transfer from different levels is the same at all times. C.)ffor different CO flows and different settings on the gated

course, the correction for back transfer implied by this is. . :
o integrator. Because rotational relaxation was complete and
only significant for the rather small number of cases where

the fraction of molecules at thermal equilibrium in the ini- vibrational relaxation insignificant at=5 us, the intensity
. . . . d which the selected line would have had if all the initially
tially excited level is large, that is, for the most populated .

. excited CO molecules had been transferred to the ldyel
rotational states at very low temperatures.

The solution of Eq/(2) predicts that the populatioN,, could be estimated by dividinlg,f e by fJf e, the fraction of
. S . the CO molecules occupyingdy at the longer delay. Conse-
decays exponentially to the equilibrium populatiordjrwith 0 ’
a first-order rate constant given by quently, ONy, /N5) was given byly, s /(ly, e/fa &)lay o/
(15, e/f3, &) This method meant that no allowance had to be

Kistg, = (Ky; an 9+ Kair g,9)[HE]. 3 made for differences in line strength factors or laser intensi-
The ratio ;, ans/Kai ) is the ratio of the populations ties at different frequencies.
(NJi/Na”J) at equilibrium. Consequently, it is straightfor-
ward to show that

Kist,g, =Ky, an slHEI=Kigy (115 ), 4 »
A. The rate coefficients for total removal
where f; . is the fraction of molecules in level; when  from selected rovibronic levels

equilibrium is established amongst the rotational levels, and 1 pje | presents the second-order rate coefficients for the

can be easily calculated via statistical mechanics. total removal of CO molecules from the rotational levéls

The segond—order re_lte constants for relaxation from S€=0. 1, 4, and 6 in theX '3 *,0=2) vibronic state in colli-
lected rotational levels, i.ek;, a1, were calculated by di-  gjong with He at 15, 27, 63, 149 and 294 K. Rate coefficients
viding kygi¢ 5, by [Hel, the density of the helium carrier gas could not be obtained for removal frofa=0 at 149 and 294
in the flow. The fact that the CO was present as less than 1% because of a close overlap between B@) andR(10)
of the gas mixture justifies its neglect in this final part of thelines in the VUV spectrum. At lower temperatures, insuffi-
calculation. cient population is created id=10 for this to cause any
problems.

Table | also lists the thermally averaged cross sections
determined by dividing the rate coefficients by the mean
relative velocities in CO-He collisions at the temperatures of

To determine state-to-state rate coefficients, we adoptethe experiments. The uncertainties associated with quantities
the same method as in earlier low temperature experimentisted in Table | are quoted at therdevel, whereo is the
from our laboratory on rotationally inelastic collisions of standard error derived from the nonlinear least squares

IV. RESULTS

B. Rate coefficients for state-to-state rotational
energy transfer
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FIG. 3. Plots of thermally averaged cross section for the total removal of CO molecules from selected rotationd| leveddlisions with He atoms at
different temperaturega) for J;=0, (b) for J;=1, (c) for J;=4, and(d) for J;=6. The filled circles show the results of this work, while the open squares
(joined by a dashed lineshow the theoretical results of Cecchi-Pestekinal. (Ref. 27 and the filled square ife) shows the result of Krem@&ef. 28 for
COX!3*,v=33=0).

fittings of the individual decay traces, such as those shown igients from the level in question was then calculated, and
Fig. 2. converted to the thermally averaged cross section. While
To illustrate the variation of the thermally averaged crossthese theoretical results refer to CO in its ground vibrational
sections for transfer from differerdt; levels with tempera- state, and the experimental results were obtained for CO in
ture, we show these quantities plotted against temperature its v =2 vibrational state, it would appear that there is very
Fig. 3. Our experimental results are also compared in Fig. 8ttle dependence of the rotational cross sections on vibra-
with the theoretical results of Cecchi-Pestelliat al,?”  tional state for CO. This is confirmed by KrefAsvho cal-
which are given in the last row of Tables II-VI. As Cecchi- culated total rate coefficients for rotational relaxation from
Pestelliniet al. only published state-to-state rate coefficientsCOJ=0 in a variety of vibrational states from=1 to 10.
for collisions involving negativélJ, we have used the prin- Krems’ values forv=1 andv =3 differ by less than 0.3%,
ciple of detailed balance to calculate the missing state-toand the latter value is shown in Fig. 3 with the other results
state rate coefficients. The sum of state-to-state rate coeffier J=0.

TABLE II. Uncorrected and normalize@nd correcterstate-to-state rate coefficienilsJi(y 3 /10~ e molecule * s72) for transfer between selected initial
(J;) and specific final §;) rotational states in collisions between CO and He at 15 K.

‘]i = 0 ‘]i = 1 ‘]i = 4

Uncorrected Normalized Uncorrected Normalized Uncorrected Normalized
Ji=0 Ji Ji 1.9+0.3 3.5:0.55 0.15-0.1 0.4:0.3
Ji=1 8.8+1.2 4.4-0.6 Ji Ji 0.44+0.1 1.2+0.3
Ji=2 5.3+t0.9 2.70.5 2.1+0.5 3.90.9 1.02£0.2 2.70.5
Ji=3 1.2+0.4 1.02+0.2 0.45-0.2 0.94+0.2 2.470.5 6.2:1.5
Ji=4 J; J;
Ji=5 0.07+0.02 0.19-0.05
Jf:6
Scaling factor 0.505 1.83 2.64
Ekai 3 (expt) 15.3+1.5 4.50.6 4.0:0.6
Ky, all 3.1 8.2+0.6 8.3+r1.2 10.70.7
2ky, g, (theod 8.8 7.5 10.8

aThese numbers have been corrected by estimmﬁ?@om the Boltzmann plots having eliminated outliers according to the procedure described in the text.
Having performed any corrections of this kind, the state-to-state rate coefficients are then normalized using the scaling factors given in the tables
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TABLE lll.  Uncorrected and normalized (and corrected state-to-state rate coefficients
(ky, ,3,/20"* en® molecule * s7%) for transfer between selected initiad;] and specific final ;) rotational
states in collisions between CO and He at 27 K.

J=0 J=1 Ji=4

Uncorrected  Normalized Uncorrected Normalized Uncorrected Normalized

Ji=0 J; J; 3.0+0.5 2.6:0.4 1.2-0.8 0.4+0.3
Ji=1 5.9+0.9 5.3:0.8 Ji Ji 6.7:1.4 2.4£0.5
Ji=2 45+1.2 4.1+1.1 7.0:0.8 4.3+0.5 5.5-1.0 2.0:0.4
Ji=3 1.*+0.7 1.7+0.6 1.8§*+0.5 1.6:0.4 8.4:1.2 3.9+0.4
Ji=4 0.9+0.5 0.8-0.4 J; J;
Ji=5 0.43t0.9 0.4:0.8 7.8:1.2 2.8:0.4
Ji=6 1.7+£3.4 0.6£1.2
Scaling factor 0.901 0.875 0.357
Siky, 5, (€XPL) 12.3+1.7 13.2:1.6 31.2+4.6

Ky, all 3.f 11.1+1.0 9.8:1.1 12.0:1.0

Siky, y, (theop 12.0 10.3 12.4

These numbers have been corrected by estimaﬂﬁ?g‘rom the Boltzmann plots having eliminated outliers
according to the procedure described in the text. Having performed any corrections of this kind, the state-to-
state rate coefficients are then normalized using the scaling factors given in the tables.

B. Determination of rate coefficients for state-to-state given temperature. The agreement between the values of

rotational energy transfer 2¢ky, 5, and Ky a1 5¢ is quite good in most, but not all,
Tables 11-VI present the values of state-to-state rate cocases. Considering the complete data set suggests the pres-

efficients for transfer of CO molecules from level {2, ence of a source of error in some of the experimental mea-

v=2,J;=0, 1, 4, and & in collisions with He at all five surements. The excellent agreement between the values of
temperatures at which we have performed experiments. UrkJi angf and Ekai 3 derived from the calculations of
der each value of; at each temperature, there are two col-Cecchi-Pestelliniet al,?” as well as other considerations,

umns of numbers. Those in the left-hand column are the ratg,ggest that this source of error was more likely to be in the

coefficients that were determined according to the analysigpectroscopic experiments rather than the kinetic measure-
set out in Sec. llIB above. At the foot of each of theseents.

columns we give the sum of the individual state-to-state rate

coefficients for transfer from a given initial rot_ational level checked the accuracy of our measurements at the IdSger
Ji, 1€, 2eky 5. These sums are compared with the values, g time delay, by preparing “Boltzmann plots” of the rota-
of the rate coefficients for total removal determined in thetijonal level populations derived from these experiments.
kinetic experiments, i.ek; a4, Which are given in the These equilibrium populations were measured via the
row below the values oE(k; ;. Clearly, as collisions be- Q-branch transitions in th& *I1-X *3(0,2) band of CO for
tween CO and He only cause rotational energy transfer, thesghich the intensities I(; ) should be proportional to (@
two quantities should be the same for each valug;ait a  +1)exgd —J(J+1)hcB,_,/kgT] whereB,_, is the rotational

In our efforts to locate the source of such errors, we first

TABLE IV. Uncorrected and normalize@nd correctedstate-to-state rate coefficienﬂsJi(' Jfllo’11 cn® molecule * s™1) for transfer between selected initial
(J;) and specific final J;) rotational states in collisions between CO and He at 63 K.

‘]i:0 Ji:l ‘]i:4 Ji:6

Uncorrected Normalized Uncorrected Normalized Uncorrected Normalized Uncorrected Normalized
J;=0 J; J; 2.3+0.6 2.1+0.5 2.6:0.1 2.4+0.1
Ji=1 7.3*14 8.051.5 J; J; 2.0,+£05 1.950.5
Ji=2 54+1.1 5.4+1.2 6.80.8 6.1+0.7 2.7+0.5 2.5t0.5
Ji=3 4.2+1.0 4.6+1.1 3.6:0.7 3.2:0.6 5.1+-0.5 4.7+0.5 1.6:0.4 2.3-0.6
Ji=4 4.1+0.9 3.7+0.8 J; J; 1.6+0.5 2.3t0.7
Ji=5 4.1+0.6 3.8:0.6 4.8-1.0 7.0t1.5
J;=6 1.3+0.4 1.6+0.4 J; J;
Ji=7 0.7+-0.3 0.70.3 4.3t2.4 48+24
Scaling factor 1.08 0.899 0.919 1.47
Ekai 3 (expt) 16.9+2.0 16.8£1.5 18.71.1 12.3:2.7
Ky, all a.1 18.4+1.1 15.7+1.7 17.5:2.4 16.2:1.9

S¢k; g, (theop 177 157 16.7 17.9
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TABLE V. Uncorrected and normalize@nd correctedstate-to-state rate coeﬁicienﬂsj‘(l J f/lO’ " em® molecule ' s™1) for transfer between selected initial
(J;) and specific final §;) rotational states in collisions between CO and He at 149 K.

J,=0 lel \]|:4 \]|=6
Uncorrected Normalized Uncorrected Normalized Uncorrected Normalized Uncorrected Normalized
Jf:O ‘]i ‘Ji
Ji=1 17.5£4.0 17.5£4.0 Ji Ji 1.6*+1.0 1.3+0.7 0.970.2 1.9+0.4
Ji=2 9.4+1.6 9.4-1.6 55504 8.5+0.6 5111 3.6£0.8 0.99:0.2 1.9:0.4
Ji=3 12.0+2.0 12.0:2.0 4.2+0.4 4.2-0.4 6.3t1.3 4.4+0.9 2.2+0.2 4.3+0.4
Ji=4 3.1+1.3 3.1+1.3 4.70.4 4.70.4 Ji Ji 1.5+0.2 2.9:0.4
Ji=5 4.1+1.4 4.1+1.4 0.93-0.3 0.93-0.3 12.1+1.3 8.570.9 1.6+0.1 3.2:0.2
Ji=6 1.9+0.5 1.9+0.5 5.5-0.8 3.9:0.6 Ji Ji
Ji=7 0.83-0.4 0.83:0.4 3.5£0.8 2.4:0.6 2.8£0.2 5.4:0.4
J;=8 2.1+0.7 1.5+0.5 1.1+0.1 2.9+0.2
Ji=9 1.8+0.2 3.5:04
J;=10 0.3+0.1 0.50.2
Scaling factor No scaling No scaling 0.700 1.92
Siky, 5, (€xpt) 46.0+5.1 18.1-1.0 36.4-2.7 13.4-0.5
kJ‘ all3f No data 25.51.0 25.5-1.6 26.5-1.3
Siky, 5, (theop 25.9 235 24.1 24.9

aThese numbers have been corrected by estimmﬂﬂ@om the Boltzmann plots having eliminated outliers according to the procedure described in the text.
Having performed any corrections of this kind, the state-to-state rate coefficients are then normalized using the scaling factors given in the tables

constant for CO in theX 'S ",0=2) state. In Fig. 4, we whether any of the individual intensities in the long delay
present two such plots. In pand) for J;=0 andT=27K,  spectrum were “outliers,” as a result of some recording er-
where X¢k; ;. andk; a5+ agree to within 11%, all the ror. The first step in the iterative procedure was to fit the
points fall on or close to the line describing the equilibratedwhole of the measured data set to the Boltzmann equation.
Boltzmann distribution. By contrast, in pang) for J;=0  The second step was to remove each individual point in turn
andT=294 K, three points fall significantly off the line. Un- and calculate the average deviation without that point. If the
fortunately, owing to spectroscopic interference with higheromitted point was then more than two average deviations
rotational levels, there is no value of the rate coefficient forfrom the fit, the point was designated as an outlier and was
total removal from this level at this temperature. eliminated from the plot. The remainder of the data was then
Given these differences, we have adopted a procedurmefitted to the Boltzmann equation and the average deviation
based on Chauvenet’s criterfdrto determine the quality of recalculated. The procedure was repeated to identify further
the raw Boltzmann plots and, more specifically to determineoutliers using the & criterion. It was decided to set a maxi-

TABLE VI. Uncorrected and corrected state-to-state rate coefficidscjit'sJ f(/lO’11 cnt® molecule t s71) for transfer between selected initial, and specific
final (J¢) rotational states in collisions between CO and He at 294 K.

Ji=0 Ji=1 Ji=4 Ji=6

Uncorrected Normalized Uncorrected Normalized Uncorrected Normalized Uncorrected Normalized
Jf:O ‘]i ‘]i
Ji=1 7.7+1.1 7711 J; J; 2.4+0.3 1.8£0.2 0.68:0.2 0.95:0.3
Ji=2 4.7+0.3 7.£+0.5 6.6t0.4 10.4+0.7 2.1+0.1 3.2+0.1 0.44-0.1 1.£+0.2
J;i=3 6.0+-0.4 6.0-0.4 3.4-0.3 3.4-0.3 10.6-0.8 8.3+0.7 1.9+0.2 2.70.3
Ji=4 1.6+0.4 1.6+0.4 4.4-0.3 4.4-0.3 J¢ J; 2.9+0.2 4.1+0.4
Ji=5 3.4+0.3 3.4£0.3 1.4:0.3 1.4:0.3 6.80.3 5.2£0.2 5.1+0.2 27.0:0.3
Ji=6 1.1+0.2 1.6+0.3 2.7+0.3 2.7+0.3 2.90.1 3.8+0.1 J; J;
Ji=7 2.7+0.3 2.7+0.3 1.3+0.3 1.3:0.3 4.8-0.2 3.60.2 6.0t0.2 8.4-0.3
J;=8 0.92+0.3 0.92+0.3 1.5:0.3 1.5:0.3 2.3+0.2 1.8£0.2 2.8-0.2 4.0+0.3
Ji=9 1.1+0.3 1.10.3 0.77:£0.3 0.77:£0.3 2.8:0.3 2.1+0.3 2.8:0.2 4.0:0.3
J;=10 0.670.3 0.670.3 0.62+0.1 0.470.1 0.93+0.1 1.92+0.2
Ji=11 0.74+0.2 0.56-0.2 1.0£0.2 1.450.3
Ji=12 0.26+0.2 0.19-0.2
Scaling factor No scaling No scaling 0.767 1.40
Ekai 3 (expt) 29.4+1.4 22.70.9 36.6:1.1 24.6-0.5
kJ‘ allf no data 29.70.7 31.3-0.9 35;+4.7
Eka. 3 (theon 36.7 33.6 33.8 34.1

#These numbers have been corrected by estimmﬁ?gom the Boltzmann plots having eliminated outliers according to the procedure described in the text.
Having performed any corrections of this kind, the state-to-state rate coefficients are then normalized using the scaling factors given in the tables



4680 J. Chem. Phys., Vol. 121, No. 10, 8 September 2004 Carty et al.

0.20 12
(a) T=204K J=0 Ji=0 —&— experimental results
it 104 Vi< —O— calculations by Cecchi-Pestellini et al.
8 -
2 0.15
Z . 61
i}
£ o 4 1
© 4
g o010 , |
£ 0
[=]
Z 0.05 12
¢ 10 4
0.00 T T T T r T T T T "—UJ 8
0 1 2 3 4 5 6 7 8 9 10 - 6
[0
Jf '5 4 -
0.4 3 .
(b) T=27K, J=0 °
e 0
(2]
2z 037 E 12
2 [&]
g = 10 Ji=4
£ S
B 02; S s
= -~
g T ¢ )’
2 011 x4
® 2 4 /e’
¢ ol o .
0.0 T T T T T T 0 2 4
0 1 2 3 4 5 12
N 104 Ji=6

FIG. 4. Boltzmann plots testing the quality of the DR spectra recorded at a
delay of 5us. In each case, the measured LIF intensities ofQHaranch 6 1 J

transitions A 1,0 =0J—X 13 *,0=2J) are plotted againsk; . The solid 4]

line corresponds to a fit of the final data getith outliers excluded as

described in the text to a function of the form Z(2J;+1) 2

X exf —hcB,-,Ji(J;+1)/ksT] whereZ was allowed to float. Panéh) shows 0 e i .

results forJ;=0 andT=294 K, with two outliers identified and panéb)
shows results fod; =0 andT=27 K, with no outliers identified.

o
[
F-y

FIG. 5. Corrected and normalized state-to-state rate coefficients for rotation-

. . ally inelastic collision between CX(*3 ", v=2,J,=0, 1, 4, and pand He
mum of two outliers for each set of data. Accordlng to theseat 294 K. The filled circlegjoined by a solid ling show the data obtained in

criteria, 13 of the Boltzmann plots were satisfactory, thre@ne experiments reported in this paper, the open cirgtésed by a dashed
had one outlier and two had two outliers. Further, some ofine) show the theoretical results of Cecchi-Pestektinial. (Ref. 27.

the outliers were from measurements on the le}el and
were not therefore used in any calculation&NJf/Ngi. Out (Ekai ,Jf/kJi all3.£). The numbers listed in the right hand of

of the complete set of data only 15 out of 109 calculations othe two columns under each value bfin Tables 11-VI are

state-to-state rate coefficients were affected by this corredhose corrected and renormalized state-to-state rate coeffi-

tion in the value of5NJf/N8_. In these cases, the intensity cients. Those referring to the footnote are the rate coeffi-
|

I ; at the longer delay was recalculated by interpolation orF'ef”tS that have been correcteo_l, before_ the normallzatlon, by
the Boltzmann plot and the corresponding state-to-state rat¢Sing values of ¢ ; at 5 us obtained by interpolation on the
coefficient was recalculated. Boltzmann plots. There are a few cases where normalization
With so few data requiring correction because of a pOOI_could not be justified or carried out. For examp!e, in the
measurement df iz ; at 5 us, it seems that other sources of Instances ot);=0, T=149K andJ;=0, T=294K, it was
error must have been significant. Of course, it was imposPOt Possible to measure values lof o 5,1 because of the
sible to test for errors in the spectral intensities measured #verlap between theR(0) and R(10) lines in the
st. Another possibility is that experimental errors might oc-A 'TI-X*%(0,2) band. The same overlap also prevented us
cur in the value ofst. from obtaining the state-to-state rate coefficiekitg which
For this reason, we decided to recalculate the state-tcare expected to be large and to contribute significantly to the
state rate coefficients, including any values corrected becausém=k; ;..
of perceived error in the measurementlgg ; at 5 us, by Figures 5—7 display the corrected and normalized state-
“normalizing” them; that is, by multiplying each value by to-state rate coefficients graphically for sets of data at three
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lower J; , especially forJ;=0, this effect will be opposed by

the paucity of transitions witld;>J;, and the fact that the

FIG. 6. Corrected and normalized state-to-state rate coefficients for rotatior;[—ranSItlonS_ withJ¢>J; have an endtherm|C|ty that is S.Ig.nm'

ally inelastic collision between COX(!S*, v=2,3,=0, 1, 4,and pand He  cant relative tokgT, thereby reducing the rate coefficients

at 63 K. The filled circlegjoined by a solid ling show the data obtained in  for such processes. This effect leads to the decrease in the

the experiments reported in this paper, the open cirgiésed by a dashed cross section observed in the theoretical data Jp# 0,

line) show the theoretical results of Cecchi-Pestekinil. (Ref. 27. . .
which explores temperatures as log &K and may explain

why the experimental data fak=0 and 1 show no signifi-

temperatures: 294, 63, and 15 K. These experimental data a?gfzdepgrédence down to 15 K, in contrast to the results for
compared with the results of the close-coupling calculationS]i_ and o. . .
performed by Cecchi-Pestellit al2” We emphasize thatno 1€ State-to-state rate coefficients, both those shown in
normalization of any kind has been undertaken between th'é'gs' 5-7 and those for=27K andT=149K which are

experimental and theoretical results. The agreement betwedlP! d-ls'glayeg grzlalghlcatljly, exhibit a num:er of geneffr.all fea-
the two sets of data is excellent. tures: First, for allJ; and temperatures, the rate coefficients

k5, show a general decrease with increasiny Second,
superimposed on this general trend, the rate coefficients os-
cillate with AJ, showing a propensity to favor odslJ over

The thermally averaged cross sections for total removagven AJ, as found by Antonovat al'® This behavior is
from selected rotational levels show only a minor depenmost marked in the data for higher temperatures and is most
dence on temperature. What variation there is reflects thelearly apparent in the data for 294 K shown in Fig. 5. Third,
effect of two factors. At lower temperatures, the weak inter-the distribution of the rate coefficients, ; with AJ nar-
molecular attraction between CO and He slightly increasesows as the temperature is reduced. Finally, transitions with
the cross section for “core collisions.” This factor is prob- J;<J; are favored with respect to transitions wifh>J;
ably responsible for the increase in the thermal cross-sectiomaore strongly as the temperature is lowered and, at all tem-
for J;=4 and 6 shown in panelg) and (d) of Fig. 3. For  peratures, ag; is increased.

V. DISCUSSION
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Apart from the oscillatory behavior, the other propensi-collisions. Of course, the most abundant species in dense
ties are commonly found in rotationally inelastic collisions interstellar clouds is Kl not He. It is planned to extend the
between simple molecules and atoms. In particular, theyneasurements that we have described in the present paper to
echo behavior that was found in earlier low temperature exthe study of rotationally inelastic collisions between CO and
periments on energy transfer in collisions betweenH,. Together with the results in the present paper these mea-
NO(X 2Il4,,0=3) and He, Ar, and . The results of such surements should provide modelers with the information re-
collisions are also found to exhibit oscillatory behavior. quired to interpret measurements on the intensities of rota-
However, in the case of NO(?ll5,,v=3)+He, for ex- tional transitions on CO observed from the interstellar
ample, the oscillations are in the opposite sense; that is, evanedium.

AJ are favored over odd J. Our finding for CO-He is con-

sistent with that found by Antonovet al!® in their crossed

moIeCt_JIar b_eam study but opposite to that f_om_md by Phipp$ ck NOWLEDGMENTS
et all in their IR-IR DR study of CO-CO collisions.
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