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Rate coefficients for state-to-state rovibronic relaxation in collisions
between NO( X 2II, »=2, Q, J) and NO, He, and Ar at 295, 200, and 80 K
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School of Chemistry, The University of Birmingham, Edgbaston, Birmingham B15 2TT, United Kingdom
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The state-to-state rates of collisional energy transfer within and between the rotational level
manifolds associated with th@=2% and Q=3 spin—orbit states of NX %I, »v=2) have been
measured using an infrared—ultraviolet double resondRtgVDR) technique. NO molecules were
initially prepared in a specific rovibronic level, for exampies2, Q=31 J=6.5, bytuning the

output from an optical parametric oscillat@®@PO) to a suitable line in thé¢2,0) overtone band.
Laser-induced fluorescendklF) spectra of theA 23" —X 2II (2,2) band were then recorded at
delay times corresponding to a small fraction of the average time between collisions in the gas
sample. From such spectra, the relative concentrations of molecules in levels populated by single
collisions from the initially prepared state could be estimated, as could the values of the rate
coefficients for the state-to-state processes of collisional energy transfer. Measurements have been
made with NO, He, and Ar as the collision partner, and at three temperatures: 295, 200, and 80 K.
For all collision partners, the state-to-state rate coefficients decrease with incr&dding, change

in the rotational quantum number and rotational angular momené&md increasing\E,; (i.e.,

change in the rotational energyn NO—NO collisions, there is little propensity for retention of the
spin—orbit state of the excited molecule. On the other hand, with He or Ar as the collision partner,
transfers within the same spin—orbit state are quite strongly preferred. For transfers between spin—
orbit states induced by all collision partners, a propensity to retain the same rotational state was
observed, despite the large change in internal energy due to the spin—orbit splitting of 721 cm
The results are compared with previous experimental data on rotational energy transfer, for both NO
and other molecules, and with the results of theoretical studies. Our results are also discussed in the
light of the continuing debate about whether retention of angular momentum or of internal energy
is the dominant influence in determining the rates of state-to-state rotational energy transfer.
© 1995 American Institute of Physics.

I. INTRODUCTION nigues have been developed to probe the details of collision-
ally induced energy transfer within the electronic ground
Early experiments on rotational energy transfer—that isstate of small molecules. These methods reach their apotheo-
the transfer of molecules between specific rotational states igis when two pulsed tunable laser sources are employed: one
molecular collisions—were mainly performed on electroni-to excite molecules in an electric-dipole or Raman allowed
cally excited states of diatomic molecules. In these experiyansition to a previously unpopulated rovibrational state, the
ments, excitation to a specific rovibronic level of the mol- oqer to observe the evolution of this excited population as
ecule under investigation was achieved using a light sourcgqjisions occur. The probing is normally achieved by laser-
operating continuously in time, which could either be t“nedinduced fluorescencéLIF) or, less frequently, resonance-

or which cont_amc—_ed frequenmes_that coincided with absorp'enhanced multiphoton ionizatidREMPI) techniques using
tion frequencies in the electronic band system of the mol-

ccule. The molecular fluorescence was dispersed and ra tunable dye laser. In a number of studies, excitation to
' P Fovibrational levels both in homonuclear diatomic molecules

corded with different pressures of the pure gas or gas mixtur Ige N,* and H and in vibrational levels in polyatomic mol-

present in the sample, and rate coefficients were determine(_:‘cuh:}S such in C.H. 57 which are not connected to the
from the relative intensities of the lines in the fluorescent ! as, 22

spectrum using the mean radiative lifetime of the eIectroni-ground vibrational level by an infrared electric-dipole transi-

cally excited state as an “internal clock.” The experiments oftioN: has been achieved by stimulated Raman excitation. In
Klemperer and Steinfeldon energy transfer within the others, excitation has bee_n thg result of direct a_b_sorpnon _|n
B 3Tl,,- state of } serve as a classic example of such ex-fundamental or overtone vibrational bands. Specific levels in
periments, the results of which have been reviewed severdfO° 7 as well as i, for example, £,"'* have been ex-
times?® some emphasis being placed on the fitting of theCited in this way for studies of rotational energy transfer. In
experimental data to “energy gap laws” within a framework an important and powerful variant of the double resonance
provided by approximate theoretical treatments such as thogechnique, molecules can be excited to high-lying rovibra-
provided by the infinite-order sudden approximatit@SA)  tional levels in their electronic ground state via levels in an
and energy-corrected suddéaCS approximation. electronically excited state through stimulated emission
In more recent years, powerful double resonance techeumping (SEP. Xang and WodtkE have used the SEP
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method to study rotational energy transfer within the vibra-they concentrated on finding differential cross sections by

tional levelsy=8 and 19 of NOK 2II). making their LIF measurement, not in the region where the
The molecule NO provides a heaven-sent opportunity tdeams crossed, but in a side vessel attached to the main

examine many of the fine details of collisional energy trans-scattering chamber. Finally, Bontuyahall’ have measured

fer. On the practical side, it is an infrared-active molecule, sahe inelastic scattering of N@=0, Q=3, J=0.5) in colli-

it can be pumped directly to selected excited energy levels isions with Ar using a direct ion imaging technique. As in

the electronic ground state by tuning laser radiation to tranSudbo and Loy’s experimentd\O in specific product states

sitions in its fundamental or overtone bands. Furthermore, ivas ionised by d&1+1) REMPI process through tha 23+

is easy to observe populations in specific rovibrational levelstate. However, in these experiments, the ions were extracted

of NO(X 2II) using LIF or REMPI via levels in thé 23" by an electric field and imaged on a phosphor screen. From

or another excited electronic state. On the fundamental sidean analysis of the resulting image, differential scattering

since NO has &1 electronic ground state, investigations of cross sections were calculated for the chosen collision energy

energy transfer within this state can examine the details oforresponding to 1450 cm.

transfer between spin-orbit states and between\tbeublet The early beam experiments of Joswigal 1° stimulated
components of individual rotational levels, as well as rota-detailed theoretical work on NO-Ar collisions by Or-
tional and vibrational energy transfer. likowski and Alexandet#® They performed full quantal

Inelastic collisions involving NO have previously been scattering calculations at 442 cfon the potential energy
the subject of theoretical calculatidfisnd molecular beam surface calculated by Nielsaet al® using the electron gas
experiments® 1" as well as gas-cell experimeftsimilar to  model. Orlikowski and Alexander showed that two potential
those reported in the present paper. Sudbo and weye the  energy surfacesA’ +A”) were important in NO—Ar colli-
first to measure state-to-state rate coefficients for transfer baions and that the collisions in which the NO spin—orbit state
tween specific rovibrational levels in N®(°II) in gas-cell was preserved took place on an average of the two potentials,
experiments. They used a pulsed, tunable, F-center laser whereas spin—orbit changing collisions took place on the dif-
excite NO in its first vibrational overtone band and henceference potential. The centrifugal suddédS) approxima-
populate individual rotational levels in the=2, Q=3 or  tion was used to simplify the calculation and the number of
v=2, Q=1 spin—orbit level. A dye laser was used to observechannels included in the calculation was varied until the re-
the transfer of population from the initially excited state viasults converged. Integral inelastic cross sections were ob-
(1+1) REMPI measurements. As the same laser was used tained for both spin—orbit conserving and spin—orbit chang-
pump both the infrared and ultraviolet sources, all measureing transitions.
ments had to be made at a fixed time delay and the collision ~Following more recent experiments, Alexandét car-
time was varied by changing the pressure in the gas sampléed out new calculations on NO—Ar collisions using a more
Rotational energy transfer induced in collisions with NO, He,accurate potential energy surface. The radwinitio surface,

Ar, N,, CO, and Sk was investigated at room temperature. based on the correlated electron pair approximatioBPA),
Xang and Wodtké® whose experimental technique was gave a better representation of the repulsion between NO and
mentioned earlier, only investigated energy transfer inAr, than the earlier surface which had used the electron gas
NO-NO collisions at room temperature. model. Differential and integral inelastic cross sections were

Rotational energy transfer in inelastic collisions of NO calculated at collision energies corresponding to 442, 149,
has also been investigated in three sets of crossed moleculand 119 cm?, reflecting the wider range of beam data avail-
beam experimentS~1” Although such experiments are ca- able by the time these calculations were performed. The ex-
pable of providing information of exquisite detail, in particu- perimental and theoretical results were in generally good
lar differential inelastic cross sections and how the integrahgreement. In particular, the preference for the integral cross
and differential cross sections depend on collision energysections to show some oscillation withJ, with even
they do have some limitations compared with gas-cell exchanges being preferred over odd changes, was observed in
periments. Most importantly, the states prior to any collisionboth the experiments and calculations; an effect which was
are selected only by the supersonic expansion which takesscribed to the near homonuclear character of the NO mol-
place in the formation of the molecular beam. The large maecule.
jority of molecules are thereby placed in te=0, Q=3 In the present paper, we describe the results of state-to-
J=0.5) lowest vibronic level and consequently one only ob- state experiments on rotational energy transfer in(XGIT,
tains values of the cross sections for collisional transfer fromy=2). Experiments have been performed at three tempera-
this single level. tures, 295, 200, and 80 K, with three collision partners, NO,

The first beam studies involving collisions of N©@-=0, He, and Ar, and on two initial rotational stateks0.5 and
Q=3 J=0.5), with NO, Ar, and He at a collision energy 6.5. The principle of our experiments is illustrated in Fig. 1.
corresponding to ca. 400 crh were carried out by Joswig A subset of NO molecules is excited to a specific rovibronic
et al!® They used LIF to observe the states of the products ofevel using a pulse of tunable infrared radiation from an op-
collisions and determined state-to-state integral cross setical parametric oscillatofOPO-PUMB. The density of
tions. Similar experiments were performed by Jehal*®at  these molecules as collisions occur is followed using tunable
a slightly higher collision energy=442 cml). However, radiation from a frequency-doubled dye lagev-PROBH to
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our data in the light of the ongoing controvet$§® about
whether it is the conservation of angular momentum or of
rotational energy which exerts the dominant influence in ro-
tationally inelastic collisions.

II. EXPERIMENT

The experimental arrangement is shown schematically in
Fig. 2. NO molecules were excited to selected rovibronic
levels using infrared radiation from an optical parametric os-
cillator, which was pumped by the 1.064m output from a
Nd:YAG laser which provided pulses of 10-15 ns duration
and ca. 100 mJ energy at 10 Hz. To excite molecules to
(v=2, Q=31 J) levels, the frequency of the idler beam from
the OPO was tuned into resonance with lines inRharanch
of the (v=2—0, Q=3—3) subband of the first vibrational
overtone at ca. 2.&4m. The pulse energy in the idler beam at
this wavelength was in the range 0.1-1.0 mJ, its fluence at
the observation zone was 0.5-5.0 mJémand its band-
FIG. 1. Infrared—ultraviolet double resonan@RUVDR) scheme used for Width was ca. 0.3 cm. Fine tuning of the OPO-PUMP out-
energy transfer measurements on NO. The total removal rate from the input was carried out with the aid of a spectrophone containing
tially populated level is monitored by observing the LIF sig@lwhenthe 20 Torr of both NO and argon.

uv-PROBE laser is tuned to a transition out of the level populgted by ab- The probe radiation was provided by a tunable dye laser
sorption from the OPO-PUMP. Tuning the uv-PROBE to transitions from . .
neighboring levelgb) enables state-to-state rate coefficients to be measured Lambda Physik, FL2002oumped by an excimer laséru-
monics, series 4QMperated on XeCl. The fundamental out-
put from the dye laser was frequency-doubled in BBO to
excite LIF. As well as recording LIF spectra of the provide uv-PROBE radiation at 222 nm with a bandwidth of
A 23" —X ?II (2,2 band at short delays in order to deduceca. 0.5 cm?, in order to excite NO electronically in th&,2)
the initial distribution of final NO states and hence the rateband of theA 2% —X II system. To discriminate against
coefficients for state-to-state energy transfer, we have rescattered radiation from the probe laser, the fluorescence was
corded how the populations in levels neighboring the onebserved using a photomultiplier tulfEMI, model 9781B
excited initially vary with time. The latter kinetic data are through a WG 295 broadband filter, which effectively cuts
modeled using a master equation approach. This procedupat radiation of wavelengths:250 nm.
and the direct observation of rate coefficients for transfer The bandwidths of both the OPO-PUMP and the uv-
between the same levels in opposite directions provides inPROBE lasers were much greater than the linewidths of the
formation about the propensityr lack of it) to preservem, ir and uv transitions in NO. The outputs from both lasers
in rotationally inelastic collisions. In addition, we consider were evidently only weakly polarisggertically for the OPO

FIG. 2. Schematic of the experimental setup for IRUVDR experiments.
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and horizontally for the dye laseand there is no evidence LIF signals were recorded, the OPO-PUMP pulse prepared
for significant effects associated with relaxationrf, as  NO in a selected rotational level itwv=2, Q=3) and the
distinct from J. For example, the derived total relaxation uv-PROBE pulse from the dye laser was tuned to a transition
rates seemed independent of a change in the relative poldn the A 23+ —X 211 (2,2 band emanating from a rovibronic
izations and relative intensities of features in spectra relevel other than that which was excited directly by the OPO-
corded at short delays were consistent with line strength fad?UMP. The kinetic behavior of populations in these states
tors based on an assumption of mg selectivity. was observed by systematically increasing the time delay
Use of the cell described by Frost alX? allowed ex- between the pulses from the PUMP and PROBE lasers keep-
periments to be performed at temperatures down to 80 King the frequencies of both lasers fixed. The delays were
This cell, constructed from Pyrex, has a double jacket, theynchronized using a pulse generat@tanford Research
outer one being permanently evacuated, while refrigerant calystems, model DG535and controlled via an IBM-
be placed in, or passed through, the inner one. To achieveompatible PC via an IEEE interface. In these experiments,
low temperatures, either liquid Nwas placed in the inner the signals at each time delay were averaged over, typically,
jacket oriso-pentane which was cooled in liquid,Nvas ten laser shots, but were not normalized to the pulse energies
circulated through it. The vapor pressure of NO at 80 K isfrom the OPO-PUMP and uv-PROBE.
only ca. 100 mTorr but was adequate for the measurements At every selected time delayt, the signal was averaged
which are reported here. over three shots by the boxcar integrator before the time
The beams from the OPO and the dye laser entered arfielay was increased. Signals were usually recorded over time
excited the cell through Cafindows mounted at both ends delays varied between 100 ns angi8using a stepsize of 30
and counterpropagated along its central axis. The fluored?s, resulting in 100 points in each scan. To improve the sig-
cence induced by the dye laser was observed through quarfgl:noise on these traces, the results of ten separate scans
windows mounted on a short side arm which is joined to thevere averaged before attempting a fit via the master equation
cell at its midpoint and passes through the inner jacket. Th@pproach which is described below.
photomultiplier, the optical filter and a collecting lens were ~ NO (Electrochem Ltd., 99.99% or Air Products, 99.56%
mounted in a central housing which was clamped to the jackwas admitted to the vacuum line via a liquig iap and was
eted cell. The equipment for controlling the firing of the Purified by trap-to-trap distillation until the gas condensed in
lasers and for recording, accumulating and analysing the Litiquid N, as a pure white solid. The sources of the other
signals was the same as that described by Frost ar@gses were as follows: HEAir Products, 99.9995% Ar
Smith2? When recording spectra, LIF signals were normal-(BOC, 99.996% Since the rates of rotational relaxation are

ized to the pulse energies of both the PUMP and PROBESO rapid and relatively independent of collision partner, the

lasers. presence of impurities, even at a level much greater than
The majority of the state-to-state measurements werthose quoted, would have a negligible effect on our results.

made following the initial excitation of either the=2, Q

=1J=0.5 or thev=2, Q=3 J=6.5 level. A smaller num- [ ANALYSIS

ber of measurements were made on transfer from other initia

levels includingrv=2, Q=3 J=6.5. Themeasurements in A. Determination of state-to-state rate coefficients

pure NO were performed with concentrations of betweerffom PUMP-PROBE experiments at a fixed

6x 10" and 10<10'® molecule cm3. The experiments de- time delay

signed to study the effects of He and Ar as collision partner At short delays, where there is negligible probability of
were carried out with between XA0" and 5x<10®°  molecules being transferred back into the initially populated
molecule cmi® of NO and between 210" and 5<10"  rovibronic leveli by collisions, the population of level
molecule cm® of He or Ar in the gas sample. (X 21; v=2; Q;; J;) decays as

The state-to-state rate coefficients for energy transfer 0
were obtained from LIF spectra recorded with short delays Fi() =Ni()/N7 = exp(—kint), @)
set between the OPO-PUMP and uv-PROBE laser pulsewhereF(t) is the fraction of molecules remaining in state
The delay was chosen to correspond to the time at whiclat timet, k; is the second-order rate coefficient for transfer
<20% of the excited molecules would have been transferredut of leveli, irrespective of final level, and is the number
from the initially excited level. Thus at 295 K and a NO density of the collision partneN;(t) andN? are the concen-
concentration of X10" molecule cm®, a delay of 100 ns trations of NO molecules in the levelat timest andt=0.
was selected; at 80 K, and for NO/Ar mixtures at a totalThe fraction of the population in a levdl populated by
concentration of #10' molecule cm?, a delay of 30 ns single collisions from level can be expressed as
was chosen. In order to reduce the effect of jitter in the firing
of the two lasers, the intensity at each point in the LIF spec- Fi()=N;()/N?=(kif /k){1— exp(—kint)}, )
tra was the average resulting from ten shots. Principally bewhere k;; is the state-to-state rate coefficient for transfer
cause of this timing jitter, we estimate 10% errors on thefrom leveli to level f. At small values of ,t), i.e., small
state-to-state rate coefficients for NO—-NO collisions andcollision probabilities, this expression simplifies to

0 1CI — —

iglﬁosgr:g.rs on the rate coefficients for NO—He and NO—Ar E ()= (ki Ik ) (Kint+ ---) ~kint 3)

In the kinetics experiments in which time profiles of the with k;=X=k;; .
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Vibrational self-relaxation is ca. 100 times slower than dN
rotational self-relaxatioh? and the difference is greater for HIKN- (4)
noble gases as collision partners. Consequently, vibrational
relaxation can be neglected and the observed depopulation dhe complete matrix of state-to-state rate coeffici¢qitsan
the initially excited state is mainly caused by rotational en-be obtained by modeling the time dependence of the popu-
ergy transfer within the same vibronic manifold, with a lations in the initially excited level and in the levels to which
smaller contributionsee below from transfer between the transfer occurs. This kinetic behavior can be calculated by
rotational manifolds of the two spin—orbit states. The totalintegrating the coupled differential equations which can be
rates of depopulation, including loss by diffusion of excitedWritten as
molecules out of the PROBE volume as well as by all forms ,
of collisional energy transfer, could be measifedy ob- —2 = (kgNe+kN;)), (5
. . . dt &
serving the temporal decay of signals from the leivéThe
state-to-state rate coefficients,;, for NO-NO collisions  wherek,; is the rate constant for population transfer from
could be determined from experiments on samples of purtevel k to level j, k; is the rate coefficient for total transfer
NO, by evaluatingF((t) at a sufficiently short time delay from levelj, andN,, N; are the populations in levels j. In
and dividing its value by the product of the time delay andorder to reduce the number of differential equations, the
the concentration of NO. The relative intensities of LIF sig-model is simplified by including only the lowest 20 rota-
nals from different levels ifX 2IT could be converted into tional levels of each spin—orbit component e£2. These
relative populations using the known rotational line strengthievels account for>96% of a Boltzmann rotational distribu-
factors or by adopting the procedure described in the nexion at room temperature, and99% forT=200 K, and the
paragraph. For mixtures of NO dilute in He or Ar, it was number of differential equations are reduced to 40. In prac-
necessary to allow for the effects of NO—NO collisions intice, to model the variation of populations properly at long
order to extract values d; for NO—He and NO—Ar colli- times, allowance had to be made for loss of population from
sions. every level by vibrational relaxation and by diffusion of ex-
In each experiment designed to yield state-to-state rateited molecules out of the PROBE volume. This was done by
coefficients, two LIF spectra were recorded: one at a shoiihcluding aj independent first-order loss term on the right-
time delay corresponding to ca. 15% collision probability,hand side of each rate equation.
and the other at a much longer time delay, corresponding to
ca. 6 collisions and allowing for a Boltzman distribution over
rotational states to be established. From these observatio
N;(t)/N? could be calculated in two ways. First, by measurrﬁ/' RESULTS
ing the intensities of a uv line from the initially populated A. Collisionally induced rotational population transfer
level at short and long time delays. These intensities could be
extrapolated back tb=0 to find the initial intensity of the
same line. Applying corrections for the relative line strength

factors yielded values dﬂf(t)/Nio' Alternatively, Nio could different temperatures from room temperature down to 80 K,

be e§timated by summing the intensit.ies 9f all lines in thehas resulted in an extensive body of data which has been
rotationally relaxed spectrum. In practice, it was found tha%ublished earliet’ The total rates of loss from a single rovi-

the first method led to larger errors, as the large difference i ronic level were measured by fixing the frequency of the
PROBE to coincide with an ultraviolet transition from the

the intensities of lines from the initially populated and other
r\ﬁitially excited level and scanning the time delay between

OPO-PUMP and the uv-PROBE. The rate coefficients for
overall relaxation measured by Islaet all? (see Tables 1

d 2 of Ref. 1D are essentially independent of the initial

tational and vibrational level of NO, within the ranges cov-
ered in those experiments. Furthermore, for most of the col-
lision partners studied, the thermally averaged cross sections
for total transfer were found to be independent of tempera-
ture within experimental error. There is a slight dependence
on collision partner, the cross section being smallest for the
light gases, He and H and largest for the molecular colli-

A second way to determine state-to-state rate coefficientsion partners like NO and N Because the second-order rate
for energy transfer within the same vibrational level is tocoefficients for rotational relaxation within the=2 andv=3
adopt a master equation approach which models the evollevels of NO are very similar, it is reasonable to assume that
tion of individual level populations as molecules are trans-the state-to-state mechanism for rotational relaxation within
ferred among a set of rotational levels.Nfis the array of different vibrational levels is identical. For this reason, and
level populations and is the matrix of state-to-state rate because measurements on (W©2) can be made more ac-
coefficients for processes connecting the individual levelsgurately, state-to-state rate coefficients have only been mea-
the time dependence of is given by sured for NQv=2).

The study of the total rates of rotational relaxation from
selected rovibronic levels in the electronic ground state of
NO(X 2IT), with a variety of collision partners and at three

signals from level overloading the boxcar integrator.

The analysis in this part of our investigation was greatly
aided by writing a Quick-BASIC program, which allowed
LIF spectra to be assigned on screen and which calculat
values ofN(t)/N° andk;; automatically.

B. Modeling the profiles of LIF signals with time
using a master equation approach
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FIG. 3. LIF spectra of thed 23" —X 2II (2,2 band recorded at different Frequency / cnv!

delay times after excitation of 200 mTorr of NO at 295 K to the rovibronic

level X 2TI, v=2, Q=%, J=6.5. Thelongest time delay is Ls, correspond-

ing to ca. 2.5 collisions on average, but the time axis is only approximatelyFIG. 4. LIF spectra of the\ 23" —X 21T (2,2) band recorded at 295 K and

linear for the sake of clarity. The theoretical spectrum illustrates the ex-a delay time of 30 ns corresponding to a collision probabilityPgf,~0.1

pected appearance of this band from a thermally equilibrated sample at 29%llowing excitation of(a) 300 mTorr of pure NO, an¢b) 60 mTorr of NO

K. diluted to 300 mTorr in Ar, to the rovibronic leveX 2I1, v=2, Q*-
J=6.5.

Rotational state-to-state rate coefficients have been mea-
sured in the present work at 295, 200, and 80 K with NO,
He, and Ar as collision partners. Most experiments were pertroscopic lines, the overall quality of the spectrum, and the
formed by initially exciting NO to either=2, Q=3, J=0.5 linewidth of the probe laser meant that this ideal situation
ortov=2,Q=3 J=6.5. Asmaller number of measurements applied to only a few rovibronic states. Nevertheless, the
were carried out with initial excitation to=2, Q=3 J=1.5 relative populations in different levels could generally be cal-
or 4.5 and tov=2, =% J=6.5. culated from more than one line intensity compensating, to

As Fig. 3 shows, under collision-free conditions, the uv-some extent, for fluctuations in the power of the probe laser.
PROBE spectrum is particularly simple consisting of only Figure 4 shows typical LIF spectra recorded at a short
four lines from the single level populated by the OPO-time delay. In both cases, the initially pumped level was
PROBE. As the time delay between OPO-PUMP and uvw=2, Q=3 J=6.5 and the temperature was 295 K. The
PROBE is increased, the intensities of these lines decreaspper spectrum was recorded with a delay time and a pres-
and lines from other levels iX °II, v=2 grow stronger. The sure of NO which yields a collision probabili.,~0.1. As
observed frequencies agree very well with those of the simuwell as the four strong lines from the initially populated
lated spectrum, calculated with the molecular constants frontevel, the spectrum shows about 80 weaker lines arising from
Ref. 21. The relative line intensities atuls show some dif- other rotational levels of N@=2). The lines to the right-
ferences from those in the calculated spectrum, partly due tband side of the diagram, with wave numbe45 110 cm*
the variations in the intensity of the probe laser over thecorrespond to transitions from the lowéR=3) spin—orbit
range required to scan the LIF spectrum and because mooemponent, whilst those with frequencies45 110 cm?
than 2.5 collisions are required tolly establish thermal arise from the uppefQ=3) spin—orbit component. This
equilibrium over the rotational and spin—orbit states. probe spectrum, and others like it, show that molecules are

Since there are four allowed uv transitions from eachtransferred in single collisions to many different rotational
rovibronic state inX %II, the relative population in any levels, up to and including=15.5.
single rovibronic level can, in principle, be estimated from State-to-state rate coefficients for each observed relax-
the average of four observations. In practice, overlap of speation channel have been calculated by the method described
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9682 Islam, Smith, and Wiebrecht: State-to-state rovibronic relaxation

TABLE |. State-to-state rate coefficients for rotational energy transfer from different initial levels in spin—orbit
preserving and spin—orbit changing collisions between &2, Q, J) and NO at 295 and 200 K. The
asteriskg*) denote the initially populated rovibronic levels.

kSt.-tO-S‘/. kS[.’tO-S'! kSt.-tO’Sl{ kSt.-t-St./ kSt.’tO-S‘[ kSt.-tO.SJ
(uTorrts™) (uTorrts™ (uTorrts™) (uTorris™) (uTorrts™) (uTorrts™?)
Jia Quna  T=295K  T=295K T=295K T=200K T=200K T=200K

0.5 0.5 * 0.15 0.11 * 0.25 0.28
15 0.5 1.58 0.44 0.18 3.36 0.48 0.68
2.5 0.5 1.64 0.57 0.50 1.69 0.85 0.61
35 0.5 0.87 0.69 0.53 1.44 0.91 0.74
4.5 0.5 1.34 1.21 0.64 1.30 1.73 0.78
55 0.5 1.04 1.26 1.05 0.77 1.63 111
6.5 0.5 0.91 * 1.15 0.70 * 1.48
7.5 0.5 0.53 1.23 0.74 0.40 1.23 1.17
8.5 0.5 0.67 1.23 0.74 0.40 121 0.79
9.5 0.5 0.34 0.71 0.69 0.72 0.53
10.5 0.5 0.72 0.79 0.56 0.74 0.57
11.5 0.5 0.41 0.23 0.25
12.5 0.5 0.26 0.27 0.27 0.33 0.33
13.5 0.5 0.20 0.19 0.14
145 0.5 0.15 0.19
15.5 0.5 0.12 0.10
15 15 0.09 0.20 0.63 0.18 0.20
25 15 0.17 0.22 0.43 0.30 0.27
3.5 15 0.18 0.48 0.34 0.37 0.45
4.5 15 0.24 0.72 0.34 0.48 0.62
55 15 0.33 0.91 0.27 0.56 0.67
6.5 15 0.40 * 0.30 0.58 *
7.5 15 0.37 0.78 0.43 0.51
8.5 15 0.24 0.71 0.30 0.41
9.5 15 0.15 0.37 0.21 0.27
10.5 15 0.12 0.24 0.16 0.18
11.5 15 0.09 0.17 0.09
12.5 15 0.07 0.16
135 15 0.06 0.12
145 15 0.04
155 15 0.03
16.5 15 0.02
17.5 15 0.03
2 k= 9.2+0.2 12.1-0.3 13.2£0.3 12.9:0.1 14.6:0.3 12.7#1.9
Kong= 11.6+0.1 12.3:0.3 12.6-0.3 12.8-0.2 14.3-0.1 14713

in Sec. Ill. The results are listed in Tables I-IV. In Figap  within the Q=3 manifold. However, this difference arises, in
the state-to-state rate coefficients for transfer frga2, (1= large part, from the Boltzmann factor, €xpAE. JRT),
3,J=6.5 atT=295 K and with NO as collision partner are whereAE,_,is the splitting between the two spin—orbit com-
shown as a function of final rotational state. Those for smalponents. In NO—NO collisions there is otherwise no large
changes in rotational angular momentum, i.e., sm\dll are  propensity for retention of(}, although the situation is
larger than those for largaJ for both () preserving and)  clearly different[see Fig. 8)] in collisions of NO with Ar
changing transitions. The rate coefficients for transfer to roand He.
tational levels of the spin—orbit manifold different from that The observed rate of total loss out of the initially popu-
containing the initially excited level are consistent with anlated level should, of course, correspond to the sum of the
exponential gap law(see below. However, for transfers state-to-state rate coefficients for rotational relaxation, in-
within the same spin—orbit component, the rate coefficientgluding spin—orbit changes, and vibrational relaxation.
do not decrease monotonically with] or change in internal Moreover, because rotational relaxation is much faster than
energy AE, rather there is some preference for eued  vibrational relaxation or diffusion out of the PROBE volume,
rather than oddAJ, although this propensity is only just the total loss rate is almost identical to that of rotational
observable, as these even—odd fluctuations are of the samelaxation. At the foot of Tables | and II, we gi&k;; , the
order as the error bars on the values of the individual ratsum of the state-to-state rate coefficients for rotational and
coefficients. spin—orbit transfer fromv=2, Q=3 J andk; the directly
With NO as collision partner and a temperature of 2950bserved rate coefficient for total loss out of the same level.
K, the rate coefficients for transfer frofd=3to Q=32 are  For spectra recorded with good signal:noise ratio, like that
smaller than the corresponding rate coefficients for transfeshown in Fig. %a), the two values are the same within ex-
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TABLE II. State-to-state rate coefficients for rotational energy transfer from different initial levels in spin—orbit
preserving and spin—orbit changing collisions between W6 2, ), J) and NO at 80 K. The asterisk¥)

Islam, Smith, and Wiebrecht: State-to-state rovibronic relaxation

denote the initially populated rovibronic levels.

kSt.-tO-S[[ kSt.-tO-S[l kSt.-tO-Sl{ kSt.-tO-S[[ kSt.’tO-Sl[
Jtinal Qtinal (uTorrts™)  [uTorrts™d)  (uTorrls™d  (uTorris™d  (uTorrts™?
0.5 0.5 * 3.08 1.35 0.84 3.08
1.5 0.5 5.45 * 2.29 2.32
2.5 0.5 6.22 6.14 4.19 2.60 6.14
35 0.5 4.95 5.32 4.76 3.61 5.33
45 0.5 3.77 3.33 * 2.99 3.33
55 0.5 2.47 2.10 3.73 3.82 2.10
6.5 0.5 2.20 1.40 1.85 * 1.40
7.5 0.5 1.35 1.62 1.35 3.18 1.62
8.5 0.5 0.72 0.50 1.12 2.19 0.50
9.5 0.5 0.78 0.49 0.80
10.5 0.5 0.32
11.5 0.5 0.27 0.20
12.5 1.5 0.15
1.5 1.5 0.51 0.27 0.27 2.67
2.5 1.5 0.40 0.27 3.99
35 1.5 0.41
4.5 1.5 0.20 0.46 1.97
5.5 1.5 0.28
6.5 1.5 0.26 *
75 1.5 0.09 0.09 0.89
8.5 1.5
9.5 1.5 0.14
10.5 1.5 0.07
2 k= 28.4+0.57 25.2:0.33 21.450.31 25.450.27 25.2:0.37
Kong= 26.1+0.24 28.5:0.24 30.0:0.45

TABLE lll. State-to-state rate coefficients for rotational energy transfer from different initial levels in spin—
orbit preserving and spin—orbit changing collisions of KG=2, (), J) in mixtures containing 20% NO in Ar

at 295, 200, and 80 K. The asteris9 denote the initially populated rovibronic levels.

kSt.'IO'SII kSt.’tD'Sl[ kSt.'tO’Sl[ kSt.'tO'St[ kSt.’tO'St[ kSt.'tO’Sl[
(uTorr ts™Y) (uTorris™) (uTorrls ) (uTorris™?) (uTorris™d) (uTorrls?
Ja  Quma  T=295K T=2905K T=200K T=200K T=80K  T=80K
0.5 0.5 * 0.07 * 0.24 * 0.49
1.5 0.5 1.04 0.16 1.39 0.12 2.93 0.70
2.5 0.5 0.77 0.32 1.12 0.38 3.87 1.38
35 0.5 0.34 0.28 0.71 0.57 1.60 1.41
4.5 0.5 0.33 0.62 0.79 1.06 1.72 1.79
55 0.5 0.20 0.41 0.40 0.68 1.07 1.88
6.5 0.5 0.20 * 0.45 * 0.81 *
7.5 0.5 0.11 0.52 0.48 0.40 0.27 1.22
8.5 0.5 0.06 0.52 0.86 0.33 0.87
9.5 0.5 0.05 0.23 0.37 0.32
10.5 0.5 0.26 0.21 0.35
11.5 0.5 0.12 0.18
12.5 0.5 0.11 0.15
1.5 1.5 0.17 0.03 0.07 0.32
2.5 1.5 0.10 0.04 0.11 0.34
35 1.5 0.08 0.05 0.13 0.29
4.5 1.5 0.09 0.06 0.15 0.45
55 1.5 0.11 0.07 0.13 0.22
6.5 1.5 0.06 0.09 0.19 0.21
7.5 1.5 0.05 0.07 0.14 0.15
8.5 1.5 0.04 0.06 0.08
9.5 1.5 0.03 0.04 0.06
10.5 15 0.02 0.03 0.08
> kij = 4.0+1.0 4.4+0.9 54-1.1 6.45-1.3 54-1.1 12.4:2.6
Kong= 6.3x1.0 6.2-1.5 8.4-1.4 9.1+1.9 8.4-1.4 16.1+-2.4

9683
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TABLE |V. State-to-state rate coefficients for rotational energy transfer from different initial levels in spin—
orbit preserving and spin—orbit changing collisions of RG-=2, (), J) in mixtures containing 20% NO in He
at 295, 200, and 80 K. The asteriskg denote the initially populated rovibronic levels.

kSt.-tO-S‘/. kS[.’tO-S'! kSt.-tO’Sl{ kSt.-tO-S[[ kSt.’tO-S‘[ kSt.-tO-Sl{
(uTorrts™)  (uTorrts™ (uTorrts™) (uTorris™d) (uTorrts™) (uTorrts™?)
Jia Quna  T=295K  T=295K T=200K T=200K T=80K  T=80K

05 05 * * 0.14 * 0.66
15 05 1.51 0.11 1.67 0.19 3.05 0.44
25 05 0.59 0.25 1.44 0.73 2.34 0.66
35 05 0.58 0.14 1.33 0.52 1.28 1.02
45 05 0.32 0.61 0.80 1.08 1.54 1.88
55 05 0.22 0.51 0.42 0.87 0.69 1.84
65 05 0.25 * 0.36 * 0.37 *
75 05 0.15 0.80 0.29 0.57 0.23 1.16
85 05 0.11 0.64 0.18 0.59 0.18 1.14
95 05 0.08 0.25 0.27 0.06 0.21
105 05 0.02 0.27 0.21 0.15
115 05 0.03 0.17 0.16
125 05 0.12 0.11
15 15 0.04 0.12 0.18
25 15 0.07 0.21 0.22
35 15 0.07 0.15 0.22
45 15 0.07 0.21 0.14
55 15 0.09 0.19 0.07
65 15 0.08 0.22 0.05
75 15 0.07 0.16 0.04
85 15 0.06 0.11 0.05
95 15 0.04 0.07
105 15 0.04 0.08
S kj= 4810 4.6-0.9 6.5:1.3 6.6c1.3 9.7:2.0 10.1£2
Kon=  7.1x1.0 7715 7.8:14 10.2¢1.9 13.0:2.4 17.7:3.6

perimental error. Table | presents our measured state-to-statéhen the collision partner is Ar or He. Again, the rates of
rate coefficients for NO—NO collisions, for the initial states rotational energy transfer to different final rotational levels
v=2, =3 J=0.5 and 6.5, anv=2, Q=3 J=6.5 for  within the same spin—orbit state is consistent with an expo-
T=295 and 200 K, whereas Table Il lists state-to-state rat@ential gap lawin eitherAJ or AE, see below In addition,
coefficients for transfer from=2, Q=3 J=0.5,15, 45, for smallAJ, the transfers with evenJ are apparently pre-
and 6.5 andv=2, =3, J=6.5 for T=80 K. ferred over those with oddJ. Because relaxation within the
The state-to-state rate coefficients for rotational relaxsame spin—orbit component in NO-NO collisions is ap-
ation fromv=2, Q=3 J=6.5 in NO-NO collisions at these rqximately 50% faster than in NO—Ar or NO—He colli-
three temperatures are displayed in Fig. 6. At 295 K, theions the state-to-state rate coefficients listed for the mix-
shape of the cusp function, which approximately descrlbeﬁ”es are approximately 10% greater than those for NO—Ar
the \{ariation of th.e_r'ate coefficients withJ, is almost sym- " and NO—He collisions alone.
”?et“c about t.he.mlt‘l‘ally populate:d level and the rate coeffi- The main difference between NO and Ar or He as colli-
cients for excitation“up-transfers”) are almost the same as _. . . . . o .
sion partners is clearly the difference in their ability to in-

for de-excitation(*down-transfers). As expected, the de- changes in the spin—orbit component. With both He and

crease of the rate coefficients with positive]l becomes the rat fficients fof)-chanai llisi learl
steeper as the temperature is lowered. Thus at 80 K, the ratég € rate coetticients -changing coflisions are clearly

of rotational transfer withAJ>2 are insignificant compared V€'Y much smaller than those fél-preserving transfers, as
with the total relaxation rate. This is not the case for highelS apparent if the specrtra in Figs(a and 5b) are com-
temperatures. The effect of decreasing energy being avaiRared. The quality of the probe spectra obtained from NO-
able at low temperatures is also visible in the small signal§'oPle gas mixtures was poorer than that obtained from pure
from levels in the upper spin—orbit component at 80 K. AtNO, since smaller concentrations of NO had to be used in the
this temperature the Boltzmann factor, éxp\E, JRT), is former case. Because of the resulting experimental errors and

only 0.1 so that upward transfers between the two spin—orbipecause the rate coefficients fé-changing NO—Ar and
manifolds necessarily become rather slow. NO-He collisions are very small, it is impossible to derive

Tables Il and IV list state-to-state rate coefficients for numerical values of these state-to-state rate coefficients.
rotational energy transfer in collisions in 20% mixtures of These factors largely explain the larger experimental errors
NO in Ar and in He. Many of the features found for rota- and the apparent difference in the valuesgk;; andk; for
tional energy transfer in NO—NO collisions are reproducedhe NO-noble gas systems.
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FIG. 5. State-to-state rate coefficients at 295 K for transfer of NO from

v=2, (=3, J=6.5 in collisions with(a) NO, and(b) in mixtures of 20% FIG. 6. State-to-state rate coefficients for rotational energy transfer from
NO in Ar. The open circles represent rate coefficients for rotational energy=2, Q=%, J=6.5 in NO-NO caollisions at different temperaturéa: 295
transfer within the samé)= %) spin—orbit component, and the filled circles K, (b) 200 K, and(c) 80 K. The lines are fits to the rate coefficients for up
those for transfer to levels in the highg2=3) spin—orbit component. transfer to theA J-exponential gap lawsee the text

B. The analysis of state-to-state rotational energy

) . mTorr the collision probabilityP.,,~0.1. These conditions
transfer using a master equation approach

are those used to obtain the PROBE spectrum shown in Fig.
For these kinetics experiments the OPO-PUMP wagka) and to derive the state-to-state rate coefficients in the
fixed on theP(7.5) transition in the(2,0; Q=3—13) subband manner described in the previous section.
so that NO molecules were initially prepared in the2, To first approximation, the LIF signals rise linearly with
Q=3 J=6.5 state. The experiments were carried out atime at delays which are short enough to correspond to
T=295 and 200 K. The growth and the decay of populationP.,;<0.2. In this range, the slope of the signal vs time pro-
in J levels inv =2 were monitored by scanning the PUMP- file is directly proportional to the state-to-state rate coeffi-
PROBE delay time with the PROBE frequency fixed to cor-cient corresponding to transfer directly from the initially
respond to a uv transition from the particulhtevel whose populated level to the level whose population is being ob-
kinetics was being observed. Using this method, informatiorserved. As the delay between PUMP and PROBE is in-
concerning collision-induced changes with=+1, =2, creased, the variation of the LIF signals with time becomes
+3, —4, —5 was collected. less simple, since a significant number of relaxation pro-
The time dependence of the PROBE signals from severalesses begin to contribute to the time dependence of the ob-
rotational states are displayed in Fig. 7. All these traces showerved concentration.
a roughly biexponential variation with time. They mainly In order to analyze the kinetics of collision-induced ro-
differ in their form at small time delays and in their ampli- tational energy transfer in NO, we have adopted the master
tude. The initial rate of increase of the signals from differentequation model described above. With 40 rotational levels
levels differ. For example, fod=5.5 the initial increase is included, the model requires the values of 1600 state-to-state
much steeper than faF=1.5. At an NOpressure of 300 rate coefficients. With only 18 time-dependent PROBE sig-
mTorr and with a time delat=3 us, the longest used in nals available, and each of these carrying significant experi-
these measurements, every molecule has undergone an averental errors, it was clearly necessary to reduce the number
age of nine collisions and the rotational distribution is totally of independent variables before attempting a fit between the
relaxed. By contrast, ifAt is only 30 ns andp(NO)=300 experimental results and the simulations. This was done by
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anda for the energy gap fitting lawB and 8 for the angular
J=15 J=2.5 momentum gap fitting law, an@ and vy for the power gap
fitting law. The rate coefficients for exothermic transfers
were assumed to obey one of the fitting laws given in Egs.
(6a)—(6¢) while those for endothermic transfers were calcu-
lated via the principle of detailed balance according to the
relationship

(ki Ikq) =1{(23s+ 1)/(2J;+ 1) }exp([E;— E;]/kgT). (7)

The calculations also assumed that the sum of the state-to-
state rate coefficients for rotational energy transfer from a
particular level corresponded to the rate of total loss from
that level; i.e. ki= —=; . ¢ki; .

Traditionally, the exponential energy gap law for rota-
tional energy transfer has referred to an overall energy deficit
|AER4| for the pair of colliding molecules; that is, it has
taken into account changes of internal stateboth mol-
ecules. For an atom as the collision partner, there is, of
course, a change of internal state only in the observed mol-
ecule. On the other hand, for a molecule as collision partner,
energy can also be transferred R~R energy transfer
thereby, in principle, reducing the energy mismatch. The pos-
sible role of such processes has been investigated for HF—HF
collisions?? It was concluded that even HF, which is strongly
polar and has widely spaced rotational levels, can be treated
like an atom-like collision partner, at least in thermally
equilibrated samples, and that the exponential energy gap
law can be used with the energy differendeE;¢| instead of
|AERq]. This encouraged us to use this law in analyzing the
FIG. 7. Kinetic plots showing the variation of individual populations with reésults of rotational energy transfer in collisions between NO
time following initial excitation of thev=2, Q:%, J=6.5 level in asample molecules.

of 300 mTorr pure NO. The points represent the experimental data. The The master equation model which has been used to
curves are calculated from a model based on the use of master equations and

a two-parameter representati¢k;; =B exp(— SAJ)} of the state-to-state simulate changes i within NO_ (X, v=2, Q_Z) Is very
rate coefficients. well known, as are the equations used to calculate the de-

tailed balance factor and the energies of the individual states.
Kinetic traces predicting the time development of the
E;}ROBE intensity have been calculated for each of the pro-

Population/%

Time/us Time/us

adopting a number of fitting laws to represent the functional
dependence of the state-to-state rate coefficients so as

minimize the nu'ml'oer of paramete_rs n th_e kinetic malkix cients for direct transfer to other rotational levels from2,

For transfers within the same spin—orbit component, thre@l:%’ J=6.5,which was the level initially populated by the
different fitting laws have been tested. In two, the values ofyp5_ PROBE in the experiments, have been extracted out of
the state-to-state rate coefficients were assumed to depend g3 \inetic matrix and are listed in Table V. All the different
AEq, the difference in rotational energy between the initialgying |aws predict very similar state-to-state rate coeffi-

and final states; in the third, the state-to-state rate coefﬁciemaents The parameters for the simulations using all three
depend onAJ, the difference in rotational momentum be- fitting .Iaws are given in Table V

tween the states. Explicitly, the fitting laws considered for
AQ=0 are as follows:

osed fitting laws. The computed curves are compared with
e PROBE traces in Fig. 7. The state-to-state rate coeffi-

V. DISCUSSION

Exponential energy gap law The only results which can be directly compared with

kif=A exp(— a|AEy|/KsT), (68 the state-to-state rate coefficients reported in the present pa-
per are those determined by Sudbo and topheir data set
Energy power gap law is more limited than our own and they made measurements
ki =C(|AE,oJ/ksT) 7, (6b)  only at room temperature. In addition, their experimental
method differed in several significant ways from that em-
Exponential angular momentum gap law ployed in the present study. For example, they operated at a

k=B exp(— B|AJ]) (60)  fixed, very short, time delagAt=30 n9 and higher sample
if ' pressures. In each series of experiments, they fixed the fre-

Here,kg is the Boltzmann constant arfidthe absolute tem- quency of their uv-PROBE, which generated REMPI signals

perature. Each fitting law has two adjustable paramefers, via lines in theA 23" —X 2I1(2,2) band, and scanned the
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TABLE V. Comparison of experimental state-to-state rate coefficients for transfer from=tBe(0=0.5,J=6.5 level in NO—NO collisions at 295 and 200
K with the values predicted from the kinetic simulations using the three forms of the fitting laws given in the.&egt=exponential energy gap law;
e.a.g.I=exponential angular momentum gap law; psgdower gap law The parameters used in the fitting laws are given in the last two lines of the table.

kSt.-10-S1{ kS'.-tO-Stl. kSL-tO-S[[ kSt.-tO-Sl{ kSt.’tO-S'! kSt.-tO-S‘[ kSt.-tO-SM kSt.-tO-SJ
(uTorrts™) (uTorrts™) (uTorrts™) (uTorrts™) (uTorrts™) (uTorrts™d) (uTorrts™) (uTorrts™)
Jiinal T=295 K T=295 K T=295 K T=295K T=200 K T=200 K T=200 K T=200 K
0=0.5 exp. data e.eg.l. e.a.g.l p.g.l exp. data e.eg.l. e.a.g.l p.g.l
0.5 0.15 0.19 0.29 0.19 0.25 0.23 0.28 0.23
1.5 0.44 0.32 0.35 0.31 0.48 0.39 0.36 0.37
2.5 0.57 0.61 0.61 0.58 0.85 0.76 0.65 0.68
3.5 0.69 0.71 0.71 0.65 0.91 0.90 0.79 0.76
4.5 1.21 1.16 1.19 1.07 1.73 1.53 1.38 1.25
55 1.26 1.25 1.34 1.28 1.63 1.72 1.60 1.51
6.5 * * * * * * * *
75 1.23 1.27 1.38 1.26 1.23 1.64 1.56 1.39
8.5 1.23 1.18 1.26 1.08 1.21 1.33 1.33 1.12
9.5 0.71 0.71 0.78 0.71 0.72 0.69 0.76 0.71
10.5 0.72 0.62 0.69 0.74 0.74 0.51 0.63 0.72
11.5 0.41 0.35 0.42 0.53 0.25 0.24 0.36 0.50
125 0.27 0.28 0.37 0.58 0.33 0.16 0.29 0.54
13.5 0.20 0.15 0.22 0.43 0.14 0.07 0.16 0.40
14.5 0.15 0.11 0.19 0.48 0.04 0.13 0.44
15.5 0.12 0.06 0.11 0.37 0.02 0.07 0.33
a=2 pB=0.4 y=0.47 a=2 B=0.47 y=0.55
A=1.8 B=1.9 C=0.52 A=2.6 B=2.3 C=0.6

frequency of the infrared PUMP laser which was a pulsed
color-center laser. Thus their experiments naturally generatetiable VI we list the total and state-to-state rate coefficients

To facilitate a comparison of these two sets of results, in

a set of state-to-state rate coefficients for transfer a par-  for transfer between rotational levels in N@=2, Q=3) in
ticular final state rather than a set of state-to-state rate coe™NO—NO collisions at room temperature determined in both
ficients for transfeffrom a particularinitial state, as in our the present work and by Sudbo and L!8yAlthough there are
experiments. significant differences between individual values of the state-

TABLE VI. Comparison of state-to-state rate coefficients for transfer Withirﬂh% spin—orbit component in NO—-NO collisions at 295 K measured in the
present work with those measured by Sudbo and [[Rsf. 15b)]. The rate coefficients are given in units @Torr* s7%). The horizontal lines of numbers
marked with an asterisk are taken from Sudbo and [Rgf. 15b)]. The remainder of the rate coefficients are from the present work.

‘]initial
Jina 05 15 25 35 45 55 65 75 85 95 105 115 125 135 145 155 165 175 185
05 (11.6 0.15
*0.5 (13.) 1.0
15 1.58 0.44
*1.5 1.8 (11.9 0.8 08 04 03
2.5 1.64 0.57
*2.5 1.8 18 (133 15 1.0 0.8
35 0.87 0.69
45 1.34 1.21
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to-state rate coefficients, it is evident that there is good gen-
eral agreement between the results of these two investiga- 10
tions. In particular, we agre@) on the magnitude of the rate (a
coefficients for total removal of population from an initially
populated level and that these rate coefficients are essentially
independent od within the range of] levels which are sig-
nificantly populated at room temperature; afiid that the
state-to-state rate coefficients show a general decrease as theg o o
values ofAJ (or AE,,,) increases.
Rate coefficients for rotational energy transfer can also o © © 5
be usefully compared with the parameters characterizing col- o Lt . LJ . e o O. Py
lision broadening of spectroscopic transitions in the same 0.5 5.5 105
molecule. As pointed out previousiy,there have been a
large number of studies of collision broaderfingf infrared
transitions in NO. Two of the most recent and thorough sets
of experiments are those of Pireal 2239 on lines in the ®
(2,0 first overtone band. Second-order rate coefficients can .
be calculated from collision-broadening coefficients and
compared with those for rotational energy transfer deter-
mined in direct experiments. Any discrepancy indicates the
existence of collision-broadening mechanisms other than ro-
tational energy transfer. We have noted elsewlehat there - ) |
is a small but significant discrepancy in the case of NO—NO ¢ v o 2 8 © o o
collisions, with the rate coefficients derived from pressure- o Lu . L 2 0 g
broadening data being larger than those measured directly, 0.5 55 105
and have tentatively ascribed this difference to the contribu- Jinal
tion of collisions which changen; but leaveJ unchanged.
The_laCk of ‘T’my pro_pensny _to conservg In Co”'s_'ons In- . FIG. 8. Comparison of cross sections for transfer fren2, )= % J=6.5
volving NO is consistent with both the theoretical predic-to different final rotational levels within the same spin—orbit compon@it:
tions of Orlikowski and A|exandéf(b) and our conclusion in NO—He collisions @—our thermal experiments at 295 K—the beam
(see belowthat there is no significant propensity to conserver fEAeE (PR e P T B E Pt o Gen k.,
m; when collisions induce rotational energy transfer. The NOo_he beam experiments of Joswig al. [Ref. 15b)], and C—cal-
self-broadening and N-broadening parameters also show aculations of AlexandefRef. 14c)], both at a collision energy of 6.1
small (ca. 10%—15%decrease from the lowestvalues to ~ kJmor™.
J=17.5, aswell as larger(ca. 6% values for thef symme-
try components as compared with taecomponents. How-
ever, both these effects are too small to observe in ouponent, are reduced as the temperature is lowered. This effect
IRUVDR experiments without a significant increase in accu-is shown for NO—NO collisions in Fig. 6.
racy, in particular, a higher shot-to-shot stability in the OPO-  Given the minimal dependence of cross sections for en-
PUMP would be required. ergy transfer on temperature, and therefore presumably on
The present experiments are, we believe, the first ircollision energy, in collisions between NO and the rare
which a systematic investigation has been made of the tengases, we have compared thermally averaged cross sections
perature dependence of total and state-to-state rate coeffrom our experiments on NO—He and NO—Ar mixtures, with
cients for rotational energy transfer, at least at temperaturahe results of the crossed beam experiment by Joswig
below room temperature. It will be especially interesting toet al**® The collision energies in their experiments corre-
carry the measurements to still lower temperatures when thsponded to 6.1 and 5.3 kJ mdlfor NO—He and NO-A,
rates of these collisional processes are likely to become semespectively. At 295 K, the average collision energy
sitive to the long-range attractive forces between the colli{3kgT/2) is 3.7 kJ mol’. We have calculated thermally av-
sion partneré? As we have pointed out before, it appearseraged state-to-state cross sections for transfers within the
that the thermally averaged cross sections for total transfef)=1/2 spin component in NO—He and NO-Ar collisions
with the possible exception of those for NO—NO collisions, from the rate coefficients at 295 K listed in Tables Il and IV.
remain unaffected by temperature, so that the rate coeffifhe results are compared in Fig. 8 with the cross sections
cients scale approximately d8/2, an assumption which is derived by Joswigt al!®® It can be seen that the variation
sometimes made in respect of collision-broadening paramef the cross sections withJ are quite similar in both cases.
eters. The main effect of temperature on the state-to-staftéhe absolute values of the cross sections, however, differ
rate coefficients for rotational energy transfer is chiefly thatsignificantly. It seems likely that this is the result of the no-
determined by energetic considerations: the rate coefficientarious difficulty of transforming signals in crossed molecu-
for up transfers, both to rotational levels in the same spin-far beams experiments @bsolutecross sections. The abso-
orbit component and to levels in the higher spin—orbit com4ute cross sections reported by Joswical 2 are based on
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FIG. 9. Comparison of the ratios of state-to-state rate coefficients for for- . * * L
ward and reverse transfer with predictions based on detailed balance includ- 0 . 300 . 600
ing (—) and excluding---) rotational level degeneracie&) ratios of rate Energy Difference |4E|/cm-

constants for transfer betwees2, Q=%, J=0.5 and 6.5 at 80, 200, and

295 K; (b) ratios of rate constants for transfer between pairs of levels amon
v=2, Q=%, J=0.5,1.5, 4.5, and 6.%resulting in six values in total differ- %IG. 10'. Test of energy gapAE|, and angula_r momentum _gaImle rep-
ing in |AJ]) at 80 K. resentations of the state-to-state rate coefficients for spin—orbit changing

processes fromv=2, Q:; J=6.5 tov=2, 0:2, J at 295 K.

a measurement of the attenuation of the primary NO-

containing beam by the secondary, noble gas, beam, arid collisions between N@ =3, J=0.5) and Ar there is a
Joswiget al. themselves point out that this “allows a rough propensity for quite large changes Jnwith the cross sec-
estimate of the absolute value of the inelastic crosstions being rather similar for values afJ between 1 and 9.
sections.” We note that Alexand&® in order to obtain Orlikowski and Alexandéf® have considered the
agreement between the results of his quantum scattering cah;-preserving propensities in rotationally inelastic collisions
culations based on a corrected electron pair approximatiomvolving NO. Although propensities were found for specifi-
(CEPA) surface to describe the NO—Ar interaction and thecally e/f-changing ande/f-preserving collision, they con-
experimental results, multiplied the absolute state-to-stateluded that little propensity would be found in state-to-state
cross sections of Joswigt al!>® by a factor of 0.5342. Al- cross sections of the type measured in the present experi-
exander’s results are included on Fig. 8. ments. This prediction can be tested by comparing the values

It can be seen from Fig. 8 that not only the generalof the state-to-state coefficients for transfer between the same
decrease in state-to-state rate cross sections with increasihgo rotational levels but in opposite directions.
|AJ| but also the slight fluctuations between their values for  Figure 9 displays the results of such a comparison. Panel
AJ even and\J odd for smallAJ are seen in all three sets of (a) compares the ratio of the rate coefficients for transfer
results. Alexander’s calculations indicate that these fluctuafrom state|i)=(v=2, Q=3, J=0.5) to state|f)=(v=2, Q
tions would be much greater if state-to-state rate coefficients=3, J=6.5) with those for transfer in the opposite direction
could be determined which were selective not onlyibut  at 80, 200, and 295 K. Pan@) makes a similar comparison
also in thex component of the initial and final state. for transfer in both directions between the staies2, ()

Our measurements indicate that at 295 K, the integratee-3, J=0.5,1.5, 4.5 and 6.5 at 295 K. Both comparisons are
rate coefficient foK)-changing transfers by He and Ar are no clearly consistent with the supposition that there is no pro-
more than 10% of those fdR-preserving transfers in both pensity for preservingn; in rotationally inelastic collision,
cases. These results are in good agreement with those oio- agreement with the theoretical prediction of Orlikowski
tained by Joswig etal’™® and the predictions of and Alexandet®® and with the supposition that our experi-
Alexander*© Joswiget al. observed, in agreement with Al- ments only probe the results dfchanging transfers. Conse-
exander’s calculations, that for multipet-changing transfergjuently, the ratio of rate coefficients obeys detailed balance
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first-correlation clearly does better, although it should be re-
(a) membered that an energy gap correlation would be recovered
if |JAE| was taken to be the change only in thational
energy. Nevertheless, on balance, it seems as if this evidence
supports the notion that angular momentum is the dominat-
ing influence in rotational energy transfer.

In addition, in Fig. 11, we follow Dopheidet al. in
plotting the logarithm of state-to-state rate coefficients
against|AJ| for spin—orbit preserving NO—NO collisions at
80 K, distinguishing the data for different initial rotational
levels. Each set of data from a particular initidkevel shows
0 ' 2 ' 4 ' 6 a good correlation witid J but the slopes of these plots are
A different. However, all the points can be brought approxi-
mately on to the same line when allowance is made for the
) different ratio of degeneracies in the pairs of initial and final
states. In the second panel of Fig. 11, the same data are
plotted in a different way; now againatE, with sets of data
distinguished by their change ih Each set shows an ap-
proximately linear correlation but the slopes are different for
different AJ. Once again, these correlations seem to point to
the importance of angular momentum effects in rotational
energy transfer.

Ky 1o/ 10°tOrT571]

100

Ket 105/ 10°tOrs7']

4J=3

A44=5

AJ=|6

PN - PR T ST S S DU S S ST

0 50 100 150 200 250 VI. SUMMARY
AE/fem? '

This paper reports the measurement of an extensive set
FIG. 11. Spin—orbit conserving state-to-state rate coefficients for rotationadf State-of-state rate coefficients for rotational energy and
energy transfer from four different initial rotational levels=2, Q=%, spin—orbit transfer in NGX 21‘[' v=2). Effects of collision
J=0.5,1.5, 4.5, 6.5. Graplia) shqus(a) the AJ dependence, an@) the partner(NO Ar He) and temperaturé295 200. 80 K have
AE dependence of the rate coefficients. e ! ! .
been examined. The double resonance method employed in
the experiments used a tunable optical parametric oscillator
according to Eq(7), as assumed in the master equation calto promote NO molecules to a selected rovibronic level and
culations used to model the observed kinetic behaviour o& tunable dye laser to observe the kinetic behavior of the
individual level populations. subset of molecules which had been excited. State-to-state
Finally, we consider our results in the light of the con- rate coefficients were found by observing relative intensities
tinuing debate as to whether changes in internal or rotationah the LIF spectra at time delays corresponding to a probabil-
energy,|AE|, or rotational momentumAJ|, exert a more ity of a collision of<ca. 0.2. In addition, kinetic experiments
powerful influence on state-to-state cross sections or rateere performed in which the changes in concentration in
constants for rotational energy transfer. In general, of coursesollisionally populated levels were observed as a function of
the changes iHAE| and|AJ| are strongly linked so that time delay. Simulating these traces via a master equation
correlations with either quantity prove satisfactory, which-model yielded state-to-state rate coefficients in satisfactory
ever is exerting the physical control. Until recently, correla-agreement with those determined in the more direct experi-
tions with | AE| were more common, invoking the IOSA and ments.
ECS results as justification. Lately, McCaffeey al® and The results demonstrated that in NO—NO collisions
Marks** have argued strongly that collisionally induced rota-there is little propensity to stay in the same spin—orbit com-
tional energy transfer is controlled by the interchange of orponent, in contrast to what is observed in NO—Ar and
bital and rotational momentum which occurs when the colli-NO—He collisions. For all collision partners, the state-to-
sion partners impact on one another. state cross sections decreased with increasihgvith some,
One revealing finding from our own work emerges from scarcely detectable, preference for even changéstrsmall
the measured state-to-state rate coefficients for spin—orbitJ. Finally, we note the propensity farto be conserved in
changing collisions. These datiater alia, are displayed in collisions in which molecules were transferred between
Fig. 5. The propensity is for retention of the rotational quan-spin—orbit components, despite the relatively large energy
tum number. The same data for spin—orbit changing collidifference(ca. 121 cm?) which this entails. This observa-
sions are shown in a different way in Fig. 10. Here, thetion and other evidence incline us to the view that it is the
logarithm of the rate coefficients for transfer in NO—NO col- need to transfer angular momentum between orbital motion
lisions at 295 K are plotted against the changegajirota-  and molecular rotation, rather than changes in internal en-
tional quantum number, anth) the energy difference be- ergy, which exerts the major influence in determining rates of
tween initial and final rovibronic states. On this basis, therotational energy transfer.
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