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State-resolved collisional energy transfer in highly excited NO 5. |. Cross
sections and propensities for  J, K, and m; changing collisions

Bernd Abel,® Norbert Lange,” Florian Reiche, and Jurgen Troe
Institut fur Physikalische, Chemie der Univerdit@attingen, Tammannstrasse 6,
D-37077 Gdtingen, Germany

(Received 14 May 1998; accepted 5 October 1998

State-resolved experiments probing the dynamics i@-PN]Dz collisions at high internal energies

(17 500<E<18 000 cmY) are reported. A sequential optical double resonance technique with
sensitive laser-induced fluorescence detection has been employed for the assignment of states of
NO, in the energy range between 17 500 and 18 000’cra spectral region where the optically
“bright” 2B, state is strongly coupled to high lyingdark” ) states of théA; ground state and

other electronic states. Subsequently, the decay of population and polarization following rotationally
inelastic and elastic collisions has been probed directly using a time- and polarization-resolved
optical double resonance technique. Total depopulation rates have been determined to be about 2—3
times above the Lennard-Jones estimate. The thermally averaged state-to-state cross sections have
been derived from a master equation analysis of the kinetic traces. The rate constants have been
scaled by angular momentum scaling expressions based upon the infinite order sudden
approximation which were modified to account for dynamical restrictions on angular momentum
and polarization transfer. Pure rotational energy transfer within a vibrational state turned out to be
fast and dominating the collision dynamics, whereas rovibrational energy transfer was slower and
proceeded with a lower efficiency. In addition, interesting propensity pattern for angular momentum
and polarization transfer have been found. The individual state-to-state rate constants clearly
indicated that rotational energy transfer in highly excited mifathotig states is still governed by
pronounced propensities iy K, andm; changing collisions. Here; is the projection of] on a

space fixed axis, which is defined by the laser, & the projection of] on the body-fixed
symmetry axis of the molecule. In particular, we have found a propensity for small changgs of

in elastic and inelastic collisions, in accord with recently suggested theoretical models. Interestingly,
we also found a considerably lower probability foK changes in these collisions. The propensities
found for Am; and AK are discussed within the framework of dynanfidnematig collision

models. The observed cross sections, their overall scaling behavior, as well as estimations of the
Massey parameter are consistent with collisions following mostly a direct mechanism for rotational
energy transfer rather than a complex forming mechanism1989 American Institute of Physics.
[S0021-960629)00302-3

I. INTRODUCTION data on the relaxation of polyatomic molecules at high vibra-
tional energy exist. This results mostly from experimental
The determination of efficiencies and propensities forgjfficulties in the state-selective preparation and the detection
collision-induced inelastic processes in small molecules is off the energized molecules. However, recent laser based
fundamental interest because these experiments provide gple resonance type experiments opHEO 13 HCN,M
prot_)e of the_ coIIis_ion dynagnics and thg interaction potentiaIN02’15 and HCO,'6-Bwhich directly monitored the energy
particularly its anisotropy-° An appealing aspect of state- population redistribution within the highly excited poly-

resplveq_ experime_nts at chemically significant engrgies i%uomic molecules, provided a first picture of collisional en-
their ability to provide data that can be compared with theo'ergy transfer at energies above 10 000 &nin contrast, at
retical calculations employing a relatively small amount of '

o . R }ow internal energies, detailed studies are much more com-
averaging; and that they may provide a realistic glimpse o . . . . . .

L Lo Y - mon, leading to a consistent physical picture of inelastic pro-
the collision dynamics in situations where collisional energy

; ; (819-21 ;
transfer competes with reaction dynamics, a situation whiclf€Sses In this regine. '\IIOZ has also baen the subject of
is encountered in collisions of highly excited N@olliding ~ "Umerous non-state-resolved spectroscopy based energy

with (cold) NO,. In spite of this fundamental interest, only a transfer measurergéants_at quite high interal energies for
very limited number of direct, state-resolved experimentaféarly 2 decade**but in these experiments the resolution
was not sufficient to separate rotational energy transfer from

) o the overall relaxation of the molecule.
@Electronic mail: BABEL@gwdg.de

Ypresent address: DGR-LPAS, Ecole Polytechnique Federale de Lausanne, Theory_ _and theoretical m_O(_jeIS for the treatment of
1015 Lausanne, Switzerland. “slow” collisions and “fast” collisions have been reviewed
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by many authors. Most of the rotational energy transfer ex- 2%B
periments have been compared with theoretical models bases KoK A s K' oK 41
upon (inpulsive scattering theory’ 32 often in the infinite : ’ —
order sudden approximation or based upon the Born approxi- :,__
mation. Takayanagt Sakimoto®* Dashevskayat al.>® Ni- N1 T
kitin et al,®® and Nikitin and Umanskii/ on the other hand, o
have developed models which work particularly well for

lower collision energies, and in cases where the energy trans: H Y (A t)
fer in collisions is dominated by nonadiabatic transitions be- e 2

tween the various potential energy surfaces of the approach- y

ing species. f\j b A Ma collisions
As far as state-resolved rotational energy transfer is con-| other states

cerned, there has been much recent interest in the determing Ay 7\/1

tion of the extent to which the projection of the rotational | = N

angular momentumJ, on a space fixed axisn;, is con- S _ N

served in elastic and inelastic collisions of small molecules | Pright state dark state X %A

in cell experiments. However, the extent to which the labo-
ratory projection of], m;, is conserved for an asymmemc FIG. 1 Pump and prqbe excitation scheme. For a particular spectroscopic
top in gas phase collisions has not been extensively Studiea)_(penment)\l or\,is flxcd and the‘other is scgnned. The resultlng doublc
. . . . g résonance spectra provide unambiguous assignments for the intermediate

In a classical picture, reorientation results for a collider €X-state. In this particular energy region the intermediate state is heavily per-
erting a torque on a rotating molecule to turn it about an axigurbed and coupled to dark states which provide most of the Franck—
perpendicular to the rotational angular momentum vectorcondon i_ntensity for the second step. The double resonance is moqitored by
Changes i, in singl-collsion events may be classiied as""en1onof e sctedsete ) luorescence 3 et expernen
elastic or inelastic. Elastic reorientati@gd reorientation is
any collisional event in whichm; is changed, but all other
quantum numbers are unchanged. In inelastic collisionyj| introduce the double resonance technique and the details
events the rotational quantum numbefsand/or K are  of the experimental setup. We will in turn recall general
changed in addition tan; . In either case the loss of orien- theory to scale state-to-state rate constants in this type of
tation or alignment of a molecular ensemble is very impor-experiment and introduce our model for the evaluation of the
tant for the collision dynamics since these processes afginetic traces. Then, we will present the results and compre-
dominated by the anisotropy of the weak, long-range interhensively discuss the observed propensities found for the
action potential which tips the angular momentum vedtor change in angular momentum and its projections on a mol-
relative to the space-fixed axis and is therefore of considerecule and space fixed axis. Finally, we give a summary of the
able interest since it is difficult to obtain information on this conclusions.
part of the potential energy surface. Therefore the data and
conclusions from direct measurements of the polarization de-
cay in NO,—NGO, collisions are of considerable stereody- Il. TECHNIQUE
namical significance and a challenge for theoretical models. The optical double resonance technique has been de-
Unfortunately, the experimental body of data in the literaturescribed in detail in Ref. 15, so only a brief description will be
from experiments with polarization resolution did not pro- given here. According to Fig. 1 we first used the optical
vide a consistent picture about the extent of whith is  double resonance technique 3, "B, /?A«2A,) for
conserved in a collision. The experimental findings rangehe assignments of the N@igenstates. The stepwise exci-
from strict® m; conservation to parti#l m, conservation tation of the NG followed by the observation of the ultra-
and from a dipolam;, dependence with no single-collision violet (UV) emission corresponding to the?B,— X 2A;
elastic contributioff to significant elastic reorientatidf. transition provided simple double resonance spectra that
Recent reviews describe these experiments and their signiftould be easily assigned and analyzed by using the well-
cance in terms of collision theori@4! In parallel to this  established molecular parameters of the inialA;(0,0,0)
experimental work there have been considerable theoreticaind final 2°B,(0,0,0) states. Then, the time-resolved double
efforts in the calculation of fullym; state-resolved inelastic resonance technique was employed for the energy transfer
cross sections for particular atom—molecule systems, and imeasurements. In this case the first laser pulse was used to
the developments of models to explain the existence or alprepare an initial rovibrational population, and the second
sence of constraints on changesmnin inelastic and elastic laser probed the subsequent growth and decay of population,
collisions?9-31:32,38,42-44 either in the initially prepared state or other states, populated

Changes inK, the projection of the molecular angular by the specific energy transfer processes. The occurrence of
momentumJ on the molecule axis, have hardly been inves-the double resonance was monitored by observing the UV
tigated. To our knowledge this is the first detailed investigafluorescence corresponding to the radiative transition from
tion of propensities ilJ, Am;, andAK at the same time in the final state (2B,) to the ground stateX ?A;) Owing to
a polyatomic molecule. the short lifetime of the molecules in the?B, state the

The outline of the present paper is as follows: First wefluorescencdyield) is not affected by collision® With the



J. Chem. Phys., Vol. 110, No. 3, 15 January 1999 Abel et al. 1391

tance pressure gaug®aratron. NO, was obtained from
B I;d:YAG Messer—Grieshein98%) and used without further purifica-
canmate 2E .
lica-plat wavemeter tion.
silica-plate
photodiode IV. DOUBLE RESONANCE SPECTROSCOPY OF NO,
T EIGENSTATES
“(. — Direct measurements of the evolution of population of
telescope/ PC delay- intermediate states are possible in this type of experiment by
filters generation

tuning the two lasers to the corresponding pump and probe
transitions and changing the time delay between the pulses.
In order to properly interpret time- and polarization-resolved
optical double resonance experiments, it is necessary to have
a spectroscopically well characterized and representative set
of states. To obtain such a set of states and the best corre-
- sponding pump and probe transitions we use sequential
" LPD 300 double resonance spectroscopy, for the assignment and iden-
tification of molecular eigenstates, as described in Ref. 15.
FIG. 2. Experimental setup for the spectroscopic and kinetic double resoAll states have been found to be strongly perturbed and
nance experiments. mixed*”* However, even in this case where vibronic chaos
is established among the vibrational levels of highly excited
states the eigenstates could in all cases be unambiguously
known 2A; ground and #B, excited state spectroscdBy®  assigned by this technique. Representative double resonance
the v, and ther; scanned spectrum provided unambiguousspectra for the intermediate stategB0and 9@1) (short no-
assignments for the intermediate states. With a variable timgation for N=3, K=0, J=3.5, »; andN=9, K=0, J=3.5,
delay between the two laser pulses of frequengyandr, 4, see also Table lare shown in Figs. 3 and 4. The relevant
the growth and decay of population in initially prepared oreigenstates for rovibrational energy transfer relevant to this
neighboring states coupled to the first one by collisions coulgnhvestigation are tabulated in Table 1. The spectral region of
be monitored. The advantage over nontime-resolved technterest has been studied, assigned, and analyzed earlier by
niques is that with a time-resolved technique we were able t&hibuyaet al*® and by the authors, and for the spectro-
distinguish single-collision effects from those arising from scopic peculiarities of this spectral region, and of the features
multiple collisions. The polarizations of the two lasers wereof the highly mixed and perturbed eigenstates of ,N@e
set parallel or perpendicular to each other depending on thgfer to Refs. 15 and 49.
type of experiment.

oscilloscope

photodiode

silica-plate

V. RADIATIVE LIFETIMES AND INTRAMOLECULAR
IIl. EXPERIMENT DYNAMICS

A diagram of the experimental apparatus is depicted in  The fluorescence lifetime of the N@olecule is known
Fig. 2. The output of a dye lasécambda Physik Scanmate to be longer than Gus in this energy regiof®>° while the
2E, bandwidth: 0.03 cit, pulse length: 10 noperated with  processes under investigation are much faster. To ensure that
an intracavity etalon and pumped by the second harmonic dhe observed changes of population in the intermediate states
a Continuum NY81C-10 was used to excite Né&d prepare were caused only by energy transfer in collisions and not by
high concentrations in specific excited eigenstates of theadiative decay total depopulation rates of the states under
molecules. A XeCl excimer laser/dye laser combinationinvestigation were measured at different pressures.pFhe
(Lambda Physik EMG MSC/Lambda Physik LPD 3000 plot did not show any deviation from the expected pressure
with pulse energies and widths of 10-15 mJ and 15 ns, redependence and very little offsgirobably due to beam fly-
spectively, with a bandwidth of 0.3 crhor 0.04 cm® (eta-  out) such that loss of population by fluorescence could be
lon) was used to probe the initially populated levels or levelsneglected safely under our conditions. It should be noted that
populated through collisions. The two laser beams werall excited states under investigation are eigenstates of the
counterpropagated in a static stainless-steel cell that coiNO, molecule, which means that they do not show any time
tained the sample of NOmolecules at pressures of 150—700 dependeniintramoleculay dynamics themselves. This was
ubar. The 2B,— X 2A, fluorescence was collected perpen-tested in pump—probe experiments in a supersonic jet under
dicular to the laser beams using &fi:2 optics with two  experimental conditions where no collisions occur. Due to
lenses, a pinhole, and a UV color filtéBchott UG1), and the fact that NQis a stable radical the total angular momen-
detected by a Thorn EMI 9635 QB photomultiplier. A Bur- tum J of this molecule is half integral and defined by N
leigh Instruments WA 5500 wavemeter was employed for+S. J can be assigned in almost all cases with our double
the wavelength calibration and an SR DG535 delay generaesonance technique, although, it is generally difficult to
tor together with two photodiodes and a LeCroy oscilloscopdully resolve the spin splitting in high resolution absorption-
were used to set and control the time delay between the twiike spectra. However, in the energy transfer experiments we
pulses. The pressure of NQvas determined by a capaci- make use of the approximation that we treat the molecule as
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1

4 3
(A) 0 - 1 40 - 41 100,40->11 4

T T T T 1
22420 122430 22440
v/cm

r T M T T T M M
22422 22424 22426 22428 22430 22432
v_/cm-!

2

r M T M T T T T T M 1
T T T T T T 1
17705 17710 17715 17720 17700 17705 17710 ) 11 7715 17720 17725
v_/cm-1 viem
1 FIG. 4. Typical double resonance spectra for the assignment of an interme-
FIG. 3. Typical double resonance spectra for the assignment of an intermeliate state at 17 750.07 ¢ (A) \, fixed and\, scanned an¢B) X , fixed
diate state at 17 716.33 cth (A) A, fixed and\, scanned an¢B) X ,, fixed and\; scanned. In this particular cabe=9, K=0, J=9.5.
and\; scanned. In this particular cade=3, K=0, J=3.5.

total angular momenturd is conservellin all casesN could
a closed shell particle with an angular momentum quantunioe assigned as well dsand in modeling the energy transfer
numberN. We will come back to this approximation later traces we found out that it is sufficient to consider the
(see also part Il of this serieand discuss potential differ- changes oK and angular momentuid (without spin in the
ences between open and closed shell particles and discuss timgational energy transfer of the molecule. Therefore an an-
(possibly hiddehimpact of “open shells” on the vibrational gular momentum change é&fJ=n in all cases means that
energy transfer of highly excited species. Althoudlis, in  changed by. For the spectroscopy of these states we refer to
this case, not a rigorously conserved quantum numdrely ~ Refs. 15 and 49.

TABLE I. OODR transitiond and assignments in the 563—-566 nm range.

label/
N(vpyump Ka(vpump Vib. No. Energy/cn? Pump trans. Vpymp/CM ™t Probe trans. Vprope/CM ™ Ref.
3 0 1 17 716.33 (3,0)—(4,0Y  17707.92 (5,1)—(“4,0") ’ 22 431.43 301)°¢
5 0 1 17 724.33 (5,01 (6,0)’ 17 706.60 (7,1)—(“6,0") ' 22 434.04 5Q)°d
7 0 1 17 736.08 (7,01—(8,0) 17 705.66 (9,1)—(*8,0") ’ 22435.71 701)5¢
9 0 1 17 750.07 (9,0)—(10,0f  17703.83  (11,1)—(“10,0")'  22437.92 oq)°d
8 1 1 17 751.06 (81— (7,1y 1771975  (10,2)—("9,1") " 22431.13 811)cd
13 0 1 17 773.06 (13,00-(12,0y  17707.27 (11,1} ("12,0")’  22408.4 1301)°¢
6 1 1 17 737.92 (6,1 (5,1  17717.85 (6,2)—(“7,1) ' 22419.2 611)°¢
11 1 1 17 777.20 (11,1)-(10,1y 1772256 (11,0 (“12,17)’  22399.2 1141)°¢

4n general there are two transitions for the pump and 3—6 transitieEending orK,) for the probe lasefsee double resonance spegti&e list here only

the transitions which have been used in the energy transfer experiments and which are free from spectral overlap with other transitions. The wavelength
calibration is accurate within 0.01-0.02 chThe primes, ’, and no prime denotes the ground state, intermediate state, and final excited state, respectively.
PAlthough the vibrational quantum numbers cannot be assigned in this energy region the rotational levels belonging to the same vibration can be found by
plotting the term energies of the states &1+ 1). Jis in this caseN (the rotational angular momentum without spamd the spirSis not considered here.

This work.

dShibuyaet al, J. Phys. Chenr97, 8889(1993.
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VI. “SCALING” ROTATIONAL ENERGY TRANSFER E; —Ej-
CROSS SECTIONS KIOS— (2j+ 1)exp( 'k_T)

A general problem in state-resolved energy transfer ex- i s A\?
periments involving polyatomic molecules is the large num- X% 00 0 “(2A+ 1)k o, (1)
ber of levels involved and the large number of rate constants
connecting these levels. However, it is generally recognizevith
that the quantum state-resolved rate coefficients of the sys- -

A VS ko= AT)-LA(A+1)] 7 (1a

tem are(in general not completely independent such that
they can be scaled by a fitting or scaling law expressionHere j> denotes the level with the larger energy and the
Scaling laws for inelastic processes and the differences bexpression in brackets:) is a 3j symbol. The summation in
tween scaling and fitting laws have been reviewed by severd#d. (1) runs over all allowed rotational angular momentum
authors® The procedure for the evaluation of rotational en-changes\. In Eq. (1) detailed balance is automatically en-
ergy transfer data from state, polarization, and time-resolvegured by the factor in front of the summation. Equatithis

experiments is straightforward, and well known in principle,vah.d for planar CO”'S'OH.S only with the relative veIouty vee
; tor in the plane of rotation. Therefore the corresponding val-
but may also be quite subtle.

| first h h ion h hues in the 3 symbol (lower row) are restricted to zero, ac-
n any case, we first have to answer the question how t 8ordingly. For polyatomic moleculegcolliding with a

individual state-to-state rate constants can be scaled in Solyatomic moleculg the basis ratek, ., can hardly be
model and what the correct physical picture is. Obviouslycalculated from theory. Therefore, the parametrization of the
the collision energy, which is a function of relative velocity pasis rates is necessary, in general. Several approaches in
with respect to the rotational period, determines whether théhis direction are described in the literature. The most popu-
collisions are close to the impulsive or sudden limit or arelar model basis is given in Eqla). This particular basis set
closer to the complex-forming limit. Rabitet al?® and Al-  (in the power basjswas first applied in combination with the
exanderet al,2’%! as well as others have developed theoret!OS scaling law by Waingeet al>* to Na, collisions with

ical models based upon scattering theory in the sudden ajolyatomic moleculeglOS-P). In order to account for the
proximation which allow for a straightforward scaling of finite duration of a collision and possible additional restric-

. ; %ons in angular momentum transfer the energy corrected
state-to-state rates. These scaling expressions may even D8 lden scaling laWECS-ER has been propos&d
modified and corrected for a finite collision durati@How- '

ever, in the limit of slow collisions Nikitin and UmanskKi, E. —E; PP, A\2
35 3 . 4 ECS-EP : Ji 1= Ji s

Dashevskayat al,>® Takayanagr® and Sakimotd devel- kit =2ji+Dexp — 7 X; 00 0

oped theoretical models for slow complex formitpt di-

rect impulsive collisions. In these models changes in quan- A A2 (2A+1) exd —B-A(A+1)]

tum numbers due to collisions are considered to be the result Ky g @

of distinct nonadiabatic transitions among the various poten-

tial energy surfaces of the approachitand strongly inter-  with ky o=A(T) -[A(A+21)]"“ A(j1.,j2,A) is an adiaba-
acting molecules or radicals. Unfortunately, in this caseticity correction which accounts for the finite duration of a
simple scaling relations are much more difficult to obtain.collision. In some cases there are additioftyinamica) re-

We want to emphasize that the decision whether one or thetrictions on the amount of angular momentum which can be

other mechanism is dominant or whether both mechanismE[."’mee”ed in a collision. This may be taken into account by
o . modifying the basis rates with an exponential attenuation
compete cannot be answeragbriori, because in many ther-

. g . . term exp—BA(A+1)] [where B~ 1=j*(j*+1) and* is
mal experiments the collision energies are not so high t,hatlhe orbitrgl n’810r(nentu)gn of the sﬁystén]Tifi]s mod)ificatién has

the sudden limit or the Born approximation will automati- heen shown to give an excellent representation of the experi-
cally be justified in any case. We have estimated the adiabggental data. FOA(j1,j»,A)=1 andB=0 one recovers the
ticity (Massey factor ¢ for the experimental conditions to be |0S scaling law.

below 1 for almost all state-to-state cross sections, such that Scaling laws for symmetric-top collisiongvith struc-
we believe that we are closer to the impulsive limit than totureless or structured particleare different from those de-
the complex-forming limit in our case and under our experi-rived for diatomic molecules. This is mostly due to the fact
mental conditions. We therefore used scaling expressioriéat the molecule has two projectionshfnamelym; andK
based upon the infinite order sudden approximati@sA)  (the magnetic quantum number akdhe quantum number,
which turned out to be able to successfully and straightforf€Spectively. The eigenfunctiorf$**in this case are
v_varQIy scale f[he state—to-stgte ratgs in pur system. The justi- Oom K= WDJK . &)
fication for this approach will be given in Sec. VIII. J J

The scaling law for diatomics colliding with a structure- with [J] being the degeneracy of and Dﬁ(,mJ being the
less particle(atom) can be describedWwithin the sudden ap- Wigner D functions! In this caseJ is the rotor quantum
proximation by number,m; its projection on the space fixerhxis, andK its
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projection on the body-fixed symmetry axis of the molecule. Model RETP
For a symmetric top-atom collision Rabiet al?° give the
coupling integral

O(j,m; k,j",m/ k',A,3,A)

. H A
=(—1m) -\’ ][J]( m r{n E)

7oA
x ( -k K A)’
where[ x]=2x+1.
A general scaling expression within the energy corrected n-s
sudden(ECS approximation for atom symmetric top colli-
sions has been given by Rabitz: N=3

N>11

@

N=1

Kimiojrmvie(T)= 30 [OG,my ki’ mf k' A3, 4) ]2

other
vibronic
bands

“A(7¢) - Kpy_o(T). 5)

Provided Eq.(4) is valid, in the case oK=0 andAK=0, FIG. 5. The kinetic model for the determination of state-to-state cross sec-
the m; dependence of rotationally inelastic collisions is tions from the linetic traces.

given by’
Kjm—jrm (T)=(2]i+1)-(2)¢+1)- AEE (2A+1) structure therefore resembles the typitalstack structure
which is characteristic of prolate symmetric tops. Kot 0
( Ji it A \? ) the nuclear spin statistics requires that rotational levels with
“em -3 O O 0 even or odd values are missing, as well as one or the other
) level of the asymmetry doublets f&r+ 0, depending on the
A7) Ky —o(T) (6) electronic state symmetry. In this particular case there are
and for the degeneracy averaged integral inelastic state-téwo Vibrational states which are very close to each other,
State rates one recovers which had to be taken into account explicitly in the model
) _ ) (energy separatiorr1.2 cmi ).
Y o0 A The state-to-state thermally averaged cross sections are
jk,jk! (2]f+1)‘2(_k Kk’ A) deri . .
erived from a discrete master equation
-A(7)?-(2A+1) -k, _o- (7 P=KP, (8
VII. RET MODEL with K being the rate coefficient matrix
. . Kigz - - klj
Due to the importance of the theoretical model for the
results in the paper we will briefly outline some well known _ ’ ©)
theory and concepts used in this work to extract thermally
averaged state-to-state rotational energy tran&EiT) cross ki ki

sections for NG-NO, collisions from polarization- and
time-resolved optical double resonance experiments. Alfor all rate constants connecting all considered levels. In our
though, the initial and final states are completely resolved irexperiments we obsend m;, andK changing collisions.
our experiments the complete state-to-state madrikan be ~ We therefore used a scaling law for nonelastic collisions that
obtained only by modeling the population changes in thds able to scaledJ, Am;, andAK at the same time based
detected levels. upon Eq.(6) in the sudden limif A(7)=1] with the addi-

In order to keep the number of energy levels and theional assumption that the collidécold NO,) behaves like a
number of coupled differential equations as low as possiblétructureless particlésince we are not probing this particle
we used a truncated set of levels and grouped together levahd have no information about quantum changes gither
families into global baths with and without feedbagkg.,

the K=3 stack and level wittN>13). Owing to them de- Kim—jrm (T)=(2ji+1)-(2j¢+ 1)- > (2A+1)
generacy of 4+ 1, the dimensionality of the coupled differ- A2

ential system has already become quite large even forJlow i iTOAN\Y i A2
andK levels. The simplified model used in the present case ><( “m m _2) (0 0 O)

is depicted in Fig. 5. N@is an asymmetric top molecule but
is in a first approximation a prolate symmetric top. The level “FrF3(A)-ky_o(T) (10
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. n polarized laser With these weight factors for differemh; levels (for pump
100 4 JI:QJ 000, . and probe transitions the time dependence of the
0/0/ \O\o polarization-resolved traces could be calculate@ihe inten-
. 804 " S e 2 sity was taken as a free parameter.
3 Lol R NN
© 60 - ./ e \. \ L
= J o uE N VIIl. RESULTS AND DISCUSSION
40 e
f_;" /’/}' J=dt R °\O In an ongoing study of collisional energy transfer of
3’ 20 d \\\ \ \. . highly excited NQ we have found that the individual state-
o . ./ e \. to-state rate constants and thermally averaged cross sections

derived from a master equation analysis of the kinetic traces
.10 -5 0 5 10 clearly indicate that rotational energy transfer in highly ex-
m quantum number cited mixed(chaotig states is still governed by pronounced
propensities inJ, K, and m; changing collisions. Owing to
the importance ofl andK changing and the interest im;
changing collisions in the study of dynamical stereochemis-
try we will entirely focus on rotationally inelastic and elastic
collisions in the present paper and cover rovibrational energy
with ky _o(M=a(T)-[A(A+1)]% Fj(A)=exd—pBA(A transfer in the presence of strong chemical interaction in a
+1)] with B~ 1=j*(j* +1) (wherej* is the orbital momen- proceeding papepart Il). Since we are mostly interested in
tum of the system andF g =exp(— 5|AK]). the detailed dynamics of collisions in the presence of strong
In order to account for the additional restrictions HK chemical interactiofwhere collision dynamics may compete
and Am, in angular momentum transfer we introduced, inwith reaction dynamics N§*NO,<0,N—NO,) rather than
addition, an exponential damping term fad and AK, as  collecting a large number of rate constants for many collision

FIG. 6. Relative pump and probe cross sections for diffenentevels for
linearly polarized lasers.

has been proposed fa&rJ in the ECS-EP in Eq(2). As will partners, we will focus here on collisions with only one col-
be shown later the damping terms contain direct informatiorlision partner, namely unexcited NO
about the dynamics of the collisions. Note, the time axis throughout this work has been con-
For the special case of elastic collisions, i4m#0, verted into a reduced axig j[M]t, which represents the
AJ=AK=0, we scaled the cross section according to number of Lennard-Jones collisions  Z(
=4.2x10 ¥ cemPs 1=13.4us ! Torr 1. This reduced axis
Kjm—jm =exp(—C|Am]). (1) with Z,, as a referencécollision numbey is very convenient

While these equations describe downward collisions the rated oo all experiments at different pressures can be processed

for upward transitions are determined by detailed balance. simultaneously.
According to Eq.(8) the time-dependent population vec- A. Total depopulation rates
tor N(t) could be calculated by integrating the set of coupled

dependent source term was added to the corresponding €44 variable time delay and monitoring the UV fluorescence

tion: from the final 2°B, state. These measurements were carried
dN out at different NQ pressures in the range of 150-500ar.
d—tp=§j: KpjNj+ a I (1), (120  Traces of typical total depopulation experiments for both

relative polarizations are shown in Fig. 7. Pressure-

wherel (t) is the experimental pulse profile of the pump |aserindependent.total depopulation @tes for parallel polgrizgtion
and «, is a phenomenological proportionality coefficient. Vere determined fromp—r plots fitting the decays as in Fig.

In order to model the timetand polarization-resolved ~ / (UPPEr tracg by a single exponential decdgeroth order
traces and to calculate theelative m dependence of the approximatiop. Total depopulation ratelsy determined this
cross sections (J;,J,,m,) has to be calculated for each way in the considered energy range are between two and
individual pumped and probed Zeeman level. These crosthree times the Lennard-Jones estimate and a trend is observ-
sections can be expressed in terms of Clebsch—Gofaian able thatky increase; glightly with increasing angular mo-
3J) coefficients and a reduced cross sectiog(J;,J,) mentumJ. Note, the fit in Fig. 7 does not represent a single
which is independent af, and describes the total intensity exponential fit but a fit from the full kinetic model described
of the transitionJ;—J,. The explicit evaluatiotf yields for ~ 2P0Ve-

a linearly polarized =) laser beantsee Fig. 6

. ] B. k,_;(T) for J, K, and M, changing NO ,—NO,
oalJ1,J2) X[(J+1)°—m7] for R lines  collisions

Tald1,d2,m) = 0alJ1,Jp) Xm? for Q lines In order to investigate rotational energy transfer in col-
TalJ1,J2) X (I2—m?) for P lines. lisions between eigenstates with differedtand K, we
(13 pumped one state of a specific vibrational level and probed a
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: value®?®°As mentioned above the terfiy(A) decreases the
state-to-state cross sections further with respect to the origi-
nal scaling expression given in E€L). If we omitted this
term in the scaling and fitting procedure the cross sections
for higher|AJ| were predicted to be significantly too high.
We now turn to the significance and the role of the additional
damping ternf;(A) in Eq.(10). Following the discussion in
Refs. 52 and 55 the change in angular momentum in a col-
o — lision must come from the orbital angular momentum of the
0,0 0,2 0,4 0,6 0,8 1,0 1,2 1,4 collision partners. In certain cases the amount of angular
oo, mo_mentum_which can be tr.ar?sferred in a collision is re-
°© a .-.9:399 stricted, owing to an upper limit of the orbital angular mo-
mentum available in the collision. Brunner and PritcRard
A pointed out thabne reasorfor a breakdown of the power-
law model may arise because of the the fact that real poten-
s o " tials have a repulsive core so th#R) will limit the dis-
o, oo tance of closest approach to sonk,>0. Since the
®p 00 e anisotropy of the potential is finite at this point there must be
© perpend. probe I e a maximuml* to the angular momentum which can be trans-
 —— , ferred in a collision. Classicalli,_,  will be zero forl>1*
0,0 0,2 0,4 06 0,8 1,0 1,2 1,4 but quantum mechanically one might expect an exponen-
tially decreasingk,_, reflecting the presence of tunneling.
ZLJ [M] t This feature of the state-to-state rate constants may for-

FIG. 7. Total depopulation traces for the (2D level for parallel (upper mally be taken care of by modifying the basis rates with an

. . _1_ . .
tracé and perpendiculaflower trace polarizations of pump and probe t_axp_onentlal attenu_at!on term wheg “=j*(j*+1), and
beams(for the coding of levels see Tablg Bold squares and open circles: j* is some upper limit on the number of angular momentum

experiment; solid line: fit from the model. Note, the axis here has beergyanta which can be transferred in a collision. This means
E(e"r‘]‘r’lzrrtg_‘jclgéos "éorlﬁgi‘;f]id scale, i.e., in a scale displaying the number I‘.{Lat j* is a fit parameter, in principle, but its magnitude
should be comparable with the orbital angular momentum
available in the collision and can thus be estimated. \jgith
neighboring state close to the initial state but in the same=2.4x10 2 we determined* to be 6.4 which is actually
vibrational state. Figures 8 and 9 show typical relaxatiorclose to the estimatéfiaverage orbital angular momentum
profiles. In the present paper we will examine odlym;, L ,, for the collision partners at 300 K. Therefore, it is obvi-
andK changing collisions wittAK,=0 andAK,=1 with a  ous that the damping terf;(A) is by no means arbitrary
focus on them; propensities but without vibrational energy but can be predictéd from estimations ofL,,, and is a
transfer A v;=0). Quantitative estimates of individual state- direct consequence of the underlying collision dynamics.
to-state energy transfer rate constants and cross sections haMeais also proves that the collisional energy transfer dynamics
been obtained by modeling the population changes in thés governed by specific angular momentum transfer restric-
detected levels by master equation simulation because in thitons and propensities rather than by the corresponding en-
type of experiment the observable double resonance signatgy gap, although angular momentum effects in collisions
contains contributions from all possible energy transfer pathean be compensated partially by energy gap effects. If an
ways. With the above described model we have finally deenergy gap scaling is used instead, an overall fit may be
rived rate constants and thermally averaged cross sections feuccessful, but it will be difficult to correlate the energy-gap
rotational and vibrational energy transfer by numerical intedaw parameters with the dynamics or physics of the collision
gration of the set of differential equations and by modelingprocess. The order of magnitude of cross sections for large
simultaneously all the kinetic traces obtained by stateangular momentum changes indicates that a simple dipole-
resolved pump—probe spectroscopy. The fiflmdst fi) re-  like interaction and corresponding selection rules for the
sults are shown in Tables Il and Il displayed in Figs. 8—13.state-to-state cross sections is not sufficient. One may instead
conclude that many terms of the multipole expansion of the
C. J changing collisions intermolecular interaction can contribute; however, the di-
ﬁ)]ole interaction term seems to make the largest contribution.

parallel probe

LIF intensity / a.u.

"o

The absolute rate constants as a function of the change
angular momenturPAJ| are displayed in Figs. 10 and 11. It
is obvious and expected that the cross sections strongly d
crease with increasing angular momentum gap. However, In Table Il and Fig. 11 the results fdf changing col-
large angular momentum changes in this collision systentisions are given. The overall trend for the rates JandK
could still be observed easily, a point that will be discussedchanging collisions with respect td changing collisions
later. The parameters of the scaling expres$ito (10)] for ~ with AK=0 is that the latter are in general significantly
the fit of the kinetic traces are given in Table Il. The magni-larger. It appears to be a general feature in this collision
tude of the determined parameteiis close to the expected system that changes ihare much more likely than changes

g_. K changing collisions



J. Chem. Phys., Vol. 110, No. 3, 15 January 1999 Abel et al. 1397

Ad=-2, AK=0, par. AJ=-1, AK=1, par.

r T L} T T T T T T T T 1 T T T T L} T i T T T T 1
-0,20002040608101214161820 -0200020406081,0121,416 1,820

FIG. 8. Different kinetic traces and fits
from the kinetic model. The initial
state in traces(a)—(e) is 901) at
17 750.07 cm? (see Table | for the
coding of states The probed states
are:(a) 70(1), (b) 81(1), (c) 50(1), (d)
1111), (e) 30(1), and (f) pumped
3 _ 130(1) at 17 737.92 cm* and probed
Ad=-4, AK=0, par. ® e AJ=2, AK=1, par. 61(1).

r T T T T T T T y T T 1 T T T
0,200 0,204 0608 1,0 1,2 1,4 1,6 1,820 -0,20,0 0,2 0,4 0,6 0,8 1,0 1,2 1.4 1,6 1,8 2,0

LIF intensity/a.u.

AJ=-6, AK=0, par. AJd=-7, AK=1, par.

T T T T T T T T T T T 1 T T T T T T T T T T T 1
-0,20,002040608101,21416 1820 -020002040,60810121416 1820

Z,, Mt

in K or changes in botlwith regard to the] changing col- metric top and the collision partner may be approximated as
lisions). The scaling expression farandK changing colli- a structureless particle. As CGkaas already pointed out
sions[Eq. (10)] included an attenuatiodamping term Fy some time ago, in such a situation the excitation and deex-
which accounted for th& dependence of the observed crosscitation of the “J rotor” (in symmetric top notationis much
section. Since the expression of E@) (i.e., the 3 symbo) more likely than excitation of the K rotor” because it is
shows aoo small Kdependence for thi€ changing state-to- difficult for the collider to exert a large torque around the
state rates we used Ed.0) instead, where th& dependence molecular axis. We would expect a different behavior for an
of the cross sections is solely made by theterm. In order  oblate collider. This effect is interpreted as being due to the
to prove that this is more than just an additional term with anshape of the molecule; in a near prolate rotor like ;Nfe
additional parameten, which describes the angular momen- (short-rangginteraction easily exerts a torque perpendicular
tum dependence of rotational cross sections, we have to dise the molecular axis but cannot efficiently produce a torque
cuss its significance and to show that this scaling law modiaround the molecular axis, thus changing the valuekwith
fication directly accounts for the special dynamical situationhigh probability, but without changing easily. From this
encountered here. While the first is easy to show because thmexpected experimental observation we conclude that the
quality of the fits for the kinetic traces was considerablylower probability forK changing collisions is a direct conse-
poorer, the latter is slightly more complicated. In Fig. 14 wequence of the kinematic collision dynamics. The paramgter
have illustrated a collision of a prolate symmetric top mol-can therefore be regarded as a correction of a zeroth-order
ecule with an atomic collider. Although, NQOs clearly an  scaling expression accounting for the shape of the molecule,
asymmetric top it may be approximated by a prolate sym-other special constraints akK, and other subtleties of the
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Ad=-2, AK=0, perp.

o AJ=-2, AK=0, par.

=_ =_ T T T T rrrrrrryrrrrer
[\ @ 0200020406 08 1,0 1.2 1,4 1,6 1,8 2,0
~ ~
oy =
£ = AJ=-4, AK=0, perp.
= =
2 9 FIG. 9. Difference between parallel
£ £ and perpendicular probe. Initial state is
w L 90(1) at 17 750.07 cm® (see Table |
= | for the coding of statgsProbed states
UL S A L A B B o s | (from top to bottom 70(1), 50(1), and
0,200 02 04 06 08 1,0 1,2 1,4 16 1,8 20 30(1).
AJ=-1, AK=+1, perp.
0000 &
T T T T T T T T T T T T T PPN LU UL S SR B S
0,200 02 04 06 08 10 12 1,4 1,6 1,8 20 -0,2 0,0 02 04 06 0,8 10 1,2 14 16 1,8 2,0
z M1t Z ,IM]t

collision dynamics irK changing collisions of a polyatomic ments. From a quantum treatment of rotationally inelastic
molecule. Since most of the scaling expressions have beeasvllisions and a tensor expansion of the inelastic cross sec-
developed for diatomics our approach for a polyatomic mol-ions, Alexander and Dawié found for the integral cross
ecule appears to be a straightforward extension. In order teections ofm; resolved collision events:
compare our results with other experimental results without , )
polarization dependence we also fitted the kinetic traces with . Jer=1 D g , K

an expression as Ed2) (with Fy included. The kinetic - kig\-M M -Q
parameters given in Table Il did not significantly reduce the

quality of the fits compared to the full model with, reso- wherek; is the initial wave vector an® is the tensor opac-
lution ) ity. If the collision time is shorter than the time which char-

acterizes the dephasing of the initial and final rotational lev-
els, then in the energy sudden limit the tensor opacity is
E. m; changing collisions given ag’

P, (14)

We now turn to them; dependence of the cross sections , 2 2
. o X + + + !
obtained from polarization resolved pump-—probe experH:JKJ,:(2K DI+ D2 +1)k (g }é ‘i)) Tk 0.

(15

T

TABLE II. P ters for the kinetic RET model. ; . . : .
arameters for e xnetie mode An insertion of Eq.(2) into Eq. (1) in turn gives

Parameters Numerical vafue Dimension

Oy =(23+1)(2)' +1)> (2k+1)
KQ

m; averagedfinal state sum and initial state average

J,K—J' K
a(T) 9(i1)><10710 cmist J J’ K 2 J J K 2

+ J—
; 2.411((;%.2)>< 102 — “l-m w —Q) (0 0 0) TK-o0:
n 1.5+0.2 — (16)
m; resolved:
J.K,m—J",K’,m; with AJ and/orAK #0 Equation(15) (within the energy sudden limirelates them
a(T) 3.3(x1)x 107 cm’s™ dependent cross sections for a particulasJ’ transition to
;; 2 i((fg'%x 10-2 - a vector of degeneracy averaged inelastic cross sections.
,7 1.5+0.2) _ We have in turn used Alexander and Davis scaling ex-
J,K,mj—J",K’,m; with AJ andAK=0 andAm;#0 pression for rotationally inelastic collisions and an exp
k=ko- exp(-C-|Amj)) (—C|Amy|) expression for the scaling of elastic collision
ko 1.9(+05)x10"° cm's™t events which are probed to some extent by polarization-
C 0.85+0.3 — resolved three level total depopulation measurements. These

a_ (cmPsY) is given here; to obtain the cross sectien6h?), multiply by results have been displayed in Figs. 12 and 13 and Table IV.
1.912x 10'%; to obtainky (us ! Torr 1), multiply by 3.2624< 10. It should be noted that them; dependence of the inelastic
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TABLE lll. Direct state-to-state rate coefficients and cross sections from the kinetic RET muodaVeraged
(final state sum and initial state averag&K—J’,K'.

Observed +)
Ji=9K,=0-J; K; AJ AK  k, (ens™h)  kp (usiTorr™d) o (A? predicted(0)
9,0-7,0 -2 0 2.5x10°1° 8.2 47.8 +
9,0-5,0 —4 0 6.7x10 11 2.2 12.8 +
9,0-3,0 -6 0 1.8<10° % 0.59 3.4 +
9,0-1,0 -8 0 2.5x1071? 0.082 0.48 0
9,0-11,0 2 0 2.%10° 10 9.5 55.4 0
9,0-13,0 4 0 8.%x 1071t 2.6 15.5 +
9,0-8,1 -1 1 1.2x10° % 3.9 22.9 +
9,0-7,1 -2 1 5.1x 101! 1.7 9.8 0
9,0-6,1 -3 1 2.6x10 11 0.85 5.0 0
9,0-5,1 -4 1 1.3x10° % 0.4 2.5 0
9,0-4,1 -5 1 6.6x10°1? 0.22 1.3 0
9,0-3,1 -6 1 3.1x107*? 0.1 0.59 0
9,0-2,1 -7 1 1.4<10° %2 0.046 0.27 0
9,0-1,1 -8 1 5.1x 10713 0.017 0.1 0
9,0~10,1 +1 1 1.2x10° %0 3.9 22.9 0
9,0-11,1 +2 1 5.5x10 1! 1.8 10.5 +
9,0-12,1 +3 1 2.9x10° ! 0.95 5.5 0
9,0-13,1 +4 1 1.6x10 0.52 3.1 +

%, (cns %) multiplied by 1.91 10" yields o (A?).
bk, (cm®s™Y) multiplied by 3.2624 10'° yields kp (us™* Torr™Y).

collisions is solely given by the j3symbol in Eq.(10), and

nential decay to the rate constants for the inelastjichang-
ing collisions as a function offAm| gave the same fixed coordinate systemin particular, reorientation of thé
exponential factor as the scaling law for the purely elasticvector with respect to a space fixed axis by elastic collisions
rates. This means that time; dependence for the elastic and was found to have low probabilities with cross sections typi-
inelastic case appears to be the same within the experimentadlly two orders of magnitude lower than fdrchanging
collisions. On the other hand the reanalyzed N¥e data of
We now want to compare our results with the resultsPritchard’ by de Pristoet al?® and the BaO RET experi-
from other experiments with polarization resolution. Somements of Fieldet al.® showed that for these diatomics,
years ago, McCaffery>841:5®pritchard and co-worketére-
ported a series of experiments in which polarized laser inframe in RET experiments.
duced fluorescencéPLIF) of laser exciteddiatomic mol-

accuracy.

1E-9 5

1E-10 4

S

1E-11 4

k/ecm

1E-12 4

1E-13

-8

-7

TR
AJ

1

0

1

2

3 4

FIG. 10. m; averaged state-to-state rate constgmtspensitiesfor J chang-
ing collisions(leavingK unchangeglas a function ofAJ. Filled dots: ex-
periment; bold linem; averaged Eq.10). Small deviations from the scaling
law are due to final adjustments of the cross sections to improve the fit.

ecules (I, Li,, Na) has been measured. The principal

that them; dependence of the pure elastic collisions is intro-conclusion from their investigations was that all data were
duced by an additional exponential factor. A fit of an expo-consistent with the assumption of rigorous conservation of
m;, the projection of] onto a space fixed axi§aboratory

was neither conserved nor totally randomized in a laboratory

The extent to which the laboratory projectiom of the

1E-14

-4

2 0 2 4
AJ (AK=+1)

FIG. 11. m; averaged state-to-state rate const@pmtspensitiesfor J andK
changing AK=*1) collisions as a function oA J. Filled dots: experiment;
dashed linem; averaged Eq.10). Small deviations from the scaling law are
due to small final adjustments of the cross sections to improve the fit.
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1->1 1->2 1->3 1->4 1->5 1->6 1->7
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O 1E134 d
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-1 0 1 2 3 4 5 6 7 prolate sym. top
Am
FIG. 12. State-to-state rate constantsrfochanging inelastic collisions as a
function of Amj . In this particular case the initial state is(2Dand the final
state is 70L). Open circles: experiment; solid line: a fit of an exponential llid
decay to the rate constants for the inelasti¢ changing collisions as a colliger
function of| Am| gave the same exponential factor as the scaling law for the K it
purely elastic rategwithin the experimental accuracy AK propensity

FIG. 14. Cartoon displaying AK propensity due to the steric properties of

. . . the near prolate symmetric top, i.e., highly excited NO
rotational angular momentuthis conserved fopolyatomic

molecules such as asymmetric or symmetric tops in gas

phase collisions has received much less attention in the pagfccyr. Very recently, Klaassest al® found that elastic re-
Wilson et al *® were among the first to examine they de-  qrientation collisions are significant in methane  self-
pendence of RET in an asymmetric top, ethylene oxide, by,|jisions and that they play a role in the polarization-
microwave double resonance studies. They found that inelagasolved overall relaxation of this spherical top molecule.
tic Am;=1 processes accounted for most of the depolarizaRecenﬂy’ McCaffery and collaborat8?shave also investi-

: 16
tion - process. Recently, Vaccaretal™ and Coy and gated the polarized fluorescence of Nid collisions where
co-workers® have published nice experimental results on thethey again stress the importance of a selection A,

H 1 —
RET of formaldehyde (KCO) in the“A; (v4=1) state. g in rotationally elastic collisions. Results am changing
Their principal findings from a detailed kinetic model were ¢ojjisions in rotationally inelastic collisions in progress have
that there are no detectable contributions from elastic ot peen published yet.

changing collisions and than, is only changed by*1 in Our data do not confirm a total conservatiomof, e.g.,
rotationally inelastic collisions consistent with the selectiong propensity ofAm,=0, nor can we confirm than, is to-
rules for a dipole—dipole interaction and anticipated from aga|ly scrambled(statistical limit, but the data do show that
leading dipolar term in the interaction potential of the colli- {5 the asymmetric rotor N the quantum numben; was
sion partners. In contrast to these results, Jethal deter-  pejther conserved nor totally randomized in a laboratory
mined the extent of collision induced realignment in  frame after collisions leading to rotational energy transfer, in
ground state KHCO to be considerable. They found a large good agreement with theofy.Moreover, them, conserva-
propensity for collisional relaxation to proceed via elastiction we find as well as the scaling of inelastic state-to-state
realignment processes. In addition, they observed for manyyte constants as a function Afn; follows closely the pre-
individual state-to-state transitions that large steps)jrcan  gictions from Alexander and Davis. In addition, we find a

considerable fraction of elastic collisions which do change

T T T T T
) TABLE IV. Direct elasticm; changing state-to-state rate coefficients and
1E-9 . | cross sections from the kinetic RET modet; resolvedJ,K,m;—J’=1J,
f f i K'=K, mj’sﬁmj (J=9,K=0).

o f f Am, k, (102 cnPs Y ke (us ™t Torrb)a o (R2)p
g 1E-10 5 f f 4 -1 8.4 27.4 161
=~ f f -2 3.4 11.1 65
x -3 1.6 5.2 31

—4 0.8 2.6 15.3
1 8.4 27.4 161
1B ' ; ' ' 2 3.4 11.1 65
-4 -2 0 2 4 3 1.7 5.2 31

Am, 4 0.8 26 15.3

FIG. 13. State-to-state rate constantsrfgrchanging elastic collisions as a %, (cn®s 1) multiplied by 1.91 10" yields o (A?).
function of Am that leave all other quantum numbers unchanged. Bk, (P s™) multiplied by 3.2624 10'° yields ky (us™* Torr 3.
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m; but leave all other quantum numbers unchanged. With space fixed axis
regard to them, conservation in elastic collisions NGeems /.

to behave differently than 4£0.1® The impact and impor- ;S

tance of elastic reorientation contributions for the linewidths Iy

of molecular transitions has been discus&es, e.g., Ref. 19
and references thergin

Regarding the origin of thAm; propensity and the col-
lision mechanism, Alexander and co-workers have con- '
cluded that stricim; conservation(propagated by many au- 1>
thors may be only a sufficient rather than a necessary /
condition for agreement with the body of experimental data. \

They find that partialm; conservation is a natural conse- J

guence of the nature or the mechanism of impulsive colli-

sions, and derive scaling expressions in the energy sudden

limit which we found to be able to scale our cross sections ‘

successfully without further assumptions. We also find a

similar dependence of the elastic cross sections as a function

of Am; for elastic collisions. It should be noted that Ef6) Am, propensity

contains some important implications for the development of

models form; conservation in rotationally inelastic colli- FG. 15. Am, propensity in the kinematics in a collision of a spinning near
sions. As Alexander and Davis pointed out, a hecessary comrolate symmetric top, i.e., highly excited N@nd a structureless particle.
dition for the validity of a strictAm;=0 selection rule is the

disappearance of thg 3ymbol forQ+ 0. This is clearly not

the case such that it is difficult to explain a rigorous conser-__.. . . - .
. : : ; scaling expressions which accounts for the finite duration of
vation of min thermal cell experiments on the basis of Eq.

: - a collision. We have found that adiabaticity correction in the
(16). Finally, Alexanderet al. found from a statistical analy- scaling expressions was not necessary. e it did not im-
sis of experimental data thad conservation, whered g exp Y, €9

— cos}(32), the angle between the space fixed axis and nerove the fits significantly, so we omitted this correction in

i : . order to reduce the number of free parameters in our fit. At
angular momentum vectak, is a more appropriate dynami- . . ) L
. o the same time this confirms that the sudden approximation
cal model thanm; conservation. These findings support a

- . ; o seems to be a reasonable approximation to derive the scalin
very simple picture for the conservation wf; or the tilting P 9

. . S expressions for our experimental situation. In general, the
angle® (with respect to the space fixeuaxis) in molecular adiabaticity factors(multiplicative factor$ may provide a
collisions. The colliding N@ molecule in such a case ap- y P y p

ears to resemble a spinning t(Fig. 15 with a propensit reasonable correction for the finite duration of a collision,
P : P g tURg. brop Y putitis meaningful only for small correction factors because

For larger (significan} corrections one may encounter a situ-
ation where thd"kinematic” ) approach is not justified any-
more and the theoretical approach for “slow collisions” of
Nikitin et al,’” Dashevskayaet al.*® Takayanagf® and
Sakimotd* has to be used.

“orientation” of its rotational axis(in spacé in an impulsive
collision.

F. Complex-forming versus direct collisions

The experimental results from this work provide firm
evidence for the conclusion that the collision mechanism for
the collisions we observe in the experiments is closer to s pojarization moments and density matrix
impulsive collision rather than a complex forming collision. ¢ alism
Note, we use the term complex formifaybe in a different

fashion than othejgor collisions which lead to a long lived The overall relaxation in a multistate system is given by
collision complex which exchanges ener@jrong coupling
and which can be regarded as a recombination of the two naijE Kajma’j'm Najm (17)

particles leading to an energized “supermolecule that in turn

redissociates.” Then, conservation and the order of magni- Where K contains all state-to-statém resolved relaxation
tude of the thermally averaged cross sections for the collifates, andx includes all quantum numbers other thaand
sions(see also part Il of this serigshe adiabaticity param- M- In this case all relaxation processes are coupled. A sim-
eter¢ (which is estimated to be always well below as well  Plification (decoupling of Eqg. (17) can be achieved from a
as the overall scaling behavior point towards the conclusiofinear transformatici?

that the kinematics rather than the association dynamics with ,

nonadiabatic transitions is important in h®elf-collisions. n;,-K:E ConNaim (18)
This does not imply that other collisions do not occur, but m

our experiment appears to be not very sensitive to these colvhere theC coefficients are eigenvectors of the relaxation
lisions because they are expected to have a low probabilitymatrix K and are expressed by 3ymbols. The transformed
We have also neglected the adiabaticity correction in théeq. (17) has the form
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h;jK=§ K2l (19)
In this case the rate coefficien@;g" of the state momenter
polarization momentmj’K are independent, relax indepen-
dently, and can be fitted independently.

Instead of populationa one may also involve the den-
sity matrix formalisni

p=Kp (20 (©
and carry out a multipole expansion of the density matrix
. . i ok
. PQZZ (-1) m(2K+1)1/2(m -m -Q Pmn »
mm’
(21)

where « is the rank and defines the state multipole. If the

Abel et al.

mixed (chaotig states is still governed by pronounced
propensities inAJ, AK, andAm;. In particular, we
have found a propensity for small changesnof in
elastic and inelastic collisions, in accord with recently
suggested theoretical models and a smaller propensity
to change th& quantum number id andK changing
collisions. These propensities can be understood within
the framework of dynamigkinematig collision mod-

els.

The observed cross sections, their overall scaling be-
havior, the polarization decay, as well as estimations of
the Massey parametdrare consistent with collisions
following mostly a direct mechanism for rotational en-
ergy transfer rather than a complex forming mecha-
nism. The fact that complex forming collisions do not
appear to play a role in the rotational energy transfer at

high internal energies is striking since the well depth
(the binding energy between two NG molecules is
about 20 KT.

space fixedz axis is chosen as the symmetry axis, only the
Q=0 components in Eq21) survive, and the density matrix
becomes diagonal and thus the state moments can be related
to the occupation numbers of individua levels. In optical

absorption and emission, only the multipoles-0,1,2 are  pjghly excited small molecule can be used to derive scaling
present and thus the series may be truncateé-a2. In  expressions for the rotational energy transfer in two-
general, the names population, orientation, and alignment agmensjonal master equatidndescribing the relaxation of

used forx=0,1, and 2. Under isotropic conditions, €.g., @npjghly excited small molecules in kinetic systems, and for

experiment in a thermal cell, each multipole polarization isthe quantitative evaluation of line broadening in optical tran-
decoupled from all other multipole polarizations and decaySsjtions of small molecules.

with its own characteristic decay time.

The rate constants given in this work are those of the
initial K matrix given in Eq.(16). They can, in principle, be
transformed into independent relaxation rates of the stat'é‘cK'\IOV\”‘EDGMENTS
moments. It is not the purpose of the present afilcte Many stimulating discussions on special topics of this
compare the different formalisms nor to transform theyork with E. Nikitin, J. Steinfeld, B. Orr, and S. Coy, and
present data but to extract state specific rate constants andffancial support from the Deutsche Forschungsgemeinschaft
investigate cross sections and the mechanisms of rotation@;,:B 357 “Molekulare Mechanismen Unimolekularer Proz-
energy and polarization transfer. In any case the differenggge » AB63/2-1/2 are gratefully acknowledged. The au-
approaches are equivalent. thors thank Steve Coy for theaTLAB andFORTRAN routines
for some of the 3 symbol calculations. F.R. thanks the Fond
der Chemischen Industrie and the BMFT for a graduate stu-
dent fellowship.
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