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Angular distributions of state-selected NO and O products in the photoinitiated unimolecular
decomposition of jet-cooled Nhave been measured by using both the photofragment ion imaging
technique with velocity map imaging and ion time-of-flight translational spectroscopy. The recoil
anisotropy parameter of the photofragmeng, depends strongly on the rotational angular
momentum of the photoproduct. ’Q‘F{jzzyo) angular distributions are recorded at photolysis
wavelengths 371.7, 354.7, and 338.9 nm. At these wavelengths, respectively, vibrationaV levels
=0,v=0,1 andv=0-2 of NO are generated. In additighvalues for NO¢ = 2) in specific high
rotational levels are determined-aB38 nm. The experimental observations are rationalized with a
classical model that takes into account the transverse recoil component mandated by angular
momentum conservation. The model is general and applicable in cases where fragment angular
momentum is large, i.e., a classical treatment is justified. It is applied here both to the experimental
NO, results, and results of quantum calculations of the vibrational predissociation of the Ne—ICl van
der Waals complex. It is concluded that deviations from the limigngalues should be prominent

in fast, barrierless unimolecular decomposition, and in certain dissociation processes where a large
fraction of the available energy is deposited in rotational excitation of the diatom. The application
of the model to NQ@dissociation suggests that the nuclear dynamics leading to dissociation involves
a decrease in bending angle at short internuclear separations followed by a stretching motion. This
interpretation is in accord with recent theoretical calculations. 1999 American Institute of
Physics[S0021-960809)00239-1

I. INTRODUCTION the laser polarization vect@, andP,(x) is the second Leg-
endre polynomial. In the limit of fast dissociation and axial
Measurements of product angular distributions in photorecoil, 3=2 and—1 are obtained when the transition dipole
dissociation dynamics can provide detailed information ormoment is parallel or perpendicular, respectively, to the frag-
the symmetry of the dissociative electronic transition, thement velocity vector. Both classical and quantum mechanical
subsequent dynamics of product evolution, and the timgngdels have been developed to descyie®
scale of the diSSOCiatiO:hSince the pioneering work of Zare In most of the Systems for Wh|Cﬁ has been measured'
and Herschbacf? these measurements have become a Velphotofragmentation has been accompanied by significant
satile, albeit complex, tool in the arsenal of experimentakransiational energy release. The work described here is dif-
techniques of chemical physics. The angular distributions referent in that the fragments possess high internal excitation
flect several well-known vector correlations, among WhiChaccompanied by small kinetic energy release, a situation

the most common is the correlation between the electronigharacteristic of unimolecular decomposition. We report
transition dipole momen, and the. frag.ment recoll \{e|OC|t_y studies of the photoinitiated unimolecular decomposition of
V ((me-V)). The (m,-V) correlation is characterized in NO, which demonstrate that as a result of a significant trans-
terms of the recoil anisotropy paramet, and is deter- \orse recoil componeng depends sensitively on the rota-
mined in the space fixed fram&FP of coordinates. The o) state of the NO fragment, and to a lesser degree on NO
pr(.)duc.t angular dlstr|bu£|on Is described by the standard "Yibration. The larger the rotational excitation, the larger the
coil anisotropy functiork transverse recoil component that accompanies the fragmen-
tation.
P(6)= E[lJﬁB' Pa(cosd)], ) It is well established both experimentally and theoreti-
cally that molecular rotation prior to dissociation can affect
where ¢ is the angle between the recoil velocity vector andine opserved value Q8.7 It has also been pointed out that
parent vibrational motion prior to, and nuclear motions dur-
dElectronic mail: reisler@chem1.usc.edu ing the dissociation can influenggunder conditions which
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are related to the specific dissociation dynaniics. ergy, E;.?8 In addition, an effect due to the spin-orbit state
Product state-dependeftin photodissociation has been was observed: the angular distribution of the highest spin-
reported before. For example, Mordaettal. developed a orbit state 2P, was characterized by a lowgrat all trans-
pseudotriatomic model for the 193-nm photodissociation ofational energies, compared to the other spin-orbit states. The
NH, that explained the observed changesias a function energies of the spin-orbit states aréP,:3P;:°P,
of the N quantum number of NQ:J10 Their classical model, =0:158:226 cm*. Huber and co-workers, who carried out
based on angular momentum conservation and impulsive didFOF measurements of oxygedmwithout state selectionat
sociation, assumed that dissociation commenced at the poi65 and 351 nm, also obtain&g-dependeng parameters?
of the conical intersection, and involved out-of-plane To date, no model has been offered to explain these obser-
torques. Kableet al. used a model involving Renner—Teller vations.
interaction to interpret the observgtchanges in the photo- In this paper, we report studies of TW;_, o angular
dissociation of HCG? Beswick and co-workers, in a quan- anisotropy as a function of fragment recoil velocity carried
tum mechanical calculation of the photoinitiated predissociaout at photolysis wavelengths 371.7, 354.7, and 338.9 nm.
tion of Ne—ICl and Ne—Gl complexes, demonstrated a These wavelengths correspond to energies in exce3g of
substantial change ¢8 as a function of the rotational quan- 1776, 3065, and 4380 cm where, respectivelyy=0, v
tum number of the diatomic fragmehtn a classical trajec- =0,1, andv=0-2 vibrational levels of NO are open. In
tory calculation, Looclket al. predicted that a triatomic par- addition, 8 values for NOy =2) associated with high rota-
ent bending motion will influence the fragment angulartional levelsJ (low E;) were determined at-338 nm.
distribution in a way that depends on the rotational state of The experimental observations are rationalized with a
the diatomic fragmert.A dependence of3 on fragment classical model that takes into accounttransverse recoil;
speed was observed in ozone photodissociation, and,on Nii) the evolving nuclear dynamics. The model is general and
rotational state—in MD photodissociatioh? The depen- applicable in cases where fragment angular momentum is
dence ofB on the NH rotational level in H\photolysis has large(i.e., a classical treatment is justifiedut can also be
been interpreted as resulting from out-of-plane motions durtelated to the quantum mechanical treatment. It is applied
ing the dissociation® here both to the experimental N@esults, and to results of
The photoinitiated unimolecular decomposition of NO quantum calculations on the vibrational predissociation of
has been investigated extensively, and serves as a benchm#ig Ne—ICl van der Waals complex. We note that in contrast
for statistical models of unimolecular reactidfisThis paper ~ to direct photodissociation, where product state distributions
is concerned with the angular distributions of the photofragPFOVide clear signatures of exit-channel dynamics, the statis-
ments and their dependence on the fragment quantum stafical NO state distributions in Ndecomposition are not
and a model is proposed to explain the observed dependef€nsitive to the shape of the PES. A dependenge ari the
cies. Dissociation takes place predominantly on the groundternal energy of the diatomic product can then serve as a
potential energy surfacéPES, following excitation to the ~USeful probe of the dynamics. _
mixed 1?B,/12A, state via a parallel transition. Strong vi- The paper is organized as follows. The experimental ob-
bronic coupling between the states results from a conicatervations of the fragment angular distributions in MNdls-
intersection located near the bottom of @, state'4~6 sociation are described first. Two techniques are used: pho-

The dissociation rate of jet-cooled N@ fast, and the prod- tofragment ion imaging and ion TOF translational
ucts exhibit spatial anisotropy:'® The NO state distribu- spectroscopy. A simple model based on conservation laws is

tions, despite severe fluctuations, can be described on avefi€n presented, which gives a physical interpretation of the
age using statistical theories, implying dissociation on £Xperimental observations. This model is also applied to the
barrierless PE$+1920 Rate measuremeri<? and theoreti-  ViPrational predissociation of the Ne—ICI complex, gBd's

cal calculation®162324have led to the same conclusion.  Jici is compared to the corresponding results obtained by

Fragment angular distributions in N@hotodissociation ~duantum mechanical (_:alc_ulatloi"lWe end this paper with a

were determined first by Busch and Wilson, who used 370-discussion of the implications of thé variation to NG dis-
samples and 347-nm photoly$fsTheir results of the aver- sociation mechanism, and an evaluation of other dissociative
age value of3 were confirmed by other investigatdi® ~ SYStems where a similg8 variation is expected.

Subsequent studies with jet-cooled sampgle$ K) demon-
strated the effect of parent rotation on decreasing the magni-

tude of B, and concluded that the dissociation rate of jet-||. EXPERIMENTAL METHODS
cooled NQ is faster than the characteristic time of parent

rotationt’ A. Experimental arrangement

A puzzling dependence @8 on the fragment rotational The experiments at the University of Georgia and the
state was first reported by Butenhoff and Rohlfigyho  University of Southern Californi@USC) both use molecular
found that near dissociation threshol®=25130cm?), beams of NQ seeded in either Ne or He/Ne, and resonance

the highest NO rotational levels exhibited markedly dimin-enhanced multiphoton ionizatigREMPI) for product detec-
ished anisotropy. More recently, Liu and co-workers re-tion. NO is detected in a one-color experiment, while O at-
ported time-of-flight(TOF) studies of the 03(P1-=2,1yo) pho- oms are detected in experiments where the pump and probe
tofragments at 355 nm that showed a gradual decreage in frequencies are different.

with decreasing total center of magsm) translational en- Details of the Georgia apparatus have been described
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previously® Briefly, the NG, beam is generated by expand- [ '

! - . ) _ |!IIIII!IIHIIIIIIIIQ
ing a mixture of 4% NQ@in Ne through a piezoelectric mo- - NO T il o e
lecular beam sourcés0-us duration, 10 Hg at a backing 7X21'I(V=2) ‘ Q..

pressure of 1.8 atm. The gas pulses pass through a skimmer }

into the scattering chamber where they are intersected at |

right angle by the photolysis/probe laser. The interaction | ‘ | a
with the laser pulse takes place in an electric drift-field ar- ‘

rangement. Product ions are accelerdtil V/cm) toward a
microchannel plat§MCP) detector mounted off-axis. The
velocity component of the neutral fragments is determined

I'][[Hl b
H2z, H' I

from the arrival time of the ions at the detector. The laser hyv -~ XTI
system is a Nd:YAG pumped dye lasédCM dye), whose NO «—— N02
frequency near 680 nm is doubled in a KDP crystal. The 29390 29490 29590 29690

resulting ultraviole{UV) output(~0.6 mJ is focused with a Frequency / cm”
lens (f =500 mm) onto the molecular beam.

The ion-imaging arrangement has been described in d&lG. L. (2+1) REMPI spectrum of NO resulting from the photodissocia-

il el herél In brief. | . f . | . tion of NO, in the region of theH 23,H’ 2II(v' =0)«—X ?[I(v"=2) hot

tail elsewhere.” In brie ; It consists of an lon-acce erat'on_ band transitior(top trace. The bottom trace represents a simulation assum-
stage, a 60-cm-long drift tube, and a charge coupled devicig a rotational temperature of 2000 K. See text for details.
(CCD) camera that monitors a phosphor screen coupled to a
MCP ion detector. The ion optics of the ion-acceleration
stage is based on a scheme proposed by Pakal. for
velocity map imaging? and consists of a repeller, an ope
extractor electrod¢50-mm holg, and an open ground elec-
trode (25-mm holg. At an optimal voltage ratio for the re-

molecular beam accounts for ions generated from residual
n gases(ii) Signal obtained at the temporal maximum of the
molecular beam pulse, but with the pump laser off accounts
for background generated by the probe alone. Both types of

peller and extractor plates, all ions with the same initial ve-Packground give spatially isotropic signals. The second type

locity are focused onto the same spot on the MCP detecto2f contamination is substantial only when ®p), whose

A doubly skimmed pulsed molecular beam containingfraCt'o_nal populaﬂ_on is I0\_/v, is proped, since higher probe
3% NO, and 5% Q seeded in 1.8 atm of a Kg0%)/ energies are required for its detectidh2-0.4 r_nJ, as com-
Ne(70%) mixture propagates through a hole in the repellerparecj with 0.03-0.1 mJ for G@,)]. G°9d, SPa“a' and tem-
plate. The NQ mixture is prepared by passing the carrier gasporaI overlap of the two laser beams minimizes effects due to
mixture over NQ kept at—29 °C (o-xylene slush Further the probe.
downstream, N@(T,,=2 K) is photolyzed with pulsed, lin-
early polarized, and focused €250 mm) laser radiation
(0.6—1.6 mJintersecting the molecular beam at right angle.
Photolysis at 338-372 nm is achieved by using the In the photolysis wavelength range around 340 nm, vi-
frequency-doubled output of a Nd:YAG laser pumped dyebrationally excited NOX ?II(v = 2) products are detected by
laser system. The polarization of the photolysis light is di-(2+1) REMPI via theH 23 H’ ?II(v' =0) state. The two-
rected perpendicular to the molecular beam, in a plane paphoton spectroscopy of this Rydberg state has been dis-
allel to the detector plane. cussed in detail previousfi. The one-color NO¢=2)

In the two-color ion-imaging experiments, the output of REMPI spectrum resulting from NOphotodissociation is
an excimer-laser pumped dye laser sys{@oumarin 450is  shown in the top part of Fig. 1. The spectrum in the bottom
frequency doubled to probe the tl;(] j=0,2) fragments by part is calculated assuming a rotational temperature of 2000
2+1 REMPI via the $3P—2p 3P transitions at 225.68 K, truncated to exclude rotational states whose energies ex-
and 226.28 nm, respectively. Due to the Doppler width of theceed the available energy. The positions of the various rota-
O(3Pj) fragments, the probe frequency is scanned over th&onal lines in theQ,,;4 and Q.44 branches are displayed at
entire bandwidth to ensure that the images include all prodthe top, following the notation of Huber and Miescfé&fhe
uct velocities. The dissociation and probe lasers are botX—H two-photon transition is dominated by a zeroth rank
linearly polarized, and introduced coaxially at right angle totensor which gives rise to rotation@-branch structures. In
the molecular beam. To minimize complications due to vecprevious work, a much smaller contribution due to a second-
tor correlations, the polarizations of the two lasers are fixedank tensor component was also identiffédihile in an
parallel to each other. The time delay between the pump andotropic ensemble this contribution can usually be ne-
probe lasers is kept at;=0=5 ns. Typical signals include glected, a different situation arises for an ensemble of prod-
summation of 1-X 10* laser firings. uct molecules, which is characterized by an anisotropic dis-

Experimental complications in the two-color experi- tribution of the rotational angular momentum. In this case,
ments arise from dissociation by the probe radiation, andhe two-photon signal is sensitive to the quadrupole and
photolysis of residual gases. To eliminate this contaminationnexadecapole moments of thg distribution.
a subtraction routine is employed, which takes into account When the angular distribution of the photofragments is
two types of background signal@) signal obtained with the resolved, Beswiclet al. have shown that the state multipole
pump and probe lasers on, but delayed with respect to themmoments of the rotational angular momentum distribution

B. Two-photon spectroscopy of the NO  H?2X,H' 2TI(v'
=0)«—X?II(v"=2) transition
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must be considered functions of the recoil directtdAWith
linearly polarized photolysis light, the angular distributions
of the fragments are uniquely characterized by the recoil
angle® with respect to the pump laser polarization direction.
In this case, it can be shown that the{2) REMPI signal is

a function of both the direction of the probe laser polariza-
tion and the recoil angle. The two-photon intensity for a
particular rotational NO product statewill depend on the
alignment moment{") , T, andT{", which in turn will

Abel-Transformed

be functions of®, FIG. 2. Image of NOfII,,,v=2,J=17.5) and its Abel transform obtained
via (2+1) REMPI at 337.59 nm in a one-color experiment. The Abel trans-
(2) form represents a 2D cutincluding the axis of cylindrical symmetry
n(J) B
I=—wor [ TE)O)(@) + Wng)(G)) P,(cosd) through the 3D velocity distribution.
B B
B#
+ @TB“)(@)PMOS&] : () 1Il. EXPERIMENTAL RESULTS AND ANALYSIS

The results obtained at USC and the University of Geor-

Here we have used the state multipole momé@if8 as de-  gia are complementary in that the imaging experiments have
fined by Blum,3 which are proportional to the more familiar their highest accuracy for products with the largest transla-
state multipole momentsé\E)Q) introduced by Greene and tional energy release, while in the Georgia experiments, the
Zare®’ The angles describes the direction of the probe laserbest accuracy is achieved when products’ translational en-
polarization with respect to the photolysis laser polarization€rgy is low. In addition, in the USC experiments the angular
For a one-color photodissociation experiment, we necessarilffistributions of the O{P;-,, ¢ products are obtained as
have5=0. The coefficient8(?) depend on the angular mo- well.
menta involved in the two-photon detection step. ForGhe
branches of theX—H transition, we find approximately
B@/B(®=—-0.3 andB“/B(®=-0.04, independent od. Images were obtained for selegted rotational levels of
As shown in the Appendix, the multipole mome§® are ~ NO(v=2, J) with ~338-nm photolysis, and for op,) and
expanded in a series of Legendre polynomiigcos®) O(Po) fragments with 371.7-, 354.7-, and 338.9-nm pho-
with Coeﬁicientscg\Q)_ In this notation, the anisotropy pa- toly'5|s.' The electric field vectdE. of thg phptoly5|s Iasgr is
rameterg is described in terms of the coeﬁicie@Q). maintained parallel to the _vert|cal_ _d|rect|on _of the image

In a one-color experiment, it is impossible to disentangleP!2ne, and the product recoil velocities are aligned predomi-
the contributions due to the different state multipole mo-"antly in the polar direction of the image. The images are
ments. Nevertheless, the sensitivity of our experimental datfyMmmetrized and, after background subtraction as described
to the vector correlations can be estimated from the contril S€C- ';' are Abel-transformed using established
butions of higher order Legendre polynomials to the meaprocedurei_ , _ _
sured angular distributions. Within experimental uncertainty, ~ Snown in Fig. 2 is the raw image, as well as a two-
no such contributions are obvious. Although it is well known dimensional(2D) cut of the three-dimensionaBD) Abel-

that the NO products are aligned rotationally, we must contransformed image of NG(Iy,,v=2,]=17.5) obtained

clude that the data presented here are not seriously affectdffth 337.59-nm photolysis in a one-color experiment. The

by rotational alignment Neglecting the small contribution r€€ Spin-orbit states of the correlated O fragment are

due to the hexadecapole mom@r@f), we find the effective clearly resolved. The ring correlated with %P(O) collapses

anisotropy parameteBq to be to a spot at the center, since almost no translational energy is
€

associated with this channel. Despite the brightness of this
B 2 spot, the integrated intensity of the ¥®,) channel is very
Berr=B—0.3C3", 3 small. Similar images were obtained for NO€2,J
=14.5-20.5).
independent of fragment rotational level. The importance of  While probing NO provides the angular distribution for
the coefficientC?), which is associated with the quadrupole each fragment in a well-defined quantum state, the oxygen-
momentng) (see Appendix can only be determined in an photofragment images allow an overview of the total NO
experiment where the photolysis and probe laser polarizatiorovibrational distribution correlated with each oxygen spin-
directions are controlled independently. Applying theorbit state, albeit with loss of state resolution, since at each
method of laser-induced grating spectroscOp\cS) to the  E; several NO{2,v,J) states can overlap. In Fig. 3, images
NO(v=0) product detection nedd,, Butenhoff and Rohlf- of O(*P,) and OfP,) obtained with 338.9-nm photolysis
ing conclude thaBs does not change significantly when the are shown. NO inv=0,1,2 is produced: the bright central
probe laser polarization is rotated by $9%hus, the coeffi- spot corresponds to N@E2,J), the intense inner ring
cientC{ must be negligible. We expect that the contamina-marks the onset of N@(=1, J), while the faint outermost
tion of the anisotropy parameter due to the rotational alignfing is associated with NQ@(=0, J). Similar images are ob-
ment will be small in our case as well. tained at the other two wavelengths. Images of Q)] are

A. Photofragment ion imaging
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Image Abel-Transformed TABLE |. B values corresponding to éR,) and OfP,) fragments ob-
tained from the NO¢=2, J) angular distributions. The uncertainty gis
*0.1
Q514(J) Corresponding

J(NO) O(%P;) state E,, cm®  B(maging  B(TOF)

J=215 p, 21.27 -0.1

J=205 3P, 78.51 0.23 -0.2

J=19.5 sp, 134.42 0.68 0.2

- J=18.5 P, 187.47 0.96 11

P 3p, 29.47 0.04 -0.1

J=17.5 P, 2375 1.05 1.0

g 3P, 79.5 0.47 -0.2

v J=16.5 P, 284.94 1.47 1.2

w 3p, 126.94 0.84 >0.3

J=155 °p, 329.35 1.34 1.3

%P, 171.35 1.09 >0.3

FIG. 3. Images of the de) photofragments and their Abel transforms J=14.5 sp, 370.84 1.48 1.3
obtained from N@ photodissociation at 338.9 nm. QF(J-), j=0 and 2 were 3P, 212.84 1.03 >0.4
detected by (2 1) REMPI at 225.68 and 226.28 nm, respectively. J=135 p, 411.22 1.3
%P, 253.22 >0.4

qualitatively similar to those of sz,o) and therefore were
not explored in detail. The fragment speed and angular dis-
tributions are derived from the Abel-transformed images
The speed distribution is obtained by integrating the signal
each distancdor velocity) over all angles. To obtain the

angular distributions, the velocities within a prescribed smaINo internal energy(vibrational, rotational, and spin-orbit

velocity rangeAV are summed. distribution P(E;,;) by energy conservation. THe(E,) dis-

3 For NO images, the angular distributions associated with o) iop ¢ O@P,) and OfP,) obtained at 338.9-, 354.7-,
O(®P,) and OFP,) were determined by integrating over and 371.7-nm are shown in Fig. 5

each ring’s velocity width. Note that in these one-color ex- The distinct peaks in the translational energy distribu-

pgnment_s, probing each N@{J) state IS associated V.V'th 2 tions are associated either with specific NO vibrational levels
slightly different excess energy and this was taken into ac-

count in the analysis. The dependencesain E, in the range (whose thresholds are indicated by arrpws with oscilla-

0-400 cmi* for NO(J) correlated with OP,) and OFP,) tory structures in the rotational energy distribution of each

is summarized in Fig. 4 and Table I. Two trends are mani-No(V)' The latter, which depend sensitively on excitation

fest: (i) the recoil anisotropy parametgrdecreases with in- energy, are well documented and interpreted as signatures of

. . ; . __ bending vibrational structure of the transition st&fes).*
creasing rotational and decreasing translational energy; anf:ﬁ

(i) at the sam&, , NO at higherd [correlated with OIP)] e d|s_tr|but|on_s obtalned2§t29354.7 nm are in good agree-
: . ; ment with previous results?®2° They reflect the structures
gives rise to lowerB than NO at lowerJd [correlated with

O(®P,)]. Thus, B depends both on rotational and transla-Of the NO(V.:O’l) rotanongl ‘?"S”'b”“gr;? Wh'ch have been
. measured directly by monitoring N&:*°38In particular, the
tional energy of the fragments.

bimodal energy distribution of NQ(= 1) at this wavelength,
which has two distinct peaks at low and hidls, is well

Similar conclusions are drawn from analyses of the
'9(3PJ-) images. The speed distribution of eacI”FB,(), ob-
Hained by integration over all angles, has been converted to a
Eranslational energy distributio®(E;) which is related to the

B(Et) reproduced in the image. The differences between the
1% 145 O(®P,) and OfP,)E, distributions obtained at each pho-
= tolysis wavelength are another manifestation of the fluctua-
1.2¢ tions that are pervasive in NQ@lissociation*
0.8} In order to derive the dependence®bn E;, the angu-

s 3P lar distributions of narrow rings of widtAV are fit to Eq.
0.4¢ . _3p2 (1). The results are shown in Fig. 6. Note that each measured
0.0} o ﬁtl B is a weighted average of th@parameters associated with

J=18.5% /205 (R= 334, az24") the NO(Q,v,J) states whosé&,,, is complementary tc, .
045 100 200 300 400 Also, the measured data result from a convolution with the
E.cm-! apparatus resolution function.

¢ The most remarkable feature in Fig. 6 is the similarity of
FIG. 4. Dependence of the anisotropy paramgef NO(3[T,,,v=2,J)  the functional dependence gfon E, at the three photolysis
on the c.m. translational ener@y for NO, dissociation around 338 nm. The wavelengths, despite the large differences in excess energy
squares and circles represent NO fragments correlated witR {(and and the corresponding NO rovibrational distributions. Like-

O(®P,), respectively. The solid line is the fit using the model described in__ . . .
the text; the highest NQ state associated with @®,) is not included in the wise, at each of the three photolysis energies, the curves for

. . 3
fit, because it can be generated only from N@hose rotational state is e two mea;ured oxygen 'Splll’l.-OI’bIt ;tates, FQO and
greater than 0.5. O(CP,), are similar. This is significant, since while TR5)
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P(Er)’ (a)371.66 nm B(Et) (a) 371.66 nm

a.u. — —_ 3P 16 3p
| only v=0 . 5 only v=0 — P,
2l T e e 3p
0

0.8

04

0.0
0 300 1000 1500 2000 2300

0 500 1000 1500 2000 2500
(b) 354.67 nm (b) 354.67 nm
v=1

v=1 v=0)

1.2}
0.8}
0.4k
2000 3000 0'00 1000 2000 3000
0 1000
(c) 338.9nm
(c) 338.9nm L o
v=2

"0 1000 2000 3000 4000 5000
E, cm-!

0 1000 2000 3000 4000 5000
-1
E, om FIG. 6. The dependence gfobtained from the G{P,) and OEP,) Abel-

transformed images on c.m. translational energy at the same dissociation
FIG. 5. Photofragment c.m. translational energy distributions obtained fronwavelengths as in Fig. 5.

O(®P,) and OFP,) Abel-transformed images at the specified dissociation
wavelengths. The arrows indicate the opening of each correlated NO vibra-
tional level.

simulated by Gaussian distributions of appropriate width. A

can be aligned, the projection of the () angular momen- strong correlation between the velocity direction of the par-
' .ent molecule and the actual position of photolysis is as-

tum on the quantization axis is zero and no alignment is

possible. In a previous study aB55 nm, OFP,) was found sumed. The overall effect of these deviations from an ideal
to exhibit less anisotropy than mz)’zg iaut this behavior is experiment can be well described by a convolution of the

not reproduced in our studgee Fig. 6. Possibly, due to the original TOF distribution with a Gaussian of full width at
very small population of G{P,),4 some isotropic contami- half-maximum(FWHM) 8%. In order to completely deter-
nation contributed to the obser’ved reductiongiin the pre- mine the kinematics of the fragmentation, we calculate the
vious study. The clear dependence fon NO rotational translational energy from energy conservation neglecting the

level is evident in the 371.66-nm photolysis data where onl smal) internal energy of the parent. With the current reso-
NO(v=0) is energetically allowed lution, it is not possible to detect any indication of the modu-

lation due to Legendre polynomials of degree larger than 2.
A series of TOF profiles and their simulations are shown in
Fig. 7.

The TOF data obtained at Georgia confirm the results The B8 parameter is determined by a least-squares fit to
obtained at USC. The one-color photolysis and detection rethe data. Near the energetic threshold, the TOF spectra are
quires focusing of the laser beam, which results in a smalsensitive to the different fine-structure states of the O atom.
interaction volume. Therefore, a forward convolution proce-In these cases, we simulate the spectra as a superposition of
dure is applied to the analysis of the TOF spectra. Assumingwo corresponding c.m. distributions with independgmnal-
an angular c.m. distribution described by even Legendreies and amplitudes. With increasifyg, the different spin-
polynomials, the arrival time of the ions at the detector fororbit states are less well resolved, resulting in strong corre-
all scattering angle® and ¢ is calculated. Because the ion lation between the parameters. It is for this reason that we
optics does not preserve completely the cylindrical symmeean only determine a lower limit for the anisotropy param-
try, it is necessary to include th¢ dependence. The finite eters for NOv=2, J<17.5. Furthermore, the resolution of
angular and velocity spreads of the molecular beam aréhe TOF experiment was not sufficient to resolve structures

B. TOF spectra
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FIG. 8. TOF spectra of NO{2I1,,,,v"=2, J=18.5) recorded at the indi-
cated laser pulse energies. The dashed lines represent simulations of the
%foF spectra as described in the text. For the simulated spectra in the bottom

FIG. 7. TOF spectra of NO{ 2I1,,,,v"=2, J) resulting from the photodis-
sociation of NQ. The dashed curves represent fits to the experimental spe

- L ; 3
tra assuming the indicated anisotropy paramegéf;) and 8(°P,) asso- part, we assumed the limiting anisotropy paramegets— 1.0 and=1.3,

ciated with the two fine-structure components of théR)(fragment. The respectively. All spectra are calculated using the amplitude ratio
spectra are taken with an acceleration voltage of 10 V/cm, laser energy 0'9(3P Yo (3P,)=0.4
1 =0.4.

mJ, and 500-mm focal length lens. The available translational ertgrgp
cm™ 1) for the NO+O(®P,) channel is indicated for each spectrum.

. . ] . fects, we measured product TOF spectra for different laser
due to f[he opening of the exit channel assocl_atEd with th‘f,u|se energies. Typical results fde=18.5 are shown in Fig.
production  of OtPy) fragments. Therefore this channel, g The derived anisotropy parameters changed by less than
which is open for NO¢=2, J<16.5), is notincluded in the = 1 \yhen the laser pulse energy was increased by a factor of
data analysis. The uncertainty in tjfeparameters is deter- 4 pFyrthermore, a substantial part of the reduction was due to
mined by the range of values that fit the experimental specgpace-charge effects. This somewhat puzzling result can be
tra, and is estimated at0.1. o readily understood when the classical optical pump rate is
A summary of thes parameters is given in Table I. AS compared with the dissociation rate. The radiative lifetime
in the imaging data, with increasing N@); a substantial for the parallel electronic transition is1 xs*° and we esti-
rgzductlon in the anlsotr.op'y parameter is evident. The deviagate for our experiment an optical pump rate corresponding
tions from the lowd limit can be detected only a&; (5 3 pump cycle of at least 15 ps. This value must be com-

<300 cm ™. very close to the thresholds for ea_1ch_39(_), pared with the subpicosecond lifetime of M@ith excess

we find very small and even negatiyevalues, indicating  gnergies>1500 cni’.2L At the higher excess energies inves-

substantial deviations from axial recoil. tigated here, the lifetime is even shorter. Thus, dissociation is
clearly the fastest process, and the deviations from the cubic

C. Saturation behavior power dependence must therefore be attributed to a depletion

In estimating the accuracy of the measur@dparam- of _the NGO, density in the laser photolysis/probe volume,
eters, especially in the one-color experiments that requiré/hich should not affect the value ¢
high power densities, the effect of saturation has to be evalu-
ated. Under the conditions of the present experiment, NO
(2+1) REMPI detection is characterized by quadratic powerV: CLASSICAL MODEL FOR NONAXIAL FRAGMENT
dependence indicating the two-photon absorption as the rafgECOIL
limiting step. On the other hand, a power dependence of les&. Transverse recoil derived from angular momentum
than 2.5 is found for the production of NO fragments in theconservation
one-color photodissociation of NOThe deviation from the
ideal cubic power dependence could be attributed to satura[li-on
tion of the one-photon step in N@hotolysis. Depending on
the competition between the optical pumping and dissocia- hv—Dy=EN+EN+EP+E], (4)
tion rates, we expect a loss of anisotropy for the state re-
solved fragment velocity distributions. To check these ef-

The classical model presented below for Nédssocia-
is based on energy and angular momentum conservation,

Ino,=InotJot L, )
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(a) Excitation tion laws must be obeyed, and they impose restrictions on
product trajectories. In the c.m. coordinate system, the clas-
sical orbital angular momentum is given fyig. Ab)],

L= mNorNox VNO+ morox Vo, (6)

wherer g is the vector directed from the c.m. of N@ the
c.m. of the NO fragmenty o is the c.m. velocity of NO,
andrg and Vg are the corresponding quantities for the O
atom. Momentum conservation dictates that

L:moRXVo, (7)

which is equivalent to the classical expression for the orbital
angular momentum in terms of the long-range impact param-
eterb, L=uVb, where u=myomg/(Myo+ mp) is the re-
duced mass and is the relative velocity of the recoiling
fragments. If we define axial recoil as the recoil of a diatomic
fragment in a direction that correlates with no angular mo-
mentum in the fragment, then the direction of the recoil must
coincide with R. Consequently, we relate axial and trans-

o=, + Aa

A A :occ_" verse recoil to the direction dR.
Ye=7 + Ay S Using [J=%\yJ(J+1) and [L|=moRcVosine

=uVR:sing, whereg is the angle betweeR andVg, and
Rc is a critical distance where the angular momenta become

FIG. 9. (a) Geometry of the N@molecule prior to photoexcitation indicat- established, we obtain

ing the orientation of the transition dipole moment vecpay, the laser MAR~V~sino=%JJ(J+1 8
polarization vectoE, and the initial angley; betweenR andE. (b) Geom- ocro ¢ ( ). ®)

etry and orientation of N@after evolving from the initial to the critical  Defining E,y=hv—Do—E9— ENP=E+E,; as the total

configuration. The angle dictated by angular momentum conservation de- fragment rotational and translational energy associated with

termines the deviation from axial recoil. Notice that the change deter- . . .
mines the change in the angie each NOY) product, this expression can be written as

no T2
‘R2. Bav_ 1 .
whereDy is the dissociation threshold of NOE{'® and E? HRC E gy

are the c.m. recoil energies of the fragmetig; is theoel_ec- Equation (9) highlights the conditions necessary for
tronic energy of the spin-orbit state of the O a.tdﬁﬁft N~ large deviations from axial recaflarge ¢): (i) E/E o can-
cludes the vibrational, rotational, and spin-orbit energies of,,; pe too large compared to 1. In other workis, must
the NO fragmentJyo,, Jno @ndJo are the angular momenta . stitute a large fraction &.,;; and(ii) | yo= snor 2 Must
of the parent NQ molecule, and NO and O fragments, re- pe comparable tdyo,=uRE at the critical distanceRc
spectively; andL is the orbital angular momentum. The \here the angular momenta have reached their final values.
mode_l_ applies tQ trlatom|c dissociation induced by optu;al In applying the model to N@dissociation, we adopt the
transitions that lie in the molecular plane. In common withq)5\ing geometrical configuration of the ground state. The
all classical models, it is valid when the product a”QUIarequiIibrium ONO bond angle is 134°, and the NO bond
momentum is high. In our caséyo,= 1/2 and 3/2 and thus lengths are both equal to=1.189 A2 this corresponds to
Jno, andJo can be neglected, anlio is balanced mainly by  R=1.692 A andy=152°. The choice of the critical distance
L. Note that for a fixed photolysis energy, higho states R is less certain. We define it as the distance at which the
correlate with low recoil energyH;= E{\'O+ Eto) and highL. NO product has developed its final free rotational state, and
Jacobi coordinates are chosen to describe the dissociaensequently the orbital angular momentum must be estab-
tion in the molecule fixed framgMFF); i.e.,Ris the distance lished as well. This value can be loosely related to the value
from the departing O atom to the c.m. of NOis the inter- of Rat the TS; i.e.Rc=Rts. Relying on recent calculations
nuclear distance in NO, angis the angle betweeR andr of the NO, PES and statistical[variational Rice—
(Fig. 9. During dissociation, NO rotation, which is in the Ramsperger—Kassel-MarcuRRKM)] calculations that
parent plane, is accompanied by a counter-rotatiorRof have determined the location of the TS and its geometry as a
around the c.m. of N@ in order to conserve angular mo- function of excess enerdy:*** we use Rc=2.7A, r
mentum. =1.189A, andy~120° (corresponding to ONO TS angle
Notice that in contrast to direct triatomic dissociation, of ~1099.43
where the anisotropy in the angular potential is the main  From Eqgs.(8) and (9) it is evident that at eack,,, a
source of torque, in vibrational predissociation from a barri-specific fragment quantum state will be associated with a
erless PES, the main source of diatom angular momentum iistinct transverse recoil angle, and the deviations from
bending vibrations in the T8"*! Irrespective of the source axial recoil will increase with increasing,,, (and concomi-
of angular momentum, however, the fundamental conservaantly decreasing;). Also, in accordance with angular mo-

Sir o= (9)
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FIG. 10. Final fragment recoil angle (top) and anisotropy parametegt
(bottom) plotted as a function of the c.m. translational endtgy calculated
for different values of the available ener@y,, (defined as the total avail-
able translational and rotational energy of the fragmeg=3.3 A and
ac=27° were used in these simulatiofsee the text

mentum conservation, at a gives,, and Rc, there is a
maximum value of produci that is allowed.

The dependence af on E; is illustrated in Fig. 10 for a
series of E,,, using the NQ parameters given above.
Clearly, this dependence becomes much steeper aElow
At the bottom, we illustrate the corresponding changeg,in
assumingB=1.6 for pure axial recoilsee beloyw As ex-
pected, decreases strongly at smé&l|, and may even as-
sume negative values.

The limiting value of 8 associated with axial recaoil
needs comment. In an electronic transition With symme-
try, the transition dipole moment, lies parallel to the figure
axis, or thea axis of a prolate top. WheR is parallel to the
a axis, 8=2.0, but whenR deviates from thea axis, B
< 2.0 will be obtained even for fast dissociation, generating
diatom with no angular momentum. Definimgas the angle
betweenR and thea axis, we obtain the usual expressioff,

B=2P,[cog a+¢)]. (10

Thus, in a parallel transition witkk+ 0, 3<2.0 is observed
even for pure axial recoil¢=0). The results obtained by
using Eq.(10) with a=24° and positivep (corresponding to
clockwise rotatioh are shown in Fig. 1(®).

B. Applications of the model

Photoinitiated unimolecular decomposition 7391
2 OLP...“:'P'O..
anEE_%g,
15} = ®ulzle,
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FIG. 11. Dependence ¢ in the vibrational predissociation of Ne—ICl on
the rotational state of the ICI fragment, obtained from the quantum calcula-
tions of Ref. 4(squares and calculated from the classical modeircles.

See the text for details.

unknown, and must be either inferred from fits to the data, or
obtained from calculations. Below, we discuss two cases,
one in which we compare our model to results of quantum
calculations for Ne—ICl predissociation, and the other—an
application to the N@decomposition results reported here.

1. Ne—ICl vibrational predissociation

As a first application, we calculate the expected devia-
tions from axial recoil in the predissociation of the Ne—ICl
complex following photoexcitation to itB electronic state
that correlates with the 31, state of the ICI produc,

Ne—ICI(X,VZO, JNe_|C|: O)HNe—ICKB,sz, ‘JNe—ICI: 1)
. Ne+ICI(Bv=1,J,0). (1D

For this complex, the ICI rotational distributions were
determined experimentalff. Quantum calculations of the
ICl rotational distribution, as well as the dependence ofg@he
parameter on the ICl final rotational stafk;,, were carried
out using an empirical PES.

Optical excitation prepares an isolated resonance cen-

dered at 42.31 cm above the ICIB,v=2, J,;=0) asymp-

tote via a transition whose dipole moment is nearly parallel
to R of the bent Ne—ICI complex. The resonance in the ex-
cited state is coupled to the continuum via vibrational pre-
dissociation, and projects ontly, of the ICI(B) state. The
calculated ICIg=1) rotational distribution E,,
=140.4cm?) is similar to the one obtained experimentally
and spang=0-35%% The g parameter calculated quantum
mechanically is nearly 2.0 for lo@s, but decreases substan-
tially for higherJ's (see Fig. 1L Since Ne—ICl predissocia-
tion falls nicely within the criteria identified for nonaxial
recoil [Eq. (9)], the classical model should show how much

Although the model described above is general, itsof the B8 variation with J obtained in the quantum calcula-
implementation for predissociating systems is not alwaygions is due to transverse recoil.

straightforward. On the one hand, the large degree of rota-

In our calculations we useB-=4.95A, which is the

tional excitation justifies the classical treatment. On the othelocation of the top of the calculated potential barfiae
hand, the geometrical configurations at which the model imssumea=0 throughout the dissociation process, silge

applied are often ill defined. In particulaR: and ac are

=2 is found for lowJ,c;. The comparison with the results of
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the quantum calculations is shown in Fig. 11. The good [S(Et) () 371.66 nm
agreement between the quantum calculationdgt-10 in- 1.8
dicates that the predominant reason for the strong decrease in .
. . . 12_ L)
B as a functionJ, is the transverse recoil that must accom- . ==
pany the dissociation into high fragmedt(and low E,) 0.8l "
states. Angular momentum conservation is included explic- . .
itly in the quantum calculatiorfs. - 0.4} .t et
: " = experiment
2. Implementation of the model to NO , unimolecular 0.0}/, — simulation
reaction 04 . (R-=33A, 0,=30 )
The main differences between the Ne—ICl example and 0 500 1000 1500
the NG, case are that for N§ « andR are treated as fitting (b)354.67 nm
parameters, and the transverse recoil anglean be either 1.8¢ ’
added to or subtracted from In the former case, a decrease
in B for all values ofep should be observed. In the latter case, 1.2}
B will increase untila-¢ reaches zer¢or V, coincides with
R), and then decrease ¥g andR diverge. In the absence of 0.8}
dynamical information, we chose to use an equal weighting
of both, namely, o4l = experiment
Ba~[Pa(coga+g))+Py(coga—g))]. (12) ka2
] c e
This choice is sensible, since the main source of fragment 0.0; 1000 5000 3000
rotational angular momentum in N@issociation at energies
not too close td, is bending vibrations in the TS.Invok- (c) 338.9 nm
ing a separation of the motions perpendicular to the reaction 16} .
coordinate and the harmonic approximation, we give equal ** "T. -
weighting to inward and outward bending motioftorre- 1.2} i’
sponding to positive and negatiwg), which evolve into A -
clockwise and counterclockwise rotation Rf respectively. 0.8}k, "
We note that the use of E¢L2) yields better fits to the data A° « experiment
than using solely+ ¢ or — ¢, although the fits are not sensi- 0.4} — simulation
tive to the exact weighting factors in E@l2). The data (R.=33A,a,=27")
shown in Fig. 4 are best fitusing Jyo,=1/2) with ac 00 000 2000 3000 4000
=24°, andRc=3.3A. E . cm-
t

The model simulations of thg variation in the OfPJ-)
images were performed as follows. The corresponding NGFIG. 12. Simulations of the dependencies@bbtained from OP,) im-
internal energy distributions were taken either from phaseges on c.m. translational energy for the three experimental dissociation

; ; otina|Wavelengths as in Figs. 5 and 6. The valuefRgfand o that best fit the
space theorYPST) calculations using the separate Statls"‘lcaldaua for each wavelength are indicated. See the text for details. The error

46,47 ; ; ;
ensembles met_ho(S_SE), (_)r f_rom_ experiments in which bars represent uncertainties fnin the region of high and lovE, .
the NO rovibrational distributions were measured

directly }4171938The NO internal energy distributions were
convoluted with the instrument resolution function, and thehas much less rotational excitation thas 0) gives rise to a
final B values were calculated as the weighted averages dflightly higher value ofB. The 338.9-nm data are best fit
the individual 8 values for the NOv,J states, whose ener- with ac=27°. Here,v=2,1, and O are generated, and the
gies correspond t&; values that fall within a small range distributions are calculated by PST/SSE, since no experi-
AE,.*® mental data are availabf.In summary, the simulations fit
The simulations of the GP,) results are shown in Fig. the data with rather similar choices Bt and ac, and ex-
12.R-=3.3+0.3 A gives the best fit for all the data sets. At hibit large contributions of transverse recoil for higistates.
371.7 nm we obtaire=30°, and since only NQ&(=0, J)
can be produced, the NO rotational distributions in the simuy/, DISCUSSION
lations are generated by PST. At 354.7 nm, experimenta
data for the NO rovibrational distributions are available, an
the distributions measured by Reisler and co-workers are The two parameters of the mod&¢ and ac, are rel-
used as input in the simulatidft’®However, using PST/SSE evant to the mechanism of NQ@lissociation. Recall that in
to calculate the NO distributions yields an equally good fit,order to calculate3, « and R must be related to the space
both with «c=24°. The small increase i@ near the thresh- fixed frame(SFP, which is determined by the laser polar-
old for the opening ofr=1, which is apparent both in the ization vectorE.> Our model is based only on conservation
experimental data and the simulations, and has been olaws and does not take into accoyat least explicitly any
served beforé illustrates that at the sani®,,,v=1 (which  particular nuclear motions during dissociation.

. Implications to NO , photodissociation dynamics
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In barrierless dissociation, the location of the TS is notration along the MEP expressed relative to the SFF. For a
sharply defined and is knowfe.g., by variational RRKM  given change iny, the corresponding changedndepends on
calculationg to move inward with increasing excess the ratio betweemyo_oandlyo. In other words, substantial
energy->** For NO, at high excess energies it is located yotation of R can be achieved only whelno_o is compa-
around 2.7 K&***and thus the value dRc that best fits the p|a tolyo. Thus, we must assume that the changeyin

data,Rc=3.3A, is reasonable. It is located .between the cal o its equilibrium value(1529 to its final value(~1259
culated value of the T®.7 A) and the location of the cen- . . .
occurs at a relatively smaR, and is then followed by addi-

trifugal barriers(4—5 A), beyond which no further energy . _ . L g
exchange among fragment states is expected. Rhisalue tional stretching oR (or the dissociating NO bondintil the

also allows the population of the highest observed NO rotafhitical distanceRc is reached.

tional levels. Note that at higlE,, B values close to the We can now compare the motions suggested by our
limiting axial-recoil value are obtained, and these are noimodel to those predicted or calculated for N@he changes
very sensitive to the choice & . in nuclear configuration during dissociation can be related to

The angleac between the recoil velocity vector afil  the geometry of the conical intersection that couples’the
obtained from the fits is«c=27+3°. In order to understand and 2B, states, and/or to the curvature of the ground-state
its origin, it is useful to distinguish between the excitation MEP in the R, y) plane. Calculations show that the conical
and dissociation steps. The ground-state equilibrium geomptersection occurs at an angje=120° 16 while recent ab

etry of NO, determines the initial angle; betweenR and g calculations of the ground-state PES find that in the TS
the a axis at the moment of excitatidifrig. 9a)]. The initial regiony=123° *a value close to that required for the coni-

Eend'?g angley; =152° (see above cprresponds tqa‘. cal intersection. Moreover, in the most recent ab initio cal-
=7.4°, and therefor&® must rotate during the dissociation ) o . .
culations, it is shown that the MEP in th&®(y) plane is

with respect to the SFF to achieve the valuengfthat best e )
fits the data. This added rotation should correlate to nucleaygnificantly curved only forR<2.1A reaching angles of
motions during the dissociation, which, in turn, must con-120-130°, while at largeR, the MEP can be described by
serve angular momentum. pure stretching motion up to the T$.Thus, most of the
The most likely source of the changedris a change in  change iny occurs at smalR, and the bending angle for the
v during dissociation. Since the parent angular momentum isonical intersection happens to be similar to that in the TS
nearly zero, the relative rotations ondR in the molecular  region. Trajectory calculations using the method described
plane that determing must be correlated. In other words, in by Loocket al,® and carried out on an analytical PES whose
order to conserve angular momentum, any rotationRof ~ shape has similar characteristics to the NKES calculated
(with angular velocityog=dggr/dt) must be compensated g jnitio, also confirm that the expected changeg an such
by a counter-rotation ofr (with angular velocity @r a PES are similar to those observed experimentally.
=d¢, /dt). For a nonrotating parent molecule we obtain Does the closing ofy reflect dynamics on the ground
de, deg uR? Ino—o degr 2\, state, excited?B, state, or both? Near threshold, it is
dt ~ dt W: " lyo  dt (13 astablished that dissociation evolves mostly on the ground
electronic state, and the dissociation time is longer than a
picosecond. Thus, at the near threshold energlesl?28
cm 1) explored by Butenhoff and Rohlfirfd,changes in ge-
ometry during dissociation must relate to the dynamics on
.% (14) 2A,. The situation is more complicated at the high excess
dt ° energieg2000—4000 cm?) employed here. Since the disso-
ciation lifetime is much shorter than a picosecond, many

where I yo_o and o are the relevant moments of inertia.
The time rate of change of is the combined rate of change
of R andr, or,

dy_der_ der ( uR°
fnor 2

dt dt  dt
Since rotation ofR gives rise to a change ia [Fig. 9b)],

Eq. (14) yields overlapping resonances are excited coherently, even with a
) nanosecond laser. Therefore, the excited dissociation wave
M r B - g - . e
da=deg= NO dy (15) fun_ctlon _may |n|t|ally.conta|n a significamB, character,
,U«Nof?JF,MRz which will dephase into the ground state. Recent time-

If the minimum energy patiMEP) in the (R,y) plane is dependent calculations estimate the dephasing time at 50—90
known [i.e., R=R(y) andr=r(y) are knowd, it is then fs (the duration of few bending periog® which is probably
possible to integrate Eq15), provided y(t) is known, and  not much shorter than the dissociation time. Consequently, it
obtain the cumulative change in is not guaranteed that the initial coherent superposition of
resonances launched at the crossing seam will behave in an
Y, (16) ergodic fashion en route to dissociation. In other words, the

% Mnof T uR dissociative trajectories may be influenced by the PES at the
where y¢ is the angley at the moment of bond cleavage.  €rossing seam. Our experiments cannot distinguish between

Equation(16) relates the deformation of the molecule in these different scenarios; they do suggest, however, that the
the MFF to the rotation oR in the SFF. The final value of reduction in the bending anglee must occur near the
ac=a;+Aa depends on the change in the nuclear configufranck—Condon region.

2
e ol
Aa=
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B. Deviations from axial recoil in unimolecular involving excitation by circularly polarized ligftThey also
decomposition provided a simplified formula oB corresponding to the ini-

In this section we discuss the requirements for observin jal parent molecular state with a zero angular momentum
i=0. In this case can be expressed as

changes i3 in photodissociation dynamics due to transvers
recoil. Clearly, an in-plane optical transitigparallel or per-

2 2 2
pendiculay is required. Several conditions are apparent by B(J)= (2po—pi—u7) 17)
inspection of Eq(9). First, large deviations from axial recoil (motps+us)

should be observed when the c.m. axial-recoil velocity com-
ponent is small compared to the tangential velocity compowhereud=[(0ll udl1,J,0)|?, andu? ={(0ll p11,3,+ 1)|? are
nent induced by the rotation of the diatomic fragment. Thisthe reduced matrix elements of the transition dipole moment
means that in fast barrierless unimolecular dissociationas defined in Ref. 40| is the initial parent wave function,
where typically the kinetic energy release is small and fragand [J;,J,Q) is the dissociation wave function with final
ment rotational excitation often extendsEgq,;, such devia- state total angular momentudy=1, angular momentum of
tions should be routinely observed. Second, the nonaxial rghe diatomic fragmend, and a projection)=0 or =1 of
coil, which has a sip dependence, increases sharpl\Eag  Js=1 on thez axis (alongR of the dissociation fragments
approaches€,,; in other words, the highest states will Based on this expression, it can be concluded that when
exhibit particularly large deviations. Third, the moment of,u§=0, B=—1 is obtained (a perpendicular transition
inertia of the diatom should be comparable to the moment ofhile ,uzi:O but MS#O corresponds tg3=2 (a parallel
inertia associated with the orbital motion; i.Rg cannot be  transition). These two limiting cases correspond to transition
too large when the reduced masses related &amd R are  dipole moments that are perpendicular and parallé® toe-
similar. This condition is also necessary for the generation ofpectively. It is important to point out that E¢L7) has no
a significant change in the angleduring dissociation. explicit dependence on produdt state. A J-dependentB
Pursuant to the above, it is straightforward to predicttherefore implies that the reduced transition dipole matrix
systems for which a correlation ¢ with diatomic rotation elements are functions df
will be observed. The change gfis expected to be large for In quantum mechanical treatments, observables are usu-
vibrational predissociation, and for direct dissociation ac-ally related to the quantization axis rather than to the parent
companied by substantial fragment rotational excitationsmolecular plane. Therefore, the physical interpretation of the
Some examples are Ne—ICl, N@D;, N,O, SQ,, and C}O. reduced transition dipole matrix elements obtained in the
The 193-nm photolysis of Nivia a conical intersection also close coupling calculations is not readily apparent, and it is
falls nicely into this category, and the model suggested bylifficult to glean the origin of the dependence®bn J. The
Mordauntet al. demonstrates hoy can change from a lim- classical treatment presented here, although valid only in the
iting value of —1 to positive valued® Their model is also high J limit, nevertheless gives a simple and clear physical
based on angular momentum conservation, and has commgicture of the@ changes. Assuming no rotation Bfduring
features with the model presented here. In certain cases, tlssociation, the quantum mechanical treatment Jpr 1
ratio of the moments of inertia given in E() is not favor-  implies that when the transition dipole moment lies aléhg
able; for example, in ICN, BrCN, CINO, and BrNO. Indeed, (thez axis), MS#O and,ui=0. The dissociation process may
in the 266-nm photodissociation of ICN and the 355-nm phodead to a decrease i/a% and an increase in '[h,ezi compo-
tolysis of CINO, no dependence ¢ on fragment rotation nent with increasing fragment rotational quantum number.
has been observéd>? This mixing of the Q=0 and =1 components has been
We emphasize that the effect described here is by nealled Coriolis coupling in the quantum treatménthereas
means the only one to cause deviations from the limitingn the classical picture we show that it is a result of conser-
value of B. It has already been demonstrated that specifizzation of angular momentum in the molecular frame. When
exit-channel dynamics either involving surface crossings othe initial transition dipole moment lies in the molecular
in- and out-of-plane nuclear motions during the dissociationplane, but is perpendicular to the direction of final recoil,
as well as alignment effects and polarization of thedis- w2 +#0 andu3=0 are expected in the absence of ransverse
tributions, can cause large deviations from the limiting val-recoil. Likewise, if dissociation proceeds with extensive
ues. For example, in a recent work on the photodissociatiotransverse recaoll, it is expected that there will be an increase
of NO, at 212.8 nm, orbital alignment in the oxygen atomin w3 and a decrease in2 as the fragment rotational quan-
has been observeéd.However, even when other effects are tum number is increased. This corresponds to a change of
important, the deviations from axial recoil resulting from from —1 toward 2, as] increases. Both cases were demon-
conservation of angular momentum must be subtracted froratrated in the quantum mechanical calculations of Beswick
the data before the importance of other parameters can kad co-workergas displayed in Fig. 3 of Ref.)4As shown
assessed. above for the Ne—ICl dissociation, the dependence oin
Finally, a comparison of the classical treatmenpBafith ICI rotation obtained with the quantum mechanical calcula-
the quantum mechanical formulation is enlightening. G. Gtion agrees well with the results of our classical modeg.
Balint-Kurti and M. Shapiro provided one of the first quan- 11). It is important to point out that each fragmehstate is
tum mechanical expressions gffor a triatomic dissociation associated with a different recoil direction. A detailed quan-
initiated with linearly polarized light. Beswick and co- tum mechanical treatment is beyond the scope of this paper,
workers later gave a more general formula including casebut new calculations that treat this effect explicitly would
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provide additional insights into the quantum origin of the C(AQ) that depends on the angular momenta of the parent
effect. molecule, the fragments, as well as the different possible
electric dipole transition moments.

VI. SUMMARY

TY(0)=C{¥+CY P,(cos0),
A classical model is presented that describes nonaxial - @4 @) @
fragment recoil in unimolecular decomposition of triatomic ~ To (®)=Cg"+C;” Py(cos®) + C;~ P,y(cos®),
molecules. The model is based on conservation of angular (4 (4) (4)
. L . . = +
momentum, and predicts large deviations from axial recoil To"(©)=C3" P2(c0s®)+Cy7 Py(c0sO)
when (i) the c.m. translational energy of the recoiling prod- +Cg“) Pe(cos®).

ucts is small compared with the rotational energy of the di- = ) . .
atomic fragmenti.e., E,<E,.): and (i) the moment of in- It is interesting to note that without resolving the angular
s} rov . . . . . .
tertia of the diatomic fragment is comparable to thatdistribution, the rotgt,onal(ghgnment momeTi§” is deter-
associated with the orbital motion. The two parameterdnined by the coefficienCq™, whereas the angular anisot-
needed to determine the nonaxial recoil are the interfragmefPPy can only be influenced by 621) nonva(rgl)shlng rotational
separatiorRc at the moment when the angular momenta aredlignment through the coefficien@? andC{?). Therefore,
tweenR andE (Or Me at the moment of excitatiOn Devia- Strong rotationgl alignment due to the CoeffiCi@'gt)) while .
tions from the limiting3 values should be prominent in fast the corresponding state and angularly resolved product dis-
unimolecular decomposition, and in direct dissociation wherfributions do not show a significant contribution from a
a large fraction of,,, is deposited irE . In these cases the fourth Legendre polynomiaP,(cos®). On the other hand,
contribution of axial recoil should be evaluated before othetthe effective anisotropy parameter will contain a contribution
vector correlations are examined. from the rotational quadrupole alignment moment due to the
N . - 2
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