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The quantum state-counting phase space theory commonly used to describe “barrierless”
dissociation is recast in a helicity basis to calculate photofragmgrdorrelations. Counting pairs

of fragment states with specific angular momentum projection numbers on the relative velocity
provides a simple connection between angular momentum conservation ame tharrelation,

which is not so evident in the conventional basis for phase space state counts. The upper bound on
the orbital angular momenturh, imposed by the centrifugal barrier cannot be included simply in
the helicity basis, wherkis not a good quantum number. Two approaches for an exact calculation
of thev-j correlation including the centrifugal barrier are described to address this point, although
the simpler helicity state count with no centrifugal barrier correction is remarkably good in many
cases. An application to the photodissociation of NCCN is consistent with recent classical phase
space calculations of Klippenstein and Cline. The experimentally observed vector correlation
exceeds the phase space theory prediction. We take this as evidence of incomplete mixirt§ of the
states of the linear parent molecule at the transition state, corresponding to an evolution of the
body-fixed projection numbef into the total helicity of the fragment pair state. The average over

a thermal distribution of parent angular momentum in the special case of a linear molecule does not
significantly reduce the-j correlation below that computed for totd=0. Predictions of the-]
correlations for the unimolecular dissociation of NCNO and,C# are also provided. €1996
American Institute of Physic§S0021-96066)00305-X]

I. INTRODUCTION In the present paper, we describe a quantum phase space
theory, using a traditional state-counting technique, but mak-

Phase space thedrpffers a simple and intuitive refer- ing explicit the statistical expectations for thg correlation.

ence point for viewing possible dynamic effects in unimo- A preliminary version of this work has been publisHebh

lecular and bimolecular reactions. For reactions with no barthe pipolar moment language applied by Difda the Dop-

riers, the transition state resembles separated product statege spectroscopy of photofragments, the leading term in the

and a detailed transition state rate calculation can often bg_j correlation is,38(22), which is the ensemble average of

rgplaced py an appropriate state count of the products, gorpz(o ) f), whereP,(x)=4(3x2— 1) and¥ is the unit vector

sistent with energy and angular momentum Conservatlorhmng the recoil velocity of a fragment with a rotational an-

Phase space theory has been compareq W'th varying degre ar momentum in the directiojﬁ Calculation of(Pz(\A/'jA)>
of success to measured rotational and vibrational state distrj-

. : o ends itself to working in a basis for which the projection of
butions, translational energy distributions, threshold photo- g pro)

L . o j on the relative velocity is a good quantum number. A he-
fragment excitation spectra, and absolute reaction fafes. |. . . ) : ,

: licity basis set, first described by Jacob and Wiak the
The connection between phase space theory and vector cor-

relations is less well known. Recently, moderately strerig context of nuclear scattering theory for particles with intrin-

correlations were measured in the predissociation of NECN sic spin, has this property, and provides an intuitive simplic-

historically considered a prototypical statistical reaction. we'ty to state counting when Legendre moments of the helicity

have sought a means of calculating the statistically expecte?jre the desw_ed observables. ) .

v-j correlations in order to assess dynamic effects in this and 1€ outline of the paper is as follows. Section Il A
other photodissociations. Klippenstein and Clifiave re- briefly describes the conyentlonal phase space theory deyel—
cently used Monte Carlo methods to generate representatii€d by Pechukas and Light, and a procedure for calculating
classical phase space ensembles from which vector correl¥:] correlations in the traditional basis. In Sec. Il B the direct
tions have been extracted. They present useful generaliz&tate count in the helicity basis is introduced as an approxi-
tions about the statistical expectations for photofragmept mate, but very efficient and intuitive method to prediet
correlations, based on the relative moments of inertia of twesorrelations. A correction required to obtain the exact phase
reaction products and on the total angular momentum. Claspace theory from the approximate helicity state count is
sical phase space theory has the advantage of wide applicdescribed in Sec. Il C. A set of simple pedagogical examples
bility, as the computational effort does not grow as quicklyfor low state counts is presented in Sec. Ill. The theory is
with energy and molecular complexity as does a direct statéhen applied to three benchmarks of statistical unimolecular
count. dissociation: NCCN, NCNO, and GBO.
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Il. THEORY
A. Transformed phase space theory lmax [T~
The statistical phase space theory is applied to the
breakup of a molecular complex with a specific enekgy
and total angular momentut The probability of producing ]
fragmenti in electronic and vibrational state, and rota-
tional statej; is given by the number of such states,
N(v;,ji,E,J), normalized by the total number of accessible
statesN(E,J)
N(vi,ji;E,J) J
Pvi,ji(E:J)_W D
Klippensteiff has provided a compact notation for the evalu-
ation of the state counts for two diatomic fragments J j J
J max
N(E,J)= ) E ) O[E—- El(vlvj 1)~ Ez(Uz,j 2) FIG. 1. Conventional state count fér+BC at fixed totald comes from the
iz hiM number of interiorjl lattice points. The dashed line represents the energy
. L conservation boundary imposed by the centrifugal barrier.
—ELIXAQIDAG 1.2, 2 Y mposea Y ’

wherej; is the angular momentum for fragmeintl is the
orbital angular momentunj,is the net angular momentum o
j1tij., andM is a space-fixed projection of total angular
momentum,J. The Heaviside function, ensures counting
only states that conserve energy, including thaependent
rotational kinetic energy at the centrifugal barriE{,z. An-
gular momentum conservation is represented by a set of tr
angle inequalities,

¢ State counts in this case are graphically depicted as the num-
ber of lattice points in th¢l plane. Figure 1 shows a typical
jl plane for fixed value ofl. Three diagonal linear bound-
aries arise from angular momentum conservation, while the
vertical line atj . represents the total available energy go-
ing into the rotation ofBC. The dashed, curved boundary
arises from energy conservation including the upper bound
onl due to the centrifugal barrier.
o 1 if |i—jlsks(i+]) The generalization to fragmentation of a four-atom com-
Al] ,k)=[0 otherwise , (3 plex into a pair of diatomic fragment#BCD—AB-+CD,
has been treated by Dagdigiahal1° and by Wittiget all!
restricting the values of andl for givenj,, j,, andJ. The  The state counts are only slightly more complex, as indicated
energy at the tOp of the Centl’ifuga| barrier is USUa”y Writtenin Eq (2) Now the Counting can be graphica”y represented

as as lattice points in gl plane, wherej is the resultant of

I(1+1)42]372 j1ti2, and the plot is for fixed values df j,, andj,. Figure

ElL()=2 o | (4) 2 shows thgl plane forJ=3, j;=3, andj,=4. The upper
Mmle

and lower bounds op are indicated as vertical dashed lines.
whereCg is the coefficient of the spherically averaged?

dependent, attractive interaction potential guds the re-

duced mass of the two fragments. This is appropriate at low

kinetic energies, when the centrifugal barrier is at large

enough fragment separation to ignore the contributions of

chemical bonding and repulsion to the total interaction po- I
tential. For more general forms of the attractive potential max
than a simpler ~© dependenceEIz(I) can instead be ex-

pressed as ]

(R 1
1 )—m, (5)

|
|
whereb,,, is the maximum impact parameter allowed by the :
|
|
|

centrifugal barrier. Althoughb,,, is strictly a weak function !
of the kinetic energy, it is common practice to describe the |
effect of the centrifugal barrier with a fixed value lof,,.

In the original formulatioh for breakup of a triatomic
complex, ABC—A+ BC’. the Only angular mqmenta In- FIG. 2. Conventional state count for a pair of diatomic fragments for fixed
vplved_arel f_or the orbital angular momentum), for the 4151 3, j,, andj,. The region of summation is shown for valugs 3,
diatomic rotation, and for the total angular momentum. The j,=3, andj,=4.

-l J j 5t
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Since the kinetic energy is equivalent for all the states A=-J
counted in this figure, the upper bound bis a horizontal )\,
line, independent of. The upper bound oh derived from 2 L
the centrifugal barrier may or may not be more restrictive ———=5- A=J
than the angular momentum restrictions alone. I
Although a state count in the traditiongl basis is ap- |
propriate for predicting product state distributions, calcula- !/
71
I
L
|

N

tion of the vector correlation of fragment velocity and rota-
tional angular momentum is awkward. A helicity basis, as /
described by Jacob and Witlends itself to a direct quan- ’
tum evaluation of the-j correlation, since the projections of id L
fragment angular momenta on the recoil axis are good quan- . ’
tum numbers in this basis. Theandj quantum numbers are . ’
transformed to helicity quantum numbeis,, denoting the s
projections of angular momentum on the center-of-mass rela- 4
tive velocity. Along this unique axis, the orbital angular mo- n _ _ o
. L FIG. 3. Helicity state count for the sande j,, andj, values as in Fig. 2.

mentum necessarily ha§ ;ero projection. A complete set 0fc'he diagonal dashed lines indicate the bounds on the total heli4itys J.
guantum numbers specifying the same breakup to two frag-
ment states includes totdl and its space-fixed projection
number M, the magnitudes of two fragment angular mo- requires the calculation of multiple Bsymbols for eachl
menta,j, andj,, and the two fragment helicities; and\,.  state in the count oN(E,J). Even for a tetratomic system
The total helicity, A=\;—\, is independent of the orbital with typical j values less than 40, and only one vibrational
angular momentum. Transforming a state count injthlea-  channel open, the calculation of/g correlation for a single
sis into the helicity representation to extrae} correlations detected rotational state can easily require the evaluation of
is now considered. more than 103-j symbols. The 3} symbols in Eq(6) can

The conventiona]l states can be expanded in the helic-be evaluated using either quantum mechanical recursion re-
ity basis for each fixed; andj,. The elements of the trans- lations or a semi-classical approximatitirFor large values
formation matrix are given by Jacob and Wick of the arguments the semiclassical treatment provides quan-

titatively accurate resuftd for considerably less effort.

N

(IM;JHIM NNy = (21 + 1) YA2) + 1)
( i1 2 j ) B. Helicity state count

N1 —A, —A If we neglect, for the moment, the upper boundl afue
to the centrifugal barrier, we can defil (E,J)=N(E,J)

« o ) 6 as an upper bound on the true phase space state count, ob-

A 0 —A tained by dropping the centrifugal energy tel‘E{Q
The first 3§ symbol treats the coupling gf andj, in spe- , _ _ c .
cific helicity states to give a net angular momentjirand N (E’J)_Ul,jly,%z,.,j,,v. OLE~Ea(v1,)1) ~ Ba(vz,)2)]
total helicity A=\;—\,. The second treats the coupling jof ] o
and| to give J. Note that in the helicity frame only the XAJ,DAG10)2)- ®)

m; =0 component of the orbital angular momentum need berhis same sum can be evaluated in the helicity basis
considered. The transformation is unitary, and gives immedi-
ately, if inefficient_ly,_ a metho_d to calc_:ulate the quantumN/(E,J): . E O[E—Ey(v1,j1)—Ex(v2:j2)]
phase space prediction for thig correlation for a fragment v1.1.h1.02.02.02.M
in statej, . The prescription is as follows: count the states in XO(I— N \y|) ©)
thejl basis according to Eq2), and transform eacfi state 1o mel
into its mixed helicity components according to E6). Ac-  The triangle inequalities involving and j have been re-
cumulate the probability distribution of; in a histogram, placed by upper and lower bounds on the total helicity, rep-
p(\;), for eachjl state included in the conventional phaseresented as the Heaviside function ®f|A|. It is to be
space state count. When gll states have been included in understood that the summations over projection numbgrs
the sum, the desired-j correlation is simply the second are bounded byt j;. The helicity state count can be repre-
Legendre moment of the normalizeg\ ;) distribution sented graphically for each j,, j, as a vertex count in the
M\, plane. Figure 3 shows the\, plane for the identical

(P I )= '21: o(hy) X P N1 0 combination of], j,, andj, states as in Fig. 2. The indepen-
2WV-11))= 1 o T/ iciti i i
V==t /—J (i1+1) dent bounds on fragment helicities define a rectangle with

(2j1+1)X(2j,+1) states. The bounds on—\, are repre-
While this method for evaluating-j correlations exactly sented as diagonals which cross Me=0 axis at=J. It can
within traditional phase space theory is straightforward, itbe verified that in absence of a centrifugal barrier the corre-
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sponding state count in this helicity basis, E®), is identical | ,
to the state count in the conventiorjalbasis, Eq(8). Sev-
eral simple and illustrative examples are shown in Sec. lIl.
An approximate calculation to obtain-j correlations
can be performed directly in the helicity basis with exceed-
ing ease. The calculation provides a qualitatively useful first
approximation to thev-j correlation and can be corrected
with little effort to match the full phase space theory exactly.
The helicity state count approach begins by computing
p’(\;) directly from the count ofr;\, states for a given
selected state of fragment &,, andj,, normalized by the
appropriate total count for that state; (v4,j4;E,J)

p,()\l;E!Jivlljl)

(234 , ,
“ N1 EJ) U2%’A2 O[E—E1(v1,j1) —Ex(v2.j2)]

XO(J—|N1—\y)). (10) AN - =

[~ =11 N

N(Ag1.d.32)

This calculation involves only integer counting, and is sim-
ply a sum over graphs like the one shown in Fig. 3. It can be i -
seen from inspection that only negativg correlations can T30 —20 —10 0 10 20 30
arise in this way since the constraints brare only in the A

form of an upper bound on the absolute magnitude. The cal-

culatedv-j correlation follows directly, using Eq.7), but  FIG. 4. The number ok, statesN(X,), for a given coinciden, state from

with the facilep’ (\) approximating the laborioug(\). a measured, =35 fragment, at total=10. The solid line is obtained ig-
noring the centrifugal barrier, the dashed line is obtained with a reasonable
placement of the centrifugal barrier at 4.0 A, and the dot—dash lined is
obtained assuming an unreasonable placement of the centrifugal barrier at
1.0 A

C. Correcting the helicity state count for the
centrifugal barrier

The correction of the helicity state count to agree exactlygal barrier(the corrected helicity state count or CHSChe
with phase space theory requires finding thglsestates al- dot—dashed line includes an exaggerated correction for an
lowed by angular momentum conservation but rejected byexcessively large centrifugal barrier, or low valuesl| gf.
energy conservation at the centrifugal barrier, transformingdOne sees from the solid line helicity state counts that the low
only those to the helicity basis amdmovingtheir contribu-  j, coincident states contribute most strongly to the vector
tion from p’(\;) to computep(\,). The states in question correlation of the detecteld , state, as the high helicity com-
are analogous to those shown in Fig. 1 within the trapezoighonents [\;|>J+j,) are completely forbidden by angular
defined by angular momentum conservation, but at hijher momentum conservation. As the coincidg¢ptncreases, the
andj than the curved boundary. In Fig. 2, they would be theallowed range ofn;, broadens. The reasonable centrifugal
three states above the dashed lind gt. Particularly for  barrier correction has no detectable effectpiin,) for co-
low J, the number of such states excluded by the centrifugaincident stateg,=11 or 22, and can be seen to decrease the
barrier (N'—N) is generally only a small fraction of the total state count by about 30% fpy= 33, preferentially de-
number not excludedN). populating low values of\,|. Even the exaggerated centrifu-

We now examine in more detail the effect of the cen-gal barrier has almost no effect qu{\;) for j,=11, while
trifugal barrier at various stages of averaging. The illustrathe preferential loss of loy\,| states is evident g,=22. A
tions are prepared for the specific case of NCCN with arstrong reduction in the total probability =35 in coinci-
assumed available energy of 4700 ¢mThe magnitude of dence withj,=33 would result from the low,,,, implied by
the centrifugal barrier for givepy, j,, andJ was calculated b, =1.0 A.
using Eq.(5) with b,,,=4.0 A, in accordance with the esti- In Fig. 5 we represent thp(\,) distributions by their
mate of Klippenstein and CliftThe effects of an unrealis- second Legendre moment®,(V-j,)), still as a function of
tically large centrifugal barrier are also shown, usingcoincidentj, for fixed J=10 andj,=35. We see the strictly
bmax=1.0 A. Starting at the most detailed level, Fig. 4 showsnegativev-j correlation for the solid line helicity state count,
an unnormalized helicity distributiom(\;), for a detected with the strongest correlation at loys. The effect of the
statej,; =35 and three single, coincidey states, with the centrifugal barrier is confined tp,>30, near the energetic
total J fixed at 10. In this figure and the next three, the solidlimit, where the net effect is to decrease the population, but
line is the result of the helicity state cou(tiSC), with no  in a way that drives the-j correlation slightly positive, as
correction applied for the centrifugal barrier. The dashed linenoted by Klippenstein and ClifeThesej,-dependent.j
includes the correction for our best estimate of the centrifucorrelations should be evident as a velocity-dependejnt
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0.1

ool NCCN 7

(Pe(v-j))

T T
~6F 3
~i = N
FIG. 5. Centrifugal barrier effects on the-dependentv-j, correlations +_. 5E 3
from a detected ;=35 fragment and total=10. The three lines are as o F E
described in Fig. 4. 2 4f E
Sk E
correlations in the analysis of Doppler profiles, or analogous 2 T TS Y N
time-of-flight experiments, with speed distributions related to 0 1000 2000 3000 4000 5000

the coincidentj, distributions. The coincideng, distribu- E
tions are obtained by summing over thgstate counts, and
are shown in Fig. 6. These plots could as well have beef!G. 7. Centrifugal barrier effects on the total GNE0) rotational state
prepared wih the conventional PST fa,==, 4.0 A, and _SeUIouens Tom NECN desoeaton sssumng n sl rery of 410
1.0 A, without reference to helicity states. The effect of theyree lines are as described in Fig. 4.
centrifugal barrier is seen to be a reduction in the highest
coincidentj, states. Finally, the global rotational distribu-
tions are shown in Fig. 7, obtained by summing over allcorrelations, the far simpler helicity state count gives an in-
coincidentj, states as a function df;, for the same three tuitively useful and nearly quantitatively correct result in
centrifugal barrier cases at totd 10. The rotational distri- most cases. A simple and rapid integer calculation, compar-
butions get colder as the effects of the centrifugal barrieing the total phase space state cobitwith the total helicity
become more severe, although at this level of averaging, #tate countN’, will give a good idea ahead of time whether
would be hard to distinguish an increase in the bond disscthe correction is likely to be significant, and if a correction is
ciation energy from a more restrictivg,,,. warranted, whether the transformed PST or the corrected
We emphasize that although these corrections for th&lSC will be less work.
centrifugal barrier can be made, giving the exact PST vector

lll. SIMPLE EXAMPLES

rot

1500 As an example of the equivalence of the state counting,
consider a single dissociation channel of a parent molecule
with total angular momentund=2 into a pair of diatomic
fragments with rotational angular momenta=1 andj,=1.

The conventional state count proceeds by combiringnd

j» to give resultanf, which in this case can take on values of
0, 1, or 2 according the triangle inequalitiagj,j,j,). For
eachj, there will be a range of orbital angular momeita
that satisfy the triangle inequalities(J,j,l). The nine pos-
sible jlI states are enumerated in Table I. Each of thi¢gse

1000

N(izij1. )

500

TABLE I. PST state count.

o jl states ford=2, j,=j,=1
i | Count
0 2 1
FIG. 6. Centrifugal barrier effects on the distribution formed in coinci- L 123 3
dence withj,; =35 from NCCN dissociation at fixed=10. The three lines 2 0.1,2:3.4 >

are as described in Fig. 4.
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TABLE Il. Helicity state count. TABLE V. Helicity state count.
N\, states ford=2, j;=j,=1 N\, states ford=1, j;=j,=1
N Ay Count N Ay Count
-1 -1,0,1 3 -1 -1,0 2
0 -1,0,1 3 0 -1,0,1 3
1 -1,0,1 3 1 0,1 2

states has total=2 and a corresponding additional21-  p’(\;) count. In this case, explicit evaluation of thej3-
fold degeneracy. To compute thej; correlation of this Symbols according to Eq6) shows that thigjl state has
channel with transformed PST is straightforward, each heliccontributions from all seven helicity components with the
ity state requiring a sum of contributions from each of thefollowing amplitudesa,; :

9jl states. Summing ovex, to get p(\;) would require

evaluating(9x9x2) 3-j symbols. |jl>=2 N i\o)i,

The same dissociation channel can be characterized by :
the helicity states of fragments 1 and 2, denoted\pynd 1 (12)
\,. The angular momentum constraints are now embodied in  |23)= —[|-1—1)—|—10)—|0— 1)+ 2|00)—|01)
the inequalitie$\ ;| <j, |\p|<j,, and|X\;—\,|<J. In each V1o

case the inequality arises from a projection number bounded +]1-1)—|10)].
by the magnitude of the associated angular momentum. An
enumeration of tha,\, states consistent with the sadig,,  The probability of measuring,=—1:0:1 in thejl state|23)
andj, is shown in Table II. Again, there are ning\, states, IS related to the corresponding squared amplitudes, which
each with totalJ=2 and five possible values ®fl. In this  occur in the ratio of 1/5:3/5:1/5. The normalizpt{(\ ;) was
helicity representation, it is clear that all permitted values of2/7:3/7:2/7 from the previous example including all seven
\, are equally likely in the state count, and the ratio 3:3:3 forstates. The corrected, but unnormalized helicity distribution
\;=—1:0:1 corresponds to ne-j; correlation, as can be for fragment 1 is themp(\;)=2-1/5:3—3/5:2—1/5, which
verified by evaluating the sum in E(7). results in a weakev-j, correlation of—1/20 for the sixjl

If the total angu|ar momentum in this Simp|e case ijsStates, compared te-1/14 when alll states are included.
reduced taJ=1, there are only seven allowgdstates which This is qualitatively expected, as the states with the largest
are shown in Table IIl. In this representation, it is hard to seavill generally impose a stronger constraint on the remaining
that there is now a nonvanishingj, correlation, although angular momenta.
the count ofz;\, states in Table IV shows that the two states
missing, compared to the uncorrelated case abovd#$d2, IV. APPLICATIONS
have total helicity\;—\,==*2, which is not possible when A NCCN
the totalJ is 1. The relative probabilities of; are now 2:3:2 "~
and the expectation value &,(V-j,) is —1/14. Of course, 1. Center-of-mass vector correlations

the presence of rotational polarization is clear from a simple  Considerable work has been reported on the ultraviolet
inSpeCtion of th9\1 distribution. These illustrations show the Spectroscopy, photophysiCS, and photochemistry of cyano-
identity of state counts in the conventiongl) basis and in  gen, NCCN**~1" The rotational state distributions measured
the helicity [\;\,) basis when the upper bound drcomes  py Ereset all* and others are well described by phase space
from angular momentum conservation and not energy contheory. It has been generally accepted that the mechanism is
servation at the centrifugal barrier. internal conversion to and dissociation on a barrierf&s$

As a final example, suppose that for the kinetic energy ofyround state. Recently, vector correlations have been ob-
this product channel, the orbital angular momentum couldserved by Wu and Hall for selected states of the CN photof-
not exceed 2, so that the sindle3 state needs to be re- ragments from the 193 nm dissociation of NCERAlthough
moved from the phase space count. ThatNs=7, but  the v.j correlations were previously taken to indicate dy-
N=6. This forbidden|jl) state,[2,3), can be expanded as a namical aspects to the dissociation, we now find they can be
sum of [\;\,) states and its contribution removed from the quantitatively modeled with the statistical calculations de-
scribed here. Klippenstein and Cline have recently per-
formed Monte Carlo evaluations of classical phase space in-

TABLE lll. PST state count. . ..
tegrals to estimate the statistical state-resolved, center-of-

jl states fod=1, j;=j,=1 massv-j correlations relevant to this systémWe have
j I Count subsequently calculated the equivalent quantities quantum
0 1 1 mechanically using the theory outlined above. For our calcu-
1 01,2 3 lations, p’(\;) was computed for selected statps with
2 1,2,3 3 v;=0 and 1, averaged over coincidgnt treatingv,=0 and

1 separately, for various values &fThe helicity state counts
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TABLE V. Calculated vector correlationg(22) for v=0, j o\ Selected CN fragments from NCCN: comparison
of the uncorrelated helicity state couttSC) with the corrected helicity state cou(@HSO.

Coincident CNv=0

jen=17 jen=30 jcn=35 jcn=40
JIneen HSC CHSC HSC CHSC HSC CHSC HSC CHSC
0 —0.057 —0.058 —0.160 —0.159 —0.257 —0.259 —-0.372 —-0.377
10 —0.046 —0.047 —0.146 —0.150 —0.232 —0.232 —0.338 —0.340
20 —0.029 —0.029 —-0.119 -0.119 -0.173 —-0.176 —0.248 —0.249
30 -0.021 —0.022 —-0.077 —-0.075 —-0.110 —0.106 —0.155 —0.148
40 —-0.016 —0.016 —0.042 —0.039 —0.056 —0.050 —-0.075 —0.063
60 —0.001 0.002 —0.005 0.002 —0.006 0.007 —0.007 0.020
Coincident CNv =1
0 —0.090 —0.090 —0.370 —0.379 —0.472 —-0.481 ...b
10 —-0.074 —0.073 -0.311 -0.314 —0.428 —-0.432
20 —0.046 —0.046 —-0.184 —0.182 —0.300 —-0.284
30 —0.026 —-0.025 —0.076 —0.063 —-0.119 —0.068
40 —0.008 —0.005 —0.020 —0.003 —0.022 —0.043
60 0.000 0.003 0.000 0.023 0.000 0.057 0.000 —-0.057
Thermaf —0.021 —0.061 —-0.075 -+ —0.094
Ancen=1 —0.062 —-0.154 —0.195 -~ —0.236
Expt.d —0.08£0.04 —0.15+0.06 —0.21£0.04 -+ —0.23£0.04

dCenter-of-mass frame.

b... indicates energetically inaccessible states.

“Corrected for the center-of-mass to laboratory frame transformation.
YReference 5.

(HSC) were made assuming an available energy of 4700@ations at high totall and high fragmeng, which is absent in
cm 1 to compare to the classical calculations of Klippensteinthe uncorrected calculations. This difference occurs for those
and Cline. The results of both the uncorrectét5C) and  channels where the centrifugal barrier should be most sig-
corrected calculation€CHSQO are presented in Tables V and nificant. We should mention that for small molecules with
VI. For all state combinations examined, the agreement bemodest energies like this, the present state counting approach
tween the classiciland corrected quantumj correlations is much faster than the Monte Carlo phase space algorithm
is exact, within small Monte Carlo sampling errors. The un-of Klippenstein and Clind. To compute the HSC results
correctedv-j correlations,83(22), calculated by ignoring the shown in Tables V and VI required only a few seconds on a
centrifugal barrier, agree very well with the corrected state80486-based personal computer, although the CHSC results
count, particularly at lowd, as one might expect. Both the shown required about an hour of additional computer time.
trends and the magnitudes of thg correlations with total .

. . 2. Thermal averaging and laboratory frame
and with the fragment are reproduced correctly, except for transformation

the small positive correlation predicted by the CHSC calcu- To compare to thermal experiments the degradation of

the center-of-mase-j correlations due to the distribution of

TABLE VI. Calculated vector correlationg3(22) for v=1, jcy selected CN fragments from NCCN: compari-
son of the uncorrected helicity state colHSC) with the corrected helicity state couf@HSO.

Coincident CNv=0

jen=6 jen=11 jen=16 jen=21
JIncen HSC CHSC HSC CHSC HSC CHSC HSC CHSC
0 —0.024 —-0.025 —0.047 —0.048 —0.080 —0.081 —0.133 —-0.136
10 —0.008 —0.008 —0.029 —0.030 —0.064 —0.065 —0.118 —0.119
20 —0.005 —0.005 -0.017 -0.017 —0.041 —0.040 -0.077 —-0.076
30 —0.004 —0.004 —0.013 —0.012 —-0.024 —0.023 —0.037 —0.035
40 —0.001 —0.001 —0.004 —0.002 —0.007 —0.005 —0.011 —0.007
60 0.000 0.000 0.000 0.001 0.000 0.003 0.000 0.005
Therma? —0.003 —0.009 —0.017 —0.030
Ancen=1 —0.020 —0.041 —0.067 -0.111
Expt® —0.01+£0.04 —0.02£0.06 —0.14+0.06 —0.08+0.06

&Center-of-mass frame.
PCorrected for the center-of-mass to laboratory frame transformation.
‘Reference 5.
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parent velocities must be taken into account prior to averag- 0.1
ing over coincidenj, states. The procedure is similar to the

treatment of degraded spatial anisotropy in photodissociation 2 31:?
and in photoinitiated bimolecular reactiolfsThe azimuth- 0.0 — -Thermal
ally averaged additiotAAA ) theoren® permits evaluation —A=1

of the effective, laboratory-j correlation in terms of the

(Pe(v.j1))

center-of-masgu-j) correlation and a laboratory to center- 01 1
of-mass factor, providegl is azimuthally symmetric about
the center-of-mass velocity, 0z

(P20 1)) =(Pa(¥-0))(Po(d-])). (12
The Boltzmann average over parent velocities can be per- —03 . | | |
formed analytically’° giving 0 10 R0 30 40

if)
. C B3(22), s vulo?)
Bo(22)a(v,]j2) = , (13 FIG. 8. Comparison of experimentaind calculated-j correlations for CN

2
l1(vul o) fragments from the 193 nm dissociation of NCCN. Dashed lines are fully

; : ; ; d thermal calculations and solid lines are for the restricted helicity
v-j correlations as a function of laboratory velocity v for 2erage : .
J Y Y model. Selected rotational statpsof the detected statas;=0 and 1 are

eachj, state with its center-of-mass velocity wherels;;  shown; the calculated lines for,= 1 extend fromj,=0 to 21.

and I,, are modified spherical Bessel functions,

o?=(kgT/m), andBj(22);, is the center-of-mass:j vector

correlation for a specifi¢, state. The corresponding labora- linear molecule, NCCN. In computing the state distribution,

tory velocity distribution for eaclj, is given by, the total helicity of the two fragments is allowed to range
between+J and —J of the parent molecule. In the axial

F(V.jp)= exd — (v*+u?)/26?]1 ) (vul o) recoil limit, where the radial velocity of the fragments far
2 Ama®\lvu ' exceeds their tangential velocity, the combined helicity of the
) S ) two fragments is closely identified with the projection of
The laboratory frame velocity distribution is then given by (4t 3 around the axis of the linear molecule, which neces-
sarily vanishes. The spectroscopically populated levels of the
f(v)=2 P(j)Xf(V.j5) (159  predissociating NCCM 'S, andB A, states reached by
2 Herzberg—Teller interaction are characterized by a single
with P(j,) the normalized distribution af, for fixed j; and  unit of vibrational angular momentuni=1. If this body-
J, and the velocity-dependemtj correlation in the labora- fixed projection number is not mixed in the internal conver-

(14

tory frame is sion to the ground state or in the separation of CN products,
. 212B8(22)|ab(v,uj2)>< P(j,) X f(V,UjZ) we should expect the total hgllcny to remain small, even in a

B3(22)a5(v) = i ] thgrmal ;ample of NCCN with large yalugs pf total For
2, P(j2) X f(v,up) this special case of linear molecule dissociation, the angular

(16  momentum conservation constraint in the helicity basis is
The laboratory frame, velocity-averageej correlation for ~More severe than shown in E@), as the value ofh,—),| is

each parenf is then bounded byK, rather than]
,38(22)Iab2477j0 ,38(22)|ab(v)><f(v)v2 dv. (17 N”near(E’J):vl,jl,hlé,jz,)\z,M O[E—Ey(v1.j1)

The rows of Tables V and VI labeled\jcy=1" are ob- —E2(v2,j2) IXO(K=|N1—Ng).  (18)

tained in this way fod=1. A Boltzmann average over par- Restricting theK states(or the total helicity,A) to 0 and 1,
entJ f!nally gives the thermav-j c_orrelatlons for each de- ayen in a room temperature sample including higstates,
tected], state, labeled “Thermal” in the same tables, whereoquces vector correlations identical to those obtained with
coincidentv,=0 and v,=1 states were combined With toa) J=1. The Aycey=1 rows of Tables V and VI, which

phase space theory weights. include the center-of-mass to laboratory correction, are in
. ] gquantitative agreement with the experimentally determined
3. Comparison to experiment v-j correlations, lending support to this notion Kfrestric-

The general trend of an increasingly strong tendency fotion in a linear molecule leading to enhanaedl correlation.
j to be perpendicular te at higher rotational levels is com- Figure 8 shows the bottom three rows of Tables V and VI:
mon to the theory and the experimental results of Wu andhe laboratory frame, thermally averagedl correlations as a
Hall.> A key difference is that the observed vector correlationfunction of the detectefiy states in vibrational levels 0 and
is more than twice as large as the thermally averaged, statid; the linear molecule limit of the calculatedj correlations,
tical expectation. It seems very likely that this is a conse-where the total helicity is less than or equal to 1, along with
guence of an additional constraint on the dissociation of théhe experimental measurements.
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TABLE VII. Calculated vector correlationg3(22) for v=0, jy selected CN fragments from NCNO, averaged
over all possible coincident=0, jyo-

Jneno jen=5 jen=10 jen=15 jen=25

Eaai=411 cmit
Jet —-0.034 -0.175 ...
Bulb® —0.001 —0.004

Eaai=939 cm't
Jet —0.019 —0.074 —-0.192
Bulb —0.002 —0.007 —0.014

Evai=1670 cmt
Jet —-0.014 —0.045 -0.097 —0.382
Bulb -0.002 -0.009 -0.018 —0.034

&.. indicates energetically inaccessible states.
bThermal average over parent rotational distributions. The valug(@®) are given in the laboratory frame.

We now provide a cautionary note regarding the abilitygies below the threshold for vibrational excitation in the
of the experimentaV-j correlations to address discrepanciesproducts (E<1860 cm'l) the state distributions were re-
in the value ofD3(NCCN). The bond dissociation energy markably well reproduced using PST. At higher energies,
advocated by Huangt al?* and other¥~® would corre-  with the possibility of fragment vibrational excitation, ex-
spond to 4700 cit of excess energy following photodisso- perimental distributions deviated from PST, leading to the
ciation at 193 nm. Although we have found excellent agreesuggestion of a modified theory of separate statistical en-
ment in thev.j correlations using an available energy of semblegSSB.M
4700 cm ! in the calculations shown here, the agreement is  Experiments by Qiaret al?® measured correlated scalar
not particularly sensitive to this choice of energy. The centerdistributions in the dissociation using Doppler spectroscopy
of-massv-j correlations depend on the available energy, in-of CN B 23" —X 23" lines at excess energies between 411
creasing as the available energy decreases. The laboratcaymd 2348 cml. The experiments provided a more stringent
v-j correlations are not as sensitive since decreasing thiest for both PST and the SSE model. No deviations from the
available energy also reduces the center-of-mass velocitiebarrierless dissociation models were detected, in contrast to
resulting in a more severe thermal degradation of the statistical adiabatic channel motfeprediction of exit barri-
correlation. Wu and Hallfound that the wings of the Dop- ers arising from the adiabatic evolution of parent vibrations
pler profiles, a direct measure of the fastest coincident fraginto product rotations. Na/-j vector correlations were re-
ments, were consistent with an available energy closer tported by Qiaret al, although an excess population of the
5300 cm 1.?? Recalculating the\yccy=1 rows of Tables V. A’ lambda doublet level of NO was detected for the highest
and VI using an available energy of 5300 chalso gives J states® We have calculated thig, averagedsy(22) val-
vector correlations within the experimental uncertainties. ues for selecteql-) rotational states at three excess energies

Further questions remain about the true available energy411, 939, and 1670 crl), each below the threshold for
the possible role of an exit barrier in the dissociation, kinetic
shifts in the threshold for detecting CN fragments, and the
relationship between the available energy, the state distribu-

. : . . 10 .
tions, and the vector correlations. New experimental work is 1 NCNO
. 3,24 S . 0 1670 cm
in progres€32*We are optimistic about resolving the speed- A 939 em™t
dependent-j correlation in our next generation of Doppler 8F 0411 em™! .
spectroscopy experiments, which is related to the coincident «
. .. . . . o
j»-dependent helicity distribution. Much of the apparent de- — | l 000 i
< - . o . . ~. 6 o® %o
viation from statistical behavior in the photodissociation of = o o
NCCN may well turn out to be related to changes in the form % Ooo Oo
of the statistical theory to treat the special case of angular \23 4 \l/o YA o l N
momentum conservation in linear polyatomic molecules. OOAAAA AAA Oo
A A

B. NCNO 2 s A o

The predissociation of NCNO has been thoroughly char- %0 | | %% | fA .o
acterized through numerous experiments by Wittig and 0o 5 10 15 20 25
co-workers*?>%® As a result NCNO has become a bench- jen

mark system for testing statistical theories of unlrnOI(:"CmarFlG. 9. CN@=0) rotational distributions from NCNO, obtained using PST

d|SSQC|at|0n- m'_t'al ?Xpe”ments 'foc?use.d on global producty, three values of the available energy. The arrows indicat¢tiseates for
rotational and vibrational state distributions. At excess enerwhich thev-j, correlation has been calculated and shown in Table VII.
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Doppler Shift (cm—l) FIG. 11. Phase space theory calculation of state-resolved CO translational

energy distributions, and C@j vector correlation as a function of transla-

FIG. 10. Simulated? branch(solid line) andQ branch(dashed ling Dop- tional energy for ketene photolysis at 308 nm. The contribution of CH
pler profiles predicted for detected QlN=25, v=0) arising from the jet- (000 states is shown with circles, that of GK010) is shown with triangles.

cooled photodissociation of NCNO at 1670 chavailable energy. Results forjco=6 are shown.

formation of NOv=1. For reference, Fig. 9 shows thgy laboratory?! The coincident CO rotational distributions were

rotational state distributions at these available energies dgund to agree with PST calculations, but showed an excess
predicted by PST, with arrows indicating the CN states forPOPulation of COv=1 compared to PST calculations. No
which the v-jcy correlation was calculated. A value of SIgN of velocity anisotropy ov-j correlations was obsgrved
bre—=4.0 A for the centrifugal barrier was taken from the for the low J CH, states observed. Analogous experiments
work of Klippensteir?® Table VII contains the results of the sensitive to the Cklcoincident energies for spectroscoplca}lly
calculations for parent rotation states characteristic of jetS€lected CO states have recently been performed using a
cooled sample J=5) and a fully averaged room tempera- metastable time-of-flight technique in Wodtke’s laboratBry.
ture sample. The results are qualitatively similar to thosel N TOF signals show vibrationally resolved peaks, assigned
shown in Table V and VI for NCCN dissociation. Thejcy ~ © CO in coincidence with singlet CHvith one or no quanta
correlation is weak in the thermal sample, but several of th@f bending energy, as well as a small amount of faster CO
states detected by Qiast al?® from jet-cooled NCNO produced in coincidence with triplet GHThe TOF signals
should have possessed strong vector correlations. ModelingloW strong probe laser polarization effettsyhich should
the Doppler line shapes expected for statistically populate@® Understandable in terms of coincident-state-dependent CO
CN states, we find that dramatic differences @ and V'i correlations with appropriate center-of-mass to labora-
R-branch lines of CN should be detectable in a higher resolry frame transformations.
lution experiment; an example with 0.01 chresolution at We have performed helicity state counts for the ketene
700 nm is shown in Fig. 10. The choice of tBe-X transi- photodissociation conditions relevant to the metastable CO
o i 32 e
tion, with noQ branch, combined with limited spectral reso- TOF €xperiments of Drabbelst al.” The coincident state
lution and slow fragments made these effects undetectabfPunts of singlet Chifor selected CO fragment states were
under the experimental conditions used by Qédral. Cur-  computed at an available energy of 2351 ¢rand a parent
rently work is underway in our group to measure Doppler) =5, typical of jet-cooled ketene. The Glstate counts, in
profiles usingA«< X LIF CN detection in a jet to test these 100 cm - translational energy bins, are show in the top pan-

predictedv-jy correlations for selectefly states. els of Figs. 11 and 12 for.o=6 and 17. Separate counts are
shown for CH with no vibrational excitation(O) and for

C. CH.CO CH, with a single quantum of bending excitatigr\). A

TR centrifugal barrier ab,,,,, between 3 ath 5 A has no effect on

As a final example we consider the ground state dissothese distributions whatever, and the helicity state count is

ciation of ketene, CKCO, another classic barrierless equivalent to the full phase space theory. Vhecorrelations
dissociatiorf-?%2° State distributions for both CO and GH are plotted as a function of kinetic energy in the lower panels
fragments have been reported at a variety of wavelengthsf Figs. 11 and 12, with separate plots for the Q800 state
near the threshold for singlet GHand photofragment exci- and the(010 state, as before. The fastest COjn 17 cor-
tation spectra have provided a remarkably detailed view ofesponds to low states of the coincident GHind these CO
the dissociation process to compare with unimolecular reacstates must have a stromgj tendency. The calculated coin-
tion theory. Coincident CO product state distributions havecident CH internal energy distributions are evidently hotter
been measured for low singlet CH fragments following than the experimental distributions observed by Drabbels
308 nm dissociation by Doppler spectroscopy in thiset al,*? as the calculated global GHstate distributions are
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3000 , , | , copy of Ref. 6, and thanks Professor A. M. Wodtke for shar-
2500 P\_< Co v=0, =17 - ing prepublication information on his ketene experiments.
2000 |- \ | This work was performed at Brookhaven National Labora-
15001 - | tory under Contract No. DE-AC02-76CH00016 with the
= Loool o,o&o i U.S. Department of Energy and supported by its Division of
500 \X i Chemical Sciences.
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