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A KrF excimer laser (248 nm) is used to dissociate a low pressure (5-10 mTorr) sample of 
cyanogen iodide (lCN) and the resulting CN X 2~ + fragments are probed by laser-induced 
fluorescence (LIF) via various vibrational sequences of the B 2~ + -X 2~ + transition. In 
addition to measuring relative vibrational and rotational populations in the CN X 2~ + 

photofragment, the alignment of rotational angular momentum in this fragment is determined 
from the variation in LIF intensity as the direction of linear polarization of the probe laser is 
rotated with respect to that of the photolysis laser. A unifying model is proposed for the A 
continuum photodissociation dynamics which is able to account for present and previous 
experimental measurements characterizing both the I and CN' photofragments. 

I. INTRODUCTION 

The photodissociation dynamics of ICN in its near uv 
A continuum has long been the object of both interest and 
controversy. The photodissociation of this linear triatomic 
has been studied for over ten years, but the complexity of this 
photodissociation process defies easy interpretation. Early 
studies demonstrated that more than one excited state is in
volved in the photodissociation dynamics ofICN, producing 
iodine atoms in the two spin-orbit states, l*ePI / 2 ) and 
1( 2P3/2)' as well as highly excited and structured rotational 
distributions in the CN X 2~ + fragment. l

-4 Photofragment 
angular distribution measurements by Ling and Wilson 1 at 
266 nm, near the peak of the A continuum, established that 
both components are produced through predominantly par
allel transitions. The work of Pitts and Baronavske showed 
that the production of ground state iodine is favored in both 
the high and low wavelength regions of the A continuum, 
while the electronically excited state is favored in the central 
wavelength region. Hess and Leones have recently remea
sured 1*(P1J2 ) quantum yields for photodissociation of 
ICN in theA continuum. They find an l*ePI12 ): I(P3 /2) 
ratio of 1.9 and 0.8 for photolysis at 266 and 248 nm, respec
tively. It is generally agreed that at least three excited elec
tronic states of the parent ICN molecule contribute to the 
photodissociation in theA continuum. It has been argued on 
the basis of symmetry correlation diagrams that the states 
which correlate with the ground state 1(2P3/2) atom must be 
bent,6 and that it is the transition from the linear ground 
state of the parent ICN molecule to the bent excited state ( s) 
that produces the high degree of rotational excitation ob
served in the CN X 2~ + photofragment distribution. 

A number of recent studies have investigated the final 
state distributions of the CN photofragment in considerable 
detail. The vibrational and rotational distributions of the CN 
photofragment have been determined at a number of wave
lengths throughout the A continuum.7

-
11 These studies are 
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valuable in determining the relative contributions of differ
ent states at different wavelengths, but do not reveal whether 
these states are directly accessed in the initial absorption or 
through subsequent nonadiabatic transitions. 

As a complement to the measurement of scalar quanti
ties, such as the distributions of photofragment internal en
ergy, the spatial distributions of vector quantities, such as 
velocity or angular momentum, can provide additional in
sight into the details of the dynamics of the photofragmenta
tion process 12-20 The direction of linear polarization of the 
ahotolysis photon Ep, introduces a laboratory fixed axis (the 
Z axis) about which the excited molecules, and the final 
distributions of photofragments, must possess cylindrical 
symmetry. The distribution of molecule fixed frames with 
respect to the laboratory fixed frame is determined by the 
dipole transition probability, which is proportional to 
IEp • .... 1

2
, or to cos2 0/1-' where .... is the dipole transition mo-

t 1415 Th .. men.' e tranSItion moment .... depends on the symme-
try of the initial and excited states relative to each other, and 
is fixed in the molecular frame, parallel to the internuclear 
axis in the limit of a purely parallel transition in a linear 
molecule, and perpendicular to the internuclear axis for a 
purely perpendicular transition. The dipole transition prob
ability thus establishes the rel~tionship between the molecu
lar frame and the laboratory Z axis. Vector quantities, such 
as velocity or angular momentum, which are oriented with 
respect to the molecular frame will, therefore, have an aniso
tropic distribution in the laboratory frame. The tensor char
acter of the dipole term in the Hamiltonian further deter
mines that the spatial distributions of these vectors may be 
described by even multi pole moments of rank k = 0, 2 and 
component q = O. 

The angular distribution of fragments created by elec
tric dipole allowed photodissociation can, therefore, be de
scribed by12.14 

f(O) = 1I41T{1 +/3P2 (cos O)}, 

where P2 (cos 0) is the second Legendre polx.nomial of the 
angle 0 between the velocity vector v and the Z axis, and /3 is 
a parameter determined by the photodissociation dynamics, 
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FIG. 1. Schematic diagram of apparatus used in polarization measurements. Inset shows a timing diagram for gated detection of polarization response. 

with the limits - 1 </3<2. Similarly, it can be shown that 
the photofragment alignment, defined byl6-18 

d~2) = «3J; - J2)/J2) 

[proportional to the second Legendre polynomial 
P2 (cos OJ) of the angle OJ between the angular momentum 
vector J and the Z axis] has the range 4/5 < d(/) < - 2/5. 
For an isotropic velocity or angular momentum distribution, 
both /3 and df/) will be zero. The parameters /3 and d62

) 

take their limiting values when the transition is between 
pure, well-defined electronic states followed by prompt dis
sociation with no interaction between the recoiling photo
fragments. Departures from these limits may, therefore, re
veal information about the character of the electronic 
state (s), about the excited state lifetime of the parent mole
cule, and about the interactions between the recoiling photo
fragments. 

The angular distributions of the CN X 2l: + , v" = 0, N " 
fragment produced at 266 nm have recently been determined 
by Nadler et al. 11 The velocity distribution of the CN photo
fragment, as well as the l*ePI/2):1(2P3/2) ratio, is deter
mined from the shape of the Doppler profile for specific rota
tionallevels. The state specific /3 parameters /3(N") vary 
from 1.6 to 1.3 as a function of N", compared to the parallel 
limit of 2. These results are interpreted as showing that the 
initial absorption is to a linear state which correlates with 
I*ePI/2) + CN(lowN"),andispredominantlyparallel. In 
this model, a second, bent surface which correlates with 
Ie P3/2) + CN (high N " ), is populated in a subsequent non
adiabatic transition. Another study, performed by Hall et 

al.,21 has investigated the alignment of rotational angular 
momentum, d~2) (N" ) of the CN X 2l: +, v" = 0, N " photo
fragment at a number of wavelengths. The alignment varies 
with rotational quantum number, but the average alignment 
as a function of wavelength is shown to roughly track the 
wavelength dependence of the l*ePI/2):lep3/2) ratio pre
viously determined by Pitts and Baronavski.3 These 
workers, therefore, offer the alternative interpretation that 
the different excited electronic states are directly populated 
in the initial absorption step. 

We have undertaken a study of both the relative vibra
tional and rotational populations of the CN X 2l: + photo
fragment produced at 248 nm, and the alignment of rota
tional angular momentum in that fragment. While this study 
has been performed at a single dissociation wavelength, our 
detailed examination of the final state energy distributions 
and alignment of the CN fragment as a function of N" has 
provided us with additional evidence for the interpretation 
of the dynamics of the A continuum photodissociation of 
ICN. We present arguments that, at least in the central por
tion of the A continuum absorption, a single excited elec
tronic state is accessed, and that the alternative final state 
channels are populated by subsequent curve crossings. 

II. EXPERIMENTAL 

Figure 1 shows a schematic diagram of the experimental 
setup. The photolysis source is provided by the 248 nm out
put ofa KrF excimer laser (Lumonics TE-861). A portion 
of the excimer laser beam is introduced into the vacuum 

J. Chem. Phys., Vol. 87, No.1, 1 July 1987 

Downloaded 02 Jun 2011 to 171.66.83.218. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions



O'Halioran, Joswig, and Zara: Photolysis of ICN 305 

chamber by reflection from a 50:50 dielectric coated beam 
splitter, and the remainder is used to pump a tunable dye 
laser (Lambda-Physik 2002E). The output of the dye laser, 
which is used to probe various vibrational sequences of the 
CN B 2l; + -x 2l; + transition, is introduced into the vacuum 
chamber counterpropagating to the excimer beam, and the 
resulting fluorescence is collected by a photomultiplier tube 
(RCA 7326), which views the excitation zone through an 
interference filter centered on the CN B 2l; + -x 2l; +, au = 0 
sequence. In some cases, a lens is used to improve the fluores
cence collection efficiency. 

The laser-induced fluorescence (LIF) signal is pro
cessed by a gated boxcar integrator (PAR 162, 164, and 
165), and the voltage output is converted to a frequency, 
which is summed in an Ortec counter and ultimately stored 
in a microcomputer. An external gate/trigger circuit pro
vides the start pulse for the excimer laser and provides gate 
pulses for the boxcar integrator.22.23 The intensity of the ex
cimer and dye laser beams can be monitored by unbiased 
photodiodes (EG&G FND 1 OO-Q) carefully operated in the 
regime oflinear response, as determined by comparison with 
a pyroelectric detector (Molectron J3 ) . 

The portion of the excimer beam which traverses the 
vacuum chamber is recollimated by a long focal length 
quartz lens, and the beam size is further reduced to about 
0.25 cm2 before passing through a high quality quartz win
dow. The energy of this portion of the exCimer beam is about 
5 mJ. In order to measure the alignment of the CN fragment, 
it is necessary to control the polarization of the dye and ex
cimer lasers. The excimer beam is 60% polarized after re
flection from the dielectric beam splitter. A MgF beam split
ting polarizer then divides the beam into two linearly 
polarized components: an undeflected beam which enters 
the vacuum chamber and a deflected portion which is 
blocked by a second aperture (Fig. 1). The polarization of 
the undeflected beam was determined to be greater than 
96%, and the addition of a calcite crystal polarizer following 
the beam splitting polarizer causes no change in the polariza
tion response of the LIF signal. The direction of polarization 
~fthe photolysis beam, denoted by Ep , defines the laboratory 
Z axis, and can be set at some angle () d, with respect to the 
direction of the detector kd . 

The dye laser beam can also be linearly polarized to 
greater than 96% either with a calcite crystal polarizer or a 
sheet of polarizer (Polaroid HNP'B). The direction of po
larization Eo can then be rotated with a birefringent photoe
lastic modulator (Hinds PEMCF4), set at an angle of 45· 
with respect to the polarizer. The retardance of the photoe
lastic modulator (PEM) depends on the amplitUde of its 
compression, and the gate/trigger circuit fires the excimer 
laser in synchronization with the phases of the sinusoidal 
compression of the PEM, so that the retardance is either zero 
or one half-wave, and the polarization of the dye laser is 
therefore either unrotated or rotated 90· on alternate shots of 
the excimer laser.22

,23 The same photomultiplier signal is 
processed by two counters, which are gated on the alternate 
phases of the PEM so that one counter accumulates signal 
corresponding to Eo IIEp, and the other that corresponding to 
EolEp • 

The ICN sample (Eastman Kodak) is purified by resub
limation, and its vapor is made to flow slowly through the 
vacuum chamber at pressures of5-10 mTorr. Relative popu
lations and polarization response were determined to be in
dependent of sample pressure in this range. Dye laser inten
sities were chosen to avoid saturation,24 particularly when 
determining the polarization response. The fluorescence col
lection lens was removed when polarization measurements 
were made. 

III. RESULTS AND DISCUSSION 

A. Vibrational and rotational populations 

The u" = 0, 1, 2, 3, and 4 vibrational levels of the CN 
X 2l; + fragment have been observed utilyzing various dyes 
to probe the au = + 1, - 1, and - 2 sequences of the CN 
B 2l; + -X 2l; + transition. Portions of the spectra obtained 
are shown in Fig. 2. The spectra were assigned with the aid of 
the spectroscopic constants of Engleman, 25 and by obtaining 
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FIG. 2. Laser-induced fluorescence intensity as a function of probe laser 
wavelength CN B 2l;+ _X2l;+. (a) (I,Q) and (2,1) bands, (b) (0,1) band. 
and (c) (0,2) band, following photodissociation of ICN at 248 nm. Data 
are uncorrected for excimer or probe laser intensities. 
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spectra rotationally relaxed by addition ofN2 gas where nec
essary. The integrated line intensities, normalized with re
spect to excimer and dye laser powers, were converted to 
relative rotational populations using the known rotational 
line strengths.26 The population ratios of the various vibra
tionallevels were then determined by comparing the intensi
ties of either individual rovibrationallevels or of the integrat
ed bandheads, and using the knowledge of the rotational 
distributions and the Franck-Condon factors of Brockle
hurst et al. 27 to calculate the relative vibrational populations. 

Each rotational level N /I of the CN X 2l: + molecule is 
split by spin-rotation interaction into two components FI 
and F2 characterized by total angular momentum 
J /I = N /I + 1/2 and J /I = N /I - 1/2, respectively. We ob
serve that these fine structure components are unequally 
populated, and that the differences in population of the two 
levels vary markedly with rotational quantum number N ". 
The population in these two components can differ by more 
then a factor of 2. Similar population inequalities have pre
viously been observed by Wittig and co-workers in the pho
todissociation ofICN and BrCN at 266 nm. 11,28 These popu
lation inequalities prove to be an interesting feature in 
themselves, and a more detailed analysis is presented else
where. 29 The rotational populations presented here are the 
result of integration over both fine structure components. 

The fraction of total population in each vibrational level 
was determined to be approximately 0.93,0.05,0.01,0.004, 
and 0.001 for v" = 0, 1, 2, 3, and 4, respectively, in good 
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FIG. 3. Relative population as a function of rotational energy for v" = 0,1, 
and 2 of CN X 21; + produced in photodissociation of ICN at 248 nm. The 
population of each vibrationa1level is scaled so that the maximum popula
tion in anyone rotational level is unity. 

agreement with the results of Fischer et al. 8 The rotational 
distributions, obtained for v" = 0, 1, and 2 are shown in Fig. 
3. The technique of isolating the different vibrational levels 
by probing different vibrational sequences has allowed us to 
isolate more individual rovibrational lines than previous 
studies, and thus obtain a more precise determination of the 
rotational distributions of the higher vibrational levels. We 
observe that the distribution of internal energy in the CN 
fragment is highly nonstatistical: As the amount of energy 
going into vibrational increases, the amount of rotational 
energy increases as well. The structured rotational distribu
tion seen in CN X 2l:+, v" = 0 (Fig. 3) is characteristic of 
photolysis of ICN throughout the:li continuum.4,7-11 The 
rotational distribution of the lowest vibrational level can be 
fit to three Boltzmann temperatures: T-90, T-400, and 
T -4700 K, These agree qualitatively with the distributions 
obtained by Marinelli et al. 10 at 245 nm using a parent ICN 
sample cooled to about 10 K by seeded supersonic beam 
expansion, indicating that the rotational excitation of the 
CN fragment is primarily the result of the dynamics of the 
photofragmentation process itself, rather than the specific 
internal state of the parent ICN molecule. 

The rotational populations of the higher vibrational lev
els are also intriguing. For each higher vibrational level, the 
rotational "temperature" increases, and the popUlation 
peaks at somewhat higher values of N" before an increasing
ly sharp fall. It is interesting to note that the rotational popu
lation of each vibrational level falls off at approximately the 
same value of N" (50-54), regardless of the amount of ex
cess energy still available ( - 1 e V in the case of v" = 0). This 
suggest that it is an angular momentum constraint, rather 
than energy conservation, which determines the rotational 
cutoff. It seems clear that the rotational state distribution of 
the CN fragment develops independently of the vibrational 
state. We will present evidence that this occurs prior to the 
release of the dissociation energy into vibrational and/or 
translational energy . 

B. Alignment of the eN photofragment 

We have also determined the alignment d~/)(N") of 
the CN X 2l: +, v" = 0 photofragment as a function of rota
tional quantum number N". The relationship between the 
spatial distribution of rotational angular momentum and the 
polarization dependence of laser-induced fluorescence sig
nal has been discussed by Greene and Zare, among oth
ers. I 6-20 Details of our application of their formalism are 
given in the Appendix. In applying this formalism, we have 
taken into consideration the effects of interactions of the ro
tational angular momentum N with the spin of the unpaired 
electron S and with the nuclear spin I (spin-rotation and 
hyperfine depolarization), which can decrease the observed 
polarization at low values of N". 18,19,23 In addition, because 
the dye laser bandwidth is narrower than the Doppler width 
of the CN B 2l: + -X 2l: + probe transition, we have also con
sidered the effects of correlation between the direction of the 
photofragment velocity and the direction of its rotational 
angular momentum,30 and show that although this may in
troduce slight discrepancies in the alignment determined in 
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FIG. 4. Alignment .If1,2) as a function of rotational quantum number N", 
for CN X 21:+, v· = 0 from photodissociation oflCN at 248 nm. We pres
ent the average alignment determined for all observed absorption branches 
and experimental geometries, corrected for spin-rotation and hyperfine de
polarization and for velocity-angular momentum correlations. Error bars 
represent statistical uncertainties in polarization response, as well as esti
mates of systematic uncertainties. The dashed curve represents the limiting 
value of the alignment for a purely parallel transition. 

different experimental geometries, these are within the pres
ent experimental uncertainties. 

Figure 4 shows that the alignment .rtf/) (N "), as a func
tion of rotational quantum number N" for the CN X 2l: +, 

v" = 0, N" fragment produced in the photodissociation of 
ICN at 248 nm, corrected for the effects of spin-rotation and 
hyperfine depolarization, and for the velocity-angular mo
mentum correlations. The error bars reflect statistical uncer
tainties in the polarization response translated into uncer
tainties in alignment, as well as estimates of systematic 
uncertainties. The dashed line shows the limiting value of the 
alignment for a purely parallel transition, calculated in the 
angular momentum transfer formalism. 18 For most values of 
N ", the dashed line approaches closely the classical limit of 
- 2/5. The perpendicular limit is given by 4/5. We observe 

that the alignment changes with N " , from a value of about 
- 0.28 at low N", to about - 0.12 at high N". Our results, 

obtained at 248 nm with a room temperature parent ICN 
source, are in excellent agreement with the recent measure
ments of Hall et al.,21 obtained at 245 nm with a supersoni
cally cooled 10 K sample. 

c. Photodissociation model 

The maximum degree of alignment (or maximum pho
tofragment ansotropy) is achieved for a purely parallel or 
perpendicular transition followed by prompt axial recoil of 
the photofragments. 13-15 For a parallel transition in a linear 
molecule, such as ICN, this corresponds to a transition mo
ment .... along the internuclear axis, a recoil velocity v direct
ed along this axis, and rotational angular momentum N that 
is opposed to the orbital angular momentum, therefore, per
pendicular to v and, hence, perpendicular to the internuclear 
axis. Both the alignment, .rtf/), and the f3 parameter may 
differ from their respective limits if the transition moment is 
mixed, that is neither purely parallel nor purely perpendicu
lar. In addition, any factor which causes a change in the 

direction of the velocity vector relative to the intial direction 
of the transition moment will decrease the magnitude of the 
f3 parameter. Similarly, any factor which causes a change in 
the direction of the angular momentum vector will decrease 
the magnitude of .rtb2

). A combination of different effects 
may reduce the values of f3 and .r(62

): (1) There may be a 
finite predissociation lifetime of the excited molecule, which 
then has time to bend or rotate prior to dissociation, or (2) 
there may be forces between the recoiling photofragments 
which change the directions of the velocities and/or angular 
momenta of the fragments. 

The fact that the alignment is the same for photodisso
ciation of room temperature ICN as it is for dissociation of 
supersonically cooled ICN, indicates that the rotational and 
vibrational state of the ICN parent has little, if any, observ
able effect on the alignment of the CN fragment. The most 
probable rotational states of the ICN molecule at 10 and 300 
K are 6 and 31, respectively, and the degree of depolarization 
due to a finite parent lifetime 13, 15 must differ corresponding
ly for parent popUlations at the two different temperatures. 
Thus, the decrease in the magnitude of the alignment from 
its limiting value of - 2/5 is not due to a finite predissocia
tion lifetime of the excited ICN, since such as effect would be 
strongly dependent on the rotational state of the parent mol
ecule. 

A more direct measurement of the ICN "lifetime" has 
recently been performed by Scherer et al. 31 utilizing a femto
second photolysis laser at 306 nm followed by femtosecond 
pulses at 388 nm to probe the time for appearance of the CN 
B 2l: + -X 2l: + (0,0) resonant fluorescence. They determine 
a rise time for the appearance of the CN photofragment of 
600 ± 100 fs. This is a time scale which would cause a 
greater degree of decrease in the f3 parameter or alignment 
than is experimentally observed, if the excited ICN were al
lowed to rotate for the entire time. It must be realized, how
ever, that the "clock" that is used to measure this lifetime is 
sensitive to the separation of the I and CN fragments and the 
change in the CN bond length, and not to the bending in the 
ICNbond and the development of the CN rotation. We con
clude that the bending of the ICN, and, therefore, the dy
namics that produce the rotational excitation of the CN frag
ment, take place on a much shorter time scale than the 
dynamics involving the I-CN recoil and the development of 
the CN vibrational state. This is in keeping with the observa
tion that the rotational cutoff in the CN X 2l: + fragment is 
relatively independent of vibrational energy, occurring well 
before the energetic cutoff in the lower vibrational levels. 

Hall, Sivakumar, and Houston21 have also determined 
the alignment of the CN photofragment resulting from pho
todissociation oflCN at several different wavelengths in the 
A continuum. They interpreted their data to show that the 
average alignment as a function of wavelength roughly 
tracks the l*ep'/2):1( 2P3/2) ratio. However, they did not 
measure the alignment at the same values of N " for all wave
lengths. Our more detailed determination of the alignment 
at a single wavelength as a function of N " shows that because 
of the variation in alignment with N", it is not valid to com
pare alignments for different values of N" obtained at differ
ent wavelengths. If we look at their table of alignment data 
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(Table I, Ref. 21), we see that the magnitudes of the align
ments at nearby values of N" are constant in the range 245-
266 nm, and in contradiction to their conclusions, do not 
track the I*CZPI/2):ICZP3/2) ratio, which varies by over a 
factor of 2 in this wavelength range. 5 

The observed change in alignment with N ", presented in 
Fig. 4, may result from the superposition of two rotational 
distributions-one component peaked at low N ", which has 
an alignment of - 0.28, and another, peaked at high N", 
with an alignment of - 0.12. In the recent experimental 
determination of the angular distributions of the CN photo
fragments produced in photodisociation of ICN at 266 nm, 
Nadler et al. II found that the P parameter varied withN" in 
a similar fashion. Their angular distributions were deter
mined from the shape of the CN Doppler profile. They were 
able to extract the P parameters, and also to separate out, 
from the differences in the width of the Doppler profiles, the 
CN fragments produced in correlation with l*ePI/2 ) from 
those produced in correlation with lep312 ). They deter
mined a P parameter of 1.6 for the low N" component, 
which is correlated with l*ePI/2 ), and apparameter of 1.3 
for the high N" component, which is correlated with 
lep3/2 ). No correction was made for velocity-angular mo
mentum correlations, but for the geometry used, these are 
expected to be small. This suggest that our variation in align
ment is produced by a similar final state distribution. This 
would indicate a production ofI* e P1/2 ) at this wavelength 
greatly in excess of the 14% reported by Pitts and Baran
avski,3 and in fact a ratio of 44 ± 4% has recently been deter
mined by Hess and Leone.5 

Based on an unpublished magnetic circular dichroism 
(MCD) study of Gedanken, Nadler et al. II argued that only 
one ICN electronic state is directly accessed throughout the 
A continuum. They interpret their P parameter measure
ments at 266 nm as showing that the initial absorption is to a 
linear state correlating with l*ePI /2) + CN(1ow N"), hav
ing predominantly parallel character, which subsequently 
Crosses a bent state correlating with lep3/2 ) + CN(high 
N"). The slight decrease in thepparameter of the rotation
ally excited component relative to the colder component is 
then explained by the change in direction of the velocity 
vector resulting from bending of the ICN molecule. 

The problem with such a picture is that bending of the 
ICN molecule, which changes the direction of the velocity 
vector, may change the magnitude of the rotational angular 
momentum N, but will not change its direction. The rotation 
of the CN fragment remains opposed to the orbital angular 
momentum, and thus perpendicular to the ICN plane, re
gardless of the amount of bending of the molecule. Thus, in 
this simple picture, we would expect a decrease in the P 
parameter, but no decrease in the magnitude of the align
ment following a curve crossing from a linear to a bent sur
face. This is in contradiction to the present work in which we 
find a decrease in the alignment of the rotationally excited 
component that is at least as large as the change in the P 
parameters for the two components observed at 266 nm. 

We propose an alternative model which would account 
for the variation ofbothP and d62

) with N".1t is clear that 
at least two excited states are involved in the A continuum 

dissociation ofI CN: a linear state correlating with 1* e PI /2 ) 

and CN X 2l: + with low values of the rotational quantum 
number N" and a bent state correlating with 1(2P3/2) and 
rotationally excited CN X 2l: +. Franck-Condon factors will 
favor transitions from the linear ground state of ICN to the 
linear excited state, so that the initial transition is to the 
surface correlating with l*epI/2)' It is the torque involved 
in the nonadiabatic transition to the bent potential energy 
surface and subsequent trajectory on that surface which 
causes rotational excitation of the CN X 2l: + fragment cor
relating with 1(2P3/2 ). This is the same conclusion that was 
reached by Nadler et al., II and is supported by Gedanken's 
MCD data. We suppose that the dynamics of the curve 
crossing between the linear and the bent surfaces take place 
in the region of small I-CN separation, i.e., in the Franck
Condon region directly above the well of the bound parent 
molecule, so that there are strong, nonplanar interactions 
between the developing CN rotation N and the nuclear spin 
or electronic orbital angular momentum of the iodine atom. 
These non planar forces change the directions of both the 
velocity and angular momentum vectors, thus, causing a de
crease in the magnitude of both the P parameter and the 
alignment d62

). This model is supported by our earlier con
clusion that the CN rotation develops on a very short time 
scale, prior to the release of energy into vibration or transla
tion. 

There is, in fact, definitive evidence for the existence of 
non planar, spin-dependent forces in the photodissociation of 
ICN.29 In order for the observed differences in the popula
tion of the spin-rotation components of the CN fragment to 
exist, that is in order for the rotation N of the CN fragment to 
have a preferred orientation with respect to the spin S of the 
unpaired electron, there must be nonplanar forces that will 
align the developing rotation N relative to S. We observe 
such population differences in the two spin-rotation compo
nents of the CN photofragment, which vary with photolysis 
wavelength and with rotational quantum number, and may 
differ by more than a factor of 2.5 The variation with N" is 
attributed to quantum interference between wave packets 
traveling on different potential energy surfaces correlating 
with the same observable final states. Our model calcula
tions, which determine the WKB phases accumulated on the 
alternative dissociation paths, both leading to ground state 
I(P3/2 ) and CN, v" = 2, N", show that the wavelength de
pendence of the population inequalities are best matched by 
surfaces which cross near the Franck-Condon region. 

Further support for strong coupling between the excited 
ICN surfaces at short distances is provided by the recent 
work of Goldfield et al.32 Their calculation, which was the 
first to introduce nonadiabatic interactions between the var
ious ICN surfaces into a classical trajectory calculation, 
showed that strong coupling between the surfaces in the 
Franck-Condon region is also necessary in order to explain 
the wavelength dependence of the l*epI/2):1( 2p 3/2 ) ratio 
and of the rotational distributions. In summary, the ob
served rotational distributions as well as the variations in 
bothP and d62

) with N" can be qualitatively explained by a 
single model which invokes nonadiabatic crossings in the 
Franck-Condon region of the dissociative transition. 
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APPENDIX: DETERMINATION OF ALIGNMENT FROM 
POLARIZATION MEASUREMENTS 

The physical basis for the determination of the spatial 
distribution of rotational angular momentum in a molecule 
is the dependence of the probability of absorption or emis
sion of light upon the orientation of the molecular rotation 
relative to the directions of propagation and polarization of 
the absorbed or emitted photons. This has been discussed by 
Case, McClelland, and Herschbach,17 by Bain and McCaf
fery/o by Fano and Macek,16 and by Greene and Zare. 18,19 
We follow the latter two sources, in which the spatial distri
bution of angular momentum, i.e., the J z distribution, is 
expanded in multipole moments .s<ff~k) (J) in order to exploit 
the symmetry of the experimental configuration. The inten
sity of laser-induced fluorescence signal for a probe transi
tion J j --Je, followed by detection of fluorescence Je --JI , is 
then given byl9 

1= CS L .s<ff~k)(Jj)€(kd,ka,k,q;fl)w(kd,ka,k;Jj.,Jr)· 
kd.k •. k.q 

(AI) 

Here Cis a proportionality constant, the factor S is the prod
uct of the electronic line strength and Franck-Condon fac
tors, the factors €(kd,ka,k,q;fl) depend on the physical ge
ometry of the experiment (fl=¢a,(}a,Xa'¢d'(}d,Xd' as 
defined in Ref. 19), the factors W(kd,ka,k;Jj,Je,Jr) depend 
on the particular probe absorption and emission steps 
Ji -Je --JI , and .s<ff~k) (Ji ) are the multipole moments of the 
intial angular momentum distribution. At this point, J sim
ply denotes the angular momentum quantum number ofthe 
molecule, and no distinction is made between the rotational 
angular momentum quantum number N and the total angu
lar momentum quantum number J. The sum is over kd and 
ka = 0,2 with kd and ka being required to sum to k in the 
sense of addition of angular momenta, so that regardless of 
the angular momentum distribution, the LIF probe is sensi
tive only to moments .s<ff~k) up to rank k = 4. 

A cylindrically symmetric angular momentum distribu
tion will possess only moments with k = even and q = O. 
Moreover, if the distribution is created by a dipole process, 
then only net moments up to k = 2 will be present. Thus, in 
the case of an angular momentum distribution created by 
(electric-dipole-allowed) photodissociation by linearly po
larized light, the LIF intensity will depend in principle only 
on the moments .s<ff60) and .s<ff62

), i.e., on the population and 
the quadrupole alignment. The intensities observed at two 
different experimental geometries can, therefore, be used to 
extract these two moments. 

This procedure assumes that the method of detection 
does not itself break the cylindrical symmetry of the angular 
momentum distribution. This can be true if the probability 
of detection depends only on the polar angle measured from 
the laboratory Z axis. However, if the probe laser linewidth 
is narrower than the Doppler width of the photofragment 
transition, then this cylindrical symmetry is partially 

x 

v 
,." 

'- _/ 

//probe 
'/ direction 

k ...... 8 

/ 

z axis of 
cylindrical 
symmetry 

~--------------.y 

FIG. 5. Diagram of the excitation-detection geometry, illustrating that the 
probe laser breaks the cylindrical symmetry of the photofragment distribu
tion by sampling only a limited range of photofragment velocity compo
nents. 

broken, since the probe laser will detect only those fragments 
with a limited set of velocity projections on the probe direc
tion (Fig. 5). In what follows, we first treat the case offull 
cylindrical symmetry, then consider the bias introduced by 
the finite probe laser bandwidth. 

1. Excitation-detection geometry and unresolved 
emission 

To achieve these changes in geometry necessary to ex
tract .s<ff62

) relative to .s<ff6°) , we rotate the direction ofpolar
ization of the probe laser Ea , with respect to that of the pho
tolysis laser Ep =Z, and measure the LIF intensity at the two 
angles Xa = O(Ea HEp) and Xa = 11'/2 (Eal£p), defining a 
polarization response P as 

p_III -Ii (A2) 
- III +/1 ' 

where 1/1 and Ii are the LIF intensities measured with the 
dye laser polarization Ea parallel or perpendicular with re
spect to the direction of polarization of the photolysis laser 
Ep , respectively. Our detector is insensitive to the polariza
tion of the fluorescence, and so we must sum the intensities 
over the detector polarization angles X d = 0 and X d = 11'/2. 
In addition, the fluorescence is unresolved, so we sum over 
the P, Q, and R branches in emission. For a l:-l: transition, 
the satellite Q branches only have intensity for the lowest 
rotational levels. We define 

E(kd,ka ,k,q;fl) =€[ kd,ka,k,q;fl(Xd = 0» 

and 

+ €[ kd,ka,k,q;fl(Xd = 11'/2)] (A3) 

(jj(kd,ka ,k;J;,.!.) = L S(Je,Jr)W(kd,ka,k;Jj,Je,Jr)' 
J, 

(A4) 

where S(J., JI ) are the rotational line strengths for the dif
ferent emission branches.26 Then the LIF intensity is given 
by 
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FIG. 6. Two excitation-detection geometries used to determine the photo
fragment alignment. 

1= CS L d~k)(Jj )"E(kd,ka,k,q;fl)(J(kd,ka,k;Jj,J.). 
kd,k.,k,q 

(A5) 

Polarizations were measured for two different experimental 
geometries: One with the polarization of the ehotolysis laser 
parallel to the direction of the detector Ep I/kd [Fig. 6 (a) ] 
and the other with the polarization perpendicular to the de
tector Ep lkd [Fig. 6(b)], The geometric factors 
e(kd,ka ,k,q;fl) and the factors (J(kd,ka ,k;Jj.J.) are expli
citly calculated as described in Ref. 19, and the polarizations 
can then be inverted to yield the alignment d62 )(J;). 

2. Depolarization by unresolved fine and hyperfine 
structure 

When a molecule possesses either spin-rotation or hy
perfine structure, then the preceding analysis is insufficient 
to describe the dependence of the LIF intensity on rotational 
alignment. If the nuclear and electronic spins do not interact 
with the dipole process, then the initial excitation will align 
only the rotational angular momentum N and this vector 
will subsequently precess about the total angular momen
tum. If we can assume Hund's case b(JJ coupling,33 which is 
appropriate for 12C14N X 21: + , where the spin-rotation inter
action is large compared to the hyperfine interaction, then 
the nuclear rotation N couples to the spin of an unpaired 

electron, S = 1/2 to form a total J = N + S, which in turn 
couples to the nuclear spin I = 1, to form the "good" quan
tum number of the state F which has total angular momen
tum F = I + J. Thus although N will be aligned by the ab
sorption of the photon, this alignment will change as a 
function of time as N precesses in space. 34 

If the time between the initial excitation and the absorp
tion of the probe photon is large compared to the period of 
fine structure precession, then the observed alignment is re
duced according to18,23 

d62)(N;,obs) = d62 )(N;)g(2)(N;), (A6) 

where 

g(k) (N) = L (2F+ 1)2(2J + 1)2 {J J k}2{J J k}2. 
J,F (2S+ 1)(21+ 1) N N S N N I 

(A7) 

The presence of fine structure in the excited state also affects 
the alignment ofN in the time between the absorption of the 
probe photon and the emission of the detected photon. Ac
cordingly, each factor UJ(kd,ka,k;N;,N.,Nf ) must also be 
multiplied by a factor g(kd

) (N. ).19 

Only when N is comparable to I (or S) need fine struc
ture depolarization be taken into account. For the lowest 
values of N, this effect is significant, due to the presence of 
depolarization in both the ground and excited states of the 
molecule. The depolarization correction is also dependent 
on experimental geometry, since the alignment of the excited 
state will be geometry dependent, and the factors 
g(kd)(Ne )UJ(kd' ka,k;N;.N.,Nf } appear within the coupled 
set of equations that must be solved to determine d~k) (J;) 

[Eq. (A1)]. In our case, the hyperfine and spin-rotation 
affects the polarization response up to values of N " ;::: 10. 

Figure 7 presents the polarization response P, measured 
in thePandR branches of the CN B 21:+ -X 21:+ (1,0) tran
sition, for the two experimental geometries: (1) Ep Ilkd and 
(2) Ep lkd • The depolarization correction appropriate to 
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10 

c: 
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~ 
N .;: 5 
<II 
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60 

FIG. 7. Polarization response observed as the probe laser is rotated with 
respect to the photolysis laser for CN X 2~ +, v" = 0 from photodissociation 
oflCN at 248 nm, as a function of rotational quantum number N '. Polariza
tion response, defined in the text, is labeled P or R according to whether it is 
probed in the P or R branches of the CN B 2~ + -X 2~+ (1,0) band, and 
fp IIkd or Eplkd to indicate the excitation-detection geometry. 
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FIG. 8. Alignment J;f~2) as a function of rotational quantum number N N, 
for CN X 2I, +, vN = 0 from photodissociation ofICN at 248 nm. Detection 
is in the Pbranch of the CN B 2I,+ _X2I,+ (1,0) band for the geometries 
Ep IIkd and Ep Ikd • Error bars represent measured uncertainties in polariza
tion response converted into uncertainties in alignment. 

case b{3J has been applied to the data, and the alignment 
Ji{'f/' (N") determined for the CN X 2~ +, v' = 0 photofrag
ment produced in photodissociation of ICN at 248 nm are 
shown in Fig. 8, as a function of rotational quantum number 
for N" = 2 through 25 for the two different excitation-detec
tion geometries. The data shown are for excitation of the P 
branch, the data for the R branch are similar. Although the 
data sets for the two detection geometries nearly overlap, we 
see a systematic discrepancy. These discrepancies are out
side what would be expected from small misalignments of 
the experimental geometry; it would require a change in one 
polarizer angle of about 20· to reconcile the two sets of data. 

3. Correction for velocity-angular momentum 
correlation 

Recall that the net angular momentum distribution 
created by the dipole photodissociation process can only 
have moments dba' and db2

,. However, the probe laser, 
because it is narrower than the Doppler width of the transi
tion, does not observe the total distribution of photofrag
ments, but rather detects only those molecules having partic
ular velocity projections v cos t/J on the probe direction ta 
(Fig. 5). In the photodissociation ofICN, we expect correla
tions between velocity and angular momentum directions; 
since the rotational angular momentum is a product of the 
dynamics of the photodissociation process, it will be nearly 
opposed to the orbital angular momentum between the frag
ments. Thus, we expect N to be essentially perpendicular to 
the velocity v. When the probe laser breaks the cylindrical 
symmetry of the angular momentum distribution by select
ing a particular subset of velocity projections, it observes an 
angular momentum distribution no longer possessing cylin
drical symmetry, but rather reflection symmetry through 
the plane defined by the direction of polarization of the pho
tolysi~ laser Ep and the direction of propagation of the probe 
laser k a • 

The moments which can contribute to the UF intensity 
are then those with even k and even q. These moments de
pend on the angular distribution of photofragments, the an-
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0 N 
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~ 

FIG. 9. Moments of the angular momentum distribution J;f~k) as a function 
of relative Doppler shift x D calculated for a parallel transition, with detec
tion geometry k. LEp , and velocity-angular momentum correlation viN. 

gular momentum distribution, and the correlations between 
these two vectors. The form of d~k' (xD ), as a function of 
the relative Doppler shift x D sav/vo, has been derived by 
Dixon.3° Figure 9 shows the moments d~k' (x D) for a pure
ly parallel velocity distribution in the axial recoil limit (that 
is, cos2 

() distribution of velocity vectors about the laborato-
A A 

ry Z axis), a probe direction ka IEp, and a velocity -angular 
momentum correlation ofvlN. To evaluate the dependence 
of the observed angular momentum distribution on the 
probe laser bandwidth, we have modeled the frequency pro
file of the probe laser by a square of relative width ax cen
tered on the Doppler profile, and calculated the integrated 
moments 

(A8) 

The results are plotted in Fig. 10, where the higher moments 
have been normalized to d-~o, (ax). Our experimental situ
ation corresponds to a laser width of about 60% of the 
Doppler width of the probe transition. We find that these 
moments are approaching their limiting values, but that 
d-~/' is slightly greater than the limiting value of - 0.4, and 
that there may be a small contributions from the higher mo
ments d-i2" d-~4', d-i4" and d-i4

,. For the two different 
experimental geometries, the moments d~k' are differently 
weighted by the geometrical factors '€(kd ,ka ,k,q;!l.). Figure 
11 shows the variation in polarization response P(xD ) 

across the laser profile, calculated in the high J limit for the 
velocity-angular momentum distributions described above. 
The average polarization response P, obtained by integrating 
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FIG. 10. Integrated moments of the angular momentum distribution ;?~k) 
as a function of probe laser bandwidth, !u assuming a square frequency 
profile centered on the probe transition. 

P(Xp) across the entire Doppler profil~, is 10.3% for the 
Ep /lkd geometry and 21.2% for the Eplkd geometry. When 
the polarization response is converted into alignment, the 
limiting value of - 0.40 is determined for either geometry. 
If the polarization is integrated over only 60% of the 
Doppler profile, however, the observed value~ of the pol~
ization will be 12.8% and 21.7%, for the Ep IIkd and Eplkd 
geometries, respectively. If the higher moments (k > 2 or 
q> 0) are neglected, then the alignments determined from 
these polarizations are - 0.45 and - 0.41, respectively, for 
the two geometries. The difference is comparable to the ob
served discrepancies between the alignments determined for 
the two experimental geometries. The corrections for veloc-

'" '" (b) .!p J.. .!5.d 

~ 
16 24 

12 

O-+-..--.-""T""""r-r ......... ,.....,....,..., 
0.0 1.0 

FIG. II. Calculated polarization response P as a function of relative 
Doppler shift x D' 

ity-angular correlation (0.05 for Ep /lkd and 0.01 for Ep lkd ) 
are within the experimental uncertainty. We apply these cor
rections to our data merely to remove the systematic discre
pancies between the alignments determined in different ex
perimental geometries. Figure 4 shows the weighted average 
of the experimentally determined alignment .s<I'c}) (N") cor
rected for spin-rotation and hyperfine depolarization, and 
for velocity-angular momentum correlation. 

We have not attempted to determine the various mo
ments of the angular momentum distribution and the veloc
ity-angular momentum correlation. It is well to keep the pos
sible contributions from the higher moments in mind, 
however, when comparing data measured in different ex
perimental configurations. If the velocity-angular momen
tum correlations are of interest, they may be more directly 
observed by probing the photofragment with a narrower 
bandwidth laser that does not average over so much of the 
Doppler profile. Several recent experiments have taken ad
vantage of this to extract information about velocity-angular 
momentum correlations from the shapes of Doppler pro
files. 35- 37 
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