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Measurement of the Angular Correlation between Recoil Velocity
and Angular Momentum Vectors in Molecular Photodissociation
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A neve technique has been developed for determination of the projection of a photofragment's
angular momentum vector, j, onto its recoil velocity vector, v. Doppler-profile spectroscopy is
used in conjunction ~ith laser-induced fluorescence probing by polarized light. The technique is il-

lustrated by measurements of the CO Doppler profile following photodissociation of OCS at 222
nITl.

PACS numbers: 33.80.6j, 33.70.—w, 34.40.+n

Vector properties are often as important as scalar
properties in elucidating the dynamics of molecular in-
teractions. This paper presents a method for deter-
mination of the angular correlation between two im-
portant vector quantities, the recoil velocity of a pho-
tofragment, v, and its angular momentum, J. The
method is based on a combination of velocity analysis
by Doppler techniques and angular momentum
analysis by polarization techniques. Doppler velocity
measurements have been used recently to measure the
scattering-angle distribution for bimolecular collisions
in molecular beams' as well as to determine the angu-
lar anisotropy of recoil velocities in photodissocia-
tion. 2~ Polarization techniques have been employed
to determine the anisotropic distribution of angular
momentum vectors. 2 6 However, this is the first re-
port in which the two techniques are combined to
measure the angular correlation between velocity and
angular momentum vectors. This paper begins by giv-
ing a qualitative rationale for the method, proceeds to
provide a detailed method for calculation of the
Doppler profile from the projection of J onto v, and
ends with an illustration of the method with results for
the CO dissociation product of OCS photodissociation.

Consider the photodissociation by linearly polarized
light of a molecule into two fragments. It is well
known that the probability of finding the recoil veloci-
ty vector for the fragments at an angle of H with
respect to the polarization vector of the dissociating
light can be described by the function 1+P
x P2(cosH). 7 8 A value of P is desii'ed from the Dopp-
ler profile of a single internal-energy state of one of
the fragments, measored ~ith a tunable probe laser
propagating perpendicularly to the direction of the dis-
sociation laser and at an angle H' with respect to the E
vector of the dissociation laser. For fragments of
sharply defined kinetic energy mvt22t2, the probability
of finding a recoil velocity vector at an angle X with

~(x, H, y) =1+PP,(cosH),

with

(2)

cosH = cosH' cosX + sinH' sinX sin@,

and $ is the azimuthal angle of v about the probe
direction as measured from the plane containing the
probe direction and the polarization vector of the dis-
sociation laser. The result of the integration is4

D(X, H') ~ 2n [I +PP2(cosx)P2(cosH') ]. (4)

The component of the velocity responsible for the
Doppler detuning is itocosx. If the fragment has no
angular momentum or if J is uncorrelated with v,
Doppler line shapes can be simply analyzed with Eq.
(4) to determine P.

We now consider the more general case where v and
J may have an angular correlation. Let one of the
fragments be a symmetric-top molecule with angular
momentum J and let the projection of J onto v be
described by a distribution P(M„). If there is an an-
gular correlation between v and J, then the projection
of J onto v will produce a nonstatistical population of
M„ levels. For example, if J is constrained to be per-
pendicular to v, then P(M„=O) =1 and all other
probabilities are zero. Now let the molecule be probed
by laser-induced fluorescence (LIF) with light pro-
pagating along an axis Z which makes an angle X with
v. The projection of P(M„) onto Z to give P'(MJ)
will produce a distribution of MJ values that depends
on the angle X, i.e. , one that changes with the velocity
probed by the Doppler technique. To pursue the

respect to the probe beam propagation direction is
given by4

D(X, H')~„dg W(X, H', y),

where

19S6 The American Physical Society 1671



VoLUME 56, NUM@BR 16 PHYSICAL REVIEW LETTERS 21 APRiL 1986

where p (&) describes the distribution of projections of
J onto v, and p'(X, 0', @) contains diagonal elements,
describing the probabilities for projections of J onto Z,
and off-diagonal elements, describing the coherences.
The intensity of laser-induced fluorescence for
molecules described by the matrix p' is given by""

above example, if J j v, then molecules moving with v
parallel to Z will have only MJ = 0, while those moving
with v perpendicular to Z will have a bmad distribu-
tion of MJ values. Since polarized light will interact
differently with different MJ distributions, the actual
LIF Doppler profile will be different from that predict-
ed by Eq. (4). The change in the Doppler profile
caused by the v-J correlation will depend on several
factors: the polarization characteristics of the probing
light, the angle and polarization acceptance of the
detector, and the nature of the absorption and fluores-
cence transitions. Measurement of the Doppler profile
as these factors are varied can be used to uncover the
degree of v-J angular correlation.

Mathematical evaluation of the relationship between
the angular correlation and the Doppler profile is
straightforward. While elegant tensor methods have
been developed recently to describe the interaction of
polarized light with molecules, 9'0 for the case under
consideration, ~here only one MJ level might be pop-
ulat
for
the
tran

I {X,8') —„dg II'(X, e', @)TrAF,

where 8' from Eqs. (2)—(3) gives the probability of
recoil into a given direction, and the matrices A and F
describe the absorption and fluorescence steps, respec-
tively. For linear polarization each of these matrices
can be described as a sum:

A= XF x XFAA~~, .

F= Xq X XFh.gF~g, (8)

ed, we have found it more efficient to use an older
where F=X, Y,Z are the laboratory coordinates, gmalism. The density matrices corresponding to =x,y, z are the molecular coordinates, and the coeffi-

two basis sets M„and MJ are related by a unitary cients X~ are the projections of the electric vector ontosformation'2:
the laboratory coordinates, while the coefficients A. g
are the projections of the dipole moment onto the

= [D( —@,X, @)] 'p(H) [D( —Q, X, @)], (5) molecular coordinates. The matrices AFg and FFg are
given by

AFg, = x (J'K'M(4Fgi JKM ) p'(MJMJ) (JKMJI&f&FgI J'K'M'),

F„"„=X (J'K'M'l@Fg
I JKMJ) (JKMJ I+I, I

J'K'M), (10)

where the summation is over MJ', MJ from —J to J, ( JKM) are the symmetric-top wave functions, and the @Fg are
the direction cosine matrices, listed elsewhere. '4 For absorption of + circularly polarized light propagating, for ex-
ample, along Z, the matrix elements of A are given by

~MM
= x (J'K'M

I ~'Xg —&@yg I JKMj ) p'( MJ MJ ) & JKMJ I+Xg + ic ig I
J'K'M')

1(X,H ) in Eq. (6) gives the intensity of laser-induced
fluorescence as a function of Doppler detuning, X, for
any particular relative angle 8' between the polariza-
tion vector of the dissociation laser and the probing
direction. If we assume that the weighting function II'
is known, this equation can be used to examine the re-
lationship between the v-J correlation and the Doppler
profile. In a future publication'5 it will be shown that
for P(M„) =1 with M„=O, the off-diagonal elements
of p', when integrated over P, either are identically
zero (for P = 0 or 8' =0) or lead to negligible contribu-
tions to the Doppler profile (for example, with circu-
larly polarized pmbe light). In this case 1(X,H') can
be written as a pmduct D(X, H', P)S(X), where D is

given in Eq. (2) and S is a sensitivity function in-
dependent of 9' and P. Further details concerning
these calculations will be provided elsewhere, ' includ-
ing explicit evaluation of the matrix elements of p' and
approximations for use when the off-diagonal ele-
ments can be ignored.

The method is illustrated by analysis of the Doppler
profiles of CO photofragments from the 222-nm disso-
ciation of OCS: OCS CO(u=O, J)+S('D).'6'7 As
a model of the dissociation, we consider that since the
OCS is dissociated from very low rotational levels
(Jocs = 0) and Joes = L+ J, where L is the orbital an-
gular momentum, it must be true that L= —J. [We
neglect here the angular momentum of S('D), which
is much smaller than J.] L must be perpendicular to v,
and so we expect that Jzv. In this model, the quan-
tum mechanical description of the state is through the
density matrix p, which has a single nonzero element,
p(M„,M„) =1, when M„=O. The simplified model
for the dissociation presented here is consistent with
an exact formal treatment for the photofragmentation
of triatomic molecules. ' Under conditions when the
initial rotational quantum number of the parent com-
pound is zero, the outgoing scattered wavefunction
will be composed of helicity states X=o, l. %hen in-
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FIG. 1. Experimental and calculated data for the Q(59)
and P(59) lines of Co produced in the photodissociation of
OCS and probed by laser-induced fluorescence on the Co
A 'll X 'X transition using circularly polarized light. The
dissociation and LIF probe lasers were orthogonal. Fluores-
cence was detected without polarization selection at an angle
of 45' to each laser beam. Upper row: Doppler profiles ex-
pected in the absence of v-J correlation (solid lines) calcu-
lated from Eq. (4); the Gaussian laser linewidth is shown in

the dashed curve. Bottom row: Experimental profiles
(dots) and profiles calculated for vj J using Eq. (6) (solid
curves). Along each row, the left-hand panel is for the

Q (59) line with the electric vector of the dissociating light E
aligned perpendicular to the propagation vector of the probe
light Z (8'=90'), the second panel is for the Q(59) line
with F. Il Z (8'=0'), the third panel is for the P(59) line
with EzZ (0'=90'), and the last panel is for the P(59)
line with F. II Z (8'=0'). Calculations using either Eq. (4)
or (6) are made with values of 38=0.6 for the recoil aniso-

tropy, 0.14 cm ' for the F%HM laser linewidth, and 1232
m/s for the velocity, as determined by energy and momen-
tum conservation. The relationship between the angular
variable X and the detuning is Av= (vo/c)vocosx, where vo

is the center frequency and c is the speed of light.

terference between these states is small, as is the case
for the example below, and when the angular momen-
tum quantum number of the diatom is much greater
than unity, the exact formalism reduces to the present
simplified model. In our experiment the molecular
beam is rotationally cooled by supersonic expansion,
and the photofragments are produced with high J
quantum numbers.

The lower row of panels in Fig. 1 displays the exper-
imental data (dots), and the convolution of the laser
linewidth (0.14 cm ' FWHM) with the Doppler pro-
files predicted by Eq. (6) with P=0.6 (solid lines).
The upper row of panels shows the convoluted profiles
expected in the absence of any v-J correlation for an
anisotropy parameter of P=0.6. Along each row, the
left-hand panel is for the Q(59) line with the electric
vector of the dissociating light E aligned perpendicular
to the propagation vector of the probe light Z
(8' = 90'), the second panel is for the 0 (59) line with
EIIZ(8'=0'), the third panel is for the P(59) line
with Ez Z (8' = 90'), and the last panel is for the
P(59) line with Ell Z(8'=0'). The laser linewidth is

given as the dashed line in the first panel. It is clear
from the figure that line shapes in the presence of v-J
angular correlation (solid lines, bottom row) are quali-
tatively different from those when there is no correla-
tion (solid lines, top row), and that there are differ-
ences in the line shapes depending on the transition
probed and the angle O'. An attempt to fit these data
without including the effect of v-J correlation would
lead to different apparent values of P for different 8',
as well as incorrect total linewidths. Inclusion of the
v-J correlation is necessary to obtain reasonable fits to
the data. Conversely, if one did not know that Jz v, as
one would not, for example, in the dissociation of a
four-atom molecule, the degree of angular correlation
between J and v could be extracted from the data by
use of Eqs. (5)—(11) as long as the speed distribution
is sharp [F(u) =5(u —uo)1. If there is a spread in

fragment speeds due to the internal-energy distribu-
tion of the unprobed fragment, extraction of the v-J
angular correlation will not be exact, but reasonable
approximations may be made. "

The presence of v-J angular correlation can be both
a benefit and an annoyance. Measurement of the an-

gular correlation provides a new dynamical variable
which can help in the understanding of chemical
processes. On the other hand, neglect of its effect on
the Doppler profile can easily produce misleading
results. In photodissociation, the effect might be to
assign an incorrect value of P for the dissociation an-

isotropy, especially if the assignment is based on mea-
surement of the profile at only one orientation of the
polarization vector of the dissociating laser. In molec-
ular beam measurements, the effect could lead to an
incorrect assignment of the angular scattering distribu-
tion, as has already been recognized. '9 For reasons
which will be discussed in more detail elsewhere, '~ it

appears that, while there are not serious errors in pre-
viously published data' where the Doppler technique
has been employed, small corrections to the previous
analyses should be made.
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