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Photolysis of a molecule typically yields open-shell photofragments having angular momenta. A
procedure is described for the measurement of the photofragment angular momentum distribution in
terms of polarization parameters agk)(p) which are expressed in the molecular frame and which may
be related to the transition dipole matrix elements. The index (p) indicates either a parallel transition
(), a perpendicular transition (L), or a mixed transition (I, L) having both parallel and perpendicular
character. This procedure has the advantage that it decouples the angular momentum distributions
in the molecular frame from the photofragment angular distributions in the laboratory frame, which
gives new insight into the photodissociation dynamics. For cases in which k<2 and with linearly
polarized photolysis light, the photofragment angular momentum distribution arising from pure
parallel transitions can be described with only one parameter, al?)(ll); photofragment angular
momentum distributions arising from pure perpendicular transitions require only two parameters,
agz)(J_) and agz)(l); photofragment angular momentum distributions arising from mixed
transitions, having both parallel and perpendicular character, can be described with five parameters:
the two (coherent) interference terms Im[a{”)(l, )] and Re[a{®(,L)] in addition to the three
incoherent terms mentioned above. We describe procedures for the measurement of the complete
angular momentum distribution of state-selected photofragments using laser detection (such as
REMPI) and some form of laboratory velocity selection (such as time-of-flight mass spectrometry,
Doppler spectroscopy, or ion imaging). The laser-detection probability of a single photofragment is
presented in the form I=1+f[6,,0,®,5,a{(p)], where 6, is the angle between the recoil
direction and the photolysis polarization, ® and ® are the spherical polar angles describing the
orientation of the probe polarization about the recoil direction, and B is the spatial anisotropy
parameter. The physical significance of the agk)(p) is discussed; in particular, the agk)(ll) and
agk)(i) describe the photofragment m-state distribution along the recoil direction; the
a(zk)(i) describe how broken cylindrical symmetry in the parent molecule is reflected in the
photofragment angular momentum distribution in a plane perpendicular to the recoil direction; and
the a(lk)(ll,L) are related to the asymptotic phase difference associated with the interfering channels,
and are thus sensitive to the shapes of the dissociative surfaces. © 1999 American Institute of
Physics. [S0021-9606(99)01607-4]

I. INTRODUCTION

The study of vector properties has long been used as a
dynamical probe to understand molecular photodissociation.
For example, it is well known that the angular distribution of
the photofragments, 1(6,), about the polarization of the pho-
todissociating light (for a one-photon photodissociation of an
unpolarized sample described by the dipole approximation)
is given by!

1(6,)=1+BP,(cosb,), 1)

where 6, is the angle between the recoil direction and the
polarization of the photodissociating light, and P, is the
second-order Legendre polynomial. The spatial anisotropy
parameter B can range from +2 for a pure parallel transition
(AQ=0) to —1 for a pure perpendicular transition (AQ
=1), when it is assumed that the dissociation is rapid com-
pared to the rotational period of the molecule (axial recoil
approximation). Therefore, a measurement of 3 provides in-
formation about the relative symmetry of the dissociating
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transition. An intermediate value of B indicates that both
parallel and perpendicular transitions are being accessed in
the axial recoil limit. However, the spatial anisotropy param-
eter contains little or no information about several aspects of
the dissociation dynamics, such as the shape of the dissoci-
ating surfaces away from the Franck—Condon region and the
nature of curve crossings and other long-range forces that do
not alter the asymptotic state of the photofragments. The aim
of this paper is to show what can be learned about the pho-
todissociation process from the measurement of photofrag-
ment angular momentum vector correlations.

In recent years, there has been considerable experimental
and theoretical interest in the angular momentum polariza-
tion of photofragments. In 1986 Dixon? used a semiclassical
treatment to describe the photofragment angular momentum
polarization in terms of bipolar moments® defined in the
laboratory frame, and explained how these parameters can be
extracted from the analysis of Doppler-broadened line
shapes. Dixon also gave a semiclassical interpretation of the
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bipolar moments, which is valid in the high-J limit. Hall and
Houston?* presented in 1989 a review of the determination of
vector correlations in photodissociation experiments. A full
quantum treatment of the photofragment vector properties
has been given by Vasyutinskii® in 1983 and by Siebbeles
et al.% in 1994. Recently, Chen and Pei’ have reexamined the
use of photofragment Doppler profiles for determining vector
correlations and have developed a full density matrix treat-
ment as an alternative approach.

In this paper we present techniques that show how to
measure the complete photofragment angular momentum
distribution in the molecular frame. Our treatment uses a
formalism that is closely related to that of Siebbeles et al.
We find that the angular momentum distribution can be de-
scribed using polarization parameters a{(p) discussed in
Sec. Il, which are similar to the well-known polarization pa-
rameters Al .89 The advantage of working in the molecular
frame is as follows: the ald(p) decouple the dynamical fea-
tures of the angular momentum distribution in the molecular
frame from laboratory vector correlations and frame transfor-
mations. For example, if the spatial anisotropy parameter
varies with photolysis wavelength, even if the dynamical fea-
tures of the angular momentum distribution do not change
(i.e., the agk)(p) are constant), then the laboratory frame an-
gular momentum distributions can change significantly. This
variation can obscure the true nature of dynamical effects in
photodissociation. Furthermore, each a(k)(p) parameter pos-
sesses separate physical significance. The ag")(p) are classi-
fied as a{’(ll), al’(L), and alo(ll,L). The a{’(Il) param-
eters are the contributions from the parallel transitions to the
photofragment angular momentum distribution, the agk)(L)
parameters are the contributions from the perpendicular tran-
sitions, and the a{’(ll, 1) parameters are the contributions
from the interference between the parallel and perpendicular
transitions. As such, the a{”(ll) and a{(L) are incoherent
contributions, and the a(k)(ll 1) are coherent contributions.

The power of the a(")(p) formalism has been demon-
strated in the observatlon of mass-dependent polarization of
the Cl-atom angular momentum in the photolysis of ICI in
this laboratory.!®!! It was shown that the large differences in
the alignment of the **Cl and the 3’Cl atoms arise solely from
the interference of two dissociating states, expressed in the
angular momentum distribution through the Re[a(lz)(ll,L)]
parameter.’’ Additionally, it was shown that the measure-
ment of photofragment orientation, the Im[a{")(ll,.L)] param-
eter, as a function of photodissociation wavelength is sensi-
tive to the phase difference between the dissociating
channels, and hence sensitive to the shapes of the dissocia-
tive surfaces.** Finally, the complete a{’(p) formalism using
linearly polarized photolysis light is illustrated in the experi-
mental study of the photodissociation of ICI and Cl, in the
companion paper.*?

In Sec. Il, the photofragment angular momentum distri-
bution is described in terms of the molecular frame param-
eters al(p). Section I11 presents the molecular frame detec-
tion probablllty in terms of the a{(p) and the angles
between the recoil direction and the photolysis and probe
polarization directions. In Sec. IV the dependence of experi-
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FIG. 1. lon-arrival profile for a monoenergetic speed distribution for which
the ionization probability is independent of the photofragment polarization.

mental signals on the a{’(p) is shown. Section V provides
physical interpretation for the a‘k)(p) An Appendix presents
the connection between the a( (p) and the transition dipole
matrix elements, and descrlbes the use of circularly polarized
photolysis light.

II. PHOTOFRAGMENT ANGULAR MOMENTUM
DISTRIBUTIONS

The monoenergetic photofragment velocity distribution
resulting from the photolysis of stationary molecules AB is
described by Eq. (1); it can be thought of as a shell in veloc-
ity space with a surface density that is cylindrically symmet-
ric with respect to the photolysis polarization (see Fig. 1). A
more complicated velocity distribution can be described by
an appropriate sum of such shells. This velocity distribution
can be measured with techniques such as time-of-flight mass
spectroscopy, Doppler spectroscopy, and ion imaging. Figure
1 shows the time-of-flight profile of a monoenergetic veloc-
ity distribution. This profile is fit with the output of a Monte
Carlo simulation. The advantage of simulating the profiles is
that the effects of (molecular frame) photofragment polariza-
tion on the detection efficiency can be treated for each indi-
vidual photofragment; in addition to the simulation, all that
must be known is the relative laser-detection probability of
each photofragment as a function of its polarization and the
directions of the photolysis and probe polarizations. In this
paper, we will present this laser-detection probability in the
form:

1=1+1[6.,0,0,8a(p)], )

where the angles 6., ©, and ® describe the orientation of the
photofragment’s laboratory velocity with respect to the pho-
tolysis and probe laser polarizations. The detection probabil-
ity of each individual photofragment in the Monte Carlo
simulation is modified with the use of Eq. (2). This approach
has been used by Rakitzis et al.*® for the description of prod-
uct rotational polarization from bimolecular reactions.
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FIG. 2. Molecular frame. The z axis is parallel to v, and the y axis is
perpendicular to the plane defined by v and the photolysis polarization axis
€pnot - The angle between v and €y, is 6, the angle between v and €yqpe iS
0, and @ is the azimuthal angle of €, and €pqpe about v.

In this paper, we shall describe the photofragment polar-
ization in the molecular frame using linearly polarized pho-
tolysis light. In this frame, the z axis is given by the photo-
fragment recoil direction ¥ and the y axis is perpendicular to
the plane defined by the photolysis polarization and the pho-
tofragment velocity (= €y,oX V). Figure 2 shows the right-
handed molecular-frame coordinate system and the relevant
angles 6., O, and ®.

The spatial distribution D (6, ¢) of an ensemble of angu-
lar momenta J can be described by an expansion in modified
spherical harmonics. The coefficients or moments of this ex-
pansion are the well-known polarization parameters Al :°

2] k

D(0,¢)= 2 q;_k

AYCH(0,0), 3)

where 6 and ¢ are spherical polar angles in the molecular
frame and the CX q(0,¢) are modified spherical harmonics:
Ci(0,9)= (477/2k+1)1’2qu(9 ¢). Equation (3) can be
used to describe the photofragment angular momentum dis-
tribution in the molecular frame for a fixed angle 6, (be—
tween €, and V; see Fig. 2). However, in general, the Aq

depend explicitly on 6. Therefore, the (2J+1)? polariza-
tion parameters from Eq. (3) are not sufficient to describe the
photofragment angular momentum distribution for arbitrary
values of 6.. In this paper we show that Eq. (3) can be used
for the description of the angular momentum distributions
arising from pure parallel or pure perpendicular transitions
(for arbitrary values of 6,), and we show how the complete
description of photofragment angular momentum distribu-
tions can be built up from considering the incoherent and
coherent contributions from these parallel and perpendicular
transitions.

Here, we shall introduce a very similar set of parameters,
the a{’(p), which allow us to express the photofragment
angular momentum distribution in the molecular frame for
arbitrary values of 6, in a form similar to Eq. (3):
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2] 2
D<e,¢>=g0 q;z ; al(p)FE(6..B;p)CE(8,9).
(4)

Notice that in each term of this expansion, there is a com-
plete separation of the angles describing the molecular frame
angular momentum distribution (6 and ¢) from the variables
involved in the laboratory-frame transformations (6, and B).
In the molecular frame, the one-photon excitation process
limits |q|=<2. Notice also that there is an additional summa-
tion over the index p. When q=0, p can be (|l) or (L); when
l[q|=1, p is given by (I, L) only; when |g|=2, p is given by
(L) only. Using this notation, the a)(p) are classified as
agk)(ll), af]k)(J_), and aék)(ll,L). The a&k)(ll) describe the po-
larization of photofragments from parallel transitions only,
the a{(1) describe the polarization of photofragments from
perpendlcular transitions only, and the a{(l,L) represent
contributions to the photofragment polarlzatlon that arise
from the interference between parallel and perpendicular
transitions. As will be seen, the set of parameters a’(l),
ald(L), and al’(Il, L) represent a very physical and intuitive
plcture of the photodlssomatlon dynamics. For linearly po-
larized light, the maximum number of a(p) parameters in
the molecular frame reduces to 5J for integer J and 5J-3/2
for half-integer J.

For a pure parallel transition, both the transition dipole
moment w and the bond axis are parallel to the recoil direc-
tion; thus there is only one physically significant axis. Cylin-
drical symmetry of the parent molecules ensures that the
photofragment angular momentum distributions must also
possess cylindrical symmetry. This symmetry constrains all
noncylindrically symmetric parameters (with g+ 0) to van-
ish [i.e., al’(Il)=0 for q+0]. Because u is always parallel
to U, the photofragment angular momentum distribution will
not depend on #.. Additionally, for a parallel transition,
there is no net change in the projection of the total angular
momentum onto the bond axis (AQ=0) so that the en-
semble of parent molecules possess no net orientation. Thus,
for the photolysis of molecules AB through a parallel transi-
tion, the a(k)(ll) for the photofragments A and B must vanish
for odd k. These constraints allow Eq. (3) to be recast to give
the photofragment angular momentum distribution D,(6)
arising from a pure parallel transition:

2]

an):go a(1Cl(6,9), (5)

where Eq. (5) is identical to Eq. (3) except that q is con-
strained to be 0 and k to be even.

In many instances, we only need to be concerned with
k=2. The polarization of ensembles of J<1 are fully de-
scribed with k=<2 only. Additionally, if the photofragments
are probed via a one-photon absorption process, then the
detection process is only sensitive to the parameters with k
=<2 for any value of J. To illustrate these common cases, Eq.
(5) becomes for k<2:

D(6)=1+al? ()P ,(cos 6). (6)
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For a pure perpendicular transition, the transition dipole
moment w is perpendicular to the bond axis. Reflection sym-
metry through planes defined by ¥ and u, and by ¥ and u«
XV, ensures that parameters with odd g vanish. The spatial
distribution D, (68,¢) of the angular momenta J of an en-
semble of photofragments from a pure perpendicular transi-
tion is given by

2J 2

DL(6,9)= 2, qu a(L)Ci(6,9) (lal#1), ()
where Eq. (7) is identical to Eq. (3) except that q is con-
strained to be 2, 0 and —2 only and k to be even; the nature
of the one-photon photodissociation process restricts |q|
<2, and the symmetry of perpendicular transitions con-
strains parameters with || =1 to be zero. The use of linearly
polarized photolysis light constrains k to be even for perpen-
dicular transitions, but in contrast to pure parallel transitions,
the a(L) and a%(L) orientation parameters with odd k
can be present when the photolysis light is circularly polar-
ized (see Appendix). For k<2, Eq. (7) becomes

DL( 07 (P)
=1+af?(L)P,(cos ) +a?)(L)\3/2sin? G cos2¢.
(8)

Notice that because a{”(p)=(—1)%%)(p)*, the q=—2
term is expressed in terms of the q=2 term [in particular,
since a$? (L) is real, a?)(L)=a?(L)].

A mixed transition is one in which both parallel and
perpendicular components are accessed, so that w is neither
parallel nor perpendicular to the bond axis, as shown in Fig.
2. This symmetry breaking allows the existence of the
Re[a{)(ll, )] with even k and the Im[a{)(Il, )] with odd k
(whereas the Im[a{”(I,L)] with even k and the
Re[a{(II, )] with odd k can only be observed with circu-
larly polarized photolysis light; see Appendix). Kupriyanov
and Vasyutinskii* and Siebbeles et al.® have shown that the
interference between parallel and perpendicular transitions is
solely expressed by the |q|=1 terms (in a one-photon disso-
ciation process). We can now construct the mixed-transition
photofragment angular momentum distribution, D, , , as a
normalized weighted sum of the incoherent contributions
from parallel and perpendicular transitions [given by Egs. (5)
and (7)] as well as the addition of the |q|=1 interference
terms:

D\\,L(ee!ﬂlalQD)
=|(1+ B)cos? 6.D () +(1— BI2)sin?> §.D, (6, )
N
+25sin 6, cos 6 E a(I,L)Ck(8,¢0) /
[1+ BP,(cos 6, )] 9)

Unlike either Eq. (5) or Eq. (7), D, depends explicitly on
6. and B. The terms (1+ B)cos? 6., (1—B/2)sin? 4., and
2sin 6.cos 6, [all divided by the normalization factor 1
+ BP,(cos 6,)] are the weighting factors for the incoherent
and coherent contributions. Notice that a more appropriate
weighting factor for the cross term would be
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2(1+B)(1— BI2)sin 6.cos 6., which is twice the product

of the square roots of the incoherent contributions, as ex-
pected. However, the factor v(1+ 8)(1— B/2) is extremely
sensitive to the value of B close to the limiting values of +2
and —1. Because with current techniques B cannot be mea-
sured to the necessary accuracy of about 1%, we decided to
define the a(l")(H,L) terms so as to incorporate the factor of
V(1 +B8)(1—p/2). Thus, the interference terms vanish for
the limiting cases of 8= +2 or —1, as expected. Notice that
for B=+2, D, (6.,8,0,¢) reduces to D;(6), whereas for
B=—1,D,,(6.,8,0,¢) reduces to D, (6,¢). Even when 8
is close to +2 or —1, and the incoherent contributions from
one channel are small, the magnitude of the interference
terms can be quite large. For example, for the case of
B=+1.8, the term (1 + B)(1— B/2) is reduced to only 50%
of its maximal value, whereas for the nearly pure parallel
case of B=+1.99 the interference contribution is reduced to
only 12% of its maximal value! Therefore, the |q|=1 inter-
ference terms are extremely sensitive to the mixing of states
of parallel and perpendicular symmetry.

Equation (9), unlike Egs. (5) and (7), is no longer of the
form of Eq. (3); therefore, for a mixed transition, the param-
eters used to describe the photofragment angular momentum
distribution, the a{’(p), no longer follow the standard po-
larization parameter definition of the Agk) However, as we
have seen, the a{(Il) and a{’(L) are the standard polariza-
tion parameters for pure parallel and perpendicular transi-
tions respectively, whereas the a{(l, 1) parameters result
from the interference of parallel and perpendicular transi-
tions. Most importantly, the a{(p) transform under rotation
as the A By recasting Eq. (9) in the form of Eq. (3), we
find that the molecular-frame polarization parameters A(
are given by

AN =[(1+B)cos? 6.a% (I +(1— Bl2)sin? 6. a5 (1)]/

[1+BP,(cosb,)], (10)
AW=sin 6, cos 6.aM(Il,L)/[1+ BP,(cos 6,)], (11)
AY = (1-pI2)sin? 6.2 (L)I[1+ BP,(cos 6,.)], (12)
where

AP =(—1)0A0", (13)

These equations give the explicit dependence of the A{” on
0., B, and the agk)(p), and allow us to subsequently derive
the photofragment detection probability I=1
+f[6.,0,®,8,a{'(p)] as a function of the molecular-
frame polarization and the laboratory detection geometry.
Explicitly, the molecular-frame angular momentum distribu-
tion in terms of the a{’(p) for k=2 is given by

Dy, (8,¢,0.,8)
=1+{sin 6.cos 6. Im[a{™(Il,.L)]v2 sin O sin ¢
+(1-BI2)
X sin? 9.a5?) (L )P,(cos #)+sin 6, cos 6,
X Re[a$?)(II,.L)]4/3/2sin 26 cos o+ (1— BI2)sin? 6,

+ (14 B)cos? 6.a52 (1) P,(cos 6)

X ab? (1) /3/2sin? B cos 2}/ [1+ BP,(cos 6,)]. (14)
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For many practical cases, Eq. (14) is the major result of
this paper. It shows that in the most general case the angular
momentum distribution can be represented by the population
[which is normalized to unity in our treatment and is the first
term on the right side of Eq. (14)], one orientation parameter
{the Im[a{™(I,L)]}, four alignment parameters [the
a2y, al?(L), Re[a?(I,L)], and al?’(.L)], and the spa-
tial anisotropy parameter (8), which makes a total of seven
parameters.

Ill. DETECTION PROBABILITY

The relative detection probability of an atom or molecule
using REMPI or LIF (in which the emitted photon is de-
tected independent of its polarization) with polarized light
can be expressed in terms of the polarization parameters in a
simple form:31

2n k

|(,¢,Agk>)=k§0 q:E_k s ALCK(O,®), (15)

where the laser-detection sensitivity s, depends on the de-
tails of spectral transition of the resonant step, such as the
guantum numbers of the ground state and the resonant state,
and the degree of ellipticity of the light involved in the de-
tection process. General methods for calculating parameters
similar to the s for (2+1) REMPI and LIF for atoms, di-
atomic, and symmetric-top molecules are reported by Kum-
mel et al.;*>!® Rakitzis et al.'® give expressions for the s in
terms of the notation of Kummel et al. Simple techniques are
given in the following paper'? to calculate the s, for special
cases when J is small. Also, ® is the angle between the
detection axis (in this case the recoil direction V) and the
polarization axis €. Of the detection laser beam; @ is the
angle between the projections of epop. and €pn ONtO the
plane perpendicular to the detection axis; and n is the num-
ber of photons in the resonant step of the (n+m) REMPI or
LIF process. For the REMPI process, the ionization step is
assumed to be saturated, whereas for the LIF process the
emitted photons are assumed to be detected independent of
their polarization. The general detection expression of Eq.
(15) can be combined with the photofragment polarization
parameters of Egs. (10)—(13) to give a complete description
of the photofragment detection probability in the molecular
frame; this expression is given explicitly for parameters of
k<2:

I[0,D,0,,8,a,(p)]
=1+(sysin @, cos 6, Im[a>(Il,1)]v2 sin O sin®
+5,{(1+B)cos? 6.a? ()P ,(cos @)+ (1— B/2)
X sin? 6,ai* (L )P,(cos @) +sin 6, cos 6,
X Re[a{?)(Il,1)]y/3/2sin 20 cos ® + (1 — B/2)sin? 6,
X ab?)(1)/3/25in? © cos 2D})/[ 1+ BP,(cos 6,)].

(16)

Equation (16) is the central result of this article. This equa-
tion relates laser-detection probability, the laboratory observ-
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able, to the al’(p) that describe the angular momentum dis-
tribution in the molecular frame. Section IV describes the
use of this equation to generate basis functions for the analy-
sis of experimental profiles.

For a pure parallel transition when g is equal to +2, Eq.
(16) reduces to

1[0,a(1)]=1+s,a(I)P,(cos ©). (17)

Notice that the detection probability has no explicit depen-
dence on the photolysis polarization direction. For a pure
perpendicular transition when g is equal to —1, Eqg. (16)
reduces to

I[0,d,a{)(L)]=1+s,[af (L)P,(cos ®)
+a?)(1)/3/2sin? © cos2d].  (18)

Notice that, again, the detection probability has no explicit
dependence on the angle 6. between the photolysis polariza-
tion direction and the recoil direction; however, the projec-
tion of the photolysis polarization direction onto the plane
perpendicular to the recoil direction is used in the determi-
nation of ®. As mentioned earlier, Egs. (17) and (18) should
be used only if there is no mixed-state contribution.

IV. POLARIZATION-DEPENDENT BASIS FUNCTIONS

As shown in the previous section, the experimental sen-
sitivity to the a{(p) depends on the spatial anisotropy pa-
rameter 8. Furthermore, if 8 is known, then the anisotropic
experimental signals (described below) depend linearly on
the aék)(p); hence a previous measurement of B greatly fa-
cilitates the subsequent measurement of the a{’(p). In order
to decouple the measurement of B from the effects of the
al(p), the photofragments must be detected on a spectral
branch that is insensitive to photofragment polarization, or
experimental profiles can be summed to remove the effects
of the a{(p); for parameters with k=2 this is achieved by
summing profiles in which the probe polarization lies along
three orthogonal axes. Additionally, in some circumstances,
the effects of the of the a{(p) on the measurement of /3 can
be neglected owing to their reduction from strong hyperfine
depolarization effects.!” Once profiles are obtained that are
independent of photofragment polarization, then the photo-
fragment population and spatial anisotropy can be measured.
Methods for measuring the spatial anisotropy are described
elsewhere 8

The creation of polarization-dependent basis functions
used to fit experimental signals from product polarization in
bimolecular reactions has been given previously;® a similar
basis-function method is described here. The brief descrip-
tion given here uses examples involving time-of-flight mass
spectrometry, although the methods described here are com-
pletely general for any other velocity-sensitive detection
technique, such as Doppler spectroscopy and ion imaging.
The spatial distribution of photofragments, and their subse-
quent velocity-dependent detection, is modeled with a Monte
Carlo simulation (see Fig. 1). Up to this point, the laser-
detection probability as a function of photofragment polar-
ization is assumed to be unity for all photofragments [from
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FIG. 3. Single-speed ion-arrival basis functions for the photodissociation of
ICI that demonstrate the effect of the a2 )(L) and the posmon of the probe
polarization on polarization-dependent basis functions: The B} [t] time-of-
flight profile (solid line) simulates monoenergetic photofragments with B
= —0.6, the photolysis polarization along the X axis and exhibiting no pho-
tofragment polarization effects [all a{’(p)=0]. The profile B[a{”(L);t]
(dotted line) simulates the effect of a value of al?)(1)=1 on the experimen-
tal profile with the probe polarization parallel to the X axis, whereas the
B3[a$?)(1);t] profile (dashed line) simulates the same effect but with the
probe polarization parallel to the Z axis.

Eq. (2), I=1]. Figure 3 shows the time-of-flight profile BIso
for a mixed transition with 8= —0.6. The superscript X in-
dicates that the photolysis polarization €, lies along the
laboratory X axis (see Fig. 1 for the definition of the labora-
tory axis), and the subscript iso indicates that the photofrag-
ment polarization is isotropic, so that the photofragment po-
larization does not effect the experimental signals. The other
two profiles are discussed below.

To include the effect of photofragment polarization on
the modeling of the experimental signals, the total detection
probability of each photofragment is multiplied by the
polarization-dependent laser-detection probability given by
Eq. (16). For example, consider photofragments character-
ized by B=-0.6, a?’(L)=+1, and all other a{’(p)=0,
detected via a spectral transition characterized by s,=1. In
this case, the laser-detection probability of Eq. (16) reduces
to

1[®,d,0,]=1+[1.3sin? 8,/3/25sin? O cos2d]/
[1—-0.6P,(cos 6,)]. (19)

For each individual photofragment in the simulation, the to-
tal detection probability is multiplied by Eq. (19). For labo-
ratory unit vectors €pop. and €ynor, and for each photofrag-
ment recoil velocity unit vector ¥, the angles 6., ©, and ®
are given by

€S 60,.= Epnot- ¥, (20)

C0S O = €pope-V, (21)

Ponot* P
cos = phot” ™ probe (22)

| F‘photl | Pprobe| ,
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where Py is the projection of &g, onto the plane perpen-
dicular to V and is given by

P phot= €phot— €0S 0.V, (23)

and Ppope is the projection of €gq,e ONto the plane perpen-
dicular to v and is given by

I:’probe eprobe cos OV. (24)

The simulation of the time-of-flight profiles of photo-
fragments characterized by B=—0.6, a(z)(L) +1 and s,
=1 yields the profiles BY[a{?)(1);t] and BY[a{? (1 );t] (see
Fig. 3). The notation used to describe the profiles
B&[al(p);t] is as follows: the superscript F denotes the
laboratory orientation of the photolysis polarization, and the
subscript G denotes the laboratory orientation of the probe
polarization; the basis function BG[a(k)(p) t] exhibits a
single a{’(p) parameter, and t indicates that B&[al’(p);t]
depends on the time of flight. The laboratory Z axis is de-
fined to be parallel to the detection axis (such as the time-of-
flight or Doppler axis). An indication of sign, such as +Z,
denotes that the laser polarization is circularly polarized and
is parallel to the Z axis; no sign indicates that the laser light
is linearly polarized. For example, the basis function
B, Y{Im[a{® (I, L)];t} exhibits the parameter Im[a{®(ll,L)]
only, the photolysis polarization is circular and lies antipar-
allel to the Y axis, and the probe polarization is linear and
lies along the Z axis. The profiles Bj[a$®(L);t] and
BX[a$?)(1L);t] shown in Fig. 3 differ only in the laboratory
orientation of the probe polarization direction; for the
BX[a$? (1 );t] profile the probe polarization lies along the Z
axis, and for the B{[a$?)(L);t] the probe polarization lies
along the X axis. Notice the large effects on the simulated
signals caused by photofragment polarization.

The difference between two experimental profiles or ba-
sis functions that differ only in the direction of the probe
polarization are known as anisotropic profiles or basis func-
tions. These anisotropic basis functions are of key impor-
tance to the fitting of experimental signals. The anisotropic
basis function B ,,[al)(p);t] is defined as Bf[a{(p);t]

Bx[a(k)(p) t] for Imearly polarized probe light, and as
Bie[a(k)(p) t]-B" g[a{(p);t] for circularly polarized
probe Ilght The important features of the anisotropic basis
function B ,,[a{?(p);t] is that it possesses a characteristic
shape, and its magnltude is proportional to the a’(p) pa-
rameter. Therefore, experimental anisotropic proflles IFiso
can be fit with linear combinations of B ;;[a{(p);t] basis
functions via linear least-squares fitting procedures to mea-
sure the a{%(p) directly:

IaFnlso k; a(k)(p)COOBanlso aqu)(p);t]- (25)

The coefficient c00 in Eq. (25) is proportional to the popula-
tion of the photofragments, and is obtained by a previous fit
to a profile independent of photofragment polarization:

I::so COOBISO ' (26)

where the experimental profile If, and the basis function Bf,
is independent of photofragment polarization [all a’(p)
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Intensity —»

Time-of-flight shift

FIG. 4. (a) Four k=2 Baxmso[a(z)(p) t] profiles with the photolysis polariza-
tion parallel to the X axis and (b) four k=2 Bamso[aq )(p);t] profiles with
the photolysis polarization parallel to the Z axis. In both cases, the subscript
aniso refers to the difference in profiles in which the probe polarization lies
parallel to the Z and X axes. The profiles are given by: Ban,so[a(z)(\l);t]
(thick solid line); Bfs[a$?(1L);t] (thin solid line); BY,{Re[a{®(ll, 1);t]}
(dotted line); and Ban,so[a(z)(J_) t] (dashed line). The four profiles in (a) or
the four profiles in (b) are not orthogonal. The four pairs of profiles, how-
ever, are orthogonal, therefore these geometries suffice to measure the four
k=2 parameters independently.

=0 so that the laser-detection probability of Eq. (16) I
=1]. The profiles B, and If, can be generated from the
summation of profiles from various geometries.™®

Figure 4(a) shows the four k=2 time-of-flight aniso-
tropic basis functions Bj . [a(p);t], for which the pho-
tolysis polarization lies along the X axis. These four aniso-
tropic basis functions are not linearly independent, so the
anisotropic experimental profile 13, cannot be fit uniquely
with these basis functions. Figure 4(b) shows the four k=2
time-of-flight anisotropic basis functions Bj,[al(p);t],
for which the photolysis polarization lies along the Z axis.
Together, these four pairs of basis functions are now linearly
independent, so that the experimental profiles 1%, and 1%,
can be fit simultaneously, using Eq. (25), to give the four
values for the a?’(p). This technique was used in the mea-
surement of the al?)(p) for **Cl and *¥Cl in the photodisso-
ciation of 1CI,% and is also used similarly in the companion
paper. The issue of linear dependence of the basis functions
will be different in the case of ion imaging, as the images are
of higher dimensionality and hence possess more informa-
tion; in general, fewer geometries will be needed to ensure
the linear dependence of the basis functions.

The Im[a$?)(Il, )] parameter is probed with the use of
circularly polarized probe light. Figure 5 shows the aniso-
tropic basis function BZ {Im[a{’’(I,1)];t}, which is the
difference of basis functions in which the probe is varied
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FIG. 5. BXZ {Im[a{!(ll,L)];t} profile for which the (linearly polarized)

photolysis polarization lies at 45° to the Z axis in the X-Z plane. In this case,
aniso refers to the difference in profiles in which the circularly polarized
probe polarization lies parallel and antiparallel to the Y axis. These compos-
ite geometries are most sensitive to, and only sensitive to, orientation pa-
rameters with q=1.

between right and left circularly polarized with respect to the
Y axis, and the photolysis polarization is linearly polarized
along the XZ axis, an axis which lies at 45° to the Z axis in
the X-Z plane.®® The Im[a{")(Il, L )] parameter is sensitive to
the shapes of the dissociative surfaces, as will be discussed
in Sec. V.

In most experiments, the initial distribution of parent
molecules is isotropic, and so the spatial distribution of the
photofragments is described by Eg. (1). In some experi-
ments, the parent molecules instead are prepared in the
single state |JKM), where the quantization axis is given by
the photolysis polarization. Then the spatial distribution is
given by!®%

1(6.)=[dim(0)12[1+ BP,(cos 6,)], (27)

where df<M(0) is a Wigner rotation matrix.? As discussed by
Seideman,®? Eq. (27) is only valid in the axial recoil limit.
Note that when Eq. (27) is summed over all K, Eqg. (1) is
recovered, as expected. In the analysis of photodissociation
experiments using aligned reagents, the modeling of the pho-
tofragment velocity distributions (described in Sec. Il) will
use Eqg. (27) instead of Eqg. (1). In the axial recoil limit
[which is assumed for the results of this paper and for Eq.
(27)], there is no geometrical information to be obtained by
aligning the reagents. Therefore, in this limit, the only ad-
vantage of state-selecting the reagents is to control the inter-
nal energy of the reagents.

V. PHYSICAL INTERPRETATION

As discussed in the Introduction, other methods exist for
the measurement and description of photofragment angular
momentum distributions. The advantage of the present treat-
ment of expressing the angular momentum distribution in the
molecular frame is that it disentangles the factors that depend
on the photofragment anisotropy (8) and on the angle be-
tween the photolysis polarization and recoil direction (6,)
from the molecular-frame distribution of angular momentum
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vectors (O and @), which is described by the set of coeffi-
cients a{’(p). Once the a{’(p) are determined from a fit to
laboratory observables (such as time-of-flight profiles) using
appropriate basis functions (described in Sec. 1V), the
al(p) allow the photodissociation dynamics to be decom-
posed into fundamental components that make up a physical
and intuitive picture: as discussed below, each a{”(p) pa-
rameter is sensitive to a different aspect of the photodisso-
ciation dynamics. In future work, we hope to connect the
al(p) to Dixon’s bipolar moment formalism expressed in
the laboratory frame.

A. The a{(p) parameters

Consider molecules that are in a definite quantum state,
), the projection of the total angular momentum onto the
bond axis. Such molecules are cylindrically symmetric with
respect to the recoil direction. The a{(p) parameters de-
scribe photofragment angular momentum distributions that
are also cylindrically symmetric about the recoil direction.
Thus, dissociative states of the parent molecule of definite ()
should yield photofragments described by the a’(p) param-
eters only. The a{(p) parameters with g+ 0 arise from the
coherent excitation of two or more () states caused by the
one-photon excitation process, as discussed below. The ex-
cited state of definite () correlates adiabatically to photofrag-
ments with predictable values of a(p). Thus, the deviation
of the a{’(p) from their expected adiabatic values are a mea-
sure of the degree and nature of nonadiabatic effects of the
photodissociation process. Examples involving the a{(p)
parameters are discussed in the companion paper.

The relationships between the density-matrix elements
pmm and the ALY are given by®

L2k D[IA+1)]V

pm’m:E (_1)J+q7

“ c(k)(3[3%]3)
J ok J
(k)
(—m qg m Aqs (28)
(k)
(= , (k) ’
= ORIy 2, prn(ImIEIm), (20

where the A{” are given, in general, by Egs. (10)—(13); the
A are equal to the al’(ll) for B=+2, and equal to the
agk)(L) for B=—1. The m-state probability distribution
p(J,m) along the recoil direction is given by ppm; the Af
are expressed in terms of the p,, only. For the dissociation
of a molecule AB initially in state ), the photofragment m
states must follow the relation Q' =mj+mg.

We illustrate these points through a simple example,
which is also discussed in the following paper.'? Consider
the pure parallel (AQ=0) photodissociation of Cl, (Q
=0) to give CI%Pg, and CI?P,,, atoms, which we refer to
as Cl and CI*, respectively. The CI* possesses the m states
+1/2, which are equally populated because parallel transi-
tions cannot show orientation. The CI possesses the m states
*+1/2 and *3/2, but since Q' =m¢+mg=0, only the =1/2
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states of the ClI atom are populated. The relationship between
the m-state populations and the alignment parameter a?(Il)
can be derived from Eq. (29):

1 5
P(I=3/2|m[=3/2)= |1+ zag” (I, (30)

1 5,
p(J=3/2,|m|=1/2)=§[1—Zag Rn)}. (31)

Notice when a{?(Il)=+0.8 only the +3/2 states are popu-
lated, when a{?)(I)=—0.8 only the *=1/2 states are popu-
lated, and when a{?)(Il)=0 all states are equally populated.
Therefore, in this example, the expected ClI atom alignment
is described by a{?(Il)=—0.8.

B. The a{¥)(ll, L) parameters

The a{)(II, L) parameters arise solely from the interfer-
ence of dissociating states associated with parallel and per-
pendicular transitions (for example, from the coherence of
Q=0 and Q= =*1 states). For a mixed transition, the tran-
sition dipole moment w lies between the parallel and perpen-
dicular axes of the molecule (see Fig. 2). Thus, the angular
momentum of the excited state is separated into parallel and
perpendicular components, which initially are in phase. Be-
cause the parallel and perpendicular dissociating pathways
can be energetically different, an asymptotic phase differ-
ence, Ag, can be introduced. This phase difference can be
thought of as the phase difference in de Broglie waves asso-
ciated with the two pathways, or as an energy-dependent
quantum beat. The angular momentum can then be separated
into components that are in phase (proportional to cos Ag),
and components that are out of phase (proportional to
sin Ag). The in-phase components correspond to linear po-
larization and are described by the Re[a{?)(ll, L )] parameter,
and the out-of-phase components correspond to circular po-
larization and are described by the Im[a{")(|l, )] parameter.
If multiple parallel and perpendicular states are present, then
these parameters can be expressed in terms of the Ag as

Re[a”! (I, L)]=2, Crun COS Ay, (32)
mn

Im[af" (1, L)]= 2 ¢pqsin Agpn, (33)
mn

where the subscript m labels the parallel states and n labels
the perpendicular states, and the coefficient c,,, is the mag-
nitude of the contribution from each interfering pair of states.
Notice that for one parallel and one perpendicular state
Re[a$?)(ll,.L)] is proportional to cos Ag and Im[a{(Il, L)] is
proportional to sin A¢, so that both parameters contain simi-
lar information. However, the Re[al’)(Il,L)] parameter,
probed with linearly polarized probe light, must be detected
simultaneously with the other three parameters with k=2,
whereas the Im[a$?)(l, )] parameter, probed with circularly
polarized light, is the only k=1 parameter that can be
present (with linearly polarized photolysis light). Therefore,
the detection of the Im[a{")(Il,L)] parameter is much more
convenient and sensitive for the measurement of A¢.
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The magnitude of A¢ can be varied by changing the
wavelength of the dissociating light. The observed variations
in the al¥(ll, L) interference terms can then be used as a
stringent test of the shapes of the dissociating surfaces.
Variations in photofragment alignment as a function of the
wavelength of dissociating light were observed in the photo-
dissociation of H, and D,.?%* These variations were ob-
served as oscillations in the polarization of the Lyman-«
fluorescence of the H(2p) and D(2p) photofragments
formed from the coherent excitation of states accessed with
both parallel and perpendicular transitions. The observed os-
cillations in the fluorescence polarization are caused by os-
cillations in the Re[a{® (I, )] parameter only. Elegant ex-
amples of the measurement of the a{(ll, L) interference
terms have been performed in this laboratory for the photo-
dissociation of I1CI,2%!! and are examined further in the com-
panion paper.

C. The a}¥ parameters

The a)(1L) parameters are contributed from perpen-
dicular transitions. For a perpendicular transition, w is per-
pendicular to the bond of the parent molecule, and by defi-
nition lies along the x axis (see Fig. 2). Because of the
M- €pnot Interaction, only the component of €y, along w is
absorbed. The one unit of angular momentum of the ab-
sorbed photon possesses no net projection (m=0) with re-
spect to w and the x axis. This breaking of cylindrical sym-
metry of the angular momentum of the excited parent
molecule with respect to the bond axis can be expressed as a
coherent superposition of states separated by AQ =2 (such
as a coherent superposition of the Q'=+1 and Q'=-1
excited states originating from the =0 ground state). This
inequivalence of the x and y axes must be maintained in the
photofragments. The ai)(1L) parameters can be thought of as
a measure of how the inequivalence of the x and y axes in the
parent molecule is reflected in the photofragments. This
point can be illustrated with three examples, called (a), (b),
and (c).

A molecule AB with a ground states of =0 and no
rotational angular momentum is excited via a perpendicular
transition so that the 1'=+1 and ()’ =—1 excited states
are coherently excited. In example (a), the angular momen-
tum of the photofragments J,=0 and Jg=1, so that the
angular momentum of the photon (Jgneen=1) is reflected
entirely in Jg. Conservation of angular momentum con-
strains the spatial distribution of Jg to be identical to the
spatial distribution of Jgnon. This spatial distribution (J
=1, m=0 with respect to the x axis) can be described by
AP = —1 with respect to the x axis. Rotating to the bond
axis gives a?)(L,B)=+0.5 and a$?(1,B) = — /3/8, so that
in this example the value of the a$?)(1,B) parameter is con-
strained. In example (b), the angular momentum of the pho-
tofragments J,=1/2 and Jg=1/2, so that neither photofrag-
ment can possess nonzero values for parameters with k=2
[al?)(L,B)=af?(L,B)=0]. In this case, the spatial anisot-
ropy of the parent molecule’s angular momentum distribu-
tion is maintained in the correlation of J, and Jg; for ex-
ample, m-state measurements with respect to the x axis will
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correlate may= +1/2 with mg=—1/2, and m,= —1/2 with
mg=+1/2 (so that my+mg=m=0).

In example (c), the angular momentum of the photofrag-
ments J,=1/2 and Jg=3/2. Unlike the previous examples,
in this case the parent molecule angular momentum distribu-
tion can be expressed in J, and Jg in more than one way. For
example, the parent molecule anisotropy can be expressed
entirely in Jg as in example (a), giving a$?)(L,B)=—\6/5
[while a$?(1,A) is always constrained to be zero]; also, the
anisotropy can be expressed entirely in the correlation of J,
and Jg as in example (b), giving a$?(L,B)=0. The manner
in which the parent molecule angular momentum distribution
is expressed in J, and Jg depends on the symmetry of the
excited state. Therefore, the determination of al’)(L,B) is a
direct measurement of aspects of the symmetry of the disso-
ciating states. Examples of the information that can be ex-
tracted from the agz)(L) parameter are given in the following

paper.
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APPENDIX A: TRANSITION DIPOLE MATRIX
ELEMENTS

Siebbeles et al.’ studied quantum mechanically the mo-
lecular photodissociation yielding two photofragments, of
which one carries an angular momentum j and the other car-
ries no angular momentum. The dependence of the photo-
fragment polarization was described in terms of the dynami-
cal functions, fx(qg,q’), which in turn were expressed in
terms of the transition dipole matrix elements, M;q ¢ :

4 i i K
f , Yy — -1 j+Qi—q(
«(0.9)=2 (1) “a ' q-q
XMija.a(Mjg,0)*. (A1)

The a{(p) are expressed here in terms of the f,(q,q"), and
hence, using Eq. (Al), can ultimately be expressed in terms
of the transition dipole matrix elements:

. f1(1,1)

W) y= 1

(1) =3I+ D T (A2)
. f,1(1,0)

al(I,L)=3(2j+1) F00)+2o(LD)’ (A3)

f,(0,0

a52><n>=¢5<21+1>N<j>fiooi, (A4)

(2) T . fz(l,l)

2”(1)=B@i+ DNG) =7 (AS)

(2) - . f,(1,0)

al (||,J_)=3\/15(21+1)N(j)fo(olo)_'_zfo(l’l),

(A6)
V30(2j+1)  fu(1,—1)
a2 (L)= 5 N(j fo1D) (A7)
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where
2i—1)(2i+1)(2i+3 12

5j(j+1)

(A8)

APPENDIX B: CIRCULARLY POLARIZED
PHOTOLYSIS LIGHT

The use of circularly polarized photolysis light reduces
further the symmetry of the problem, such that the photo-
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fragment polarization can possess the polarization
parameters (with k=<2) a{®(L), Re[a{®(l,1)], and
Im[a{®(ll,.)]. The molecular-frame axes require different
definitions. The z axis lies either parallel or antiparallel to the
recoil direction U, so that it lies parallel to the projection of
€pnot along V. The y axis is then given by § = €,,X2. Using
circularly polarized photolysis light, the relative detection
probability of the photofragments is given by

I[0,®,0,,8.a"(p)]=1+(s1{(1— Bl2)sin? 6, cos Oag” (L) —sin 6, cos 6, Re[ai" (Il,L)](1v2)

X sin ® cos ® —sin 6, cos 6, Im[a{"(Il, L )](1/v2)sin O sin ®}+5,{(1+ B)cos? 6 a>’

X(INP,(cos @)+ (1—BI2)sin? 6. a?)(L)P,(cos ®)—sin 6, cos 6, Re[ai? (I, 1 )]/3/8

X sin20 cos ® —sin 6, cos 6, Im[a{?)(ll, 1 )]\/3/8in 20 sin ® — (1 — B/2)sin? 6 .a%’

X (L)+/3/85in? @ cos 2d})/[1+ BP,(cos 6,)]. (B1)

Other than the addition of the new parameters, notice that,
compared to Eq. (16), the parameters with q#0 in Eq. (B1)
are multiplied by —0.5. The sensitivity of the polarization
parameters to the polarization of the photolysis and probe
light is summarized in Table I. The definition of the angles in
Eq. (B1) become seemingly ambiguous when linearly polar-
ized probe or photolysis light are used, as linearly polarized
light is represented as a double-headed arrow (see Fig. 2).
However, Eq. (B1) reflects the properties summarized in
Table I: for the parameters that are sensitive to linearly po-
larized light, the choice of either head of the double-headed
arrow yields the same answer. A more detailed discussion of
the parameters arising from the use of circularly polarized
photolysis light in conjunction with relevant experimental
results is deferred to a future publication.?®

TABLE I. Experimental sensitivity to the k<2 polarization parameters as a
function of the nature of the polarization of the photolysis and probe light
for a single excitation-detection geometry. Note that if two excitation-
detection geometries with linearly polarized probe light are subtracted, then
the difference signal is sensitive to parameters of even k, whereas the dif-
ference signal for circularly polarized probe light is sensitive to parameters
of odd k.

Photolysis polarization

Linear Circular

a?(Il), af)(L)
Re[a{®(ll,1)]
linear  a?(L)

a?(ll), af(L)
Re[a{® (I, L), Im[a{®(I,L)]
a? (L)

Probe
polarization Im[a$V(l,1)]
a?(ll), af (L)
Re[a{®(ll,1)]
a?(1)

a(L)

Re[a{ (11, 1)1, tm[a(1,1)]
aP(l), aP(L)
Re[a® (I, 1)1, Im[a{®(ll, L)]
a?(L)

circular
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