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1. Introduction
In the late 1980s, Dixon, Hall, Houston, Simons, and

others1–6 recognized that experiments that probe the angular
distribution of photofragments with spectroscopic techniques
could be used to obtain the angular distribution of angular
momentum polarization. These were generalized as “vector
correlation” experiments, wherein one examines the correla-
tions among the angular momentum polarization vector, the
product recoil direction, the transition moment in the parent
molecule, the laser polarization, the fluorescence polarization,
or in scattering experiments, the relative velocity vector.
Virtually all of the early studies were based on Doppler
spectroscopy and emphasized rotational angular momentum
polarization. Semiclassical models were used to interpret the
experiments, largely, based on the bipolar harmonics ap-
proach introduced by Dixon.5 Around the same time,
Chandler and Houston introduced the ion-imaging tech-
nique,7 in which the full recoil velocity distribution of state-
resolved photofragments could be detected in a highly
multiplexed approach. Soon thereafter, large orbital align-
ment effects in atoms were seen in imaging experiments,
and it was immediately recognized that the semiclassical
picture, developed to describe high-J rotational polarization,
would not be suitable for interpretation of angular momentum
polarization in atoms, and a new, fully quantum theory was
required. The foundation for this theory was established in
a paper in 1994 by Siebbeles et al.8 (see also the earlier paper
by Vasyutinskii).9 The development of the theory is described
fully in section 2.

These studies, probing the angular distribution of photof-
ragment alignment and orientation, build upon a considerable
history of investigation of angular momentum polarization,
both in photodissociation10–14 and in scattering.15–19 The
early photodissociation studies, however, examined the
alignment or orientation integrated over the entire product
angular distribution. These global measurements could not
decompose the contributions of coherent and incoherent
mechanisms and were thus of limited value in exploration
of the underlying dynamics. The power of the present
techniques lies in their ability to reveal the molecular-frame
dynamics, to reveal coherent excitation mechanisms involv-
ing multiple electronic states, and to explore nonadiabatic
processes at curve crossings and at long-range.20,21 In short,
they afford the full quantum insight into the dissociation
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event allowed by nature. These studies have led to observa-
tion of a series of remarkable new phenomena, such as the
unexpectedly high photofragment polarization in photodis-
sociation of polyatomic molecules, observation of a pure
coherent quantum mechanical mechanism for production of
atomic photofragment polarization, 22 observation of coher-
ences showing that the electron cloud in the recoiling atom

“remembers” the original molecular plane,23 and observation
of energy-dependent quantum oscillations in the cross section
of photofragment polarization.24,25 The latter has been
exploited as a means of “seeing matter waves”, that is,
mapping the wave function for the dissociating molecule
itself. More recently these studies have shown the possibility
for direct experimental determination of the probability of
nonadiabatic transitions and phase differences between
different reaction channels.26,27 This capability of monitoring
the phase shifts between different outgoing reaction wave
packets is quite new in the field of molecular dynamics and
can find important applications for control of chemical
reactions and for chemical reactions of ultracold molecules.
We will examine all of these advances.

This rapidly growing field has not been reviewed in depth
recently, but we note our earlier overview,21 as well as recent
reviews from Brouard and co-workers on atomic polarization
in dissociation of diatomic28 and polyatomic molecules,29

that has some overlap with the material presented here. Our
goal is to provide, for studies that probe the angular
distribution of atomic orbital polarization in photodissocia-
tion, a single, comprehensive treatment of all relevant theory,
as well as a thorough review of all experiments to-date. The
emphasis here will be on results obtained using ion imaging
techniques, clearly now the method of choice. However,
alternative techniques have been used with considerable
success to obtain the same information, in particular, core
sampled ion time-of-flight (TOF) profiles used by Zare et
al. 24,25,30–32 and Doppler and related methods by Vasyutin-
skii et al.33,34 Results from these experiments will be
considered as well. The outline of the article is as follows:
In the following section, we establish the theoretical founda-
tion of these studies, first providing an overview of the
quantum mechanical description of photodissociation, then
presenting the means of probing these events using 2 + 1
REMPI and ion imaging. Finally, we provide a thorough
summary of the experiments performed to-date, mostly on
diatomic and triatomic systems. We have sought to prepare
this review so that the reader who is solely interested in
current state of experimental investigation of these phenom-
ena may skip the detailed theoretical treatment in the
following section and proceed directly to section 3. However,
those interested in implementing the theoretical analysis of
these experiments should find everything necessary in the
following pages.

2. Theoretical Foundation

2.1. Quantum Mechanical Description of
Photofragment Polarization Angular Distributions

The quantum mechanical theory for the angular distribu-
tion of polarized photofragments has been built by several
authors.8,9,26,35–44 Below we follow the approach of Siebbeles
and co-workers8 that results in analytical expressions for the
photofragment angular distributions, which have been widely
adopted for interpretation of the imaging experiments.

We consider the generic molecular photodissociation event
in which the molecule AB produces fragments A and B. Each
fragment can be either an open-shell atom or molecular
radical. Fragments A and B have angular momenta jA and
jB, respectively, with z-components of mA and mB about the
space-fixed Z axis. The initial and excited-state total angular
momenta of the molecule are Ji and J, respectively, and the
corresponding space-fixed z-components are Mi and M. For
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simplicity, we assume that an isotropic distribution of the
angular momenta of the parent molecule, which means all
initial Mi states are equally populated. A general case of
polarized parent molecules has been investigated by Fugle-
sang et al.40

The generalized differential photodissociation cross section
matrix elements σ(k̂, E; ñ′, ñ) are specified by the total energy
E of the fragments, the relative recoil direction k̂, and the
index ñ, which is the set of quantum numbers specifying
the electronic states and angular momenta (jA, mA, jB, mB) of
the fragments. The diagonal elements of the matrix (ñ ) n̂′)
are the normal photofragmentation cross sections that give
the probability of producing each fragment with a specific
quantum numbers jA, mA, or jB, mB. The off-diagonal elements
(for instance, mA * m′A) describe the coherence between
different quantum states.45,46

Using first order time-dependent perturbation theory, the
generalized photofragmentation cross section σ(k̂, E; ñ n′)
can be written as35,37,45

σ(k̂, E ; ñ ′, ñ))
2π2ν

cεo(2Ji + 1) ∑
Mi,M′i

〈Ψ-(k̂,ñ ′)(R, r, E)|d̂ · e|ΨJiM′i
〉 ×

〈Ψ-(k̂,ñ)(R, r, E)|d̂ · e|ΨJiMi
〉/FM′i,Mi

Ji (1)

where ν is the frequency of the incident light, e is a light
polarization vector, d̂ is a dipole operator, R ≡ R(θR, φR) is
the vector specified by the polar angles θR and φR, which
connects the centers of mass of the fragments, while r
denotes collectively all the internal coordinates of the
fragments.

In eq 1, ΨJi,Mi
is the wave function of the initial molecular

state, FM′i,Mi

Ji is the density matrix of the parent molecules and
Ψ-(k̂,ñ)(R, r, E) is the scattering wave function describing two
photofragments recoiling at a total energy E ) Ei + hν in a
direction specified by the unit vector k̂, angles θ, φ. In this
review, we do not consider the anisotropy in the parent
molecules; therefore, the density matrix in the rhs of eq 1 is
taken equal to unity, FM′i,Mi

Ji ) δMi,M′i
.

Equation 1 describes a steady-state condition for photo-
dissociation by monochromatic light of frequency ν. This is
also appropriate if pulsed nanosecond lasers are employed
as is commonly the case in photodissociation studies. Such
experiments usually involve the detection of only one of the
two products and therefore do not yield correlated measure-
ments on both fragments. Moreover, the coherence between
different fragment jA, j′A states has so far not been studied
experimentally. Therefore, the cross section corresponding
to the current experimental conditions involves jA ) j′A and
averaging over the quantum numbers of the other, nonde-
tected, fragment. Following the procedure recently used by
Balint-Kurti and co-workers,26 the differential cross section
σ(k̂, E; jA, m′A, jB, m′B; jA, mA, jB, mB) in eq (1) can be ex-
panded over the cross sections σ(k̂, E; jA, jB, j′, m′, j, m),
where j and m are total angular momentum of the photo-
fragments and its laboratory frame projection and then
averaged over the jB, mB-states of the fragment B

σ m′A;mA

jA (θ, φ)) ∑
jBmB

∑
j,m

∑
j′,m′

C jAm′AjBmB

j′m′ C jAmAjBmB

jm ×

σ(k̂, E; jA, jB, j ′ , m ′ , j, m) (2)

where C jAmAjBmB

jm is a Clebsch-Gordan coefficient.

2.1.1. State Multipole Representation

One may recast the elements of the generalized differential
cross section in eq 2, σm′A;mA

jA (θ, φ) using the angular
momentum state multipoles FKQ(θ, φ), which are spherical
tensors of rank K and projection Q

FKQ(θ, φ)) (2K+ 1)1⁄2

(2jA + 1)1⁄2σ0

∑
m′A,mA

(-1)jA-mA ×

( jA jA K
mA -m′A -Q )σ m′A;mA

jA (θ, φ) (3)

where σ0 ) (2jA
+ 1)-1⁄2〈Tr[σm′A;mA

jA (θ, φ)]〉 and the angle
brackets signify integration over the angles θ and φ. The
factor (:::) in eq 3 is a 3 - j symbol.47

The definition of the photofragment state multipoles
FKQ(θ, φ) in eq 3 is similar to that commonly used
elsewhere;45,46,48 however, it is not the same because the
state multipoles in eq (3) depend on the recoil angles θ and
φ. Unlike the conventional normalization rule,45,46,48 the
F00(θ, φ) element in eq 3 is not equal to a normalization
constant but describes the photofragment angular distribution,
as shown below. Instead, the state multipoles FKQ(θ, φ) in
eq 3 obey the normalization condition 〈F00(θ, φ)〉 ) (2jA +
1)-1/2 (where again the angle brackets mean averaging over
the recoil angles.) The inverse relationship is

σm′A;mA

jA (θ, φ)) (2jA + 1)1⁄2σ0∑
K,Q

(-1)jA-mA(2K+ 1)1⁄2 ×

( jA jA K
mA -m′A -Q )FKQ

jA (θ, φ) (4)

In principle, the multipole rank K in eq 3 ranges from K
) 0 to 2jA,46 although for atomic photofragments only several
lowest ranks need usually be considered. For instance,
complete description of the 1D2 oxygen atomic fragments
requires up to K ) 4 rank state multipoles [K ) 0
(photofragment density), 1 (orientation), 2 (alignment), 3
(octupole moment), and 4 (hexadecapole moment)]. In many
cases, the low-rank state multipoles with K ) 0, 1, and 2
dominate experimental data; however, later we will encounter
examples where the contribution from the high-rank terms
K ) 3 and 4 are also important.

Because of the symmetry of the 3 - j symbols in eqs 3
and 4, the quantum number Q is constrained to the value Q
) mA - m′A. Therefore, the terms with Q ) 0 describe the
normal (incoherent) differential cross sections, while the
terms with Q * 0 describe the coherence between different
photofragment quantum states.

An important advantage of the state multipole representa-
tion is that in the absence of external fields each state
multipole FKQ can be treated separately from all others.46

Another important result is that in many practically important
cases each state multipole has a unique spatial angular
distribution and can in principle be separately determined
from experiment. The determination of all independent
photofragment cross sections (state multipoles) in an experi-
ment is equivalent to the complete quantum mechanical
photodissociation experiment, which provides the researcher
with all quantum mechanical amplitudes and phases that arise
from theory. The terminology of the “complete experiment”
was introduced by Fano and Macek49 and is widely used in
photoionization studies. Recent developments in experimental
technique and theory provide, in principle, the possibility
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for carrying out complete experiments in photodissociation
and reaction dynamics as well.

The fragment state mutipoles with rank K in eq 3 have
clear physical meaning, being proportional to the mean
fragment multipole moments.46 They are related to the known
multipole parameters AKQ(θ, φ) by the transformation for-
mulas45

A1Q ) 1

√3

[F1Q]

F00
)

〈jQ
(1)〉

[j(j+ 1)]1⁄2
(5)

A2Q ) [(2j+ 3)(2j- 1)
5j(j+ 1) ]1⁄2[F2Q]

F00
) √6

〈jQ
(2)〉

j(j+ 1)
(6)

A3Q ) [(2j+ 3)(2j- 1)(j+ 2)(j- 1)]1⁄2

2√7j(j+ 1)

[F3Q]

F00
)

√10
2

〈jQ
(3)〉

[j(j+ 1)]3⁄2
(7)

A4Q ) [(2j+ 5)(2j+ 3)(2j- 1)(2j- 3)(j+ 2)(j- 1)]1⁄2

4√9[j(j+ 1)]3⁄2
×

[F4Q]

F00
)

√70
4

〈jQ
(4)〉

[j(j+ 1)]2
(8)

where the jQ
(K) are spherical tensor operators.45

Note that the definitions in eqs 5–8 are generalized as
compared with that in ref 45 by allowing complex values of
the parameters AKQ.

2.1.2. Dissociation Wave Function Expansion

The dissociation wave function Ψ-(k̂;ñ)(R, r, E) in eq 1
is, in general, a complicated function of the coordinates R,
r, and the vectors k̂, R/R. The dissociation wave function
can be expanded for all recoil distances R over a set of
orthogonal wave functions. This set can be presented as a
product of a nuclear angular part which depends on two
vectors k̂ and R/R and an electronic part which depends on
all electron coordinates. The angular-dependent part is
usually built of spherical harmonics50–52 or Wigner D-
functions.51 The electronic part is widely adopted as a
product of free-fragment body-frame wave functions Ψj,Ω

el (r)
which are the eigenfunctions of the noninteracting internal
part of the molecular Hamiltonian H ) Hint(r) (here r stands
for all electronic coordinates and Ω is a component of the
electronic angular momentum j about the recoil axis.) The
orthogonal wave functions Ψj,Ω

el (r) do not depend on the
internuclear separation R and form the diabatic basis.51

Another possible form of the electronic part is the
adiabatic basis set built from the electronic molecular wave
functions Ψn,Ω

el (r, R) ≡ |n, Ω〉 . These are the eigenfunctions
of the full internal electronic molecular Hamiltonian H )
Hint(r) + V(r, R) (where V(r, R) is the interaction term
including the spin-orbit interaction and n is a dissociation
channel number.) For an axially symmetric parent molecule,
Ω ) ΩA + ΩB, with ΩA and ΩB, the components of the
electronic angular momenta of the fragments. The advantage
of the adiabatic representation of the molecular electronic
wave function is that, in the absence of nonadiabatic
interactions, the quantum numbers n, Ω are preserved during
dissociation.51

A convenient expansion of the dissociation wave function
Ψ-(k̂,jm)(R, r, E) is the adiabatic basis which was used in
refs 26, 42, and 44. It can be written as

Ψ-(k̂,jm)(R, r, E))
1
R∑

JM
∑
n,n

∑
ΩR,Ω

2J+ 1
4π

(-1)i(π/2)J ×

〈nΩ|jΩ 〉 DmΩ
j/ (φ, θ, 0)DMΩ

J (φ, θ, 0) ×

DMΩR

J/ (φR, θR, 0)|nΩR 〉 �nΩR;nΩ
J (R) (9)

where J is the total angular momentum of the molecule and
M is its space-fixed z-component.

The body-fixed components of the total angular momen-
tum J onto the recoil direction k and the R-direction are
denoted in eq 9 as Ω and ΩR, respectively. The indices n
and nj in eq 9 are dissociation channel numbers and 〈nΩ|jΩ〉
are the expansion coefficients of the adiabatic molecular
wave function over the free fragment wave functions in the
asymptotic region.44 The scattering function �nΩR;nΩ

J (R) in
eq 9 is the solution of the body-frame scattering equa-
tion.44,51–53

Note that because parity is not explicitly included in the
expansion for the total excited-state wave function
Ψ-(k̂,jm)(R, r, E) in eq 9, these expansions are not the
“proper” molecular wave functions. As these issues often
lead to misunderstandings, we should clarify this point.
Formally speaking, the total excited-state wave function
Ψ-(k̂,jm)(R, r, E) can be expanded in any set of orthogonal
wave functions depending on the two vectors k̂ and R/R and
on the electronic coordinates r. The choice of a particular
basis set is usually determined only by practical consider-
ations. The expansion in eq 9 using the orthogonal set
containing Wigner D-functions and the adiabatic electronic
wave functions |njΩR〉 contains the quantum numbers nj and
ΩR, which are conserved quantities in many basic photo-
dissociation processes. It is therefore well-suited for solving
the problems related to diatomic/linear molecules. For
example, the quantum number nj is preserved in adiabatic
dissociation along a single potential curve, while the quantum
number ΩR is generally preserved in the absence of the
Coriolis-type nonadiabatic interactions. The dynamical func-
tions in eq 13, embodying the detailed dissociation dynamics,
can thus generally be analyzed analytically without reference
to the full close coupling equations,8,21,26,42–44,54–57 and the
incorporation of parity is not necessary. However, it may
be very convenient for clarifying the problems where it plays
a crucial role: for example, for examination of its impact on
the angular momentum polarization of the products of
photolysis of polyatomic molecules. These problems are not
discussed in detail in the current review, and therefore the
expansion in eq 9 is used where the parity is not incorporated.

2.1.3. Photofragment State Multipole Angular Distribution:
Axial Recoil and Quasiclassical Approximations

Using eqs 1–4 and 9 and carrying out cumbersome angular
momentum algebra transformations, the general expression
for the angle-recoil distribution of the state multipoles FKQ

jA

can be presented in the form given in eq 9 of the Kuznetsov
and Vasyutinskii paper.44 Similar expressions have been
reported by Roncero et al.38 and by Mo and Suzuki43 who
used the diabatic representation for the molecular electronic
wave function. These expressions are still fully quantum in
nature, relying only on the assumption of an electric dipole
transition; they can in principle be used for any type of
photodissociation process. However it is difficult to use them
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for analysis of the experimental data because of the
complexity of their structure.

A significant simplification of the structure of the expres-
sions can be achieved by isolating kinematical and dynamical
terms within certain approximations. In particular, the axial
recoil approximation has been used by Siebbeles et al.8 for
describing fast photodissociation and generalized by Bracker
et al.42 and by Balint-Kurti et al.26 to the case of two open-
shell photofragments. Within this approximation, the scat-
tering wave function �ñΩR; nΩ

J (R) does not depend on J and
summation over the indices J, J′ can be carried out giving
the expression for the fragment-state multipole, where the
kinematical and dynamical terms are completely separated.26

Another approach, using the quasiclassical approximation
in the high-J limit has been used by Kuznetsov and
Vasyutinskii.44 The quasiclassical approximation is based on
the separation of the regions of the internuclear distance R,
where the dissociation dynamics is mostly adiabatic, from
the relatively narrow nonadiabatic interaction regions just
as it is done for atomic collisions.51 In that case, the scattering
functions �nΩR;nΩ

J (R) in eq 9 can be factored as:

�nΩR;nΩ
J (R) ≈ e-iδnΩ

J
�̃nΩR;nΩ

J (R) (10)

where the elastic scattering phase factor, e-iδnΩ
J

, is a fast
oscillating function of J, while the wave function
�̃nΩR; nΩ

J (R) does not depend on J within the interval Ji - 1
e J e Ji + 1.

Within the quasiclassical approach, the axial recoil ap-
proximation can be overcome by introduction of a classical
angle of rotation of the molecular axis during dissociation
γ. The final expression for the photofragment state multipoles
can then be presented as44

FKQ(θ, φ))
3

4π(2K+ 1
2jA + 1)1/2 ∑

q,q′,Q′
∑
kd,qd

(-1)K+q′(2kd + 1)1⁄2Ekdqd
(e) ×

( 1 1 kd

q′ -q -Q′ ) fK(q, q ′ )

f0(0, 0)+ 2f0(1, 1)
×

DQQ′
K/ (φ, θ, 0)DqdQ′

kd (φ, θ, 0)dQ′Q′
kd (γ) (11)

where Q′ ) q′ - q and the indices q, q′ denote the spherical
basis45 for the components of the molecular electronic
transition moment, dq, with respect to the molecular frame.

Equation 11 assumes that no Coriolis-type nonadiabatic
interactions occur during dissociation, which is equivalent
to the condition of helicity conserVation, Ω ) ΩR. The
generalization of eq 11 to the case when the Coriolis
interaction is not small and can be found in refs 44 and 186.

The product of the two D-functions in eq 11 completely
describes the state multipole recoil distribution in the
laboratory frame, while the dynamical functions fK(q, q′)
contain all information about the photodissociation dynamics.
The term Ekdqd(e) in eq 11 is the irreducible polarization
matrix of the incident light45,48

Ekdqd
(e)) [eX e/]kdqd

)

∑
p,p′

ep
/ep′(-1)p′√2kd + 1(1 1 kd

p -p′ qd
) (12)

with rank kd and its projection qd, where the rank kd is limited
to the values kd ) 0, 1, 2. The values of the matrices Eq

k )

[Ekq(e)]* for different particular light polarizations are tabulated
by Kummel and co-workers.58 Convenient expressions for the
polarization matrices Φq

k(e) ) (-1)q(2k + 1)-1/2Ekq(e) and
Φkq(e) ) (-1)k+1Ekq(e) as function of the direction of the
polarization vector e were given by Alexandrov and co-
workers59 and by Kupriyanov and Vasyutinskii,60 respectively.

The Wigner d-functions dQ′Q′
kd (γ) in eq 11 are rotational

factors that describe the contribution from the rotation of
the molecular axis to the photofragment and angular mo-
mentum distributions. If no rotation occurs (γ ) 0), all
rotational factors are equal to unity, dQ′Q′

kd (0) ) 1, and eq 11
becomes equivalent to the corresponding expression obtained
in the axial recoil approximation.26,42

Note that the γ-dependent rotational factors in eq 11
describe the rotation of the molecule resulting from the
angular momentum J = Ji, which is the only source of axis
rotation when bending motion during photodissociation is
not important. However, for practically important triatomic
molecules, the main source of axis rotation during photo-
dissociation is bending motion.61 This second source of axis
rotation is not included in the rotation factors in eq 11, and
the corresponding rotation-dependent terms cannot in general
be isolated from the dynamical functions. In this case, the
expression for the photofragment state multipoles still can
be written in the form in eq 11, where the dynamical
functions depend on the bending dynamics.62

Summation over the total excited-state angular momenta
J and J′ including the coherent terms J * J′ has been
performed in eq 11. This procedure in fact implies the
formation of the photofragment waVe packet in the molecular
excited state. Therefore, eq 11 describes fast photodissocia-
tion of a rotating molecule from a certain initial state Ji when
the rotational structure in the absorption spectrum is not
resolved. It can also be shown that in the axial recoil
approximation (γ ) 0) eq 11 is valid not only in the high-J
limit but for any integer or half-integer value of Ji.

2.1.4. Dynamical Functions

The dynamical functions fK(q, q′) in eq 11 contain all
information about the photodissociation dynamics. In case
of the adiabatic representation of the electronic molecular
wave functions, the dynamical functions can be written as

fK(q, q ′ ))∑ (-1)K+jA+Ω′A( jA jA K
-ΩA Ω′A q- q′ ) ×

(u jAΩAjBΩB

nΩ )/u jAΩ′AjBΩB

n′Ω′ (-1)2JiW(Vi, Ji) ×

〈Ψn,Ω
- (R, r, E)|d̂q|ΨViΩi

Ji 〉/〈Ψn′,Ω′
- (R, r, E)|d̂q′|ΨViΩi

Ji 〉 (13)

where the body-frame dissociative wave function

Ψn,Ω
- (R, r, E)) 1

R∑
n

�nΩ;nΩ
Ji (R)Ψn,Ω

el (r, R) (14)

is the product of the adiabatic electronic wave function and
the scattering wave function in the outgoing channel n, Ω,
and

ΨViΩi

Ji ) �ViΩi

Ji (R)ΨΩi

el (r, R) (15)

is the body-frame wave function of the initial state which is
assumed to be bound, where Vi is a vibrational quantum
number.

The following selection rule holds in general in eq 13: q′
- q ) Ω′ - Ω ) Ω′A - ΩA. The summation in eq 11 is

3710 Chemical Reviews, 2008, Vol. 108, No. 9 Suits and Vasyutinskii



taken over all repeated indices: n, n′, Ω, Ω′, ΩA, Ω′A, jB,
ΩB, Ωi, Ji, Vi. The averaging over the initial state is performed
in eq 13, where W(Vi, Ji) is the population distribution over
the initial ro-vibrational states of the parent molecule.

The matrix elements 〈Ψn,Ω
– (R, r, E)|d̂q|ΨΩi〉 in eqs 13 are

the photofragmentation T matrix elements.35,37 In general,
the T matrix elements can be computed using the close-
coupling52 or wavepacket63–65 formalism. The indices q, q′
in eq 13 can take only the values 0 or (1, corresponding to
parallel or perpendicular electronic transitions, respectively.
The diagonal elements of the dynamical functions fK(q, q′)
with q ) q′ correspond to incoherent excitation of parallel
or perpendicular transitions, while the off-diagonal elements
with q * q′ correspond to coherent excitation of different
molecular continua.

The photofragmentation T matrix elements can always be
presented in the following simple form26

〈Ψn,Ω
- (R, r, E)|d̂q|ΨΩi

〉 ) rn,Ωei	n,Ω (16)

where the index n has clear physical meaning, indicating
different possible dissociation channels resulting in the
photofragment pairs A(jA) + B(jB). The value rn,Ω in eq 16
is the modulus of the corresponding photofragmentation T
matrix, and 	n,Ω is a phase shift.

Equation 16 suggests a general way of interpretation of
the values of the dynamical functions/anisotropy parameters
in terms of the amplitudes of the T matrix elements related
to different dissociation channels, and the quantum mechan-
ical phase shifts between these channels. For example, if only
one of the states |n〉 can be optically excited from the initial
state |i〉 , all values rn′

2 with n′ * n can be interpreted as
probabilities of nonadiabatic transitions between the state n,
and all others and can be directly measured in experiment,
including the states having the same asymptotic energy
limit.26

The phase difference 	n,Ω - 	n′Ω′ appears in the expression
for the dynamical function 13 for the case of coherent
excitation mechanism and it can also be determined from
experiment.27 The possibility of direct determination of all
nonadiabatic probabilities and the phase shifts between
different dissociation channels from experimental data is new
in the field of molecular photodissociation and reaction
dynamics. The coherent excitation mechanism has recently
become a subject of intensive studies.25,26,42,66,67

The dynamical functions obey the following symmetry
relations60

fK(q, q ′ )) (-1)Kf K(-q,-q ′ ) ) (-1)q-q′f K
/ (q ′, q)

(17)

The components of the total angular momentum onto the
molecular axis Ωi and ΩR in eq 13 obey the selection rule
ΩR ) Ωi + q.68 If more than one molecular ground state
|ΨΩi

Ji 〉 is initially populated, the corresponding weighting
term NJiΩi should be added to eq 13.

2.1.5. Long-Range Coefficients u

The coefficients u jAΩAjBΩB

nΩ in eq 13 are expansion coef-
ficients of the adiabatic molecular electronic states over the
fragment basis |jAΩA〉 |jBΩB〉 in the asymptotic region20,69

Ψn,Ω
el (r, R)98

Rf ∞
∑

ΩA,ΩB

u jAΩAjBΩB

nΩ |jAΩA 〉 |jBΩB〉 (18)

The expansion coefficients u jAΩAjBΩB

nΩ can be calculated

with standard time-independent perturbation theory using
Hint(r) as an unperturbed electronic Hamiltonian of the atoms
A and B and taking the perturbation term V(r, R) in the form
of the long-range interatomic interaction.

If Ω ) 0, the coefficients u jAΩAjBΩB

nΩ can in general be
presented as a sum of Clebsch-Gordan coefficients

u jAΩAjBΩB

n0 )∑
j

c(j)C jAΩAjBΩB

j0 (19)

where the indices j must be either all even or all odd, and
c(j) are expansion coefficients. In this case the molecular
wave functions Ψn,0

el (r, R) have symmetry under reflection
of all electron coordinates in the plane containing the recoil
axis described by the reflection index σV ) (1. As can be
shown from eqs 18 and 19, the reflection index is given by
σV ) pApB(-1)j, where pA and pB are the parities of the
corresponding fragment states.

If Ω * 0, then the coefficients u jAΩAjBΩB

nΩ cannot be
presented as a sum of Clebsch-Gordan coefficients. In this
case, the molecular wave functions Ψn,Ω

el (r, R) have no
symmetry under reflection of all electron coordinates in the
plane containing the recoil axis. Instead, they transform under
the reflection σ̂V as σ̂VΨn,Ω

el (r, R)f ωΨn,-Ω
el (r, R), where the

coefficient ω is in general undefined and can be either 1 or
-1. Following the choice made in ref 69, we assume that
the wave functions Ψn,Ω

el (r, R) with Ω * 0 transform under
reflection in the same way as the product of the atomic wave
functions in the right side of eq 18, which results in the
following symmetry rule for the expansion coefficients
u jAΩAjBΩB

nΩ (Ω * 0).

u jA-ΩAjB-ΩB

n-Ω )u jAΩAjBΩB

nΩ (20)

The coefficients 〈jΩ|nΩ〉 in eq 9 relate to the coefficients
u jAΩAjBΩB

nΩ in eq 18 as

〈jΩ|nΩ 〉 ) ∑
ΩAΩB

C jAΩAjBΩB

jΩ u jAΩAjBΩB

nΩ (21)

Particular values of the coefficients u jAΩAjBΩB

nΩk corre-
sponding to different types of the long-range interactions
between two open-shell atoms are tabulated in Tables 1 and
2 below.

Table 1 presents the energy levels and the asymptotic
molecular wave functions for twelve low-lying molecular
states of an HX molecule (where X is a halogen atom),
correlating adiabatically at large internuclear distance
with two spin-orbit energy states: H(2S1/2) + X(2P3/2) and
H(2S1/2) + X(2P1/2) pairs of atoms. The major contribution
to the long-range interaction for both states is the van der
Waals interaction, resulting in a -C/R6 energy dependence,
where C is a constant.70 According to the Hund’s case c
classification, we denote the molecular wave functions as
|n, Ωσ〉 , where σ ) ( is a reflection character for the Ω )
0 energy substates and n ) R, �, or γ is an index labeling
the different substates with the same |Ω| quantum number
in order of increasing energy.

The u jAΩAjBΩB

nΩ matrix elements are the expansion coef-
ficients in the third column in Table 1. As mentioned above,
these expansion coefficients have been calculated within the
standard time-independent perturbation theory. Note that the
lines 3, 5, and 8 in Table 1, where n ) γ, �, and R, respectively,
contain only one expansion term each, which means that one
of the two possible u jAΩAjBΩB

n1 matrix elements is equal to
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unity and the other is equal to zero. These values are ap-
proximate ones: the exact form of expansion in all these cases
can be written in the form: |n, 1〉 ) c1|jAΩA; jBΩB〉 +
c2|jAΩ′A; jBΩB〉, where |c1| . |c2| and ΩA + ΩB ) Ω′A + ΩB )
1. The value ∆so in the first column of Table 1 is the spin-orbit
energy splitting in the halogen atom, and the values ε(0, 0) and
ε(0, 2) are defined in the Nikitin and Umansky monograph.51

Table 2 presents long-range energy states and molecular
wave functions for ten low-lying states of a heteronuclear
halogen molecule XY correlating adiabatically at large
internuclear distance with a pair of ground-state halogen
atoms X(2P3/2) + Y(2P3/2). The major contribution to the long-
range interaction for this case is the quadrupole-quadrupole
interaction, which is proportional to 1/R5. Only the molecular

Table 1. Energy Levels and Molecular Wave Functions for Van der Waals Interatomic Interaction26

energy molecular state expansion of the wave function |n, Ωσ〉 over the atomic states
|jAσA;jBσB〉

|�, 0+〉 1

√2
(|12 1

2
;
1
2
- 1

2 〉 + |12 - 1
2

;
1
2

1
2 〉 )

∆so -
1

√3R6
ε(0, 0) |�, 0-〉 1

√2
(|12 1

2
;
1
2
- 1

2 〉 -|12 - 1
2

;
1
2

1
2 〉 )

|γ, 1〉 |12 1
2

;
1
2

1
2 〉

|2〉 |12 1
2

;
3
2

3
2 〉

- 1

√3R6[ε(0, 0)- ε(0, 2)

2√5 ] |�, 1〉 |12 - 1
2

;
3
2

3
2 〉

|R, 0+〉 1

√2
(|12 1

2
;
3
2
- 1

2 〉 -|12 - 1
2

;
3
2

1
2 〉 )

- 1

√3R6[ε(0, 0)+ ε(0, 2)

2√5 ] |R, 0-〉 1

√2
(|12 1

2
;
3
2
- 1

2 〉 + |12 - 1
2

;
3
2

1
2 〉 )

|R, 1〉 |12 1
2

;
3
2

1
2 〉

Table 2. Energy Levels and Molecular Wave Functions for Quadrupole-quadrupole Interatomic Interaction60

energy molecular state expansion of the molecular wave function |n, Ωσ〉 over the atomic
states |jAΩA;jBΩB〉

2
5

U(R) |B, 0+〉 1
2(|32 3

2
;
3
2
- 3

2 〉 + |32 1
2

;
3
2
- 1

2 〉 -|32 - 3
2

;
3
2

3
2 〉 - |32 - 1

2
;
3
2

1
2 〉 )

1
5

U(R) |C, 1〉 |32 1
2

;
3
2

1
2 〉

0

|X, 0+〉 1
2(|32 3

2
;
3
2
- 3

2 〉 - |32 1
2

;
3
2
- 1

2 〉 -|32 - 3
2

;
3
2

3
2 〉 + |32 - 1

2
;
3
2

1
2 〉

- 2
15

U(R) |A, 1〉 1

√2
(|32 3

2
;
3
2
- 1

2 〉 + |32 - 1
2

;
3
2

3
2 〉 )

- 4
15

U(R) |D, 1〉 1

√2
(|32 3

2
;
3
2
- 1

2 〉 -|32 - 1
2

;
3
2

3
2 〉 )
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states that can contribute to the photodissociation process
are shown in the table. These are three Ω ) 1 states and
two Ω ) 0+ states. The function U(R) in Table 2 is as
follows

U(R)) 1

R5
〈L1||QX

2||L1〉 〈 L2||QY
2||L2〉 (22)

where 〈L1|QX
2|L1〉 and 〈L2|QY

2|L2〉 are reduced matrix elements
of the quadrupole momentum operators for X and Y atoms,
respectively and LX ) 1, LY ) 1 are the corresponding orbital
momenta. The matrices u jAΩAjBΩB

nΩ are the expansion coef-
ficients in the third column in Table 2.

Note that the order of the molecular energy states in Table
2 is opposite to that presented in Table 1 of ref 60. The reason
is that Table 1 in ref 60 represents the case of opposite signs
of the photofragment quadrupole momenta (TlBr molecule),
resulting in the negatiVe value of the function U(R).
However, for an interhalogen molecule case considered in
Table 2, the photofragments have the same sign of their
quadrupole momenta, resulting in the positiVe value of the
function U(R).

For a homonuclear halogen molecule X2, the values of the
matrices u jAΩAjBΩB

nΩ still can be taken from Table 2; how-
ever the number of states which can be involved in photolysis
reaction decreases because the ground-state molecule X1Σg

which is of gerade symmetry can optically interact only with
underade states.70 These are the |A, 1〉 and |C, 1〉 states in
Table 2. The effect of long-range interaction in ICl on the
photofragment angular momentum polarization has been
theoretically investigated by Alexander and Rakitzis.187 The
long-range coefficients u for many particular values of
the angular momenta jA and jB under condition of the
quadrupole–quadrupole interatomic interaction have been
tabulated by Alexander.188 Detailed description of long-range
interactions and correlation diagrams for halogen molecules
can be found in refs 71 and 72.

2.1.6. Rotational Factors

The rotation factors d Q′Q′
kd (γ) in eq 11 depend on the rank

of the dissociation photon polarization matrix kd, on the index
Q′ describing coherent and incoherent excitation of the
molecule, and on the classical angle of rotation of the
molecular axis γ. The rotation factors describe the reduction
of the photofragment anisotropy resulting from the rotation
of the molecular recoil axis. All possible rotation factors in
eq 11 are collected in Table 3 and plotted as a function of γ
in Figure 1. The γ-dependence of each anisotropy parameter
in Table 3 clarifies the mechanism of production of the
fragment angular momentum polarization in a corresponding
reaction channel, which is also described in more detail in
section 2.1.7.

The rotational factor P2(cos γ) with the indices values kd

) 2, Q′ ) 0 describes the decrease of the parameter �
because of the rotation of the molecular axis. The rotational
factors with the rank kd ) 1 relate to the multipole angular
momentum polarization resulting from the incident photon
helicity. These dissociation mechanisms can be initiated only
with circularly polarized light. The rotational factors with the
rank kd ) 2 relate to the multipole angular momentum
polarization arising from alignment of the light polarization
vector e. These dissociation mechanisms can be induced by any
light polarization.

The rotational factors with the Q′ ) 0 value are related to
the incoherent excitation of a single excited molecular
state and those with the Q′ ) 1 value are related to the
coherent excitation of a parallel and a perpendicular transi-
tion. Finally, the rotational factors with the Q′ ) 2 value
are related to the coherent excitation of two perpendicular
transitions. The negative values of the index Q′′ are not
shown in Table 3 because the corresponding rotation factors
can be found from the relationship d-Q′-Q′

kd (γ) ) dQ′Q′
kd (γ) .47

2.1.7. Multipole Angular Distributions: Laboratory Frame

Using eq 11, one can obtain expressions for the specific
differential photofragment state multipoles of certain ranks
and experimental geometries. Normalized combinations of
the dynamical functions in eq 11, anisotropy parameters,
have been defined that contain all information about the
dissociation dynamics and that can be directly determined
from experiment.33 We now consider different particular
cases.

For K ) Q ) 0, eq 11 describes the angular distributions
of the photofragment population N(θ, φ) ) (2jA +
1)1/2F00(θ, φ). If the light is linearly polarized where Θ is
the angle between the light polarization vector e and the
recoil vector k, eq 11 results in the following well-known
expression:45,73

N(Θ)) 1
4π

[1+ �P2(cos Θ)], (23)

which depends on the anisotropy parameter �. In our general
treatment, � can be treated as a zeroth-rank anisotropy
parameter.

Table 3. All Possible Rotational Factors with Their Rank kd )
0,..., 2 and Projections Q′

kd ) 0 kd ) 1 kd ) 2

Q′ ) 0 1 cos γ P2(cos γ)

Q′ ) 1
1+ cos γ

2
2 cos2 γ+ cos γ- 1

2

Q′ ) 2 (1+ cos γ)2

4

Figure 1. Rotation factors dQ′Q′
kd (γ) as function of the classical

rotation angle γ: (1) d00
2 (γ) ) P2(cos γ); (2) d00

1 (γ) ) cos γ;
(3) d11

1 (γ) ) (1 + cos γ)/2; (4) d11
2 (γ) ) (2 cos2 γ + cos γ

-1)/2; (5) d22
2 (γ) ) [(1 + cos γ)2]/4.
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The anisotropy parameter � in eq 23 can be written as

�) 2P2(cos γ)P2(cos γ(0)) (24)

where P2(cos γ) is the second order Legendre polynomial
describing the rotation of the recoil axis around the total
angular momentum vector Ji and P2(cos γ(0)) is the Legendre
polynomial characterizing the internal molecular anisotropy.
For a diatomic molecule, γ(0) in eq 24 is the angle between
the initial direction of the molecular axis and the transition
dipole moment µ, which can be written in terms of zeroth-
order dynamical functions44

cos2 γ(0) )
f0(0, 0)

f0(0, 0)+ 2f0(1, 1)
)

I|
I|+ I⊥

(25)

where I| ) f0(0, 0) and I| ) 2f0(1, 1) are the intensities of
the parallel and perpendicular transitions, respectively. The
last term in eq 24 can be written in the form

P2(cos γ(0))) �(0)

2
)

f0(0, 0)- f0(1, 1)

f0(0, 0)+ 2f0(1, 1)
(26)

where �(0) is the anisotropy parameter obtained in the axial
recoil approximation.8

If a triatomic molecule is optically excitated via a
parallel A′ r A′ transition, a useful expression for the
parameter � can be obtained for the important case when
the molecule undergoes strong bending motion by an angle
�. In this case, the parameter � can still be be written in
the form in eq 24 where the angle γ(0) is replaced by the
angle �. Equations 24 and 25, obtained on the basis of
the full quantum mechanical approach,44,62 are in perfect
agreement with the results obtained by classical and
semiclassical methods.61,74–76

For a A′′ r A′ transition in a bending triatomic
molecule, when the transition dipole moment is perpen-
dicular to the molecular plane, the parameter � does not
depend on the bending angle � and is always given by �
) -P2(cos γ).

As shown in eqs 5–8, all rank K > 0 state multipoles
describe the angular distributions of the photofragment
angular momenta. In general, they can be defined either in
the laboratory or in the body frame. In this section, we
consider the laboratory frame set of the anisotropy parameters
of the rank K ) 1-4.

The anisotropy parameters are important because they
are phenomenological coefficients representing different
kinematical (recoil-angle dependent) components of the
state multipoles in eq 13. Within first-order time-dependent
perturbation theory, these kinematical components have
the same universal form for any photodissociation process,
including photodissociation of any diatomic or polyatomic
molecule, and for any photodissociation mechanism.186

These anisotropy parameters are quantum mechanical vari-
ables which can be isolated from each other and determined
from experimental data in any photolysis reaction, without
any assumptions concerning the photolysis mechanism.
However, the interpretation of these parameters and the
underlying dynamical functions will depend on the particular
photolysis mechanism.

It is convenient to define the odd rank, K ) 1, 3, anisotropy
parameters as follows:

RK )RK
(0)d00

1 (γ), RK
(0) )VK

-1(j)
fK(1, 1)

f0(0, 0)+ 2f0(1, 1)

γK ) γK
(0)d11

1 (γ), γK
(0) )VK

-1(j)
2 Re[fK(1, 0)]

f0(0, 0)+ 2f0(1, 1)

γ′K ) γK
(0)′d11

2 (γ), γK
(0)′ )VK

-1(j)
2 Im[fK(1, 0)]

f0(0, 0)+ 2f0(1, 1)
(27)

η3 ) η3
(0)d22

2 (γ), η3
(0) )-

√5
2

V3
-1(j)

Im[f3(1,-1)]

f0(0, 0)+ 2f0(1, 1)
δK,3

where V1(j) ) 1 and V3(j) ) j(j + 1)/[(j - 1)(j + 2)(2j -
1)(2j + 3)]1/2 and the d-functions are rotational factors.

Here RK
(0), γK

(0), γK
(0)′, and n3

(0), K ) 1, 3 are the correspond-
ing “axial recoil” anisotropy parameters. As shown in eq
27, there are three first-rank anisotropy parameters, R1, γ1,
and γ′1, and four third-rank anisotropy parameters, R3, γ3,
γ′3, and η3. Each of them can, in general, be independent
from the others.

These parameters have the following clear physical meaning:
they represent contributions to photofragment orientation from
different underlying dissociation mechanisms. Specifically, the
parameter RK represents contribution to the photofragment
orientation from incoherent excitation (q ) q′, Ω ) Ω′) via a
perpendicular (∆Ω ) (1) transition [pure parallel excitation
does not result in any fragment orientation in the absence of
the Coriolis interaction],69 while the parameter γK represents
contribution from coherent excitation of a parallel (∆Ω )
0) and a perpendicular (∆Ω ) (1) transition. It is related
to the helicity of the photolysis photons. The parameter γ′K
also describes the coherent excitation of a parallel and a
perpendicular transition but of different type, which is related
to the alignment of the photolysis photons. Finally, the
parameter η3 describes contribution from the coherent
superposition of two perpendicular transitions, and its
definition follows from the fact that the dynamical function
f3(1, -1) is purely imaginary.

The ranges of these parameters are listed in Table 4; they
were calculated assuming maximum possible orientation of the
atomic fragment in the molecular frame. They do not depend
on the specifics of the molecule (which can be either diatomic
or polyatomic) and have the advantage that for any type of
reaction the parameters cannot be outside the ranges.

The anisotropy parameters of the first rank are directly
related to the mean value of the photofragment orientation.
As can be shown by integration of the fragment K ) 1 state,
the multipole angular distribution in eq 11 over all recoil
angles, parameters R1 and γ1 fulfill the condition

R1 + γ1 ) 〈A10〉 (28)

Here, 〈A10〉 is the z component of the photofragment
orientation (5) in a reference frame with z parallel to the
photolysis laser propagation direction averaged over the
recoil angles. The contribution from the γ′1 parameter, as
well as the contribution from all K ) 3 parameters, vanishes
after averaging over all recoil angles.

The angular distributions of the state multipoles of the
first rank, F1Q(θ, φ), for different dissociation geometries
are tabulated in the earlier review paper.21 The angular
distribution of the state multipoles with K ) 1, 3 and Q )
-K,..., K for the two most important experimental geometries
can be written as one of the following:77
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(1) The photolysis light is circularly polarized and
propagates along the z axis

FKQ(θ, φ))
3√2K+ 1VK(jA)eiQφ

4π√2jA + 1
×

{ σRKdQ0
K (θ) cos θ+

σγK

2√2
sin θ[dQ1

K (θ)- dQ-1
K (θ)]+

i[ γ′K
2√2

sin θ cos θ[dQ1
K (θ)+ dQ-1

K (θ)]-

η3δK,3

2√5
sin2 θ[dQ2

K (θ)- dQ-2
K (θ)]]} (29)

where θ and φ are polar angles that indicate the fragment
recoil direction and the index σ is equal to +1 for right
circularly polarized (CP) light and -1 for left CP light.

(2) The photolysis light is linearly polarized in the xy
plane, 45° to the x axis, and propagates along the z axis

FKQ(θ, φ))
3√2K+ 1VK(jA)eiQφ

4π√2jA + 1 { γ′K
2√2

sin θ ×

[-cos 2φ[dQ1
K (θ)- dQ-1

K (θ)]+ i cos θ(sin 2φ+ 1) ×

[dQ1
K (θ)+ dQ-1

K (θ)]]-
η3δK,3

2√5
[i(sin2 θ-

(1+ cos2 θ) sin 2φ)[dQ2
K (θ)- dQ-2

K (θ)]+

2 cos θ cos 2φ[dQ2
K (θ)+ dQ-2

K (θ)]]} (30)

It is seen from eq 29 that the K ) 1 state multipole
depends in general on three anisotropy parameters of the
first rank, and the K ) 3 state multipole depends on four
third-rank anisotropy parameters. However, for the Q )
0 component that is usually detected in experiments, the
third and fourth lines in eq 29 is equal to zero, and thus,
only four of the anisotropy parameters, R1, γ1, R3, and
γ3, can usually be determined. Therefore, the experimental
geometries with circularly and linearly polarized photoly-
sis light in eqs 29 and 30 are complementary to each other,
and together they allow determination all odd-rank K )
1, 3 anisotropy parameters.

Both experimental geometries using circularly and linearly
polarized photolysis light have widely been used for inves-
tigation of the angular momentum distribution of oriented
K ) 1 or 3 atomic photofragments (see refs 34, 57, 62,
77–81, and 189 and refs 25 and 82–84, respectively.)

The even-rank, K ) 2, 4, anisotropy parameters are defined
as

sK ) sK
(0) )VK(jA)-1 fK(0, 0)+ 2fK(1, 1)

f0(0, 0)+ 2f0(1, 1)
(31)

RK )RK
(0)d00

2 (γ), RK
(0) )VK(jA)-1 fK(1, 1)- fK(0, 0)

f0(0, 0)+ 2f0(1, 1)

γK ) γK
(0)d11

2 (γ), γK
(0) ) 2√3VK(jA)-1 Re[fK(1, 0)]

f0(0, 0)+ 2f0(1, 1)

γ′K ) γK
(0)′d11

1 (γ), γK
(0)′ ) 2√3VK(jA)-1 Im[fK(1, 0)]

f0(0, 0)+ 2f0(1, 1)

ηK ) ηK
(0)d22

2 (γ), ηK
(0) ) √6VK(jA)-1 fK(1,-1)

f0(0, 0)+ 2f0(1, 1)

where V2(j) ) 5{j(j + 1)/[(2j + 3)(2j - 1)]}1/2 and V4(j) )
9[j(j + 1)]3/2/[(j - 1)(j + 2)(2j - 3)(2j - 1)(2j + 3)(2j +
5)]1/2.

Here again, RK
(0), γK

(0)′, γK
(0), and ηK̂

(0), K ) 2, 4, are
corresponding axial recoil anisotropy parameters. There
are four rank K ) 2 and four rank K ) 4 anisotropy
parameters which, in general, can all be independent from
each other. The parameters RK and sK in eq 31 describe
the total alignment caused by incoherent excitation (q )
q′) via parallel and perpendicular transitions. As can be
seen from eq 31, in the limit of a pure perpendicular
transition, 2RK ) sKd00

2 (γ), while in the limit of a pure
parallel transition, RK ) -sKd00

2 (γ). The γK parameters
describe the photofragment alignment produced via a
coherent superposition of parallel and perpendicular
excitation. These parameters are important when two
excited electronic states with Ω equal to (1 and 0 have
comparable excitation probabilities. The ηK parameters
arise from a coherent superposition of two perpendicular
transitions. This may occur for two states separated in
energy as in the parallel/perpendicular case or for simul-
taneous excitation of the degenerate Ω ) (1 “lambda
doublet” components of an |Ω| ) 1 state because both
states automatically have equal excitation probabilities.
The ranges of all even-rank anisotropy parameters are
listed in Tables 5 and 6.

Table 4. Physical Ranges of the Rank K ) 1, 3 Anisotropy
Parametersa

parameter extrema

R1 (2- �
6 [ j

j+ 1]
1

2

γ1 (2
3[j(1+ �)(2- �)

2(j+ 1) ]
1

2

γ′1 (2
3[j(1+ �)(2- �)

2(j+ 1) ]
1

2

R3 ( (2- �)(j- 1)(2j- 1)

6(j+ 1)√j(j+ 1)
C(j)

γ3 (8(j- 1)(2j- 1)

9√5(j+ 1)
[(1+ �)(2- �)

j(j+ 1) ]
1

2C(j)

γ′3 (8(j- 1)(2j- 1)

9√5(j+ 1)
[(1+ �)(2- �)

j(j+ 1) ]
1

2C(j)

η3 (
√50(2- �)(j- 1)(2j- 1)

36(j+ 1)√j(j+ 1)
C(j)

a The coefficient C(j) is equal to C(j) ) (6 - j)/j, if j e 3 and C(j)
) 1 if j > 3.
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The anisotropy parameters of the second rank directly
relate to the mean value of the photofragment alignment.
As can be shown by integration of the fragment K ) 2 state
multipole in eq. (11) over all recoil angles, the parameters
R2, γ2, and η2 fulfill the condition:

〈A20 〉 )-2(R2 + γ2 + η2) (32)

Here, 〈A20〉 is the z component of the photofragment
alignment (eq 6) averaged over the recoil angles for
dissociation by linearly polarized light in a reference frame
with z parallel to the photolysis light polarization vector e.
The contribution from the γ2′ parameter, as well as the
contribution from all K ) 4 parameters, vanish after
averaging over all recoil angles.

Using eq 11 for fragment state multipoles with ranks K )
2, 4, |Q| e K, and the definition of the even rank anisotropy
parameters eq 31, the general expressions for specific
photofragment state multipoles for two practically important
experimental geometries can be written as one of the
following:85

(1) geometry I where the dissociation light is linearly
polarized along the z axis

FKQ(θ, φ))
√2K+ 1VK(jA) eiQφ

4π√2jA + 1
{ dQ0

K (θ)(sK -

2RKP2(cos θ))-
√6
2

γK[dQ1
K (θ)- dQ-1

K (θ)] sin θ cos θ-

√6
4

ηK[dQ2
K (θ)+ dQ-2

K (θ)] sin2 θ} (33)

or

(2) geometry II where dissociation light is linearly polarized
along the y axis

FKQ(θ, φ))
√2K+ 1VK(jA)eiQφ

4π√2jA + 1
×{ dQ0

K (θ)(sK +

RK[P2(cos θ)(1- cos 2φ)+ cos 2φ])+

√6
4

γK sin θ([dQ1
K (θ)- dQ-1

K (θ)] cos θ(1- cos 2φ)+

i[dQ1
K (θ)+ dQ-1

K (θ)] sin 2φ)+
√6
8

ηK([dQ2
K (θ)+

dQ-2
K (θ)](sin2 θ+ (1+ cos2 θ) cos 2φ)- i[dQ2

K (θ)-

dQ-2
K (θ)]2 cos θ sin 2φ)} (34)

As shown in section 2.2.3, linearly polarized probe light
is sensitive only to the even-rank anisotropy parameters.
Therefore, as many as nine independent anisotropy param-
eters, �, R2, s2, γ2, η2, R4, s4, γ4, and η4 can be extracted in
general from experiment using linearly polarized light both

Table 5. Range of the Rank K ) 2 Anisotropy Parameters

range

R2{ -2j+ �(j- 1)
10(j+ 1)

. . .
2j+ �

10(j+ 1)
if j is an integer

- (2j- 1)[2(2j+ 1)+ �(2j- 1)]
40j(j+ 1)

. . .
(2j- 1)(2j+ �+ 1)

20j(j+ 1)
if j is a half-integer

s2{ -1
5

. . .
2j- 1

5(j+ 1)
if j is an integer

- (2j- 1)(2j+ 3)
20j(j+ 1)

. . .
(2j- 1)
5(j+ 1)

if j is a half-integer

γ2{ -1
5[(1+ �)(2- �)

2 ]1/2
. . .

1
5[(1+ �)(2- �)

2 ]1/2
if j) 1

- 2j- 1
5(j+ 1)[(1+ �)(2- �)

2 ]1/2
. . .

2j- 1
5(j+ 1)[(1+ �)(2- �)

2 ]1/2
if j > 1

γ′2{ -1
5[(1+ �)(2- �)

2 ]1/2
. . .

1
5[(1+ �)(2- �)

2 ]1/2
if j) 1

- 2j- 1
5(j+ 1)[(1+ �)(2- �)

2 ]1/2
. . .

2j- 1
5(j+ 1)[(1+ �)(2- �)

2 ]1/2
if j > 1

η2{ - (2- �)
10

. . .
(2- �)

10
if j) 1

- (2j- 1)(2- �)
10(j+ 1)

. . .
(2j- 1)(2- �)

10(j+ 1)
if j > 1

Table 6. Range of the Rank K ) 4 Anisotropy Parameters for
jA ) 2

range

R4 -5+ 2�
81

. . .
1+ �
162

s4 - 2
27

. . .
1
9

γ4 -2√(2- �)(1+ �)

15√3
. . .

2√(2- �)(1+ �)

15√3

γ′4 -2√(2- �)(1+ �)

15√3
. . .

2√(2- �)(1+ �)

15√3

η4 -
√15(2- �)

84
. . .

√15(2- �)
108

Figure 2. Laboratory and molecule reference frames.
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in the dissociation and the probe channels using a 2 + 1
REMPI detection scheme.

The angular distribution of atomic photofragment align-
ment resulting from linearly polarized dissociation light has
been the subject of dozens of publications since the mid-
1990s (see, e.g., refs 22–24, 54, 56, 76, and 86–90).
However, only a few results have been reported so far on
determination of the high rank K ) 4 fragment state
multipoles.62,85,91,92 The anisotropy parameters of the rank
K ranging from K ) 0 to 2jA represent a total set of quantum
mechanical variables that can be determined from photodis-
sociation of randomly oriented parent molecules and contains
all information about the dissociation dynamics.

This set is an alternative to Dixon’s widely used bipolar
moments,5,93–95 having the advantage of giving more direct
insight into the dissociation mechanisms, especially for low
j values. The relationship between the laboratory frame
anisotropy parameters and the bipolar moments of the rank
K ) 2 was given by Picheyev and co-workers,33 and the
expressions for the bipolar moments of the rank K ) 1 and
K ) 2 in terms of the dynamical functions have recently
been tabulated by Costen and Hall.95

2.1.8. Molecular Frame State Multipoles and Polarization
Parameters

The power of ion imaging and other techniques that are
used to measure the angular distribution of angular momen-
tum polarization is that they readily lead to an understanding
of the dynamics in the frame of the molecule. The laboratory
and molecule reference frames are shown in Figure 2. The
Z′ axis of the molecular frame is parallel to the recoil
direction k(θ, φ). The transformation from the laboratory-
frame state multipoles FKQ(θ, φ) to the body-frame state
multipoles FKQ′

mol can be written as

FKQ(θ, φ)) (2jA + 1)1⁄2F00(θ, φ)∑
Q′

DQQ′
K/ (φ, θ, 0)(FKQ′

mol)

(35)

where the index Q′ is a component of multipole rank K along
the recoil axis Z′. It is limited to the values Q′ ) (2, (1,
and 0, see eq 11.

The body-frame state multipoles FKQ′
mol in eq 35 obey the

standard normalization condition:45,46,48 F00
mol ) (2jA + 1)-1⁄2.

The inverse relationship is given by:

FKQ′
mol ) [(2jA + 1)1⁄2F00(θ, φ)]-1 ×

∑
Q

FKQ(θ, φ)DQQ′
K (φ, θ, 0) (36)

By comparison of eqs 11 and 35, the body-frame state
multipole can in general be presented as

FKQ′
mol(θ)) 3

4π
√2K+ 1

(2jA + 1)F00(θ)∑kd

∑
q,q′

(-1)K+q′×

(2kd + 1)1⁄2EkdQ′(e) ×

( 1 1 kd

q′ -q -Q′ ) fK(q, q ′ )

f0(0, 0)+ 2f0(1, 1)
dQ′Q′

kd (γ) (37)

where EkdQ′(e) is a component of the light polarization
matrix onto the recoil direction k.

If the light is linearly polarized, the angle θ in eq 37
specifies the direction of the light polarization vector e with

regard to the direction k, while if the light is circularly
polarized, this angle specifies the direction of the light
propagation with regard to the direction k.

In particular, if the photolysis light is linearly polarized,
the molecular frame state multipoles are given by

(A) K ) 1, 3

FK0
mol(θ)) 0 (38)

FK1
mol(θ)) - 3i

√2

√2K+ 1γ′kVK(jA) sin θ cos θ

√2jA + 1[1+ �P2(cos θ)]
(39)

F32
mol(θ)) 3

√5

√2K+ 1ηKVK(jA) sin2 θ

√2jA + 1[1+ �P2(cos θ)]
(40)

and (B) K ) 2, 4

FK0
mol(θ))

√2K+ 1VK(jA)[sK - 2RKP2(cos θ)]

√2jA + 1[1+ �P2(cos θ)]
(41)

FK1
mol(θ)) -

√6
2

√2K+ 1VK(jA)γK sin θ cos θ

√2jA + 1[1+ �P2(cos θ)]
(42)

FK2
mol(θ)) -

√6
4

√2K+ 1VK(jA)ηK sin2 θ

√2jA + 1[1+ �P2(cos θ)]
(43)

FK-Q′(θ)) (-1)Q′FKQ′
/ (θ)

where θ is the angle between the light polarization vector e
and the recoil axis.

According to eqs 38–40, linearly polarized light does not
produce the component of the odd-rank polarization which
is parallel to the recoil axis (with Q′ ) 0) but can produce
the components with Q′ ) 1, 2 that break the axial symmetry,
see eqs 5 and 7 and ref 21. Production of the transverse
orientation component F11

mol by linearly polarized photolysis
and its subsequent detection by circularly polarized probe
light is now widely used in experiment, for example, see
refs 25, 57, 82–84, and 94.

As seen from eqs 38–43, in general, the body-frame state
multipoles are a function of the angle θ, the parameter �,
and the angle of rotation of the molecular axis γ. However,
under certain conditions some of them do not depend on θ.
In particular, in the limit of a pure parallel (�(0) ) 2) or a
pure perpendicular (�(0) )-1) transition, the state multipoles
with K ) 2, 4 and Q′ ) 0 in eq 41 do not depend on θ. In
addition, if the rotation of the molecular axis can be neglected
(γ ) 0), the state multipoles with K ) 2, 3, 4 and Q′ ) 2
for pure perpendicular transitions in eqs 40 and 43 do not
depend on θ.

If the photolysis light is circularly polarized, the molecular
frame state multipoles FKQ′

mol are given by
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(A) K ) 1, 3

FK0
mol(θ)) σ

3√2K+ 1RKVK(j) cos θ

√2jA + 1[1- 1
2

�P2(cos θ)]
(44)

FK1
mol(θ)) σ

3√2K+ 1γKVK(j) sin θ

2√2√2jA + 1[1- 1
2

�P2(cos θ)]
+

3i√2K+ 1γ′KVK(j) sin θ cos θ

2√2√2jA + 1[1- 1
2

�P2(cos θ)]
(45)

FK2
mol(θ)) 3

√5

√2K+ 1ηKVK(j) sin2 θ

√2jA + 1[1- 1
2

�P2(cos θ)]
(46)

and (B) K ) 2, 4

FK0
mol(θ))

√2K+ 1VK(j)[sK +RKP2(cos θ)]

√2jA + 1[1- 1
2

�P2(cos θ)]
(47)

FK1
mol(θ))

√6
4

√2K+ 1VK(j)γK sin θ cos θ

√2jA + 1[1- 1
2

�P2(cos θ)]
+

σ
√6i
4

√2K+ 1VK(j)γ′K sin θ

√2jA + 1[1- 1
2

�P2(cos θ)]
(48)

FK2
mol(θ))

√6
8

√2K+ 1VK(j)ηK sin2 θ

√2jA + 1[1- 1
2

�P2(cos θ)]
(49)

where θ is the angle between the direction of light propaga-
tion and the recoil axis. The value of the index σ ) +1 and
-1 correspond to the right and left light circular polarization,
respectively.

The corresponding angular dependence of the molecular
frame orientation and alignment parameters FKQ′

mol can readily
be obtained from eqs 38–49 using eqs 5–8.

Three possible dissociation mechanisms giving rise to
fragment orientation, corresponding to three components of
the rank 1 state multipole F1Q′

mol(θ), where Q′ ) 0, (1, can
be described by a simple vector model in terms of the
components of the fragment electronic angular momentum
onto the body frame axes.21 The rank K > 1 state multipoles
do not allow such simple physical modeling. However, in
all cases the Q′ ) 0 matrix element of the body-frame state
multipole is related to an incoherent parallel or perpendicular
optical excitation of the parent molecule; the Q′ )(1 matrix
elements are related to the coherent optical excitation of a
parallel and a perpendicular transition, and the Q′ ) (2
matrix elements are related to the coherent optical excitation
of two perpendicular transitions.

Equations 38–49 can be used for definition of the set of
polarization parameters aQ

(K)(p) that are expressed in the
molecular frame and contain all information about the
dissociation dynamics. The symbol (p) denotes (|), (⊥ ), (|,
⊥ ), or (⊥ , ⊥ ) and describes the excitation symmetry. This
set of parameters has been introduced by Rakitzis and
Zare.55,96 The set of polarization parameters aQ

(K)(p) is an

alternative to the set of the anisotropy parameters described
above and contain the same dynamical information. Each
set of parameters is characteristic of the intrinsic dynamics
of the dissociation process and therefore does not depend
on the recoil angle θ.

The parameters aQ
(K)(p) are expressed in the molecular

frame and have an advantage for interpreting the experi-
mental data because they are directly related to the particular
values of the molecular frame-state multipoles as shown in
Table 7. However, application of the polarization parameters
aQ

(K)(p) is limited to the case of fast photolysis in the axial
recoil approximation, while the anisotropy parameters can
be determined from experiment without any reference to the
photolysis mechanism.186 Moreover, often the spatial modu-
lations in an ion image arising from orientation and alignment
effects in the photofragmentation process constitute only a
small fraction of the total signal. As shown in section 2.2.3,
linear combinations of experimental images corresponding
to different experimental geometries (light polarizations) may
be used to isolate the laboratory-frame anisotropy parameters
from the total signal and thereby increase the accuracy of
the parameter values so determined.21,77,85

The relationship between the anisotropy33 and polariza-
tion96 parameters of the ranks K ) 1-4 within the axial
recoil approximation are presented in Table 7. The symbols
c and l in the third column in Table 7 indicate that the
corresponding “physical meaning” expression is given for
right circular and linear photolysis light polarization, respec-
tively. The constants V2, V3, and V4 in the second column
are given in eqs 27 and 31.

Table 7 is similar to the forms that have recently been
published by Alexander190 and by Costen and Hall,95

generalized, however, to include ranks K ) 3, 4. In addition,
the definitions of some of the parameters in Table 7 are
slightly modified to give them the physical meaning shown
in the third column. In particular, the definition of all a1

(K)(p)
“coherent” polarization parameters have been modified in
the way used by Costen and Hall95 by explicit inclusion of
the factor [(1 + �)(2 - �)]1/2 and using the relationship

√2f0(0, 0)f0(1, 1)

f0(0, 0)+ 2f0(1, 1)
) 1

3
√(2- �)(1+ �) (50)

The above results are important not only for investigation
of photodissociation dynamics but also for reaction dynamics
because the non-zero rank K ) 2 and 4 state multipoles affect
the shape of the electron cloud in the recoiling atom.21 This
is illustrated in Figure 3 for O(1D) from ozone photodisso-
ciation at 266 nm.80 In this case, it is the electron-hole
distribution, which is the deviation of the charge cloud from
a purely isotropic form, shown explicitly as a function of
recoil angle. The K ) 0, 2 contributions to the O atom
density matrix80,98 are also shown.

It should also be emphasized that the rank K ) 1 and 3
state multipoles have no influence on the shape of the
electron cloud in the recoiling atom. That is, purely oriented
photofragments preserve the spherical symmetry of the
angular distribution of the electron cloud. Tensors with odd
rank are proportional to the corresponding magnetic multi-
poles and describe the distribution of electric currents within
the atoms.46
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Table 7. Relationship between the Anisotropy and the Polarization Parameters of Rank K ) 1-4 (in the Axial Recoil Approximation)

polarization parameter dynamical function expression physical meaning anisotropy parameter expression

a0
(1)(⊥ )

f1(1, 1)

f0(1, 1)
A10

mol(θ ) 0), c
6

2- �
R1

Re[a1
(1)(|, ⊥ )]

Re[f1(1, 0)]

[2f0(1, 1)f0(0, 0)]1/2
Re[A11

mol(θ ) π/2, � ) 0)], c
3

2[(2- �)(1+ �)]1/2
γ1

Im[a1
(1)(|,⊥ )]

Im[f1(1, 0)]

[2f0(1, 1)f0(0, 0)]1/2
Im[A11

mol(θ ) π/4, � ) 0)], l - 3

2[(2- �)(1+�)]1/2
γ′1

a0
(2)(⊥ ) 5

V2

f2(1, 1)

f0(1, 1)
A20

mol(� ) -1), l
10

2- �
(R2 + s2)

a0
(2)(|) 5

V2

f2(0, 0)

f0(0, 0)
A20

mol(� ) 2), l
5

1+ �
(s2 - 2R2)

Re[a1
(2)(|, ⊥ )] - 5

V2

Re[f2(1, 0)]

[2f0(1, 1)f0(0, 0)]1/2
Re[A21

mol(θ ) π/4, � ) 0)], l - 5√3

2[(2- �)(1+�)]1/2
γ2

Im[a1
(2)(|, ⊥ )] - 5

V2

Im[f2(1, 0)]

[2f0(1, 1)f0(0, 0)]1/2
Im[A21

mol(θ ) π/2, � ) 0)], c - 5√3

2[(2- �)(1+�)]1/2
γ′2

a2
(2)(⊥ ) -

5V 2
-1

2

f2(1,-1)

f0(1, 1)
A22

mol(� ) -1), l - 5

√6

3
2- �

η2

a0
(3)(⊥ ) V3

-1

2

f3(1, 1)

f0(1, 1)
A30

mol(θ ) 0), c
3

2- �
R3

Re[a1
(3)(|, ⊥ )] V3

-1

2

Re[f3(1, 0)]

[2f0(00)f0(1, 1)]1/2
Re[A31

mol(θ ) π/2, � ) 0)], c
3

4[(2- �)(1+ �)]1/2
γ3

Im[a1
(3)(|, ⊥ )] V3

-1

2

Im[f3(1, 0)]

[2f0(00)f0(1, 1)]1/2

Im[A31
mol(θ ) π/4, � ) 0)], l

- 3

4[(2- �)(1+ �)]1/2
γ′3

a2
(3)(⊥ ) -

V3
-1

4

Im[f3(1,-1)]

f0(1, 1)
A32

mol(� ) -1), l
3

√5(2- �)
η3

a0
(4)(⊥ ) 9V4

-1

4

f4(1, 1)

f0(1, 1)
A40

mol(� ) -1), I
18

2- �
(R4 + s4)

a0
(4)(|) 9V4

-1

4

f4(0, 0)

f0(0, 0)
A40

mol(� ) 2), l
9

1+ �
(s4 + 2R4)

Re[a1
(4)(|, ⊥ )] -

9V4
-1

4

Re[f4(1, 0)]

[2f0(00)f0(1, 1)]1/2
Re[A41

mol(θ ) π/4, � ) 0)], l - 9√3

8[(2- �)(1+�)]1/2
γ4

Im[a1
(4)(|, ⊥ )] -

9V4
-1

4

Im[f4(1, 0)]

[2f0(00)f0(1, 1)]1/2
Im[A41

mol(θ ) π/2, � ) 0)], c - 9√3

8[(2- �)(1+�)]1/2
γ′4

a2
(4)(⊥ ) -

9V4
-1

8

f4(1,-1)

f0(1, 1)
A42

mol(� ) -1), l - 9

4√6

3
2- �

η4
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2.1.9. Role of J, J′ Coherence in Molecular
Photodissociation

Kuznetsov and Vasyutinskii53 have examined the role of
the J, J′ coherence in molecular photodissociation by explor-
ing several different methods of taking the summation over
the indices J and J′ in the expression for the polarization
cross section in eq 1. Their approach explored different
regimes depending of the ratio between the energy difference
of the neighboring rotation level structure EJe-EJ′e and the
level width Γe/2.

2.1.9.1. Fast Predissociation Γe/2 . (EJe-EJ′e). In this
case, the scattering wave function �nΩR;nΩ

J (R) in eq 9 can be
presented in the form (eq 10) where, in the quasiclassical
approximation, only the phase δnΩk

J depends on J and the
summation over J, J′ must be undertaken in eq 1, including
the interference terms J * J′, a quantum effect that results
in the production of a rotational wave packet in the molecular
excited-state and impacts the spatial and spin anisotropy of
the photofragments. The angular distribution of the photo-
fragment orbital polarization in this limit describes the direct
photodissociation, which is discussed in detail in sections
2.1.3-2.1.8 (see also the review paper by Gordon and
Hall.61)

2.1.9.2. Intermediate Case Γe/2 = (EJe-EJ′e). For the
situation in which the width of the rotational energy levels
is comparable to their separation, we have the intermediate
case. The typical rotational structure of the molecular excited

state is given in Figure 4. Here, the rotational quasibound
energy levels partially overlap with each other in the region
between the rotational lines but have practically no overlap
at the line centers. J, J′ coherence can therefore be neglected
for the photon energies in the vicinity of the line centers but
must be accounted for in the overlapping areas. This is the
most complicated case that can be treated strictly with pure
quantum mechanical methods. Although the scattering wave
function can still be developed in form 10, in general both
the phase δnΩ

J and the amplitude �̃nΩR;nΩ
J (R) strongly depend

on the angular momentum J and must be determined
numerically. This can only be achieved for a few molecules
because the excited-state potential energy surfaces are usually
not known. As shown by Siebbeles and co-workers99–102 in
their analysis of H2 predissociation and also by Kim and
co-workers,103 the � parameter dramatically changes with
photon energy throughout the absorption profile. It can thus
achieve classically forbidden values in the overlapping region
where the contribution from the J, J′ coherence must be
accounted for in the calculation.

2.1.9.3. Slow Predissociation Γe/2 , (EJe-EJ′e). The slow
predissociation limit occurs when the molecular lifetime is
much longer than the rotational period and the photofragment
angular distribution has cylindrical symmetry with respect
to the total angular momentum J. Coherent excitations from
the initial rotational level Ji to different rotational levels of
the excited state J, J′ by monochromatic light can be
neglected, so only the terms with J ) J′ (describing the
incoherent excitation of single rotational states) need be taken
into account in eq 1. In general, the J, J′ coherence can be
excited in the slow predissociation case by laser pulses in
the picosecond or femtosecond time domain. These effects
are out of the scope of this review.

2.1.10. Photofragment State Multipole Angular
Distribution: Slow Predissociation

The photofragment state multipole angular distributions
for the case of slow predissociation has recently been
analyzed by Kuznetsov and Vasyutinskii.53 In this case, the
expression for the differential polarization cross section can
be obtained by substituting J ) J′ to the general form of the
cross section in eq 1.

For slow predissociation via a single rotational branch,
the zero-rank state multipole can still be written in the form
in eq 23, where the parameter � can be written as53

�) √30(-1)J+Ji√2J+ 1C JΩ20
JΩ { J J 2

1 1 Ji
} (51)

which is valid for arbitrary values of the initial angular
momentum Ji.

As can be seen from eq 51, the parameter � is a function
of the total angular momenta J, Ji involved in the photopro-
cess and of the symmetry of the molecular electronic excited
state Ω but not of the symmetry of the initial state Ωi.

In the high-J limit Ji, J . 1, the parameter � of an isolated
rotational branch in eq 51 does not depend on the symmetry
of both electronic molecular states and has asymptotic values
of �(Q) ) -1, �(P) ) �(R) ) 1/2, in agreement with
previous results reported by Zare104 and Liyanage and
Gordon.105

For slow predissociation via the broadband incoherent
excitation of P, R, and Q rotational branches in the high-J
limit, the anisotropy parameter � is given by53

Figure 3. Angle-dependent O(1D) charge cloud anisotropy and K
) 0, 2 density matrices for 266 nm dissociation of ozone.

Figure 4. Typical excited-state rotational structure for intermediate
case.
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�) 1
4

�(0) (52)

where �(0) is the axial recoil anisotropy parameter in eq 26,
and the zero-rank dynamical functions f0(q, q) have the same
form as in the fast dissociation case (eq 13). However, they
should be calculated using appropriate predissociative scat-
tering functions �nΩ;ñΩ

Ji (R) in eq 14. The expression in eq
52, which is a result of the full quantum mechanical
treatment, is in perfect agreement with previous classical and
semiclassical treatments.74,106

For slow predissociation via broadband incoherent excita-
tion, the arbitrary rank photofragment state multipole
FKQ(θ, 	) can be presented in the same form as in eqs 29,
30, 33, and 34 if each anisotropy parameter is written as a
product of a corresponding axial recoil anisotropy parameter
in eqs 27 and 31 and a reduction factor [dQ′0

kd (π⁄2)]2 , which
is equal to the rotation factor dQ′Q′

kd (γ) in Table 3 averaged
over the rotation angle γ

[dQ′0
kd (π ⁄ 2)]2 ) 〈dQ′Q′

kd (γ) 〉 ) 1
2π∫0

2π
dQ′Q′

kd (γ) dγ (53)

All possible rank K ) 0,..., 4 anisotropy parameters that can
be produced in slow predissociation are collected in Table
8. As shown there, the reduction factors depend on the
dissociation mechanism: for example, the anisotropy param-
eters R1, R3, γ2, γ4, γ′1, and γ′3 are zero for slow predisso-
ciation implying that the corresponding dissociation mech-
anisms give no contribution to the product polarization. This
prediction is also consonant with recent experimental results
of Brouard and co-workers107,108 who reported very small
values of the parameter γ2 in predissociation of N2O and
SO2.

For the anisotropy parameters s2 and s4, the reduction
factor is equal to unity, while for all other anisotropy
parameters, the reduction factors are less than unity. Specif-
ically, the parameters �, R2, and γ2 are reduced by a factor
of 4 compared to the axial recoil values. For the 2 parameter,
this prediction qualitatively agrees with the experimental
result of Brouard and co-workers108 on SO2. However, for
the N2O case the parameters R2 and s2 are on the same order
of magnitude.107 This may be because the predissociation
effects are larger for SO2, which has a highly structured
absorption spectrum compared with N2O. The parameters
for N2O do seem to be consistent with a shorter lifetime.

2.2. Detection of the Photofragment Polarization
Using 2 + 1 REMPI
2.2.1. General Expressions for the 2 + 1 REMPI Signal

Multiphoton absorption of polarized probe light by photo-
fragments is now widely used for investigation of orbital
orientation and alignment in imaging experiments. Here we

consider the most popular experimental scheme of two-
photon absorption of the probe light to a resonant photo-
fragment excited-state followed by ionization of the photo-
fragment with the third photon (2 + 1 REMPI scheme). The
equation of the density matrix of the resonant state |r〉 after
the two-photon absorption from the initial state |i〉 can be
written as

dFr′r

dt
)Fr′r -

1
τ
Fr′r (54)

where r is the set of quantum numbers of the resonant state,
τ is the resonant state lifetime, and Fr′r is the excitation
matrix, given by the second order perturbation theory
expression:

Fr′r )F0 ∑
i,i′,e,e′

V̂re
/ V̂ei
/ V̂r′e′V̂e′i′

(ωei -ω+ i
Γe

2 )(ωe′i′ -ω- i
Γe′

2 )Fi′i (55)

Here F0 is a constant which is proportional to the square of
the light intensity, V̂ is the standard interaction operator V̂
) d · e, d is a photofragment electronic dipole moment, e is
the probe light polarization vector, and Fi′i is the initial state
photofragment density matrix. The summation in eq 55 is
performed over all quantum numbers of the initial (i, i′) and
intermediate (e, e′) states. For a diatomic molecule, the initial
state wave function can be written as |i〉 ≡ |ni, Ωi, Vi, Ji, Mi〉 ,
where Ji is a total angular momentum, Mi and Ωi are
projections of Ji onto the laboratory and internuclear axes,
respectively, Vi is a vibrational quantum number, and ni is a
set of additional quantum numbers which depends on the
details of the angular momentum coupling. For an atom, the
initial state wave function in the L-S coupling scheme can
be written as |i〉 ≡ |ni, Li, Si, ji, mi〉 , where Li, Si, and ji are
fragment orbital, spin, and total angular momentum, respec-
tively, mi is the projection of ji onto the laboratory Z axis,
and ni is a general quantum number. Similar expressions
stand for the wave functions of intermediate |e〉 and resonant
|r〉 states.

In the steady state regime, the density matrix of the
resonant state |r〉 is proportional to the excitation matrix

Fr′r ) τFr′r (56)

If all resonant state m-substates are equally populated, only
the intensity of the two-photon transition is important

I) Tr[Fr′r] (57)

and the last ionization transition may not be accounted for
in the calculation.109 Detection by 2 + 1 REMPI is widely
used for investigation of vector correlations in chemical
reaction products.21,58,109,110 However, in general, the reso-
nant state m-substates are not equally populated after a two-
photon transition that can affect the initial state polarization
detection accuracy because the intensity of the ionization
transition can also be m-dependent.111,112

A method for extraction of orientation and alignment
information from (2 + 1 REMPI) measurements has been
developed by Kummel and co-workers.58,109 A convenient
modification of this method that adapts the approach of
Kummel and co-workers to the case of atoms and provides
complete separation between the scalar and the tensor
quantities in the expression for two-photon light absorption
by the photofragments has been suggested by Bracker et al.42

According to ref 42, the general expression describing the

Table 8. Rank K ) 0,..., 4 Laboratory Frame Anisotropy
Parameters for Slow Predissociation of Molecules after
Summation over P, R, and Q Rotational Branches in the High J
Limit

K 0 1 2 3 4

� 1/4�(0) - - - -
RK - 0 1/4R2

(0) 0 1/4R4
(0)

sK - - s2
(0) - s4

(0)

γK - 1/2γ1
(0) 0 1/2γ3

(0) 0
γ′K - 0 1/2γ2

(0)′
0 1/2γ4

(0)′

ηK - - 3/8η3
(0) 3/8η3

(0) 3/8η4
(0)
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intensity of absorption of the probe light by the fragments
in the state multipole representation can be written as

I)C ∑
Kik1k2

SKik1

k2 [(FKi
XEk1

)k2
·Ek2

] (58)

where the tensor product is calculated according to

[(FKi
XEk1

)k2
·Ek2

]) ∑
Qi,q1,q2

(-1)Ki-k1√2k2 + 1 ×

(Ki k1 k2

Qi q1 -q2
) Ek1q1

FKiQi
Ek2-q2

(59)

Here FKiQi ≡ FKiQi(θ, φ) are the components of the fragment
state multipole described earlier, and Ek1q1 and Ek2-q2 are
polarization matrices with ranks k1 and k2 that describe the
polarization of the first and second photons, respectively.45

The ranks k1 and k2 are limited to the values k1, k2 ) 0, 2 in
case of linearly polarized light and to the values k1, k2 ) 0,
1, 2 in case of circularly polarized light.

The scalar factor SKik1

k2 in eq 58 depends on all quantum
numbers of the initial, intermediate, and resonant states
involved in the two-photon process but not on the projections
of any tensor, and C is the proportionality constant, which
depends on the intensity of the probe light. The multipole
rank K ) 4 in eq 58 corresponds to the maximum possible
rank that can be measured with a two-photon detection
technique. The details of specific expressions for the (2 +
1) resonance-enhanced multiphoton ionization (2 + 1
REMPI) signal for several most frequently used experimental
geometries can be found in the review paper.21

Equation 58 can be simplified if the first and second
photons are identical to each other and if the probe light
polarization is either linear or circular (not elliptical). In this
case, the intensity of absorption of the probe light by the
fragments for any direction of the probe light polarization
can be written as85,111

I)C∑
Ki

� 4π
2Ki + 1

(FKi
· YKi

(n))PKi
(60)

where the rank Ki is limited to the values Ki ) 0, 2, 4 if
the light is linearly polarized and to the values Ki ) 0, 1, 2,
3, 4 if the light is circularly polarized. YKiQi(n) in eq 60 is a
spherical harmonic and (FKi ·YKi(n)) is a tensor scalar product
which is calculated according to

(FKi
· YKi

(n)))∑
Qi

(-1)QiFKiQi
YKi-Qi

(n) (61)

The vector n ) (ϑ, 	) is parallel to the probe light
polarization e if the light is linearly polarized and is parallel
to the direction of the light propagation if the light is
circularly polarized. The fragment state multipoles FKQ in
eqs 60 and 61 are assumed to be a function of the recoil
angles θ, φ. For linearly polarized light, the scalar factors
PK in eq 60 are known two-photon linestrength factors.21,113

For circularly polarized probe light, the linear linestrength
factors PK in eq 60 should be replaced by the circular
linestrength factors σPK

c defined in ref 21 where σ ) (1 for
right and left circular light polarization, respectively. Gen-
eralization of eq 60 to the case of n-photon absorption was
reported by Shternin and co-workers.112

For three experimental geometries, corresponding to the
linear probe laser polarization along the axes X, Y, and Z,
the angles ϑ, 	 stand for ϑ ) π/2, 	 ) 0, ϑ ) π/2, 	 ) π/2,

and ϑ ) 0, 	 ) 0, respectively. For linearly polarized light
propagating along the Y axis, the angle 	 is equal to zero
and the angle ϑ is in the XZ plane. The expression for the
two-photon REMPI absorption signal for this case was first
given by Meyer.114 For linearly polarized light propagating
along the X axis, the angle 	 is equal to π/2, and the angle
ϑ is in the YZ plane. For linearly polarized light propagating
along the Z axis, the angle ϑ is equal to π/2, and the angle 	
is in the XY plane.

2.2.2. Isolation of a Particular Rank State Multipole

The absorption signal in eq 60 can contain in general up
to sixteen unknown anisotropy parameters �, sK, RK, γK, and
ηK, which should be determined from the experimental
images by a fitting procedure. For increasing the accuracy
of the experiment and for reduction of the number of
parameters, it is useful to isolate some of them by using
appropriate experimental geometries. In particular, for de-
termination of the alignment-free anisotropy parameter �, it
is important to isolate the term F00(θ, φ) which is proportional
to the number of the photofragments only. This can be done
by taking linear combinations of the signal from different
geometries. One of these combinations is

1
3

[IX(θ, φ)+ IY(θ, φ)+ IZ(θ, φ)])CP0F00(θ, φ) (62)

where IX, IY, and IZ are the 2 + 1 resonance-enhanced
multiphoton ionization (2 + 1 REMPI) signals for the
experimental geometries corresponding to the linear probe
laser polarization along the axes X, Y, and Z, respectively.

The lhs of expression 62 does not contain the terms of
the rank K ) 1, 2, 3, while the terms of the rank K ) 4 are
neglected compared with the rank K ) 0 term.

Note that even if the photolysis light is axially symmetric
over the Z axis, the ionization signals IX and IY in eq 62 are
in general not the same but depend on the detection details.
However, they are the same if the total ionization intensity
is measured by averaging over all recoil directions. Then,
eq 62 can be simplified as follows

1
3

[〈IZ(θ, φ) 〉 + 2〈IY(θ, φ)〉])
CP0

√2j+ 1
(63)

where the angular brackets mean averaging and the known
normalization condition for the zeroth-rank state multipole
F00 ) 1/�(2j + 1) has been used. The expression in eq 63
is useful for normalization of the orientation and alignment
signals (see, e.g., ref 42 and 115) because the experiment
can be carried out by changing only the probe laser
polarization, without moving the laser beam direction.

Another important form of the rank K ) 1, 2, 3
independent expression is21

IX(θ, φ)+ IY(θ, φ)- 1
3

[IR
z (θ, φ)+ IL

z (θ, φ)])CP0F00(θ, φ)

(64)

where ΙR
z and ΙL

z are the 2 + 1 resonance-enhanced mul-
tiphoton ionization (2 + 1 REMPI) signals for the experi-
mental geometries, corresponding to right and left circularly
polarized probe light propagating along the Z axis. In this
case, we again neglect the terms of rank K ) 4 in the lhs
compared to those of rank K ) 0. Although eq 64 is strictly
valid only for ji * jf, or Li * Lf, it has an advantage compared
to eq 62: Determination of fragment population for any
fragment angular distribution can be achieved by changing
only the probe laser polarization, without changing the laser
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beam direction. Because the value in the right part of eq 64
is scalar, the expression is essentially unchanged for any
propagation direction of the probe light (i.e., with only
appropriate change of the X, Y, and Z sub- and superscript
indices).

The combination in eq 63 has been used for normalization
of the orientation/alignment signals,23,42,62,88,116,117 and the
combination in eq. 64 was used for determination of the
alignment-free value of the � parameter from experiment.116

As mentioned earlier, it is often useful to isolate the
polarization contribution by taking linear combinations of
the signal from different geometries in such a way that the
population term F00(θ, φ) cancels. The appropriate expres-
sions are21

IZ(θ, φ)- IX,Y(θ, φ)

〈IX 〉 + 〈IY 〉 + 〈IZ〉 )
√2jA + 1

2P0
×

[P2(F20(θ, φ)-
√6
3

Re[F22(θ, φ)])+
P4

12
(5F40(θ, φ)( 2√10 Re[F42(θ, φ)]-

√70 Re[F44(θ, φ)])] (65)

IX(θ, φ)- IY(θ, φ)

〈IX 〉 + 〈IY 〉 + 〈IZ〉 )
√(2jA + 1)

3P0
[√6P2 Re[F22(θ, φ)]-

√10P4

2
Re[F42(θ, φ)]] (66)

IR
z (θ, φ)- IL

z (θ, φ)

〈IX 〉 + 〈IY 〉 + 〈IZ〉 )
2√(2jA + 1)

3P0
[P1

c[F10(θ, φ)]+

P3
c[F30(θ, φ)]] (67)

In the derivation of expressions 65–67, the terms of rank K
) 4 have been neglected in all denominators. The combina-
tions in eqs 65 and 66 are sensitive only for determination
of the even rank (K ) 2, 4) state multipoles, while the
combination in eq 67 is sensitive for determination of the
odd rank (K ) 1, 3) state multipoles only.

The absorption signal detected with linearly polarized
probe light in eqs 65 and 67 can still contain up to eight
unknown anisotropy parameters that must be determined
from the experimental images. However, the determination
of all eight rank 2 and 4 alignment anisotropy parameters
from these expressions has certain disadvantages because it
requires a sophisticated fitting procedure.85 It is also difficult
to imagine an accurate modification of this method that
would take into consideration the parameter speed dependence.

Fortunately, the expression in eq 60 provides a useful
combination of the REMPI absorption signals that isolates
rank 4 state multipoles from all others and thus can simplify
the subsequent analysis:

I(π
2

,
π
2)(θ, φ)+ I(0,

π
2)(θ, φ)- I(π

4
,
π
2)(θ, φ)-

I(-π
4

,
π
2)(θ, φ))

CP4

16
[35F40(θ, φ)+

14√10 Re[F42(θ, φ)]+ √70 Re[F44(θ, φ)]] (68)

where the probe light is linearly polarized and the values of
the polar angles (ϑ, 	) of the probe light polarization vector

e are shown as subscript indices. The probe light is assumed
to propagate along the X axis. Equation 68 is valid for any
polarization of the photolysis light. Useful particular cases
of eq 68 for geometries I and II (see eqs 33 and 34) are
given by Smolin and co-workers.85

2.2.3. Determination of the Anisotropy Parameters from
2-Dimensional Velocity Images

Several approaches have been used by investigators to
obtain recoil energy and angular distributions from ion
imaging data. The original approach uses an inverse Abel
transform to directly invert the images to obtain the original
three-dimensional ion spatial distribution.118,119 A widely
used modification of this method has been recently suggested
by Dribinski and co-workers,120 which is based on expanding
the image in a basis set of Gaussian-like functions. The
inversion approach is ideally suited to studies of simple
photolysis systems with no product angular momentum
alignment; however, it can only be used if the image is a
projection of a cylindrically symmetric distribution, where
the symmetry axis lies parallel to the two-dimensional image.
This experimental geometry followed by the inverse Abel
transform was successfully used by several groups also for
investigation of the photofragment angular momentum
distributions.56,79,87,91,92,121 However, if many anisotropy
parameters must be simultaneously determined, this approach
requires uncommon experimental geometries and a sophis-
ticated fitting procedure91 that can dramatically reduce the
accuracy of the experimental data.

Another approach involves forward convolution fitting of
the image, whereby images are simulated based on a
scattering distribution and compared with the experimental
data.21,42,85,86,93,120 In general, the forward convolution
approach is not limited to cylindrically symmetric distribu-
tions and may be used to analyze images from different
experimental geometries. It has been successfully applied
for the photodissociation of many molecular systems. The
forward convolution scheme involves projection of the three-
dimensional intensity distribution I(θ, φ, r) onto the detector
plane. Calculating the images corresponding to certain
dissociation mechanisms, one can obtain a set of the basis
images, which are then used for determination of the
anisotropy parameters through some fitting procedure.21,42

By way of example, we illustrate the K ) 2 basis images
for both experimental geometries in Figure 5. In principle,
all even (K ) 2, 4) and odd (K ) 1, 3) rank anisotropy
parameters can be accurately determined following this
procedure, which sometimes needs a sophisticated math-
ematical manipulation.77,85 Most analysis of v-J correlation
data assumed a separability I(θ, φ, r) ) f(θ, φ)g(r), where
the function g(r) describes the radial dependence of the three-
dimensional distribution and r is the length of the photo-
fragment radius vector, r ) Vτ, where V is the photofragment
velocity and τ is the flight time of the ions. However, in
general, each of the anisotropy parameters will depend on
recoil speed, so that such a separation will not be valid. An
important modification of this approach has been recently
suggested by Bass and co-workers115 that involves analysis
of the Fourier moments of images measured in different
experimental geometries.

Very promising experimental procedures are now emerg-
ing that allow a 2D slice through the three-dimensional
distribution to be obtained directly.122–124 In this method,
only the photofragments initially recoiling in the plane
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parallel to the imaging detector are detected. The 2D slice
imaging does not need the convolution scheme, and therefore,
it is more suitable for extracting the speed-dependent angular
momentum polarization as described in the following sec-
tion.117

2.2.4. 2D Slice Image Basis Functions

For the 2D slice imaging method, the experimental signals
can be obtained from the general expressions in eq 60 with
θ ) π/2, corresponding to the fragment moving in the plane
parallel to the imaging detector. It is convenient to normalize

the velocity-dependent experimental image over the total
number of a certain velocity fragments in the slice, which
can be obtained by integration of the expression in eq 64
over the azimuthal angle φ. In this case, the normalization
factor N can be written as

N)∫0

2π
IX(π2 , φ) + IY(π2 , φ) - 1

3[IR
z (π2 , φ) +

IL
z (π2 , φ)] dφ)CP0∫0

2π F00(π2 , φ) dφ (69)

which depends on the photolysis light polarization and on
the parameter �.

With substitution of the state multipoles for the case of
sliced images into eq 60, the explicit expressions for the
image basis functions that can be used for determination of
the anisotropy parameters from experimental images are
given by the functions discussed in the following sections.62

2.2.4.1. Alignment. Geometry I. The photolysis light is
linearly polarized along the Z axis

IZ(π2 , φ) - IY(π2 , φ)
〈IX(π2 , φ) 〉 + 〈IY(π2 , φ) 〉 + 〈IZ(π2 , φ)〉

)

1
(1- �/2)[C ′ P2

2P0
×

{ (s2 +R2)(cos 2φ- 1)- 1
2

η2(3 + cos 2φ)} +
C ″ P4

12P0
{5(s4 +R4)(3+ 4 cos 2φ- 7 cos 4φ)+

√15η4(5+ 4 cos 2φ+ 7 cos 4φ)}] (70)

Geometry II. The photolysis light is linearly polarized
along the Y axis

IZ(π2 , φ) - IY(π2 , φ)
〈IX(π2 , φ) 〉 + 〈IY(π2 , φ) 〉 + 〈IZ(π2 , φ)〉

) 1
(1+ � ⁄ 4)

×

[C ′ P2

2P0
{ s2(cos 2φ- 1)+

R2

2
(3 cos2 2φ- 4 cos 2φ+

1)+ γ2 sin2 2φ+
η2

4
(cos2 2φ+ 4 cos 2φ+ 3)} +

C ″ P4

12P0
{ 5

2
(3+ 4 cos 2φ- 7 cos 4φ)(2s4 + (3 cos 2φ-

1)R4)- 2√30γ4(5+ 12 cos 2φ+ 7 cos 4φ) sin2
φ-

√15
4

η4(14+ 25 cos 2φ+ 18 cos 4φ+ 7 cos 6φ)} ] (71)

where C′ ) √5V2(j)⁄4π, C″ ) 3V4(j)⁄32π, while the terms
V2(j) and V4(j) are defined after eq 8.

2.2.4.2. Orientation. Geometry III. The photolysis (right
circularly polarized) and probe light (right or left circularly
polarized) propagate along the X and -X axes, respectively

Figure 5. Alignment basis images adapted from ref 42: (A)
incoherent perpendicular, (B) incoherent parallel, (C) coherent
perpendicular, and (D) coherent parallel/perpendicular.
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IR
X(π2 , φ) - IL

X(π2 , φ)
〈IZ(π2 , φ) 〉 + 〈IY(π2 , φ) 〉 -1

3[〈IR
X(π2 , φ) 〉 + 〈IL

X(π2 , φ) 〉 ]
)

- 3√3
(1- �/8)π[P1

c

P0
{R1 cos2

φ+
γ1

2
sin2

φ} +
P3

c

P0

√7V3(j)

2√3
×

{R3 cos2
φ(5 cos2

φ- 3)+ γ3
√6
4

sin2
φ(5 cos2

φ- 1)} ]
(72)

Geometry IV. The photolysis and probe light couterpropa-
gate along the X axis with the photolysis light linearly
polarized at 45° to the detector plane and the probe light
circularly polarized

IR
X(π2 , φ) - IL

X(π2 , φ)
〈IZ(π2 , φ) 〉 + 〈IY(π2 , φ) 〉 -1

3[〈IR
X(π2 , φ) 〉 + 〈IL

X(π2 , φ) 〉 ]
)

- 3√3
(1- � ⁄ 8)π

sin2
φ

2 [P1
c

P0
γ′1 +

P3
c

P0
√14V3(j) ×

{ γ′3
4

(5 cos2
φ- 1)+ η3 cos2

φ} ] (73)

where the term V3(j) is given after eq 8.

3. Experiment: Imaging Probes of Orbital
Polarization

3.1. Experimental Approach
Although many variations of the imaging approach have

been developed over the years, the essential features,
summarized in Figure 6, are largely unchanged from the
original report from Chandler and Houston.7 A pulsed
molecular beam is skimmed and enters into an interaction
chamber where it is crossed by photolysis and probe lasers.
Usually the molecular beam is directed along the axis of the
TOF mass spectrometer toward a position-sensitive micro-
channelplate (MCP) detector coupled to a phosphor screen.
Neutral products produced by the photolysis laser are
promptly ionized by an appropriate REMPI excitation
scheme, and the ions are accelerated down the flight tube to
strike the detector. The detector is gated using a high-voltage
pulse so that it only responds to the mass of interest. The

ion impacts generate fluorescent spots on the phosphor
screen, and these are viewed by a CCD camera and sent to
a computer for digitization and integration.

Two significant advances in imaging methods have taken
place in the past decade. The first of these, “velocity map
imaging”, was introduced by Eppink and Parker in 1997.125,126

In this approach, the grids of the traditional Wiley-McLaren
TOF mass spectrometer are replaced by ion lenses. By
adjustment of the potentials, a condition is readily found that
achieves a high degree of pure velocity focusing, that is,
ions are focused onto a point on the detector that depends
only on their velocity in the plane parallel to the detector
and is largely independent of their birth position. This
approach led immediately to a 5-fold improvement in
velocity resolution because the finite size of the interaction
volume relative to the detector had limited the velocity
resolution to 10% or so.

The second significant advance was the development
of “slicing” techniques mentioned in section 2.2.4.122–124

As seen in Figure 7A, in traditional imaging experiments,
the detected image actually represents the 2-D projection
of the 3-D fragment distribution. For experiments with
cylindrical symmetry, the 3-D distribution may be recov-
ered using a tomographic algorithm; the inverse Abel
transform is one commonly used approach. However, this
inversion can reduce the signal-to-noise and, in many
cases, compromise the velocity resolution. Furthermore,
for the vector correlation studies presented here, one often
employs geometries lacking an axis of symmetry. For
these experiments, reconstruction techniques are not
suitable, and forward convolution methods have been
employed in the past. However, these are of limited use
in the analysis of complex velocity-dependent signals in
projected images resulting from polyatomic dissociation.
Slicing approaches clearly provide the solution. By using
delayed extraction or very low initial acceleration fields
to stretch the ion cloud along the TOF axis (see Figure
8C and D), the detector may be gated to select only the
central slice of the image, that is, only those fragments
with no velocity component along the flight axis. For the
case of cylindrical symmetery, this is equivalent to
measuring the Abel-tranformed image directly.

For crossed-laser polarization geometries, slicing rep-
resents a powerful means of revealing the speed-dependent
polarization. This is illustrated in Figure 9 for ozone
photodissociation at 248 nm. Figure 9A shows the
difference image for the traditional projected (i.e., un-
sliced) case, while Figure 9C shows the equivalent sliced
image. The unsliced basis image representing the coherent
γ1′ contribution for a single recoil speed is shown in Figure
9B for comparison. The speed-dependent structure and,
in particular, the change of sign in the inner ring could
easily be lost in any attempt to analyze the unsliced image.

Figure 6. Schematic configuration for a typical ion imaging
experiment.

Figure 7. (A) Two-dimensional projected image of Cl from Cl2
dissociation. (B) Reconstructed slice from inverse Abel transform
of image in A. (C) DC sliced image analogous to B directly obtained
in experiment.
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The probe of angular momentum polarization relies
heavily on the use of a variety of polarization configura-
tions. In effect, one must control arbitrary polarization of
both photolysis and probe lasers, and the nature of the
anisotropy parameter to be measured (or underlying
dynamics of interest) will determine the choice of
experimental geometry and polarization of photolysis and
probe lasers. With the use of coaxial or orthogonal
photolysis and probe laser beams propagating perpen-
dicular to the flight axis, along with sliced imaging, nearly

all parameters and their recoil speed dependence may be
measured in isolation from other interfering signals.

We now turn to an overview of experiments probing
atomic angular momentum polarization in photodissociation.
The focus will be on ion imaging experiments, but results
obtained using other techniques will be considered when
relevant to the discussion.

3.2. Applications: Diatomics
3.2.1. Dihalogens

3.2.1.1. Cl2. Photofragment orbital polarization in molec-
ular chlorine photodissociation is perhaps the most thor-
oughly characterized of any molecule. It has been examined
by numerous groups, with detection of both orientation and
alignment, at a range of wavelengths and using a variety of
techniques. Furthermore, it was the first system in which the
coherent contribution to the photofragment angular momen-
tum polarization was identified and isolated from incoherent
contributions.22 It was used42 as the prototype for application
of the analysis using the laboratory frame anisotropy
parameters introduced by Picheyev et al.33 and was among
the first systems investigated by Zare, Rakitzis, and
co-workers,55,82 using ion time-of-flight, to obtain molecular
frame alignment measurements.

In the near-ultraviolet, Cl2 may be excited from the ground
X(1Σg

+) state to the B (3Π0+u) state via a parallel transition
or to the C(1Πu) state via a perpendicular transition (see
Figure 10). The latter state correlates asymptotically to two
ground-state Cl(2P3/2) chlorine atoms (Cl), while the former
correlates to production of one ground-state atom and one
spin-orbit excited Cl(2P1/2) atom (Cl*). Alignment in the
Cl atom was initially reported by Qian and co-workers54 in
one of the first studies to describe v-j correlation in atomic
photofragments.54 Their study of Cl2 photodissociation at 355
nm, where the C state excitation dominates, relied on the
sensitivity of ion time-of-flight profiles to probe laser
polarization. The results were accompanied by an analysis
that assumed purely adiabatic dissociation and neglected

Figure 8. Ion optics configurations and ion trajectories showing
sample ion clouds at 1 µs intervals. (A) Normal velocity mapping
with high (2.5 kV) repeller potential. (B) Normal velocity mapping
with low (0.5 kV) repeller potential. (C) 3-lens DC slicing with
0.5 kV repeller potential. (D) 4-lens DC slicing with 0.5 kV repeller
potential. Temporal stretching of ion cloud is indicated for each
condition.

Figure 9. Orientation difference images for O(1D) from ozone
dissociation at 248 nm: (A) unsliced, (B) relevant basis image
for single recoil speed, and (C) DC sliced image analogous
to A.

Figure 10. Schematic potential energy curves for Cl2.
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coherent contributions. Although constrained by these as-
sumptions, their results are broadly consistent with many
subsequent measurements.

The first treatment of orbital polarization in Cl2 photodis-
sociation based upon the quantum mechanical formalism
of Siebbeles et al. was reported by Bracker et al. using
the anisotropy parameters introduced by Picheyev and
co-workers.22,42 Using ion imaging, they measured the
alignment of the Cl atom, also following excitation to the C
state at 355 nm, by means of two distinct probe transitions.
Their results, shown in Figure 11, were obtained using the
forward convolution approach discussed in section 2.2.3 to
fit the difference image with the four basis images in Figure
5. They determined the contributions of the four anisotropy
parameters to the alignment and identified both incoherent
perpendicular and coherent perpendicular contributions to
the alignment. For the case of a pure perpendicular transition
these can be readily expressed in terms of the anisotropy
parameters and the underlying dynamical functions

A20
mol ) 10R2 ) a0

2(⊥ )) 4

√5

f2(1, 1)

f0(1, 1)
(74)

A22
mol ) -

5η2

√6
) a2

2(⊥ ))- 2

√5

f2(1,-1)

f0(1, 1)

where R2 and η2 are the anisotropy parameters, A20
mol and A22

mol

are molecular frame state multipoles, and a0
2(⊥ ) and a2

2(⊥ )
are the corresponding molecular frame polarization param-
eters described in section 2.1.8. It was shown in ref 42 that
adiabatic dissociation from the C state should give rise to a
contribution to the Cl atom alignment corresponding to
incoherent excitation of Ω ) (1 components of the C state
but not to any coherent contribution. This is seen by
calculation of the values of the corresponding dynamical
functions with eq 11 using the coefficients u jAΩAjBΩB

nΩ of the
two lowest molecular states of 1u symmetry corresponding

to the quadrupole-quadrupole interaction between the frag-
ments.42 This yields

f0(1, 1)) 1
2

, f2(1, 1))- (1-w)

2√5
, f2(1,-1))

-
√w(1-w) cos ∆	

√5
(75)

Here, the term w is simply the probability of possible
nonadiabatic transitions between the C1Π1u and A3Π1u states.
In the absence of nonadiabatic transitions, w ) 0 and the
coherent f2(1, -1) dynamical function vanishes. The incoher-
ent alignment is proportional to the probability of following
the adiabatic path. The non-zero value of the coherent
perpendicular alignment provides direct insight into the
nature of the nonadiabatic dynamics. In this case, w ) rA

2,
that is, the square of the A state T matrix element amplitude.
The coherent contribution can be seen as an interference
between the A and C state paths resulting from a nonadiabatic
transition, so the coherent alignment reflects both the
amplitudes of the C and A state T matrix elements (propor-
tional to �w and �(1 - w)) and the phase difference, ∆	
) 	C - 	A, between them.

ResultsforClalignmentobtainedbydifferentgroups42,82,115,127

over a range of wavelengths are compiled in Table 9.
Experimental values for the molecular frame alignment
components A20

mol and A22
mol are shown, along with the

nonadiabatic transition probability, w, and the phase differ-
ence, ∆	. The qualitative agreement is quite good; in
particular, the ratio of the incoherent to coherent contributions
is fairly consistent across all measurements. The range of
experimental approaches likely precludes a close comparison
across wavelengths; certainly no strong wavelength depen-
dence is suggested in these studies. The importance of
nonadiabatic transitions following excitation to the C state
is now widely recognized despite diverging interpretations
in the earlier reports.

Alexander et al.57 have measured orientation of the Cl and
Cl* product, following photodissociation of Cl2 at 310 and
330 nm using circularly polarized light. They observed
substantial incoherent orientation of the Cl atom and no
coherent contribution, and this was simply associated with
adiabatic dissociation via the C state. The results for the Cl*
product were quite distinct. Production of spin-orbit excited
Cl* atoms in this wavelength region is a minor process (0.01)
but shows complex dynamics: the � parameter value of
-0.12 implies a mixed transition of nearly equal parallel
and perpendicular composition. The most significant obser-
vation for Cl* was incoherent orientation of opposite sign
to that of the Cl product, implying helicity opposite to the
sense of the photolysis photon. Simple theoretical consid-
erations show that direct B state excitation would not result
in orientation in either Cl or Cl* products, so nonadiabatic
coupling to higher states of 1u symmetry must be invoked.
Correlation arguments indicate that only the 1u

(3) state will
give rise to incoherent orientation of the correct sign, so
nonadiabatic transition from the C state to the 1u

(3) state was
inferred to account for the incoherent orientation. Further-
more, the deviation of the observed orientation from the
limiting value predicted for dissociation via the 1u

(3) state led
Alexander et al. to attribute an additional fraction to
subsequent nonadiabatic transition from the 1u

(3) state to 1u
(4).

The effect of this is to cancel a fraction of the observed
orientation, as the latter is expected to have the opposite sign.
These arguments were reinforced by theoretical calculations

Figure 11. Cl alignment difference images obtained from dis-
sociation of Cl2 at 355 nm for the geometry (I or II) indicated. Top
images: Experiment. Bottom images: Simulation. Reused with
permission from A. S. Bracker et al. J. Chem. Phys., 110, 6749
(1999). Copyright 1999, American Institute of Physics.

Orbital Polarization in Photodissociation Chemical Reviews, 2008, Vol. 108, No. 9 3727



of the nonadiabatic couplings among all relevant surfaces
obtained using a Rosen-Zener-Demkov noncrossing model;
only radial derivative coupling was found to be important.
The results were consistent with the measured orientation
values, as well as with the original alignment studies showing
substantial nonadiabatic coupling from the C state to the A
state.

3.2.1.2. Br2 and I2. Photofragment orbital polarization in
molecular bromine photodissociation was studied by Rakitzis
and Kitsopoulos127 with slicing imaging at 355 nm. Contrary
to the case of molecular chlorine, they reported adiabatic
dissociation of Br2 through the single C1Π1u state.

An experimental study of photofragment orbital polariza-
tion in molecular iodine has recently been reported by
Chestakov et al.128 who used a combination of velocity map
imaging and slicing techniques. Chestakov et al. measured
the product recoil anisotropy and angular momentum polar-
ization for the photodissociation processes I2 + hν f
I(2P3/2) + I(2P3/2) and I2 + hν f I(2P3/2) + I(2P1/2) in the
450-510 nm laser wavelength region using linearly polarized
photolysis and probe laser light. The former channel is
produced predominantly via perpendicular excitation to the
1Πu state, and the latter is predominantly parallel, via the
B3Π(0u)+ state. In both cases, mostly adiabatic dissociation
has been observed, which produces electronically aligned
iodine atoms in the m ) 1/2 states with respect to the recoil
direction.

This result is similar to the Br2 case, where mainly
adiabatic dissociation has also been observed,127 but differs
from the Cl2 case where large nonadiabatic transition
probabilitieshavebeendeterminedbyseveralgroups.42,82,115,127

The theoretical analysis of the nonadiabatic interactions in
halogen molecules has recently been reported by Asano and
Yabushita129 using a semiclassical method. According to
their analysis, the probability of nonadiabatic transitions is
influenced mainly by the size of the atomic orbitals and the
relative nuclear velocity. They concluded that the heavier
dihalogens with larger spin-orbit splitting show more
adiabatic behavior, consistent with the experimental results
for the sequence Cl2, Br2, and I2.

3.2.2. Interhalogens XY

3.2.2.1. ICl. Orbital polarization in ICl photodissociation
deserves special mention and is highlighted here even though
the results have all been obtained with nonimaging methods.
In compelling studies, Zare and co-workers used an ion time-
of-flight technique to measure the orientation of the Cl atom
following photolysis of ICl with linearly polarized light at a
range of visible wavelengths.24,25,82 These measurements are
sensitive to a single parameter, Im[a1

1] in the Rakitzis-Zare
notation (which is related to the γ1′ anisotropy parameter).
This parameter reflects coherent excitation of parallel and
perpendicular transitions induced by linearly polarized light.

Time-of-flight difference profiles are shown in Figure 12 for
both 35Cl and 37Cl at two photolysis wavelengths. The terms
backspin and topspin refer to the direction of the angular
momentum vector relative to the plane containing the
photolysis laser polarization direction and the time-of-flight
(internuclear axis) direction. These spectra are quite reveal-
ing: Clearly, the difference profiles change dramatically with
a small change in wavelength. Even more remarkable is the
strong dependence on the particular Cl isotope detected, seen
clearly in the 522 nm TOF profile. By making analogous
measurements from 480 to 560 nm for both 35Cl and 37Cl,
the spectra in Figure 13 are obtained. Oscillations in the
Im[a1

1] parameter are observed, and these are shifted in
wavelength for the mass 37 isotope relative to that of mass
35.25

Table 9. Alignment Parameters, A20
mol and A22

mol, Probability of Nonadiabatic Transition w between the C1Π1u and A3Π1u States in
Molecular Chlorine, and the Corresponding Phase Difference ∆θa

Bracker et al.42 Kitsopoulos et al.127 Rakitzis et al.55 Bass et al.115

355 nm 355 nm 320 nm 308 nm
A20

mol -0.35(4) -0.50(10) -0.50(10) -0.62(9)
A22

mol -0.15(4) -0.30(10) -0.32(6) -0.26(7)
w 0.56(5) 0.38(13) 0.38(13) 0.23(11)
∆θ 112° 141° 145° 141°

a The values w and ∆θ have been determined from the experimental data of Bracker et al.,42 Rakitzis et al.,55 Rakitzis and Kitsopoulos,127 and
Bass et al.115 using eqs 74 and 75. Adapted from ref 27.

Figure 12. Core-sampled ion time-of-flight difference spectra for
Cl product of ICl photodissociation at the indicated wavelength.
The experiment probes the molecular frame Im[a1

1] parameter. From
Rakitzis et al., Science 281:1346 (1998). Reprinted with permission
from AAAS.
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These observations have been rationalized in terms of an
asymptotic difference in the scattering phase arising from
coherent dissociation on two distinct potentials. The instan-
taneous de Broglie wavelength is inversely proportional to
the photofragment linear momentum, λ ) h/p, and the phase
difference for dissociation along the two curves reflects the
accumulation of this difference. Simply stated, the different
potentials exhibit different characteristic scattering wave
functions with different asymptotic phase shifts. A coherent
sum of the amplitudes along the two trajectories will show
interference varying as the sine of the phase difference for
the two trajectories. Furthermore, for the two different
isotopes, the relative momenta scale as the square root of
the ratio of the reduced masses in the dissociation event,
yielding roughly a 2% higher frequency for the 37Cl wave
function, and a corresponding change in the phase difference
for the heavier isotope.

The results have been modeled assuming dissociation via the
A and B or the B and C excited states of ICl (Figure 13B and
C, respectively) for both isotopes. Simulated spectra obtained
from the model are shown, along with the overall wavelength
dependence of the orientation. The results obtained assuming
coherent dissociation via the A and B states show a nice
agreement with the experiment, and the isotope dependence is
well reproduced. The wavelength dependence of the Im[a1

(1)]
parameter is quite sensitive to the two potentials, just as quantum
interference effects in scattering have been used to probe details
of the potentials for many years.

In addition to the K ) 1 parameter measured for ICl
discussed above, Rakitzis et al. have measured the recoil
anisotropy (�) and alignment at a range of visible wave-
lengths.82 The � parameter varied monotonically from near-
limiting perpendicular at long wavelength (560 nm) to near-
limiting parallel at short wavelength (490 nm). The rank K
) 2 alignment was measured over a narrower range from
500 to 535 nm. They found incoherent contributions to the
alignment that were largely independent of photolysis
wavelength. However, the coherent Re[a1

(2)(|,⊥ )] contribution
showed oscillations with photolysis wavelength reminiscent
of that seen for the Im[a1

(2)(|,⊥ )] parameter, and a similar
dependence on Cl isotope was also observed. Rakitzis et al.
argued that the � value reflected the changing contributions
of the perpendicular A state (long wavelength) and parallel
B state (short wavelength), while the incoherent alignment
revealed that the dynamics within each band was wavelength
invariant. The coherent alignment fluctuates significantly with
photolysis wavelength, but this is a manifestation of interfer-
ence rather than changing dynamics.

3.2.2.2. BrCl. The photodissociation dynamics of BrCl at
a variety of visible and near-UV wavelengths have been the
subject of extensive study in the Bristol laboratory using a
high resolution photofragment velocity map imaging spectr-
ometer.77,116,130,131 Figure 14 shows the ground X1Σ0+

+ state
potential and a several excited-state potentials A3Π1, B3Π0+,
C1Π1, and D(1) that are all involved in the photolysis
resulting in the ground-state chlorine and bromine photo-
fragments.

Figure 13. Orientation for 35,37Cl from ICl photodissociation by
linearly polarized light at a range of wavelengths: (a) experimental
results, (b) theoretical model calculations based on phase difference
between A and B potential curves, and (c) theoretical model
calculations based on phase difference between C and B potential
curves. From Rakitzis et al., Science 281:1346 (1998). Reprinted
with permission from AAAS.

Figure 14. Potential energy curves for the five lowest electronic
states involved in the production of Cl(2P3/2) atoms from the
photodissociation of BrCl (from ref 132) The curves for the X, A,
B, and C states are based on the accurate empirical curves of Beckert
et al.;131 the D-state curve is schematic. Reproduced with permission
from Mol. Phys. (2007) 105 885. Copyright 2007, Taylor and
Francis.
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Wavepacket calculations of the dissociation dynamics, fol-
lowing photoexcitation to the A3Π1, B3Π0+, and C1Π1 states,
with allowance for nonadiabatic dynamics at the avoided
crossing between the B3Π0+ state and a further Ω ) 0+ state,
were used to optimize the shapes of the potential energy
curves131 and successfully reproduced all wavelength-de-
pendent measurements of branching ratios and photofragment
translational anisotropies. The broad absorption spectrum of
BrCl in the visible region of the spectrum was deconvoluted
into overlapping regions of excitation to these three dis-
sociating states.

Detailed alignment measurements have also been reported
by Wouters and co-workers116 at four different wavelengths
in the range 425-485 nm using linear photolysis laser
polarizations. Non-zero values of all alignment anisotropy
parameters were reported, allowing quantification of the
angular momentum orientation and alignment of the Cl
(2P3⁄2

0 ) fragments. The parameter values were found to vary
significantly as the photolysis wavelength. The alignment-
free recoil anisotropy parameter � (see eq 64) was determined
as a function of parent excitation wavelength. This is of
practical importance because the Cl fragment angular
distributions show little anisotropy (� ≈ 0) for photolysis in
the range 450 < λphot < 550 nm, and its experimentally
measured value is masked by the alignment effects. Later,
Smolin and co-workers77 reported determination of the
complete set of the orientation parameters (K ) 1, 3) at 467
nm using linear and circular photolysis light polarization.
Both incoherent and coherent contributions to the orientation
and alignment are identified, with both simultaneous parallel
and perpendicular excitations to the B3Π0+ and C1Π1 states
and excitations to the Ω ) (1 components of the C state
contributing to the latter.

The interpretation in BrCl is much more complex than in
Cl2 because of different adiabatic correlations of the hetero-
nuclear molecule. Pure adiabatic dissociation via either the
B or C state is expected to give no alignment, so nonadiabatic
transitions must be invoked to account for the observations.
A number of possible mechanisms were identified that could
contribute to the observed orientation and alignment. These
include incoherent excitation of the B and C states, followed
by nonadiabatic transitions to the X and A or D states,
respectively. The coherent parallel/perpendicular contribution
could arise from coherent excitation of the B and C states,
followed by nonadiabatic transition of the former to the X
state or the latter to the D state. Finally, the coherent
perpendicular contribution could be associated with coherent
excitation of the two components of the C state, followed
by nonadiabatic transition to the A or D states.

The non-zero values of the anisotropy parameters are
indicative of nonadiabatic dissociation dynamics. These
values also depend on asymptotic radial phase shifts between
dissociative fluxes on the PE curves correlating to the same
atomic limits and thus, in principle, provide a means of
determining all transition amplitudes and phases. However,
the total number of the experimentally determined parameters
in case of BrCl is large (13), which makes the inversion
problem quite cumbersome. This problem has recently been
solved by Smolin and co-workers132 who demonstrated how
the anisotropy parameters are intimately connected to the
T-matrix amplitudes and phases via expressions that are
generally applicable to diatomic interhalogen molecules and
carried out the inversion of the experimentally measured
anisotropy parameters for BrCl at 467 nm. The amplitudes

and phases derived from the analysis are listed in Table 10.
These values were verified by using them to recalculate the
experimental anisotropy parameters.132 The measured values
of the anisotropy parameters obtained from the fitted T-
matrix element amplitudes and phases agreed reasonably well
with the experimental measurements.

The data in Table 10 contain important new information
about the photodissociation dynamics of BrCl which has not
been considered previously. These results yielded quantitative
information on all amplitudes and phases involved in the
photolysis. In particular, there is substantial accumulation of
dissociative flux on the X1Σ0+

+ and D(1) states because of
nonadiabatic dynamics. The fluxes on the B and C states, which
are strongly excited at 467 nm, are significantly depleted by
transfer to the X and A, D states, respectively. All the scattering
phase differences in Table 10 are large in magnitude. If
interpreted in the quasiclassical approximation,51 these phases
in general contain two contributions. One of these contribu-
tions is related to the coherence between states of different
symmetry (∆Ω ) (1). The associated phase shift is mostly
caused by the nuclear motion on PE curves of different
shapes in the adiabatic region and can be associated with
the elastic scattering phase shift. The other contribution is a
dynamical phase shift between states of the same symmetry
and is the result of electronic and nuclear motion in the
vicinity of the nonadiabatic interaction regions that occur in
the locality of quasi (i.e., partially avoided) crossings and at
large internuclear separations. Both contributions to the
phases are important for BrCl at wavelengths in the visible
and near-UV regions of the spectrum. These results illustrate
the idea of the complete experiment for a relatively com-
plicated diatomic molecule. Note that although high-quality
diabatic potentials for BrCl are available,131 the couplings
between the potentials are not known, and thus wavepacket
propagation methods cannot yet be used to compute either
the anisotropy parameters or full T-matrix elements incor-
porating nonadiabatic dissociation dynamics for direct com-
parison with experimental results.

3.2.3. HX

3.2.3.1. HF. The hydrogen halides likewise represent an
important class of molecules in the study of angular
momentum polarization in photodissociation. A theoretical
study of polarization in hydrogen fluoride photodissociation
by Balint-Kurti and co-workers was the first case in which
experimentally measurable anisotropy parameters (in prin-
ciple) were directly related to photofragment T-matrix
elements that were calculated rigorously from a pure quantum
mechanical theory.26 The general form of the photofrag-
mentation T-matrix elements in terms of their amplitudes
for different dissociation channels and the quantum mechan-

Table 10. Amplitudes and Phases of the Nuclear Wavefunctions
on the X1Σ0+

+ , A3Π1, B3Π0+, C1Π1, and D(1) States for 467 nm
Photodissociation of BrCl to Form Cl(2P3/2

0 ) Atomsa

state (n) rn 	n - 	X (radians)

X1Σ0+
+ 0.395 0

A3Π1 0.325 -2.64
B3Π0+ 0.0120 -0.224
C1Π1 0.082 0.789
D(1) 0.201 2.49
Br + Cl* 0.820

a The last line represents the experimental value of the amplitude
corresponding to population of the Br + Cl* channel.131 Adapted from
ref 132.
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ical phase shifts between these channels is given in eq 16.
In case of HX, the relationship between the dynamical
functions describing the production of the halogen ground
state 2P3/2 photofragments with angular momentum polariza-
tions of the ranks K ) 0,..., 3 and the amplitudes and phase
shifts is as follows

f0(1, 1)) 1
2

(1- p2) (76)

f1(1, 1)) 1

2√15
(3- 2p1 - 3p2)

f2(1, 1)) 1

2√5
(1- 2p1 - p2)

f3(1, 1)) 1

2√35
(1- 4p1 - p2)

f2(1,-1))
√2

√5
√(1- p1 - p2)p1 cos ∆	

f3(1,-1)) - i
√2

√7
√(1- p1 - p2)p1 sin ∆	

where p2 is the branching fraction for producing the excited
halogen (2P1/2) state, p1 is the probability of nonadiabatic
transitions from the singlet 1Π1 to the triplet 3Π1 molecular
excited state, and ∆	 is the phase shift between the
photofragmentation T-matrix elements for the 3Π1 and the
1Π1 states. Equation 76 is written with the assumption that
only the singlet 1Π1 molecular state can be optically excited
from the ground electronic state X1Σ+. The relationships in
eq 76 were later used in most of the studies on the
photofragment angular momentum polarization in HCl, HBr,
and HI photodissociation for determination of the transition
probabilities and the phase shift from the anisotropy param-
eter values.

3.2.3.2. HCl. Shortly after the theory for HF was devel-
oped, experimental studies of orientation and alignment of
the ground and spin-orbit excited states of chlorine frag-
ments in HCl photodissociation at 193 nm were reported by
Rakitzis and co-workers who also suggested that its dis-
sociation must yield spin-polarized hydrogen atoms.78,133,191

This effort included quantum mechanical calculations that
could be directly compared to experiment. The theoretical
investigation, by Brown and co-workers,134 was subsequently
extended to cover a broad wavelength region. This strong
theoretical foundation justifies an in-depth look at the HCl
system.

Relevant adiabatic potential curves of the HCl molecule
adapted from ref 134 are shown in Figure 15 to guide
discussion. The initial excitations all have their origin in the
perpendicular diabatic spin-allowed A1Π r X1Σ transition,
which, through spin-orbit mixing with other underlying
diabatic states, gives intensity to the nominally spin-forbidden
a3Π1 r X1Σ0+ and t3Σ1 r X1Σ0+ transitions. In addition,
there is a minor parallel component, a3Π0+ r X1Σ0+, found
to be necessary for a complete description of the observed
orientation. At 193 nm, the experimentally measured �
parameters are -0.97 ( 0.03 and -0.87 ( 0.03 for Cl and
Cl*, respectively, while the branching favors Cl formation
over Cl* 59-41%.

Rakitzis et al. reported slice imaging measurements of
alignment and orientation in Cl and Cl*, following photo-
dissociation of HCl by linearly and circularly polarized 193

nm light.78,133 The Cl* result could be analyzed directly using
the expression I(θ) ) I0[1 + �2(P2(cos θ)] because there is
only a rank K ) 1 contribution to the polarization in this
case. In this expression, P2(cos θ) is the second Legendre
polynomial, I0 is the total image intensity, and �2 is a
parameter (distinct from �) that characterizes the spatial
anisotropy apparent in the image. I0 and �2 can be expressed
in terms of the photofragment anisotropy � and the molecular
frame orientation anisotropy parameters Re[a1

(1)(|,⊥ )] and
a0

(1)(⊥ ), and these were fitted to experimental images obtained
in two different probe laser polarizations to yield the
orientation parameters. The analysis for Cl, with contributions
up to rank K ) 3 possible, involved simultaneous fitting of
additional parameters. In case of circularly polarized pho-
tolysis light, the experimental images showed profound
changes in the apparent angular distributions with reversal
of the probe helicity, clearly indicating substantial photo-
fragment orientation.78

On the basis of the observed Cl orientation, conservation
of angular momentum was invoked to infer the spin
orientation in the undetected H atom product, in effect equal
to the total chlorine atom orientation. For H atoms formed
in conjunction with Cl and recoiling along the photolysis
propagation direction, the inferred electron spin polarization
is 52%, while that formed with Cl* is 100% polarized. The
spin polarization averaged over all recoil directions is half-
this limiting value. Although the H atom has not been directly
measured in these experiments, the results for the cofragment
Cl and Cl* clearly imply significant electron spin polariza-
tion. Coupling of the electron spin with the proton spin in
the H atom will lead to oscillations with a period of 0.7 ns.
For longer times or broader dissociation laser pulse durations,
50% depolarization of the electron spin will occur. After
averaging over the electron spin corresponding to Cl and
Cl* coproduction, and hyperfine depolarization, 36% spin
polarized H atoms are expected along the photolysis laser
propagation direction.

Figure 15. Fully adiabatic potential curves for HCl. The potentials,
in order of increasing energy in the asymptotic region (inset), are
X1Σ0

+(dotted line), a3Π1 (dashed-dotted line), A1|Π1 (dashed line),
a3Π0

+ (solid line), and t3Σ1 (dot-dot-dashed line). Reproduced with
permission from J. Phys. Chem A 2004, 108, 7790. Copyright 2004,
American Chemical Society.

Orbital Polarization in Photodissociation Chemical Reviews, 2008, Vol. 108, No. 9 3731



As mentioned above, Brown and co-workers reported a
detailed theoretical study of the complete angular momentum
polarization distributions for HCl and DCl photodissociation
at a range of photolysis energies,134 building upon extensive
ab initio calculations by Alexander et al.135 A time-dependent
wave packet approach was used to generate the photofrag-
mentation T-matrix elements. From these, the dynamical
functions could be calculated, ultimately yielding the mo-
lecular frame polarization parameters. Results for Cl from
HCl and DCl dissociation are shown in Figure 16. The
polarization parameters in general show a significant varia-
tion with wavelength, in particular manifesting a large
fluctuation at lower energies. It is notable that this wavelength
dependence is strongly damped for DCl compared to HCl.
Furthermore, for DCl, the incoherent alignment in the
ground-state Cl atom is negligible regardless of wavelength.

As shown in Figure 16, the agreement of the experimental
values of the parameters a0

(1)(⊥ ), a0
(2)(⊥ ), a2

(2)(⊥ ), and
Re[a1

(1)(|,⊥ )] with theory is quite satisfactory. The a2
(k)(⊥ )

parameters (Figure 16B) arise from coherent perpendicular
excitation of the a3Π1 and A1Π states.Again, there is
significant variation with photolysis energy especially in the
low-energy region. The single experimental measurement for
a a2

(2)(⊥ ) in HCl dissociation agrees quite well with the
theoretical calculation. Results for the Re[a1

(1)(|,⊥ )] parameter
are shown in Figure 16C. Here, the deviation from zero is
small, and again occurs only at the low energy where the
parallel contribution is not negligible. The parameter reflects
interference between the parallel component, arising from
nonadiabatic coupling of the a3Π0+ state to the ground state
and the dominant perpendicular contribution. It is a direct
measure of this interference, and thus the parallel contribu-
tion. The theoretical prediction at 193 nm falls within the
rather large uncertainty of the experimental measurement.

For the Cl* product, K ) 1 orientation is the only
polarization possible, and the coherent a [a1

(1)(|,⊥ )] parameter
is shown in Figure 16D. The effect is significant only at the
lowest energy, and the agreement with the experimental
measurement is not particularly good. The incoherent
orientation parameter a a0

(1)(⊥ ), not plotted, is reported to be
constant at its limiting value of 0.577 at all photolysis
energies, both for HCl and DCl photodissociation. This is
so because, depending on the helicity of the dissociation light,
only a single state, 3ΣΩ)(1 contributes to the incoherent
orientation. This is in fair agreement with the experimental
measurement of 0.6 ( 0.14.

Direct determination of the hydrogen atom spin polariza-
tion has recently been demonstrated by Sofikitis et al.192 by
means of detection of polarized fluorescence at 121.6 nm.
The polarization may be calculated in the molecular frame
as follows:

Pe )
jz(θc)

j
) 2�j+ 1

j

a0
(1)(⊥ ) cos θc

1+ cos2 θc

(77)

where jz is the expectation value of the component of the
electron spin along the recoil direction, θc is the recoil angle,
and j ) 1/2 is the total electron spin of the hydrogen atom.
As shown in eq 77, the spin polarization Pe has its maximum
value Pe

max ) �[(j + 1)/j]a0
(1)(⊥ ) for atoms moving parallel

to the photolysis beam propagation at θc ) 0 and has zero
value for atoms moving in the perpendicular direction at
θc ) π/2.

Equation 77 does not take into account the hyperfine
depolarization in the H-atom, which gives a factor of 1/2.

Figure 16. Indicated Cl anisotropy parameters from theory (lines)
and experiments of Rakitzis et al.78,133 at 193 nm: (solid lines)
HCl and (dashed lines) DCl. Panels A-C refer to ground-state Cl,
while D is for spin-orbit excited Cl*. Reproduced with permission
from J. Phys. Chem. A 2004, 108, 7790. Copyright 2004, American
Chemical Society.
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According to the recent suggestion by Rakitzis, the effect
of hyperfine depolarization can be significantly suppressed
by creating large nuclear polarization in the parent molecules
via the coherent excitation to selected rotational states |JMJ〉
before the photolysis.136,191 This is important because the
method suggested may be used to reduce the effect of
hyperfine depolarization.

Balint-Kurti and co-workers134 have also presented a
discussion of various dynamical models for the dissociation
of hydrogen halides. These are (1) adiabatic, (2) diabatic or
sudden, (3) quasiclassical, using analytical expressions for
the probability of a nonadiabatic transition between two
interacting states, and (4) statistical or strong coupling. The
adiabatic model assumes that reaction occurs on a single
adiabatic electronic state. Because the adiabatic model would
result in a branching fraction Cl*/Cl of zero value, in
contradiction to the experimental results, it is clearly incor-
rect. In the diabatic picture, the atoms are assumed to separate
so rapidly that there is no time for electronic rearrangement
to follow the changing nuclear configuration, and the
nonadiabatic transitions occur in a narrow, well-defined
region. Although the low reduced mass and large recoil
velocity might lead one to suppose that hydrogen halides
should fit the diabatic model well, the model in this case
predicts no net spin polarization in the H atom, in contradic-
tion to experiment. This is a consequence of the failure of
the second condition above, namely, the requirement for a
narrow region of nonadiabaticity. Examination of the wave-
packets show two rather broad regions of rearrangement that
have little overlap. In the first region, from 3.5 to 5.5 bohr,
nonadiabatic transitions occur between the A1Π1 and the t3Σ1

states, while in the second region, from 5 to 8 bohr,
transitions occur between the A1Π1 and a3Π1 states.

Although these transitions do not occur at localized
internuclear distances, the fact that the couplings occur in
distinct pairs allows for application of separated two-state
models to represent the dynamics. The separate nonadiabatic
area model qualitatively correctly predicts high polarization
of the H fragments in the entire energy range and the
polarization decrease at low energy. However, this model
does not predict quantitatively the high- and low-energy
behavior of the fragment polarization indicating that the
nonadiabatic interaction in HCl involves three states one and
occur for wide range of internuclear distances.

Finally, a statistical model assumes all states are fully
coupled and thus that all accessible states are equally
populated. This would yield branching of 1/3 each to A1Π1

and a3Π1 (giving Cl) and 1/3 to t3Σ1 giving Cl*. The predicted
H atom spin polarization is also 1/3. None of these models
affords a satisfactory prediction over the full energy range
of the calculations. At low energy, the wavepacket calculation
results for HCl are near the adiabatic limit, while at high
energy, they approach the statistical prediction. For DCl, the
calculations are near the statistical limit over the entire energy
range.

We suspect the reason why all simple dynamical models
considered above fail to reproduce the result of the exact
calculation for the dissociation of hydrogen halides as a
function of excitation energy is based mainly on the high
recoil energy of the hydrogen atom. According to the
Rosen-Zener-Demkov-Nikitin nonadiabatic dynamical
models,51 nonadiabatic interaction between the adiabatic
potential curves increases exponentially with the recoil
velocity. In principle, all models which assume the “visu-

alization” of the movement of atomic nuclei along the
potential curves can be used only if the nonadiabatic
interactions between the potential curves are localized in the
relatively narrow areas of the internuclear distance R. For
the fast moving hydrogen photofragment, this is probably
not the case because the nonadiabatic interactions occur in
the wide range of the internuclear distances. Therefore, only
a complete quantum mechanical treatment will satisfactorily
describe the hydrogen halide photodissociation dynamics.

3.2.3.3. HBr. Angular momentum polarization in the
photodissociation of hydrogen bromide was studied experi-
mentally by Rakitzis and co-workers using slice imaging at
193 nm.79,133 They used linearly and circularly polarized
photolysis light for production of Br(2P3/2) and Br(2P1/2)
photofragments and reported the values of a large number
of the polarization parameters. These are parameter �,
orientation parameters a0

(1)(⊥ ), Re[a1
(1)(|,⊥ )], and Re[a1

(3)(|,⊥ )],
and alignment parameters a0

(2)(⊥ ) and a2
(2)(⊥ ). Calculation

of the H(2S1/2) cofragment electron spin polarization using
the conservation of angular momentum has shown that for
the atoms recoiling along the θc ) 0 direction, see eq 77, it
is very high [about 100% for the Br(2P1/2) channel and 86%
for the Br(2P3/2) channel (neglecting the hyperfine depolar-
ization)].

Ab initio potential energy curves, transition dipole mo-
ments, and spin-orbit coupling matrix elements were
computed for HBr by Smolin and co-workers.137 Unlike HF26

and HCl134 where the initial excitation is dominated by the
A1Π1r X1Σ0+ transition, see Figure 16, in HBr all optically
allowed transitions can contribute. However, the parallel
component is still much smaller than the perpendicular one
and is highly sensitive to the finer details of the electronic
structure calculations. Time-dependent quantum-mechanical
wavepacket calculations have been performed to study the
photodissociation dynamics of the molecule. Total and partial
integral cross sections, the branching fraction for the forma-
tion of excited-state bromine atoms Br(2P1/2), and the lowest-
order anisotropy parameters, �, for both ground and excited-
state bromine have been calculated as a function of photolysis
energy and compared to experimental and theoretical data
determined previously.

In particular, Figure 17 shows the total integral cross
sections computed for the photodissociation of HBr from
its ground vibrational state.137 The figure also shows the

Figure 17. Total and partial cross-sections for the photodissociation
of HBr from the ground vibrational state with experimental results
from ref 138. Reproduced with permission from J. Phys. Chem A
2006, 110, 5371. Copyright 2006, American Chemical Society.
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experimentally measured cross section of Huebert and
Martin.138 It is seen that the total integral cross section
calculated by Smolin and co-workers137 compares quite well
to the one measured experimentally. The figure also shows
the partial cross-sections. Surprisingly, the a3Π1 partial cross
section, which arises from an electronically nonadiabatic
transition from the A1Π1 state, makes the largest contribution
to the total cross section, while both the A1Π1 and t3Σ1 partial
cross sections make substantial contributions.

Nearly all calculated values of the anisotropy parameters
aQ

(K) were found to be in good agreement with the experi-
mental results of Rakitzis et al.79,133 within the experimental
error. Insight is obtained into the nonadiabatic dynamics by
comparison of the results of diabatic and fully adiabatic
calculations. The calculation showed that most of the angular
momentum orientation is produced because of an incoherent
photodissociation mechanism and that the value of the
corresponding anisotropy parameter a0

(1) for Br(2P3/2) has a
shallow maximum in the high photon energy side.

3.2.3.4. HI. Similar calculations for HI, based on both
empirical and ab initio electronic structure data, have been
performed by Brown139 and Jodoin and Brown.140 Jodoin
and Brown have performed quantum mechanical time-
dependent wave packet calculation based on the empirical
adiabatic potential energy curves reported earlier by LeRoy
et al.141 and the transition dipole moments calculated ab initio
by Alekseyev et al.142 In their theory, Jodoin and Brown
used an approach that completely ignores coupling between
the adiabatic electronic states because of the kinetic energy
operator. They computed a wide range of scalar and vector
properties of the photodissociation as a function of photolysis
energy: the total and partial cross sections, parameter �, and
the full set of the body frame polarization parameters aQ

(K)

up to the rank K ) 3. To the best of our knowledge, no
experimental results have been reported so far on this system.

3.2.4. O2

Angular momentum polarization in the photodissociation
of molecular oxygen has been examined in the full range of
energies from 4 to 10 eV. This spans three distinct regions:
(1) the Herzberg bands and continuum from 4 to 6 eV, (2)
the Schumann-Runge band and continuum, 6-8 eV, and
(3) transitions through the E(3∑u

-) state from 8-10 eV.143

We begin the discussion with the earliest such report, by
Eppink et al. in 1997.87 They used a two-step excitation via
the b(1Σg

+) state to access the B(3Σu
-) state at a total energy

of 7.71 eV in the region of the Schumann-Runge continuum.
The B state correlates directly to O(3P) + O(1D) products,
and in their imaging study they used 2 + 1 REMPI through
the (1F3) level to probe the latter product. Because all the
states involved have Σ character, only parallel contributions
are expected and no perpendicular components were included
in the analysis (and hence no coherences). From this diagonal
treatment, they inferred mJ populations for the O(1D) product
of 0.93:0:0.07 for |mj| ) 0:1:2, respectively. The O(1D)
product is nearly completely aligned in mJ ) 0, that is, a dz2

orbital. Correlation arguments indicate that this result is
expected for pure adiabatic dissociation. In this experiment,
the correlated fine structure distribution for the O(3P)
coproduct has not been resolved, but Huang and Gordon144

had reported overall branching fractions of 0.93:0.07:0 for
O(3P) J ) 2:1:0, respectively, in the Schumann-Runge
continuum. The observation that the fine structure distribution
is dominated by the ground-state O(3P2) product is consistent

with adiabatic behavior. However, because there are a
number of states that correlate to O(3P2), this result is a
necessary but not sufficient condition for adiabaticity. The
alignment measurements are unambiguous evidence in sup-
port of predominantly adiabatic behavior. The observation
of 7% O(3P1) yield reported by Huang and Gordon144 clearly
indicates some level of nonadiabaticity; however, there is
insufficient evidence to associate this with product with the
mJ ) 2 contribution to the alignment in the O(1D).

Recently, the Houston group at Cornell has reported a
detailed study of O2 photodissociation at a range of wave-
lengths in the VUV.145 They examined the region from
120-133 nm, which is dominated by transitions to the lowest
vibrational levels of the E(3Σu

-) state. At 130-133 nm they
found both O(3P) + O(1D) and O(3P) + O(3P) channels
contributing, while at shorter wavelengths, only the former
process was observed. The � parameter was found to vary
from 1.5 in the wings of the E state absorption to 0.5 in the
center of the band around 124 nm. Although the transitions
are, again, exclusively parallel in character, in this case
excitation of a range of rotational levels, combined with long
predissociation lifetimes, leads to a significant breakdown
of the axial recoil approximation. Alignment in both O(1D)
and O(3P2) products was measured using the parallel/diagonal
approach just as in the study of Parker and co-workers
mentioned above. In addition, the 1 + 1′ probe employed
for the O(3P2) detection was not sensitive to mJ ) 2, and
for O(1D), the mJ ) 2 population was found to be negligible.
They observed substantial alignment in the O(1D) product,
reported as ratios of population in |mJ| ) 1 to mJ ) 0. This
ratio ranged in value from 0.08 to 0.12, while an unaligned
sample would have the value 2.

The Herzberg continuum is an electronically complex
region of the oxygen absorption just above the lowest
dissociation limit.143 It consists of a series of electric dipole
forbidden transitions, A(3Σu

+), c(1Σg
-), and A′3∆u), represent-

ing the Herzberg I, II, and III transitions. These borrow
intensity from allowed transitions through complex spin-orbit
and orbit-rotation interactions. The Herzberg I continuum
includes a mixture of parallel and perpendicular character,
while the II and III transitions are purely perpendicular.
Buijsse and co-workers studied the angular distributions for
all spin-orbit states of the product O(3PJ) atoms in this
region to explore the detailed character of these excita-
tions.146 Their work inspired a thorough ab initio investiga-
tion of the electronic states in the Herzberg continuum by
van Vroonhoven and Groenenboom, including predicted
angular distributions, fine structure branching fractions, and
photofragment polarization.147 Although the latter measure-
ments were never made by the Nijmegen group, Zare and
co-workers recently reported results for O(3P1, 2) molecular-
frame orientation and alignment at a range of wavelengths
in the Herzberg continuum.97 They used a velocity-selective
TOF technique in conjunction with the 2 + 1 REMPI probe
of the O atom near 226 nm. They obtained results for the
alignment parameters at 222 and 237 nm, showing both
incoherent and coherent contributions. These results were
compared with predictions for the incoherent polarization
based on the semiclassical calculations of van Vroonhoven
and Groenenboom. In combination with angular distribution
measurements, these measurements allowed for decomposi-
tion of the transitions in terms of their parallel and
perpendicular character and their relative contributions to the
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incoherent alignment. Reasonable agreement was found with
the semiclassical predictions, especially for the J ) 2 case.

The orientation measurements reported by Alexander et
al. consisted only of results for the coherent Im[a1

(1)]
parameter resulting from dissociation via linearly polarized
light. In this case, for the simple interference between one
perpendicular and one parallel transition, the orientation
parameter is proportional to sin(∆	) ) sin(	⊥ - 	||), where
∆	 is the asymptotic phase difference between the radial
parts of the dissociative wave functions for the two states,
as discussed above for ICl. Because this elastic scattering
phase difference is expected to vary with excitation energy,
Zare and co-workers measured the parameter at a series of
dissociation wavelengths throughout the Herzberg continuum.
The results were compared with predictions from the
semiclassical treatment of van Vroonhoven and Groenen-
boom. Although the theory assumes only a single pair of
interfering states, the magnitude of the orientation was
reproduced satisfactorily. More recently, Brouard and co-
workers reported a study of K ) 1, 2 polarization in the
O(3PJ) product of O2 dissociation with broadband 193 nm
excitation.148 They attributed their results exclusively to
dissociation via the Herzberg continuum owing to use of a
cold molecular beam, although there are transitions from high
ground-state rotational levels directly to the B state in this
region. They combined their measurements with calculations
based on the van Vroonhoven and Groenenboom calculations
and found qualitative agreement with the incoherent contri-
butions. They modeled the coherent contributions by estimat-
ing phase differences for dissociation by the different
interfering paths and could account both for large coherent
alignment contributions, as well as small coherent orientation
as seen in the experiments.

3.2.5. RbI

The experimental study of the angular distribution of
spin-oriented Rb ground-state photofragments produced in
photolysis of RbI has been reported by Korovin and co-
workers.34,81,149 They used circularly polarized photolysis
light at 266 nm to access the second excited continuum of
the molecule, which correlates directly to the ground-state
(52S1/2) rubidium atom and the spin-orbit excited-state (52P1/

2) iodine atom. The continuum consists of three spectrally
unresolvable states of the 1, 0+, and 0- symmetry (with
respect to the Hund’s case c coupling scheme).150 The first
two of these states can be optically excited from the 1Σ+

ground-state giving rise to the parallel and perpendicular
transitions and to the ∆Ω ) (1 coherence. As shown in
section 2.1.7, the underlying dissociation dynamics in this
case can, in general, be described by three anisotropy
parameters, R1, γ1, and γ′1; the first two usually contribute
to the experimental signal obtained using circularly polarized
photolysis light.

Doppler-resolved Faraday detection of the spin-oriented
rubidium photofragment was used in the experiment. This
technique explores the photofragment magnetic optical
birefrigence of a vapor and is based on the gyrotropic
component of the atomic polarizability causing the electric
field of the probe light to be rotated by a certain angle after
the light is passed through a polarized vapor. The experi-
mental signal resulting from the rotation of the probe light
polarization is described by a dispersion curve that has zero
value at the center of the absorption line. Therefore, in
comparison with resonance techniques, the Faraday detection

has the advantage of reducing the influence of saturation
effects and of thick optical layers on experimental data.33

The anisotropy parameters �, R1, and γ1 have been
determined from experiment. The effect of thermal motion
of the parent Rbl molecules in the absorption cell was taken
into account in the experimental data analysis. The values
of the anisotropy parameters were found to be: � ) 0.48(8),
R1 ) 0.138(20), and γ1 )-0.386(60), which indicate almost
maximum possible spin-1/2 polarization of the produced
rubidium atoms, see Table 4.

The obtained anisotropy parameters have been used for
determination of the amplitude branching ratio r⊥ /r| and the
phase difference ∆	 of the photodissociation T-matrix
elements that determine virtually all the dissociation dynam-
ics in the chosen reaction channel. In particular, the photo-
dissociation matrix elements (13) corresponding to the
photodissociation via the Ω ) 0+ and Ω ) 1 states can be
written in the form

〈Ψ0+
- |d̂0|Ψ0+ 〉 ) r|e

i	0 (78)

and

〈Ψ1
-|d̂1|Ψ0+ 〉 ) r⊥ ei	1 (79)

where (r|)2 and (r⊥ )2 are the probabilities of the production
of the photofragments in the corresponding reaction channels
and 	0 and 	1 are the scattering phases.

Using eqs 13, 24, 27, 78, and 79, the anisotropy parameters
in terms of the scattering amplitudes and phase difference
∆	 ) 	1 - 	0 can be written as81

�)
2(r|

2 - r⊥
2 )

r|
2 + 2r⊥

2
(80)

R1 )
1

√3

r⊥
2

r|
2 + 2r⊥

2

γ1 )
1

√3

2 cos ∆	r⊥ r|

r|
2 + 2r⊥

2

With the use of eq 80 and the experimental values of the
anisotropy parameters, the branching ratio r⊥ /r| and the phase
difference ∆	 were found to be: r⊥ /r| ) 0.71(19) and ∆	
) 173(29)°. The obtained negative value of the parameter
γ1 and the large value of the phase shift ∆	 have been
interpreted by Korovin and co-workers using a model of
precession of the photofragment angular momentum j with
the frequency ∆Ωcoh(R) ) ∆Ucoh(R)/p, where ∆Ucoh is the
energy difference between the molecular states Ω ) 1 and
0+ in the molecular electric field directed along the inter-
nuclear axis69,81

∆	)∫0

∞
∆Ωcoh(R)dR (81)

where R ) R0 + Vt, V is the relative photofragment velocity,
R0 is the equilibrium internuclear axis, and t is the time after
absorbtion of the photon.

Therefore, the physical meaning of the obtained experi-
mental result is that in the end of the photodissociation of
Rbl at 266 nm the components of the fragment angular
momentum related to the anisotropy parameters R1 and γ1

are almost antiparallel to each other.
Note that no nonadiabatic interaction is expected between

the 1 and 0+ continuum states in Rbl molecule; therefore
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the origin of the obtained phase shift is very similar to that
reported by Zare and co-workers in ICl24,25 and related
mostly to the elastic scattering phase shift from two potential
curves of different symmetry. Therefore, the oscillations in
the orientation signal of the type reported by Zare and
co-workers24,25 are expected also in Rbl as function of the
photolysis photon energy that can provide important infor-
mation about the shapes of the unbound molecular potential
curves.

3.3. Applications: Triatomic and Polyatomic
Molecules

We now turn to a discussion of orbital polarization in
dissociation of polyatomic molecules. We will examine the
extensive experimental results that have been reported for
select triatomic systems NO2, N2O, O3, SO2, CS2, and OCS,
as well as the more complex molecule, ethylene sulfide. It
should be noted that the theoretical interpretation of results
for polyatomic systems is hampered by the fact that the
theory of Siebbeles et al. that forms the foundation of these
analyses was developed in a basis best suited for diatomic
molecules. Despite this, we believe that the kinematic part
of the polarization cross sections in eq 11, which includes
the recoil photofragment angular momentum distributions
and related vector coefficients, is valid for polyatomic, as
well as diatomic, molecules, and therefore the anisotropy
parameters which can be obtained from experiment suf-
ficiently describe the photodissociation of any molecule
within first-order light-matter interaction perturbation
theory.186

Although the expression for the dynamical functions in
eq 13 is written in the form where Ω is a good quantum
number, which is correct for linear molecules, for planar
polyatomic molecules this is generally not the case. This
makes it very complicated to estimate the values of the
dynamical functions corresponding to certain dissociation
processes in polyatomic molecules without high-level com-
putation, as can be done for most of the diatomic molecules.
Indeed, the formal theory of molecular photodissociation35,37

can in principle be used for computation of the dynamical
function values for any triatomic molecule regardless of the
basis used. However, the computational difficulties are so
high that no theoretical determination of the dynamical
functions or anisotropy parameters for any triatomic or
polyatomic molecule has been reported so far.

Nevertheless, as we show later, qualitative interpretations
of the results of these studies based on the anisotropy
parameter values determined from experiment are often
possible and can provide deep insight into the underlying
dynamics in some cases.

3.3.1. NO2

In 1999, Ahmed and co-workers applied the theory of
Siebeles et al. to dissociation of a polyatomic molecule for
the first time in a study of NO2 photodissociation at 213
nm.8,23 Their 2-color imaging experiments probed alignment
in the fine structure components of the ground-state oxygen
atom product of that process. The alignment was negligible
for the 3P2 and 3P0 states (the latter state cannot possess
alignment). However, they reported substantial alignment in
the 3P1 O atom. This was dominated by an incoherent parallel
contribution, but a significant component arising from the
γ′2 coherent term was also seen. This was ascribed to

coherent excitation of parallel and perpendicular components
of the transition moment in the O atom recoil frame, a
consequence of the fact that the transition moment, which
lies along a line connecting the oxygen atoms, is at some
angle to the dominant recoil direction. The O atom recoil
frame thus has both parallel and perpendicular components.
The product O atom was said to “remember” the original
molecular plane from which it came. This is an example of
what has been termed a “static coherence” because the
relative phases are fixed by the geometry, and this can arise
even in dissociation on a single electronic state.

Recently, Coriou et al. examined NO2 dissociation in a
series of one-color imaging experiments in the region
200-205 nm.151 This region was chosen because both O(1D)
and O(3P) products could be probed here. For the ground-
state O atom products, a broad distribution extending to 2.5
eV total energy release was observed, with a broad peak
around 1.2 eV and sharper peaks appearing at lower energy.
Similar behavior was seen in the 213 nm experiments of
Ahmed,23 but with perhaps less of the broad component.
They reported the 3P2:3P1:3P0 fine-structure distribution as
1.0:0.02:0.02 but expressed some suspicion that the large
3P2 signal arose from an accidental resonance. Clearly, two-
color measurements should be more reliable. They did not
report angular momentum polarization measurements for the
ground-state O atom but found � parameters around 1.0,
somewhat lower than that reported by Ahmed et al. at 226
nm.

Coriou et al. also examined the O(1D) product of NO2

dissociation, at 203.8 and 205.5 nm. They determined the Q
) 0 components of the K ) 2 and 4 recoil frame multipole
moments for REMPI detection through the 1F3 and 1P1 states
corresponding to the range of each cofragment vibrational
level, NO (V ) 0-4). These were compared to semiclassical
model calculations based on electrostatic interaction poten-
tials for NO2 developed as a function of the Jacobi angle.
The best agreement was found with the 3A′ model potential.
It was argued, however, that averaging over a range of Jacobi
angles consistent with the observed � parameters, the 1A′
model potential fit as well, and this assignment was favored
for consistency with the available literature. Finally, we
should note that Brouard and co-workers recently studied
NO2 dissociation at 308 and 226 nm.148 They found
negligible O atom alignment at 308 nm and argued that Π
character of the NO cofragment may lead to a more dense
manifold of crossings and avoided crossings that could
scramble the angular momentum polarization. Their results
at 226 nm clearly showed a sharp fast peak for NO2

dissociation, but an additional slow contribution was ascribed
to N2O4 dissociation; this is not surprising given the large
dissociation cross section for the latter molecule in the deep
UV. Their results implied that some of the very slow
structured products seen in the Ahmed study and, by analogy
in the Coriou work above, may come from N2O4. Although
it is surprising that the latter would give rise to such sharp
structure, this is an important point for NO2 studies in UV,
and a deeper investigation is warranted.

It should be noted that the NO coproduct in NO2

photodissociation is also highly polarized. The rotational
angular momentum orientation and alignment of the NO
fragments generated via linearly polarized 308 nm photo-
dissociation of NO2 was determined in an earlier study by
Brouard’s group94 using laser-induced fluorescence. By
observing the dependence of the photofragment NO Doppler-
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resolved transition line shapes on experimental geometry,
Brouard et al. determined multipole moments of the photo-
fragment angular momentum distribution up to and including
rank 3.

3.3.2. N2O

The N2O ground-state is linear and of 1Σ+ symmetry, and
there are excited states of 1Σ- and 1∆ symmetry. Optical
transitions to these states are forbidden in linear geometry,
as is also the case for OCS discussed below. As the molecule
bends, these transitions gain intensity, the 1Σ- becomes the
11A′′ state and the 1∆ state splits into a Renner-Teller pair
consisting of the 21A′ and 21A′′ states. The latter is higher
in energy and direct excitation of the 21A′′ state is believed
to play at most a minor role in the dissociation in this energy
region. Extensive calculations of these excited states152–155

have been performed, and it is found that transition to the
2A′ state dominates. The transition moment for this excitation
lies in the plane of the molecule and largely follows the
direction of the NO bond as the molecule is bent155 but has
both parallel and perpendicular components. However direct
excitation of the 11A′′ state is also possible. The dissociation
proceeds via crossing of these states with a repulsive 1Π
state (1A′1A′′ in Cs) at larger NO distances. The importance
of bending in promoting the transition is widely known both
in experiment and theory, and bending in the excited-state
accounts for the high N2 rotational distribution seen, which
peaks near J ) 75.156 The population anisotropy is speed-
dependent,156 and � averages about 0.5.157 A similar value
was obtained by Ahmed and co-workers using an approach
that exploited the fact that the linestrength factors for the
rank 2 alignment are opposite in sign for the two commonly
employed REMPI transitions for O(1D). By making linear
combinations of the angular distributions obtained via the
two transitions, and optimizing the fit to the alignment-free
expression, one could effectively eliminate the rank 2
alignment.

The first evidence for multiple dissociation components
and O(1D) orbital alignment in 205 nm photodissociation of
N2O was reported by Suzuki et al.121 in 1996 using ion
imaging. Suzuki et al. presented the photofragment recoil
distribution consisting of at least two components and
suggested that there are overlapping electronic transitions,
nonadiabatic transitions, or both that lead to different
dissociation pathways.

A number of groups have studied O(1D) orbital polariza-
tion in N2O photodissociation in the deep UV. Neyer et al.,
performed a one-color study probing state-specific N2 angular
distributions as well as alignment in the O(1D) in the region
from 200-205 nm.156,158 They employed a diagonal treat-
ment in which the O(1D) mJ values were fitted with arbitrary
independent angular distributions. The rank K ) 4 contribu-
tion to the alignment was included in the treatment, but they
reported difficulty fitting the results. They found the align-
ment dominated by |m| ) 1 for the bulk of the distribution.
Ahmed et al., in an imaging study of the rank 2 alignment
in N2O photodissociation at 193 nm, explicitly accounted
for coherence using the laboratory frame anisotropy param-
eters discussed above. They found that the rank 2 alignment
was dominated by an incoherent parallel contribution but
also showed a significant perpendicular coherent component.
The diagonal elements of the density matrix obtained by
Ahmed et al., averaged over the angular distribution, agreed
quite well with that determined by Neyer et al.

More recently, Teule et al.155 studied dissociation of
specific rotational levels of bend-excited N2O prepared using
a hexapole state selector. They used the same diagonal
approximation employed in the earlier study, including the
rank 4 contribution and fitted the |mJ| levels independently.
They supplemented these measurements with a theoretical
prediction of the |m| distributions on the basis of ab initio
calculations of the potentials at short-range, with long-range
potentials based on a quadrupole-quadrupole interaction.
The model of Teule et al. then predicted |mJ| distributions
that depend on the bend angle of the dissociating molecule.
For the 2A′ transition, the product |m| ) 1 was found to
dominate for bend angles to about 35°, after which |m| ) 0
and 2 both contributed with a similar angular dependence.
Teule et al. then correlated the bend angles associated with
production of N2 J ) 70 and 82 with the alignment in the
O(1D) cofragment.

Smolin et al.85 have re-examined the 193 nm dissociation
of N2O with specific attention to determination of all even-
rank anisotropy parameters for O(1D), including both inco-
herent and coherent contributions. The results showed quite
good agreement with the earlier analysis that considered only
the K ) 2 alignment but provided values for the K ) 4
parameters as well. The experimental data for two geometries
are shown in Figure 18, along with simulations obtained from
the analysis with the K ) 4 contributions included (Figure
18B) and omitted (Figure 18C). Nonzero values for all K )
4 parameters are obtained from the data, although the
magnitude of these are lower than the K ) 2 contributions.

Although a detailed interpretation of these observations
is beyond the scope of what is currently theoretically
possible, it is clear that they reveal the complex dynamics
of this process. With multiple electronic states involved in

Figure 18. (A) Experimental unsliced alignment difference images
for O (1D2) from N2O dissociation at 193 nm for two experimental
geometries showing forward convolution simulations (B) including
and (C) neglecting the K ) 4 contribution. Reprinted with
permission from Smolin et al., J. Chem. Phys. 121 6759 (2004).
Copyright 2004, American Institute of Physics.
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the excitation, and a number of nonadiabatic transitions likely
during the dissociation, a complete characterization of the
atomic orbital polarization must include many parameters
to define the relevant amplitudes and phases of the photo-
fragment scattering matrix.

The angular momentum alignment distributions of the
O(3PJ) products of N2O photolysis at 193 nm via the spin-
forbidden triplet dissociation channel have been investigated
by Brouard et al.107 using velocity map imaging. The
measured velocity and spatial anisotropy distributions indi-
cate that around 60% of the available energy appears in
product translation, with the remainder being released into
internal excitation of the N2 cofragment. As discussed in
section 2.1.10, the small or zero value of the anisotropy
parameter γ2 measured by Brouard et al. is in qualitative
agreement with the theoretical prediction for this type of
reactions. The measured O(3PJ) alignment anisotropy pa-
rameters have been interpreted in terms of an instantaneous
dissociation model, which suggests preferential population
of ML ) 0 states and an electron density distribution peaking
perpendicular to the direction of the breaking bond. This is
consistent with dissociation on a surface of Σ- symmetry,
the most likely candidate correlating with ground-state
products being the asymptotic 3Σ- (3A′′ ) surface. There are
several possible routes to this surface, and these are
considered in light of the measured velocity distributions and
velocity-dependent spatial anisotropy parameters of the
O(3PJ) products relative to the dominant O(1D) dissociation
channel.

3.3.3. O3

Although the dominant features of ozone photoabsorption
in the ultraviolet spectral region are well-understood, there
remain puzzles that so far elude definitive explanation: the
mass independent heavy isotope enrichment in the strato-
sphere,159,160 the vibrational structure seen in the Hartley
and Huggins bands,161,162 the varying bimodal vibrational
distributions seen in the ground electronic state photolysis
products,163 and the variation in the vibrational distributions
in the dominant excited-state products throughout the UV.164

The methods discussed in this review are ideally suited to
probe the details of ozone’s photochemistry, a system
notorious for its electronic complexity,165–168 and interest
in ozone dates to some of the earliest imaging studies of
orbital alignment in work from the Houston group.98,163,169–171

Ozone’s intense UV absorption in the Hartley band peaks
around 254 nm, and this was ascribed solely to excitation to
the B̃ state in the diabatic representation (see potential energy
surface cuts in Figure 19 from ref 166). Subsequent diabatic
dissociation yields mainly O(1D) and O2(a1∆g), but roughly
10% of the branching leads to ground-state products via the
R̃ state. Dylewski et al. reported a detailed study of alignment
in ozone dissociation across a significant portion of the
Hartley band. They applied both the diagonal treatment, in
which coherences were neglected, and the angular depen-
dence of the mJ distribution was determined by fitting, and
a fully quantum mechanical approach.98 They concluded that
at dissociation wavelengths of 255 and 298 nm, an incoherent
parallel excitation mechanism dominates, supporting previous
assertions, based on theory, that the initial absorption and
subsequent dissociation largely take place on the 11B2

surface. Their data also clearly show a K ) 4 contribution,
suggesting additional participation of other excitation or
dissociation pathways, but this was not included in the

analysis. They also reconstructed the K ) 0, 2 contributions
to the O(1D) angle-dependent density matrices. More re-
cently, Hancock and co-workers172,173 have reported sig-
nificant alignment and orientation in the molecular O2(a1∆g)
fragment, and this was seen to fluctuate with product
rotational state, perhaps related to the rotational-state de-
pendent curve crossing reported by Valentini and co-
workers.174 This observation of substantial rotational orien-
tation is surprising and, to date, lacking a thorough explanation.

Recently Lee et al. reported detailed measurement of K
) 1 and 2 polarization of the O(1D) from ozone dissociation
at wavelengths from 248-285 nm.80 This study, using DC
slice imaging, allowed the recoil speed-dependence of the
polarization to be revealed with great clarity. Experimental
images are shown in Figure 20 for photolysis at 266 nm using
left and right circularly polarized probe light. The dissociation
laser was polarized both circularly and linearly at 45°, as
shown, to detect the atomic orientation effect. The four rings
in each image correspond to ν ) 0-3 in the O2(a1∆g)
cofragment. The difference images show that the values of
orientation anisotropy parameters (R1, γ1), obtained using
circularly polarized photolysis light, are negligible within
the statistical error. For the case of 45° linearly polarized
light, however, there is a strong orientation effect (γ′1) that
is strongly dependent upon the photofragment recoil speed.
A striking feature is the change in sign of the innermost ring
relative to the other three, which is confirmed by switching
the direction of the photolysis polarization from +45° to
-45°, as shown. This clearly reveals that the coherent
parallel/perpendicular contribution is dominant and is cor-
related with the recoil of the O2 cofragment in ozone
photodissociation.

To investigate closely the recoil speed dependence of γ′1,
these measurements were carried out at various dissociation
wavelengths (Figure 21). A change of sign in the difference
images and a change of sign in γ′1 is seen for the slower
fragments consistently. This reveals that the sign and

Figure 19. Schematic cuts through diabatic potential energy
surfaces for ozone.
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magnitude of γ′1 correlates most strongly with the O atom
recoil speed rather than the specific vibrational level of O2

cofragment. In particular, for the photolysis wavelengths near
280 nm, a sharp change of sign in one ring is seen, implying
that the correlation of γ′1 with cofragment rotational level
may be part of the dependence of the orientation effect on
recoil speed.

The absolute K ) 1 orientation anisotropy parameters can
be obtained by fitting the difference images with proper
normalization. For the γ′1 case, it is also possible to measure
directly the orientation parameter by simply integrating the
total intensity of the difference image at each recoil speed.
With the latter approach, γ′1 is found and plotted as a function
of O atom recoil speed in Figure 22 for selected wavelengths.
One notable feature of these plots is that the peak of the
orientation parameter does not generally occur at the peak
of the population for each vibrational level. Instead, the

maximum occurs at the slow side (corresponding to higher
rotational states of the cofragment) at each vibrational level
except for the innermost ring. For the inner ring, where γ′1
changes sign, this dependence on cofragment rotational level
is also inverted. That is, for the inner rings it is the lower
rotational levels that have the largest magnitude of the
orientation, and this occurs for rotational levels that are lower
than the most probable levels for the given vibration. This
behavior is consistently observed for other photolysis
wavelengths.

The observation of a significant γ′1 parameter is not
surprising in dissociation of a nonlinear triatomic for the
same reason that the γ2 parameter was seen in NO2, that is,
there are both parallel and perpendicular components of the
transition moment in the O atom recoil frame. Although this
static coherence effect may play an important role in the
orientation seen in ozone, the profound speed dependence

Figure 20. Experimental raw DC sliced images and orientation difference images for O1D2 dissociation at 266 nm at the indicated photolysis
and probe laser polarizations. S. K. Lee et al., Phys. Chem. Chem. Phys. 2005, 7 1. Reproduced by permission of the PCCP owner societies.

Figure 21. Wavelength dependence of the difference images for orientation produced by dissociation of ozone with linearly polarized
light. S. K. Lee et al., Phys. Chem. Chem. Phys. 2005, 7 1. Reproduced by permission of the PCCP owner societies.
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shows that this effect alone is inadequate to account for all
the observations. The change of γ′1 may reflect the changing
diabatic and adiabatic dynamics in the dissociation. Schinke
hasrecentlyarguedthatphotoexcitationintheHartley-Huggins
band system is exclusively to the B state, but curve crossings
with the A state occur both at very short-range (not likely to
be important in this case), and at longer range.165 Both the
B and the A states encounter the R state subsequently, and
there is additional opportunity for recrossing back. Further-
more, the A and the B states correlate asymptotically to the

same electronic states of the products. Coherences created
in the initial excitation may be preserved and give rise to
interference following these curve crossings. In fact, the
abrupt change seen as a function of recoil speed in each
image may be a consequence of diabatic dissociation on the
B state giving rise to large magnitude orientation effects for
higher recoil speeds, with adiabatic dissociation (i.e., crossing
to the A state) quenching this effect at lower recoil speeds.
Superimposed upon these large effects may be smaller
modulations induced by the long-range interactions and by
other nonadiabatic processes. Additional theoretical inves-
tigation will be necessary to place this speculation on a more
secure footing.

The study of angular momentum polarization in ozone has
been extended both to the long wavelength and the short
wavelength side of the Hartley band in recent work from
Oxford. Brouard and co-workers examined O(1D2) polariza-
tion following ozone dissociation at 193 and 205 nm using
velocity map imaging.175 The results at 205 nm were largely
consistent with characteristics of the Hartley band dissocia-
tion, although with somewhat reduced anisotropy. The speed
distributions agreed very well with wavepacket calculations
from Baloitcha and Balint-Kurti performed exclusively using
the diabatic B state, providing good evidence in support of
the assignment as exclusively Hartley band in origin.166,167

The results at 193 nm were seen as significantly different;
however, the speed-dependent � parameters were found to
be largely negative, as reported in earlier work and in contrast
to results in the Hartley band. Furthermore, the velocity
distributions showed a slow contribution suggesting the onset
of a new electronic transition. We should note that 193 nm
is near a local minimum in the ozone absorption, with a VUV
band rising to shorter wavelength. Brouard et al. also reported
polarization measurements for all anisotropy parameters
through K ) 4 obtained using the Fourier moment decom-
position method. The results were presented in various forms:
with explicit speed-dependence, integrated in separate fast
(Hartley-band like) and slow (non-Hartley-band) distribu-
tions, and finally integrated over the recoil distribution and
transformed to the molecular frame. Of particular note was
the observation of non-zero values for the orientation induced
by circularly polarized photolysis light (RK and γK). This
behavior was not seen in the Hartley band, supporting the
notion that multiple excited states are directly accessed in
ozone absorption at 193 nm. It is somewhat puzzling,
however, that this “transfer helicity” appears in the fast
component of the dissociation, which they otherwise associ-
ate with the Hartley-band component of the dissociation.
Brouard and co-workers modeled the polarization effects by
developing electrostatic long-range potentials in the manner
of Teule et al., neglecting coherent excitation of multiple
electronic states. They found consistency between experiment
and the model if dissociation on the lowest state (∆ at
linearity) were assumed. Interestingly, this same state was
found to account for the dominant coherent orientation seen
by Lee and co-workers80 in the Hartley band.

The Hancock group has studied a number of issues in
ozone dissociation on the long wavelength edge of the
Hartley band using a REMPI-TOF technique. They reported
product state distributions and angular momentum polariza-
tion in the diatomic O2 (a1∆g) product.172,173 This effort was
extended by Ritchie and co-workers to include studies of
angular momentum polarization in the O(1D2) in the same
region.176,177 Their approach relied upon first obtaining the

Figure 22. O atom recoil speed distribution (solid line), orientation
difference signal (dotted line), and γ1

′
orientation parameter (circles)

for ozone dissociation at indicated wavelength. S. K. Lee et al.,
Phys. Chem. Chem. Phys. 2005, 7 1. Reproduced by permission of
the PCCP owner societies.
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laboratory frame polarization using the bipolar moment
approach, with subsequent transformation of these to the
molecular frame parameters. The results, extended to rank
4, were found to be largely consistent with the work of
Dylewski et al. for the alignment and with Lee and
co-workers for orientation. They also found incorporation
of the K ) 4 results to be important in obtaining an accurate
fit overall.

3.3.4. OCS

The first published imaging investigation of atomic orbital
alignment in photodissociation was a study of carbonyl
sulfide dissociation reported by Suzuki and co-workers in
1996.86 This was followed in 1998 by a major study from
the Suzuki group combining theory and experiment in a
comprehensive treatment of the process.178 Since that time,
OCS has become a cornerstone molecule in the study of these
phenomena, with almost all of the work conducted near the
peak of the first absorption band around 222 nm. We will
examine this molecule and the rich literature surrounding it
in some detail.

Cuts through the potential surfaces of OCS are shown in
Figure 23 to guide the following discussion. The ground-
state of OCS is linear, but dipole excitation of OCS is weakly
allowed only for bent molecules, so we will consider the
symmetry of the relevant excited states in both C∞V and Cs

symmetry.178 The ground 11Σ+ state becomes 11A′, and there
are 11Σ-(11A′′ ) and 11∆(21A′ + 21A′′ ) states accessible in
the UV region. Ab initio calculations by Suzuki et al. showed
that the (11A′′ ) and (21A′) surfaces are strongly bent and show
a similar topography. They cross a (1Π) state (C∞V), and this
results in avoided crossings and adiabatic dissociation
pathways leading to S(1D) and CO(X1Σ+) from both excited
states. Suzuki obtained images for both ground-state S(3P)
atoms and S(1D), and we focus on the latter, the dominant
product (>95%).The experimental images and simulations
are reproduced in Figure 24. The imaging study at wave-
lengths from 222 to 248 nm confirmed the existence of a
bimodal rotational distribution in CO seen earlier by Houston
and co-workers.179,180 The experimental observations, supple-
mented by sophisticated wavepacket calculations, showed
that the low rotational levels arose from excitation of both

the 21A′ state and the 11A′′ state, while the slower peak,
corresponding to higher rotational excitation, could be
associated exclusively with 21A′ excitation, followed by a
nonadiabatic interaction at large bending angles leading
finally to dissociation on the ground-state surface. Suzuki et
al. measured S(1D) alignment images at 223 nm, and
analyzed the results using a diagonal approach.

For the fast component, they found mJ distributions of
0.48:0.24:0.02 for 0/(1/( 2, respectively, while for the slow
peak the values were 0.60:0.14:0.06. After taking into
account the alignment, they obtained � values of 1.8 and
0.7 for the slow and fast peaks, respectively. One other
significant observation in the Suzuki work was the impor-
tance of bending motion to account for the large rotational
excitation. Large impact parameters (>1.5Å) are implied by
the large rotational excitation and modest recoil speeds.
These impact parameters are not consistent with an impulsive
origin for the rotational excitation for a quasi-linear molecule.

Shortly after Suzuki’s detailed study, Zare and co-workers
measured the speed-dependent orientation in S(1D) produced
in photolysis by linearly polarized light at 223 nm.83 This
yields the molecular frame Im[a1

(1)(|,⊥ )] parameter, which
is related to the laboratory-frame γ′1 parameter. They found

Figure 23. Cuts through the relevant potential energy surfaces of
OCS adapted from ref 178 Reused with permission from Suk
Kyoung Lee, J. Chem. Phys., 125, 144318 (2006). Copyright 2006,
American Institute of Physics.

Figure 24. S(1D2) images and simulations for dissociation of OCS
at 223 nm for indicated combination of photolysis and probe laser
polarizations. Reused with permission from Toshinori Suzuki,
J. Chem. Phys., 109, 5778 (1998). Copyright 1998, American
Institute of Physics.
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a maximum orientation for the fast peak that Suzuki ascribed
to simultaneous A′ and A′′ excitation, and significantly less
for the slow peak ascribed to excitation to the A′ state
exclusively. They favored interpretation of the orientation
as evidence for coherent excitation to these two states,
although a static coherence analogous to NO2 could not be
ruled out.

Later, Rakitzis and co-workers91 suggested a method to
measure directly the photofragment alignment from Abel-
invertible two-dimensional ion images, as a function of
photofragment recoil velocity. The method was applied for
S(1D2) atoms from the photodissociation of OCS at 223 nm.
The results were analyzed in terms of coherent and incoherent
contributions from two dissociative states, showing that the
phase differences of the asymptotic wave functions of the
fast and slow recoil-velocity channel are approximately π/2

and 0, respectively.
Recently, Lee et al. conducted a detailed study of angular

momentum polarization in S(1D) from OCS dissociation at
193 nm.62 They reported complete measurement of all
anisotropy parameters through rank K ) 4 as a function of
recoil speed and angle, obtained using the dc slice imaging
approach. The dc sliced alignment difference images are
shown at the bottom of Figure 25. The alignment images
are very different on the different probe transitions, in this
case showing the important contribution of the K ) 4
multipole. Lee et al. detected three main bands (A-C in
Figure 25) in the recoil speed distribution at 193 nm, and
each showed a distinct angular distribution and associated
polarization parameters. The dominant, innermost C ring
exhibited the maximum anisotropy, � ≈ 0.8, while the
intermediate B ring showed the minimum, � ≈ 0.3. Coherent
speed dependent alignment was seen in both the A and B

rings for K ) 2 and 4, while the C ring showed little
alignment. The K ) 1 orientation showed a strong peak in
the γ′1 parameter for the B ring, which dropped off abruptly
toward both the A and C rings.

These observations were interpreted in a manner consistent
with Suzuki’s results at longer wavelength, that is, the A
ring was ascribed primarily to adiabatic dissociation via the
2A′ surface, while the B ring includes a considerable
contribution from adiabatic dissociation via the 1A″ surface.
This gives a perpendicular contribution to the angular
distribution in the B ring, reducing the � value, and at the
same time accounting for the strong γ1′ peak. The C ring
was ascribed to initial excitation to the 2A′ surface, followed
by a nonadiabatic transition to the 1A′ surface on the way
to dissociation. However, the above interpretation is not
unique because it does not take into account strong bending
motion in the OCS excited states. As discussed earlier, the
value of � can be significantly changed from its extremal
negative to the extremal positive values depending of the
amplitude and the sign of the bending angle R(0) within the
same parallel A′ r A′ transition. Therefore, conclusions
concerning the relative excitation intensity to the A′ and A′′
states should be done with great care. From these detailed
anisotropy measurements, Lee et al. were able to construct
the complete S(1D) density matrix for any recoil speed or
angle, and they did this explicitly for recoil at 0°, 45°, and
90° for circularly polarized photolysis light.

A final significant observation from this study is high-
lighted in Figure 26. The S(1D) magnetic sublevel popula-
tions are shown for polar recoil in the B and C rings, obtained
using only the K ) 2 results and including both K ) 2 and
4. It is seen that for the B ring, the results obtained neglecting
the K ) 4 contribution are seriously in error, implying that
measurement of the complete density matrix is essential to
obtain an accurate picture of the dynamics in this region.

3.3.5. SO2

Atomic orbital alignment polarization in photodissociation
of SO2 has been studied at 193 nm by Brouard et al.108 using
resonantly enhanced multiphoton ionization of ground-state
O(3PJ), coupled with velocity-map ion imaging. The pho-
todissociation dynamics of sulfur dioxide have been subjected
to many studies over the past three decades, see for example
the review paper;181 however, the details of the dissociation
mechanism are yet to be explained unambiguously. The C1B̃2

r X1Ã1 electronic transition is known to begin at around
240 nm, with predissociation into O(3P) + SO(3Σ-) products
occurring above a threshold at approximately 219 nm.
Dynamical measurements have been conducted, using a range
of experimental techniques, over a wavelength range of
193-218 nm, where the excess energy is insufficient to
permit the formation of electronically excited products.

Brouard et al.108 used velocity-map ion imaging to measure
the O(3PJ) photofragment speed distributions, speed-depend-
ent translational anisotropies, and atomic angular momentum
alignment parameters for each of the three spin-orbit states
(J ) 0, 1, 2) following photolysis at a wavelength of 193
nm. The former two measurements provided confirmation
of a number of previous findings, however new results have
also been obtained. The polarization data for J ) 1 and 2
have been used to estimate the state multipole moments of
the O-atom electron spin and orbital angular momenta. The
data suggest that both sources of O-atom electronic angular
momentum are polarized. It is shown that the spin polariza-

Figure 25. S(1D2) images for dissociation of OCS at 193 nm for
indicated combination of photolysis and probe laser polarizations
and indicated probe transition. Reused with permission from Suk
Kyoung Lee, J. Chem. Phys., 125, 144318 (2006). Copyright 2006,
American Institute of Physics.
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tion could either arise from exit-channel couplings or be a
manifestation of the participation of triplet states in the
dissociation. The angular dependence of the potential energy
intheexitchannelwasexaminedusinglong-rangequadrupole-
dipole and quadrupole-quadrupole interaction terms, from
which molecular-frame multipole moments of the orbital
angular momentum of the recoiling O atoms was calculated.
Comparison with the experimentally derived multipole
moments was used to help provide insight into the dissocia-
tion mechanism.

The values of the determined anisotropy alignment pa-
rameters were found to be in a qualitative agreement with
theoretical prediction, as discussed in the end of section
2.1.10.

3.3.6. Ethylene Sulfide

Atomic orbital polarization in photodissociation of poly-
atomic systems (meaning here four or more atoms) has only
been observed in a single case: a study of ethylene sulfide
dissociation at 193 nm reported by Townsend et al.117 This
may be more a consequence of the range of systems to which
these experimental techniques have been applied rather than
any fundamental physical restrictions. In UV dissociation
of ethylene sulfide, S atom loss is the dominant dissociation
pathway, and branching to S(1D) production is about 40%.182

Photofragment translational spectroscopy studies using tun-
able synchrotron radiation had shown a broad trimodal
velocity distribution for S(1D), and this was ascribed to
dissociation via several distinct potential energy surfaces.183,184

The excitation was believed to to proceed from a predomi-
nantly nonbonding orbital localized on the sulfur atom via a
4px Rydberg state185 to yield a broad continuum of photo-
fragment kinetic energies in the approximate range 0-2.6
eV. The excitation is known to be predominantly parallel in
nature and a recoil-energy averaged value of � of about 1.1
had been determined.182

The study by Townsend et al. reported only the K ) 2
laboratory frame anisotropy parameters. This study was
the first slice imaging measurement of orbital polarization
beyond a diatomic, so it was the first to demonstrate a
nontrivial speed dependence. The study clearly confirmed
the trimodal distribution reported earlier and quite inter-
estingly showed significant orbital alignment only for the
fastest peak, which had been ascribed to a direct excited-
state dissociation process. For the slowest S(1D2) frag-
ments, the observed marginal alignment shows only a
coherent perpendicular mechanism (η2). The region cor-
responding to intermediate S-atom speeds displays no
alignment at all. For the fastest photofragments, the
alignment is dominated by a coherent superposition of
perpendicular and parallel processes (γ2), although there
are also significant contributions from a coherent perpen-
dicular mechanism (η2) and also an incoherent excitation
(s2 and R2).

A careful examination the absorption spectrum of
ethylene sulfide reveals that, in addition to the strong
Rydberg peak mentioned above, there are additional series
beginning at longer wavelength, assigned as vibrational
progressions of the 4pz Rydberg orbital (B1 overall
symmetry) and, beginning at even longer wavelength, to
a 4s Rydberg state (also B1 symmetry overall).185 These
are pure perpendicular excitations, while the A1 excitation
is pure parallel (here parallel and perpendicular Õ refer to
the direction of the transition moment relative to the
molecular symmetry axis). The close proximity of the peaks
corresponding to the 4pz B1 state suggest this contribution
may be responsible for both the coherent parallel/perpen-
dicular alignment and the incoherent perpendicular contribu-
tion for the fast peak. The alignment measurements thus
suggest a modification of the earlier decomposition of the
absorption spectrum at 193 nm.
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Figure 26. Magnetic sublevel distribution for polar recoil of S(1D2)
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(See Figure 25). Results are shown both neglecting (gray bars) and
including (black bars) the K ) 4 contribution. Reused with
permission from Suk Kyoung Lee, J. Chem. Phys., 125, 144318
(2006). Copyright 2006, American Institute of Physics.
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