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Observation of Coherent and Incoherent Dissociation Mechanisms in the Angular Distribution
of Atomic Photofragment Alignment

Allan S. Bracker,1,2 Eloy R. Wouters,2 Arthur G. Suits,2,* Yuan T. Lee,1,2,3 and Oleg S. Vasyutinskii4,*
1Department of Chemistry, University of California, Berkeley, California 94720

2Chemical Sciences Division, Ernest Orlando Lawrence Berkeley National Laboratory, Berkeley, California 94720
3Academia Sinica, Nankang, Taipei 11529, Taiwan

4Ioffe Physico-Technical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
(Received 3 July 1997)

We have analyzed the recoil angle dependence of chlorine atom angular momentum alignment for the
dissociation of chlorine molecules at 355 nm. This angular distribution was isolated from ion image
measurements, which map a three-dimensional velocity vector distribution of state-selectively-ionized
photofragments into a two-dimensional spatial distribution. Using a general quantum mechanical
method to simulate the alignment angular distribution, we show that there are clear contributions to
alignment from both incoherent and coherent components of a perpendicular optical transition in the
molecule. [S0031-9007(97)05242-3]

PACS numbers: 33.80.Gj, 34.50.Gb, 34.50.Lf
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Photofragment angular momentum polarization (orie
tation and alignment) is a detailed signature of molecu
photodissociation dynamics. For atomic photofragmen
this polarization provides information on the electronic re
arrangement which occurs during optical excitation an
dissociation of the parent molecule. Several factors co
tribute to this polarization [1–5]. For the idealized case
a diatomic system which dissociates on a single adiaba
potential energy curve, only the electronic state symm
try and the associated Coulomb interaction at large int
atomic distance will govern the polarization. However, i
general, multiple molecular electronic states are involve
both in the initial excitation and during the course of dis
sociation. They are individually expected to yield differ
ent atomic polarizations, and coherent excitation of tw
or more states can lead to strong interference effects.
nally, nonadiabatic transitions between electronic sta
will mix the contributions of individual states.

Measurements of photofragment angular momentu
polarization as a function of recoil angle (v-j correlation)
provide the most detailed information on the dissociatio
dynamics. While this property has been studied for rota
ing diatomic photofragments for over a decade, the atom
v-j correlation has been observed only recently [6,7
However, none of the recent reports have used the
retically rigorous methods for analyzing the experiment
data. It is particularly important to account for coherenc
effects, since they directly affect the shape of the polariz
tion angular distribution, and their identification can giv
crucial information about the dissociation mechanism.

For the high angular momenta which are typical of d
atomic photofragments, the polarization angular distrib
tion may be described semiclassically as an expansion
bipolar harmonics [8]. Although this widely used metho
can be adapted for low rotational states, there now exi
a fully quantum mechanical treatment which uses param
ters with explicit dynamical significance [9]. This ap
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proach is especially useful for the low values of the ele
tronic angular momentum quantum numbers encounter
in investigations of polarized atomic photofragments. I
this Letter, we have used this general theory to identi
contributions of the excited state symmetry and coheren
effects to an ion imaging measurement of the alignme
angular distribution.

In studying the polarization angular distribution
one must measure both the recoil velocity vector an
the correlated angular momentum polarization. Th
velocity vector distribution is easily resolved with two-
dimensional photofragment ion imaging [10], while laser
based spectroscopic probes, such as resonance-enha
multiphoton ionization (REMPI), are sensitive to angula
momentum polarization. Figure 1 shows a schematic
our imaging experiment. An initial laser pulse (355 nm
dissociates chlorine molecules in a supersonic expa
sion, and a second pulse (234.336 nm) state-selectiv
ionizes the chlorine atom photofragments with2 1 1
REMPI fCl1 √ Cls4p 2D3y2

± d √√ Cls3p 2P3y2
± dg. The

ion packet expands as it travels down a flight tube, the
strikes a gated microchannel plate. Electrons emergi
from the back of the microchannel plate impinge on
phosphor screen. The resulting images are collected a
signal averaged with a video camera. To further improv
the signal-to-noise ratio, we used an image processor
combine the raw data images with their horizontal an
vertical reflections.

In order to obtain complete information about the ve
locity and alignment anisotropy, we used four differen
combinations of the dissociation and probe light pola
ization vectors. The dissociation laser polarization wa
either parallel or perpendicular to the ion flight axis (Z
axis), which we refer to as geometries I and II, respe
tively. The probe laser polarization was either parallel o
perpendicular to the dissociation laser polarization. Th
four corresponding images are presented in Fig. 2.
© 1998 The American Physical Society
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FIG. 1. Schematic of experimental apparatus. The Cartes
axis definition in this figure is used throughout the paper.

Ion images are projections onto the detector plane
a three-dimensional distribution of ions. The dominan
contribution to the shape of this distribution is the well
known photofragment velocity anisotropy, described b
the expressionPsud ~ 1 1 bP2scosud, whereu is the po-
lar recoil angle with respect to the dissociation laser pola
ization. At 355 nm, the perpendicular optical transitio
1P1u √

1
S01

g
contributes more than 90% of the light ab

sorption [11], so the anisotropy parameterb is close to its
limiting value of21. The coarse image shapes for geom
tries I and II represent two different projections ofPsud.

The smaller modulations in the images are of great
significance for this Letter. Since these modulation
depend on the probe laser polarization, they are mo
easily seen by contrasting the images in Fig. 2 (top
bottom), or by viewing the weighted differences shown i
Fig. 4 (top). This variation of the two-photon detection
sensitivity with laser polarization is a direct result o
angular momentum alignment.

Another manifestation of photofragment angular mo
mentum alignment is that the total signal intensity de
pends on the relative polarizations of the dissociation a
probe lasers. It can be shown that the total photofra
ment alignment parameterA20 is proportional to the
ratio skIZl 2 kIY ldyskIZl 1 2kIY ld [12], where Z and Y
refer to the linear polarization axis of the probe laser, an
the angle brackets indicate averaging over all recoil d
rections. In our experiment, the value of this ratio wa
20.032 6 0.012. Both incoherent and coherent processe

FIG. 2. Chlorine photofragment ion images. Geometries
and II correspond to the dissociation laser polarization alo
the Z and Y axes, respectively. The probe laser polarizatio
was also along either theZ or Y axis.
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contribute to the total alignment parameterA20 [3–5], but
only measurements of the alignment (or orientation) ang
lar distribution permit them to be independently isolated

Angular momentum polarization can be convenient
described in terms of irreducible density matrix compo
nents (state multipoles) [12,13]. For molecular dissoci
tion, the photofragment state multipoles are a function
recoil angles, i.e.,rkq  rkqsu, fd. The r00su, fd term
represents the angular distribution of photofragment de
sity, while terms with rankk . 0 describe angular momen-
tum polarization. As shown in a recent theoretical analys
[9], state multipoles with all combinations of the indicesk
andq (i.e.,k  0, . . . , 2j; q  2k, . . . , k) can be nonzero.
Even for linearly polarized dissociation light, it is possibl
to produce angle-dependent multipoles with oddk (orien-
tation). However, a linearly polarized two-photon optica
probe is capable of detecting only alignment moments w
k  0, 2, and 4. Given these considerations, for this Le
ter only rankk  0 (photofragment density) andk  2
(quadrupolar alignment) multipoles are important.

In this Letter, we are interested in the angular distrib
tion of alignment rather than photofragment density. W
isolate the relatively small modulation in signal intensity
which results from alignment, by choosing linear com
binations of images for which ther00su, fd term disap-
pears. By combining three orthogonal probe polarizati
geometries, we can also obtain the alignment-independ
part of the signal. For a two-photon probe, the gene
expressions for these combinations are

IX,Y 2 IZ 
C
p

2
R2hr20su, fd

7

q
2
3 Refr22su, fdgj , (1a)

IY 2 IX 
2C
p

3
R2 Refr22su, fdg , (1b)

IX 1 IY 1 IZ  CR0r00su, fd , (1c)

where the signs2 and 1 in Eq. (1a) refer toIX and IY ,
respectively, andC is a constant. The coefficientsRk in
Eq. (1) are similar to the line strength momentsPk

q of
Ref. [14], except that the laser polarization dependen
has been factored out and evaluated. In principle, all thr
measurable alignment multipoles may be isolated by
appropriate combination of images, although in practice
may be difficult to obtain images for certain geometrie
due to limitations in the experimental apparatus.

In order to project the three-dimensional intensity di
tribution onto two dimensions, we used the transformati

Ms% , fd  2
Z `

%

fsss arcsins%yrd, fddd gsrdp
1 2 % 2yr2

dr , (2)

where Ms% , fd is the image,s% , fd are polar coordi-
nates, andr is the length of the photofragment radius vec
tor. The functionfsss arcsins%yrd, fddd ; fsu, fd in Eq. (2)
describes the angular dependence of the intensity distri
tion and can be substituted with one of the intensity d
ferences in Eq. (1). The functiongsrd describes the radial
1627
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dependence of the three-dimensional distribution, whi
is a delta function for this work, since the chlorine atom
photofragments are monoenergetic. Equation (2) assum
reflection symmetry of the functionfsss arcsins%yrd, fddd in
theX-Y plane. Unlike the Abel transform, Eq. (2) canno
be directly inverted to reconstruct the three-dimension
ion distribution from image data. Although the inverse
Abel transform is widely used for this purpose [15], it re
quires as input the projections of cylindrically symmetri
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distributions with the symmetry axis parallel to the dete
tor plane. These geometric restrictions are often violat
in experiments designed to measure av-j correlation.

The integral in Eq. (2) can be evaluated analytically fo
gsrd  dsr 2 r0d, wherer0  y0t, y0 is the photofrag-
ment velocity, andt is the flight time of the ions. We
show explicit results only for theIZ-IY case used in our
experiments. For dissociation polarization geometrie
and II, using Eq. (1a) forf in Eq. (2) yields
MI
YZst, fd ~

2
p

1 2 t2
hfs2 2 2a2 1 3a2t2g f1 2 t2s1 1 sin2 fdg

2 2g2t2s1 2 t2d s1 1 sin2 fd 2
h2

4
t2ft2 1 s2 2 t2d coss2fdgj , (3a)

and

MII
YZst, fd ~

2
p

1 2 t2

(
fs2 1 a2s1 2 3t2 sin2 fdg f1 2 t2s1 1 sin2 fdg 1 2g2t2 sin2 ff2 2 t2s1 1 sin2 fdg

1
h2

2

"
t2s2 2 t2d coss2fd 1 1 2 t2 1 t4

√
1 2

sin2s2fd
4

!#)
. (3b)
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The variable t is the radial coordinate normalized t
the maximum possible radius, i.e.,t  %yr0. Note that
for a d-function energy (radial) distribution, there i
a one-to-one mapping between the three-dimensio
distribution and its two-dimensional projection. In th
sense, the difference images presented below are
explicit depiction of the alignment angular distribution.

The anisotropy parameterss2, a2, g2, andh2 in Eq. (3),
which characterize the alignment angular distribution,
a subset of the polarization anisotropy parameters defi
in Ref. [16]. They are normalized combinations of th
theoretically derived “dynamical functions”fksq, q0d [5,9].
(General expressions for the angle-dependent state m
poles in terms offksq, q0d can be found in Ref. [9].) These
new anisotropy parameters have a clear physical interpr
tion as contributions to the total photofragment orientati
and alignment parametersA10 andA20 from incoherent and
coherent excitation mechanisms.

Equations (3a) and (3b) provide a powerful means
interpreting the alignment contribution to photofragme
ion image data, since each of four alignment mechanis
is associated with a unique radial and angular depende
in the images. This important fact is emphasized in Fig.
where each spatial dependence is shown in isolation.
calculated images of Fig. 3(a) show the contribution
a pure perpendicular optical transition (jV 2 V0j  1,
whereV0 andV are projections of the total angular mo
mentum onto the internuclear axis for ground and exci
states, respectively). Figure 3(a) was obtained by set
s2  2a2 and the other parameters to zero. Figure 3
corresponds to a pure parallel transition (V 2 V0  0)
and was obtained by settings2  2a2 and the other pa-
rameters to zero. The above relationships betweens2 and
a2 are apparent from their definitions in terms of dynam
cal functions [16]. Parameterh2 corresponds to coher
ent perpendicular excitation (V  61) [Fig. 3(c)], while
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g2 corresponds to coherent excitation via both parallel an
perpendicular transitions [Fig. 3(d)].

The data images in Fig. 2 were subtracted as prescrib
by Eq. (1a). These differences are shown together wi

FIG. 3(color). Plots ofMYZst, fd [Eq. (3)] for dissociation
polarization geometries I and II. Cases (a)–(d) correspond
four mechanistic limits as follows: (a) incoherent perpendicu
lar excitation, (b) incoherent parallel excitation, (c) coheren
perpendicular excitation, and (d) coherent parallel and perpe
dicular excitation. Blue, red, and white correspond to positive
negative, and zero values, respectively.
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simulations in Fig. 4. In order to adequately simulat
the measured differences, we included both perpendicu
incoherent and coherent contributions, such that the ra
of alignment anisotropy parametersa2yh2 was 21.5.
Since we are concerned here with qualitative identificatio
of the dominant mechanisms, only the angular dependen
of Eq. (1a) was relevant, but not its absolute scaling. F
this reason, it was not necessary to calculate the tw
photon line strength factorsR2 andR0. Eventually, these
factors will be needed to obtain quantitative values of th
alignment anisotropy parameters (rather than just a rati
as well as the absolute degree of Cls2P3y2

± d alignment.
Our observation of a contribution from incoherent per

pendicular excitation agrees with earlier investigations
chlorine dissociation [11], although in all previous stud
ies, this dominant mechanism was deduced from the v
locity anisotropy or spin-orbit branching ratio rather tha
from the alignment angular distribution. For the first time
we have also identified a coherence contribution to th
alignment angular distribution. Previous evidence of co
herence has been observed for calcium dimer photod
sociation from measurements of total atomic alignme
[3]. However, such measurements provide only the su
a2 1 g2 1 h2, in which coherent and incoherent terms
are mixed, whereas measurement of the alignment ang
lar distribution makes it possible to determine each o
the alignment anisotropy parameters individually. Futur
measurements of atomic polarization in chlorine dissoci
tion will help to clarify the role of the parallel excitation
process discussed in previous work [11]. New studie
should include quantitative alignment measurements f
the ground state atom, such as those reported in this
per, as well as measurement of orientation for the excit
(2P1y2

± ) chlorine atom.
In summary, we have shown that the angular distributio

of atomic photofragment alignment explicitly reveals elec
tronic state symmetries and coherence effects. Eviden
for the latter cannot be directly obtained from measur
ments of velocity anisotropy or spin-orbit branching ratios
nor can it be isolated in measurements of total photofra

FIG. 4(color). Contribution of photofragment alignment to
data signal (top row) and qualitative simulation (bottom row
based on Eq. (3). Only contributions from perpendicula
transitions [Figs. 3(a) and 3(c)] were included.
e
lar
tio

n
ce

or
o-

e
o),

-
of
-
e-
n
,
e
-
is-
nt
m

u-
f
e
a-

s
or
pa-
ed

n
-
ce

e-
,
g-

)
r

ment alignment. We have derived general expressions f
the alignment contribution to photofragment ion images
These expressions provide a direct connection between e
perimental observables and important theoretical quan
ties. Measurements of orientation and alignment at high
image spatial resolution, combined with quantitative analy
sis using two-photon line strength factors, should permit a
even more detailed assignment of the electronic states a
nonadiabatic transitions involved in photodissociation.
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