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Time-resolved photoelectron angular distributions as a probe of coupled polyatomic dynamics

Tamar Seideman
Steacie Institute for Molecular Sciences, National Research Council of Canada, Ottawa, Ontario K1A 0R6, Canada

~Received 21 February 2001; published 13 September 2001!

A nonperturbative theory for calculating time-resolved photoelectron angular distributions in linear mol-
ecules@J. Chem. Phys.107, 7859~1997!# is extended to nonlinear systems and reformulated so as to expose
and utilize the underlying electronic and rotational symmetries. A sequence of approximations is next intro-
duced, systematically reducing the formally exact expression to cruder forms that are applicable to systems of
increasing complexity. As an example of the potential applications of time-resolved photoelectron angular
distributions in polyatomic dynamics we examine the information they convey about an ultrafast internal
conversion.

DOI: 10.1103/PhysRevA.64.042504 PACS number~s!: 33.60.Cv, 33.60.Fy, 34.30.1h, 34.90.1q
pl
ec
h

e

h

try

all
nt
pe
c

th
in
ug
e
y

ity
th
m
al
p

o
ro
e

e
ing
is
th
th
a
v

si

e
b

lec-
on
als

be
y-
nels
he
cs
s-
he
of
to

lu-

rgy
y
few
d
ra-

-

ing

n
on

ne
ere

e
the
this

ics

he-
I. INTRODUCTION

Time-resolved methods are now an established com
ment to the more traditional tools of energy-resolved sp
troscopy. The basic principle of the time-domain approac
simple and extremely general in application@1,2#. A first
~pump! pulse prepares a nonstationary superposition of
cited eigenstates. A second~probe! pulse interrogates the
wave packet at a series of instances during its evolution. T
concept has been applied, in the last three decades, to
study of a vast variety of problems in physics, chemis
biology, and material science@1,2#.

While the pump stage is straightforward and essenti
universal, the design of a successful probe presents an i
esting challenge and is often system and application de
dent. Ideally, one desires that the probe scheme be spe
cally sensitive to those properties of the wave packet
carry the information sought. In addition, the process
volved in probing the wave packet should be simple eno
so as to merely serve as a template on the wave packet
lution, rather than contaminate the signal with its own d
namics.

With regard to the former criterion, the specific sensitiv
of the probe, experience in the energy domain indicates
the better resolved the signal the more specific the infor
tion it contains. Thus, while in integrated pump-probe sign
~such as total fluorescence spectroscopy, total mass s
trometry or total ionization spectroscopy! all-level spacings
determining the wave packet evolution are entangled,
servables that are resolved with respect to one or more p
erties of the detected species~e.g., dispersed fluorescenc
@1#, translational-energy spectroscopy@3#, or photoelectron
spectroscopy@4–7#! are often capable of disentangling on
motion from another. The latter criterion, the nonperturb
effect of the probe, is difficult to satisfy in practice and
evidently related to the former since the better resolved
signal the more sensitive it is also to the dynamics of
probe process. Below it will be useful to keep in mind th
time-domain signals, even when partially resolved, are ine
tably highly averaged as compared to frequency-domain
nals. This averaging can be used for advantage.

Of particular interest to the present study are tim
resolved ionization spectroscopies, which at present are
coming increasingly popular experimentally@4–6,8#. Similar
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to its energy-domain counterpart@9#, time-domain ionization
spectroscopy is sensitive to both the nuclear and the e
tronic dynamics and allows, at least in principle, resoluti
of either or both the photoelectron and the photoion sign
with respect to energy, angle, and spin@10#. While the first of
the above criteria is well satisfied, whether the second can
met is a difficult question; ionization is a complicated d
namical process, involving resonances, coupled-ion chan
and complex interaction of the outgoing electron with t
core. The difficulty of disentangling the ionization dynami
from the molecular information was noted in continuou
wave ~cw! ionization studies and is clearly aggravated t
better the ionization signal is resolved. The possibility
circumventing the complex nature of ionization processes
restore a simple physical picture for the wave packet evo
tion is addressed below~see also Ref.@11#!.

The energy-resolved signal, i.e., the photoelectron ene
distribution ~PED! as a function of the pump-probe dela
time, has been studied in some detail during the past
years @4–7#. Experimental and theoretical work illustrate
the ability of time-resolved PEDs to map wave-packet vib
tions @12,13#, to follow in time the flow of energy between
coupled vibrational modes@14# and the transfer of popula
tion between coupled electronic states@15–19#, and to dis-
entangle coupled electronic-vibrational dynamics@20,21#.

Here we consider time-resolved photoelectronangular
distributions as a complementary means of understand
coupling mechanisms in polyatomic excited states@22#. In
the cw domain@23# the photoelectron angular distributio
~PAD! has been long known to provide unique informati
about rotational level structures. Nanosecond studies@24,25#
demonstrated the possibility of probing nuclear hyperfi
coupling using PADs. Picosecond resolved PADs w
shown to reflect rotation-vibration coupling@11,26–28#.

Reference@29# proposed and illustrated theoretically th
possibility of using femtosecond-resolved PADs to probe
dynamics of internal conversion processes. Very recently
opportunity was realized experimentally@30#. At present fur-
ther experimental studies of ultrafast nonadiabatic dynam
are being set up in several other laboratories@31#.

The problem of radiationless transitions~internal conver-
sions and intersystem crossings! @32# plays a special role in
molecular physics, this being one of the most-general p
©2001 The American Physical Society04-1
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nomena in excited-state dynamics@33#, with fascinating con-
sequences in the physics of vision and photosynthesis@34#,
and in molecular electronics@35#. Nonetheless, one may ex
pect femtosecond-resolved PADs to provide a useful t
also in the study of other ultrafast phenomena in bound-s
and dissociative dynamics@36–38#. From a theoretical per
spective, femtosecond-pulses introduce several new fea
that do not play a role in the nanosecond regime. These
discussed in Ref.@39#, where the nonperturbative formalism
required for calculation of this observable is develop
More recently, numerical studies of femtosecond-resol
PADs from diatomic systems were also reported@11,40,41#.

The ability of time-resolved PADs to map rotation
vibration energy transfer@26,27# owes to their sensitivity to
the rotational composition of the wave packet@11,28#. The
ability of the same observable to probe electronically no
diabatic and spin-orbit coupling@30# owes to its sensitivity to
the electronic symmetry of the probed state@29# ~vide infra!.
By contrast to the former problem, the latter can, depend
on the system, be studied also by measurement of ti
resolved PEDs@15–21#. In practice we expect the two
probes to be complementary in application. The ener
resolved probe relies on energetic difference between
coupled electronic states, which translates into a chang
the photoelectron energy spectrum upon a nonradiative t
sition @15–21#. The angle-resolved probe relies on symme
difference between the coupled electronic states, wh
translates, as shown below, into a change of the symmetr
the outgoing electronic waves in the course of a nonradia
transition@29#.

Neither approach is completely general. As discussed
Refs. @15,20,21#, the photoelectron kinetic-energy spectru
mirrors the electronic-energy content of the wave pac
only if one of two conditions is met. Either the ion an
neutral states should have similar equilibrium configuratio
such that the vibrational energy of the neutral and ion sta
do not differ appreciably@15#, or the coupled states shou
correlate upon ionization with different states of the ion@20#.
In the case of angular distributions one requires that
coupled electronic states would differ in electronic symm
try. Group theoretical arguments, however, have the m
that their application requires little information about t
system. Provided that the molecule is rigid on the time sc
of the experiment@42#, only the electronic symmetry of th
states involved is needed in order to apply such argume

A second qualitative difference between the application
time-resolved PADs to the understanding of rotational p
turbations and the application of the same observable to
understanding of nonradiative transitions needs to be no
In the former case the study of simple systems is particul
helpful in exposing the physical origin of the mapping of t
coupling forces into the observable@11,28#. The problem of
nonradiative transitions inevitably involves the study of lar
polyatomic systems. The reason is three fold. First, it is ty
cally in large molecules that level densities become lar
frequency-domain spectra become difficult to interpret, a
the time domain is expected to offer an advantage. Sec
large systems, in particular,p-conjugated systems, offe
large absorption and ionization cross sections in experim
04250
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tally convenient regimes. Thus, time-resolved PED studie
nonradiative transitions have focused on systems such
aniline and aminopyridine@15#, hexatriene@17#, phenol@19#,
decatetraene@20#, phenanthrene and naphthalene@21#, and
pyrazine@36#. Third, from the practical view point, one i
interested in electronically coupled systems of relevance
photobiological processes@34# and to the design of future
devices@35#.

The above discussion exposes an important distinction
tween the ability of theory to predict accurately the effect
rotational perturbations on time-resolved PADs and its abi
to predict with comparable accuracy the effect of electro
coupling. The former problem can be addressed within
single surface, single vibrational-mode calculation@11,28#.
The latter involves the calculation of a vibronic Hamiltonia
for a large polyatomic molecule and the propagation o
multidimensional ro-vibronic wave packet on coupled ele
tronic surfaces, subject to laser fields that are typically n
perturbative. Furthermore,ab initio calculation of the elec-
tronic bound-free amplitudes~the matrix elements of the
dipole operator between the bound and free-electronic sta!
for all relevant nuclear configurations, photoelectron en
gies, and photoelectron partial waves is difficult for thre
and four-atom systems and impractical for large ones.
study of the former problem, as shown in Ref.@28#, knowl-
edge of these amplitudes is not essential. This result is i
itively expected since the process described depends on
nuclear, rather than on the electronic dynamics. In the cas
nonradiative transitions the electronic wave functions ca
the information sought and need be taken into account, e
within a qualitative study.

The introduction of approximations is thus inevitable. T
highly averaged~in the frequency sense! nature of time-
resolved experiments in large systems@15,17–21# suggests
that approximate theories, in particular theories that appro
mate the ionization dynamics~rather than the wave packe
dynamics probed! could be also justified. The developme
of approximate models is useful, however, irrespective
whether their results match the accuracy of relevant exp
ments since they can provide physical insight into the pr
erties and information content of the observable.

One of the purposes of the present work is to genera
the formalism of Ref.@39# to nonlinear polyatomic mol-
ecules and to reformulate the observable so as to expose
utilize the underlying electronic and rotational symmetries
second goal is to systematically introduce a sequence of
proximations that will allow the calculation of PADs for sys
tems of chemical interest and provide transparent, clos
form expressions for the observables, that could serve
basis for the interpretation of future measurements or ac
rate calculations. A third goal is to address specifically
problem of probing nonradiative transitions with PADs. Wi
that we hope to guide future experiments as to the choic
molecular systems and field parameters.

The next section outlines the theory. We first~Sec. II A!
extend the formalism@39# to nonlinear systems and motiva
the use of time-resolved PADs as a probe of a time-evolv
electronic symmetry. In Sec. II B we introduce a series
approximations, sequentially reducing the formally exact
4-2
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TIME-RESOLVED PHOTOELECTRON ANGULAR . . . PHYSICAL REVIEW A 64 042504
pression to simpler forms that could be applied to system
increasing complexity. Section II B 6 briefly summarizes t
approximations introduced in Secs. II B 1–II B 5, notin
their range of validity. Readers uninterested in the formali
may want to skip Sec. II A and proceed directly to Sec. II
where we focus on physical interpretation. Section III p
vides a numerical example and the final section conclu
with an outlook to future research. All mathematical deta
are omitted from the text and collected in Appendices. A
pendix A is devoted to group-theoretical arguments wh
Appendixes B–D outline the solution of integrals and t
derivation of sum rules used in Sec. II.

II. THEORY

A. General formalism

We consider a molecular eigenstate subject to two seq
tial light pulses,

«W i~ t !5 «̂ i f i~ t !e2 iv i t1c.c., i 5pu,pr, ~1!

where «̂ i is a unit vector along the polarization directio
f i(t) is a smooth envelope, andv i is the central frequency.

The first~pump! pulse,«W pu, projects the initial eigenstat
onto a superposition of rovibrational eigenstates of an e
tronically excited state. The second~probe! pulse, «W pr ,
couples the electronically excited state with the ionizat
continuum. Following Ref. @39# we expand the time-
dependent wave packet in eigenstates of the field-free Ha
tonian,H05H(t)1( imW •«W i(t), as

uC~ t !&5 (
j50,1

(
njM j

Cj
njM j~ t !uj nj M j &exp~2 iEj

njt !

1 (
ncMc

E deE dk̂ CncMc~e k̂ t !ue k̂ nc Mc&

3exp@2 i ~Enc1e!t#, ~2!

wherej50,1 is an electronic index (j50 is the initial elec-
tronic state andj51 is that reached by the pump!, nj de-
notes collectively the energy-level indices, including the
vibrational quantum numbers and the electron spin,M j is the
magnetic quantum number, the projection of the total ang
momentumJj onto the space-fixedz axis, andEj

nj is the
eigenenergy. We denote bye the photoelectron energy an
by k̂5(uk ,fk) the photoelectron ejection direction in th
space-fixed frame. The subscriptc denotes the core indices
we reserve the labelj52 to attributes of the ion1electron
system.

Substituting Eq.~2! in the time-dependent Schro¨dinger
equation and using the orthogonality of the field-free eig
states, one obtains a set of coupled differential equations
the expansion coefficients,
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n0M0~ t !5 (

n1M1

C1
n1M1~ t !^0n0M0umW •«W pu~ t !u1n1M1&

3exp@ i ~E0
n02E1

n1!t#, ~3!

iĊ1
n1M1~ t !5 (

n0M0

C0
n0M0~ t !

3^1n1M1umW •«W pu~ t !u0n0M0&exp@ i ~E1
n12E0

n0!t#

1 (
ncMc

E deE dk̂CncMc~e k̂t !

3^1n1M1umW •«W pr~ t !ue k̂ncMc&

3exp@ i ~E1
n12Enc2e!t#, ~4!

and

iĊncMc~e k̂t !5 (
n1M1

C1
n1M1~ t !^e k̂ncMcumW •«W pr~ t !u1n1M1&

3exp@ i ~Enc1e2E1
n1!t#, ~5!

supplemented by a set of initial conditions,Cj
njM j(t50)

5dj,0dnj ,ni
dM j ,Mi

@43#. In general the two pulses do no
overlap in time and hence Eqs.~3!–~5! separate into two set
of equations, one describing the dynamics during the pu
stage@«W pr(t)50# and the second corresponding to the d
namics during the probe stage@«W pu(t)50#.

The state-, time-, and angle-resolved cross section
given as the squared modulus of the corresponding c
tinuum amplitude,

s~ē k̂ncMcuDtuniM i !5 lim
t→`

E deuCncMc~e k̂t !u2, ~6!

whereDt is the delay time, the difference between the ce
ters of the pump and probe pulses, and integration is over
range of photoelectron-energies spanned by the probe b
width. We denote byē an averaged photoelectron energ
defined to within the energy resolution and upper limit
through energy conservation,ē<E0

ni1vpu1vpr2Enc.
In time-resolved experiments, in particular for large mo

ecules, the measurable is typically not the fully resolv
cross section of Eq.~6! but a rather less-detailed cross se
tion, summed over the magnetic (Mc) and rotational (Jc)
states of the core@and usually also over several vibration
(vc) levels# and averaged over the initial magnetic (Mi) lev-
els and over a Boltzmann distribution of initial ro-vibration
states. Below we determine analytically the forms of the p
tially averaged cross sections,

s̄~ ē k̂ncuDtuni !5
1

2Ji11 (
Mi Mc

s~ē k̂ncMcuDtuniM i !,

~7!

and
4-3
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TAMAR SEIDEMAN PHYSICAL REVIEW A 64 042504
s̄̄~ ē k̂ncuDtuni !5(
Jc

s̄~ ē k̂ncuDtuni !, ~8!

from which all further averaged observables are obtained
merically.

In order to provide explicit expressions for th
coupling matrix elements,̂1n1M1umW •«W pu(t)u0n0M0& and

^e k̂ncMcumW •«W pr(t)u1n1M1& in Eqs. ~3!–~5!, we proceed to
identify the forms of the field-free eigenstates and the fie
matter interaction. The bound and continuum states are w
ten in a Hund’s case~b! basis as

ujnjM j&5uj&unj&J̃j~21!Nj2Sj1M j

3 (
MNj

MSj

S Nj Sj Jj

MNj
MSj

2M j
D

3uSjMSj
&uNjtjMNj

pj &, j50,1 ~9!

and

ue k̂ncMc&5ue k̂&unc&J̃c~21!Nc2Sc1Mc

3 (
MNc

MSc

S Nc Sc Jc

MNc
MSc

2Mc
D

3uScMSc
&uNctcMNc

pc& ~10!

where J̃5A2J11, N are total angular momenta excludin
spin,MN are the corresponding space-fixedz projections and
MS are the projections of the spin angular momenta onto
space-fixedz axis. We assume, in Eqs.~9! and ~10!, that
spin-orbit and Coriolis interactions do not come into play
the time scale of the phenomena to be studied. The^Q;Ruj&
and ^Q;Rue k̂& are electronic functions, parametrically d
pendent on the nuclear configuration, the^Runj& are vibra-
tional eigenfunctions and thêR̂uNtMNp& are eigenfunc-
tions of the rotational Hamiltonian. We denote byQ the
electronic coordinates, defined with respect to the body-fi
frame, R are the nuclear coordinates, andR̂5(f,u,n) are
the Euler angles of rotation of the body-fixed frame w
respect to the space-fixed frame. Throughout this paper
denote coordinates defined with respect to the body-fi
and space-fixed frames by capital and small letters, res
tively.

The rotational eigenstates are given as

uNtMNp&5(
K

aNtKuNKMNp&, ~11!

where t52N,2N11, . . . ,N, uNKMNp& are symmetry-
adapted symmetric-top functions, satisfying the symmet
of the D2 group @45,46#,
04250
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uNKMNp&5
1

A2
~ uNKMN&1~21!puN2KMN&), p50,1

~12!

and uNKMN& are standard symmetric-top states,

^R̂uNKMN&5A2N11

8p2
DMNK

N* ~R̂!. ~13!

~Although the notation of Edmonds@47# was used in our
earlier work on this subject@11,39,40,28#, we adopt here the
notation of Zare@46# since Ref.@46# is becoming increas-
ingly popular.! The continuum electronic states in Eq.~10!
are expanded as

^Q;Rue k̂&5A2

p(
ms

U12 msL
3 (

gmhl
i l^Q;Ruegmhl&Xhl

gm* ~K̂ !, ~14!

where ms is the electron spin,K̂ denotes the direction o
ejection of the electron in the body-fixed frame, andXhl

gm are
generalized harmonics@48–50#, satisfying the symmetries o
the molecular point group@51#,

Xhl
gm~K̂ !5(

kl

bhlkl

gm Ylkl
~K̂ !. ~15!

In Eq. ~15! g denotes the irreducible representation~IR!, m
distinguishes between components of the IR if its dimens
is larger than one, andh distinguishes between differen
bases of the IR corresponding to the same electron ang
momentum l. Generalized harmonics were found nume
cally advantageous in solid-state calculations@48# as well as
in studies of electron scattering@49# and molecular ioniza-
tion @50,52#. In the present study they are used primarily f
conceptual purposes, as discussed below. The propertie
the generalized harmonics for several point groups of cur
experimental interest, and their implications to the form
the photoelectron distribution in the molecular frame are d
cussed in Appendix A. The form of the bound electron
state,^Q;Ruj & in Eq. ~9!, and the expansion coefficient
^Q;Ruegmhl& in Eq. ~14!, are system dependent and di
cussed in Sec. II B 5. Here we note only that both functio
transform according to the various IRs of the molecular po
group @51#.

The field-matter interaction in Eqs.~3!–~5! is usually ex-
panded in spherical unit vectors@53#,

mW • «̂5(
qs

«qmsDqs
1* ~R̂!, ms5A4p

3 (
n

qnY1s~Q̂n!,

~16!

where Eq.~9! of Ref. @53# is written in the notation of Ref.
@46#, n labels the electrons, andYlm are spherical harmonics
For our present purpose it is advantageous to express
~16! in terms of Cartesian vectors (r5X,Y,Z) that transform
4-4
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as the symmetry-adapted rotation matrices of Eq.~12!,

mW • «̂5A8p2

3 (
q

«q (
r5X,Y,Z

(
n

mrrn^R̂u1krqpr&,

~17!
04250
where themr are phase factors,mX521, mY52 i , mZ

51, and thekr andpr describe the symmetry of the Carte
sian coordinates with respect to the operations of theD2
group;kX5kY51, kZ50, pX51, andpY5pZ50.

Using Eqs.~9!, ~10!, ~14!, and~17! we have
^1n1M1umW • «̂puu0n0M0&

5 (
qr10

«q (
MN1

MN0
MS1

MS0

~21!N12S11M11N02S01M0J̃1J̃0S N1 S1 J1

MN1
MS1 2M1

D
3S N0 S0 J0

MN0
MS0 2M0

D W~N1t1MN1
p1uk10qp10uN0t0MN0

p0!T~n1ur10un0! ~18!

and

^e k̂ncMcumW • «̂pru1n1M1&

5 (
qr21

«q (
MNc

MN1
MSc

MS1

~21!Nc2Sc1Mc1N12S11M1J̃cJ̃1S Nc Sc Jc

MNc
MSc

2Mc
D

3S N1 S1 J1

MN1
MS1 2M1

D (
gmhlklml

Ylml
~ k̂!bhlkl

gm W~NctcMNc
pcu lk lml uk21qp21uN1t1MN1

p1!

3T~ncuegmhlur21un1!, ~19!
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where

W~N1t1MN1
p1uk10qp10uN0t0MN0

p0!

5A8p2

3 E dR̂^R̂uN1t1MN1
p1&*

3^R̂u1k10qp10&^R̂uN0t0MN0
p0&, ~20!

T~n1ur10un0!5^n1uI ~r10!un0&, ~21!

I ~r10;R!5(
n

^1urn,10u0&mr10
, ~22!

W~NctcMNc
pcu lk lml uk21qp21uN1t1MN1

p1!

5A8p2

3 E dR̂^R̂uNctcMNc
pc&* Dmlkl

l ~R̂!

3^R̂u1k21qp21&^R̂uN1t1MN1
p1&, ~23!

T~ncuegmhlur21un1!5^ncuI ~egmhlur12!un1&, ~24!

and
I ~egmhlur12;R!5A2

p
i 2 l (

n
^egmhlurn,21u1&mr21

.

~25!

In Eqs.~18!–~20! and~23!, k10 andp10 are shorthand forkr10

andpr10
and similarlyk21 andp21. The W of Eqs.~20! and

~23! contain the details of the rotational Hamiltonian in th
initial, excited, and ion state and the selection rules, de
mined by the field polarization and the nature of the tran
tion. TheT in Eqs. ~21! and ~24! contain the details of the
vibrational Hamiltonian. In the case of electronically coupl
systems, this includes the potential- and kinetic-energy fu
tions in all electronic states involved and their coupling, us
ally written in a diabatic representation. TheI, Eqs.~22! and
~25!, account for the electron-scattering dynamics and for
symmetry of the bound and free-electronic wave functio
In particular,I (egmhlur21;R) vanishes unless the integran
in Eq. ~25! is invariant under the operation of all elements
the point group@51# of the molecular Hamiltonian@44#. The
integration over the Euler angles in Eqs.~20! and ~23! is
readily carried out analytically, as shown in Appendix B. T
integration over the dynamical variables in Eqs.~21!, ~22!,
~24!, and~25! need be performed numerically in general.

Implicit in our use of point-group symmetry and a sem
rigid rotational Hamiltonian@54# is the assumption that tun
neling between equivalent equilibrium conformations do
not take place on the time scale of the experiment. T
4-5



si
em
e
n
p

-
th
o

s
r-
ve

ly

e
ur
u
r
i
e

ag

en
m
io
xi

p
pe
ig
b
e
k

in-
an-

ver,
ld
y
e-
ot

y
i-
er-

u-
i-
ota-

on,

s
ced

of
ion
cies
nd

e
su-

eld
l
se-
be

ma-

i-

lyti-
n-
nd

the

TAMAR SEIDEMAN PHYSICAL REVIEW A 64 042504
assumption normally holds for the fast phenomena con
ered here. The formalism can be extended to study probl
where large-amplitude motion plays a role, and cases wh
the equilibria of electronic states involved belong to differe
point groups, by application of molecular symmetry grou
and a nonrigid rotation-vibration Hamiltonian~see Ref.@55#
for examples!.

Equations~18!–~25! are general, applying to all-32 mo
lecular point groups. To proceed one needs to specify
point group of the molecule, which determines the form
the generalized harmonics in Eq.~15! and the symmetry
properties of the electronic functions and dipole operator
Eqs.~22! and~25!. Inspection of the point-groups characte
tables@44# indicates that for all point groups that do not ha
rotation axes of order higher than 2 (C1 , C2 , Ci , C2h , D2 ,
C2v , andD2h! Eq. ~15! reduces to

Xlkl

g 5
1

A2
~Ylkl

1~21!pgYl 2kl
!, pg50,1, ~26!

which, as expected, is of the form of Eq.~12!. Systems of
current experimental interest include long-chain transpo
enes@20,21# and azulene; which belongs toC2h , phenan-
threne@21#, cis-hexatriene@17#, and phenol@19#; which be-
long to C2v and naphthalene@21# and pyrazine@36#; which
belong toD2h . Femtosecond-resolved PEDs of the form
systems have been already measured and one expects c
technology to allow also the observation of angular distrib
tions. For pyrazine measurements of PADs were recently
ported @36#. For these systems the electronic symmetry
described by Eq.~26! and, using the theory of successiv
rotations@46#, one finds

Xlkl

g ~K̂ !5A 8p2

2l 11 (
ml

^R̂u lk lmlpg&* Ylml
~ k̂!. ~27!

As shown in Appendix B, the geometric functionsW in Eq.
~19! assume with Eq.~27! a particularly symmetric and
physically transparent form that offers a numerical advant
also.

B. Successive approximations and physical interpretation

Together with Eqs.~18!–~25!, Eqs. ~6!–~8! provide for-
mally exact expressions for the time-resolved PAD of a g
eral polyatomic molecule, nonperturbative in both the pu
and the probe fields as well as in the nonradiative interact
We proceed by introducing a series of simplifying appro
mations, to derive a form that provides better insight and
easier to deal with numerically.

1. Golden-rule approximation

In principle, nonperturbative treatment of both the pum
and the probe fields is necessary since short-pulse ex
ments in the gas phase are generally associated with h
laser intensities. This is particularly true when the pro
stage is multiple resolved. As discussed in Sec. IV, the int
sity property characteristic of short pulses needs to be ta
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into considerations not only since it may complicate the
terpretation of data but also since it can be used for adv
tage.

Depending on the system and on the observable; howe
it is often possible and desirable to minimize strong-fie
effects. Reference@40# examines in detail the role played b
the pump and probe intensities in determining the tim
resolved PAD. It is found that the probe intensity does n
alter the form of the PAD~although its magnitude is strongl
affected! within the range typical of pump-probe exper
ments in chemical systems. The origin of this count
intuitive result is explored in Ref.@40# and is expected to
hold more generally. The intensity of the pump field is us
ally important to account for, in particular if angular distr
butions are the observable, due to the phenomenon of r
tional excitation in strong fields@56#, which is most clearly
observed in the PAD. The degree of rotational excitati
however, is upper bounded by the pump duration (tpu) @56#,

Jmax;tpuVR
Jmax

, VR being the Rabi coupling. In case
where the intensity or the pump duration can be redu
such thattpu,VR

21 rotational excitation is negligible.
It is useful to examine the weak-field limit regardless

its relevance to experiments so as to simplify the derivat
of analytical expressions for the angle and time dependen
of the observable. Within first-order perturbation theory a
the rotating-wave approximation Eq.~6! reduces to@39#

sPT~ ē k̂ncMcuDtuniM i !

54p2E deU (
n1 ,M1

^e k̂ncMcumW • «̂pru1n1M1&

3^1n1M1umW • «̂puu0niM i&«̃pr~Enc1e2E1
n1!

3 «̃pu~E1
n12E0

ni !U2

, ~28!

where «̃ i(v), i 5pu,pr, are the Fourier transforms of th
pump- and probe-pulse envelopes, respectively, and the
perscript PT stands for perturbation theory. In the weak-fi
limit n05ni , M05Mi , and the excited and ion rotationa
and magnetic levels are determined by the single-photon
lection rules and the polarization of the pump and pro
electric fields.

The dependence of the bound-bound and bound-free
trix elements on the initial (Mi), intermediate (M1), core
(Mc), and photoelectron (ml) magnetic states is of geometr
cal ~rather than dynamical! origin and hence involves only
analytical functions. It follows that summation of Eq.~28!
over the magnetic components can be carried out ana
cally. The details are given in Appendix C. Confining atte
tion to the case of linearly polarized, parallel pump a
probe field vectors (q50, «̂pu5 «̂pr) and, for simplicity of
notation, neglecting the spin variables one obtains for
partially summed cross section of Eq.~7!,
4-6
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s̄PT~ ē k̂ncuDtuni !5
1

2Ji11 (
McMi

sPT~ ē k̂ncMcuDtuniM i !

54p2 (
n1n18

(
r10r108

T~n1ur10uni !T* ~n18ur108 uni !w~J1t1p1uk10p10uJit i pi !w~J18t18p18uk108 p108 uJit i pi !

3 (
r21r218

(
g lklg8 l 8kl8

E deT~ncueg lk l ur21un1!T* ~ncueg8l 8kl8ur218 un18!

3 (
J2J28

w~J2uJctcpcu lk lpguk21p21uJ1t1p1!w~J28uJctcpcu l 8kl8pg8uk218 p218 uJ18t18p18!«̃pu~E1
n12E0

ni !

3 «̃pu* ~E
1
n182E0

ni !«̃pr~Enc1e2E1
n1!«̃pr* ~Enc1e2E

1
n18! (

j 50,2,4
F j~JiJ1J18l l 8J2J28Jc!Pj~cosuk!, ~29!
-
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where w(J1t1p1ur10uJit i pi) and
w(J2uJctcpcu lk lpgur21uJ1t1p1) are given by Eqs.~B2! and
~B4!, F j is given by Eq.~C8!, andPj are Legendre polyno
mials. Thus, theMc summed,Mi-averaged PAD takes th
form

s̄PT5
s tot

PT~Dt !

4p
@11b2~Dt !P2~cosuk!

1b4~Dt !P4~cosuk!#, ~30!

where we indicate explicitly the dependence of the integ
cross sections tot and the asymmetry parametersb j on the
delay time.

Equation~30! may have been anticipated since, from t
view point of angular momentum algebra, a pump-probe
periment is equivalent to a two-photon process in the we
field limit. It is worth pointing out that the cylindrical sym
metry of Eq. ~30! results from our choice of paralle
polarization axes of the pump and probe fields. With nonc
linear polarization axes, interference between magnetic c
04250
l

-
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ponents of the electronic wave function (ml8Þml) gives rise
to dependence of the PAD on the azimuthal scattering an
fk , providing complementary information about the ele
tronic symmetry of the wave packet. The form of th
Mc-summed,Mi-averaged PAD in a nonperturbative field
derived in Ref.@22#.

2. Slowly varying continuum approximation

While energy-dependence of the bound-free electro
amplitudes in Eq.~25! is in general important to account fo
within the narrow range spanned by the probe pulse i
negligible except in the vicinity of sharp resonances. In pr
tice the application of time-resolved PADs as a probe
quires that one tunes away from resonances~otherwise the
signal is determined by the ionization dynamics, rather th
by the wave packet motion!. Neglect of thee dependence of
theT(ncueg lk l ur21un1) in comparison with the rapidly oscil
lating term«̃pr(E

nc1e2E1
n1) is thus a valid approximation

For a Gaussian pulse one finds
s̄SVCA~ ē k̂ncuDtuni !5Ap5

2
«pr

2 tpr (
n1n18

(
r10r108

T~n1ur10uni !T* ~n18ur108 uni !

3w~J1t1p1uk10p10uJit i pi !w~J18t18p18uk108 p108 uJit i pi !

3 (
r21r218

(
g lklg8 l 8kl8

T~ncu ēg lk l ur21un1!T* ~ncu ēg8l 8kl8ur218 un18!

3 (
J2J28

w~J2uJctcpcu lk lpguk21p21uJ1t1p1!w~J28uJctcpcu l 8kl8 pg8uk218 p218 uJ18t18p18!

3 f pu~E1
n12E0

ni ! f pu~E
1
n182E0

ni !expF2
tpr

2

8
~E1

n12E
1
n18!2Gexp@2 i ~E1

n12E
1
n18!Dt#

3 (
j 50,2,4

F j~JiJ1J18l l 8J2J28Jc!Pj~cosuk!, ~31!
4-7
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wheretpr and«pr are the duration and amplitude of the pro
pulse, respectively, andf pu(v) are real arithmetic amplitude
defined as@39#,

f pu~v!5
1

A2p
E

2`

`

dt fpu~ t !ei (v2vpu)(t2tpu).
ide

n
an
y
th
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ow
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Equation ~31! shows explicitly the generic sinusoida

Dt dependence, common to all pump-probe signals,

is manifestly real. This can be seen by reexpress

s̄SVCA( ē k̂ncuDtuni) as
s̄SVCA~ ē k̂ncuDtuni !5Ap5

2
«pr

2 tpr(
h,h8

BhBh8
* expF2

tpr
2

8
~E1

n12E
1
n18!2G

3exp@2 i ~E1
n12E

1
n18!Dt# (

j 50,2,4
F j~JiJ1J18l l 8J2J28Jc!Pj~cosuk!

5Ap5

2
«pr

2 tpr(
h

(
h8<h

1

11dh,h8

uBhBh8
* uexpF2

tpr
2

8
~E1

n12E
1
n18!2G

3cos@~E1
n12E

1
n18!Dt1Fh,h8# (

j 50,2,4
F j~JiJ1J18l l 8J2J28Jc!Pj~cosuk!, ~32!
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where

Bh[T~n1ur10uni !w~J1t1p1uk10p10uJit i pi !

3T~ncu ēg lk l ur21un1!w~J2uJctcpcu lk lpguk21p21u

3J1t1p1! f pu~E1
n12E0

ni !, ~33!

andFh,h85arg$BhBh8
* %.

3. A short-time approximation

Although nonradiative transitions take place on a w
range of time scales, the case of ultrafast~few hundreds of
femtosecond! processes, more typical of internal conversio
is particularly suitable for time-domain studies and relev
for applications@34,35#. From the chemical view point, stud
of electronically nonadiabatic processes taking place on
time scale of molecular vibrations is of special interest
that it opens the possibility of observing the transfer of el
tronic energy into vibrational excitation. We proceed to sh
that the time-resolved PAD simplifies substan-tially if atte
tion is focused on fast processes, where ‘‘fast’’ is quantifi
below.
,
t

e

-

-
d

In Eq. ~31!, the rotational and vibrational motions are e
tangled~although Coriolis interactions are excluded! due to
centrifugal forces~dependence of the rotational Hamiltonia
on vibrations@54#!. Such perturbations are associated w
small-energy splittings and, in the time domain, give rise
observable effects on long time scales@11,28#. With centrifu-
gal coupling neglected,̂Runj & in Eqs. ~9! and ~10! are in-
dependent ofJj . For heavy systems the dependence ofEj

nj

on Jj is small, at least within the narrow range of dipo
allowed J1 and Jc . We proceed by neglecting the depe
dence of both body-fixed eigenstates and the correspon
eigenvalues on the intermediate and ion-state angular
menta. As shown in Appendix D, this approximation sep
rates the cross section into rotational and vibrational te
where the former consist of analytical functions only. It fo
lows that summation of the cross section over the ion ro
tional states@Eq. ~8!# as well as the coherent sums overJ1

and J2 in Eq. ~31! can be performed analytically, signifi
cantly simplifying the form of the PAD. Confining attentio
to the case of a symmetric top and using Eqs.~D1!–~D5! we
have
s̄̄ST~ ē k̂vcuDtuni !' (
Jc ,Kc

s̄svca~ ē k̂ncuDtuni !

5 (
v1v18

G~v1v18ni uDt ! (
r10r108

T~v1ur10uni !T* ~v18ur108 uni !

3 (
r21r218

(
g lklg8 l 8kl8

T~vcu ēg lk l ur21uv1!T* ~vcu ēg8l 8kl8ur218 uv18!g~ l l 8klkl8pgpg8k10k108 p10p108 k21k218 p21p218 uk̂!,
~34!4-8
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where

G~v1v18ni uDt !5Ap5

2
«pr

2 tprf pu~E1
v12E0

ni ! f pu~E
1
v182E0

ni !

3expF2
tpr

2

8
~E1

v12E
1
v18!2Gexp@2 i ~E1

v12E
1
v18!Dt#, ~35!

g~ l l 8klkl8pgpg8k10k108 p10p108 k21k218 p21p218 uk̂!

5
1

8
~21!kl1k108 1k218

l̃ l̃ 8

4p (
1 ,2 ,

̃1
2̃2

2̃2S 1 1 1

0 0 0D S 1 1 2

0 0 0D S j 1 2 

0 0 0D S l l 8 

0 0 0D
3(

8 S 1 1 1

k10 k21 2k102k21
D S 1 1 2

k108 k218 2k108 2k218
D S 1 2 

k101k21 2k108 2k218 kl82kl
D

3S l l 8 

2kl kl8 kl2kl8
D P~cosuk!, ~36!
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and the superscript ST~short time! serves as a reminder tha
Eq. ~34! pertains to delay times shorter than rotational coh
ence times. The primed summation symbol in Eq.~36! im-
plies summation over all-sign combinations of theka (a
510,21,l ), with each term in the summand multiplied by th
product of parities (21)pa corresponding to the negatedka
~see Appendix B!. Equation~36! has a simple interpretatio
when the 3-j symbols are expressed as vector coupling
efficients@46#,

S l 1 l 2 l 3

m1 m2 m3
D 5~21! l 12 l 22m3

1

l̃ 3

^ l 1m1 ,l 2m2u l 32m3&.

The 3-j symbols in the third-line couple the excitation an
ionization-photon angular momenta while the first 3-j sym-
bol in the last-line couples the two 2-photon routes to giv
vectorW with <4. Conservation of total angular momentu
requires thatW be the vector sum of the electron angu
momentalW, lW8.

In Eq. ~34!, the time dependence and the properties of
pump- and probe-pulse envelopes are contained solely in
G while the g describe the dependence of the cross sec
on the scattering direction. The transition dipole elementsT,
couple the time evolution contained in theG with the scat-
tering angle dependence in theg and thus give rise to the
change of the asymmetry parameters with time in the cou
of a nonradiative transition. Equation~34! is a significant
result. Namely, it reduces the numerical effort involved
calculation of time-resolved PADs to that required for calc
lation of time-resolved PEDs.
r-

-

a

e
he
n

se
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4. Neglect of vibrations

In order to compute the time-resolved PAD of Eq.~34!,
one needs to calculate the vibronic field-free Hamiltonia
propagate a large set of coupled differential equations for
nuclear motion~or diagonalize the Hamiltonian! and com-
pute the ionization amplitudes as a function of the intern
clear distances. Use of simple-model Hamiltonians~har-
monic force fields with linear coupling!, similar to those
proved successful in energy-domain analysis of nonadiab
transitions and in the calculation of time-resolved PEDs@16#,
would eliminate the electronic-structure problem and, by
lowing a sparse representation of the field-free Hamiltoni
simplify the dynamical problem. A Franck-Condon approx
mation~neglect of theR dependence of theI ) is often justi-
fiable and significantly simplifies the calculation. While fe
sible for certain types of systems, a time-dependent solu
remains a numerical challenge.

Qualitative insight into the type and magnitude of chan
in the PAD expected to accompany a nonradiative transi
can nevertheless be gained by computing the cross secti
two time instances; an early time~a pump-probe delay shor
with respect to the time scale of the nonadiabatic transitio!,
when the electronic character of the wave packet is tha
the bright state, and a late time, when the electronic chara
has been transformed to that of the dark state. For that
pose it suffices to take account of the electronic dynam
that is, replace theT in Eq. ~34! by the electronic bound-free
amplitudes, computed at fixed molecular geometries. W
vibrations neglected, the cross section reduces to
s̄̄ j1
~ ē k̂uni !5 (

r10r108
I ~r10!I * ~r108 !

3 (
r21r218

(
g lklg8 l 8kl8

I j1
~ ēg lk l ur21!I j1

* ~ ēg8l 8kl8ur218 !g~ l l 8klkl8pgpg8k10k108 p10p108 k21k218 p21p218 uk̂!, ~37!
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where the labelj1 distinguishes between the two electron
components of the excited manifold, theI are given by Eqs.
~22! and ~25! and theg are given by Eq.~36!.

In Eq. ~37! the chemical information is contained in th
electronic bound-free amplitudes that embody the sym
tries of the bound and free states and the details of the in
action of the electron with the core. Theg are analytical
functions, correlating the polarization of the excitation a
ionization dipole operators and laser fields with the direct
of ejection of the photoelectrons. Pictorially, these functio
can be thought of as transforming the symmetry of the e
tronic wave functions with respect to the body-fixed fram
into anisotropy of the space-fixed angular distribution. It
worth pointing out that Eq.~37! is not equivalent to a
frequency-domain PAD computed with vibrations and ro
tions neglected since the two-pulse nature of the observ
and the relative time scales of the vibronic and rotatio
motions are implicit in theg.

5. A one-electron approximation

Although Eq. ~37! is conceptually transparent, from th
numerical view point it still entails the challenge of evalua
ing the electronic bound-free transition dipole elements.
proceed to approximate theI j1

( ēg lk l ur21) by assuming that
ionization takes place via a one-electron process where
core electrons remain unaltered. The single-electron mo
proved successful in many ionization studies@50,52#. The
effects of correlation in ionization of ground states is stud
in detail in Ref.@57#, where guidelines for the dependence
correlation on the molecular structure are presented. F
this study@57# one might conclude that the extent to whic
correlations play a role is system dependent, although ge
ally minor for outer-shell ionization. A study of correlatio
effects in ionization of excited states is warranted.

Within a single-electron approximation, Eq.~25! reduces
to the matrix element of the dipole operator between
bound and free electronic orbitals involved in the ionizatio

I j1
~eg lk l ur21!'A2

p
i 2 lE dQf lkl

g* ~eQ!r21f
gj1~Q!,

~38!

wherefgj1 andf lkl

g are bound and free electronic orbitals

IRs gj1
and g, respectively. The continuum orbital is ex

panded in generalized harmonics of argumentQ̂ @49,50# @see
Eqs.~15!, ~26!, and Appendix A#, ensuring that thef lkl

g (eQ)

transform as theg IR of the point group of the core equilib
rium structure. A similar expansion of the bound orbita
proved successful in electron scattering@49# and ionization
@50,52# studies of small molecules and has the advantag
allowing analytical calculation of the integral overQ̂. Our
main interest here, however, is in large,p-conjugated sys-
tems of the type discussed in Sec. I. The bound orbitals
thus expressed as a multicenter expansion.

In Eq. ~38! the bound state contains the information abo
the geometry of the molecular configuration and the el
tronic symmetry of the initial state. The angular part of t
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free state contains the electronic symmetry of the continu
while its radial part contains the details of the electron-c
scattering event and is responsible for the sensitivity
frequency-resolved PADs to the ionization dynamics. It m
thus be expected that calculation of absolute asymmetry
rameters would be sensitive to the accuracy of the ra
electronic wave functions while prediction of thechangeof
the b j accompanying a nonradiative process, the observa
of interest in a pump-probe study, would require only prop
account of symmetry and angular-momentum algebra. W
comparison of approximate with exact calculations or w
experimental time-resolved PADs would be essential in or
to test this expectation, it is important to keep in mind~see
Sec. I! that the usefulness of time-resolved PADs as a pr
relies on its validity. In the model calculation discussed
the next section we neglect altogether the ionization dyna
ics, replacing the radial part of the electron-free wave by
asymptotic form, a scattering Coulomb function of ordel
@58#, e2 is lF l(h;kr), wherek5A2e is the magnitude of the
photoelectron momentum,h521/k ands l is the Coulomb
phase shift,s l5argG( l 111 ih). This approximation elimi-
nates system-dependent details and implies that only
change of the PAD upon transition, not its magnitude, can
properly described. Methods of different accuracy for a
proximating the free-electronic states have been descr
and could be implemented in the above framework in stud
where absolute asymmetry parameters for specific molec
are the goal.

6. Summary

The weak-field approximation of Sec. II B 1 restricts th
discussion to pump duration and intensities such thattpu

,VR
21 . Its introduction provides a closed-form expressi

for the scattering-angle dependence of the observable,
~30!.

The slowly varying continuum approximation of Se
II B 2 is valid provided sharp resonances~of width G
&tpr

21) are not accessed by the probe field. Its introduct
allows a closed-form expression for the temporal depende
of the PAD, Eq.~32!.

The neglect of centrifugal coupling in Sec. II B 3 restric
application to time delaysDt,2p/EvJ, where EvJ is the
rotation-vibration coupling energy@54#. Neglect of the de-
pendence of the eigenvalues on the rotational quantum n
bers further restricts the discussion to time delays sho
than rotational periods,Dt,p/Be . ~For the example studied
in Sec. III, for instance, the rotational periods are of ord
10210 sec while internal conversion takes place on
10213 sec time scale@20#.! The introduction of these ap
proximations allows clear separation of the different p
cesses reflected in the PAD based on their time-scales
provides a basis for interpretation of the results~see Sec. III!.
From the practical view point, it allows the calculation of th
time-resolved PAD at the numerical cost that is involved
the calculation of time-resolved PEDs.

In Sec. II B 4 we sacrificed a detailed solution of the tim
dependent entangled vibronic dynamics and focused on
dicting the change of the PAD that accompanies a nonra
4-10
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tive transition. For this heavy price the method beca
applicable to a significantly larger class of molecules.

The range of validity of the one-electron model, Se
II B 5, depends on both the molecule and the observable
was previously explored@57#.

III. EXAMPLE

In this section we apply the formalism of Sec. II to inve
tigate the possibility of using time-resolved PADs to follo
the course of a nonadiabatic transition. We use the inte
conversion of the transpolyene family, represented here
the eight-carbon member, octatetraene, as an example.
motivation in the choice of system is three fold. First, w
expect an experimental study of the internal conversion
octatetraene by time-resolved PADs to be feasible since
time-resolved PED~for technical reasons, for the methy
substituted molecule, decatetraene! has already been mea
sured@20#. Second, the bound electronic wave functions
octatetraene are available from semiempirical calculati
@20#. Third, the center of inversion of theC2h point-group
renders symmetry arguments simple and transparent.
important to restress that our description of the bound
free electronic wave functions is approximate and, hen
system properties~apart from the underlying symmetries!
play a minor role. Our results should thus be considered
appropriate for a general model with the symmetry prop
ties of long-chain transpolyenes.

In the energy domain, the photophysics of transpolye
has been studied quite intensively@59#, this interest arising
from the relevance of the nonradiative dynamics of th
systems to photobiological processes, such as vision, bio
cal light harvesting, and transmembrane proton pumps,
from their suitability to electronic-structure calculations@60#.
The groundS0(1Ag) state is dipole connected to the seco
excitedS2(1Bu) state. The latter undergoes internal conv
sion, promoted by abu mode, into a lower-lying singlet stat
of Ag symmetry,S1(2Ag). As discussed in Ref.@20#, ioniza-
tion from both bright (S2) and dark (S1) states of octatet-
raene into the ground@D0(1Bg)# state of the ion is strongly
dominated by one-electron processes. The ionized orbit
thus ofau andbg symmetries for ionization of theS2(1Bu)
and S1(2Ag) states, respectively. Using the multiplicatio
table of theC2h point group we find that ionization of th
bright state produces free-electron wave functions ofbg sym-
metry for transitions polarized parallel to the molecular pla
and ofag symmetry for transitions polarized perpendicular
the plane. Ionization of the dark state, by contrast, result
scattering wave functions ofau and of bu symmetries for
transitions polarized parallel and perpendicular to the m
lecular plane, respectively.

The photoelectron angular distribution with respect to
molecular frame is readily determined using Eqs.~A5!.
These distributions are shown in Fig. 1 as a function of
polar (QK) and azimuthal (FK) photoelectron ejection
angles. Following the standard conventions we choose
body-fixed Z axis parallel to theC2 axis, with the central
C-C bond defining theY axis. While the center of inversion
of theC2h point group is evident in bothP1Bu

andP2Ag
, the
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distributions differ markedly in detail. The reason is read
understood. Since the octatetraene carbon backbone is p
and rather extended, in-plane (XY) transitions play an im-
portant role in both the bright and the dark states ionizat
processes. For symmetry reasons, however@see Appendix
A#, in the bright state, only partial waves withl>2 contrib-
ute to plane-polarized transitions, which acts to reduce
dominance of theXY component and give the transition
mixed character. This is observed in Fig. 1~a! where the
marked asymmetry with respect toQK→p2QK and FK
→2p2FK arises from interference betweenXY- and
Z-polarized components. By contrast, ionization of the d
state, where oddl>1 contribute to bothXY- andZ-polarized
transitions, is strongly dominated by in-plane componen
Consequently the body-fixed distribution of Fig. 1~b! is
nearly symmetric with respect to bothQK→p2QK and
FK→2p2FK . A large $ l .0,kl50% component is respon
sible for the dominant maximum ofP2Ag

along theZ axis

(QK50,p) but the FK structure clearly indicates non
negligible contribution of up tokl54 partial waves.

The observable~space-fixed! angular distribution of Eqs.

FIG. 1. Body-fixed electron density distributions,PG as func-
tions of the polar (QK) and azimuthal (FK) body-fixed angles for
ionization of the bright,G51Bu ~1a! and dark,G52Ag ~1b! states
of the model transpolyene of Sec. III.P1Bu

is peaked off theZ axis
with marked asymmetry with respect toQK→p2Qk and FK

→2p2FK arising from interference ofX, Y, and Z polarized
transitions. By contrast,P2Ag

is strongly peaked perpendicular t
the molecular plane, along the positive and negativeZ axes, and
nearly symmetric with respect toQk→p2QK and FK→2p
2FK , as a consequence of strongly dominatingXY-polarized tran-
sitions.
4-11
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~36! and ~37! is shown as an inset in Fig. 2 for ionizatio
from the bright~solid curve! and dark~dashed curve! states
of octatetraene. The distributions are normalized so a
allow display on a common scale; the overall signal
smaller for the dark state since only one of the three confi
rations of which the electronic state is composed ionizes
the ground ion state via a one-electron process@20,21#. We
stress that only the change of the asymmetry parame
upon internal conversion, not the actual shape of the ang
distribution, is of interest for our purpose and can be
counted for by the present method.

The mechanism through which the symmetry differen
between the free-electron waves produced through ioniza
of the S2(1Bu) andS1(2Ag) states translates into a marke
difference between the corresponding space-fixed ang
distributions is readily visualized. For the specific case
transpolyenes the excitation is polarized in the molecu
plane and hence the pump pulse prepares an anisotropic
tribution of magnetic states, broadly aligned~as sin2 u) per-
pendicular to the common polarization axis of the pump a
probe fields. Since the molecules do not rotate apprecia

FIG. 2. Space-fixed photoelectron angular distributions@Eqs.
~37!,~36!# and ionization asymmetry parameters@Eq. ~30!#, calcu-
lated within the short time and neglect of vibrations approxim
tions. The inset shows the PADs for ionization of the 1Bu ~solid
curve! and 2Ag ~dashed curve! vs the polar photoelectron scatterin
angle (uk). The distributions are normalized so as to allow disp
on a common scale. The main frame examines the sensitivity o
lower-order asymmetry parameterb2 @Eq. ~30!# to 50% changes in
the relative magnitude~solid and dotted curves! and phases~dashed
and dotdashed! of the ionization bound-free transition dipole el
ments, using the procedure discussed in the text. The solid
dashed curves correspond to ionization from the bright state,
dotted and dot-dashed curves to ionization from the dark state.

large l̃ limit of b2( l̃ ) gives the physical asymmetry parameter f
the 1Bu ~solid and dotted curves! and 2Ag ~dashed and dotdashe

curves!. The value ofl̃ at which the curve stabilizes indicates th
number of partial waves needed to converge the calculation.

deviation from the largel̃ limit shows the effect onb2 of increasing
by 50% the phase or magnitude of one of the partial-wave am

tudes (l 5 l̃ ) composing the signal.
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during the short delay times considered, the dominat
maximum of the charge distribution along the body-fixedZ
axis in Fig. 1~b! is directly observed in the laboratory fram
as a peak of the dark-state PAD perpendicular to the po
ization vector,uk5p/2 ~dashed curve in the inset of Fig. 2!.
Similarly, the minimum of the charge distribution of Fig
1~a! along theZ axis translates into a minimum of the corr
sponding space-fixed distribution atuk5p/2 ~solid curve in
the inset of Fig. 2!. We expect that for other systems differe
~noncollinear! relative orientation of the pump and probe p
larization vectors would serve better to unravel the differen
in electronic symmetry between the coupled Bor
Oppenheimer states.

Since our numerical method of computing the radial co
ponents of the electronic bound-free amplitudes is appro
mate, it is germaine to investigate the sensitivity of the o
come to the relative magnitude and relative phase of
partial-wave amplitudes composing the signal. The m
body of Fig. 2 shows the asymmetry parameterb2 @see Eq.
~30!# computed with systematically modified radial amp
tudes. The solid and dotted curves giveb2( l̃ ) computed with
the modulus of the l 5 l̃ partial-wave amplitude,
uI j1

(eg l̃ kl ur21)u, increased by 50%. The moduli of alllÞ l̃

partial-wave amplitudes and the phases of all amplitudes
unaltered. The dashed and dot-dashed curves giveb2( l̃ ) cal-
culated with arg$I j1

(eg l̃ kl ur21)% increased by 50%, the ar

guments of allI j1
(eg lÞ l̃ kl ur21) being kept at their correc

value. The solid and dashed curves correspond to ioniza
from the bright state while the dotted and dot-dashed o
correspond to ionization from the dark state.

Figure 2 serves several purposes. The largel̃ limit of
b2( l̃ ) gives the physical asymmetry parameter within t
present model. The deviation from this value for a givenl̃

measures the relative contribution of thel̃ partial wave to the
PAD and the value ofl̃ at which the curve stabilizes indi
cates the number of partial waves needed to converge
calculation. Figure 2 suggests that errors in the relative m
nitude and, more so, in the relative phase of the bound-
amplitudes may produce significant errors in the compu
asymmetry parameters. They do not, however, modify
qualitative information sought.

Our present results pertain to the golden-rule limit, whe
the alignment induced by the pump field is limited by t
single-photon selection rules to be very mild, proportional
cos2 u (sin2 u) for excitation transitions polarized paralle
~perpendicular! to the symmetry (C2) axis. In short-pulse
experiments, the golden-rule limit pertains to the case wh
the pulse is shorter than the Rabi period,t,VR

21 , where
VR , the Rabi coupling, is proportional to the field streng
As shown in Ref.@56#, much sharper alignment than th
attained in the weak-field limit can be achieved by choos
t.VR

21 , whereby Rabi cycling between the initial and e
cited states produces broad-rotational wave packets in
states. In practice rotational excitation is usually easier
induce than to avoid. The above discussion suggests the
citing opportunity of using a moderately intense pump fie
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to enhance the change of the PAD that occurs in the co
of a symmetry changing transition. A similar enhancem
can be achieved by using a third, nonresonant@61# laser to
align the system. The latter scheme would have an advan
in cases where an intense pump field involves the risk
two-photon ionization of the ground state. We expect tha
some cases, depending on the molecular symmetry and
nature of the bound-bound transition, the natural~pump-
induced! alignment would not be helpful and prealignme
of the molecule with a nonresonant pulse of appropriate
larization would be necessary in order to translate the s
metry change into a laboratory frame observable.

IV. CONCLUSION

Our goal in this study has been to investigate formally a
numerically the capability of time-resolved PADs to provi
a useful view of nonradiative transitions in large polyatom
systems. To that end we first extended the formalism de
oped in Ref.@39# for calculation of time-resolved PADs in
linear systems to apply to general polyatomic molecules
reformulated the observables so as to expose the under
electronic and rotational symmetries. By invoking a s
quence of approximations we next reduced the formally
act expressions successively to cruder forms that are a
cable to systems of increasing complexity. Our final-res
entails gross approximation of the ionization dynamics bu
capable of extracting the essential physics while remain
numerically trivial. In particular, it illustrates the mechanis
through which a change in the electronic symmetry in
course of an internal conversion or an intersystem cros
translates into a drastic change of the observable PAD.

We focused on the development of physically transpar
expressions that could be applied to gain qualitative ins
into the type of information contained in femtosecon
resolved PADs, and into the time scale on which differe
phenomena are expected to appear. Application was lim
to a single system and only briefly discussed. Specifica
we considered the internal conversion dynamics of a tra
linear-polyene predicting a significant change of the asy
metry parameters for ionization into the ground ion st
upon conversion of theS2(1Bu) into theS1(2Ag) state.

It is clear that much remains to be accomplished. App
cation of the formalism derived here to a variety of syste
of different symmetries and transition-types would be ess
tial in order to examine the generality of the method,
range of applicability and its limitations. This work is cu
rently underway.

A second task of future work would be to refine the mod
by eliminating one or more of the approximations involve
as appropriate for the application considered.

~1! The development or adaptation of improved metho
for computing electronic scattering wave functions that
main applicable to systems of the size discussed in Se
would permit quantitative calculation of the PAD at fixe
delay times, Sec. II B 4.

~2! More interesting would be the application of Eq.~34!
to compute the PAD as a function of the time delay, tak
into explicit account the vibronic dynamics. As noted in S
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II B 3, by restricting attention to time delays shorter th
rotational coherence times, Eq.~34! reduces the numerica
effort involved in the calculation of time-resolved PADs
that required for calculation of time-resolved PEDs. The l
ter observable has been already computed for large m
ecules undergoing internal conversion@16#. While simplifi-
cation of the vibronic Hamiltonian and neglect of all but th
dominating modes would be typically inevitable, such a
proximations are often justifiable through time-scale arg
ments.

~3! Although the main focus of the present work has be
the problem of electronic coupling, the formalism of Sec.
and Appendixes B–D is general and could be applied
predict the effect of other perturbations on time-resolv
PADs from polyatomic molecules. A case of interest is t
onset of rotation-vibration coupling, studied experimenta
in Ref. @27# and examined theoretically for diatomic system
in Refs. @11,28#. This task requires relaxing the approxim
tion of Sec. II B 3 and implementing the formalism of Se
II B 1. It entails, however, the simplification that calculatio
of the electronic bound-free amplitudes is usually unnec
sary.

~4! An exciting opportunity that remains to be explored
that of using a moderately intense pump field to improve
alignment induced during the excitation pulse, thus enha
ing the change of the PAD in the course of the transition
similar effect can be achieved with a third, far-off-resonan
intense field. To examine this possibility it would be nece
sary to go beyond the golden-rule approximation of S
II B 1 and treat the field nonperturbatively, as detailed in S
II A.

The experimental technology for measuring the effe
predicted here is currently available. We hope that
present results would assist in the design of future exp
ments and in the choice of systems and expect such ex
ments to pose new questions for theoretical research.

Further information about wave packet dynamics, beyo
that available through resolution of the photoelectrons w
respect to energy and angle, is contained in the observa
of time-resolved photoelectron-photoion coincidence im
ing spectroscopy@37,62#. The technology required for suc
measurements was recently developed and tested@37,62#. An
interesting problem for theoretical research is thus the inv
tigation of the type and quality of new~not available from
more conventional observables! information that could be
gained from energy- and angle-resolved photoelectr
photoion coincidence measurements in the time domain. T
may be expected to go beyond the realization of a molec
fixed PAD @62#. The extension of the present formalism
that end forms another avenue for future research.
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TAMAR SEIDEMAN PHYSICAL REVIEW A 64 042504
APPENDIX A: FORM OF THE GENERALIZED
HARMONICS FOR POINT GROUPS LACKING AXES

OF SYMMETRY OF ORDER HIGHER THAN 2

In this Appendix, we derive explicit expressions for th
generalized harmonics of Eq.~15! for the title point groups
~point groupsC2 , Ci , C2h , D2 , C2v and D2h) @51#. We
focus on these groups since the systems discussed in
introduction all belong to one of them and since the lack
axis of symmetry of order higher than 2 in these grou
simplifies the form of theXhl

gm , giving expressions whos
symmetry properties are readily visualized.

The symmetry operations to be considered are t
@44,55# two-fold rotations about three mutually orthogon
axes,C2X , C2Y , C2Z , reflections,sXY , sXZ , sYZ ; and
inversion,i. Under these operations the spherical harmon
transform as

C2XYlkl
5~21! lYl 2kl

,

C2YYlkl
5~21! l 2klYl 2kl

, ~A1!

C2ZYlkl
5~21!klYlkl

,

sXYYjkl
5~21! l 1klYlkl

,

e

u
he
se

he

04250
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f
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s

sXZYlkl
5~21!klYl 2kl

, ~A2!

sYZYlkl
5Yl 2kl

,

and

iYlkl
5~21! lYlkl

. ~A3!

Consequently, all IRs of the title point groups transform u
der the respective group’s symmetry operations as

Xlkl

g 5
1

A2
~Ylkl

1~21!pgYl 2kl
!. ~A4!

With Eqs. ~A1!–~A3!, generalized harmonics for the IRs o
the above point groups are readily constructed. For the s
cific case of theC2h point group, considered in Sec. III, th
group symmetry operations do not mixYlkl

with Yl 2kl
and

hence the spherical harmonics provide an appropriate b
It is nevertheless convenient to expand the electronic sta
real and imaginary linear combinations of the form~A4!.
Using theC2h character table and Eqs.~A1!–~A3! we have,
Xlkl

ag5A2Ylkl
~QK,0!cos~klFK!; iA2Ylkl

~QK,0!sin~klFK!, l even, kl even,

Xlkl

bg5 iA2Ylkl
~QK,0!sin~klFK!; A2Ylkl

~QK,0!cos~klFK!, l even, kl odd,

~A5!

Xlkl

au5A2Ylkl
~QK,0!cos~klFK!; iA2Ylkl

~QK,0!sin~klFK!, l odd, kl even,

Xlkl

bu5 iA2Ylkl
~QK,0!sin~klFK!; A2Ylkl

~QK,0!cos~klFK!, l odd, kl odd.
APPENDIX B: INTEGRATION OVER THE EULER
ANGLES IN EQS. „18… AND „19…

In this Appendix, we provide explicit expressions for th
integrals over the Euler angles of rotation,W in Eqs.~18! and
~19!, and their reduced formsw appearing in Eqs.~29!, ~31!,
and~33!. These expressions are used in the derivation of s
rules in Appendices C and D below. In order to simplify t
notation we confine attention to the point-groups discus
in Appendix A, where Eq.~15! takes the form~27!, and
neglect spin. At the end of the Appendix, we outline t
extension of the expressions to the general case of Eqs.~20!
and ~23!.

Consider first the excitation~bound-bound! integral in Eq.
~18!. Using Eqs.~11!–~13! and Eq.~3.118! of Ref. @46# we
m

d

have

W~J1t1M1p1uk10qp10uJ0t0M0p0!

5A8p2

3 E dR̂^R̂uJ1t1M1p1&*

3^R̂u1k10qp10&^R̂uJ0t0M0p0&

5~21!M1S J1 1 J0

M1 2q 2M0
D

3w~J1t1p1uk10p10uJ0t0p0!, ~B1!

where
4-14
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w~J1t1p1uk10p10uJ0t0p0!5
J̃1J̃0

A8
(

K1K0

aJ1t1K1
aJ0t0K0

~21!K1

3H S J1 1 J0

K1 2k10 2K0
D 1~21!p1S J1 1 J0

2K1 2k10 2K0
D 1~21!p10S J1 1 J0

K1 k10 2K0
D

1~21!p0S J1 1 J0

K1 2k10 K0
D J @11~21!J01p0111p101J11p1#. ~B2!

The angular integral appearing in the bound-free matrix element, Eq.~19!, is written as

W~JctcMcpcu lk lmlpguk21qp21uJ1t1M1p1!

5A8p2

3

8p2

2l 11E dR̂^R̂uJctcMcpc&* ^R̂u lk lmlpg&* ^R̂u1k21qp21&^R̂uJ1t1M1p1&

5 (
J2 ,M2

S Jc l J2

Mc ml M2
D S J2 1 J1

M2 q M1
Dw~J2uJctcpcu lk lpguk21p21uJ1t1p1!, ~B3!

where

w~J2uJctcpcu lk lpguk21p21uJ1t1p1!

5
J̃cJ̃1J̃2

2

4 (
KcK1

aJctcKc
aJ1t1K1

$v~Kc ,kl ,k21,K1!1~21!pcv~2Kc ,kl ,k21,K1!

1~21!pgv~Kc ,2kl ,k21,K1!1~21!p21v~Kc ,kl ,2k21,K1!1~21!p1v~Kc ,kl ,k21,2K1!

1~21!pc1pgv~2Kc ,2kl ,k21,K1!1~21!pc1p21v~2Kc ,kl ,2k21,K1!

1~21!pc1p1v~2Kc ,kl ,k21,2K1!%@11~21!Jc1pc1 l 1pg111p211J11p1#, ~B4!
-
er

a

m
th

in
and

v~Kc ,kl ,k21,K1!5(
K2

S Jc l J2

Kc kl K2
D S J2 1 J1

K2 k21 K1
D .

~B5!

The factors@11(21)J01p0111p101J11p1# in Eq. ~B2! and
@11(21)Jc1pc1 l 1pg111p211J11p1# in Eq. ~B4! ensure that
the integrals of Eqs.~B1! and ~B3! vanish unless the corre
sponding integrands are invariant under the symmetry op
tions of theD2 group.

Very similar expressions are obtained in the general c
of Eqs.~20! and~23! where, however, theJ and their space-
fixed projections are replaced by the respective angular
menta excluding spin and their projections and, since
A8p2/2l 11, R̂u lmlklpg&* in Eq. ~B3! is replaced by
Dmlkl

l , theW are independent ofg.

APPENDIX C: DERIVATION OF EQ. „29…

Substituting Eqs.~18!, ~19!, ~B1!, and ~B3! in Eq. ~28!,
collecting terms dependent onMi andMc and, for notational
simplicity, assuming both pump and probe fields to be l
early polarized along a common axis, we denote
04250
a-

se

o-
e

-

S[ (
Mi Mc

S Jc l J2

Mc ml 2Mi
D S J2 1 J1

2Mi 0 Mi
D

3S J1 1 Ji

M i 0 2Mi
D S Jc l 8 J28

Mc ml8 2Mi
D

3S J28 1 J18

2Mi 0 Mi
D S J18 1 Ji

M i 0 2Mi
D . ~C1!

Using Eqs.~2.30!, ~2.31!, and~4.16! of Ref. @46# we expand
two pairs of the 3-j symbols in Eq.~C1! as

S J2 1 J1

2Mi 0 Mi
D S J1 1 Ji

M i 0 2Mi
D

5~21!J2111Mi (
j 1

̃1
2H 1 J2 J1

Ji 1 j 1
J

3S 1 1 j 1

0 0 0D S J2 Ji j 1

Mi 2Mi 0 D ~C2!

and
4-15
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TAMAR SEIDEMAN PHYSICAL REVIEW A 64 042504
S J28 1 J18

2Mi 0 Mi
D S J18 1 Ji

M i 0 2Mi
D

5~21!J28111Mi (
j 2

̃2
2H 1 J28 J18

Ji 1 j 2
J

3S 1 1 j 2

0 0 0D S J28 Ji j 2

Mi 2Mi 0
D . ~C3!

Equation~4.16! of Ref. @46# is next used to couple Eqs.~C2!
and ~C3!,

S J2 Ji j 1

Mi 2Mi 0 D S J28 Ji j 2

Mi 2Mi 0
D

5~21!J21Ji1J281Mi (
j

̃2H j 1 J2 Ji

J2 j 2 j J
3S j 1 j 2 j

0 0 0D S J2 J28 j

M i 2Mi 0
D ~C4!

and the sum overMi andMc is carried out by application o
Eq. ~4.15! @46#,

(
Mi Mc

~21!MiS Jc l J2

Mc ml 2Mi
D

3S Jc l 8 J28

Mc ml8 2Mi
D S J2 J28 j

M i 2Mi 0
D

5~21!Jc1mlH l J2 Jc

J28 l 8 j J S l 8 l j

2ml8 ml 0D dml ,m
l8
.

~C5!

Hence,

S5~21!Ji1Jc1ml (
j 1 j 250,2

(
j 50,2,4

̃1
2̃2

2̃2

3S 1 1 j 1

0 0 0D S 1 1 j 2

0 0 0D S j 1 j 2 j

0 0 0D
3H 1 1 j 1

J2 Ji J1
J H 1 1 j 2

J28 Ji J18
J H j 1 j 2 j

J28 J2 Ji
J

3H l l 8 j

J28 J2 Jc
J S l l 8 j

ml 2ml 0D , ~C6!

where we noted the symmetry properties of the six-j sym-
bols, Eqs.~4.9! of Ref. @46#. Using Eqs.~2.32!, ~3.94!, and
~3.116! of Ref. @46#, the ml-dependent terms in the cros
section are cast in the form,
04250
(
ml

~21!mlYlml
~ k̂!Yl 8ml

* ~ k̂!S l l 8 j

ml 2ml 0D
5

l̃ l̃ 8

4p S l l 8 j

0 0 0D Pj~cosuk! ~C7!

with j 50,2,4.
Substituting Eqs.~18!, ~19!, ~B1!, and ~B3! in Eq. ~28!

and using Eqs.~C1!, ~C6!, and~C7! we obtain Eq.~29! in the
text with F j defined as,

F j~JiJ1J18l l 8J2J28Jc!

5
~21!Ji1Jc

2Ji11

l̃ l̃ 8

4p (
j 1 j 250,2

̃1
2̃2

2̃2S 1 1 j 1

0 0 0D
3S 1 1 j 2

0 0 0D S j 1 j 2 j

0 0 0D H 1 1 j 1

J2 Ji J1
J

3H 1 1 j 2

J28 Ji J18
J H j 1 j 2 j

J28 J2 Ji
J H l l 8 j

J28 J2 Jc
J

3S l l 8 j

0 0 0D . ~C8!

APPENDIX D: DERIVATION OF EQ. „34…

In this Appendix we derive angular momentum sum ru
that allow the summation over the ion rotational indices
Eq. ~8! as well as the coherent sums over the intermed
rotational levels in Eqs.~31! to be carried out analytically
provided that the dynamical process studied is fast with
spect to rotational periods and that symmetric top syste
are considered. As discussed in Sec. II B 3, in this limit t
dependence on rotational quantum numbers is contained
in analytical functions; thew of Eqs.~B2! and ~B4! and the
F j defined by Eq.~C8!.

Collecting theJc-dependent terms in Eqs.~B4! and ~C8!
we have,

(
Jc

~21!JcJ̃ c
2H l l 8 j

J28 J2 Jc
J S Jc l J2

Kc kl K2
D S Jc l 8 J28

Kc kl8 K28
D

5~21! l 1 l 81J21J281K281klS l l 8 j

2kl kl8 kl2kl8
D

3S J28 J2 j

K28 2K2 kl82kl
D , ~D1!

where we used Eq.~4.16! of Ref. @46#. The J1-dependent
terms in Eqs.~B2!, ~B4!, and~C8! are next be summed as
4-16



TIME-RESOLVED PHOTOELECTRON ANGULAR . . . PHYSICAL REVIEW A 64 042504
(
J1

J̃ 1
2H 1 1 j 1

J2 Ji J1
J S J1 1 Ji

K1 2k10 2Ki
D S J2 1 J1

K2 k21 K1
D

5~21!J21k101K211S 1 1 j 1

2k10 2k21 k101k21
D

3S J2 Ji j 1

2K2 2Ki 2k102k21
D , ~D2!

and similarly

(
J18

J̃81
2H 1 1 j 2

J28 Ji J18
J S J18 1 Ji

K18 2k108 2Ki
D S J28 1 J18

K28 k218 K18
D

5~21!J281k108 1K2811S 1 1 j 2

2k108 2k218 k108 1k218
D

3S J28 Ji j 2

2K28 2Ki 2k108 2k218
D . ~D3!

The selection rulek101k212k108 2k218 5kl5kl8 follows from
the properties of the terminal 3-j symbols in Eqs.~D1!–
~D3!. With Eqs.~D1!–~D3! we are in position to perform the
sum overJ2 in Eq. ~31!,
e

-
al

y

ne

i
,
hy

ela

T.
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(
J2

J̃ 2
2H j 1 j 2 j

J28 J2 Ji
J S J28 J2 j

K28 2K2 kl82kl
D

3S J2 Ji j 1

2K2 2Ki 2k102k21
D

5~21!J281K281Ki1K2S J28 Ji j 2

K28 Ki k108 1k218
D

3S j 1 j 2 j

k101k21 2k108 2k218 kl82kl
D . ~D4!

Finally

(
J28

~21!J28J̃28
2S J28 Ji j 2

2K28 2Ki 2k108 2k218
D

3S J28 Ji j 2

K28 Ki k108 1k218
D 5~21!Ji ~D5!

where we used the orthogonality property of the 3-j symbols,
Eq. ~2.33! of Ref. @46#. Substituting Eqs.~B2!, ~B4!, ~C8!,
and ~D1!–~D5! in Eq. ~31! one obtains Eq.~34!.
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