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Time-resolved photoelectron angular distributions as a probe of coupled polyatomic dynamics
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A nonperturbative theory for calculating time-resolved photoelectron angular distributions in linear mol-
ecules[J. Chem. Physl07, 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.
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[. INTRODUCTION to its energy-domain counterpdf], time-domain ionization

Time-resolved methods are now an established complespectroscopy is sensitive to both the nuclear and the elec-
ment to the more traditional tools of energy-resolved spectronic dynamics and allows, at least in principle, resolution
troscopy. The basic principle of the time-domain approach i®f either or both the photoelectron and the photoion signals
simple and extremely general in applicatiph,2]. A first  with respect to energy, angle, and spl®]. While the first of
(pump pulse prepares a nonstationary superposition of exthe above criteria is well satisfied, whether the second can be
cited eigenstates. A secorigrobe pulse interrogates the met is a difficult question; ionization is a complicated dy-
wave packet at a series of instances during its evolution. Thisamical process, involving resonances, coupled-ion channels
concept has been applied, in the last three decades, to tlaed complex interaction of the outgoing electron with the
study of a vast variety of problems in physics, chemistry,core. The difficulty of disentangling the ionization dynamics
biology, and material sciendd,2]. from the molecular information was noted in continuous-

While the pump stage is straightforward and essentiallyvave (cw) ionization studies and is clearly aggravated the
universal, the design of a successful probe presents an intdvetter the ionization signal is resolved. The possibility of
esting challenge and is often system and application depermircumventing the complex nature of ionization processes to
dent. Ideally, one desires that the probe scheme be specifiestore a simple physical picture for the wave packet evolu-
cally sensitive to those properties of the wave packet thation is addressed beloysee also Ref(11]).
carry the information sought. In addition, the process in- The energy-resolved signal, i.e., the photoelectron energy
volved in probing the wave packet should be simple enougldistribution (PED) as a function of the pump-probe delay
so as to merely serve as a template on the wave packet eviime, has been studied in some detail during the past few
lution, rather than contaminate the signal with its own dy-years[4—7]. Experimental and theoretical work illustrated
namics. the ability of time-resolved PEDs to map wave-packet vibra-

With regard to the former criterion, the specific sensitivity tions[12,13], to follow in time the flow of energy between
of the probe, experience in the energy domain indicates thatoupled vibrational modegl4] and the transfer of popula-
the better resolved the signal the more specific the information between coupled electronic stafd$-19, and to dis-
tion it contains. Thus, while in integrated pump-probe signalentangle coupled electronic-vibrational dynan{i26,21].

(such as total fluorescence spectroscopy, total mass spec-Here we consider time-resolved photoelectrangular
trometry or total ionization spectroscopgll-level spacings distributions as a complementary means of understanding
determining the wave packet evolution are entangled, obeoupling mechanisms in polyatomic excited stateg]. In
servables that are resolved with respect to one or more prophe cw domain[23] the photoelectron angular distribution
erties of the detected speciés.g., dispersed fluorescence (PAD) has been long known to provide unique information
[1], translational-energy spectroscof], or photoelectron about rotational level structures. Nanosecond studié25|
spectroscopy4—7]) are often capable of disentangling one demonstrated the possibility of probing nuclear hyperfine
motion from another. The latter criterion, the nonperturbingcoupling using PADs. Picosecond resolved PADs were
effect of the probe, is difficult to satisfy in practice and is shown to reflect rotation-vibration coupli@l,26—-28§.
evidently related to the former since the better resolved the Referencd29] proposed and illustrated theoretically the
signal the more sensitive it is also to the dynamics of thepossibility of using femtosecond-resolved PADs to probe the
probe process. Below it will be useful to keep in mind thatdynamics of internal conversion processes. Very recently this
time-domain signals, even when partially resolved, are ineviopportunity was realized experimental§0]. At present fur-
tably highly averaged as compared to frequency-domain sigher experimental studies of ultrafast nonadiabatic dynamics
nals. This averaging can be used for advantage. are being set up in several other laboratofi&gs.

Of particular interest to the present study are time- The problem of radiationless transitiofiaternal conver-
resolved ionization spectroscopies, which at present are beions and intersystem crossing82] plays a special role in
coming increasingly popular experimentdl/—6,8. Similar  molecular physics, this being one of the most-general phe-
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nomena in excited-state dynam[@&3], with fascinating con- tally convenient regimes. Thus, time-resolved PED studies of
sequences in the physics of vision and photosynt@k  nonradiative transitions have focused on systems such as
and in molecular electronid85]. Nonetheless, one may ex- aniline and aminopyridingl5], hexatriend17], phenol[19],
pect femtosecond-resolved PADs to provide a useful tootlecatetraené20], phenanthrene and naphthaldr®d], and
also in the study of other ultrafast phenomena in bound-statpyrazine[36]. Third, from the practical view point, one is
and dissociative dynamid86—38. From a theoretical per- interested in electronically coupled systems of relevance to
spective, femtosecond-pulses introduce several new featurgfotobiological processg84] and to the design of future
that do not play a role in the nanosecond regime. These amdevices[35].
discussed in Ref39], where the nonperturbative formalism  The above discussion exposes an important distinction be-
required for calculation of this observable is developedtween the ability of theory to predict accurately the effect of
More recently, numerical studies of femtosecond-resolvedotational perturbations on time-resolved PADs and its ability
PADs from diatomic systems were also reporféi,40,41. to predict with comparable accuracy the effect of electronic
The ability of time-resolved PADs to map rotation- coupling. The former problem can be addressed within a
vibration energy transfdi26,27 owes to their sensitivity to  single surface, single vibrational-mode calculatidd,2§.
the rotational composition of the wave pack&f,2§. The The latter involves the calculation of a vibronic Hamiltonian
ability of the same observable to probe electronically nonafor a large polyatomic molecule and the propagation of a
diabatic and spin-orbit couplif@0] owes to its sensitivity to  multidimensional ro-vibronic wave packet on coupled elec-
the electronic symmetry of the probed stg28] (vide infra).  tronic surfaces, subject to laser fields that are typically non-
By contrast to the former problem, the latter can, dependingerturbative. Furthermoreb initio calculation of the elec-
on the system, be studied also by measurement of timearonic bound-free amplitudefthe matrix elements of the
resolved PEDs[15-21. In practice we expect the two dipole operator between the bound and free-electronic $tates
probes to be complementary in application. The energyfor all relevant nuclear configurations, photoelectron ener-
resolved probe relies on energetic difference between thgies, and photoelectron partial waves is difficult for three-
coupled electronic states, which translates into a change @ind four-atom systems and impractical for large ones. For
the photoelectron energy spectrum upon a nonradiative trarstudy of the former problem, as shown in Rg#8], knowl-
sition[15—-21. The angle-resolved probe relies on symmetryedge of these amplitudes is not essential. This result is intu-
difference between the coupled electronic states, whiclitively expected since the process described depends on the
translates, as shown below, into a change of the symmetry afuclear, rather than on the electronic dynamics. In the case of
the outgoing electronic waves in the course of a nonradiativ@onradiative transitions the electronic wave functions carry
transition[29]. the information sought and need be taken into account, even
Neither approach is completely general. As discussed iwithin a qualitative study.
Refs.[15,20,2], the photoelectron kinetic-energy spectrum  The introduction of approximations is thus inevitable. The
mirrors the electronic-energy content of the wave packehighly averaged(in the frequency sengenature of time-
only if one of two conditions is met. Either the ion and resolved experiments in large systepi$,17—21 suggests
neutral states should have similar equilibrium configurationsthat approximate theories, in particular theories that approxi-
such that the vibrational energy of the neutral and ion statemate the ionization dynamidsather than the wave packet
do not differ appreciably15], or the coupled states should dynamics probedcould be also justified. The development
correlate upon ionization with different states of the [igf]. of approximate models is useful, however, irrespective of
In the case of angular distributions one requires that thevhether their results match the accuracy of relevant experi-
coupled electronic states would differ in electronic symme-ments since they can provide physical insight into the prop-
try. Group theoretical arguments, however, have the merigrties and information content of the observable.
that their application requires little information about the  One of the purposes of the present work is to generalize
system. Provided that the molecule is rigid on the time scal¢he formalism of Ref[39] to nonlinear polyatomic mol-
of the experimenf42], only the electronic symmetry of the ecules and to reformulate the observable so as to expose and
states involved is needed in order to apply such argumentsutilize the underlying electronic and rotational symmetries. A
A second qualitative difference between the application okecond goal is to systematically introduce a sequence of ap-
time-resolved PADs to the understanding of rotational perproximations that will allow the calculation of PADs for sys-
turbations and the application of the same observable to thems of chemical interest and provide transparent, closed-
understanding of nonradiative transitions needs to be notedorm expressions for the observables, that could serve as a
In the former case the study of simple systems is particularlyasis for the interpretation of future measurements or accu-
helpful in exposing the physical origin of the mapping of therate calculations. A third goal is to address specifically the
coupling forces into the observall#1,28. The problem of  problem of probing nonradiative transitions with PADs. With
nonradiative transitions inevitably involves the study of largethat we hope to guide future experiments as to the choice of
polyatomic systems. The reason is three fold. First, it is typi-molecular systems and field parameters.
cally in large molecules that level densities become large, The next section outlines the theory. We fi(Sec. 1l A
frequency-domain spectra become difficult to interpret, andxtend the formalisri39] to nonlinear systems and motivate
the time domain is expected to offer an advantage. Seconthe use of time-resolved PADs as a probe of a time-evolving
large systems, in particularr-conjugated systems, offer electronic symmetry. In Sec. Il B we introduce a series of
large absorption and ionization cross sections in experimerapproximations, sequentially reducing the formally exact ex-
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pression to simpler forms that could be applied to systems of . M .o

increasing complexity. Section Il B 6 briefly summarizes the iCo® °(t)= 2, C1™"%(t)(0ngMo| - £p(t)|1nM )
approximations introduced in Secs. 11 B 1-II B 5, noting MM

their range of validity. Readers uninterested in the formalism x exi (EQ—Ejt], 3)
may want to skip Sec. Il A and proceed directly to Sec. Il B,

where we focus on physical interpretation. Section IIl pro-

vides a numerical example and the final section concludesiC'IlMl(t)z > CSOMO(t)

with an outlook to future research. All mathematical details oMo

are omitted from the text and collected in Appendices. Ap- - - . n n
pendix A is devoted to group-theoretical arguments while X(1niMy| - £p()|OnoM o) exeli (E*— Eg)t]
Appendixes B-D outline the solution of integrals and the

derivation of sum rules used in Sec. II. + > def dkC"eMe( ekt)
ncMc
Il. THEORY X<1nlMl|M'8pr(t)|ekncMc>
R
A. General formalism xexdi(E;'—EMe—e)t], (4)

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

si(H)=2f (e ®t+tcc, i=pupr (1) iC“cMc<eRt>=n2M CItMi(t)(eknM | - & 1) 101 M)
1V
X expli(Ee+e—EjMt], (5)

where g; is a unit vector along the polarization direction,
fi(t) is a smooth envelope, ang is the central frequency.  supplemented by a set of initial condition@,2§Mf(t:O)

The first(pump. pulse,spu_, pr(_)jects t_he initial eigenstate :5505%& 6M§~Mi [43]. In general the two pulses do not
onto a superposition of rovibrational eigenstates of an elecgyerlap in time and hence Eq8)—(5) separate into two sets
tronically excited state. The secongrobe pulse, e,  of equations, one describing the dynamics during the pump

couples the electronically excited state with the ionizationstage[g (1)=0] and the second corresponding to the dy-
continuum. Following Ref.[39] we expand the time- amics Fc)irurin the probe staé, () =0]
dependent wave packet in eigenstates of the field-free Hamil* The state-g timg- and angplue-re_solv.ed cross section is

tonian,Ho=H(t) + Ziu-&(t), as given as the squared modulus of the corresponding con-
tinuum amplitude,

|qf(t)>=§_201n§h;, CrMe(t)[£ng Mg yexp( —iE ) a(eknM|At|nM;) = lim fde|C“cMc(eRt)|2, (6)
T e

whereAt is the delay time, the difference between the cen-
ters of the pump and probe pulses, and integration is over the
range of photoelectron-energies spanned by the probe band
xexd —i(E+e)t], (2 width. We denote bye an averaged photoelectron energy,
defined to within the energy resolution and upper limited
through energy conservatiogsEg + wp,+ wy— E".

In time-resolved experiments, in particular for large mol-
ecules, the measurable is typically not the fully resolved
cross section of Eq6) but a rather less-detailed cross sec-
tion, summed over the magnetid¢) and rotational J.)

Y dejdkcncMc<em)|e&nCMC>
n-M

whereé=0,1 is an electronic index¢E 0 is the initial elec-
tronic state and=1 is that reached by the pumm, de-
notes collectively the energy-level indices, including the ro-
vibrational quantum numbers and the electron skipjs the

magnetic quantum number, the IDYOJECtI_OH of thentot.al angulagtates of the corand usually also over several vibrational
momentumJ, onto the space-fixed axis, andE.* is the (, ) jevelg and averaged over the initial magnetMd ) lev-
eigenenergy. We denote kythe photoelectron energy and els and over a Boltzmann distribution of initial ro-vibrational
by k=(6,,¢,) the photoelectron ejection direction in the states. Below we determine analytically the forms of the par-
space-fixed frame. The subscriptienotes the core indices, tially averaged cross sections,

we reserve the labgj=2 to attributes of the ioth electron

system. —— B —

Substituting Eq.(2) in the time-dependent Schtimger a(ekncAt[m;) = 2J,+1 M%c o(ekncM|AtinM)),
equation and using the orthogonality of the field-free eigen- (7)
states, one obtains a set of coupled differential equations for
the expansion coefficients, and
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?(?RnclAtlniFJE o(ekng|At|ny), 8 |NKMNp):%(|NKMN>+(—1)”|N—KMN>), p=0,1
(12

from which all further aver rvabl r ined nu- .
moericallyc all further averaged observables are obtained uand|NKMN> are standard symmetric-top states,

In order to provide explicit expressions for the ON+1
coypling [na}rix elements(1n;M|u- £,(t)|0NgM) and (RINKMy)= /_2 DKIA*NK(Q)_ (13
(ekneM |- ep(t)[1n;My) in Egs. (3)-(5), we proceed to 87

identify the forms of the field-free eigenstates and the field-

matter interaction. The bound and continuum states are writ(-'A‘ltlr.mngh tkhe nﬁyatlonb.of Edmondst7] wasdusec:] In Oﬁr
ten in a Hund's caséh) basis as earlier work on this subjedtl1,39,40,28 we adopt here the

notation of Zare[46] since Ref.[46] is becoming increas-
ingly popular) The continuum electronic states in E4.0)

|EnM ) =[€)|n) T o(—1)Ne™ Set Me are expanded as
Ne S Jg . \F ‘1 >
X ‘Rleky=\/—2, |z m
uRMs, | My, Ms, _Mg) (QiRlek) 77%5 27
XISeMs)INereMipe). - £=01 (9 x 3 IQiRleyuh)X*(R),  (14)

yuhl

and where mg is the electron spinK denotes the direction of

ejection of the electron in the body-fixed frame, 24" are
|ekncM )= ek)|ng)Je(—1)Ne=SctMe generalized harmonidg8-5(, satisfying the symmetries of
the molecular point groufb1],

> N. S JC)

X ~ ~

mums, \ My, Ms. =M Xﬁf‘(K)z}k: bafi Yii,(K). (15)
|

><|S<:MSC>|NCTCMNCpc> (10

In Eqg. (15 vy denotes the irreducible representatitR),
distinguishes between components of the IR if its dimension
whereJ=+2J+1, N are total angular momenta excluding is larger than one, anth distinguishes between different
spin, M, are the corresponding space-fixegrojections and bases of the IR corresponding to the same electron angular
Mg are the projections of the spin angular momenta onto th&homentuml. Generalized harmonics were found numeri-
space-fixedz axis. We assume, in Eq$9) and (10), that  cally advantageous in solid-state calculatip#8] as well as
spin-orbit and Coriolis interactions do not come into play onin studies of electron scatterirfg9] and molecular ioniza-

the time scale of the phenomena to be studied.(IiR|&)  tion [50,52. In the present study they are used primarily for
and (Q;R|eR) are electronic functions, parametrically de- conceptual.purposes, as discussed belqw. The properties of
pendent on the nuclear configuration, ¢R{n,) are vibra- the generalized harmonics for several point groups of current

tional eigenfunctions and théR|N7M are eigenfunc- experimental interest, and their implications to the form of
; 'gentunclc .eR 7 NP) Igentu the photoelectron distribution in the molecular frame are dis-
tions of the rotational Hamiltonian. We denote Ky the

electronic coordinates, defined with respect to the body-fixe(i:;ze?Ql,nR|A§p>p?nndé)é A(‘é)ﬂ;?] Jotrrr]]; foggi ski):r? ncccl) e?]l‘ﬁc(i:(tarr?tglc
frame, R are the nuclear coordinates, aRd-(#,6,») are  (Q:R|eyuhl) in Eq. (14), are system dependent and dis-
the Euler angles of rotation of the body-fixed frame with cyssed in Sec. 11 B 5. Here we note only that both functions

respect to the space-fixed frame. Throughout this paper Weansform according to the various IRs of the molecular point
denote coordinates defined with respect to the body-fixegyroup[51].

e_md space-fixed frames by capital and small letters, respec- The field-matter interaction in Eq&3)—(5) is usually ex-
tively. panded in spherical unit vectof53],

The rotational eigenstates are given as
A * o~ 4 ~
pe=2 equDes(R 1=\ 2 dYid Qo).

IN7Mp) =2 ay.x[NKMyp), (11 (16
where Eq.(9) of Ref.[53] is written in the notation of Ref.
where 7= —N,—N+1,... N, [INKMyp) are symmetry- [46], v labels the electrons, and,, are spherical harmonics.
adapted symmetric-top functions, satisfying the symmetrie§or our present purpose it is advantageous to express Eq.
of the D, group[45,46, (16) in terms of Cartesian vectorp € X,Y,Z) that transform
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as the symmetry-adapted rotation matrices of @#8),
-~ - 8 .
Mm-E= A 2 €q 2 E Mppv<R|1kpqpp>a
3 9 HhxXyz S
17

(1n;My |- ‘;*pu|0n0M o)

:Z €q E

dr10 My MnMs Mg,

No S Jdo

X
My, Ms, —M,

and

<ERncMc|:‘z ’ ‘;pr| 1n;My)

:qu E

21 My Mn,Ms Mg
Ny S g

X
My, Ms —M;

ywhlkjmy

XT(ne|eyuhl|pagny),

where

W(N17;My, p1|K1gd P10/ No7oMn,Po)

8m° A .
= TJ dR(R|N; 71 My p1)

X (R|1k1o1p10)(RINg7oMp Po),  (20)
T(n4]p10lno) = (Na|l (p10)[No), (21)
1(p10iR)= 2 (11py.1d0) 1y, (22)

W(Nc7eMy pelTkimi[ K10 poa Ny 71 My ps)

8 A I &
= Tde<R|NCTCMNCpc> Dmlkl(R)

X (R| Lk P20)(RINy 7 M N,P1), (23

T(ncleyumhl|pagny) =(nc[l(eyuhl|pi)|ny), (24

and

(_ 1)N1781+M1+ N07$0+Mojljo

(= 1)Ne=SctMet Ny =S+ M5
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where theu, are phase factorsuy=—1, uy=—1i, uz
=1, and thek, andp, describe the symmetry of the Carte-
sian coordinates with respect to the operations of Ehe
group;kx=ky=1, kz=0, px=1, andpy=pz=0.

Using Egs.(9), (10), (14), and(17) we have

Ny & 0
My, Ms —M,

W(N1 7 My, P1|K1g8 P10l No7oM N, Po) T(N1|p10l o) (18)

1

Ne S J
My, Ms, =M,

> Yum,(R)meW(NcTcM Ncpc||klml|k21q P2iN1 71 M N, P1)

(19

2 _
I(eyuhllpip;R)= \[;I ' 2 (eyuhllp, 2l py, .
(25)

In Egs.(18)—(20) and(23), ki andp, are shorthand fd{plo
and Poo and similarlyk,; andp,;. The W of Egs. (20) and

(23) contain the details of the rotational Hamiltonian in the
initial, excited, and ion state and the selection rules, deter-
mined by the field polarization and the nature of the transi-
tion. TheT in Egs.(21) and (24) contain the details of the
vibrational Hamiltonian. In the case of electronically coupled
systems, this includes the potential- and kinetic-energy func-
tions in all electronic states involved and their coupling, usu-
ally written in a diabatic representation. TheEgs.(22) and
(25), account for the electron-scattering dynamics and for the
symmetry of the bound and free-electronic wave functions.
In particular,| (eyuhl|p,1;R) vanishes unless the integrand
in Eq. (25) is invariant under the operation of all elements of
the point groud51] of the molecular Hamiltoniaf44]. The
integration over the Euler angles in Eq20) and (23) is
readily carried out analytically, as shown in Appendix B. The
integration over the dynamical variables in E¢31), (22),
(24), and(25) need be performed numerically in general.
Implicit in our use of point-group symmetry and a semi-
rigid rotational Hamiltoniarj54] is the assumption that tun-
neling between equivalent equilibrium conformations does
not take place on the time scale of the experiment. This
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assumption normally holds for the fast phenomena considinto considerations not only since it may complicate the in-
ered here. The formalism can be extended to study problenterpretation of data but also since it can be used for advan-
where large-amplitude motion plays a role, and cases whengge.
the equilibria of electronic states involved belong to different  Depending on the system and on the observable; however,
point groups, by application of molecular symmetry groupsit is often possible and desirable to minimize strong-field
and a nonrigid rotation-vibration Hamiltonideee Ref[55]  effects. Referencpt0] examines in detail the role played by
for examples . the pump and probe intensities in determining the time-
Equations(18)—(25) are general, applying to all-32 mo- esplved PAD. It is found that the probe intensity does not
lecular point groups. To proceed one needs to specify thgiar the form of the PADalthough its magnitude is strongly

point group_of the molec_ule,_which determines the form o affected within the range typical of pump-probe experi-
the ger_1erahzed harmonl_cs n qu15) and _the symmetry .ments in chemical systems. The origin of this counter-
properties of the electronic functions and dipole operators in

Egs.(22) and (25). Inspection of the point-groups character- intuitive result is explored in Refl40] and is expected to

tableg[44] indicates that for all point groups that do not have hoId_more generally. The mtensny Of. the pump field IS USu-
rotation axes of order higher than €{, Cy, C;, Cop, D, ally important to account for, in particular if angular distri-

butions are the observable, due to the phenomenon of rota-
Cay» andDay) Eq. (19) reduces to tional excitation in strong fieldg56], which is most clearly
1 observed in the PAD. The degree of rotational excitation,
Xk, = E(Ymﬁ(—l)pm_kl), P,=01, (26)  however, is upper bounded by the pump duratiog,)([56],

Jmax— rpuﬂﬂemax, Qg being the Rabi coupling. In cases

which, as expected, is of the form of E(L2). Systems of Where the intensity or the pump duration can be reduced
current experimental interest include long-chain transpolysuch thatTpu<QF§1 rotational excitation is negligible.
enes[20,21] and azulene; which belongs 1©,,,, phenan- It is useful to examine the weak-field limit regardless of
threne[21], cis-hexatrieng¢17], and pheno[19]; which be- its relevance to experiments so as to simplify the derivation
long to C,, and naphthaleng21] and pyrazing 36]; which  of analytical expressions for the angle and time dependencies
belong toD,,. Femtosecond-resolved PEDs of the formerof the observable. Within first-order perturbation theory and
systems have been already measured and one expects currgf rotating-wave approximation E¢5) reduces td39]
technology to allow also the observation of angular distribu-
tions. For pyrazine measurements of PADs were recently re-
ported [36]. For these systems the electronic symmetry is

PT/ 1, M.
described by Eq(26) and, using the theory of successive o (ekncMc|At[niM;)

rotations[46], one finds ~ .
=4772f de| > (ekncM |- £, 1N M)
ng,Mq
. 8 ~ . - o~ ~
X (K) =\ 5157 > (RIIKmp,Y* Y (k). (27) X(1nMy|p- &5 ONM ;e ENet e~ E)
m
2
As shown in Appendix B, the geometric functiowgin Eq. Xep BTt —E)| (28

(19 assume with Eq(27) a particularly symmetric and
physically transparent form that offers a numerical advantage

also. ~
where g;(w), i=pu,pr, are the Fourier transforms of the

pump- and probe-pulse envelopes, respectively, and the su-
perscript PT stands for perturbation theory. In the weak-field
Together with Eqs(18)—(25), Egs. (6)—(8) provide for-  limit no=n;, My=M;, and the excited and ion rotational
mally exact expressions for the time-resolved PAD of a genand magnetic levels are determined by the single-photon se-
eral polyatomic molecule, nonperturbative in both the pumgection rules and the polarization of the pump and probe
and the probe fields as well as in the nonradiative interactiorelectric fields.
We proceed by introducing a series of simplifying approxi- The dependence of the bound-bound and bound-free ma-
mations, to derive a form that provides better insight and isrix elements on the initial NI;), intermediate ¥,), core

B. Successive approximations and physical interpretation

easier to deal with numerically. (M), and photoelectronng) magnetic states is of geometri-
o cal (rather than dynamicalorigin and hence involves only
1. Golden-rule approximation analytical functions. It follows that summation of E(@8)

In principle, nonperturbative treatment of both the pumpOVver the magnetic components can be carried out analyti-
and the probe fields is necessary since short-pulse expefally. The details are given in Appendix C. Confining atten-
ments in the gas phase are generally associated with highion to the case of linearly polarized, parallel pump and
laser intensities. This is particularly true when the probeprobe field vectors =0, £,,=¢y,) and, for simplicity of
stage is multiple resolved. As discussed in Sec. IV, the intennotation, neglecting the spin variables one obtains for the
sity property characteristic of short pulses needs to be takepartially summed cross section of E@),
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;PT(z’knclAﬂni): 2 UPT(ZRncMc|At|niMi)

2J;+1 MM,

=472 > T(nylp1dn) T* (N3] p1d m)W(I171P1[KaoP10l Ji 7P )W(I1 74P KioP 1 Ji TiPi)

nl“i Ploﬂio
XY X deT(n|eylk|pog ) T* (Nl ey’ 1K/ [ p5lny)
P21Pé1 ylkw/l'kl'

X 2 W(J2|Jc7cpc||klpy| K21P21| 31 71P1)W(J5| I 7P|l ,kl/py’|ké1pél|‘]jll.Tipi)Epu(Ezl_ ESi)
RPN

X oA EP—EQ) el ENet e~ Ej) gk (ENe+ e— Egl)j :;2 \ Fi(31313111"3,353)Pj(cosby), (29

where W(J171P1]p1d Ji TiPi) and  ponents of the electronic wave functiom((#m;) gives rise
W(J,|Je7ePel k1P, p21| 31 71P;) are given by Eqs(B2) and  to dependence of the PAD on the azimuthal scattering angle
(B4), F; is given by Eq.(C8), andP; are Legendre polyno- ¢, , providing complementary information about the elec-
mials. Thus, theM. summed,M;-averaged PAD takes the tronic symmetry of the wave packet. The form of the
form M .-summedM;-averaged PAD in a nonperturbative field is

Ay derived in Ref[22].
PT_

4
+ B4(At)Py(cosb,) ], (30)

[1+ B,(At)P,(cosby)
2. Slowly varying continuum approximation

While energy-dependence of the bound-free electronic
pmplitudes in Eq(25) is in general important to account for,
within the narrow range spanned by the probe pulse it is
negligible except in the vicinity of sharp resonances. In prac-

Equation(30) may have been anticipated since, from thetic’? the application of time-resolved PADs as a_probe re-
view point of angular momentum algebra, a pump-probe exduires that one tunes away from resonan@ekerwise the

periment is equivalent to a two-photon process in the weaksignal is determined by .the ionization dynamics, rather than
field limit. It is worth pointing out that the cylindrical sym- PY the wave packet motignNeglect of thee dependence of

metry of Eq. (30) results from our choice of parallel the T(n¢|e¥Ik)|p24/n;) in comparison with the rapidly oscil-

. . . . . ~ n . . . .
polarization axes of the pump and probe fields. With noncollating terme(E"e+ e—E;") is thus a valid approximation.
linear polarization axes, interference between magnetic confor a Gaussian pulse one finds

where we indicate explicitly the dependence of the integra
cross sectionr,; and the asymmetry parametgés on the
delay time.

5
J— —_ o
oSV (ekng|At|ny) = \/78§r7pr > 2 T(nalpadn) T*(nglpidny)

! ’
1Ny P10P10

X W(J171P1|K10P10l Ji TiPi)W(J1 T1P1|K10P10 Ji TiPi)

X > 2 T(neylk|pan) T*(ne[ey' 1K/ [ppany)
Pleél '}’lkl}”l’k(
X E W(J2|Jc7cpc||klpy|k21p21|JlTlpl)W(\]él‘]cTcpc|I 9 py'|kélpél|‘]i7-£pi
Jpd;
2

i ’ . T, ’ i ’
X f o ETt—Eg) fpu( Ey2— Eg')exp[ - g‘”(E;l— E1)?|exd —i(E]*—Ej)AL]

X > Fi(33;:3111'3,333.)Pj(cosby), (32)
j=0,2,4
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where, ande, are the duration and amplitude of the probe Equation (31) shows explicitly the generic sinusoidal
pulse, respectively, anid, () are real arithmetic amplitudes At dependence, common to all pump-probe signals, and
defined ag39], is manifestly real. This can be seen by reexpressing

1 ” i(w—wpy) (t—ty) — —
fpu(w):E %dtfpu(t)e U, oSVCA(ekn | At|n;) as

—SVCA ik ™ * Tor N =nio

oSV ekn | Atn;) = ?eprfpr% B,B), exp — 5 (E;'—E}")

X exy —i(Ej'— EQl)At]jg2 \ F;(3;1913111"3,353.) P;(cosby)

71_5

1 7'2 ’
=\/ 5l > ——|B,B* |exp[——p'(E”l—E”1)2}
& T ’
2 i 1%s,,, 7 g '\"1 "1

X cos{(E:l— Ezl)AH o, ] > Fi(3i313111"32353.) Pj(cosé,), (32
j=0,2,4
|
where In Eq. (31), the rotational and vibrational motions are en-
B tangled(although Coriolis interactions are excludetle to
B, =T(N4|p1d Ni)W(I1 71P1[K10P10J; 7iPi) centrifugal forcegdependence of the rotational Hamiltonian

on vibrations[54]). Such perturbations are associated with

X T(ng|eylk Ikip,|k " . : OISR
(nel e71Ki[p2o ) W(JzlJo7ePolIki P, | KziP2y small-energy splittings and, in the time domain, give rise to

leTlpl)fpu(E:1_ Egi), (33 observab!e effects on long timg scalés,28. With centrifu—
gal coupling neglected,R|n;) in Egs.(9) and(10) are in-
andCD,]',],:arg{B,,B:,}. dependent ofl,. For heavy systems the dependenceEEﬁ

on J; is small, at least within the narrow range of dipole
allowed J; and J.. We proceed by neglecting the depen-
Although nonradiative transitions take place on a widedence of both body-fixed eigenstates and the corresponding
range of time scales, the case of ultraféetv hundreds of eigenvalues on the intermediate and ion-state angular mo-
femtosecongprocesses, more typical of internal conversion,menta. As shown in Appendix D, this approximation sepa-
is particularly suitable for time-domain studies and relevantates the cross section into rotational and vibrational terms
for applicationd34,35. From the chemical view point, study where the former consist of analytical functions only. It fol-
of electronically nonadiabatic processes taking place on thRws that summation of the cross section over the ion rota-
time scale of molecular vibrations is of special interest intional statedEq. (8)] as well as the coherent sums ovar
that_it opens the pqssib?lity of ob_ser'ving the transfer of elecyq J, in Eqg. (31) can be performed analytically, signifi-
tronic energy into vibrational excitation. We proceed to ShOWcantly simplifying the form of the PAD. Confining attention

that the time-resolved PAD simplifies substan-tially if atten-;, iha case of a symmetric top and using E@)—(D5) we
tion is focused on fast processes, where “fast” is quantifiedhave

below.

3. A short-time approximation

ST(ekv|ating~ > o> ekn|Atn)

crirC

=2 G(vini|At) X T(vylpsdm)T*(vilpidni)

’ !
U1y P10P10

X > > T(Uc|:7|k||P21|Ul)T* (Uc|:7'| "k |padv gl kik pyp;klokiop1opiok21kélp21p§1| k),
P21Pél vk y'l ’k|’
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where
7T5 n; v’ n;
G(vivini|At)= perr fou( ET* —E) ol E;*—Ey)
2
xexp — 2 (EV1—E4)2|expf —i (B~ E'H) At 3
eX 8(1 l) ex[{ I(l 1) ]1 (5)
g(I"kky pyp;klokiop10p10k21kélp21p£1| k)
1 co T - 11 11 ' I
Lk U s 5 7 5 J1 J2\ (1 J2 J) J
8 AT T 0 0 o/il0 0 0/l0O O O0/\0 0 O
1 J1 )(1 1 J2 ) J1 J2 J)
XE ! ! ! ! ! ! !
I<10 Kor  —kio—Kar/ \Kig Koz —Kyg—Kag/ \ Kot ko  —kig=ka ki =k
I [’ J
X
_k| kll kl_kll PJ(Cosek)l (36)
|
and the superscript S(Ehort time serves as a reminder that 4. Neglect of vibrations
Eq. (34) pertains to delay times shorter than rotational coher-
ence times. The primed summation symbol in E2f) im- In order to compute the time-resolved PAD of E§4),

plies summation over all-sign combinations of tkg (¢«  one needs to calculate the vibronic field-free Hamiltonian,
=10,21l), with each term in the summand multiplied by the propagate a large set of coupled differential equations for the
product of parities ¢ 1)P« corresponding to the negatég nuclear motion(or diagonalize the Hamiltoniarand com-
(see Appendix B Equation(36) has a simple interpretation pute the ionization amplitudes as a function of the internu-
when the 3} symbols are expressed as vector coupling coclear distances. Use of simple-model Hamiltonighsr-

efficients[46], monic force fields with linear coupling similar to those
proved successful in energy-domain analysis of nonadiabatic
b1z s . avli—lo—m 1 transitions and in the calculation of time-resolved PEDS],
=(—1)"r 2" Ma—(Imy,l,my|l3—mg) .y -
m, m, my 3 would eliminate the electronic-structure problem and, by al-

lowing a sparse representation of the field-free Hamiltonian,
The 3§ symbols in the third-line couple the excitation and simplify the dynamical problem. A Franck-Condon approxi-
ionization-photon angular momenta while the firsf 8ym-  mation (neglect of theR dependence of the is often justi-
bol in the last-line couples the two 2-photon routes to give &iaple and significantly simplifies the calculation. While fea-
vector) Wlth_]<4 Conservation of total angular momentum sible for certain types of systems, a time-dependent solution
requires thatj be the vector sum of the electron angularremains a numerical challenge.
momental ,i". Qualitative insight into the type and magnitude of change

In Eq. (34), the time dependence and the properties of thdn the PAD expected to accompany a nonradiative transition
pump- and probe-pulse envelopes are contained solely in tH&n nevertheless be gained by computing the cross section at
G while theg describe the dependence of the cross sectiofwo time instances; an early tinia pump-probe delay short
on the scattering direction. The transition dipole eleméhts, with respect to the time scale of the nonadiabatic transition
couple the time evolution contained in t@&with the scat- when the electronic character of the wave packet is that of
tering angle dependence in tigeand thus give rise to the the bright state, and a late time, when the electronic character
change of the asymmetry parameters with time in the courshas been transformed to that of the dark state. For that pur-
of a nonradiative transition. Equatioi84) is a significant pose it suffices to take account of the electronic dynamics,
result. Namely, it reduces the numerical effort involved inthat is, replace th& in Eq. (34) by the electronic bound-free
calculation of time-resolved PADs to that required for calcu-amplitudes, computed at fixed molecular geometries. With
lation of time-resolved PEDs. vibrations neglected, the cross section reduces to

7o (Kn)= 2 1(ps0)!* (pio)

’
P10P10

X > > | gl(?ﬂ kilp20! 21(?3” "k 1p20 911 "kiK p,p KK oP10P10K21K21P21P24] k), (37

p21p51 YKy 1K/
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where the labek; distinguishes between the two electronic free state contains the electronic symmetry of the continuum
components of the excited manifold, thare given by Egs. while its radial part contains the details of the electron-core
(22) and(25) and theg are given by Eq(36). scattering event and is responsible for the sensitivity of
In Eq. (37) the chemical information is contained in the frequency-resolved PADs to the ionization dynamics. It may
electronic bound-free amplitudes that embody the symmethus be expected that calculation of absolute asymmetry pa-
tries of the bound and free states and the details of the interameters would be sensitive to the accuracy of the radial
action of the electron with the core. Thgeare analytical  electronic wave functions while prediction of tigbangeof
functions, correlating the polarization of the excitation andthe g; accompanying a nonradiative process, the observable
ionization dipole operators and laser fields with the directionof interest in a pump-probe study, would require only proper
of ejection of the photoelectrons. Pictorially, these functionsaccount of symmetry and angular-momentum algebra. While
can be thought of as transforming the symmetry of the eleccomparison of approximate with exact calculations or with
tronic wave functions with respect to the body-fixed frameexperimental time-resolved PADs would be essential in order
into anisotropy of the space-fixed angular distribution. It isto test this expectation, it is important to keep in misée
worth pointing out that Eq(37) is not equivalent to a Sec. ) that the usefulness of time-resolved PADs as a probe
frequency-domain PAD computed with vibrations and rota-relies on its validity. In the model calculation discussed in
tions neglected since the two-pulse nature of the observablge next section we neglect altogether the ionization dynam-
and the relative time scales of the vibronic and rotationajcs, replacing the radial part of the electron-free wave by its

motions are implicit in theg. asymptotic form, a scattering Coulomb function of ordier
o [58], e 'IF (7;kr), wherek= \2¢ is the magnitude of the
5. A one-electron approximation photoelectron momentury=—1/k and o, is the Coulomb

Although Eg.(37) is conceptually transparent, from the phase shiftgy=argI'(I+1+i7). This approximation elimi-
numerical view point it still entails the challenge of evaluat- nates system-dependent details and implies that only the
ing the electronic bound-free transition dipole elements. Wehange of the PAD upon transition, not its magnitude, can be

proceed to approximate thgl(:7|k||921) by assuming that properly described. Methods of different accuracy for ap-

ionization tak | . lect h i roximating the free-electronic states have been described
lonization {akes place via a one-electron process where d could be implemented in the above framework in studies
core electrons remain unaltered. The single-electron mod

: S here absolute asymmetry parameters for specific molecules
proved successful in many ionization studi&®,52. The y yp P

effects of correlation in ionization of ground states is studieolare the goal.

in detail in Ref.[57], where guidelines for the dependence of

correlation on the molecular structure are presented. From 6. Summary

this study[57] one might conclude that the extent to which  The weak-field approximation of Sec. Il B 1 restricts the
correlations play a role is system dependent, although genegiscussion to pump duration and intensities such that
ally minor for outer-shell ionization. A study of correlation <Q§1- Its introduction provides a closed-form expression

effects in ionization of excited states is warranted. for the scattering-angle dependence of the observable, Eq.
Within a single-electron approximation, E@®5) reduces

to the matrix element of the dipole operator between the T.he slowly varying continuum approximation of Sec.
bound and free electronic orbitals involved in the ionization,;; g » is valid provided sharp resonancesf width T

57,;1) are not accessed by the probe field. Its introduction

2 ) ;
I§1(6y|k||p21)~ \[; i |f dQN:(EQ)pzl(ﬁygl(Q), g:cl?r\:ves S,A?Iljoslgg (fggn expression for the temporal dependence
(39) The neglect of centrifugal coupling in Sec. Il B 3 restricts

. . application to time delaya\t<2w/EYJ, where EYY is the
where”s and ¢y are bound and free electronic orbitals of rotation-vibration coupling energhs4]. Neglect of the de-

IRs y,, and y, respectively. The continuum orbital is ex- pendence of the eigenvalues on the rotational quantum num-

. . . A bers further restricts the discussion to time delays shorter
panded in generalized harmonics of argun@ri9,50 [see than rotational periods\t<7/B,. (For the example studied

i i Y
Egs.(19), (26), and Appendix 4, ensuring that theﬁ“ﬂ(EQ) in Sec. lll, for instance, the rotational periods are of order

transform as they IR of the point group of the core equilib- 10710 sec while internal conversion takes place on a
rium structure. A similar expansion of the bound orbitals10-13 gec time scald20].) The introduction of these ap-
proved successful in electron scatterj9] and ionization  proximations allows clear separation of the different pro-
[50,52 studies of small molecules and has the advantage ifesses reflected in the PAD based on their time-scales and
allowing analytical calculation of the integral ov€. Our  provides a basis for interpretation of the res(sise Sec. Il
main interest here, however, is in large;conjugated sys- From the practical view point, it allows the calculation of the
tems of the type discussed in Sec. I. The bound orbitals aréme-resolved PAD at the numerical cost that is involved in
thus expressed as a multicenter expansion. the calculation of time-resolved PEDs.

In Eqg. (38) the bound state contains the information about In Sec. Il B 4 we sacrificed a detailed solution of the time-
the geometry of the molecular configuration and the elecdependent entangled vibronic dynamics and focused on pre-
tronic symmetry of the initial state. The angular part of thedicting the change of the PAD that accompanies a nonradia-
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tive transition. For this heavy price the method became
applicable to a significantly larger class of molecules.

The range of validity of the one-electron model, Sec.
[l B 5, depends on both the molecule and the observable and
was previously explorefb7].

Oy(deg)

I1l. EXAMPLE

In this section we apply the formalism of Sec. Il to inves-
tigate the possibility of using time-resolved PADs to follow
the course of a nonadiabatic transition. We use the internal
conversion of the transpolyene family, represented here by @)
the eight-carbon member, octatetraene, as an example. Our
motivation in the choice of system is three fold. First, we
expect an experimental study of the internal conversion of
octatetraene by time-resolved PADs to be feasible since the
time-resolved PED(for technical reasons, for the methyl-
substituted molecule, decatetragras already been mea-
sured[20]. Second, the bound electronic wave functions of
octatetraene are available from semiempirical calculations
[20]. Third, the center of inversion of th€,;, point-group
renders symmetry arguments simple and transparent. It is
important to restress that our description of the bound and
free electronic wave functions is approximate and, hence, 0 100 500 500
system propertiegapart from the underlying symmetries (b) b (deg)
play a minor role. Our results should thus be considered as
appropriate for a general model with the symmetry proper- FIG. 1. Body-fixed electron density distributionBy as func-
ties of long-chain transpolyenes. tions of the polar @) and azimuthal ) body-fixed angles for

In the energy domain, the photophysics of transpolyene@nization of the brightI'=1B,, (18 and dark,=2A, (1b) states
has been studied quite intensivéB], this interest arising of the model transpolyene of Sec. IRy is peaked off th&Z axis
from the relevance of the nonradiative dynamics of thes&Vith marked asymmetry with respect ©x—m—0, and ®y
systems to photobiological processes, such as vision, biologi= 27~ P« arising from interference oX, Y, and Z polarized
cal light harvesting, and transmembrane proton pumps, angnsitions. By contrast,, is strongly peaked perpendicular to
from their suitability to electronic-structure calculatidig®]. ~ the molecular plane, along the positive and negaivaxes, and
The groundSy(1A,) state is dipole connected to the secondn€arly symmetiic with respect 1®,—7—0 and Ox—2m
excitedS,(1B,) state. The latter undergoes internal conver-_ L @S & consequence of strongly dominatiig-polarized tran-
sion, promoted by &, mode, into a lower-lying singlet state sitions.
of Ay symmetry,S;(2A,). As discussed in Ref20], ioniza- o . . _ . .
tion from both bright 6,) and dark §,) states of octatet- distributions differ markedly in detail. The reason is readily
raene into the grounfD(1B,)] state of the ion is strongly understood. Since the octatetraene carbon backbone is planar
dominated by one-electron processes. The ionized orbital i8nd rather extended, in-plan&XY) transitions play an im-
thus ofa, andb, symmetries for ionization of th&,(1B,,) portant role in both the bright and the dark states ionizgtion
and S;(2A,) states, respectively. Using the multiplication PTOCESSES. For symmetry reasons, howe{gee Appen_d|x
table of theC,,, point group we find that ionization of the Al. in the bright state, only partial waves wikk=2 contrib-
bright state produces free-electron wave functionis,afym- ute to plane-polarized transitions, wh|c.h acts to redqce the
metry for transitions polarized parallel to the molecular planedominance of theX'Y component and give the transition a
and ofa, symmetry for transitions polarized perpendicular tomMixed character. This is observed in Figalwhere the
the plane. lonization of the dark state, by contrast, results ifnarked asymmetry with respect ©x—7— 0y and Py
scattering wave functions o, and of b, symmetries for —27— P arises from interference betweeXY- and
transitions polarized parallel and perpendicular to the moZ-Polarized components. By contrast, ionization of the dark
lecular plane, respectively. state, where odt=1 contribute to bottXY- andZ-polarized

The photoelectron angular distribution with respect to thelfansitions, is strongly dominated by in-plane components.
molecular frame is readily determined using E¢s5). Consequently the body-fixed distribution of Fig(bl is
These distributions are shown in Fig. 1 as a function of theearly symmetric with respect to bo®y—m7— 0, and
polar (@) and azimuthal @) photoelectron ejection Px—27—Py. Alarge{l>0k =0} component is respon-
angles. Following the standard conventions we choose th@ble for the dominant maximum d?,, along theZ axis
body-fixed Z axis parallel to theC, axis, with the central (®¢=0,7) but the ®, structure clearly indicates non-
C-C bond defining thér axis. While the center of inversion negligible contribution of up td,=4 partial waves.
of the C,, point group is evident in botR,g and P2Ag- the The observabléspace-fixefl angular distribution of Egs.

0 100 200 300

Oy(deg)
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8, (deg) during the short delay times considered, the dominating
0 %0 180 maximum of the charge distribution along the body-fixgd
' axis in Fig. 1b) is directly observed in the laboratory frame
as a peak of the dark-state PAD perpendicular to the polar-
ization vector,0,= 7/2 (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 corre-

5,6)

o4t // \ sponding space-fixed distribution at= /2 (solid curve in
= Pt \ the inset of Fig. 2 We expect that for other systems different
2 \\ . (noncollineay relative orientation of the pump and probe po-
= larization vectors would serve better to unravel the difference
00 | in electronic symmetry between the coupled Born-

Oppenheimer states.
’ Since our numerical method of computing the radial com-
04 . . ponents of the electronic bound-free amplitudes is approxi-
0 4 8 12 mate, it is germaine to investigate the sensitivity of the out-
! come to the relative magnitude and relative phase of the

FIG. 2. Space-fixed photoelectron angular distributipEgs. partial—waye amplitudes composing the signal. The main
(37),(36)] and ionization asymmetry parametéEq. (30)], calcu- body of Fig. 2 ShQWS the asymmetry par.a.mqur[s_ee Eq. .
lated within the short time and neglect of vibrations approxima-(30)] computed with systematically mo~d|f|ed radial ampli-
tions. The inset shows the PADs for ionization of thB,1(solid  tudes. The solid and dotted curves gjgg|) computed with
curve and 2A, (dashed curvevs the polar photoelectron scattering the modulus of the I1=T partial-wave amplitude,

angle ¢,). The distributions are normalized so as to allow display ~ . o . ~
on a common scale. The main frame examines the sensitivity of thL}I 51(€7| kilp21)|, increased by 50%. The moduli of dkI

lower-order asymmetry paramet@s [Eq. (30)] to 50% changes in partial-wave amplitudes and the phases of all amplitudes are
the relative magnitudésolid and dotted curvesind phasegdashed  unaltered. The dashed and dot-dashed curvesggjive) cal-

and dotda_she)dof the ionization_ bound-frc_ae transition dipole _ele- culated with ar@lg (EVTk||PzJ)} increased by 50%, the ar-
ments, using the procedure discussed in the text. The solid and 1

dashed curves correspond to ionization from the bright state, thguments of alll; (eyl #Tkj[p,1) being kept at their correct
dotted and dot-dashed curves to ionization from the dark state. Thealue. The solid and dashed curves correspond to ionization
largeT limit of B,(T) gives the physical asymmetry parameter for from the bright state while the dotted and dot-dashed ones
the 1B, (solid and dotted curvgsand 2A, (dashed and dotdashed correspond to ionization from the dark state.

curves. The value ofl at which the curve stabilizes indicates the Figure 2 serves several purposes. The IaTrgHmit of
number of partial waves needed to converge the calculation. Th%Z(T) gives the physical asymmetry parameter within the

deviation from the largé limit shows the effect orB, of increasing e . L~
by 50% the phase or magnitude of one of the partial-wave amp"_present model. The deviation from this value for a given

tudes (=T) composing the signal. measures the relative~contribution of thpartial wave to the
PAD and the value of at which the curve stabilizes indi-
(36) and (37) is shown as an inset in Fig. 2 for ionization cates the number of partial waves needed to converge the
from the bright(solid curve and dark(dashed curvestates calculation. Figure 2 suggests that errors in the relative mag-
of octatetraene. The distributions are normalized so as tBitude and, more so, in the relative phase of the bound-free
allow display on a common scale; the overall signal isamplitudes may produce significant errors in the computed
smaller for the dark state since only one of the three configuasymmetry parameters. They do not, however, modify the
rations of which the electronic state is composed ionizes intélualitative information sought.
the ground jon state via a one-electron proc[mZJ;l We Our present results pertain to the g0|den-rule ||m|t, where
stress that only the change of the asymmetry parametefg€ alignment induced by the pump field is limited by the
upon internal conversion, not the actual shape of the angul&ingle-photon selection rules to be very mild, proportional to
distribution, is of interest for our purpose and can be acCos ¢ (sin*6) for excitation transitions polarized parallel
counted for by the present method. (perpendicular to the symmetry C,) axis. In short-pulse
The mechanism through which the symmetry differenceexperiments, the golden-rule limit pertains to the case where
between the free-electron waves produced through ionizatiothe pulse is shorter than the Rabi periads Qg *, where
of the S,(1B,) andS;(2A,) states translates into a marked Qg, the Rabi coupling, is proportional to the field strength.
difference between the corresponding space-fixed angul#s shown in Ref.[56], much sharper alignment than that
distributions is readily visualized. For the specific case ofattained in the weak-field limit can be achieved by choosing
transpolyenes the excitation is polarized in the molecular>Qx*, whereby Rabi cycling between the initial and ex-
plane and hence the pump pulse prepares an anisotropic digted states produces broad-rotational wave packets in both
tribution of magnetic states, broadly alignéas sirf §) per-  states. In practice rotational excitation is usually easier to
pendicular to the common polarization axis of the pump andnduce than to avoid. The above discussion suggests the ex-
probe fields. Since the molecules do not rotate appreciablgiting opportunity of using a moderately intense pump field
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to enhance the change of the PAD that occurs in the courdéB 3, by restricting attention to time delays shorter than
of a symmetry changing transition. A similar enhancementotational coherence times, E(4) reduces the numerical
can be achieved by using a third, nonresoriédi laser to  effort involved in the calculation of time-resolved PADs to
align the system. The latter scheme would have an advantageat required for calculation of time-resolved PEDs. The lat-
in cases where an intense pump field involves the risk ofer observable has been already computed for large mol-
two-photon ionization of the ground state. We expect that irecules undergoing internal conversipit6]. While simplifi-
some cases, depending on the molecular symmetry and tig@tion of the vibronic Hamiltonian and neglect of all but the
nature of the bound-bound transition, the natugahmp- dominating modes would be typically inevitable, such ap-
induced alignment would not be helpful and prealignment proximations are often justifiable through time-scale argu-
of the molecule with a nonresonant pulse of appropriate poments.
larization would be necessary in order to translate the sym- (3) Although the main focus of the present work has been
metry change into a laboratory frame observable. the problem of electronic coupling, the formalism of Sec. Il
and Appendixes B—D is general and could be applied to
predict the effect of other perturbations on time-resolved
IV. CONCLUSION PADs from polyatomic molecules. A case of interest is the
Pnset of rotation-vibration coupling, studied experimentally

Our goal in this study has been to investigate formally an . : . )
numerically the capability of time-resolved PADs to provide N Ref-[27] and examined theoretically for diatomic systems

a useful view of nonradiative transitions in large polyatomic'f1 Reis.s[ll,ZliSIé'l:;his La;k rlequire§ reIa;}xinfg thel_approfxi;na—
systems. To that end we first extended the formalism deveflon of Sec. | and implementing the formalism of Sec.
oped in Ref[39] for calculation of time-resolved PADs in II B 1. It entails, however, the simplification that calculation
linear systems to apply to general polyatomic molecules an8f the electronic bound-free amplitudes is usually unneces-

reformulated the observables so as to expose the underlyirﬁ?ry' . . . .
electronic and rotational symmetries. By invoking a se-. (4)An €xciting opportunity that remains to be explored is

quence of approximations we next reduced the formally exthat of using a moderately intense pump field to improve the

act expressions successively to cruder forms that are appﬁi_hgnrr]nenrt] mducefd gurg‘A?Dthe thC|tat|on pr|Sﬁ, thus e_rjhanX-
cable to systems of increasing complexity. Our l‘inal—resulfr?g_tI € cﬁange Obt € hi mdt Qf::ourhs_edoft eftfransmon.
entails gross approximation of the ionization dynamics but jgimilar efiect can be achieved with a third, 1ar-oii-resonance

capable of extracting the essential physics while remaining t€ns€ f|eldeo eéarr;]me trll('js posT|b|I|ty it would be nfecges—
numerically trivial. In particular, it illustrates the mechanism ary to go beyond the golden-rule approximation of Sec.

through which a change in the electronic symmetry in thd! B 1 and treat the field nonperturbatively, as detailed in Sec.
course of an internal conversion or an intersystem crossinH A, . :
translates into a drastic change of the observable PAD. The experlme_ntal technology .for measuring the effects
We focused on the development of physically transparen'i’md'Cted helre IS clgrrent_ly gvarlllabclje. _We P?pe that th?
expressions that could be applied to gain qualitative insighPresent results would assist in the design of future experi-
into the type of information contained in femtosecond- MeNts and in the choice qf systems and.expect such experi-
resolved PADs, and into the time scale on which differentmelglts :]O p_o?e new queks)nons for theoLetlcdaI rese_arcf;). q
phenomena are expected to appear. Application was Iimiteci1 urther information about wave packet dynamics, beyon
to a single system and only briefly discussed. Specifically? at available through resolution of the photoelectrons with

we considered the internal conversion dynamics of a trand£SPect to energy and angle, is contained in the observables

linear-polyene predicting a significant change of the asym?f time-resolved photoelectron-photoion coincidence imag-

metry parameters for ionization into the ground ion statd"d SPectroscopy37,62. The technology required for such

upon conversion of th&,(1B,) into the S;(2A,) state. measurements was recently dgveloped and_tdéS’rZadZ. Ar_1
" g _interesting problem for theoretical research is thus the inves-

éigation of the type and quality of newnot available from

of different symmetries and transition-types would be essent0r€ dcofnvennonal observgb}emf;armatul)n (tjhathcc:ulci bf
tial in order to examine the generality of the method, its92/N€d Irom energy- and angie-resolved photoelectron-
range of applicability and its limitations. This work is cur- photoion coincidence measurements in the time domain. This

rently underway may be expected to go beyond the realization of a molecule-
A second task of future work would be to refine the modelﬁxed PAD [62]. The extension of the present formalism to

by eliminating one or more of the approximations involved,that end forms another avenue for future research.
as appropriate for the application considered. ACKNOWLEDGMENTS
(1) The development or adaptation of improved methods
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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 the
generalized harmonics of E¢L5) for the title point groups
(point groupsC,, C;, Cyn, Dy, C,, andDyy) [51]. We and
focus on these groups since the systems discussed in the
introduction all belong to one of them and since the lack of
axis of symmetry of order higher than 2 in these groups

simplifies the form of theXjt*, giving expressions whose Consequently, all IRs of the title point groups transform un-
der the respective group’s symmetry operations as

symmetry properties are readily visualized.

The symmetry operations to be considered are thus
[44,55 two-fold rotations about three mutually orthogonal
aXeS,sz, Czy, sz, reﬂections,o'xy, Ox7, O'YZ; and
inversion,i. Under these operations the spherical harmonics
transform as

1
Xik, = =Y, H(=DPrY ).

PHYSICAL REVIEW A 64 042504

oxzYig=(— DYy, (A2)
oy 21, =Yi-k»
1Yy =(=1)"Yy (A3)

(Ad)

2

CoxYi,=(—1)'Y|

With Egs. (A1)—(A3), generalized harmonics for the IRs of
the above point groups are readily constructed. For the spe-
cific case of theC,,, point group, considered in Sec. lll, the

CovYi, =(—1)' 7Yy, (A1)
CazYi,=(—1)Yy,

axyYj=(—1D'HYy,

group symmetry operations do not m¥ with Y,_, and
hence the spherical harmonics provide an appropriate basis.
It is nevertheless convenient to expand the electronic state in
real and imaginary linear combinations of the fof#).
Using theC,,, character table and EqeA1)—(A3) we have,

X[e=2Yik, (0,00 coski®);  1V2Yy (O, 0)sinkiPy), | even, k even,

Xp9=i2Yiy (O 0sin(kiy);

X = 2Yi (0.0 cos ki ®y);

V2Y), (0,0 cogk @y), | even, k odd,

(A5)

iV2Y) (O, 0sin(k®y), | odd, k even,

X =iV2Y1 (O 0sin(kiPi);  V2Yi (O 0)coskiPy), | odd, ki odd.

APPENDIX B: INTEGRATION OVER THE EULER
ANGLES IN EQS. (18) AND (19)

have

In this Appendix, we provide explicit expressions for the
integrals over the Euler angles of rotatiéM,n Egs.(18) and
(19), and their reduced forms appearing in Eqg29), (31),
and(33). These expressions are used in the derivation of sum
rules in Appendices C and D below. In order to simplify the
notation we confine attention to the point-groups discussed
in Appendix A, where Eq.15) takes the form(27), and
neglect spin. At the end of the Appendix, we outline the
extension of the expressions to the general case of (2gks.
and(23).

Consider first the excitatiofbound-boungintegral in Eq.
(18). Using Egs.(11)—(13) and Eq.(3.118 of Ref.[46] we  where

042504-14

W(J;71M1p1|K100 P10/ Jo70M oPo)

87 " a .
= TJ dR(R[J;7iMp;)

X (R|1ks0P10)(RlIo7oM oPo)

Jy 1 JO)

=(—1 )"
=1 (Ml —q —Mg

XW(J171P1|K10P10l 0 T0P0) (B1)
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RS
W(J171P1|K1oP1d JoToPo) = ﬁ KZ( aJl‘rlKlaJOTOKO(_l)Kl
1"™0

iy o1 3 3y 1 3 3y o1 3
X +(—1)P1 +(—1)Pw0
Ky —kio —Kp —Ki —kip —Kp Ki Ko —Kp
i1 3
+(—1)Po [14(—1)%"Pot1tP1otIitpa], (B2)
Ky —kio Ko

The angular integral appearing in the bound-free matrix element(1By.is written as

W(JcTcMcpc||k|mlpy|k21qp21|~]17'1M1p1)
87° 82 A A .o .o ~
= Tmf dR(R|Jc7cMcpe)* (RIIkimip,)* (R|1k;1qpop)(R[I1 71 M 1py)

ZJCIJZleJl . 5
= B
H Mo m My IM, g My W(Jo|JcTePel Ipy| 212191 71P1), (B3)
where
W(J2|JcTcpc|Iklpy|k21p21|JlTlpl)
NISPNE
= C4 KEK a7k A1,k 10K K Kag, Ky) + (= 1)Pear( =K K kag,Ky)
c™l
+(—DPro(Ke, =Ky Ko, Kp) + (= 1)P20(Ke Ky, —Ka1, K1) + (= D)Pro(Ke K Koy, —Kyp)
+(_1)p0+p7w(_KC!_k|1k21!K1)+(_1)pC+p21w(_Kcvkl!_k211K1)
+(—1)PetPrp(— K Ky Kop, — K14 (— 1)JetPetlHpyt1+portditpr], (B4)
|
and s (JC I J, )( J, 1 Jl)
MW Mmoo =M/ =M 0 M,
‘i 2JclJszlJl
w(KCv I 211K1)_K2 Kc kI Kz Kz k21 Kl . % ‘]1 1 ‘]i )( Jc I’ Jé )
(B5) Mi 0 —M;j/{M; m| —M,
The factors[ 1+ (—1)%*Po*1+P10*J1*P1] in Eq. (B2) and y o1 djfdh L 1)
[1+ (= 1) Pet!¥PyF1TP21tJ1+P1] in Eq. (B4) ensure that -M; 0 M;/\M; 0 —M;/

the integrals of Eqs(B1) and (B3) vanish unless the corre-
sponding integrands are invariant under the symmetry opera-
tions of theD, group. Using Egs.(2.30), (2.31), and(4.16) of Ref.[46] we expand
Very similar expressions are obtained in the general casiV0 pairs of the 3- symbols in Eq(C1) as

of Egs.(20) and(23) where, however, thé and their space-
fixed projections are replaced by the respective angular mo-

) . X > . J, 1 J\[J 1
menta excluding spin and their projections and, since the
V8m?/2l+1< R|Imkp,)* in Eq. (B3) is replaced by
Dp, » theW are independent of.

-M; 0 M;/IM; 0 —Mm,

I S PR
:(_1)32+1+Mizj 2{ ] ]
rRa O B P

11 j3\(Jd I 1
0 0 0/{M; —M; ©

APPENDIX C: DERIVATION OF EQ. (29

Substituting Egs(18), (19), (B1), and(B3) in Eq. (28), X
collecting terms dependent &h; andM and, for notational
simplicity, assuming both pump and probe fields to be lin-
early polarized along a common axis, we denote and

) (C2
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N LA R AR O LA RN . o J)
)My, (k)Y (k
<_Mi 0 Mi)(Mi 0 _Mi) %:( ™Y im (k) Im'( ) m —-m 0
, N N A T 1
—(— 1)1+ 2 - _
(—1) jEZJz[Ji 1 jz’ 477(0 0 O)P,(cosﬂk) (C7)
11 jz)(Jé Ji jz)
X . c3
0 0 0/lM, =M, © ©3 with j=0,2,4.

Substituting Eqs(18), (19), (B1), and (B3) in Eq. (28)
Equation(4.16) of Ref.[46] is next used to couple Eq&C2) and using Eqs(C1), (C6), and(C7) we obtain Eq(29) in the

and(C3), text with F; defined as,
(Jz Ji Jl)<Jé Ji jz) Fi(3,3134117 3,353,)
M; —M; 0/\M; —M; O — ;
i i i i | _(_1)Ji+3c||’ "‘2‘2"2(1 1 Jl)
:(_1)J2+Ji+Jé+Mi232{Jl J2 i B 2Ji+1 477j1j2:0'2‘]1']2’] 0O 0 O
] Jo 2 ] o .
S o M Jz)(ll 2 J)(l 1 Jl}
X(Jl J2 J) oI ] (4 0o 0 o/lo o oly 3 4
0 0 O\M;, —M; O . S ,

X[l 1 lejl i2 JHI I J}
and the sum ovell; andM . is carried out by application of 2 Ji )2 J2 Jif{J2 J2 Je
Eq. (4.15 [46], Lo

X .

0 0 O €8
Jo | J, )
-1 M;
M%c( ) (Mc m —M;
, . APPENDIX D: DERIVATION OF EQ. (34)
e " J\[J2 I ] _ _ _
M m| —M;/\M, —M; 0 In this Appendix we derive angular momentum sum rules

that allow the summation over the ion rotational indices in
I J, J |’ I Eqg. (8) as well as the coherent sums over the intermediate
=(—1)Jc+m'{‘], Voo ](_ 0) Om m-  rotational levels in Eqs(31) to be carried out analytically,
2 J M my provided that the dynamical process studied is fast with re-
(CH spect to rotational periods and that symmetric top systems
are considered. As discussed in Sec. Il B 3, in this limit the
Hence, dependence on rotational quantum numbers is contained only
in analytical functions; thev of Egs.(B2) and(B4) and the
F; defined by Eq(C8).
g+ dem, ~o~o Collecting theJ.-dependent terms in Eq&é4) and (C8)
s=(=1) jlj;O,2j:;,2,4J1J2J we have,

11111112(11121)
o o o/lo o o/lo 0 O

2(—1)%32[' I J](% ! Jz)(% ' Jé)
{1 1 lel 1 jz”jl iz j] Je 13 J2 I \Ke ki Kp/IKg ki Kj
X

X

Jo Ji Jf(dz i i) {dp Jo i :(_1)I+I’+J2+Jé+Ké+k|( ! I ] )
e —k Kk kK
X
Jé ‘]2 ‘]C m —m 0/’ (CG) Jé Jz j
>< ! li il (Dl)
K2 _K2 k|_k|

where we noted the symmetry properties of the jseym-
bols, Egs.(4.9 of Ref.[46]. Using Egs.(2.32, (3.94), and
(3.116 of Ref. [46], the m-dependent terms in the cross where we used Eq4.16 of Ref. [46]. The J;-dependent
section are cast in the form, terms in Eqs(B2), (B4), and(C8) are next be summed as,
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> 32[ 1 1 11] Jpo 1 Ji (Jz 1 31) S 52 1 od2 Q[ J j
TN 3 ) Ky ki KKy ky Ky 5 %3 J 3 K, —K, K —k
:(_1)Jz+k10+K2+1< 1 l1 % J2 Ji i1 )
—Kio —ka Kiotka —Ky; —Kj —Kpo—Kp
J J; ' ! . i
y 2 i J1 >, (D2) :(_1)J§+K§+Ki+|<2 J J2
—Kz —Kj —kio—ka Ks K kigtks;
and similarly i i
T (D4)
5 [1 1 jz](J; 1 Ji )(Jg 1 J;) Kiotkar  —kyo—ka ki—k
E Jli ! ! ! ! ! ’ !
3 Jo Ji 1) \Kp —kyp —KiJ 1Ky ky K Finally
’ ’ ’ 1 1 j2 4 J
=(_1)J2+k10+K2+1( , , , , ) -1 Jé’j,z 2 i J2
—kio —ka kigtky Jzé( )72 K, —K, —klg—Kb
2 i2
X : (D3) B i e
—Kz —Ki —kyo—k3 X( ' o | =D (D5)
Kz Ki kygtky

The selection rule;g+ ky;—kjg— k3, =k =k| follows from

the properties of the terminal j3symbols in Eqgs.(D1)—  where we used the orthogonality property of thg 8tmbols,
(D3). With Egs.(D1)—(D3) we are in position to perform the Eq. (2.33 of Ref. [46]. Substituting Eqs(B2), (B4), (C8),
sum overJ, in Eq. (31), and(D1)—(D5) in Eqg. (31) one obtains Eq(34).
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