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Femtosecond energy- and angle-resolved photoelectron spectroscopy
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We present a formulation of energy- and angle-resolved photoelectron spectra for femtosecond
pump–probe ionization of wave packets and results of its application to the1Su

1 double-minimum
state of aligned Na2. The formulation is well-suited for inclusion of the underlying dynamics of
molecular photoionization and its dependence on molecular geometry. Results are presented for
three typical pump laser energies selected so as to investigate qualitatively different patterns of the
spatio-temporal propagation of wave packets on the double-minimum potential curve and of their
associated photoelectron spectra. Photoelectron angular distributions are also reported for different
orientations of linearly polarized pump and probe pulses. The resulting photoelectron spectra
illustrate the importance of a proper description of the underlying photoionization amplitudes and
their dependence on geometry for unraveling wave packet dynamics from pump–probe
photoelectron signals in nonadiabatic regions where the electronic structure evolves rapidly with
geometry. The dependence of these photoelectron angular distributions on relative orientation of the
molecule and polarization of the probe pulse are also seen to be potentially useful for real-time
monitoring of molecular rotation. ©2000 American Institute of Physics.
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I. INTRODUCTION

With femtosecond~fs! laser techniques it is now possib
to observe nuclear dynamics and to chart the path of che
cal reactions in real time.1–3 Femtosecond time-resolve
spectroscopy has been exploited in numerous applicat
ranging from fundamental studies of real-time motion in t
photodissociation dynamics of NaI to studies of electr
transfer in biological systems.1–5 In femtosecond spectros
copy, a pump pulse prepares an initial wave packet wh
evolves in accordance with the time scales for vibratio
(;10213s) and rotational (;10210s) motion. The evolution
of the wave packet is then probed by a time-delayed, pr
pulse via excitation to a final state. Several techniques u
different types of final states have been used to probe th
wave packets.1,2,6,7 These include the use of absorptio
laser-induced fluorescence, multiphoton ionization, pho
electron spectroscopy, nonlinear degenerate four-wave m
ing, time-resolved mass spectroscopy, and stimulated e
sion pumping.

Time-resolved ionization offers several advantages a
probe of these wave packets.8–11 For example, the ground
state of an ion is often better characterized than higher
cited states of the neutral molecule, particularly for po
atomics. Ionization is also universal and hence there are
dark states. Furthermore, ionization provides both ions
photoelectrons and, while ion detection provides mass
kinetic-energy resolution in time-resolved studies,12 photo-

a!Author to whom correspondence should be addressed; electronic
kaztak@mns2.c.u-tokyo.ac.jp
8870021-9606/2000/112(20)/8871/14/$17.00
i-

ns

n

h
l

e
g
se

-
ix-
is-

a

x-
-
no
d
d

electron spectra can provide complementary information
the evolution of the wave packet.13–22Its utility for real-time
probing of molecular dynamics in the femtosecond regi
has been nicely demonstrated in studies of wave packet
excited states of Na2,

19 on theB state of I2,
20 and on theA

state of NaI.21,22 Furthermore, Davieset al.23 have recently
reported the first femtosecond photoelectron–photoion c
cidence imaging studies of photodissociation dynamics.

Many of these studies of femtosecond photoelect
spectra were stimulated by the seminal papers of Engel
co-workers16–18which illustrated how well-suited photoelec
tron distributions from pump–probe ionization at various d
lay times are for mapping wave packet motion in diatomi
While these studies and those of Charron a
Suzor-Weiner22 have clearly served to illustrate the utilit
and promise of photoelectron spectroscopy for real-ti
mapping of wave packet dynamics in small molecular s
tems, they have generally ignored any dependence of
underlying photoionization amplitudes on geometry24 and
energy in their studies of the energy distributions of the p
toelectrons. Neglecting the dependence of the photoion
tion matrix element on geometry is a poor approximati
when the wave packet moves through a region of an avoi
crossing where the electronic character of the wave func
changes dramatically. In such regions, knowledge of the
derlying photoionization dynamics is essential in unravel
the wave packet dynamics from the probe signal. Both
double-minimum state of Na2 studied by Engel and
co-workers16–18 and theA state of NaI studied by Charro
and Suzor-Weiner22 are, in fact, formed by an avoided cros
il:
1 © 2000 American Institute of Physics
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8872 J. Chem. Phys., Vol. 112, No. 20, 22 May 2000 Arasaki et al.
ing of two diabatic states. Furthermore, these studies16–18,22

did not examine photoelectron angular distributions wh
can be expected to convey richer structural and dynam
information than is contained in angle-averaged ene
spectra.23,25,26

We have recently published a brief report27 on the results
of detailed quantum-mechanical studies of energy-
angle-resolved pump-probe femtosecond photoelectron s
tra for the1Su

1 double-minimum state of the Na2 molecule.
In this paper we present a full account of the basic formu
tion and technique used in this study, along with more
tailed results of these femtosecond photoelectron spectr
the 1Su

1 double-minimum state of aligned Na2 molecules. In
these studies we employ geometry- and energy-depen
photoionization amplitudes derived from calculations e
ploying sophisticated descriptions of the wave functions
the double-minimum state and for the molecular photoe
tron. To illustrate the utility of femtosecond photoelectr
spectra for probing both molecular vibrations and rotatio
in real time, we also report spectra for molecules aligned
a linearly polarized pump pulse and ionized by a probe pu
polarized either parallel or perpendicular to the pump pu

This paper is organized as follows. In Sec. II we pres
the quantum-mechanical formulation employed in the
studies of energy- and angle-resolved photoelectron spe
and some methodological issues associated with the for
lation and practical techniques devised to address them.
sults of a case study of the1Su

1 double-minimum state for
aligned Na2 are then presented in the remaining sections

FIG. 1. Potential curves for theX 1Sg
1 and ~2! 1Su

1 states of Na2 and the
X 2Sg

1 state of Na2
1 . The dipole amplitude (mge) and photoionization co-

efficients (C̃l m) for the molecule parallel to the pump and probe fields
also shown for a kinetic energy of 0.5967 eV. The partial wavesl 50, 2,
and 4 with m50 are denoted by long, medium, and short dashed lin
respectively.
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Sec. III we discuss a few relevant aspects of the electro
wave functions and photoionization amplitudes used he
while in Sec. IV we present the wave packet dynamics as
ciated photoelectron spectra of these studies. The paper
cludes with a few remarks in Sec. V.

II. FORMULATION

Figure 1 illustrates the scheme used in our studies of
femtosecond energy- and angle-resolved photoelectron s
tra for vibrational wave packets in the1Su

1 double-minimum
state of aligned Na2 molecules. A linearly polarized lase
pulse of frequencyv1 prepares a wave packet on the doub
minimum1Su

1 state, which is then ionized by a time-delaye
linearly polarized laser pulse of frequencyv2 . Figure 2 il-
lustrates the relevant coordinate frames. The molecule is
ented at angles (uR ,fR) with respect to the polarization vec
tor of the pump pulse and the photoelectron angu
distributions (uk ,fk) are measured relative to the polariz
tion vector of the probe pulse. The angle between the pr
and pump vectors isuP and, without loss of generality, th
probe is assumed to lie in thexzplane of the pump frame. In
the dipole approximation the interaction between the la
fields and the molecule is given by

V~ t !5V1~ t !1V2~ t;DT!

5E01f 1~ t !sin~v1t !«pump•d

1 1
2 E02f 2~ t2DT!exp~2 iv2~ t2DT!!«probe•d, ~1!

whereV1 and V2 represent the pump and probe fields, r
spectively, and, although more general forms can be rea
assumed, we have made the rotating wave approximatio
V2 . E01 and E02 are the field amplitudes,f 1(t) and f 2(t
2DT) are Gaussian envelope functions,DT is the delay
time between the two lasers,«pump and «probe are the polar-
ization vectors, andd is the electric dipole operator. Gene
ally, the time scale of the rotational motion~of the order
10210sec) is two or three orders of magnitude slower th
that of molecular vibrations~with a typical period of
10213sec). The pump pulse produces a polarized distri

,

FIG. 2. Orientation of the molecule and pump and probe laser fields:
lecular orientation angles (uR ,fR) are specified in the pump frame an
photoelectron angles (uk ,fk) in the probe frame.
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tion of molecules with a cos2 uR dependence with respect t
«pump.

28 The probe laser with a pulse width of;100 fs will
probe this aligned distribution of slowly rotating molecule

The Schro¨dinger equation can be written as

i\
]

]t
C~ t !5@TN1Hel1V~ t !#C~ t !, ~2!

whereTN is the nuclear kinetic energy operator andHel is the
electronic Hamiltonian. The time-dependent total wave fu
tion is expanded as

C~r ,R,t !5xg~R,t !Fg~r ;R!1xe~R,t !Fe~r ;R!

1E dkxk~R,t !Fk
~2 !~r ;R!, ~3!

whereFg , Fe , and Fk
(2) are eigenfunctions ofHel repre-

senting the ground, excited, and ion states, respectivelr
denotes the electronic coordinates, andR the internuclear
distance. Molecular rotation can be explicitly included in E
~3! by replacingR by R. The functions,xg , xe , andxk are
wave packets on the individual potential surfaces. Unl
excitation to a bound state, the final states in Eq.~3!, xk , are
characterized by photoelectron energies and angles, w
eventually constitute an infinitely many channel proble
Expansion of the continuum part ofC(r ,R) in spherical har-
monics leads to

C~r ,R,t !5xg~R,t !Fg~r ;R!1xe~R,t !Fe~r ;R!

1E dkk2(
l m

~21!mxkl m~R,t !Fkl 2m
~2 !

3~r ;R!, ~4!

where we have assumed the following expansions ofFk
(2)

and xk in spherical harmonics,Yl m( k̂), with k̂ measured
with respect to the probe,

Fk
~2 !~r ;R!5(

l m
Fkl m

~2 ! ~r ;R!Yl m~ k̂! ~5!

and

xk~R,t !5(
l m

xkl m~R,t !Yl m~ k̂!. ~6!

The electronic eigenfunctions provide the potent
curves for the ground, excited, and ionic states, respectiv

HelFg~r ;R!5Vg~R!Fg~r ;R!, ~7!

HelFe~r ;R!5Ve~R!Fe~r ;R!, ~8!

and

HelFk
~2 !~r ;R!5FVion~R!1

~k\!2

2me
GFk

~2 !~r ;R!, ~9!

where me is the electron mass. The~2! sign on the con-
tinuum electronic wave functionFk

(2) indicates the so-called
incoming-wave boundary condition, which is canonica
used to represent dissociation~ejection! in stationary-state
scattering theory. Calculation ofFk

(2) is challenging and will
-

.

e

ch
.

l
ly,

be discussed in detail later. These electronic eigenfunct
are orthogonal to each other. In particular, we impose
delta-function type orthonormal condition

^Fk1

~2 !uFk2

~2 !&5d~k12k2! ~10!

on the continuum functions.
Finally, we note the possibility that the upper bound f

the integration overk in Eq. ~3! can, in principle, exceed
those values limited by the total energies of the pump a
probe lasers. This arises not only from the energy width
sociated with the laser pulses due to the uncertainty p
ciple, but from energetically closed channels required in
expansion of Eq.~3! to represent the deformation~polariza-
tion in the terminology of scattering theory! of both elec-
tronic and nuclear states.

A. Equations of motion for nuclear wave packets

The equations of motion for the nuclear wave pack
are obtained as usual by projecting^Fg(R)ur , ^Fe(R)ur ,
and^Fk

(2)(R)ur ~integrate overr ! onto the total Schro¨dinger
equation. The resulting coupled equations are

i\
]

]t
xg~R,t !5@TN1Vg~R!#xg~R,t !

1^Fg~R!uV1~ t !uFe~R!&xe~R,t !, ~11!

i\
]

]t
xe~R,t !5@TN1Ve~R!#xe~R,t !

1^Fe~R!uV1~ t !uFg~R!&xg~R,t !

1E dk^Fe~R!uV2~ t;DT!uFk
~2 !~R!&

3xk~R,t !, ~12!

and

i\
]

]t
xk~R,t !5FTN1Vion~R!1

~k\!2

2me
Gxk~R,t !

1^Fk
~2 !~R!uV2~ t;DT!uFe~R!&

3xe~R,t !, ~13!

respectively. In deriving these, we have used the orthogo
ity conditions among the electronic eigenfunctions sta
above and imposed the following conditions:

~a! adiabaticity of the bound electronic wave function
i.e.,

^Fg~R!uTNuFe~R!&r>0,
~b! adiabaticity of the continuum functions,

E dk8^Fk
~2 !uTNuFk8

~2 !&uxk8&

>E dk8^Fk
~2 !uFk

~2 !&TNuxk8&5TNuxk&,
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~c! the matrix elements ofV2(t) between continuum func
tions are all zero, i.e.,

^Fk1

~2 !uV2~ t;DT!uFk2

~2 !& r>0.

The nonadiabatic coupling between the ground and exc
states will be taken into account explicitly in a future pub
cation on the NaI system.29

Using the expansions ofFk
(2) andxk in Eqs.~5! and~6!,

Eqs.~12! and ~13! can be written

i\
]

]t
xe~R,t !5@TN1Ve~R!#xe~R,t !

1^Fe~R!uV1~ t !uFg~R!&xg~R,t !

1E k2dk(
l m

~21!m^Fe~R!u

3V2~ t;DT!uFkl 2m
~2 ! ~R!&xkl m~R,t ! ~14!

and

i\
]

]t
xkl m~R,t !5FTN1Vion~R!1

~k\!2

2me
Gxkl m~R,t !

1~21!m^Fkl 2m
~2 ! ~R!uV2~ t;DT!uFe~R!&

3xe~R,t !. ~15!

The equations of motion are now in the form of coupl
equations specified in terms of a set of indices~g, e, k, l , m!.

B. Transition amplitudes

The dipole interaction between the ground and exci
states becomes

^FeuV1~ t !uFg&52E01f 1~ t !sin~v1t !degcos~uR!, ~16!

with deg the magnitude of the dipole moment. Hence, un
a sufficiently weak field, where the Rabi oscillation is su
pressed, the distribution of molecular orientation in the
cited state is proportional to cos2(uR).

The photoionization matrix elements constitute a k
quantity in the present study. To obtain these matrix e
ments we writeFk

(2) as an antisymmetrized product of a
ion wave function,F1 , and a photoelectron orbital,fk

(2) ,

Fk
~2 !5A~F1•fk

~2 !!, ~17!

where

fk
~2 !5 (

l ,m,l
i l e2 ih l Dlm

l ~R̂8!Yl m* ~ k̂!ckl l
~2 ! ~r 8;R!, ~18!

with r 8 being the electronic coordinate vector in the molec
lar frame. In Eq.~18! ckl l

(2) is a partial-wave component o
the photoelectron orbital in the molecular frame with m
mentumk, l is the projection ofl in the molecular frame,
Dlm

l transforms the molecular-frame wave functions to tho
in the laboratory~probe! frame, andh l is the Coulomb
phase shift.30

Photoelectron detection is, of course, with respect to
polarization vector of the probe laser. The dipole operato
hence given by
d

d

r
-
-

y
-

-

-

e

e
is

Dm05A4p

3
r(

m
Dmm0

1 ~R̂8!Y1m~ r̂ 8! ~19!

in the probe laser frame. The interactionV2 between the
probe laser and the molecule becomes

V25 1
2 E02• f 2~ t2DT!exp~2 iv2~ t2DT!!Dm0

, ~20!

and the coupling matrix element between the excited s
Fe and the final ionized state can be written as

^Fk
~2 !~R!uV2~ t;DT!uFe~R!&

5 1
2 E02• f 2~ t2DT! exp~2 iv2~ t2DT!!

3(
l m

Cl mYl m~ k̂!, ~21!

Cl m~k,uR ,fR ,uP!

5A4p

3 (
lm

I l lmDlm
l * ~R̂8!Dmm0

1 ~R̂8!. ~22!

I l lm is a partial-wave matrix element in the molecul
frame. These are formed from dipole matrix elements
tweenuF1ckl l

(2) & and the components of the CI wave fun
tion used to describeFe . For the case of ionization of an
orbital f i into ckl l

(2) these assume the form

I l lm
~0! ~R!

5~2 i ! l eih l (
l 0l0

^ckl l
~2 ! urY1m~ r̂ 8!uf i ,l 0l0

~r !Yl 0l0
~ r̂ 8!&.

(23)

TheseCl m coefficients provide the underlying dynamical in
formation needed to describe the photoionization of an
ented Na2 molecule by the probe laser. The angular mome
tum coupling inherent in molecular photoelectrons can
seen in a single-center expansion ofckl l for a linear mol-
ecule

ckl l
~2 ! ~r ,R!5(

l 8
gl l 8l

~2 !
~k,r ,R!Yl 8l . ~24!

Use of photoelectron orbitals which correctly incorpora
such angular momentum coupling is essential for a quan
tive description of molecular photoionization.

The Euler angles in Eq.~22! are easily determined by
considering an intermediate ‘‘pump frame,’’ and combinin
the two Euler angles for the pump-to-molecule fram
D(fR ,uR ,gR) and the pump-to-probe frameD(0,uP,0).31

The two sets of the Euler angles define the molecular
probe frames with respect to the pump frame. Here the pu
and probe polarization vectors lie on the positivez-axis of
each respective frame. Without loss of generality, the pr
framez-axis is chosen to be on the pump framexz-plane so
that a single angleuP conveniently describes the relation o
the probe frame to the pump frame~see Fig. 2!. The mol-
ecule can be oriented in any manner with respect to the pu
and probe polarization vectors. For the case of a linear m
ecule gR is arbitrary and we simply choose it to be zer
Combining the rotation from the molecular frame to t
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pump frame and that from the pump frame to the pro
frame, the rotation from the molecular frame to the pro
frame can be written explicitly as a sequence of rotatio
about successively defined axes

D~abg!5D~0,uP,0!D~2gR ,2uR ,2fR!. ~25!

Writing out both sides of Eq.~25! as Cartesian rotation ma
trices results in a set of equations that determine the E
anglesa, b, andg.

To obtain the final state wave functions needed in eva
ating the photoelectron matrix elements, we assume a fro
core Hartree–Fock model in which the core orbitals
taken to be those of the ion and the photoelectron orbita
obtained as a solution of a one-electron Schro¨dinger equation
containing the Hartree–Fock potential of the molecular i
Vion(r ,R), i.e.,

S 2
\2

2me
¹21Vion~r ,R!2

~k\!2

2me
Dckl m

~2 ! ~r ,R!50. ~26!

To obtain the partial-wave photoelectron orbitalsckl m
(2) , we

use an iterative procedure, based on the Schwinger va
tional principle, to solve the Lippmann–Schwinger equat
associated with Eq.~26!.30 This procedure begins by ap
proximating the static-exchange potential of the relaxed
core by a separable form

USE'US~r ,r 8!5(
i , j

^r uUua i&~U21! i j ^a j uUur 8&, ~27!

where the matrixU21 is the inverse of the matrix with the
elements (U) i j 5^a i uUua j&, the a’s are discrete basis func
tions such as Cartesian or spherical Gaussian functions,
U is twice the static-exchange potential in Eq.~26! with the
long-range Coulomb potential removed. The Lippman
Schwinger equation with this separable potentialUS(r ,r 8)
can be readily solved and provides an approximate ph
electron orbitalckl m

(0) . These solutions can be iteratively im
proved to yield converged solutions to the Lippman
Schwinger equation containing the exact static-excha
potentialUSE. Usually, several iterations will provide con
verged solutions of Eq.~26!.

Insertion of Eqs.~16! and ~21! into Eqs.~14! and ~15!
yields the following equations of motion for the nucle
wave packets:

i\
]

]t
xg~R,t !5@TN1Vg#xg~R,t !1Vgexe~R,t !, ~28!

i\
]

]t
xe~R,t !5@TN1Ve#xe~R,t !1Vegxg~R,t !

1
1

2 E dkk2(
l m

E02f 2~ t2DT!

3exp~ iv2~ t2DT!!Cl m* ~k,uR ,fR ,uP!

3xkl m~R,t !, ~29!

and
e
e
s

er

-
n-
e
is

,
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n

n
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–
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e

i\
]

]t
xkl m~R,t !

5FTN1Vion1
~k\!2

2me
Gxkl m~R,t !

1 1
2E02f 2~ t2DT!exp~2 iv2~ t2DT!!

3Cl m~k,uR ,fR ,uP!xe~R,t !. ~30!

In Eqs.~28! and~29!, Veg5^FeuV1(t)uFg& andVge its com-
plex conjugate.

C. Solution of the coupled equations

Discretization of the continuum integration in Eq.~29!
via a finite quadrature such as Gauss–Legendre quadra
leads to

i\
]

]t
xe~R,t !5@TN1Ve#xe~R,t !1Vegxg~R,t !

1
1

2 (
j 51

Nk

(
l m

E02kj
2wj f 2~ t2DT!

3exp~ iv2~ t2DT!!Cl m* ~kj ,uR ,fR ,uP!

3xkj l m~R,t !, ~31!

whereNk is the number of the quadrature points andwj are
the weights. This discretization leads to a finite set
coupled equations of motion.14 However, the hermiticity of
the transition matrix is broken in the resultant coupled eq
tions, which can result in numerical instability and a loss
norm. To remedy this situation, we redefine the wave pack
and matrix elements as

x̃kj l m~R,t !5kjAwjxkj l m~R,t ! ~32!

and

C̃l m~kj ,uR ,fR ,uP!5kjAwjCl m~kj ,uR ,fR ,uP!, ~33!

and rewrite the equations of motion as

i\
]

]t
xe~R,t !5@TN1Ve#xe~R,t !1Vegxg~R,t !

1
1

2 (
j 51

Nk

(
l m

E02f 2~ t2DT!exp~ iv2~ t

2DT!!C̃l m* ~kj ,uR ,fR ,uP!x̃kj l m~R,t !,

~34!

and

i\
]

]t
x̃kj l m~R,t !5FTN1Vion1

~kj\!2

2me
G x̃kj l m~R,t !

1 1
2 E02f 2~ t2DT!exp~2 iv2~ t2DT!!

3Cl m* ~kj ,uR ,fR ,uP!xe~R,t !. ~35!
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It is readily seen that the hermiticity has been recovered.
normalization of the scattering part of the total wave funct
now becomes

K E Fk1

~2 !xk1
dk1U E Fk2

~2 !xk2
dk2L

5E dk^xkuxk&>(
j 51

Nk

(
l m

^x̃kj l mux̃kj l m&. ~36!

The total wave function of Eq.~3! should display only
spherical outgoing waves in the asymptotic region in el
tronic coordinates in the remote future, since it is designe
describe a photoionization process. Nonetheless,C(r ,R,t)
can be contaminated by the~electronic! spherical incoming
waves in the asymptotic region. This is becauseFk

(2)(r ;R)
is an eigenfunction of the electronic Hamiltonian having
real-valued energy and hence is composed of both sphe
incoming and outgoing waves in the asymptotic region. T
incoming spherical wave represents electronic recombina
with photon emission, whose probability must be negligib
small in our system. As soon as the ionized state is form
by photoabsorption, an electron is ejected much faste
within a few femtoseconds—than the time scale of molecu
vibration. This emission of the photoelectron should be ir
versible. However, our coupled equations do allow for
reverse process: photoemission by the electron recapture
the ion, which is mathematically analogous to the Rama
Stokes deactivation. One needs to address this issue of
irreversibility and the outgoing boundary condition.

We first consider whyFk
(2)(r ;R) is an adequate basis i

the expansion of Eq.~3!. For a general half-collision problem
~ionization in this particular case! due to a stationary optica
source, the time-independent coupled Schro¨dinger equations
can be written as

~E2Hi !f i5V* f f ~37!

and

~E2H f !f f5Vf i , ~38!

where the latter represents a dissociative process due to
tical pumping from a bound statef i , while the former de-
scribes the reverse process of deactivation fromf f to f i .
Provided a continuum eigenfunction in Eq.~38! satisfies in-
coming boundary conditions, i.e.,

~E2H f !l f
~2 !~E!50, ~39!

it is well-known that

Ti f 5^l~2 !~E!uVuf i~0!& ~40!

gives a transition amplitude for this dissociative event, wh
f i(0) is an unperturbed state before photoabsorption. In
sense, it is quite natural to adoptFk

(2)(r ;R) in Eq. ~3! as the
electronic scattering state, since^Fk

(2)uV2uFe& r in Eq. ~13!
precisely corresponds to Eq.~40!. However, Eq.~40! is valid
only if Raman–Stokes deactivation can be neglected.

On the other hand, the equations of motion, Eqs.~12!
and ~13!, do not necessarily represent only photoabsorb
electron emission without photoemitting electron recombi
tion, since the appropriate boundary condition has not b
e
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imposed. Hence the latter process can mathematically o
in this formalism. Formally, one may be able to remove t
incoming spherical components by imposing a stringent c
dition on xk(R,t), as discussed by Takatsuka.32 One may
also construct a theory, in which both electronic and nucl
motions are represented by time-dependent wave pac
whereby photoelectrons move toward the asymptotic reg
after photoabsorption.

There are several conventional ways to remedy this s
ation. For example, one may employ an optical potential t
absorbs nuclear wave packets of the ion upon photoabs
tion. This approach has a drawback though, since one ca
observe the time propagation of the wave packets nor can
vibrational spectra be extracted from them. An example
such spectra will be shown in Sec. IV C. Here we take
different approach. Let us rewrite Eqs.~34! and ~35!, omit-
ting the sufficesl andm for clarity,

i\
]

]t
xe5Hexe1Vegxg1(

j
C̃ j* x̃ j ~41!

and

i\
]

]t
x̃ j5~Hi1« j !x̃ j1C̃jxe , ~42!

whereHi5@TN1Vion#, and« j5(kj\)2/2m. Absorption of a
photon that leads to ionization can readily be detected
looking at the time dependence of the norm within a giv
interval DR in the ionized state such that

d

dt
^x̃ j ux̃ j&DR5

1

2i\
~^x̃ j uC̃jxe&DR2^C̃jxeux̃ j&DR!

5
1

\
Im^x̃ j uC̃jxe&DR , ~43!

where Im specifies the imaginary part and the integrat
should be carried out in the range@R,R1DR#. If ( d/dt)
3^x̃ j ux̃ j&DR is negative, the~spurious! deactivation occurs in
this domain. Thus the sign of Im̂x̃juC̃jxe&DR monitors the
absorption and emission there. This condition can simply
extended so as to be considered in a pointwise manner
given R by DR→0, such that Im̂x̃juC̃jxe&DR

→DRIm(x̃j* C̃jxe). As soon as the deactivation begins atR, or
as soon as Im(x̃j* C̃jxe) turns negative, the optical interactio
betweenx̃ j (R) andxe(R) should be turned off. This proce
dure should be applied to each channel (kj ,l ,m). We thus
modify the equations of motion~41! and ~42! such that

i\
]

]t
xe5Hexe1Vegxg1(

j
C̃ j* x̃ ju@ Im~ x̃ j* C̃jxe!#

~44!

and

i\
]

]t
x̃ j5~Hi1« j !x̃ j1C̃jxeu@ Im~ x̃ j* C̃jxe!#, ~45!

whereu(x) is the step function, with a value of 1 forx50
and 0 otherwise. This procedure introduces a nonlinearit
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the equations, thereby causing numerical complexity,
hence, the sign of Im(x̃j* C̃jxe) is monitored just one step
ahead of each time propagation.

Before applying this switching function, we should no
that kj appearing in the equations of motion can be lar
than values corresponding to the photon energy provided
the lasers. These components represent closed channels
closed channels are, of course, virtual but are necessa
make the expansion of Eq.~3! complete. These closed
channel wave packets have some finite values soon afte
probe laser is turned on, and represent some deformatio
the nuclear wave functions. They eventually damp to ze
This damping is natural and should not be suppressed by
switching function. It is thus clear that the above switchi
function should be imposed only on the open channels.
further note that the closing of the channels depends on
nuclear coordinateR. However, it is not trivial to define the
closed channel in time-dependent scattering theory, since
ergy uncertainty is inevitable. We therefore set a very sim
criterion to define the open channels, which depends on
nuclear coordinates. Suppose the total~electronic and vibra-
tional! energy of the initial state isE0 . For a state having
« j as the photoelectron kinetic energy, a wave packetx̃ j (R)
is defined to be open if the total electronic energy
this position, i.e.,Vion(R)1« j , is smaller than the total en
ergy,

\v11\v21E0.Vion~R!1« j , ~46!

provided that the energy uncertainty width due to the pu
laser can be ignored. Only when this condition is fulfilled,
the switching function applied.

D. Split-operator technique

The coupled equations of motion for the wave pack
can be rewritten in compact form as

i\
]

]t
x~R,t !5Ĥ~R,t !x~R,t !

5@ T̂~R!1VD~R!1VO~R,t !#x~R,t !. ~47!
d
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The operators are represented byN3N matrices, whereN
can be several hundreds or more depending on the en
and the polarization of the probe laser.T̂(R) is a diagonal
matrix of the kinetic operator, and can be treated by f
fourier transform~FFT! techniques as usual.33 VD(R) is also
a diagonal matrix composed of potential surfaces for
ground, excited, and ionized states. All the information ab
the lasers is contained in the off-diagonal matrixVO(R,t),
which couples the ground and excited state, and the exc
and ionized states which are further decomposed
(kj l m) substates. The vector of the wave packets is

x~R,t !5S xg~R,t !
xe~R,t !

xkj l m~R,t !

]

D . ~48!

We solve these time-dependent coupled equations u
the split-operator technique.33,34The split-operator technique
begins with the Trotter formula for a pair of noncommutin
operators@A,B#,

e2t~A1B!5 lim
n→`

~e2tA/ne2tB/n!n, ~49!

and is exact only ifn→` can be realized. There are man
versions for handling the time-propagation operator within
finite-time scheme, such as the symplectic integra
method.34 One of the standard techniques, which we u
here, takes the following decomposition for a small time
crementDt5t/n,

e2Dt~A1B!'e2DtA/2e2DtBe2DtA/2. ~50!

The split-operator technique is well established for a sca
potential surface. One can extend this to the vector probl
We have also devised an efficient method to diagona
VO(R,t) analytically, which drastically shortens this proce
that is otherwise very time-consuming. Our procedure can
compactly described in terms of the following operator o
dering:
x~R,t1Dt !5expS 2
iDt

\
Ĥ~R,t ! Dx~R,t !

5expS 2
iDt

2\
@ T̂~R!1VD~R!# DexpS 2

iDt

\
VO~R,t ! DexpS 2

iDt

2\
@ T̂~R!1VD~R!# Dx~R,t !

5expS 2
iDt

4\
VD~R! DexpS 2

iDt

2\
T̂~R! DexpS 2

iDt

4\
VD~R! DexpS 2

iDt

\
VO~R,t ! DexpS 2

iDt

4\
VD~R! D

3expS 2
iDt

2\
T̂~R! DexpS 2

iDt

4\
VD~R! Dx~R,t !. ~51!
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In each time stepDt, one diagonalization and two sets
FFT’s and associated inverse FFT’s must be carried out

To prepare an eigenfunction on the ground potential s
face which serves as an initial wave packet, we apply
energy screening technique.35 This technique extracts th
eigenfunctions directly from wave packet dynamics such t

D~E1 ,E2!x~0!

5E
E1

E2
d~E2TN2Vg!x~0!dE

5~2p!21E
2`

`

dt
1

i t FexpS i

\
E2t D2expS i

\
E1t D Gx~ t !.

~52!

D(E1 ,E2) is a projection operator that picks the eigenfun
tions from an arbitrary energy interval@E1 ,E2#. If the inter-
val includes only one eigenstate, this projection operator p
duces the corresponding eigenfunction. This technique
particularly useful when a highly excited eigenstate is cho
as the initial wave packet.

III. ELECTRONIC STRUCTURE AND
PHOTOIONIZATION AMPLITUDES

Figure 1 shows the potential energy curves for
ground X 1Sg

1 and double-minimum1Su
1 states of neutra

Na2 and the groundX 2Sg
1 state of the Na2

1 ion and illus-
trates our pump–probe scheme. The double-minimum1Su

1

state has been studied extensively, and results from
avoided crossing of two adiabatic states. The inner well
Rydberg state with a principal configuration
sg(3s)su(4s) and the outer well is a strong admixture
the sg(4s)su(3s) and sg(3s)su(3s) configurations. The
sg(3s)su(3s) configuration lends significant ionic charact
to this state.

The electronic wave functions and energies for
ground states of Na2 and Na2

1 were obtained from extensiv
configuration-interaction~CI! studies using theGAMESS

package. Calculations were done at 19 internuclear dista
between 2 and 11 Å. For convenience in the calculation
the dipole matrix elements between the ground and exc
states and for photoionization of the excited state, we e
ployed the Hartree–Fock~HF! basis of the ion in these C
calculations. For a more accurate description of the exc
state, we adopt the rotationless experimental potentia
Cooperet al.36 in the wave packet calculations. All potenti
curves were adjusted to the known excitation energies
ionization potential.

Figure 1 shows the dipole amplitude between the gro
and excited~2! 1Su

1 states of Na2. While around the inner
well ~Rydberg! region, the dipole amplitude is very flat, in
dicating Franck–Condon behavior, and the dipole amplitu
changes substantially in the outer well~ionic! region, reflect-
ing the ionic character of the system.

To obtain the photoionization amplitudes, we used o
CI wave function for the double-minimum state and
frozen-core Hartree–Fock~FCHF! description of the wave
function for the ionized state. For the FCHF model the wa
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function is taken to be an antisymmetrized product of HF
orbitals and a photoelectron orbital that is a solution o
one-electron Schro¨dinger equation containing the Hartree
Fock potential of the ion core. The HF wave function pr
vides a very adequate description of Na2

1 over all internu-
clear distances of interest.

The Cl m coefficients of Eq.~22! incorporate the under
lying dynamics into our formulation of time-resolved phot
electron spectroscopy. TheseCl m coefficients for polariza-
tion vectors of the pump and probe pulses parallel to
molecular axis and for a photoelectron energy of about
eV are shown as a function of internuclear distance in Fig
For this state of Na2 only evenl ’s arise, while for this par-
allel arrangement onlym50 terms are allowed. TheseCl m’s
display several important features. Among these, we note
striking change in theCl m’s in the barrier region where the
avoided crossing occurs. This behavior could be expecte
be quite general in regions of nonadiabatic behavior. Furth
more, the large magnitude of theseCl m’s around the barrier
will exert a strong influence on the ion signal as the wa
packet moves through this region. The pronounced osc
tory behavior of these coefficients for alll ’s (l 50, 2, and 4
are shown! arises from the evolution of the electronic stru
ture in the outer well where the wave function acquires s
nificant ionic character. These features reflect non-Fran
Condon behavior of the underlying photoelectron mat
elements. Such behavior should arise quite generally
nonadiabatic regions of potential surfaces and, in fact, h
been seen in the NaI system.29

IV. WAVE PACKET DYNAMICS OF Na 2

We have used the formulation, potential curves~see Fig.
1!, and photoionization amplitudes outlined in the previo
sections to study the pump–probe photoelectron spectr
Na2. Important parameters in these studies include,

~a! All potential energies are measured from the bottom
Vg . The initial wave packetxg(0) is the vibrational
ground state of Vg with energy Eground59.3509
31023 eV.

~b! The characteristic points of the potential curves are
follows: The local minimum of the inner well ofVe lies
at R53.7 Å and 3.589 eV, while that of the outer we
is at 6.7 Å and 3.518 eV. The barrier between them l
at R54.7 Å and 3.6753 eV, resulting in a barrie
height of 0.0873 eV from the bottom of the inner we
The ion potential curve has its minimum atR53.6 Å
and 5.064 eV.

~c! The laser parameters: We examine three different p
ton energies for the pump laser of 3.6192, 3.6763, a
3.7007 eV resulting in a wave packet onVe below the
barrier, at the top of the barrier, and above the barr
respectively. The electric field strength and the f
width at half maximum~FWHM! of the Gaussian
pulses were taken to be 5.142 833106 eV/m ~0.001 au!
and 100 fs, respectively.

~d! The probe laser is fixed for all the above cases
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\v252.2776 eV, E0251.028 573108 eV/m, and
FWHM540 fs. These values were chosen to give la
gains in the photoionization signals.

~e! The molecular orientation is parallel to the pump las
that isuR50°. For each of these threev1 , the polar-
ization vector of the probe laser is set either paralle
perpendicular to the molecular axis.

The uxe(R,t)u2 for the wave packets on the excited sta
are shown in Figs. 3~a!–3~c!, and for pump photon energie
below the barrier, at the barrier, and above the barrier,
spectively. For a pump energy below the barrier, thexe(R,t)
is clearly confined to the inner well@Fig. 3~a!#. For a pump
photon energy at the barrier, the wave packet bifurcate
the barrier region with one component proceeding to
outer well after some slowing down over the barrier, wh
the other component is reflected back into the inner w
@Fig. 3~b!#. For a pump photon energy above the barrier,
wave packet mostly passes over the barrier and moves
the outer well@Fig. 3~c!#.

To discretize the equations of motion, Eqs.~34! and
~35!, we approximate the integral overk in the total scatter-
ing wave function by a Gaussian quadrature. Since the c
putational effort scales rapidly with the number of quad

FIG. 3. Perspective view and contour plot of the absolute square of the w
packets, uxe(R,t)u2 generated by the pump lasers with~a! \v1

53.6192 eV~below the barrier!, ~b! \v153.6763 eV~at the barrier!, and
~c! \v153.7007 eV~above the barrier!.
e

,

r
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ture points (Nk), it is important to obtain converged
solutions of the coupled equations with sufficiently sm
values ofNk and we have therefore examined the conv
gence of these solutions withNk carefully. Figure 4 shows
some typical results of these convergence studies of the
toelectron signal withNk . Shown here are angular mome
tum components of the photoelectron signal,Pl m(«kj

),

Pl m~«kj
!5

me

\2 kjE dRuxkj l m~R,t f !u2, ~53!

where«k is the photoelectron energy andt f is a long time
after the probe is switched off. ThesePl m’s are for a pump
pulse which just puts the wave packet at the top of the bar
and for a pump–probe delay time of 242 fs. The polarizat
vectors of the pump and probe pulses are also parallel to
molecular axis. The smooth curves in Fig. 4 were obtain
with a 299-point Simpson rule. The pointwise data shown
Fig. 4 are results with a 14-point Gauss–Legendre qua
ture augmented by a 7-point Gauss–Hermite scheme ch
to improve the quadrature around«k50.7 eV. Agreement
between this 21-point Gauss quadrature and 299-point S
pson calculations is very good and we have hence used
21-point quadrature in these studies.

A. Oscillatory photoelectron signal

The non-Franck–Condon behavior of the photoioniz
tion amplitudes for this double-minimum state of Na2 is evi-
dent in the oscillatory behavior of theCl m coefficients with
internuclear geometry. An unusual consequence of this
havior of theCl m’s arises from their near-vanishing value
for all (kj ,l ,m) in a narrow range to the left (R>4.1 Å) of
the potential barrier on the excited state. One may thus
dict that a wave packet placed inside the inner potential w
should exhibit a very small photoelectron signal whene
the wave packet hits this ‘‘depleted’’ region. This shou
result in an oscillatory behavior of the total photoelectr
signal as a function of delay time. This behavior is seen
the ion signal of Fig. 5 for a pump pulse of energy 3.6192
which places the wave packet in the inner well and for
polarization vectors of the pump and probe pulses paralle
the molecular axis. The rapidly oscillating solid line repr
sents the total ion signal given by

ve

FIG. 4. Illustration of the convergence of the quadrature for integration o
k. The partial waves forl 50, 2, 4 and withm50 are examined. The
pointwise values represent the results of a 14-point Gauss–Legendre sc
augmented with a 7-point Gauss–Hermite one, while the smooth curve
from a 299-point Simpson rule.
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Pion5E (
l ,m

Pl m~«k!d«k5E P~«k!d«k . ~54!

Upon excitation this wave packet immediately begins an
cillatory motion of period about 347 fs, hitting the righ
hand-side turning point in the inner well near 4.1 Å att
5158, 505, 842, and 1180 fs, where the ion signal
minima. The signal at these minima gradually becom
larger due to dispersion of the wave packet.

To further highlight this unusual behavior, we have c
culated the total ion signal for ionization of these wave pa
ets, but with the Franck–Condon approximation, wh
C20(kj ,R), the largest of these coefficients, is simply r
placed by its constant value atR53.5 Å at each photoelec
tron energy and all otherCl m(kj ,R)’s are set to zero. The
dotted flat line in Fig. 5 shows the result. The difference

FIG. 5. Oscillatory behavior of the total ion signal~solid line! arising from
the wave packet confined in the inner potential basin. Broken line: the
ion signal based on the Franck–Condon approximation.
-

s
s

-
-
e

s

striking and illustrates the importance of the underlyi
photoionization dynamics to a mapping of the wave pac
via pump–probe photoelectron spectra.

B. Energy-resolved photoelectron signals

We next examine the kinetic energy distribution of t
photoelectrons,P(«k). As stated previously, three pump e
ergies were studied with parallel and perpendicular polar
tions. Figures 6~a!–6~c! show theseP(«k) as a function of
delay time for pump photons that place the wave packe
the inner well, on top of the barrier, and above the barrier
parallel polarizations of the pump and probe pulses. Figu
6~A!–6~C! show the spectra for perpendicular orientations
the pump and probe pulses. The only significant differen
between these parallel and perpendicular cases is in the m
nitudes of the signals. When the wave packet is confined
the inner well@Fig. 3~a!#, the major feature of the photoelec
tron spectra is a strong peak around 0.7 eV@Figs. 6~a! and
6~A!# which shows an oscillatory dependence on the pum
probe delay time, as discussed above. This feature is cle
a fingerprint of the localization of the wave packet in t
inner well.

When the pump photon places the wave packet on to
the barrier, the photoelectron spectra@Figs. 6~b! and 6~B!#
behave quite differently. At aboutDT5200 fs, the wave
packet is moving slowly through the barrier region@Fig.
3~b!#, where the photoionization amplitudes are large~Fig.
1!. This results in a strong peak at around 0.7 eV. In t
region the wave packet bifurcates into a component t
moves into the outer well and another that is reflected b

al
s

e

FIG. 6. Photoelectron signalP(«k) vs
kinetic energy and delay time. The
photon energy of the pump laser i
~a!, ~A! \v153.6192 eV ~below the
barrier!, ~b!, ~B! \v153.6763 eV ~at
the barrier!, and~c!, ~C! \v153.7007
eV ~above the barrier!. For each en-
ergy, the polarization vector of the
probe laser is set parallel@~a!, ~b!, ~c!#
and perpendicular@~A!, ~B!, ~C!# to
that of the pump laser. Note that th
vertical scales are different for differ-
ent energies.
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to the inner well. The period of recurrence of the wa
packet in the inner well happens to be about half of that of
outer-well counterpart. At aboutDT5600 fs, the outer-well
component reaches its turning point, which results in
strong peak in the photoelectron signal at very low kine
energy. This feature was first pointed out by Meier a
Engel,16,17 who also noted its value for mapping wave pac
ets at their turning points. On the other hand, the inner w
packet, which becomes rather dispersed, leads to a pe
about«k50.7 eV atDT5600 fs. An interesting double-pea
feature is seen around«k50.7 eV andDT51000 fs. We will
return to this feature in the next subsection.

When the pump pulse places the wave packet above
barrier, the photoelectron spectra are simpler@Figs. 6~c! and
6~C!#, since no major bifurcation of the wave packet occu
at the potential barrier. As in the other cases, the peak aro
«k50.7 eV arises from the wave packet while it is in th
inner well. Once over the barrier, this peak at 0.7 eV is
longer present, reflecting the absence of any major com
nent in the inner well@Fig. 3~c!#. A high peak at a very low
photoelectron energy aroundDT5500 fs again arises at th
outer turning point. The broad feature at«k50.7 eV and
DT5800– 1000 fs is due to the dispersed wave returning
the inner well.

C. Relationship between vibrational and photoelectron
spectra

The vibrational spectrum,S(Ev), extracted from the ion
wave packetsxk , provides complementary information t
the energy-resolved photoelectron spectra. This spectru
obtained from

S~Ev!5E dkk2(
l ,m

E dsE dRxkl m* ~R,t f ,DT!

3xkl m~R,t f1s;DT!expS i

\
EvsD , ~55!

whereEv ~measured from the bottom ofVg) is the energy
associated with molecular vibration. Figure 7 showsS(Ev)
for the case of a pump photon with energy close to the top
the barrier and for parallel polarization of the pump a
probe pulses, at selected delay timesDT5121, 242, 605, and
968 fs. The global features of this vibrational spectrum
rather similar to the photoelectron spectra shown in Fig. 6~b!.
Starting from a single major feature located aroundEv
55.2 eV atDT5121 fs,S(Ev) splits into two major peaks a
Ev55.2 and 5.35 eV at a delay time ofDT5242 fs. The
higher-energy group disappears atDT5605 fs. At a delay
time of 968 fs two peaks reappear, with one of these shi
to slightly lower energy.

From energy conservation, we expect

Ev1«k5\~v11v2!1Eground[Etot , ~56!

whereEground is the energy of the initial state prepared
Vg . While this equality is not rigorous due to the uncertain
principle unless a stationary optical source is used, the
lowing relation may apply:

S~Ev!}P~Etot2Ev!. ~57!
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Figure 8 shows plots ofS(Ev) and P(Etot2Ev) for Etot

55.9633 eV. For convenience, we have simply connec
the available values ofP(Etot2Ev) with straight lines in Fig.
8. The overall consistency is evident. However, we do n
the absence of a peak inS(Ev) at Ev.Etot and 605 fs, where
a strong peak is seen at very low energy in the photoelec
spectrum@cf. Fig. 6~b!#. This low-energy peak inP(«k)
arises when the wave packet hits the outer turning point.16,17

This difference betweenS(Ev) andP(Etot2Ev) at the low«k

is due to the definition ofP(«k). Writing Pion as

Pion5E P~«k!d«k5E dkk2(
l m

E dRuxkl m~R,t f !u2

5E P~«k!
\2k

me
dk, ~58!

FIG. 7. Vibrational spectra of the Na2 cation at selected delay times for th
case of a pump energy at the top of the barrier and parallel polarizatio

FIG. 8. Comparison ofP(Etot2Ev) for Etot55.9633 eV with the vibrational
spectrumS(Ev) of Fig. 7.
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and comparing this withS(Ev) in Eq. ~55!, one sees that Eq
~57! should be replaced by

S~Ev!}
\2k

me
P~Etot2Ev! ~59!

with

k5
A2me

\
AEtot2Ev . ~60!

In fact, the overall agreement betweenkP(Etot2Ev) and
S(Ev) is far better, as shown in Fig. 9.

Comparison ofS(Ev) andkP(Etot2Ev) may suggest tha
the strong feature centered atEv55.2 eV arises from the
wave packet moving in the inner well, while the feature
Ev55.35 eV must be associated with the wave packet co
ponent moving in the outer well. However, it is not qui
clear how these values inEv would arise. The origin of the
vibrational feature aroundEv55.35 eV is more difficult to
understand, since the potential curve of the ion atR>5.6 Å
lies above 5.5 eV~see Fig. 1!. For example, atR56.7 Å,
which is the bottom of the outer well,Vion(R) is about 5.8
eV, and there is hence no way for a wave packet lying th
to be in a vibrational state atEv55.35 eV. It is more reason
able therefore to assume that these large features must b
to two large ionization amplitudesCl m(kj ,R), at, say,Rin*
and Rout* , just sandwiching the potential barrier onVe(R)
~see Fig. 1!. As a wave packet passes through the bar
region, its kinetic energy is small enough to remain there
a longer time, which allows the packet to acquire a lar
ionization probability. Furthermore, assuming that a wa
packet does not change its momentum upon ionization f
Ve(R) to Vion(R) at eachR, in accordance with the Condo
approximation, then a wave packet passing through th
two high peaks atRin* andRout* should be promoted to ene
gies close toEv55.20 and 5.35 eV, respectively.

It is worth noting that in their pump–probe studies
Na2(X 1Sg

1)→Na2(1Su
1)→Na(3s)1Na1, Baumertet al.37

observed an oscillatory signal of Na1 transient as a function

FIG. 9. Comparison ofkP(Etot2Ev) with Etot55.9633 eV and the vibra-
tional spectrumS(Ev) of Fig. 7.
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of the delay-timeDT. They found that the Fourier transform
of this signal with respect to the delay time yielded the ba
frequency for coherent motion of the wave packet on
double-minimum state1Su

1 , and, moreover, emphasized th
the Fourier spectrum so obtained is composed of individ
frequencies corresponding to the energy spacings of the
brational levels forming the wave packet. This vibration
feature should arise directly fromxe(R,t). Though our spec-
tra taken as in Eq.~55! pertain to the vibrational motion o
the wave packet of the product ion Na2

1 , or xkl m(R,t f

1s;DT), these results do confirm that information about
brational states can indeed be obtained from pump–pr
photoelectron spectroscopy.

D. Angular distribution of photoelectrons

In conventional photoelectron spectroscopy, angular d
tributions are known to provide valuable insight into the u
derlying dynamics. A few groups have, moreover, recen
reported measurements of angular distributions in pum
probe photoelectron spectra.24–26 Althorpe and Seideman
have also examined the angular distributions of photoe
trons in the pump–probe ionization for a rigid diatomic mo
ecule NO.38 We have also recently published a brief repo
on photoelectron angular distributions for pump–probe io
ization of aligned Na2.

27

These time-resolved photoelectron angular distributio
are given by

A~uk ,DT!

5E dkk2E dRU(
l ,m

xkl m~R,t f ;DT!Yl m~uk ,fk!U2

,

~61!

wherefk is set to zero. Figure 10 shows a few such pho
electron spectra for pump photon energies below, on top
and over the barrier in the excited state. In contrast to
kinetic energy distributions in Fig. 6, these angular distrib
tions are significantly different for the parallel and perpe
dicular cases. For the parallel case, the angular distributio
generally ofdz2 type, as illustrated by the inset of Fig. 10
while it is basically ofdyz type for the perpendicular case
These shapes are expected on the basis of symmetry co
erations for a dipole interaction. The oscillatory behavior
these angular distributions with time when the wave pac
is in the inner well~Fig. 10! simply reflect the oscillation of
the ion signal seen in Fig. 5 and discussed previously.
main difference in the angular distributions for the cas
when the pump photon places the packet just at or above
barrier is the absence of the peak for a delay time of 600 f
the latter case. This difference arises from the fact that in
latter case the wave packet has virtually no inner-well co
ponent until the wave packet returns there from the ou
well at around 800 fs.

The dependence of these photoelectron angular distr
tions on the orientation of polarization of the probe and
molecular axis can potentially be exploited to monitor m
lecular rotation. Such use of pump–probe photoelectron
gular distributions for real-time mapping of molecular rot
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FIG. 10. The photoelectron angular distributions as
function of the delay time. As in Fig. 6, the photo
energy of the pump laser is~a!, ~A! \v153.6192 eV
~below the barrier!, ~b!, ~B! \v153.6763 eV ~at the
barrier!, and ~c!, ~C! \v153.7007 eV~above the bar-
rier!. For each energy, the polarization vector of th
probe laser is set parallel and perpendicular to that
the pump field. The insets show a polar coordinate re
resentation of A(uk ,DT) at DT5605 fs ~broken
curves! and 968 fs~smooth lines!.
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tion can be a valuable supplement or alternative to la
induced fluorescence~LIF! detection.3 For example, conside
a case where the polarization vector of the pump and pr
pulses are parallel to thez-axis and the molecule lies in theyz
plane~Fig. 2!. If the molecular axis lies alonguR at the time
of probing (DT), the angular distribution is given as

A~uk :uR~DT!!5cos2 uR3~dz2-type distribution!

1sin2 uR3~dyz-type distribution!

1cosuR sinuR~cross term!, ~62!

and the photoelectron signal depends strongly on the pos
of the detector. The actual signals should, of course, be c
voluted over the vibrational motion. This aspect will be d
cussed in greater detail in a future publication.31

V. CONCLUDING REMARKS

The results of these studies illustrate several key poi
First, while a robust description of the underlying photoio
ization amplitudes can generally enhance the utility of fe
tosecond pump–probe photoelectron spectra as a prob
wave packet dynamics and of the evolution of electro
structure, use of such photoionization amplitudes and t
dependence on geometry is quite essential to unrave
wave packet dynamics from photoelectron signals in no
diabatic regions. Studies of femtosecond photoelectron s
er

e
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n-
-

s.
-
-
of
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tra for wave packet motion in Nal underway provide furth
and compelling evidence of this. Second, photoelectron
gular distributions not only provide insightful fingerprints o
vibrational wave packet dynamics, but their strong dep
dence on the relative orientation of the pump and probe
larizations can also be exploited to monitor real-time m
lecular rotation.
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