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■ Abstract Femtosecond time-resolved photoelectron imaging (TRPEI) is a variant
of time-resolved photoelectron spectroscopy used in the study of gas-phase photoin-
duced dynamics. A new observable, time-dependent photoionization-differential cross
section provides useful information on wave-packet motions, electronic dephasing,
and photoionization dynamics. This review describes fundamental issues and the most
recent works involving TRPEI.

INTRODUCTION AND OVERVIEW

The fine details of bimolecular chemical–reaction dynamics have been experimen-
tally studied using the crossed-molecular beam method (1, 2). This sophisticated
method measures the (state-resolved) differential cross sections (DCSs), i.e., the
scattering and quantum-state distributions of reaction products (3–5), for well-
defined initial states of reagents at controlled collision energies. The DCS and
excitation function (the collision energy dependence of the reaction) are valuable
in elucidating a reaction mechanism (6, 7), especially when compared with ac-
curate theoretical predictions (8–10). On the other hand, the crossed-molecular
beam method observes asymptotic states of products, not the dynamics at short
interparticle distances, as in the case of elementary particle physics. The quest for
direct experimental observation of electron and nuclear motions in reaction is a
driving factor behind the development of ultrafast-laser spectroscopy (11).

According to the Born-Oppenheimer approximation, which is widely appli-
cable to various molecular problems, chemical reactions are driven primarily by
electrons. Real-time observation of a nonstationary electronic state or electron or-
bitals in chemical transformation is essential for elucidation of the reaction mecha-
nism. From this viewpoint, femtosecond time-resolved photoelectron spectroscopy
(TRPES), which probes electronic states with femtosecond time resolution, is ex-
tremely useful. Furthermore, ionization can occur from any electronic state and
in any nuclear geometry, provided the ionization wavelength is sufficiently short.
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Therefore, TRPES serves as a versatile means to probe dynamics along the entire
reaction pathway.

Photoionization is inherently an electron-scattering process, in which the most
detailed observable is the photoionization DCS. Conventional photoelectron spec-
troscopy has employed photoelectron-angular distribution (PAD) to investigate
the ionization continuum, including such features as the autoionization resonance
(12), shape resonance (13), and Cooper minimum (14, 15). However, TRPES did
not fully exploit time-dependent PAD as an observable until recently. In 1999,
two research groups presented femtosecond time-resolved photoelectron imaging
(TRPEI) to visualize time-dependent photoionization DCS (16–20). Since then
TRPEI has been applied to various molecular systems including large molecular
aggregates (21, 22).

The characteristics of TRPEI—or more generally TRPES—may be understood
in comparison with other means of probing electronic states or electron orbitals.
The X-ray free-electron lasers that are planed or under construction in several
countries (23) will enable ultrafast X-ray diffraction (and scattering) with fem-
tosecond time resolution (24, 25). Because X-ray diffraction depends on the total
electron-density distribution in a molecule, it is utilized for the direct determination
of nuclear positions. Ultrafast X-ray diffraction is expected to significantly impact
studies of complex systems including biological molecules (26), and its develop-
ment is anticipated to progress considerably over the next 5 years. For an analogous
approach of ultrafast-electron diffraction, see the review by Zewail in this volume
(26a). On the other hand, chemical dynamics often require information on a specific
electron orbital that plays a key role in the reaction. The (e, 2e) momentum spec-
troscopy (27, 28) can observe distribution functions of various electron orbitals in
the momentum space, even in the frame of a molecule in its most advanced form
(29). However, its signal level is extremely low and an ultrafast pump-probe exper-
iment has not been realized with (e, 2e). Itatani et al. (30) have presented a novel
approach to realize tomographic imaging of a molecular orbital using high har-
monic generation in an intense laser field (31–33). This method utilizes recollision
of an electron that is tunnel-ionized from a molecule and accelerated in a laser field
to facilitate the 1D Fourier transform of the function �rψHOMO(�r ) (HOMO is the
highest occupied molecular orbital), from which ψHOMO(�r ) can be reconstructed.
The applicability of this method to chemical dynamics is to be studied further.
An important consideration in the ultrafast pump-probe experiment is whether the
probing step selectively monitors the photoexcited molecules. This is important
from a practical viewpoint because a pump pulse does not typically excite all the
molecules in the target volume; in fact, most of the molecules remain unexcited. If
the probing step is nonselective, the observed signal will be overwhelmed by the
unexcited ground-state molecules. Although the signal of interest can be extracted
by taking the difference between the data obtained with and without the pump
pulses, this procedure is not always accurate. TRPES of neutral molecules with
visible and UV probe light selectively observes an ensemble of molecules excited
by the pump pulses, thus making this approach sensitive and straightforward.
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This review focuses on TRPEI, the time-dependent PAD, and related subjects
with examples from works in the last few years. The reader is referred to other
excellent articles from the Annual Review of Physical Chemistry (34–38) and
elsewhere (39–43) for a general historical background on TRPES and the literature
up until 2003.

PHOTOELECTRON IMAGING

In this section, I provide only a brief explanation of photoelectron imaging (PEI)
because the technical details of TRPEI are beyond the scope of this review. PEI
involves the 2D multiplex detection of the velocity vectors of electrons. Although
multiplex detection takes place in many other experiments in various disciplines,
PEI has essentially been derived from cold target–recoil ion-momentum spec-
troscopy in atomic physics (44, 45) and 2D photofragment ion–imaging in physical
chemistry (46, 47). The ion-imaging apparatus reported by Chandler & Houston
(46) is largely the same as the Wiley-McLaren time-of-flight mass spectrometer
(48), except that an electron multiplier at the end of the flight tube is replaced
with a 2D position-sensitive detector. Helm, Jung, and their coworkers (49–51)
performed PEI with nanosecond lasers in the mid-1990s. The acceleration elec-
trodes modified by Eppink & Parker (52) provided an immersion lens for 2D space
focusing of charged-particle trajectories; the arrival positions of particles depend
only on their velocity and not the initial position (the velocity map imaging). Fur-
ther modification of the electrodes by Wrede et al. (53) minimized chromatic and
spherical aberrations in charged-particle trajectories, thus improving the imaging
resolution. Magnification and contraction of electron images is possible by either
changing the time-of-flight or by bending the electron trajectories with an electro-
static lens placed in the middle of the flight tube (54–56): Garcia et al. (56) observed
electrons having kinetic energies of up to 14 eV with an energy resolution of 6%.
Weber et al. (57) combined a retarding electric field with a solenoidal-magnetic
guiding field to achieve resolution of <1eV at 300 eV.

A camera-based system and a delay line detector (58) are commonly employed
as 2D position-sensitive detectors in PEI. Both comprise a microchannel plate as
the front surface, and each photoelectron that impinges upon the detector induces
the secondary electron amplification in a 5–12-μm microchannel. The amplified
electron pulses are emitted from the back of the microchannel plate. However, the
method of obtaining 2D positions of amplified electron pulses differs between the
two systems. In the camera-based system, electron pulses are accelerated toward
a phosphor screen at kinetic energies up to 2–4 keV. Light spots on the screen are
observed by a charge-coupled device or a complementary metal-oxide semicon-
ductor camera. The latter can capture images at a high-frame rate comparable with
the repetition rate of amplified femtosecond laser systems. The delay line detector
places finely spaced wires (delay lines) on the back of the microchannel plate and
measures the transmission times of the electric pulses through these lines. The
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2D positions are then calculated using these measurements. The delay line detec-
tor registers both the arrival position and the arrival time; however, it can handle
only up to 4 to 5 electrons in a response time of approximately 10 ns. In contrast,
there is virtually no limit to the number of electrons that the camera-based sys-
tem can detect simultaneously; however, the camera-based system cannot record
the arrival times of electrons. This system is mainly used in photoionization ex-
periments with lasers where many electrons are created. Another advantage of
the camera-based system is the realization of high-fidelity measurements, as de-
scribed below. Moreover, imaging resolution is improved to subpixel resolution
(59) by real-time image processing (centroiding of each light spot) of each frame
(59–61). A drawback of camera-based TRPEI is that a cylindrical symmetry of
the 3D distribution is required to reconstruct a single image, which restricts the
pump and probe laser polarization to be parallel to each other. The reconstruction
is usually performed by an inverse Abel transform, although basis-set expansion
methods are more robust to numerical noises in image data (62, 63). A monograph
describes useful tutorials (47), and some more recent approaches can be found in
the literature (63–65).

ROTATIONAL WAVE-PACKET AND
PHOTOELECTRON-ANGULAR ANISOTROPY

Various dynamics in the neutral state affect PAD. For instance, when the system
undergoes a nonadiabatic transition, ionization transition–dipole moments to the
continuum wave functions vary with the wave-packet motion, creating a time-
dependent PAD (66, 67). However, nonadiabatic transitions in isolated molecules
and clusters are generally associated with a change in the vibrational wave func-
tion, which can be observed in the time-dependent photoelectron kinetic energy
distribution (PKED). Although TRPEI offers the most efficient measurement of
a time-dependent PKED via the ultimate collection efficiency (100%) of photo-
electrons, PKED is measurable with conventional TRPES. Therefore, to illustrate
the unique features of TRPEI, we concentrate on a time-dependent PAD and the
directional properties of a molecule in this section.

A molecular orbital is inherently anisotropic, and ejection of an electron from
the molecular orbital creates a complex molecular-frame photoelectron-angular
distribution (MF-PAD). However, the laboratory-frame photoelectron-angular dis-
tribution (LF-PAD) is averaged over the molecular-axis distribution at the instant
of ionization; thus the LF-PAD is generally less structured than the MF-PAD.
Assuming that molecules are in the J = 0 state, this ensemble has no specific
direction of the molecular axes in space, and it appears to be an isotropic target
for ionization light. Such an isotropic ensemble provides only a weakly polarized
LF-PAD from which hardly any detailed information on the molecular frame (MF)
can be obtained.

In TRPEI, one-photon electronic transition in the pump step coherently excites
the P(�J = –1), Q(0), and R(+1) branch lines. This creates a nonstationary
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superposition of the molecular rotational eigenstates or a rotational wave packet
(68, 69). The wave packet provides a time-dependent molecular-axis distribution
that revives at characteristic time intervals determined by rotational constants.
The time-dependent molecular-axis distribution is generally expressed in terms of
spherical harmonics (and the multipole moments):

P(t, θ ′
z, φ

′
z) =

∑
KQ

AKQ(t)YKQ(θ ′
z, φ

′
z), 1.

where θ ′
z and φ′

z are the polar and azimuthal angles of the molecular axis, respec-
tively, measured in the laboratory frame (LF). The odd K terms discriminate the
molecular axes in the upward and downward directions and are referred to as the
orientation terms, whereas the even K terms are referred to as the alignment terms.
The orientation is not created by linearly polarized light. In one-photon photoex-
citation of randomly oriented molecules by linearly polarized light, the highest
rank K is 2, and the terms with Q �= 0 vanish as a result of a cylindrical symmetry
around the polarization of light:

P(t, θ ′
z, φ

′
z) = A00(t)Y00(θ ′

z, φ
′
z) + A20(t)Y20(θ ′

z, φ
′
z). 2.

The highest rank (K ) in the equation is Kmax = 2n in the n-photon absorption
process.

PAD is the flux distribution of the outgoing electrons as a function of their angle
from the symmetry axis (the polarization direction of linearly polarized light or
the propagation direction of circularly polarized light). In one-photon ionization
of a randomly oriented ensemble of molecules with linearly polarized light, the
LF-PAD is expressed by the following equation:

dσ

d�′
k

= σ

4π
[1 + βP2(cos θ ′

k)], 3.

where θ ′
k is the polar angle of the photoelectron k-vector with respect to the ioniza-

tion laser polarization, and Pn(x) is a Legendre polynomial. When the ensemble
of molecules is polarized as expressed by Equation 2, one-photon ionization of
this ensemble with the probe-laser polarization parallel to that of the pump laser
provides the following LF-PAD:

dσ (t)

d�′
k

= σ (t)

4π
[1 + β2(t)P2(cos θ ′

k) + β4(t)P4(cos θ ′
k)]. 4.

Comparing Equations 3 and 4, the P4 term in the (1 + 1′) resonance-enhanced mul-
tiphoton ionization (REMPI) appears only when the ionized target is anisotropic.
In fact, σ(t) · β4(t) is proportional to A20(t) in the (1 + 1′) REMPI. In general
cases, including the pump and the probe laser not polarized in parallel, the PAD
is expressed by (70)

dσ (t)

d�′
k

=
∑
LQ

βLQ(t)YLQ(θ ′
k, φ

′
k), 5.

where the maximum value of L is 2(m + n) in (m + n) REMPI.
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The photoelectron-anisotropy parameters can be expanded by the axis-alignment
parameters as follows (71):

βLQ(t) =
∑

K

AK−Q(t) aKLQ, 6.

where the expansion coefficients aKLQ carry all the information of photoionization
dynamics. The detailed form of aKLQ has been obtained by Underwood & Reid
(71). In 2005, Suzuki & Seideman (57) presented a general quantum-mechanical
expression for TRPEI, in which they show the relation between the time-dependent
alignment moments and the rotational wave-packet revivals for various pump in-
tensities. Under certain (realistic) conditions, the general expression (72) can be
reduced to Equation 6. Several important points are noted for Equation 6. First,
following AKQ(t), βLQ(t) also exhibits rotational wave-packet revival structures,
provided aKLQ are not too small. Second, if βLQ are measured for known AKQ,
aKLQ (or the ionization-dynamical parameters) can be determined. Finally, if aKLQ

are known and βLQ are measured, AKQ or the axis distribution can be determined.
Because photoelectron-scattering wave functions in the ionization continuum

are degenerate, ionization is induced via various transition-dipole moments in
MF: For instance, ionization can occur with comparable efficiencies via parallel
and perpendicular transitions in linear molecules. Consequently, the ionization
intensity (an integral cross section) in the (1 + 1′) scheme is rather insensitive
to the rotational wave-packet motion, except that ionization is mediated by the
autoionization resonance or shape resonance.

Rotational coherence spectroscopy monitors the periodic motion of a rotational
wave packet through polarized fluorescence or transient absorption to higher elec-
tronic states: Other variants of rotational coherence spectroscopy, although not
including TRPEI, have been considered by Felker & Zewail (73). An advantage
of TRPEI in detecting rotational wave-packet dynamics is that photoionization
is more sensitive than fluorescence. Bragg et al. (74) demonstrated the (1 + 1′)
TRPEI detection of a rotational wave packet of C−

2 whose density in the ion beam
is small. TRPEI can also observe wave packets in the triplet state, as described in
the section below.

ROTATIONAL DYNAMICS IN ELECTRONIC DEPHASING

Polyatomic molecules hardly exhibit the unit fluorescence quantum yield because
radiationless transitions (75) such as spin-allowed internal conversion and spin-
forbidden intersystem crossing (ISC) are ubiquitous. The S1−T1 ISC in pyrazine
is the best-known example for the intermediate coupling case in molecular radia-
tionless transition (76–83). Strong spin-orbit coupling of the S1 B3u(nπ∗) vibronic
state with moderately dense triplet vibronic states results in a complex energy
structure of molecular eigenstates. Coherent excitation of these eigenstates creates
a nonstationary state that rapidly evolves with time. The evolution has previously
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been monitored by fluorescence from the S1 state, which exhibited a biexponential
decay; the fast component is a result of pure dephasing between the component
eigenstates, whereas the slow component is a result of depopulation of these eigen-
states through deactivation down to S0. On the other hand, there has been no direct
detection of the dark manifold with ultrafast lasers.

The real-time observation of the S1 decay and the T1 formation was performed
by TRPEI as shown in Figure 1. These images are doubly differential ionization
cross section at specified pump-probe time delays. Because ionization occurs from
the S1 zero vibrational level to the low vibrational states of the cation due to the
Franck-Condon overlap, the singlet component of the nonstationary state creates
well-resolved concentric rings in the outer part of the photoelectron images (Fig-
ure 1b). On the other hand, as the origin of T1 is located 0.5 eV (4055 cm−1)
lower than S1, T1 vibronic levels isoenergetic to the S1 zero level are highly vi-
brationally excited. Consequently, ionization occurs from the T1 vibronic levels
to highly vibrationally excited levels of the cation at longer time delays, creating
slow electrons that appear at the center of the images. The S1 decay and the T1 for-
mation were found to occur with the identical time constant of 110 ps. Integration
of the images for the angular part provides the time-dependent PKEDs displayed
in Figure 1c. An isosbestic point was identified in the PKEDs at approximately
200 meV, illustrating that ISC is an exclusive decay process from S1 in this time
range. Vibrational structures in the PKED are attributed to progressions of totally
symmetric vibrational modes. The PAD at individual photoelectron kinetic ener-
gies (PKEs) can be extracted from the images; for instance, the PADs associated
with ionization from the S1 zero level to the 6a1 level of the cation (the second
outermost ring in Figure 1b) are presented as a function of the pump-probe time
delay in Figure 1a. The PAD exhibits time dependence—it is slightly enhanced at
θ ′

k = 90◦ only when t = 0 and at 82 ps (the first full revival time of the rotational
wave packet). Correspondingly, the β4 coefficients extracted from a series of the
photoelectron images clearly exhibited the wave-packet revivals (42).

Although (1 + 1′) TRPEI is useful for probing rovibronic dynamics, a low-
energy tail of the PKED from S1 overlaps the PKED from T1 in the (1 + 1′) REMPI
(Figure 1c). An alternative way to selectively observe ionization from different
electronic states is (1 + 2′) REMPI, where ionization occurs using Rydberg states
as stepping stones (20, 84). As a result of the �v = 0 propensity rule in ionization
from the Rydberg states to the cation, this ionization scheme creates well-separated
PKEDs for ionization from S1 and T1. Ionization from S1 was observed through the
singlet 3pz(n−1) (TR = 55 000 cm−1) and 3s(n−1) (TR = 50 700 cm−1) Rydberg
states, and ionization from T1 occurred via the triplet 3s(n−1) (TR = 50 200 cm−1)
(Figure 2) (85). The z-axis of pyrazine in D2h point group is along the N-N axis.
The ionization intensities from the singlet state diminish with τ = 110 ± 5 ps,
whereas that from the triplet grows accordingly. The rotational revival features in
the singlet and triplet manifold are seen as rapid modulations in the intensities and
anisotropy parameters. As the S1 (1B3u) ← S0 (1Ag) transition-dipole moment is
parallel to the top axis of this near oblate-top molecule, the axis distributes as cos2θ ′

z
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Figure 1 Time-resolved photoelectron images, photoelectron-angular distributions,

and photoelectron kinetic energy distributions in (1 + 1′) resonance-enhanced multi-

photon ionization via the S1 zero vibrational level. The pump-laser wavelength was

fixed to the (0, 0) band of the S1 (1B3u) ← S0 (1Ag) transition (324 nm), and the probe-

laser wavelength was 197 nm. (a) Polar plots of the photoelectron-angular distributions

associated with ionization from the S1 zero vibrational level to the cation 6a1 vibra-

tional level at specified time delays. (b) Inverse Abel transforms of the time-resolved

photoelectron images corresponding to the slices through the 3D photoelectron veloc-

ity distributions at specified time delays. (c) Photoelectron kinetic energy distributions

obtained by angular integration of the inverse Abel transforms of the time-resolved

photoelectron images. Structured distribution in the high energy side is a result of

ionization from the S1 state, whereas a low energy distribution appearing at long

pump-probe time delays is ionization from T1.
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Figure 2 (a) Temporal profiles of the energy-selected photoelectron intensities in the (1 +
2′) resonance-enhanced multiphoton ionization of pyrazine via the S1 zero vibrational level

with the pump (324 nm) and probe (401 nm) lasers. A and B indicate S1 detected via the

3pz Rydberg state and S1 via the 3s Rydberg state, respectively. C indicates T1 detected

via the 3s Rydberg state. (b) Time evolution of the anisotropy parameters, β2 and β4, of

the photoelectron-angular distributions: βL = √
2L + 1βL0. (c) The alignment parameter,

A20/A00, in the S1 state calculated for the rotational temperature of 20 K.
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with respect to the laser polarization at t = 0 and the full revival times. The revival
features in the ionization intensities via 3s(n−1) and 3pz(n−1) are out of phase,
in which the former takes the maximum at t = 0. This unambiguously indicates
that the transition-dipole moments for 3s ← S1 and 3pz ← S1 are parallel and
perpendicular to the top axis, respectively. The 3pz ← S1 transition is vibronically
induced, as it is an ungerade-ungerade electronic transition. The revival features in
anisotropy parameters are also out of phase in ionization via 3s(n−1) and 3pz(n−1);
however this is for a different reason. The time-dependent anisotropy parameters
indicate that the MF-PAD has a sharper peak in the parallel than in the perpendicular
ionization transition from 3s, whereas this relation is reversed in ionization from
3pz. The analysis of the time dependencies of anisotropy parameters provided the
LF-PADs expected for the axis alignment of cos4θ ′

z and sin4θ ′
z , which exhibited

dramatic differences from each other (86).
The revival feature appears quite strongly in the singlet signal, both in the in-

tensities and the photoelectron-angular anisotropies, whereas the revival feature
is considerably smaller for the triplet. In 2004 Tsubouchi et al. (86) theoretically
examined the rotational revival feature in ionization from the T1 state. In the analy-
sis, pyrazine was approximated as an oblate symmetric top because the asymmetry
parameter is 0.985 in the 00 level in S1 (87). The triplet state—with a small spin
splitting—was described by Hund’s coupling case b, whereas the singlet state was
described by case a. The basis sets for these two cases are denoted as |NJKSM〉 and
|JPM〉|S�〉, respectively (88). The quantum numbers are as follows: N denotes
the rotational angular momentum, J the total angular momentum, K the projection
of N on the top axis, S the spin-angular momentum, M the projection of J on the
space-fixed axis, P the projection of J on the top axis, and � the projection of S
on the top axis. The analogy with the diatomic case is such that J, N, K, and P
correspond to J, N, �, and �, where � and � are the projection quantum numbers
of the electronic orbital and the total angular momenta onto the internuclear axis,
respectively. The molecular eigenstates of the effective Hamiltonian, including the
spin-orbit coupling, are expressed by a linear combination of the zero-order S1 and
T1 states:

|n〉JS PS MS
= a JS PS MS

n |
S, 0〉|JS PS MS〉|0, 0〉
+

∑
i NT KT

bi NT KT MS
n

∣∣
T, vi
T

〉|NT JS KT1MS〉, 7.

where vi represents the vibrational quantum number of the i-th mode, and 
i in-
cludes all other quantum numbers. The zero-order eigenenergies of the S1 states
were constructed from the spectroscopic constants in the literature (87), whereas
those of the T1 states remained unknown. Accordingly, the T1 vibronic levels were
randomly distributed around the S1 00 level with a state density of ρ that repro-
duces the observed dephasing time. The weighting factors, a JS PS MS

n and bi NT KT MS
n ,

and the eigenenergies, E JS PS MS
n , were obtained by diagonalizing the Hamiltonian

matrix.
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The time-dependent wave function of the nonstationary state is expressed by

�(�′; t ; J0 P0 M0) ∝
∑

JS PS MS

I (JS PS MS; J0 P0 M0)

×
∑

n

a JS PS MS
n |n〉JS PS MS

exp
(−i E JS PS MS

n t
/
h̄
)
, 8.

where I (JS PS MS; J0 P0 M0) denotes the excitation strength from a rotational state
|J0 P0 M0〉 in the S0 zero vibrational level to each |JS PS MS〉. The singlet and triplet
components of the nonstationary state are

�S(�′; t ; J0 P0 M0) =
∑

JS

|
S, 0〉 |JS P0 M0〉 |0, 0〉

× 〈
S, 0 |〈JS P0 M0|〈0, 0|�(�′; t ; J0 P0 M0)〉 9.

and

�T(�′; t ; J0 P0 M0) =
∑

i JS NT KT

|NT JS KT1M0〉
∣∣
T, vi

T

〉

× 〈NT JS KT1M0|
〈

T, vi

T

∣∣�(�′; t ; J0 P0 M0)〉, 10.

respectively. The distribution function of the top axes in the S1 and T1 states are

PS(θ ′
z ; t ; Trot) =

∑
J0 K0 M0

exp
(−Erot

J0 K0 M0

/
kB Trot

)

×
∫ ∫

dφdχ�∗
S(�′; t ; J0 P0 M0)�S(�′; t ; J0 P0 M0) 11.

and

PT(θ ′
z ; t ; Trot) =

∑
J0 K0 M0

exp
(−Erot

J0 K0 M0

/
kB Trot

)

×
∫ ∫

dφdχ�∗
T (�′; t ; J0 P0 M0)�T(�′; t ; J0 P0 M0), 12.

respectively, where kB is the Boltzmann constant, Trot is the rotational temperature
in the molecular beam, and Erot

J0 K0 M0
is the rotational energy of the |J0 P0 M0〉 state.

The experimental result was well reproduced by the calculations (Figure 3).
The mechanism that reduces the revival signal in the dark state was explained

as follows (Figure 4). For simplicity, we first discuss the case of intramolecular
vibrational redistribution via anharmonic coupling. The rotational selection rule is
�J = �K = 0 between the bright and the dark states. In this case, if a dark state
has the same rotational constant as the bright state (type I), the mixing strengths
between these states become equal for all J states. This provides the ratios of the
excitation probabilities for the J − 1, J, and J + 1 state in the dark manifold
to be equal to those of the bright states, thus maximizing alignment in the dark
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Figure 3 Time evolution of the molecular-axis alignment A20/A00. Open circles represent

observed data points for the T1 state populated via intersystem crossing from the S1 zero

vibrational state. The solid and dashed lines show the calculated time profiles for the T1 and

S1 states, respectively (see text).

state. On the other hand, if the rotational constants in the bright and dark states
differ (type II), the ratios of the excitation probabilities for the J − 1, J, and J +
1 state in the dark state deviate from those in the bright state, reducing alignment
in the dark state. The case of ISC in pyrazine is different from the intramolecular
vibrational–redistribution case because although the rotational constants are es-
sentially the same in the bright and dark states, alignment diminishes in the dark
state. The key difference of intersystem crossing from intramolecular vibrational
redistribution is that the spin-orbit interaction provides the selection rule (N =
J − 1, J, J + 1, K = P ± 1) that allows three different rotational ladders in T1

to be involved in the ISC. We term them types A (N = J), B (N = J + 1), and
C (N = J − 1). Type A is analogous to type I of the intramolecular vibrational–
redistribution case, whereas types B and C are analogous to type II. The type A
scheme provides rotational revival in the dark state with the same strength as the
bright state, in contrast with the cases of types B and C. Therefore, types B and C
contribute to the sources of reduced alignment in the dark state.

In general, appearance of the rotational wave-packet dynamics in the dark state
depends on the ratio between a coupling strength and an energy difference between
the bright and dark states. When the coupling strength increases, the rotational
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wave-packet revivals in the dark state can appear for larger differences in the
rotational constants from the bright state.

PHOTOIONIZATION DYNAMICS VIA TIME-RESOLVED
PHOTOELECTRON IMAGING

A rotational wave packet affects LF-PAD primarily because MF-PADs generally
differ for different ionization-dipole moments. When LF-PADs are analyzed in
detail via Equation 6, TRPEI serves as a means to probe ionization dynamics.

Extraction of Photoionization-Dynamical Parameters from
Photoelectron-Angular Distribution

Experimental studies of ionization dynamics ultimately aim at the observation of
the MF-PAD expressed by (13, 89–100)

dσ

d�k
=

2lmax∑
l=0

αlmYlm(θk, φk), 13.

where lmax is the largest orbital-angular momentum of the outgoing photoelectron,
and θ k and φk are the polar and azimuthal angles, respectively, of the photoelec-
tron k-vector measured in the MF. Following intricate analysis, the MF-PAD yields
photoionization-dynamical parameters such as transition-dipole moments to indi-
vidual partial waves and the phase shifts. The MF-PAD can be observed by angle-
resolved photoelectron-photoion coincidence, which simultaneously observes the
velocities of the photoelectron and the daughter ion in dissociative photoionization.
From this observation, the angular correlation between the molecular axis and the
photoelectron k-vector is determined. Reference 101 summarizes recent advances
in coincidence techniques. As a result of its nature, photoelectron-photoion coin-
cidence can provide MF-PADs only for dissociative ionization in the axial recoil
limit. An alternative approach presented by Zare and coworkers (102–109) was to
measure LF-PADs for the state-to-state ionization process with various polariza-
tion combinations of the pump and probe lasers, from which ionization-dynamical
parameters were extracted.

In TRPEI, time-dependent LF-PAD provides the aKL0 parameters via Equa-
tion 6, which can be solved, in principle, to obtain the photoionization-dynamical
parameters. Here I present an example of (1 + 1′) REMPI of NO via the A
(2�+) state (110). The NO+ ion has a closed shell with the electron configu-
ration 1σ22σ23σ24σ21π45σ2. Nitric oxide is the benchmark system for studies of
molecular photoionization (111, 112) and Rydberg states (113–117). It has been
the only molecule for which photoionization-dynamical parameters have been de-
termined experimentally (102–109); however, these experiements have only been
for PKE = 0.18 eV. This fact illustrates the limited understanding of ionization
dynamics of molecules near the threshold. Figure 5 shows the overview of the
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time-dependent anisotropy parameters observed in the (1 + 1′) TRPEI of NO via
the v′ = 0 level in the A (2�+) state. The data points shown here are from our
new measurements performed after the 2004 report (110). In the experiment, a
femtosecond 226-nm pump pulse created a rotational wave packet in the A state
of NO, and a time-delayed femtosecond probe pulse ionized the molecules from
the A state. Because the A state is the 3sσ Rydberg state, the �v = 0 propensity
rule holds in photoionization, and the PKE associated with the single vibrational
state (v+ = 0) of NO+ was continuously varied with the ionization wavelength.
The rotational wave-packet revivals are clearly identified in β2 and β4, although
the time-dependent variations are less than 0.1 at some PKEs (Figure 5). The full
revival time of the rotational wave packet is 8.2 ps. Both β2 and β4 show a clear
trend against PKE: Anisotropy parameters at the full revival time exhibit the min-
ima at the lowest PKE, whereas they exhibit the maxima at the largest PKE. The
phase reversal at PKEs of approximately 0.3 eV (β2) and 0.5 eV (β4) clearly indi-
cates that the MF-PADs vary with the PKE. Because the molecular axis of NO in
the A state is primarily perpendicular to the laser polarization at t = 0 and 8.2 ps,
ionization at these moments occurs predominantly via the perpendicular transition
to create a kπ scattering wave. Conversely, at 4.2 ps, ionization mainly occurs via
the parallel transition to the kσ ionization continuum. Therefore, Figure 5 indicates
that MF-PAD exhibits a sharper peak for the σ-ionization channel than for the π

channel near the threshold, whereas this relation is reversed at PKE > 0.5 eV.
Because an electron wave function of a molecule is referenced to the MF, the

one-electron scattering wave in the LF is expressed as

|ψ−(�k ′, �r ′; R)〉 =
∑
lmλ

i le−iσl Y ∗
lm(k̂ ′)Dl∗

mλ(R̂)ϕlλ(�r ; k, R), 14.

where variables with and without the prime correspond to the LF and MF, respec-
tively. �k ′ = kk̂ ′ is a wave vector of the photoelectron with k̂ ′ as the unit vector
along the direction of ejection, and �r ′ = rr̂ ′ is a similar relation for the position
of the photoelectron; l is the orbital angular momentum, and m is its projection
quantum number onto the LF z-axis, σl is the Coulomb phase shift of a partial
wave with l, R is the internuclear distance, and R̂ is the Euler angle that relates
the MF to LF. As the orbital-angular momentum l is not a good quantum number
for molecules, the partial waves ϕlλ(�r ; k, R) are generally not the eigenfunctions.
Because mixing between the sσ and dσ Rydberg orbitals (s,d supercomplexes)
have been identified for NO by extensive spectroscopic and theoretical analyses
(113–115), similar mixing is anticipated for the sσ and dσ scattering waves. The
origin of this mixing has been speculated to be a result of interactions with the
HOMO(5σ) of NO+, which has a mixed sσ + dσ character. To account for this
s-d mixing, Park & Zare (108, 109) employed the electronic eigenchannel wave
functions ξλ

iλ
(�r ; k, R) composed of partial waves with the same λ. Each partial

wave in Equation 14 is then expressed by

ϕlλ(�r ; k, R) =
∑

iλ

Uλ
liλ exp

(−iπτλ
iλ

)
ξλ

iλ (�r ; k, R), 15.
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where τλ
iλ

is the dynamical phase shift due to the interaction of an electron with
the ion core in the short range, and Uλ

liλ
is an element of the transformation ma-

trix that diagonalizes the scattering K matrix (109, 114). The running index iλ is
for numbering the eigenchannel wave functions with the same λ. Considerable
configuration mixing occurs only for the sσ and dσ waves in NO.

When the scattering wave function is described by Equations 14 and 15, the
aKL0 coefficients for NO+ X (1�+) ← NOA(2�+) are expressed as follows (110):

aKL0 ∝
√

(2L + 1)(2K + 1)
∑

P

(2P + 1)

(
1 1 P

0 0 0

)(
P K L

0 0 0

)

×
∑
lλl ′λ′

√
(2l + 1)(2l ′ + 1)

(
1 1 P

λ −λ′ λ′ − λ

)(
P K L

λ − λ′ 0 λ′ − λ

)

×
(

l l ′ L

0 0 0

)(
l l ′ L

λ −λ′ λ′ − λ

)
,

× (−i)l−l ′ei(σi −σl′ )
∑
iλi ′ ′

λ

Uλ
iλUλ′

i ′
λ′ M

λ
iλ Mλ′

i ′
λ′ exp

{
iπ

(
τλ

iλ − τλ′
i ′
λ′

)}
, 16.

where Mλ
iλ

= 〈�+; ξλ
iλ

(kM , �r )|μλ|�3s〉 is the magnitude of the matrix element of
the ionization transition–dipole moment. Because the ionized orbital is 3sσ (λ =
0), partial waves are restricted to the σ (λ = 0) and the π wave (λ = ± 1). In
addition, because the s character of this orbital is as high as 94.0% (111), the
contribution of high angular momentum (l > 3) to partial waves is neglected,
which is supported by the fact that Zare and coworkers have not detected �N ≥
4 transitions in the state-to-state ionization from the A state to the cation (102–
109). With these restrictions, there still remain 7 partial waves with 12 dynamical
parameters (4 transition-dipole moments and 3 relative phase-shift differences for
the σ wave, 3 transition-dipole moments and 2 relative phase-shift differences for
the π waves) to account for in the analysis, other than the matrix Uλ

l,iλ
. On the

other hand, the aKL0 parameters determinable in the (1 + 1′) REMPI are only 4,
i.e., relative values of a000, a020, a200, a220, and a240, at each ionization wavelength.
Therefore, extraction of the dynamical parameters from TRPEI is not possible
from a measurement performed at a single ionization wavelength.

However, as anticipated from the smooth energy dependence of the anisotropy
parameters shown in Figure 5, the aKL0 parameters determined from these ex-
perimental data also vary monotonically with the PKE. This fact suggests that
the dynamical parameters can be approximated to vary linearly with PKE. Ex-
plicit assumption of this fact facilitates the analysis because the aKL0 parameters
at each PKE can be employed altogether to determine the dynamical parameters
and their first derivatives against the PKE at the ionization threshold. Further-
more, the dynamical phase shift at low energies connects smoothly to the quantum
defect of a high Rydberg state through the Levinson-Seaton theorem (118–122).
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Therefore, the dynamical phase shifts of the partial waves were estimated by ex-
trapolating the quantum defects in high Rydberg states of NO, and they were
excluded from the least-squares fitting. Similarly, Uλ

l,iλ
were taken from the results

for Rydberg states (113–115). In this way, the energy-dependent transition-dipole
strengths for each partial wave Mλ

iλ
(E) were determined from the aKL0 parameters

(110).
Nonlinear least-squares fitting of the second-order Equation 16 generally

provides multiple numerical solutions. This is similar to the multiple solutions
always encountered in the extraction of dynamical parameters from MF-PAD
observed by photoelectron-photoion coincidence (123, 124). However, all the ob-
tained solutions exhibited a major contribution of the p wave; this is in agreement
with the �l = ± 1 propensity rule in ionization from the 3sσ state. The MF-PADs
calculated from the different sets of dynamical parameters are similar to each other,
thus only one example is shown in Figure 6.

In 2004, Guérout et al. (116, 117) reported the ab initio multichannel quantum-
defect theory to calculate electronic wave functions of highly excited Rydberg
states and the continuum. Further experimental and theoretical investigations are
necessary to elucidate the ionization dynamics of this benchmark system, and they
should be extended to other molecules.

Figure 6 Molecular-frame photoelectron-angular distributions in one-photon ionization of

NO from the A state v′ = 0 level calculated using one set of Mλ
iλ

(E) determined by the

least-squares fitting of Equation 16. The dynamical phase shifts τλ
iλ

were estimated from the

quantum defects in high Rydberg states. The matrix elements of Uλ
l,iλ

to describe the sσ-dσ

mixing were taken from those for high Rydbeg states. See the text for details.
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Strategies for Narrower Axis Distribution

If a strongly aligned ensemble of molecules is prepared prior to photoionization,
LF-PAD will be identical to MF-PAD. However, such strong alignment cannot
be created by one-photon excitation because the unit spin–angular momentum
of a photon restricts the rotational wave-packet components to only the J − 1,
J, and J + 1 eigenstates. This leads to a molecular-axis distribution of cos2θ′

z or
sin2θ′

z at most. Because of the uncertainty principle, a narrower axis distribution
requires the superposition of a large number of J states. A pendular state of a
polar molecule in a static electric field (125–127) or a polarizable molecule in
a (quasi-)stationary laser field (128–131) is also a way of achieving alignment
or orientation; however, the presence of strong external fields is inconvenient for
photoelectron spectroscopy. The employment of an intense laser field is considered
to be a more promising method. Interaction of an intense laser pulse with a molecule
induces rapid Rabi-cycling in which rotational ladder climbing and superposition
of a broad J distribution occur (132). In addition, when the laser turn-on and turn-
off times are considerably shorter than the rotational time period, the rotational
dynamics are nonadiabatic in that a rotational wave packet persists even after the
alignment laser field vanishes, thus providing field-free molecular-axis alignment.
Although a wave packet can be created via resonant and nonresonant interaction of
a laser field with a molecule (132), the latter can be implemented more easily with
an amplified titanium sapphire laser (800 nm) (133). The nonresonant scheme is
essentially multiple rotational–Raman scattering (134).

As an example, Figure 7 shows a calculated molecular-axis distribution of N2 in
the ground-electronic state after interaction with a nonresonant-femtosecond laser
pulse (800 nm) (135). The distribution becomes narrow at particular time delays.
Dooley et al. have verified the time-dependent axis distributions of N2 and O2

created by multielectron-dissociative ionization and imaging of the daughter-ion
recoil directions (136). Figure 8 shows the observed alignment moment 〈cos2θ′

z〉
and the axis distributions measured at specified time delays. The LF-PAD measure-
ment using such transient molecular axis alignment has not yet been realized: Only
a theoretical prediction has been reported for the LF-PADs from the aligned N2

molecules for the 2σg-shell photoionization (hv = 58.2 eV) and (2 + 1) REMPI
via the a′′(1�+

g ) state at 205 nm (135). The calculated LF-PAD clearly exhibited
a characteristic nodal pattern of the MF-PAD when ionized at the maximal axis
alignment.

In general, a single pulse–alignment scheme meets saturation when the align-
ment is no longer enhanced by the laser intensity. For squeezing the axis distri-
bution beyond the saturation limit, employment of multiple laser pulses has been
proposed (137–139). In the multiple-pulse schemes, the first pulse creates transient
alignment of the molecular axis in the harmonic region of the angular-interaction
potential (sin θ ≈ θ ), where the subsequent pulse provides the angular velocity
(ω∞ sin θ ) linearly proportional to the angle between the molecular axis and the
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Figure 7 Calculated time-dependent molecular-axis distribution in the ground state of N2

created by interaction with an intense laser field. The initial rotational temperature was as-

sumed to be 20 K. The intensity and pulse width of the alignment-laser light in the calculation

are I = 100 TW/cm2 and �talign = 100 fs, respectively.

laser polarization, thereby squeezing the angular distribution. The suggested en-
hanced alignment by the two-pulse scheme has been experimentally observed (140,
141). These calculations and experiments were performed for linear molecules.

In the case of asymmetric top molecules, maximal alignment occurs initially
because complex rotational energy structures prevent the complete revival of the
initially aligned state. Péronne et al. (142) aligned iodobenzene with a 2.2-ps-long
alignment pulse and observed strong alignment at a time delay of approximately
2 ps. Asymmetric top molecules provide another interesting problem of the field-
free 3D alignment of molecules, for which several strategies have been proposed
(143–145).

For application of MF-PAD measurements by TRPEI considered here, it is im-
portant to precisely characterize the axis distribution created by a laser pulse prior
to LF-PAD measurement. The creation of a strongly aligned molecular ensem-
ble without contamination from weakly aligned molecules is more difficult than
the observation of the revival features on top of a background. In the weak-field
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Figure 8 (a) Variation of the molecular-axis alignment moment 〈cos2θ〉 of N2 with a time

delay between the alignment and explosion (dissociative-ionization) pulse. Prior to the align-

ment pulse, the molecular ensemble of N2 is isotropic. (b–d) Plots of measured (dots) and

simulated (lines) N2-axis distributions. Polarization of the alignment pulse is in the horizontal

direction; anti-alignment is seen at the half revival time in panel c. For clarity, the areas of

the simulated plots are two-thirds those of the measured distributions.

case discussed in the above section, the alignment is mild but is completely charac-
terized (and predictable). Molecular-axis alignment also attracts attention in laser
physics as it can be used for quasi-phase matching in high-harmonic generation
and attosecond pulse shaping (146).

IONIZATION CONTINUA OF POLYATOMICS: POORLY
UNDERSTOOD FINAL STATE

In TRPEI, if the final state for ionization, rovibronic wave functions of a cation and
photoelectron-scattering waves, were well understood, the ionization continuum
would serve as an ideal screen to project complex dynamics in the neutral state. In
reality, the rovibronic states of cations are poorly understood, especially those of
large molecules that exhibit interesting dynamics, and virtually nothing is known
about electron-scattering wave functions. The latter is particularly problematic
for interpretation of the absolute values of anisotropy parameters and is briefly
discussed in this section.

.
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Using conventional photoelectron spectroscopy, a number of mechanisms have
been elucidated as origins for energy-dependent photoelectron-angular anisotropy
β(E ): (a) For instance, in photoionization from the inner p subshells of rare gases
(Ar 2p, Kr 3p, and Xe 3p and 4p), anisotropy parameters vary with the ionization
energy due to the Coulomb phase shifts of the s and d partial waves (147). β(E )
drops sharply with an excess energy above the ionization threshold and then in-
creases smoothly to reach an asymptotic value of approximately 1.5. (b) Interaction
of the ionization continuum with superexcited states exhibits resonances, such as
the Beutler-Fano type, and provides a β(E ) that varies sharply around the energy
of the superexcited state (12). (c) Photoionization from the subshells of l < n −
1 exhibits the Cooper minimum in that a transition-dipole moment to a particular
partial wave vanishes at a certain energy; β(E ) varies in a wide energy range (14).
The Cooper minimum observed in molecular photoionization is generally ascribed
to the atomic character of the molecular orbital, in which the effect is much less
pronounced than in the atomic case. (d ) In molecular photoioinzation, the PAD is
affected by shape resonance due to excitation to an unoccupied molecular orbital
that rapidly decays into the continuum (148).

Photoionization from various orbitals exhibits a characteristicβ(E ). Piancastelli
et al. (149) have assigned the π−1 and n−1 bands in photoelectron spectra of az-
abenzenes based on the experimental evidence that π−1 generally exhibits a β(E )
that increases with excess energy, whereas n−1 shows a much lower anisotropy and
weak energy dependence. We have examined this phenomenon using continuum-
multiple scattering (CMS)-Xα calculations (150, 151). Figure 9 shows the calcu-
lated β(E ) for ionization of π electrons in benzene, pyridine, and pyrazine. The
molecules are assumed to be randomly oriented. The experimental values (149,
152) (filled circles and triangles) and calculations (solid and dotted lines) are in
excellent agreement. The smooth variation with excess energy seen in all cases
is a result of the energy-dependent Coulomb phase shifts of the partial waves.
Conversely, photoionization of the σ and n electrons exhibits completely different
features (Figure 10). The circles and diamonds represent the experimental β(E )
values (149, 152, 153). The calculated β(E ) for ionization from the 3e1u(σ) orbital
in benzene are in reasonable agreement with the experimental result, which is the
same as that obtained by Carlson et al. (153). The partial cross section to the ke2g,
ka1g, and ka2g continua is also shown in the same panel. The enhanced cross sec-
tions around 6 eV and 12 eV indicate the shape resonances with the a2g(σ), a1g(σ),
and e2g(σ) unoccupied orbitals. A close comparison of the anisotropy parameter
and the cross section reveals that β(E ) is indeed influenced by shape resonances.
The result of the pyridine 6b2(σ) orbital that correlates with the benzene 3e1u one is
similar. For pyrazine, calculations are shown for 4b2u(σ) and 5b1u(n). Again, β(E )
is determined by shape resonances. A close examination of Figure 9 reveals the ef-
fect of shape resonance on the σ∗ orbital in ionization from π as dips in the curves;
however, this effect is negligible. These results support the argument by Piancastelli
et al. (149) and illustrate that the shape resonance is a crucial factor in determining
the PAD, particularly in ionization from the nonbonding and σ orbitals.
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Figure 9 (left) Photoelectron-anisotropy parameter as a function of photoelectron kinetic

energy calculated for orbitals 1e1g of benzene, 1a2 (solid line) and 2b1 (dashed line) of

pyridine, and 1b1g (solid line) and 1b2g (dashed line) of pyrazine. Experimental data are indi-

cated by open circles (153) and filled circles for benzene (152), and filled circles and triangles

for pyridine (pyrazine) 1a2 (1b1g) and 2b1 (1b2g), respectively (149). (right) Isosurfaces of

HF/4-31G molecular orbitals. Benzene 1e1g(xz), pyridine 1a2, and pyrazine 1b1g orbitals are

shown.
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benzene ke2g(xy) and kag waves. (right) Isosurfaces of ionized molecular orbitals calculated

at the level of HF/4-31G.
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Bellm & Reid (154) observed the photoelectron anisotropy parameter that varies
with the PKE in nanosecond (1 + 1′) REMPI of jet-cooled paradifluorobenzene via
the S1 (B2u) state;β20/β00 diminished from 0.5 to−0.2 within PKE<1 eV. In 2005,
Bellm et al. (155) reported CMS-Xα calculations that qualitatively reproduced the
gradual depression of the anisotropy parameter in the first 1 eV above the thresh-
old. The energy dependence was attributed to a kb2g shape resonance centered at
PKE = 2 eV. The calculations predict that the anisotropy parameter increases
again in PKE > 3 eV, which, however, has not been experimentally confirmed. As
for the region of PKE < 1 eV, several notable disagreements remain between the
experiment and the theory. The observed PAD was insensitive to the alignment
in S1, whereas calculations predicted an alignment dependence. Furthermore, the
experimental PADs best agreed with those predicted by CMS-Xα, when ionization
is assumed to occur from the maximally aligned ensemble of molecules in the S1

state contradicting the experimental conditions when using nanosecond lasers. It
is also interesting that the observed photoelectron spectra exhibited no variation of
the vibrational structure with the excess energy, whereas shape resonances in other
systems normally provide it. These interesting features should be explored further
both experimentally and theoretically. Although Bellm et al. (155) have employed
a time-of-flight photoelectron spectrometer, similar measurements could be carried
out more easily using a photoelectron imaging method.

Theoretical calculations of PAD using the random-phase approximation (156),
the Schwinger variational method (157), and the R-matrix method (158) are more
accurate than using CMS-Xα. However, these methods are computationally de-
manding, and applications to large molecules are scarce (159). Time-dependent
density functional theory (160, 161) is a promising approaches to large systems.
Further development of theoretical methods sufficiently accurate for large poly-
atomic molecules, especially those to examine ionization from the excited states,
is of great importance for TRPEI.

Photoelectron-angular anisotropy in photodetachment of anions is generally
more easily interpreted than the neutral case. Sanov and coworkers (162, 163)
have studied energy dependence of photoelectron-angular anisotropy in photode-
tachment of solvated atomic anions. They analyzed the PAD using a Cooper-Zare
formula (164, 165) analogously with the works on bare atomic anion (166, 167).
As the Coulomb phase shift is absent in photodetachment of anions, the phase-
shift difference between the two partial waves is fixed over the excess energy. The
photoelectron anisotropy is influenced by the ratio of the two transition dipoles to
the l + 1 and l – 1 outgoing waves, and these tend to vary linearly with the excess
energy, as predicted by Wigner’s threshold law (168). The observed trend of β(E )
was reproduced fairly well by the Cooper-Zare formula.

LONG-RANGE INTERACTION AND INTERFERENCE

Photodissociation of I−2 has been studied in detail using TRPES (169, 170). Pho-
toexcitation of I−2 at approximately 800 nm creates a wave packet on the dissociative
2�g,1/2 potential curve, which rapidly moves toward the asymptote of I (2P3/2) and
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I− (1S0). The wave-packet motion from the molecular to the atomic region is almost
completed within the first 200 fs, which is represented by the PKED that narrows
down to an atomic line of I−. Within 300–600 fs, the wave packet travels through a
shallow basin (0.0017 eV) due to the charge-induced dipole interactions between
I(2P3/2) and I−, centered at an internuclear distance of 6.2 Å, which results in a
slight reverse shift in the PKED. In the subsequent range of 600–3000 fs, the bond
length increases further from approximately 10 Å to 40 Å, during which no further
change in the PKED is discernible. In 2003, Davis et al. (171) reexamined this sys-
tem by TRPEI using pump- and probe-laser wavelengths of 793 nm and 265 nm,
respectively, and found an interesting feature of PAD. The anisotropy parameter
β2 initially decreased from approximately −0.1 near t = 0 to −0.55 near t = 200
fs, as a result of the wave-packet motion from the molecular (I−2 ) to the atomic (I−)
region; however, the β2 value increased to −0.44 near 580 fs and declined again
after 800 fs. Davis et al. (171) ascribed the increase of β2 to the wave-packet motion
from the shallow basin, whereas they attributed the slight decrease after 800 fs to
the process in which an electron distribution changes from a delocalized one with
the same amplitude on each I atom to a localized one at an iodine atom due to the
gerade/ungerade mixing between the 2�g,1/2 and 2�+

u state induced by hyperfine
coupling or an external field. In 2005, Mabbs et al. (172) repeated the same exper-
iment with slightly different wavelengths of the pump (780 nm) and probe (390
nm) lasers. They observed that the β2 parameter varied from approximately −0.2
at t = 0 to −0.36 at 1.5 ps, and it increased to −0.17 at approximately 3 ps. Such a
variation was not observed for IBr−, indicating that this phenomenon is related to
the nature of homonuclear diatomic molecules. Mabbs et al. (172) interpreted the
time dependence of β2 as the interference in a photodetached electron from two
equivalent sites in the homonuclear diatomic molecule I−2 . The difference in the
timescale of the variation in the β2 parameter between Davis et al. and Mabbs et al.
was ascribed to the different de Broglie wavelengths of photoelectrons—10 Å in
the former and 35 Å in the latter. A quantitative analysis yielded the best agreement
with the experiment performed by Mabbs et al. when the de Broglie wavelength
was assumed to be 43 Å. Although further theoretical analysis seems necessary
for completely elucidating the physics behind time-dependent anisotropy, these
works demonstrated that the PAD can serve as a sensitive probe for understanding
the dynamics in regions where the PKED no longer provides useful information.

TOWARD DYNAMICS IN THE CONDENSED PHASE

Liquid electron spectroscopy for chemical analysis pioneered by K. Siegbahn, H.
Siegbahn, and coworkers (173, 174) has been extended more recently by Faubel
et al. (175–181). Because the mean free path of an electron in the bulk is gener-
ally short, especially at low energies, photoelectron spectroscopy is essentially a
surface-sensitive method. However, if nanoscale aggregates that mimic the bulk
properties are targeted, TRPEI in the gas phase may become a powerful tool in
disentangling complex dynamics in the condensed phase.
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In 2004, Neumark et al. (21, 22) applied TRPEI to large water-cluster anions.
The hydrated electron in the condensed phase is a trapped electron in the cavity
defined by six OH bonds in bulk water. Its property may be regarded as analogous
to a color center or a quantum dot in the solid phase; however, a hydrated electron
experiences a considerably more flexible environment. Consequently, photoexci-
tation of a hydrated electron from the ground-state s orbital to an excited p orbital
may induce reorganization of a solvation shell upon a sudden change of the elec-
tron cloud. Alternatively, it might lead to an ultrafast internal conversion down
to the s state as a result of a strong interaction between the p and s states. Thus,
photophysics of a hydrated electron has been controversial (182–188). Figure 11
shows the TRPEI of (D2O)−25. A pump pulse at 1250 nm excites a hydrated electron
from the s state to the p state, and the probe pulse at 400 nm detaches the electron.

Figure 11 Time-resolved photoelectron imaging of water cluster anions. (a) Photoelectron

image of (D2O)−25 collected at the 1250 nm + 400 nm pump-probe temporal overlap. Features

I and II arise from the two-color resonant and direct 400-nm photodetachment processes. (b)

Time-resolved photoelectron spectra of (D2O)−25. Features highlighted in part a are displayed

with the corresponding pump-probe delays. (c) Integrated intensities of features I and II

versus pulse delay (circles represent experiment; lines represent fit). The fit curves produce

a 398 ± 50-fs electronic lifetime for the excited cluster.
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Figure 11a is the photoelectron image observed at t = 0, in which a two-color
signal appears as a thin outermost ring denoted as I. The direct photodetachment
from the ground state by the probe pulse results in a broader distribution denoted
as II. Figure 11b shows the time evolution of the signals I and II that represent
the population in the p and s states, respectively. The integrated intensities of the
features I and II are also plotted (Figure 11c), in which the decay of the p state and
the recovery of the s state exhibit the identical time constant (21). When the time
constant measured for various cluster sizes were extrapolated to the bulk, it agreed
quite well with the time constant, approximately 50 fs, observed for the dynamics
immediately after the photoexcitation of a hydrated electron in bulk water. Paik
et al. (189) have drawn similar conclusions. Neumark and coworkers (22) have also
addressed whether an excess electron in the anion thus observed is indeed inside
the cluster or on the surface. They found one species with a long lifetime in the p
state and weak dependence of the vertical detachment energy on the cluster size
under the molecular beam conditions where the clusters have a low temperature.
Conversely, the conditions for higher temperatures provided another species with
much shorter lifetimes and larger vertical detachment energies that varied more
strongly with the cluster size. The former species was assigned to a surface elec-
tron on an ice nanocrystal whereas the latter was assigned to the hydrated electron
in the cluster. It was confirmed that their earlier TRPEI experiment was indeed
for an internal state, thereby strongly suggesting that the ultrafast dynamics in a
photoexcited hydrated electron in the p state is a direct internal conversion to the
s state. Conversely, interpretation of the observed PADs has not been reported and
it awaits future work.

BRIEF SUMMARY AND OUTLOOK

This review presents general aspects of TRPEI and time-dependent photoionization
DCSs in application to the studies of wave-packet dynamics, electronic dephas-
ing, and photoionization dynamics. Molecular-axis alignment in perturbative and
nonperturbative regimes is also described. Although discussion on ultrafast-laser
technology is omitted, it is essential for successful TRPEI experiments and coher-
ent control. Whereas pyrazine and NO were the first systems studied by TRPEI
using a 10-Hz ultrafast-laser system in 1998 (17), extensive and efficient measure-
ments for obtaining detailed information were made possible by a stable 1-kHz
laser system with optical parametric amplifiers to generate tunable pump- and
probe-laser pulses.

Future efforts include a better understanding of the ionization continuum for
large polyatomic molecules that exhibit interesting photoinduced dynamics. For
quantitative analysis of time-dependent photoionization DCSs, development of
theoretical methods to calculate continuum wave functions of polyatomic mole-
cules is crucial. Such theoretical efforts need assistance from detailed experi-
mental studies on photoionization dynamics. Only a few experimental studies
have been conducted on molecular photoionization dynamics near the ionization
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threshold at the level of photoionization-dynamical parameters, and further studies
with TRPEI and other experimental methods are indispensable for elucidation of
ionization dynamics. TRPEI experiments will be revolutionized by development
of a particle detector that registers the arrival positions and arrival times for tens of
electrons in a short response time. Creation of strongly aligned or oriented molecu-
lar ensemble will be useful for studying stereodynamics of photoinduced reactions
and photoionization, although the rotational degrees of freedom cannot always be
decoupled from vibronic dynamics. Sharpness will not be the most important char-
acteristic of the axis distribution; the homogenuity and precise characterization of
the distrbution determine the quality of information extracted for photoionization.
Linear and nonlinear excitation processes of a molecule can create superposition
of multiple vibronic states with different rotational dynamics, which may create
interesting interferences in the TRPEI observables.
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143. Péronne E, Poulsen MD, Bisgaard

CZ, Stapelfeldt H, Seideman T. 2003.

Nonadiabatic alignment of asymmetric

top molecules: field-free alignment of

iodobenzene. Phys. Rev. Lett. 91:043003

144. Underwood JG, Spanner M, Ivanov MY,

Mottershead J, Sussman BJ, Stolow A.

2003. Switched wave packets: a route to

nonperturbative quantum control. Phys.
Rev. Lett. 90:223001

145. Underwood JG, Sussman BJ, Stolow A.

2005. Field-free three dimensional molec-

ular axis alignment. Phys. Rev. Lett.
94:143002

146. Itatani J, Zeidler D, Levesque J, Span-

ner M, Villeneuve DM, Corkum PB.

2005. Controlling high harmonic gener-

ation with molecular wave packets. Phys.
Rev. Lett. 94:123902

147. Kennedy DJ, Manson ST. 1972. Pho-

toionization of the noble-gases: cross sec-

tions and angular distributions. Phys. Rev.
A 5:227–47

148. Dehmer JL, Dill D. 1975. Shape res-

onances in K-shell photoionization of

diatomic molecules. Phys. Rev. Lett.
35:213–15

149. Piancastelli MN, Keller PR, Taylor JW,

Grimm FA, Carlson TA. 1983. Angular

distribution parameter as a function of

photon energy for some mono- and di-

azabenzenes and its use for orbital as-

signment. J. Am. Chem. Soc. 105:4235–

39

150. Dill D, Dehmer JL. 1974. Electron-

molecule scattering and molecular pho-

toionization using the multiple-scattering

method. J. Chem. Phys. 61:692–99

151. Suzuki Y, Suzuki T. 2006. Photoelec-

tron angular distribution of heteroaro-

matic molecules studied by a contin-

uum multiple scattering Xα method.

Submitted.

152. Baltzer P, Karlsson L, Wannberg, Öhrwall
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