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1. Introduction

Ultraviolet photoelectron spectroscopy (UV-PES) was developed by
Turner,! Vilesov? and their coworkers in the carly 1960s. The method played
an important role in chemistry for establishing a molecular orbital picture
of electronic states. The well-known Koopmans’ theorem? provides a direct
link between the ionization energy and the orbital energy calculated at the
Hartree-Fock level: if removal of an electron does not affect any other occu-
pied orbital, the ionization energy directly provides the negative value of
the orbital energy, i.e. I; = —¢;. Although this relation is only approximate,
because a single determinant self-consistent field picture is inaccurate.* a
large body of information on molecular orbitals was obtained by He(I) one-
photon ionization PES.?9

Pump-probe photoelectron spectroscopy is a variant of resonance
enhanced multi-photon ionization photoelectron spectroscopy (REMPI-
PES) made possible by high-intensity lasers.!'? In one-color REMPI-
PES of molecules initiated in the 1980s, ionizations from dark states

populated by non-radiative processes from optically-excited bright states
were sometimes identified.'* ! These observations clearly indicated that
PES can be used to elucidate not only the static electronic structure of
a molecule, as demonstrated by UV-PES and Koopmans' theorem. but
also dynamics of the non-stationary state created by an optical excitation.
One-color REMPI-PES is similar in nature to dispersed fluorescence spec-
troscopy (DF), as these are unfolded and folded forms of two sequential
electronic transitions. However, one-color REMPI-PES provides a shorter
time-gate for observation than DF, since the former is only limited by the
laser pulse duration, while the latter is limited by the emission lifetime
of the excited state. Time-resolved photoelectron spectroscopy (TRPES)
is based on a two-color pump-probe scheme where laser pulse durations
are much shorter than the characteristic time of the dynamics of interest
and the photoelectron scattering distributions are observed as a function
of the pump-probe time delay. Its time-resolution has been improved from
nanoseconds in the 1980s down to a few tens of femtoseconds in the last
decade,'?" due to the advent of solid-state ultrafast lasers and non-linear
optical technologies.?!

it is noted that the directional properties of the bound state orbitals
and outgoing scattering waves upon ionization are never known from pho-
toelectron kinetic energy distributions (PEDs). Photoelectron angular dis-
tributions (PADs), if possible measured in the molecular frame (MF), are
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indispensable for their elucidation. In the past, PAD measurements were
extremely time-consuming. For this reason, Turner and coworkers have pro-
posed, thirty years ago, using two detectors for observing electrons scattered
parallel and perpendicular to the light polarization (Fig. 1), to allow rou-
tine determination of angular anisotropy parameters in a one-photon ion-
ization process.?? Photoelectron imaging (PEI)?* % is an advanced form
of the multiplex detection of electrons in the same spirit as the method
proposed by Turner and coworkers, and it enables extremely accurate
and reliable measurements of PADs. Time-resolved photoelectron imaging
(TRPEI)?* 3 described in the present chapter opens new opportunities for
exploring excited state dynamics and elucidating photoionization stereody-
namics. The particular topic of photoelectron and photoion coincidence is
discussed only briefly in the present chapter to avoid duplication with other

chapters of this book.

Photon Beam

1
1
1]
+
*
1
]
1

Entrance slit

Electron paths
Through hemispherical
analyzer

Detection showing
Angular separation

Fig. 1. Multiplex detection of a photoelectron angular distribution using two chan-
neltrons proposed by Turner and coworkers in 1972. Reproduced with permission from
Ref. 22.
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2. Photoionization Probing of Non-Stationary States:
Basic Ideas

Coherent excitation of an ensemble of eigenstates creates a non-stationary
state or a wave-packet.? Since cross sections for ionization from this
non-stationary state to various final states, i.e. different cationic rovibronic
states and photoelectron scattering partial waves, vary with the time-
dependent phase factors of these component states, TRPES allows obser-
vation of electronic, vibrational and rotational wave-packets of a molecular
system.

Let us imagine a potential energy curve crossing between a covalent
(AB) and an ion pair state (ATB7) in a heteronuclear diatomic molecule.
Ionization from the latter state may occur to the cationic state with a strong
(A*B) character, whereas ionization from the former may lead to both
(AB™) and (A*B) states. Therefore, a vibrational wave-packet motion may
change the ionization signal leading to different cationic states of (AB™) and
(A7 B), provided that cationic electronic states have distinct electronic con-

ALA42 who

figurations. Such an idea was presented by Engel and coworkers,
proposed pump-probe mass spectrometry on Nal, where they predicted that
photoionization from the inner and outer turning points on the excited state
potential energy curve formed by the covalent-ionic curve crossing should
produce different ionic products. Later, Engel and coworkers also calculated
the photoelectron energy spectra for a pump-probe photoionization exper-
iment of Nal.**% These proposals were tested experimentally by Jouvet
and coworkers.*® Charron and Suzor-Weiner refined the theoretical anal-
ysis on the system.® (The predicted behavior of an ionization branching
ratio in this particular system was unfortunately not observed or calculated
in these studies.*>46)

Even if ionization occurs from a non-stationary state to a single
cationic electronic state, vibrational wave-packet motion can be moni-
tored from the photoelectron kinetic energies (PKEs) that vary as a func-
tion of pump-probe time delay. As the vibrational wave-packet oscillates
on the adiabatic potential energy curve, it sees variations of the ver-
tical ionization energy depending on the internuclear distance. There-
fore, the vibrational wave-packet motion modulates PKEs. Baumert and
coworkers have studied vibrational wave-packet dynamics in the 2'I1, state
of Nay prepared by two-photon absorption from the ground state via
the AIZ:r state.?” As the vibrational wave-packet moves back and forth

between the inner and outer turning points on the 21Hg potential, the

Timne-Resolved Photoelectron Spectroscopy and Imaging 533

intensity

Fig. 2. Vibrational wave-packet motion in the 211, state of Nas probed by TRPES.
Reproduced with permission from Ref. 47.

PKE exhibits oscillatory features reflecting the wave-packet dynamics?”
(Fig. 2).

A number of TRPES experiments were performed on aromatic
molecules. In these systems, the complex multi-dimensional nature and high
vibrational frequencies did not allow clear observation of vibrational wave-
packet dynamics, but rather the overall change of vibrational energy upon
electronic dephasing. Since aromatic molecules have rigid frameworks, geo-
metrical changes upon electronic excitation and ionization are small, result-
ing in Franck—Condon factors dominated by Av = 0 transitions. When
electronic dephasing occurs from an optically bright (S) state to a dark
electronic state(s) (1), and when these two states are ionized to the same
“ationic electronic state, the S—T energy difference is transformed into
the vibrational energy in the T state, since the total energy must be con-
served under collision free conditions. Subsequently, this vibrational energy
is approximately conserved upon photoionization, resulting in PKEs that
shift upon electronic dephasing towards a lower value roughly equal to the
S—T energy gap. Another important dynamical process in large molecules is
intramolecular vibrational energy redistribution (or vibrational dephasing)
within one electronic state. Intramolecular vibrational energy redistribution
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(IVR) occurs from a bright vibrational state to an ensemble of dark back-
ground states that arve typically combination and overtone of low-frequency
modes. An ionization process from the bath states after IVR approximately
conserves the vibrational energy, so its spectral features resemble that of the
photoelectron spectrum from the zero vibrational level in the excited state,
except for the broadening of the bands: this is analogous to the well-known
results in dispersed fluorescence spectroscopy on alkyl-benzene by Smalley
and coworkers.*® %" TRPES shares various features with the time-resolved
dispersed fluorescence or stimulated emission pumping spectroscopies, as
these are folded and unfolded forms of two-color electronic spectroscopy.
If the orientation of a molecule is defined, the change of electronic
state may be detected from the PAD in the molecular frame (MF-PAD).
If we consider the curve crossing in the AB molecule, ionization from the
jion pair state to the ABT state may eject a photoelectron from the B
atom side, whereas ionization leading to A™B may lead to ejection from
the A side. The possibility of MF-PAD measurements has been demon-
strated previously in one-photon ionization experiments. Heinzmann and
coworkers oriented gaseous CHzl using a hexapole state selector and mea-
sured the photoelectrons generated by VUV light in the direction paral-
lel and anti-parallel to the orientation field.>! They observed an asym-
metry in the PAD that indicated primarily electron emission from the

5561 and their cowork-

iodine end of the molecule. Golovin,?* > Yagishita
ers have emploved a photoelectron-photoion coincidence (PEPICO) tech-
nique in conjunction with dissociative lonization to measure MF-PADs. In
these experiments, a small molecule is dissociatively ionized, then a pho-
toelectron is ejected and the molecular ion core immediately breaks apart.
If the ion dissociates within its rotational time period, the fragments are,
in the case of a two-body dissociation, ejected along the molecular axis
(axial recoil approximation).62“”78 One can then measure the angular cor-
relation between the recoil velocities of the ion and the electron to obtain
the MF-PAD. These experiments clearly indicate the feasibility of pump-
probe MF-PAD measurements to explore the evolution of molecular orbitals
during the course of a chemical reaction, although its application is lim-
ited to small molecules due to requirement of instantaneous dissociation
upon ionization. Hayden and coworkers have presented the first example of
MF-PAD measurements in conjunction with a femtosecond pump-probe
scheme quite recently.®? Further developments are anticipated in the

ot
NV
<
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3. REMPI-PES and Electron Configuration Interactions

In a one-photon transition, two-electron excitation is less likely than one-
electron excitation. Therefore, to a first order approximation, ionization
is expected to leave an ion core with an electron removed from one of
the occupied orbitals with all other occupancies unchanged. Then, PES
may be used to probe occupancies of molecular orbitals and configura-
tion interactions. On the other hand, since REMPIL-PES probes ionization
from the excited states of molecules, considerations of configuration inter-
actions (CI) become more important than in one-photon ionization from
the ground state. Therefore, even if the one-electron approximation holds,
lonization cross sections fram a particular neutral state to various cationic
states should be predicted with caution.

De Lange and coworkers have observed (2 + 1) REMPI-PES of the SH
radical via the 4po(257) Rydberg state with [B1S7] ion core. 730 However,
additional peaks observed in the spectrum were assigned to lonization to

the a'A state of the cation, indicating that the {[)12+}4])0222 state is
interacting with another 27 (v/ = 1) Rydberg state with [a*A] ion core.
With this in mind, they searched for the perturber and found a candidate
at ~800cm™! higher in energy than the [1)"2%"]4]')0224’“ (v = 0) state.
The photoelectron spectra observed on ionization from this state, exhibited
[B'Y7] character in addition to the feature arising from the [a'A] (v/ =
1) Rydberg state, and it has been assigned to the {(L1A}3(f1522+ (W =1
state.”89 This is a favorable case of probing state mixing by REMPI-PES,
since lonization cross sections from the Rydberg states to the cationic states
show a clear propensity of preserving the ion core.

In their pioneering studies on nanosecond REMPI-PES, Kimura, Achiba
and coworkers have investigated the S, — 7 internal conversion in
naphthalene* and the Sy — 7} intersystem crossing in isoquinoline.®' In
the latter work, they attempted to discriminate between the *(n,7%) and
3(m,7*) states, possibly involved in the intersystem crossing, based on the
one-electron approximation: ionization from the ?(m,7*) is expected to
reach a 7! cationic state with an electron hole in the 7 orbital, whereas
ionization from the 3(n,7*) state should lead to n~!. From their PES
results, they speculated that *(n, 7*) is located between the Sy (7, 7%) and
T3 (m, %) states.®! The validity of this type of argument depends largely on
the extent of configuration interaction among the excited states, rather than
on the accuracy of one-electron propensity rule in a one-photon transition.
Due to the advent of molecular orbital and density functional calculations
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along with enhanced computational power in the last decade, it became fea-
sible to computationally examine configuration interactions in the excited
states to predict the ionization cross sections to different cationic states at
least semi-quantitatively.®?

Stolow and coworkers have shown that ionizations from the S, and
Sy states of all-trans 2,4,6,8-decatetraene occur to different electronic
states of the cation,®%* while they reach the same cationic electronic
state in phenanthrene and naphthalene.®® The semi-empirical QCDD/PI +
CISD method was used to analyze electron configurations of neutral
excited states and cationic states to obtain relative ionization cross sec-
tions. In decatetraene, the S, state arises from an almost pure, 95%,
HOMO(2b,)-LUMO(3a,) transition and is correlated to Dy. Various elec-
tron configurations including a well-known two-electron excitation in
polyenes contribute to the S; state, which enables ionization from Sy to
both Dy and D;.3* In phenanthrene, both §; and Sy states have consider-
able contributions from different electron configurations, resulting in ion-

ization into Dy and D with similar cross sections.®®

4. Brief Overview of Time-Resolved Photoelectron (Energy)
Spectroscopy

4.1. Radiationless Transitions

TRPES dates back, at least, to the mid 1980s, with observations of radi-
ationless transitions in triazine®® and benzene.®” Weber and Thantu have
performed one-color (1 + 1) picosecond TRPES experiments on azulene
and phenanthrene.®® The observed spectral features varied with laser pulse
duration, indicating the existence of internal conversion processes to lower
states in these systems.

Kim, Schick and Weber performed more extensive two-color picosecond
TRPES on aniline, 2-aminopyridine, and 3-aminopyridine.*? Their spec-
tra, shown in Fig. 3, exhibit a generic feature of TRPES upon electronic
dephasing in an isolated molecule. The spectrum (a) measured with a time
delay <50ps shows a distinet vibrational feature corresponding to ioniza-
tion from S;, whereas a broad distribution gradually appears at later times,
in (b) and (c), due to ionization from the dark triplet manifold. There were
two possible explanations for ionization from the triplet state to show the
shift in PKE. One possibility was that the electron configuration in the
triplet state provided a large ionization cross section reaching the excited
state of the cation, with virtually no transition probability to the ground
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(a)

(b)
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Fig. 3. Time-resolved PED in {1 + 1’) picosecond TRPES of 3-aminopyridine via the
Sy zero vibrational state. The time delays are (a) <50ps, (b) 0.5ns, and (c) 2ns. The
broad distribution is due to ionization from the T} state after intersystem crossing from
Si. Reproduced with permission from Ref. 82.

ionic state. The other was that the electronic energy difference between
Sy and the triplet state was transformed into vibrational energy in the
triplet, which was conserved upon photoionization. In order to discrimi-
nate between these two possibilities, Kim et al. have performed INDO/1
molecular orbital calculations to estimate the term values and the electron
configurations of the triplet states. Then, the one-electron approximation
was invoked to predict the cationic electronic state reached by ionization
from each triplet state. The Av = 0 propensity rule was assumed for the
Franck—Condon factor. From this analysis, they concluded that intersystem
crossing from S1 occurred only to Ty in all of these three molecules, even
though the Ty and Th states were energetically accessible, and ionization
occurs to Dy. They demonstrated convincingly that considerations of con-
figuration interaction in neutral excited states, ionization cross sections,
and plausible assignments of dark states are quite important in TRPES.
The same group has also performed femtosecond TRPES wia 51 and S
states of Phenol.®°
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Reilly,” Knee,”! and their coworkers have explored IVR in excited states
by picosecond TRPES. In the former work," p-n-alkylanilines were excited
to the Sy 1! vibronic level, and photoelectron spectra were measured by
time-delayed picosecond pulses. The sharp structure due to ionization from
the zero-order 1! level diminished in time and a broadened feature appeared
due to ionization from dark bath states formed by low-frequency vibrational
modes associated with the alkyl chain. The observed IVR rates were found
to be dependent on the length and the conformation of the alkyl chains,

19 3

. ., 99 . .
in agreement with the results by Smalley,”? Zewail”® and their cowork-

ers. Knee and coworkers have excited fluorene molecules to Sy vibronic
1 and recorded the
photoelectron spectra by pulsed field ionization zero kinetic energy (PFI-
ZEKE) photoelectron spectroscopy.”! The PFI-ZEKE method

levels with vibrational energies of 834 and 1707 cn

is use-
ful to obtain a high-resolution photoelectron spectrum in conjunction with

L in the femtosec-

picosecond lasers with an energy resolution of 5-10cm™
ond time range, the advantage of high-resolution PFI-ZEKE diminishes due
to unavoidable energy broadening arising from the uncertainty principle.
Knee and coworkers observed quantum beats as the signature of restricted
IVR from the 834 cm™! level, whereas dissipative IVR behavior was seen
for the 1707 cm ! level.”! These observations were in agreement with a pre-
vious study by McDonald and coworkers on the same molecule with time-
resolved fluorescence depletion (analogous to time-resolved stimulated emis-
sion pumping) method.””" Smith, Zhang and Knee have applied picosec-
ond PFI-ZEKE to explore IVR and vibrational predissociation in the Sy
state of the aniline-CHy van der Waals (vdW) complex” and the well-
known channel three problem in benzene.'%9

De Lange and coworkers have emploved picosecond TRPES to study the
A band photodissociation of CH;I,'?! and the predissociative B (lE”) and
C’(*A}) states of NHs.92 Fischer and coworkers used TRPES to measure
the lifetimes of vibrational levels in the B, C, and D excited states of the
allyl radical: TRPES showed that these states disappear within 20 ps due
to internal conversion to the ground state.!%*1% This work is notable as an
application of TRPES to reactive species.

Seel and Domcke reported a seminal theoretical study on femtosec-
ond TRPES, in which they considered photoionization probing of the
So(m, 7*)=S1{n,7*) ultrafast internal conversion (IC) in pyrazine 19109
Historically, this system attracted much attention from theorists and exper-
imentalists, since due to the high symmetry (Dgy) of the molecule the
vibronic coupling between the two electronic states is induced by only one
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vibrational mode 10a. The Sy and 57 potential energy surfaces form a con-
ical intersection with the modes 10a and 6a. Seel and Domcke examined
two possible situations for (1 + 1) REMPI of pyrazine: (a) 51 and So
are ionized to Do(n™1) and Di(7~'), respectively; and (b) both S, and
Sy are ionized to Dy. Hahn and Stock have also treated TRPES of this
system theoretically.''® On the other hand, a corresponding experimental
investigation has not been fully realized, mainly due to the fact that the
So(m,7*) — Sy(n,7%) 1C is extremely fast, 7 = 30fs. Radloff and cowork-
ers have addressed this problem with somewhat long, 130fs, laser pulses
at 267 nm and 200 nm.'"*" The pump-probe ion signal was deconvoluted to
obtain the S35, 1C rate of 20fs. The spectrum measured at of = 300fs
is regarded as the photoelectron spectrum on ionization from S1 after the
ultrafast IC. They suggested that the difference between the two spectra
measured at 0 and 300fs was due to ionization from Sy, while the wave-
packet is localized at the Franck-Condon region reached by one-photon
excitation from Sp.

Cyr and Hayden applied femtosecond TRPES to Sy(1'B,) — S1(2'4,)
IC in 1.3,5-hexatriene.!!?

4.2. Wave-Packet Dynamics and Reactions

One of the best-known achievements of real-time transition state spec-
troscopy or “stroboscopy” is pump-probe laser-induced fluorescence (LIF)
of Nal''3 15 by Zewail and coworkers, where vibrational wave-packet
motion and non-adiabatic transitions were clearly observed. Following
this ground-breaking work, Engel and coworkers proposed TRPES on
Nal. 4344116 yWhile these studies have illustrated the utility of TRPES
in observing wave-packet dynamics, Jouvet and coworkers have found
a discrepancy between the theoretical prediction and the experimental
result much later.®® This was likely due to the fact that the lonization
dipole moment function was assumed independent of internuclear distance.
Charron and Suzer-Weiner have used an empirical form of the position-
dependent dipole moment function to reproduce the experimental results. 46
Takatsuka, McKoy and their coworkers have attempted a more rigorous
treatment of the underlying photoionization dynamics by including an accu-
rate dipole moment function. They calculated photoionization amplitudes,
Chrim, for each k-vector and (I, m) partial waves of the outgoing photo-
electron as a function of internuclear distance from first principles, which

Lyt

vielded time-dependent PEDs and PADs in the ionization from the ',
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double minimum state of Nay "' and the ‘5](; state of Nal.'?Y The
results clearly demonstrated the sensitivity of time-dependent PADs on
vibronic wave-packet dynamics. Gerber and coworkers have employed fem-
tosecond ZEKE spectroscopy to observe wave-packet motions in Nag in the
B state.!?! Baumert and coworkers have studied vibrational wave-packet
dynamics in the 21Hg state of Nag 122 as mentioned in Sec. 2. Stolow and
coworkers have used femtosecond ZEKE to probe vibrational wave-packet
dynamics of I, in the B(0)) state. 123124

Syage has applied picosecond TRPES to reaction and solvation
dynamics in hydrogen-bonded molecular clusters.!?>125 Phenol in the
ammonia clusters was excited with 266 nm light, which induced a pro-
ton transfer to solvent molecules to form PhO~ — H™(NHjs),. Soep
and coworkers studied the excited state double proton transfer reac-
tion in the 7-azaindole dimer by comparing the one-color (1 -+ 1) pho-
12T Stolow
and coworkers have applied femtosecond TRPES to excited state pro-
ton transfer in o-hydroxybenzaldehyde (OHBA), its deuterated analogue
(ODBA), and 1-hydroxy-2-acetonaphthone (HAN).'?® The enol form exhib-
ited decay from the Franck-Condon region within the pulse duration
<50fs, which has been attributed to enol-keto tautomerization. This
decay showed no isotope effect, suggesting a small or zero barrier for

toelectron spectra obtained with 0.8 and 5.0ps laser pulses.

the reaction. The same group has also studied photodissociation of the
nitric oxide dimer by TRPES using pump and probe wavelengths of
210 and 287nm.'?? Although there are three reaction pathways form-
ing the products NO(B) + NO(X), NO(A) + NO(X), and NO(X) +
NO(X), 287nm light could ionize only NO in the A state, in addition
to the dimer from the Franck—Condon region. The NO dimer disappeared
from the Franck-Condon region within 300 fs, while NO(A"ZZ“%) fragments
appeared around 700 fs, from which they suggested a two-step dissociation
mechanism, 2Y

Neumark and coworkers have studied photodissociation dynamics of
I; on the A®Il, /5 state by femtosecond TRPES.**3! The pump pulse
at 780 nm prepared a wave-packet on the repulsive state surface and the
subsequent dynamics was interrogated by photodetachment using 260 nm
light. The time-dependent signal was observed in the vicinity of the atomic
ionization signals of 1™ to I(*P, /2) and I(?‘Pg/g)‘ The reaction was com-
pleted within 300 fs. The same group has studied the ground state dynamics
of 17 by creating a vibrational wave-packet by resonant impulsive stim-
ulated Raman scattering and stimulated emission pumping using pump
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and dump pulses.'?2:133 The wave-packet motion was observed by TRPES,
and a high quality potential energy curve of I} was obtained up to the
dissociation limit. A similar study on I; (Ar), (n = 6-20)41%% showed
that dissociation of I is completed within 3001s. At later times, geminate
recombination, vibrational relaxation, and solvent evaporation occurred
in I;(Ar), (n > 12) in the X and A states. In similar experiments on
I5(COg)p (n =4 -16), 186157 golvent rearrangement was observed at short
time delays. Recombination, vibrational relaxation, and solvent evaporation
were found to be faster than in the case of Ar clusters. Resonant impulsive
namics of

Raman scattering was also used to observe the ground state d;
these clusters, '3 :

In similar experiments on I, . dissociation occurred within several
hundred femtoseconds yielding 15 in highly vibrationally excited states of
{(v) = 67. Coherent vibrational wave-packet motion with a time period of
550 fs dephased in 4 ps, then rephased at 45 and 90.5 ps on the anharmonic
vibrational potential curve of 17 . The gas-phase dissociation dynamics were
found to be much different from those in solution. Charge transfer to sol-
vent (CTTS) dynamics were studied for I7 solvated with Xe, HoO, NHg,
CHyOH 0143 ;

Zewail and coworkers have recently reported TRPES on mass-selected

anions of molecular oxygen.!44

4.3. Photoelectron-Photoion Coincidence Detection

145,146

Photoelectron-photoion coincidence techniques may be used in con-

junction with TRPES for several reasons. First of all, the coincidence

method helps in disentangling photoelectron signals arising from ionization
of a mixed ensemble of chemical species. If ionization is non-dissociative,
each observed electron signal can be sorted out for different ion masses
detected simultaneously to extract photoelectron spectra for different chem-
ical species. This feature is particularly useful for studying neutral clusters
where size selection prior to TRPES is complicated, although not impossible
(see for example, NeNePol1477154) Radloff and coworkers have applied the

155 ammonia, 28158

method to explore excited state dynamics in benzene,
toluene'™ and their clusters. The second advantage of the coincidence
method is its ability to discriminate between the mass signals for differ-
ent MPI schemes. As an example, Fig. 4(a) shows time-resolved ion yield
profiles in a femtosecond pump-probe experiment on OCIO by Stert et al. 160

The molecule was excited to the 24, state by a 298 nm 40 fs pump pulse and
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ion signal

©(ps)

Fig. 4(a). Time-resolved ion yield profiles in a femtosecond pump-probe experiment
on OCIO by Stert et al.}%0,

ionized by 265nm 50 fs probe pulse. The photochermical reactions induced
by 298 nm are

OCIO(A%A,) — CIO(XI) + O(*P)
— CICP) + 0:(°S, 1A, 12)).
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Fig. 4(b). Reaction scheme of OCIO excited by the pump photon Aw; to the 24g
state (major channel) or 24, state (minor channel). The different intermediate and final
states are ionized by absorption of two to four probe photons fiwz and contribute to the
signals as indicated in (a). Reproduced with permission from Ref. 160.

Since ionization by the probe pulse takes at least two photons from the
2 Ay state, the probe pulse induces other ionization processes as shown in
Fig. 4(b). The photoelectron-photoion coincidence measurements are useful
for disentangling this type of complication that is almost inevitable in any
MPI probing of chemical reactions.

The level of sophistication or complexity is raised further, if one mea-
sures the kinetic energy of ions, the velocity distribution of ions, and the
velocity distribution of electrons. For the latter two, imaging techniques
are quite useful. The measurements of kinetic energies of ions are already
advantageous for disentangling various processes observed simultaneously
by MPL, since kinetic energies of ions are generally different for ionization
of neutral fragment and dissociative ionization of a parent molecule.

Another important use of the coincidence detection technique is the
observation of the MF-PAD, as mentioned in Sec. 2. When a molecule
immediately dissociates upon ionization, the molecular axis at the instant
of ionization is inferred from the recoil velocity of the fragments. Then,
if one observes not only the mass, but also the recoil velocity direction of
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the fragment, the molecular axis is defined in space. Simultaneous measure-
ments of photoelectron recoil velocities establish vector correlations between

the recoil velocities of the ions and the electron, i.e. MF-PADs.%2:53:56

Continetti and their coworkers have applied this method to UV photodis-
sociaiton of negative ion clusters.!%1:162 Hayden, Continetti and cowork-
ers have combined this method with TRPES to explore photodissociation
dynamics of NOy by measuring time resolved PADs.3%:39

The challenge in the coincidence experiments is to perform measure-
ments successfully with low count rates under the constraint that, in order
to reject false coincidences, an electron signal must not be detected for
every laser pulse. 46161163 Tn order to minimize the false coincidence rate,
Radloff and coworkers suppressed the ionization events to be 0.3 per shot,
from which a coincidence rate of 0.05 per laser shot was anticipated. False
coincidences amounted to about 10%. On the other hand, uncorrelated mea-
surements of photoelectrons described below have no limit for the number
of electrons detected per a light pulse. Typically, the number of detected
electrons is between 10 and 100 per pulse.

5. Time-Resolved Photoelectron Imaging
5.1. Experimental Setup

In the last decade, remarkable progress has been made in ultrafast
laser technology, primarily due to the discovery of self-mode locking in
Ti:sapphire crystals. Modern femtosecond laser technology is based on
Ti:sapphire oscillators and amplifiers. A detailed description of laser tech-
niques is beyond the scope of this article, and we briefly describe our
experimental apparatus as an example of a standard femtosecond laser
system.g'ﬁ*‘r’"7

The system is divided into three parts, an oscillator, an amplifier, and
optical parametric amplifiers (OPAs) (Fig. 5). In the past, when OPA was
not used, a Ti:sapphire oscillator and an amplifier were tuned to a vari-
ous wavelength from 700 to 1000 nm needed for experiments. However, this
approach required tedious readjustment of optical devices inside an oscilla-
tor and an amplifier whenever the wavelength was changed. Such a proce-
dure is no longer necessary with a modern system, since tunable light can
be obtained at the final stage of a laser system using an OPA that enables
straightforward scanning of the wavelength. (Note that the laser intensity
obtainable with an OPA has a certain limit.) Therefore, the wavelength
of an oscillator and an amplifier is often fixed at 800nm. A Ti:sapphire
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Fig. 5. Schematic diagram of a standard femtosecond laser system.

crystal in the oscillator is often pumped by a diode-pumped YVO, laser
that is superior to a conventional Ar™ ion laser because of lower noise and
compactness, and less demands on electrical power and cooling water. The
cavity of our oscillator uses specially coated mirrors in place of a prism pair
to provide negative dispersion to the light pulse. The output from the oscil-
lator, 80 MHz, 300 mW is introduced into a hybrid chirped pulse amplifier
pumped by a Nd : YLF laser. Inside of the amplifier, the oscillator light pulse
is first dispersively stretched to several hundred picoseconds by a grating
to avoid any damage of optical components in the cavity, next it is ampli-
fied in a regenerative amplifier and a linear amplifier. The amplified pulse
is finally recompressed by another grating to produce 1kHz pulse train of
~2.5mJ pulse™! light centered at ~800 nm with a band width of 13 nm.
This amplified light is split into two equal intensity beams to pump
two OPAs. Each OPA system has a computer controlled motor drive that
adjusts the angles of crystals and a grating to maximize the OPA efficiency
at each wavelength. Depending on the experiment, the second, the third,
and the fourth harmonics of Ti:sapphire fundamental are also used. The
cross-correlation of the pump and probe beams is typically 150-200fs. The
probe beam is optically delayed with respect to the pump beam using a
hollow corner cube on a computer-controlled delay stage. The pump and
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probe beaimns are directed into the molecular beam chamber either coaxially
after merging them with a dielectric mirror or simply with a small angle (1°)
without a mirror. Irises inserted into the optical paths of both the pump
and probe beams are used to control the laser power entering the ionization
chamber, and are adjusted so as to obtain the best contrast ratio for the
two-color signal, as monitored from the photocurrent of a microchannel
plate (MCP) detector.

A molecular beam chamber (Fig. 6) is a standard setup using differential
pumping between a source chamber and an ionization chamber. A molec-
ular beam is generated either by a pulsed valve driven by a piezoelectric
crystal or a simple pinhole nozzle to generate a continuous stream of a sam-
ple gas. In either case, supersonic expansion cools down the rovibrational
temperatures of molecules. We have switched from the former to the lat-
ter for higher stability that matches the stability of a laser system. A gas
sample seeded in carrier gases of He, Ar, or molecular nitrogen is expanded
at a stagnation pressure of ca. 500 torr from a pinhole 50 um in diameter.
The pressure in the source chamber is kept below 107% torr by means of
a 2000 Ls™! turbo molecular pump. The beam is skimmed and introduced
into the ionization chamber where the background pressure (beam on) was
ca. 1077 torr, as maintained by 500 Ls™* turbo molecular pump. Both turbo

Delay stage
Several puJ/pulse GPIB
v
C‘>1’ocussing lens
MCP
Nozzle ¥ : v
3 — ‘IICCDH —
Electrodes - u-metal
1x10-4 Torr 1x10-7 Torr
Turbo
gg(erDOI/s 500 Vs

Fig. 8. Schematic diagram of a molecular beam photoelectron imaging apparatus.
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molecular pumps are backed by a 37 m*h ™! oil-free scroll pump and a liquid
nitrogen trap placed in the fore line. Since a femtosecond laser pulse easily
ionizes vapors of back-streamed pump oils, the oil-free vacuum system is
important for good signal to noise ratio.

The pump and probe laser beams are crossed with a molecular beam
in the static electric field in the velocity mapping mode.*” A pump laser
excites molecules in the beam to an electronically excited state, then a probe
pulse ionizes the ensemble of molecules. The generated photoelectrons are
accelerated parallel to the molecular beam and projected onto a position
sensitive imaging detector. The detector consists of a 40 mm diameter dual
MCP backed by a phosphor screen. Typically, P20 is used as a phosphor
for its brightness and emission wavelength favorable for observation with a
charge coupled device (CCD) camera. Light from the phosphor is coupled
out of the vacuum chamber by means of a fiber bundle where it was recorded
by a CCD camera with 512 x 512 pixels. The field-free region of the electron
flight path was shielded with a p-metal tube against stray magnetic fields.

An acceleration electrode is slightly different from that in a conventional
Wiley-McLaren time-of-flight mass analyzer.!%* In usual TOF detectors,
the acceleration electrodes have fine meshes to form completely flat electric
fields, while a velocity mapping type of electrode forms an electrostatic
immersion lens to deflect the electron trajectory slightly. The principle of
velocity mapping has been discussed by Eppink and Parker.>® This new
type of electrodes focuses the electrons with the same velocity onto a single
spot on the imaging detector, so the blurring of an image due to a finite
size of an ionization region can be completely removed. A further improved
design of electrodes that minimizes spherical and chromatic aberrations was

presented by Wrede, Ashfold and coworkers more recently.!%:166

5.2. Image Transformation

An observed image corresponds to a 2D projection of a 3D photoelec-
tron scattering distribution. Therefore, computer tomography methods are
applied to an observed photoelectron image to reconstruct the 3D distri-
bution prior to a quantitative analysis. Reconstruction is possible from
single projection data, when the 3D distribution has cylindrical symmetry
and also the projection plane includes this symmetry axis. 21577169 Iy the
pump-probe photoelectron imaging, cylindrical symmetry is ensured when
the polarization of linearly polarized pump and probe light are aligned par-
allel to each other.
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There are several types of transformation codes. The most widely used
169,170 and a filtered back projection
6,171 Other reconstruction algorithms based on basis function

are an inverse Abel transformation
method.16
expansions have also been reported.!”®!™ An example of a transforma-
tion is shown in Fig. 7. When the signal to noise ratio is sufficiently high
and the speed distribution is sharp, all of the codes provide the same result.
On the other hand, when the noise is rather large, a part of the transformed
image becomes unusable because of accumulated noise during the numerical
transformation. In practice, this obvious noise appears in a narrow angu-
lar range and can be safely excluded in the analysis without losing any
information.

Notice that the reconstruction provides the section of the 3D photoelec-
tron scattering distribution, in which we see correlated speed and angular
distribution of photoelectrons, in other word the doubly differential ion-
ization cross section, directly. There is no complicated procedure of frame
transformation between the laboratory frame and the center-of-mass frame,
which is an important problem in conventional time-of-flight experiments
of ions.

5.3. Super-FExcited States \

When ionization laser light is accidentally resonant with a transition from
a neutral excited state to a super-excited state embedded in the ionization
continuum, the PAD is strongly affected by this indirect ionization pathway.
Figure 8 shows the PADs observed for one-color (2 + 1) ionization of CO
via the B state at 230nm, in which PADs for different vibrational levels of
CO™* differ dramatically from each other.!™ Since the B state is a member
of the Rydberg series converging to the ground state of CO™, the ionization
process is expected to be diagonal, dominated by the Av = 0 transition.
Hence, the appearance of the vibrational progression is unusual. In fact,
a normal Av = 0 propensity has been observed, when the probe laser
wavelength was changed using a two-color (24 1') REMPI scheme.'™ The
super-excited states responsible for the anomaly are tentatively assigned

Fig. 7. Examples of transformation from the 2D projection data to the section of
3D scattering distribution. NO (1 + 1’) REMPI via A state (v/ = 0): (a) raw data (2D
projection), (b) an inverse Abel transformation, (c) a filtered back projection, and (d) an
iterative fitting using basis functions.!”? Pyrazine (1+1’) REMPI via S state (v/ = 0):
(e) raw data (2D projection), (f) an inverse Abel transformation, (g) a filtered back
projection, and (h) an iterative fitting using basis functions.7?

Time-Resolved Photoelectron Spectroscopy and Imaging
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Fig. 8. Polar plots of PADs observed for one-color (2 + 1) ionization of CO wig the B
state at 230 nm. The vibrational quantum numbers of the final CO™7 state are referred
to by vT.

to members of a Rydberg series converging to the excited electronic state
A(?1) of the cation. The observed PADs were in excellent agreement with
those measured carefully with a standard TOF photoelectron spectrometer
by Sha et al.'™ It is important to vary the probe wavelength in TRPES in
order to recognize resonance effects arising from super-excited states.
Although super-excited states are expected to be short-lived, pump-
probe TRPES experiments on these states are scarce. In femtosecond
multi-photon ionization of phenol, Schick and Weber found signatures of
one-photon ionization out of a super-excited state reached by two-photon
absorption from the ground state.!7%177 This super-excited state dephased
into Rydberg states within a femtosecond time scale. This state, located at
9eV, 0.5eV above the ionization potential, was speculated to be a valence
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type of excited state, differing in two electrons from the ground state: in
order to reach the super-excited state in two-photon absorption, the first
photon energy was resonant with transitions from Sy to either S; or Ss,
while the second photon energy was close to the electronic transition energy
in the phenol cation, suggesting a stepwise two-electron promotion from the
ground state electron configuration. It is quite interesting to explore the role
of these states in ionization dynamics by using TRPEI in the future.

6. Time-Dependent Photoelectron Angular Distributions
6.1. Rotational Wave-Packet Motion

TRPES has demonstrated that the time-evolution of a non-stationary state
appears as a variation in photoelectron kinetic energy distribution (PED).
Another important observable in PES is the photoelectron angular distri-
bution (PAD) that is the flux distribution of outgoing photoelectrons as a
function of angle with respect to the ionization laser symmetry axis (the
electric vector of linearly-polarized light or the k-vector of circularly polar-
ized light). For one-photon ionization, the definite spin and parity of the
ionizing photon define the PAD observable for a randomly oriented ensem-
ble of targets.!7180

do o

dQ  drm
Here, Pg{cos#) is a Legendre polynomial. Similarly, for a two-photon pro-
cess such as (1+1") REMPI where the pump and probe laser polarizations
are parallel to each other, the PAD is generally expressed by:

[1 -+ BPx(cos 6)]. (1)

da_ o
dQ 4w

In more general cases with non-parallel polarization combinations, the

14 B2Py(cos8) + B4 Py(cosb)]. (2)

cylindrical symmetry breaks down, which gives rise to an azimuthal angle
dependence of the PAD.

In 1978, Berry and coworkers have performed (1+1’) time-resolved PAD
measurements on the Na(3s29, s2) atom (F = 1 and 2) via the 3p*P; /2
state with four hyperfine levels (F = 0, 1, 2 and 3).'®" A nanosecond laser
pulse created a non-stationary coherent superposition of these hyperfine
states, and the PADs were measured for different pump-probe polarization
angles and time delays. The results clearly exhibited the time-dependent
angular momentum polarization induced by the pump pulse. Leuchs et al.
have reported more precise PAD measurements on the same system to see
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revival features, and they extracted the time-dependent (3, parameter that
varied at least with two of the expected beat frequencies for the 2Pj /2
superposition state!®? (Fig. 9). The observed time-dependence of PADs is
due to precession of the electron orbital induced by the angular momentum
coupling between the electron orbital motion and the nuclear spin.

In molecular cases, coherent excitation of the P(AJ = ~1), @(0), and
R(+1) branch lines creates a superposition of molecular rotational eigen-
states, i.e. a rotational wave-packet. The constructive and destructive inter-
ferences between different J components create a time-dependent molecular
axis alignment that revives with characteristic time periods determined
by rotational constants. Zewail, Felker and their coworkers have utilized
these revival features to determine the structure of large molecules, which
is known as rotational coherence spectroscopy (RCS).1#37187 The rotational
wave-packet can be created also in the liquid phase, however, molecular col-
lisions with solvents quickly destroy its coherent motion.'®¥ 19 Therefore,
a rotational wave-packet in solution is only observable as a dephasing at
a very early time: this dephasing is termed anisotropy decay. In molecular
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Fig. 9. Quantum beats observed in the time-dependent PAD in (1 + 1) time-resolved
PAD measurements of Na(3s~251/2) atom (F' = 1 and 2) via the 531)2133/2 state with
four hyperfine levels (F = 0, 1, 2 and 3). The figure shows the Fourier transform of the
time-dependent anisotropy parameter 34, the coefficient of the fourth-order Legendre
polynomial. Reproduced with permission from Ref. 182.
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photodissociation from an excited state with a finite lifetime, the anisotropy
of the photofragment scattering distribution diminishes as a function of
time due to a rotational dephasing, from which the lifetimes of excited
states have been estimated.*97 199

In the case of Na atom at a finite temperature, coherent excitation
occurs from one hyperfine state in 3s 25'1/2 to three hyperfine states in 3p
2P, /2> while excitations starting from two different initial states of ' = 1
and 2 in the 3s 25'1/2 state are incoherently summed in the experimental

39 .. N
I8L182 Similar processes of thermal averaging are more exten-

observation.
sive in the molecular case due to the finely spaced rotational level structure.
The overall directional property of such an ensemble of molecules, in various
J states and their superposition states, can be expressed by the distribu-
tion of the body-fixed frame with respect to the space-fixed frame defined
by the Euler angles (8, ¢, x). In the case of a symmetric top molecule, the
molecular axis distribution is generally expressed by the following equation:

F(t.6,0) = Axq(t)Yxo(0.¢) (3)
KQ

where the Yy are spherical harmonics. In a cylindrically symmetric phys-
ical system such as one-photon excitation of randomly oriented molecules,
the terms with @ # 0 are all zero:

F(t,0,6) = > Axo(t)Yio(0,0) = > ar(t) P (cosb). (4)
K K

The highest rank is given by K = 2n, where n is the number of photons
absorbed in the excitation step. As an example, Fig. 10 shows the alignment
parameter Agg/Agy calculated for a one-photon transition of a symmetric
top molecule. The J” is the rotational angular momentum quantum num-
ber in the initial state, and each Agg value was calculated for a rotational
wave-packet consisting of J* = J"—1, J”, and J”+1 components. The mod-
ulation of Asp is dependent on J”. When these modulations are summed
over the initial J” distribution at a finite temperature, the overall Asg of
a molecular ensemble is obtained. This overall Agy exhibits sharp spikes at
the revival times, since the rotational levels are regularly spaced (2Bj), and
the full revival of all the wave-packets starting from different J” simultane-
ously occur at t = 27/w,ot. The sharpness of the revival peak increases at
higher temperatures, since a larger number of frequency components causes
destructive interference except for the revival time. In the case of diatomic
molecules with large rotational constants, only a few rotational levels are



o
(13
N

Modern Trends in Chemical Reaction Dynamics

o j\/ 720 K\r \/\/‘

Si WAMAANAAN 10
3 M
ko
@
: 5
g 3
:
5 g Sl
<

-
-

0

(-]

0 ' 41 82 S
Pump-probe deiay / ps

Fig. 10. Alignment parameter Asg/4op calculated for a one-photon transition of a
symmetric top molecule.

populated in a supersonic molecular beam, so their revival peaks become
broad.

The PAD is expanded in spherical harmonics with weighting factors that
vary with the time-dependent alignment (K = even) and/or orientation

(K = odd) parameters.?%9
do o ) .
0 i ZbLQ(t)YLQ(@: o) (5)
LQ
with
bro(t) = Z Ax_ot)Prro (6)

K
where L runs from zero up to Kax + 2. The functions Py L¢ involve the
dipole transition matrix elements and the phase shifts of the outgoing pho-
toelectron partial waves. The most basic experiment in TRPEI is to obtain
Aro(t) from bro(t). Then, the photoionization stereodynamics may be
elucidated from Pgrg. Reid and coworkers attempted to extract Agxo(t)
in the picosecond (1 + 1) REMPI of p-difluorcbenzene.2%%:20% In jonization

[}
ot
[
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with the parallel polarization combination of the puunp and probe lasers,
the PAD is expressed by:
do a
dQ dwr

Z Br(t)Pr(cos ) (7
L

with

Br(t) = Z Aro(t)prr. (8)
K

The example shown here is that of (1 + 1} REMPI of NO via the
A(QE"L) 3s Rydberg state, observed in our laboratory. Figure 11 shows the
anisotropy parameters of the time-dependent PAD. The rotational temper-
ature in the beam was estimated to be about 20K, so the NO molecules
were populated in the lowest few rotational levels in 21‘11/24 The pump and
probe laser beams were 226 and 285 nim, respectively, and their cross corre-
lation was about 200 fs. The laser intensities were 7 x 10® W/cm? (pump)
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Fig. 11. Anisotropy parameters of the time-dependent PAD in (1 + 1') REMPI of NO
via the A(257)3s Rydberg state.
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and 10*' W/em? (probe). Since the geometry of a Rydberg state is almost
the same as that of a cation, the Franck-Condon propensity upon ioniza-
tion is Av = 0. The PED was essentially a single Gaussian function with
a width determined by the energy resolution of PEIL. Although variations
of the anisotropy parameters against the time delay were (.mly within 0.1,
they were well reproducible and in excellent agreement with the expected
time dependence of Agg. Slow variation of anisotropy parameters directly
reflects the low rotational temperature in the molecular beam. More exten-
sive measurements have revealed that anisotropy parameters vary with the
probe laser wavelength and that the phase of modulation reverses at around
Aprobe = 300 nm. Althorpe and Seideman have simulated time-dependent
PADs for different laser intensity regimes from 10° to 10 Wem™2 for
(1+1) REMPI of NO(X2II) via A2ST) state.202

The advantage of using PAD measurements for detecting rotational
wave-packet motion (or quantum beats) is that calibrations of the signal
intensity for fluctuation of laser powers and beam walk-off are not neces-
sary. The angular anisotropy determined from each PAD is highly reliable
because all scattering angles are observed simultaneously, and is invariant
to the total signal intensity fluctuation.

The signature of the rotational wave-packet could not be detected in the
total ionization current of NO (NO™ nor e signal). Indeed, as far as we
know, observation of the rotational coherence in a total lonization signal
in (1 -+ 1) REMPI is limited to the case of p-cyclohexylaniline by Rien,
Brutschy and coworkers.?"? Rien et al. carefully stated that the probing
step leads either directly to the ionization continuum or into molecular
Rydberg states that subsequently ionize.?%

A one-photon transition with linearly polarized light creates a time-
dependent alignment expressed by Aoo(t) in the neutral excited state, but
when Agp becomes zero, the ensemble of molecules is seen as an isotropic
target by a probe laser beam. Comparing the PADs expected for one-photon
ionization of the isotropic ensemble (Eq. (1)) and of the polarized ensemble
(Eq. (2)), it is clear that the highest rank anisotropy in (1 + 1) REMPI,
34, is most sensitive to the time-dependent molecular axis alignment. More
clearly, Eq. (2) may be expressed by:

do o .. . xlg()([)r
P “+ Do 5 COSs R - . 9
dQ) 47[1 " baPa(cos ) 1 dm Apo(t) (L B Pacos ) + biFa(cosO)]
= ——f_ (14 g(t)) + (b + bhg(t)) Pa(cos 8) + byg(t) Py(cos 0)) {9)

o1
Tt
-1
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where

In the above expression, o’ reflects the difference of the ionization transition
dipole moment magnitudes for different axes in the molecular frame: in the
case of NQO, it is parallel or perpendicular to the molecular axis. When
the transition dipole moments for ionization along the different axes in the
molecular frame are similar in magnitude, g(t) becomes very small, making
it difficult to observe a rotational wave-packet motion in the total ionization
current that is proportional to 1+g(t). The difficulty of observing rotational
revival features in the total ionization signal has been addressed by Felker
and Zewail who derived total ionization intensities in (1+1") REMPI. 186187
They speculated that the isotropic part of the tensor dominates over the
anisotropic one, which reduces the dependence of [(f) on the rotational
anisotropy. This is exactly the case of small ¢'/o. Even in such a case,
PADs should reflect the rotational wave-packet motion.

6.2. FElectronic Dephasing
The photoelectron scattering distribution observed by PEI is essentially a
doubly differential ionization cross section:

12 o .
7o EP(’UJ) Z/’D)L(“U,t)PL(C()S . (10)

dvd(
When the dephasing occurs from the initial (i) to the final (f) electronic
state, the PAD may be decomposed into two contributions as follows:
d*c
dvdQ

Z{ (v, 8) 8 (v, )+Pf(v,t)ﬁ{(v.,t)}PL(COSQ). (11)

In many cases, the above formula will be simplified to:

i
d*o o

g = I }: {C,(f)fz(z‘)ﬁ(t) + C’f(t)ff(’l,’)ﬁ}i(t)}IDJ(C()S 8y  (12)
L

where the f;{v) and fr(v) are normalized speed distribution functions. After
this decomposition into the individual components, the angular anisotropy
parameters, J% and ’3 7 primarily reflect the rotational wave-packet motions.
When the P ('U., £) is transformed into an energy scale, the PED is obtained.
Electronic dephasing can be most easily detected from the time-dependence
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of P(v,t) or C(t) in the above equations. However, when f;(v) is indistin-
guishable from fy(v), the PAD becomes the only observable for probing
electronic dephasing. In this section, first we examine the general features
of TRPEI in probing electronic dephasing, then we discuss the case where
the dephasing is only probed from the PAD.

Since -the pioneering work by Frad, Lahmani, Tramer and Tric, the
S1(1B3,) state of pyrazine has been the best-known example of an inter-

204,205 T¢ wag

mediate case in molecular radiationless transition theory.
predicted?9:207 that coherent excitation of an intermediate case molecule
should exhibit a bi-exponential fluorescence decay, where the fast decay
is due to the ultrafast dephasing of the optically prepared singlet state
into a mixed singlet-triplet state and the slow decay is the depopulation of
this mixed state. The bi-exponential fluorescence decay of Sy pyrazine was
extensively studied in the 1980s, and a debate ensued as to whether the fast
component experimentally observed was due to the predicted dephasing or
Rayleigh-Raman scattering. Picosecond laser spectroscopy was employed
to confirm a finite fluorescence lifetime (7 ~ 110 ps) longer than the laser
pulse duration, proving that the fast component is fluorescence quenched
by dephasing.?9® 213 Consistency was also confirmed with high-resolution
molecular eigenstate spectroscopy pioneered by Kommandeur, Meerts and
coworkers.?14215 However, these studies only observed the singlet charac-
ter of the non-stationary state, and the dynamics in the triplet manifold
remained to be examined. This classic problem was revisited by femtosec-
ond TRPEI to shed light on the dark triplet manifold.

Figure 12 shows a series of photoelectron images observed by (1 + 1)
REMPI using 324 nm pump and 200 nm probe light at different time delays.
All of the images were already Abel-transformed, so these correspond to
the 2D sections of the 3D photoelectron scattering distributions: pyrazine
molecules are located in the middle of each image, and outgoing photoelec-
trons are visualized at the point proportional to their scattering velocity
vectors. The images observed at short time delays consist of a number
of sharp rings. This structure disappears with a lifetime of 110 ps. Corre-
spondingly, a low energy electron signal due to ionization from the triplet
manifold grows in the inner part of the image: the triplet levels isoenergetic
with the initially photoexcited singlet 0° level have large vibrational ener-
gies (4055cm ! in the case of 1), and the Franck-Condon overlap favors
ionization to highly vibrationally excited states in the cation. The sharp
rings are transitions to overtone and combination levels of totally sym-
metric vibrational modes in the cation,?!'® and their intensity distribution
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Fig. 12. Representative photoelectron images observed at different pump-probe time
delays in (1+1") REMPI of pyrazine. A 324 nm femtosecond pump pulse excited pyrazine
to the S1 09 level, and a time-delayed 200 nm femtosecond probe pulse ionized from the
singlet and triplet states. The pump and probe laser polarizations are parallel to each
other and in the vertical direction in the figure.

follows the Franck—Condon factors between the S; 0° level and the cation.
The pump and probe polarization directions are parallel to each other in
the vertical direction in the figure. The angular anisotropy does exists, yet
is rather weak (8 ~ 0.3), reflecting the complex spatial structure of a 7*
valence orbital from which an electron is ejected by the probe light.

As a conventional way of presentation, the PEDs were extracted from
these images by integrating the angular part of the 2D photoelectron
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Fig. 13. PEDs extracted from the images shown in Fig. 12. All the spectra cross at the
same energy (isosbestic point), indicating that the spectra consist of two components in
dynamic equilibrium.

scattering distributions, as shown in Fig. 13. All the spectra cross at the
same energy (isosbestic point), indicating that the spectra consist of two
components in dynamic equilibrium. The ionization from the triplet mani-
fold peaks at zero kinetic energy indicating that 200 nm is not a sufficiently
short wavelength to ionize the entire vibrational wave-packet in the triplet
manifold, making the sensitivity of the experiment to the triplet character
relatively less than that for the singlet. Similarly, we have excited pyrazine
to various vibronic levels in §7 (Eyi, < 2000 0111'1) and observed the pho-
toelectron images. In all cases, the singlet signal decayed without changing
its structure, meaning that IVR in the S; manifold does not occur prior to
electronic dephasing due to the lack of sufficient vibrational state density.
The same result has been obtained for deuterated pyrazine.

Smalley, Johnson and their coworkers have observed ionization from the
triplet manifold in nanosecond (1 + 1’) REMPIL.?!7218 Figure 14 shows the
(1+1") PED spectrum measured by Johnson and coworkers using nanosec-
ond pump and probe light of 324 and ca. 200nm, respectively.?'® The
nanosecond result is in excellent agreement with TRPEI result at a long
time delay (>300ps). The results are also in qualitative agreement with
the nanosecond PFI-ZEKE spectrum,?! although ZEKE showed appai-
ently smaller ionization signal from the triplet manifold, presumably due
to the non-radiative decay of highly vibrationally excited ZEKE states prior
to PFIL
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Fig. 14. (1+1') PED spectrum measured by Johnson and coworkers using nanosecond
pump and probe lasers at 324 and ca. 200 nm, respectively. Reproduced with permission
from Ref. 218.

The angular anisotropy parameters in the singlet parts of the PADs are
shown as a function of the pump-probe time delay in Fig. 15. The time
dependence of the 3 parameter is rather small, while the (3; parameter
shows a clear time dependence parallel to the calculated Ay parameter.
Due to the selection rule of AJ = 0, 1 (AK = 0) in the initial Sy « Sp
pump step, there is only the J-coherence in the rotational wave-packet.

An interesting and somewhat complicated situation in pyrazine is that
each zero-order rotational state in S; is coupled to tens of triplet vibronic
states. How do such vibronic interactions affect the rotational wave-packets?
To explore this problem, we employed (1+2') REMPI as it is more sensitive
to the rotational wave-packet motion both in the singlet and triplet man-
ifolds. T'wo-photon ionization from the S; 0° level via the 3s/3p Rydberg
states was observed at the probe wavelength of 401 nm.?43%:37 A series of
observed photoelectron images is shown in Fig. 16. The strong anisotropy in
the PADs is due to atomic-like electron orbitals in the intermediate Rydberg
states. There are three major rings with different radii corresponding to
PKEs of 40, 100 and 640meV. Unlike in the (1 + 1) REMPI case, these
rings are not due to the vibrational structure in the cation but due to three
different Rydberg intermediate states: the PKE for one-photon ionization
via the Rydberg state is given by:

R
(n—§)?
where Fiwy is the photon energy of the ionizing light. Appearance of only
a single ring in the ionization from each Rydberg state is due to the

PKE = T(Rydberg) + hwy — [P = fwy — (13)
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Fig. 15. Angular anisotropy parameters determined for the PAD in ionization from
the singlet state.

vibrational selection rule Av = 0. As Eq. (13) shows, the term value (the
energy of the zero vibrational level) of a Rydberg state is readily obtained
from the PKE.

According to Bethe?20

and Cooper and Zare??! the anisotropy parame-

ter associated with ionization of a one-electron atom is given by

5 W=7+ U+ D)+ 2)r2 — 6100+ 1)rigari—1 cos(myr — m—1)
2L+l + @+ i)

(14)
where 741 are the transition dipole matrix elements for the [ 4 1 compo-
nents of outgoing photoelectron wavefunctions, and 7,41 denote the phases
of these waves. For an s-electron, [ = 0, the outgoing photoelectron is
a pure p-wave, yielding 3 = 2. For other initial electron orbital angular
momentum states, the magnitude of the anisotropy parameter is reduced
as a result of interference between the two outgoing partial waves that are
now possible (through the A¢ = =1 electric dipole selection rule). Although
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0 ps 30 ps
3 ps 100 ps
10 ps 400 ps

Fig. 16. Photoelectron images observed in the femtosecond (1 + 1’ + 1) REMPI of
pyrazine. The pump laser at 324 nm excited pyrazine to the S1 0° level, and the time-
delayed probe laser pulse at 401 nm ionized the excited state by two-photon transition
via the 3s/3p Rydberg states. The assignments of the rings are discussed in the text.

a rotational wave-packet affects the anisotropy parameter in the ionization
of a molecule, the anisotropy parameters were found to be still useful in
discriminating between the s and p molecular Rydberg states.?” From the
observed anisotropy and term values, the three rings were assigned to ion-
izations from S via the singlet 3p and the singlet 3s state and ionization
from Ty wvia the triplet 3s state, in the decreasing order of PKE.

When the intensity and the angular anisotropy of these three photo-
electron signals were examined, all of them exhibited clear revival features
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Fig. 17. Photoelectron intensity and angular anisotropy observed for three compo-
nents with PKEs of 40, 100 and 640meV seen in Fig. 16. For comparison, Asg/Ago
was calculated for pyrazine in the S; state prepared by photoexcitation from Sp at a
rotational temperature of 20 K. Adopted from Ref. 36.

in the singlet and triplet states (Fig. 17). Since the Rydberg state is only
used as a resonant state for femtosecond two-photon ionization from Sy,
no rotational dynamics in the Rydberg state affects the signals: the time
dependence originates from the rotational wave-packet motion in the S
and the T7 states. From the initial rise and decay of the partial jonization
signal intensity in ¢ < 3ps, it is concluded that the transition dipole for
3s « Sy is parallel to that of Sy « Sy while the 3p «+ S| transition dipole
is perpendicular to the 5, «— Sy dipole. The ionization signals from the
singlet characters wia the 3s and 3p singlet states exhibit opposite phase
of modulation, indicating that the two transition dipoles of 3s « S; and
3p « S; are perpendicular to each other. Since the S; « S dipole is
along the fgure axis of this near oblate top (the out-of-plane 2 axis), the
35 «— Sy and 3p « 5y dipoles are parallel and perpendicular to the figure
axis. Obviously, a one-photon transition from #* to 3p is forbidden between

Time-Resolved Photoelectron Spectroscopy and Imaging 565

orbitals of ungrade symmetry, and the transition is vibronically induced by
excitation of the mode 11 (b3,).

For analyzing the rotational wave-packet dynamics, model calculations
were performed. The triplet vibronic level structure was generated ran-
domly with a variable level density p, and the rotational level structures of
an oblate top were added to each of these vibronic levels to form the entire
dark state manifold. A Hamiltonian matrix including each zero-order singlet
rovibronic state and many triplet states was constructed by assuming a con-
stant spin-orbit coupling strength V. The singlet-triplet angular momentum
coupling was explicitly taken into account in the off-diagonal elements: one
molecular rotational state in the singlet is coupled to six rotational states
in a triplet vibronic state under the constraint of AJ = 0. The A4, B, and
¢ rotational constants in the singlet state, 6.1035, 6.0813 and 3.0477 GHz,
respectively were taken from the literature.??? By diagonalizing the Hamil-
tonian matrix, the ensemble of mixed singlet-triplet states was calculated
for each zero-order singlet rotational level. The time-evolution after the
coherent excitation of the P, @, and R branch lines at the rotational tem-
perature of 20 K in the molecular beam was computed. The two parameters
p and V were adjusted to reproduce the observed electronic dephasing time
of Sy pyrazine. '

As known from the 1980s, the (pseudo)exponential decay of the bright
state is observed when all the eigenstates are considered without exception.
When the states with small amplitudes of the singlet character (grass)
are intentionally neglected, the decay profile becomes non-exponential. We
also confirmed that, only when all the molecular eigenstates are taken into
account, the rotational wave-packet in the singlet manifold fully revives.
Model calculations were performed without truncating the eigenvectors
with small amplitudes. The revival time in the singlet state was unaffected
by the coupling with the triplet state, and the revival time in the triplet
manifold was essentially the same as that of the singlet and invariant to the
rotational constants in the triplet state. This is due to the fact that the pho-
toexcitation of the triplet states is limited in the vicinity of the zero-order
singlet state with the small coupling strength, and the quantum beat fre-
quencies are primarily determined by the singlet rotational constants. The
differences in the height and width of rotational revival peaks between the
singlet and triplet are speculated to be due to the J-dependent S; — Sy or
T — Sp couplings that are not included in the model yet. A more complete
analysis is in progress in our laboratory.
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When f;(v) and fy(v) are indistinguishable, the PAD measurement
becomes a unique way of detecting the electronic dephasing. An exam-
ple from our own studies is internal conversion between the Rydberg states
of the pyrazine molecule. Excited electronic states of pyrazine exhibit large
geometrical changes along the 6a(a,) vibrational coordinate!"®'% which
leads to conical intersections between Sy and Sy as well as between the first
excited state, D; (7~1), and the ground state, Do(n™1), of the cation. Since
all the Rydberg series converging to a cationic electronic state have essen-
tially the same vibrational potential as the cation, Rydberg states with the
same principal and angular momentum quantum numbers with different ion
cores of n~' and 77! undergo conical intersections. The lifetime for inter-
nal conversion from Dy (7 1) to Dg(n~") has been estimated to be 30 fs,2%*
which is quite similar to the case of Sy — Sy internal conversion. Thus, if
the 3s(m 1) Rydberg state is optically prepared, it may dephase to 3s(n1)
in 30 fs. We have performed (2 + 1) one-color REMPI-PES with 100 fs laser
pulse via the 3s(7 1) state and examined whether the ionization from the
3s(n~"') state was observed.3”

As Eq. (12) shows, two Rydberg states with the same n and [ quantum
numbers in the series converging to the Dy (77 ') and Dg(n™!) ionic states
exhibit only a small difference in their PKEs due to extremely similar quan-
tum defects. The PKE in the ionization from the 3s(7!) to the Dy state
should be 60meV lower than that in the ionization from the 3s(n™') to
Do(n~1). However, this shift could not be resolved clearly with the energy
resolution of our photoelectron imaging apparatus.’” Alternatively, elec-
tronic dephasing was examined through the PADs. When the same laser
pulse prepares the 3s state and ionizes out of this state, the molecular
rotation can be ignored within the laser pulse duration (100fs) and the
PAD is determined by photoionization dynamical parameters with molec-
ular alignment parameter at ¢ = 0. The alignment parameter is estimated
from the two-photon transition tensor between the 3s(m~1)(* By,) state and
the ground state mediated by Bg, or Bs, virtual states:

<B1£l]:l:!B21L><B2U ly

A!]) or <Blg [th3u> <B3u‘

Ag).

From group theoretical arguments, the molecular axis possesses primar-
ily an alignment cos? Bsin? 0 with respect to the laser polarization. The
dynamical parameters for one-photon ionization from the 3s(n™!) state
were obtained by the PAD measurements in (2 + 1) ionization wvia the
3s(n~!) state and (1 + 1’ + 1) ionization via Sy and 3s(n™!). The for-
mer ionization occurred from the alignment approximately proportional
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to sin® @, while the latter took place from an alignment proportional to
cos . From these parameters, the PAD anticipated for ionization from
the 3s(n~!) with the cos® @ sin® @ molecular axis alignment was calculated.
The calculated and observed PADs were found to be different, suggesting
that the internal conversion from the 3s(7~!) to the 3s(n™!) state is not
completed within the laser pulse duration.®”

Seideman has simulated time-dependent PADs in the photoionization
of octatetraene that undergoes ultrafast electronic dephasing from Sy (1B,,)
to S1(24,). The PAD in the lab frame considerably changes upon dephas-
ing, even though that of the MF-PAD is more dramatic.??%22% In the for-
mulation by Takatsuka, McKoy and their coworkers, the photojonization
amplitude for a molecule fixed in space has been rigorously calculated.
In more recent work, they included molecular rotational motion classi-
cally, because of the computational difficulty in treating this motion fully

quantum-mechanically. !

6.3. Photoionization Stereodynamics

When molecules are definitely oriented in space, the PAD can be expressed

by 226,227
2lmax
do . -
o E Ym0, 0), (15)
i K =90

where # and ¢ are measured from the z axis in the molecular frame, and
Lmax is the largest orbital angular momentumn component of the outgo-
ing photoelectron. The MF-PAD is by far more structured than the PAD
observable in the lab frame, as the highest rank allowed for the latter is
only K = 2n for n-photon ionization of a randomly oriented target. The
MF-PAD provides detailed information on the transition dipole moments
and phase shifts for each partial wave of an outgoing electron. For extract-
ing similarly detailed dynamical parameters from the PAD in the lab frame,
Zare and coworkers have observed the PAD in nanosecond (14 1’y REMPI
of NO by defining the initial and the final rotational quantum number,
for various experimental geometries, using linear and circularly polarized
light. 2287234 The rotational resolution in PES was used to resolve the par-
tial wave compositions of photoelectrons through the angular momentum
conservation law between the rotational quantum number in NO™ and the

photoelectron orbital angular momentum.?34 238
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In TRPES experiments, extraction of photoionization dynamical param-
eters has not been achieved yet. More quantitative results have been
reported so far. An example shown here is three-photon ionization of
pyrazine via the 3s(n!) ' 4, Rydberg state. Since the 3s(n~!) state decays
in 300 fs,%? no rotational wave-packet motion can be created in this elec-
tronic state. Instead a wave-packet was launched on the S (n, 7*) state fol-
lowed by two-photon ionization via the 3s state. Since both the Sy (! Ba,,)—
So(Ay) and 3s(Ag)-S:1(* Bsy) are parallel transitions of an oblate top, the
molecular axis alignment was only weakly modulated around a cos* 6 dis-
tribution. To achieve an extremely different alignment, non-resonant two-
photon pumping to the 3s(n~!) state was also employed, for which nearly
sin? @ alignment is anticipated. The PADs observed for cos? @ and sin? 0
molecular axis alignments are shown in Fig. 18. The PADs are highly
anisotropic and peaked along the laser polarization as expected from the
dominant p-wave character of the outgoing electrons in ionization from
the s state. The widths of the PADs point to the scattering of outgoing
electrons by valence electrons, in particular, in the molecular plane. From
the observed PADs, the geometrical parameters for calculating the PADs
for other alignment were obtained. The PADs vary with the strength of
molecular axis alignment, however, its magnitude is rather modest. Two
speculative arguments are given to rationalize this observation. One is that

(b) sin26 (c) Isotropic (d) cos?d (e) cos*d

Fig. 18. PAD observed for (a) sin®@ and (e) cos* 0 molecular axis distributions and
calculated ones for other axis distributions of (b) sin® 6, (c) isotropic and (d) cos? 6.
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the 3s Rydberg orbital is located reasonably well outside the ion core where
the character of the outgoing partial wave may be weakly dependent on the
molecular alignment. The other is that the strength of the axis alignment,
when measured by FWHM, is not largely different for cos?d, and cos* 0,
note that the widths (FWHM) of the axis alignments in the cos* 0 distribu-
tion, 65°, and cos? @ distribution, 90°, are not significantly different. Since
a specific orbital angular momentum in the Rydberg state restricts the
number of partial waves in the outgoing electron, the molecular frame PAD
will not be highly structured. In this sense, the former argument is more
likely to be applicable in this particular case of a Rydberg state. However,
the latter argument should also be considered, since it limits the dependence
of MF-PADs on the aligmﬁent created by multi-photon processes.

7. Outlook

Time-resolved photoelectron spectroscopy, particularly in the form of elec-
tron imaging, provides extremely rich information on the excited state
dynamics of molecules and clusters. With the advent of non-linear opti-
cal technologies to generate femtosecond (and attosecond?!:240:241) extreme
ultraviolet laser pulses, further exciting experiments of femtochemistry and
attophysics will be possible with TRPEI using short wavelength lasers.
Observation of angular distributions for high-energy electrons requires fur-
ther improvements in the imaging methods. At the moment, a CCD camera-
based imaging method is advantageous for observing multiple electron hits
per light pulse and its ease of use, while its time resolution is much poorer
than that of electrical imagers such as delay line detectors. Further develop-
ment of a camera system for obtaining superior time-resolution and faster
readout clock rates (>>30 frames/s) is highly desirable.

In view of the importance of photoionization/photodetachment studies
of chemical reactions, accurate theoretical predictions of time-dependent
PEDs and PADs for closer comparison with experimental results are highly
desired. A detailed analysis of the photionization dynamics in the probing
step is indispensable for extracting information on the reaction dynamics
of interest from the observed results. At the moment, rigorous calculations
are computationally demanding even for a diatomic molecule for a large
number of ionization channels, so any effective approximations to facilitate
the treatment of large polyatomic molecules will be extremely useful.

In order to approach the MF-PAD by observing the PAD in the labora-
tory frame, the molecular axis distribution must be narrowed down. As one
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of the approaches, a moderate off-resonant intensity pulse (ca. 102 W/cm)
can be used for prealignment of a molecular ensemble in the ground elec-
tronic state. When pump and probe experiments are performed at the first
full revival of the rotational wave-packet, the influences of the prealignment
laser upon ionization process will be completely negligible.
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