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Rotational wave packet revivals on an excited electronic state have been measured by femtosecond
time-resolved photoelectron imaging for the first time. The first full revival at 82 ps of S; (n,7")
pyrazine was clearly observed in the time dependencies of the photoelectron intensity and the photo-
electron angular distribution (PAD). The PAD, measured for laser aligned pyrazine, clearly reflects the

different characters of 7" and 3s molecular orbitals.
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Coherent excitation of an ensemble of rotational states in
a given vibronic band creates a rotational wave packet that
revives at rotational periods of a molecule [1]. Felker and
Zewail observed these revivals by laser-induced fluores-
cence to determine the rotational level structures of large
molecules that are difficult to study in the frequency do-
main [2—-4]. The method is known as rotational coherence
spectroscopy (RCS).

Superior time resolution and the possibility to apply
RCS to weakly or nonfluorescent molecules can be ob-
tained, in principle, by a pump-probe ionization scheme.
Scherer et al. [5] demonstrated this approach more than
a decade ago, although only a few examples have been
reported thus far [6,7]. Note that the method of monitor-
ing the total ion current is problematic in that ionization
to various cationic vibronic levels with different transition
dipole moment directions are mixed together, which sig-
nificantly reduces the rotational revival signature in the to-
tal ion current (total cross section). In addition, many large
molecules undergo electronic dephasing after photoexcita-
tion. Ionization can occur both from the optically prepared
(bright) state or the background (dark) states involved in
electronic dephasing. It is quite interesting to observe rota-
tional revivals in the dark manifold, but this is not possible
with pump-probe mass spectrometry for the same reason.

One of the objectives of this work is to present RCS in
the form of time-resolved photoelectron imaging (PEI) that
discriminates and visualizes the revivals in the optically
bright and dark states in an electronic dephasing process.
The rotational revivals are detected not only in the energy-
selected photoelectron intensity (partial cross section) but
also in the photoelectron angular distribution (PAD), i.e.,
the differential cross section.

The other objective is to demonstrate a new way to
approach the PAD measured for a molecule fixed in space
that has for some time been an experimental goal in photo-
ionization dynamics. Such measurements have previously
been achieved by coincidence detection of daughter
ions and electrons in dissociative ionization [8—10].
However, the requirement of prompt dissociation of the
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ion restricts the method to small molecules dissociated
with relatively high energy photons. An alternative ap-
proach is to measure the PAD for an ensemble of aligned
[11-14] or oriented [15] molecules. McKoy [11,12],
Zare [13,14], and co-workers studied photoionization
of laser-aligned NO molecules with nanosecond lasers.
Similar experiments with ultrafast lasers will be quite
interesting [16—18], since, with short pulses, the laser
field can be easily increased to achieve much stronger
alignment. Here, we demonstrate the PAD measurement
for maximally aligned molecules in the weak field limit,
F(0) = cos?@, from which extension to the stronger laser
field will be straightforward.

The experimental setup used is essentially identical to
that described in our previous PEI studies [19,20]. How-
ever, two key modifications were made to improve the sta-
bility of the system and the efficiency of data acquisition.
These are the use of a 1 kHz Nd: YLF-pumped Ti:sapphire
regenerative amplifier instead of a Nd: YAG-pumped 10 Hz
system, and a continuous molecular beam replacing a
pulsed beam. Briefly, the 82 MHz, 300 mW output of
a diode-pumped Ti:sapphire laser was amplified by a
Nd:YLF-pumped regenerative amplifier to generate a
1 kHz pulse train of ~2.5 mJpulse™! light centered at
~802 nm. This light was split into two equal intensity
beams, one of which pumped an optical parametric
amplifier to generate tunable UV pump light (~324 nm)
in resonance with the 09 band of the S, !Bs,(n, 7*) —
So lAg transition of pyrazine. The other beam was
frequency doubled to ~401 nm in a thin B-BaB;O4
crystal to produce the probe light. The cross correlation
was ca. 200 fs. The probe beam was optically delayed
with respect to the pump beam using a hollow corner
cube on a computer-controlled delay stage. Then, the two
beams were merged by a dichroic mirror and directed
into the molecular beam chamber. The laser intensities at
the molecular beam were estimated to be 8 X 10'° and
4 X 10" W/cm?. In some of the experiments described
in the present paper, we also employed 200 nm probe
light generated by nonlinear mixing of the fundamental
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and third harmonic of Ti:sapphire laser output. Pyrazine,
2% seeded in molecular nitrogen at a stagnation pressure
of ~500 Torr, was expanded from a pinhole 50 wm in
diameter to generate a continuous molecular beam. The
beam was skimmed and introduced into the ionization
chamber where the background pressure (beam on) was
ca. 1077 Torr. The effective rotational temperature of
pyrazine was determined to be 20 K from an analysis of
the rotational contour of the S; «— Sy 08 band recorded
using a nanosecond dye laser.

Figure 1 shows the molecular structure and an energy
level diagram of pyrazine. The pump pulse excited
pyrazine to the S; 0° level, and the subsequent 401 nm
probe pulse ionized this level by a two-photon process.
The generated photoelectrons were accelerated in an
electric field parallel to the molecular beam and detected
by a position sensitive imaging detector. Two-dimensional
space focusing was employed to make an image sensitive
only to the linear momentum of the photoelectrons parallel
to the face of the detector and not the spatial position
of ionization [21]. The field-free region of the electron
flight path was shielded against stray magnetic fields by a
p-metal tube. The imaging detector consisted of a 40 mm
diameter dual microchannel plate assembly coupled to a
phosphor screen that was viewed through a fiber bundle
by an intensified video-rate charge-coupled-device (CCD)
camera. The video signal from the camera was recorded
on a personal computer.

Although the number of photoelectrons created by each
laser shot was small, a slow frame rate (25 Hz) camera in-
tegrated the data for 40 laser shots per frame. Thus, the
light spots due to different electrons hitting the detector
overlap each other in a single frame, which hampered cen-
troiding or thresholding calculations [22-24]. However,
the quality of the photoelectron images was sufficiently
high.

Figure 2(a) shows a typical photoelectron image mea-
sured at a time delay of 30 ps between the pump (324 nm)
and probe (401 nm) pulses. The image is an inverse Abel
transform of the observed data, representing a section of

10 401 nm 200 nm
] P, A A A A
| |
- | |
8 5 | |
4 R® ... .. [T P ...
% — —— |
N 6 — R I R ——1
op 1 |
] I ISC !
S 49 s - —— VW)
T T,(n, %)
2 323 nm [CNDJ
0 - S N
FIG. 1. Molecular structure and schematic energy diagram of
pyrazine.

the 3D photoelectron scattering distribution. The pump
and probe laser polarization are both vertical in the figure.
The observed image consists of three major rings with
different radii corresponding to the photoelectron kinetic
energies of 37, 101, and 643 meV. The sharp ring structure
indicates that all of these ionization processes occur with
the vibrational selection rule Av = 0 via intermediate
Rydberg states at the energy of w; + w;.  Strong
anisotropy in the photoelectron image also points to
atomiclike electron orbitals in the intermediate states.
From comparison with the literature [25], the Rydberg
states contributing to the two outer rings were assigned
to the 3s (1Ag) and 3p (B3, or 'B,,) Rydberg states.
This refutes our earlier speculation [19] that the middle
peak might be due to ionization of the T, (7, 7™) state.
The time dependencies of photoelectron intensity for
the three rings are shown in Fig. 2(b). The two outer
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FIG. 2 (color). (a) Inverse Abel transformed photoelectron im-
age of the [1 + 2] PEI of pyrazine via the S| B3, (n, 7*) 0° level
observed at the time delay of 30 ps. The original image was inte-
grated for 80000 laser shots. (b) Time evolution of three major
components in the [1 + 2'] PEL Circle (O), triangle (A), and
square ([J) represent the angle-integrated intensity for the outer
(KE = 643 meV), middle (101 meV), and inner ring (37 meV),
respectively. Solid lines are a simulation taking into account the
rotational coherence. (c) Bao/Boo as a function of pump-probe
time delay in the [1 + 2'] PEL
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distributions decay as a function of time (7 = 110 ps),
while the inner one grows with the same time constant,
corresponding to the intersystem crossing from the S
to the triplet manifold, as assigned in our previous work
[19,20]. More importantly, all of these curves exhibit
periodic revival structures. Note, in particular, that the
rotational revival appears in the photoelectron signal from
the triplet manifold.

We have analyzed these revival features based on the
theory of RCS reported by Felker and Zewail [3]. For
simplicity, we approximated the S state of pyrazine as an
oblate symmetric top (the A,B, and C rotational constants
are 6.1035, 6.0813, and 3.0477 GHz, respectively, [25]).
From other experiments, we can fix the rotational tempera-
ture, 20 K, of our sample and the intersystem crossing rate
of S to the triplet manifold, 9.1 X 10° s~!. By assuming

the transitions from $; to R3® and to R to be parallel
and perpendicular, respectively, simulation of the RCS re-
vivals agrees almost perfectly with observation, as shown
in Fig. 2(b). The transition from the S ('B3,) to the 3p
(! B3, or ' B,,) state is vibronically induced by excitation of
the mode 11 (b3,), making the transition a perpendicular
type. The revivals in the triplet manifold were treated phe-
nomenologically by assuming that the electronic dephas-
ing occurs exponentially. The rotational constants known
for the T} 0° level [26] were assumed for the triplet mani-
fold. The peaks observed for the triplet state are, however,
much weaker than the simulation. Note that the number of
triplet levels coupled to S is estimated to be 20 [27], so it
is likely that slightly different rotational constants among
these highly excited triplet vibronic levels diminish the re-
vival peaks.

Figure 3 shows the time dependence of the PAD fol-
lowing ionization of the S state via the 3p Rydberg state.
Photoelectron images were recorded at pump-probe delay
intervals of 500 fs around the positions of the first full re-
vival of the rotational wave packet at 82 ps. At the full
revival, the PAD exhibits a small enhancement in the di-
rection of 90°. More quantitatively, the PAD measured at
each time delay was fit to the following form [28]:

1(8) = BooY0o(6, @) + B2Y20(0, )
+ BaoYa0(8, ) + BeoYe0(6, d), (D

where Y, are spherical harmonics. We found B¢y to be
negligible. The ratio B20/Boo thus obtained for ionization
of §; via the 35 and 3p Rydberg states also clearly shows
the rotational revivals [Fig. 2(c)].

In the present case, the pump pulse creates a time-
dependent alignment Ayy(r) in the S; state, and the probe
pulse transfers this alignment to rotational levels in the
Rydberg states. Since these states are ionized instanta-
neously within a probe laser pulse, the PAD is modulated
only by the time dependence of Ayy(¢) in the S state.

The experimentally determined time-dependent PAD
opens a way to access the PAD in the molecular frame.
This is not a novel observation, but previous measure-
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FIG. 3 (color). Time dependence of photoelectron angular dis-
tribution obtained for [1 + 2'] PEI via S; 0° and 3p 11' Ryd-
berg states. Pump-probe delay was scanned from 70 to 95 ps
with 500 fs intervals. The first full revival of the rotational wave
packet is at 82 ps in agreement with theory.

ments of time-dependent PADs have proven very difficult
to interpret because of complications arising from con-
comitant vibrational and rotational dynamics [18]. By
contrast, in pyrazine, as measured by PEI, the rotational
coherence effects on the PADs are very clear. At time
t = 0, the system maximally aligns the transition dipole
moment to the pump laser polarization with a cos?6
distribution (one-photon absorption case). Specifically,
the alignment is created by a parallel transition from Sy,
so the principal axis of the molecule is aligned predomi-
nantly parallel to the pump laser polarization. Figure 4(a)
shows a polar plot of the PAD recorded by [1 + 1']
ionization measured with probe light at 200 nm aligned
parallel to the pump laser polarization. The PAD at t = 0
shows a characteristic fourfold distribution that clearly
indicates the photoelectrons are ejected not only along
the probe laser polarization (out of the molecular plane)
but also perpendicular to it (in the plane). At 2.8 ps after
the pump pulse, the alignment parameter for pyrazine
at the rotational temperature of 20 K almost vanishes,
so the ensemble of molecules is randomly oriented in
space. At this time, the characteristic fourfold feature also
completely vanishes.

It is interesting to compare the PAD for ionization from
different orbitals. The PAD observed by two-photon ion-
ization of S| via 3s is interpreted as the PAD resulting from
one-photon ionization of the 3s state aligned by w; + w;
two-step excitation from the Sy state. The PAD measured
for the 3s state shown in Fig. 4(b) is dramatically different
from that in Fig. 4(a). At time delay r = O between the
pump (S < Sp) and probe laser pulses (ion < 35 «— Sy),
the principal axis of pyrazine in the 3s state is maximally
aligned with a cos*# distribution with respect to the laser
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FIG. 4. Polar plots of the PAD observed for one-photon ioniza-
tion of laser-aligned pyrazine in the (a) S; 0° and (b) 3s Rydberg
states. The pump-probe time delays and the alignment parame-
ters are shown in the figure. Solid lines are theoretical fits.

polarization. The corresponding PAD shows almost a
cos?@ distribution with respect to the probe laser polar-
ization, indicating that photoelectron ejection in the plane
of pyrazine is minimal. The time dependence of the PAD
is also rather weak. This is because the probe laser pulse
aligns and ionizes the 3s state within the pulse duration so
that the alignment of the 3s Rydberg state of pyrazine is
always stronger than cos?6.

Both the S and 3s states have a hole in the n™ (a,) or-
bital, and the outer electrons occupy 7*(b3,) and 3s(a,)
orbitals, respectively. The difference in the PAD observed
for these two cases of ionization near the threshold can
be ascribed to the different characters of the one-electron
molecular orbitals. The 3s orbital is atomiclike and pro-
duces a predominant p 7 outgoing wave in ionization, al-
though the fact that Bag/Bgo is smaller than its limiting
value (2/+/5) is indicative of the deviation of the electron-
core potential from radial symmetry. In contrast, the par-
allel transition out of the 7*(b3,) orbital requires outgoing
partial waves of a, symmetry. The result suggests that this
ag wave has o (or n) component presumably along the z
axis through the N atoms.

In conclusion, we have demonstrated the use of time-
resolved photoelectron angular distributions for observing
rotational revivals in the excited states. The PADs mea-
sured for a laser-aligned molecule showed clear signa-
tures of the different symmetry properties of the molecular
orbitals. A higher pump intensity will provide stronger
alignment and a further structured PAD is anticipated for
ionization of the 7™ electron. Photoelectron imaging in
conjunction with an intense laser field is in progress in our
laboratory.
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