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Time-resolved photoelectron imaging is demonstrated using the third harmonic of a 400-nm fem-
tosecond laser pulse as the ionization source. The resulting 133-nm pulses are combined with 266-nm
pulses to study the excited-state dynamics in the Ã/B̃- and F̃-band regions of SO2. The photoelectron
signal from the molecules excited to the Ã/B̃-band does not decay for at least several picoseconds,
reflecting the population of bound states. The temporal variation of the photoelectron angular dis-
tribution (PAD) reflects the creation of a rotational wave packet in the excited state. In contrast, the
photoelectron signal from molecules excited to the F̃-band decays with a time constant of 80 fs. This
time constant is attributed to the motion of the excited-state wave packet out of the ionization window.
The observed time-dependent PADs are consistent with the F̃ band corresponding to a Rydberg state
of dominant s character. These results establish low-order harmonic generation as a promising tool
for time-resolved photoelectron imaging of the excited-state dynamics of molecules, simultaneously
giving access to low-lying electronic states, as well as Rydberg states, and avoiding the ionization of
unexcited molecules. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4976552]

I. INTRODUCTION

Time-resolved photoelectron spectroscopy (TRPES),
coupled with velocity-map-imaging (VMI) techniques,1–3 has
become a powerful tool for investigating molecular excited-
state dynamics.4–8 By measuring the photoelectron velocity
and angular distributions, a wealth of information can be
obtained about the photoionization process and the structure
and dynamics of excited states.

In the past two decades, the majority of TRPES stud-
ies have been conducted with (deep)-ultraviolet (D)UV pulses
which have been broadly available from commercial laser
sources. The most popular wavelength of 200 nm corresponds
to a photon energy of 6.2 eV, which is sufficient to ionize
electronically excited states of many molecules. A variety of
pump-probe studies have been performed with such sources
(see, e.g., Refs. 5 and 7 and references therein). However, a
photon energy of 6.2 eV is never sufficient to ionize from the
electronic ground state or very low-lying electronic states nor
is it sufficient to directly excite ground-state molecules to high-
lying electronic states, in particular Rydberg states. Therefore
sources of vacuum ultraviolet (VUV) radiation with femtosec-
ond pulse duration are a highly desirable tool in the study of
excited-state dynamics of molecules. The ideal light sources
for such studies would combine continuous tunability from the
visible into the VUV with Fourier-limited pulse durations that
can be selected according to the required energy resolution or
selectivity.

The discovery and intense development of high-harmonic
generation (HHG) have opened an attractive path towards

a)Electronic mail: hwoerner@ethz.ch. URL: www.atto.ethz.ch

this ambitious goal. Most work in HHG has however con-
centrated on the generation of high photon energies from
the vacuum ultraviolet (VUV) over the extreme ultraviolet
(XUV) to the soft-X-ray domain (see, e.g., Refs. 9 and 10
and references therein). Most significant in the context of
TRPES is the development of time-preserving monochro-
mators (see, e.g., Refs. 11 and 12 and references therein),
which have brought XUV-TRPES into reach.13–15 While
this is an extremely promising method with the potential
of substantially broadening the scope of TRPES by giving
access to multiple final states and element-specific core shells,
XUV-TRPES suffers from the background signal contributed
from the ionization of unexcited molecules. Since single-
photon excitation probabilities always need to be kept low
to avoid multi-photon excitation and ionization, this back-
ground constitutes a significant challenge. Time-resolved
high-harmonic spectroscopy (TRHHS) turns this problem
into an advantage by exploiting the emission from unex-
cited molecules as a coherent reference, against which the
weaker signal of the photoexcited molecules is detected with
phase sensitivity.16–20 VUV-TRPES, in contrast, avoids the
ionization of the unexcited molecules altogether, while still
offering the possibility to ionize low-lying electronic states.21

The other advantage of femtosecond VUV radiation is that it
provides access to the ultrafast dynamics of molecular Ryd-
berg states, which were previously only accessible through
multi-photon excitation. Since multi-photon channels involv-
ing similar numbers of photons are almost impossible to dis-
criminate against each other, single-photon-VUV excitation is
a welcome solution.

In this article, we demonstrate time-resolved photoelec-
tron imaging with a vacuum-ultraviolet source based on low-
order harmonic generation (LOHG) in a semi-infinite gas cell.
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We study the SO2 molecule as an example to demonstrate the
potential offered by this technique. We use the VUV pulses as
a time-resolved probe to resolve the dynamics in the low-lying
electronic states of SO2, photoexcited by UV pulses centered
at 266 nm. We then turn the role of pump and probe around
and use the VUV pulses to excite the F̃-band region of SO2

and the UV pulses to probe the dynamics by photoionization.
Small molecules, such as SO2, are good candidates for

such studies because full-dimensional potential-energy sur-
faces are often available23–27 and, therefore, TRPES measure-
ments can be used to directly test these calculations. Even
though SO2 has been extensively studied, both experimen-
tally22,28–36 and theoretically,24–27,37 the electronic structure
of SO2 in the higher energy range above ∼8 eV, as well
as the photodynamics in all electronically excited states, is
only partially understood. The first, fundamental, challenge
responsible for this situation is the complexity of the net-
work of non-adiabatic coupling between multiple close-lying
electronic states, causing internal conversion and intersystem
crossing on similar, femtosecond, time scales. The second
challenge comes from the relatively high ionization energies
of SO2, which have required the use of multiphoton excitation
or ionization schemes in all previous experimental studies.
This has led to the unsatisfactory situation that the number
of involved photons could not be unambiguously determined
in the cases where time-dependent ion yields were observed
and to unresolved questions concerning the role of intermedi-
ate resonances in the case where time-dependent photoelec-
tron spectra were measured. In the most recent experimental
work devoted to the ultrafast dynamics of SO2 in its Ã/B̃
band, Wilkinson et al.22 used pulses centred around 300 nm
to probe wave-packet dynamics between the electronically

coupled B̃1B1 and Ã1A2 states, as well as the lower-lying
triplet states. This article reported oscillatory dynamics which
were attributed to a time-domain signature of the Clements
bands dominating this region of the SO2 absorption spectrum.
The modulation depth was observed to decrease with increas-
ing excitation energies, from 308 to 290 nm, but measurements
at 266 nm were not reported. Theoretical work published as
a companion article27 showed that the observed oscillations
were dominated by a resonance-enhanced (2+1)-ionization
scheme through the G̃ Rydberg state. Therefore, it remained
unclear whether the observed oscillations were actually reflect-
ing the changing electronic character of the photoexcited wave
packet in the Ã/B̃ states or mainly the nuclear dynamics of
the wave-packet returns to the configuration-space window
enabling efficient resonance-enhanced (2+1)-ionization. This
example illustrates the general necessity of femtosecond VUV
light sources to disentangle molecular excited-state dynamics.

In the present work, we focus our attention on the ultra-
fast dynamics occurring upon photoexcitation to the Ã/B̃ and F̃
states. To unambiguously reveal the dynamics of the Ã/B̃ and
F̃ states, we used a two-color pump-probe scheme in the single-
photon-absorption regime to avoid the complication induced
by multiphoton processes in both excitation and ionization.
The pump-probe scheme is depicted in Figure 1. By record-
ing electron-momentum images we were able to elucidate the
dynamics after photoexcitation in the region of the Ã/B̃ and
F̃ bands. The excitation by a 266-nm pulse initiates a nuclear
wavepacket in the optically allowed B̃1B1 state, which under-
goes rapid internal conversion to the dark Ã1A2 state. This
situation is depicted in Figure 1 panel (a). As can be seen
in the absorption spectra of Figure 1, this energy region is
characterized by a high density of vibronic states forming

FIG. 1. One-dimensional cut through potential energy surfaces of SO2 along the bond-angle coordinate from Ref. 22. The diagram shows the two excitation
schemes used in this work and the involved electronic states. On the left side, an absorption spectrum of SO2 is attached and the photoexcited regions are
highlighted. Depending on the delay between the pulses centered at 133 nm and 266 nm, two excitation paths can be distinguished: (a) at negative delays the
266 nm pulse pumps SO2 to the Ã/B̃ band and the subsequent 133 nm pulse acts as the probe, (b) at positive delays the 133 nm pulse excites the F̃ band and the
subsequent 266 nm pulse probes the F̃-band dynamics.
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a quasi-continuum, which supports complex wave-packet
dynamics. Wave-packet propagation on potential-energy sur-
faces from high-level ab initio calculations nevertheless pre-
dicts a periodic evolution of the diabatic populations in the
B̃ 1B1 and Ã 1A2 states with a period of ∼120 fs and a contrast
of up to 25%.38

Excitation at 133 nm allows us to explore the dynamics
of the F̃ band, which to the best of our knowledge have not
been studied by photoelectron spectroscopy before. The exci-
tation by 133-nm pulses provides direct single-photon access
to the F̃ band, where the onset of Rydberg series is predicted.37

Previous experimental work of Zhang et al.,28 studying the
time-dependent ion yields after multi-photon excitation to the
F̃ band, suggested dissociative dynamics to take place on the
few-picosecond time scale.

The paper is organized as follows: Section II describes the
experimental setup and summarizes the typical experimental
conditions used for recording electron images, followed by the
description of the data analysis. Section III presents the results
and the discussion of time-resolved ion and electron yields,
as well as those of time- and angle-resolved photoelectron
spectra. Each of these results is discussed according to the
selected pump-probe scheme and compared with the relevant
theoretical and experimental work. The results presented in
this paper are summarized in Section IV.

II. EXPERIMENT

All data presented in this article have been recorded
using a two-color pump-probe scheme utilizing low-order-
harmonic generation (LOHG) in a semi-infinite gas cell12 and
a velocity-map-imaging spectrometer (VMIS).39,40 The setup
is schematically depicted in Figure 2.

We used 1.5 mJ pulses with 35 fs duration from a Ti:Sa
regenerative amplifier operating at 1 kHz and used a 70:30
beam splitter. The transmitted beam was delayed with respect
to the reflected beam using a motorized delay stage. After
the delay stage, the transmitted beam was frequency doubled
using a 300 µm thick β-barium borate (BBO) crystal to obtain a
400 nm beam. The second-harmonic beam was separated from
the fundamental by reflections on two dichroic mirrors and
then focused by an f = 500 mm lens into a semi-infinite gas cell
filled with 12 mbars of Xe. The pressure of the generation gas
was chosen such that the third harmonic of 400 nm (133 nm)
was optimized. Under these conditions, no photoelectrons

FIG. 2. Schematic diagram of the experimental setup consisting of a two-
color pump-probe interferometer and velocity-map-imaging spectrometer
(VMIS).

originating from the fifth harmonic (80 nm) or higher orders
were observed. The reflected beam, after the beam-splitter, was
used for the third-harmonic generation giving an output beam
centered around 266 nm.

Both beams were guided into a vacuum chamber where
they were focused non-collinearly (with a crossing angle of
less than 1◦), by two spherical mirrors (f = 0.5 m and f = 1 m
for 266 nm). Mirrors for the 266 nm beam were coated in such
a way to transmit the residual 800 nm and 400 nm beams from
the third-harmonic-generation process. The mirrors were fixed
on motorized mounts allowing for fine adjustment of the spatial
overlap under vacuum. The beams were focused through a
small slit (15 × 5 mm2) separating the mirror chamber from
the VMI spectrometer for optimal differential pumping.

A 1% mixture of SO2 (PanGas 99.995% purity) in Ne was
expanded through a pulsed valve (Even-Lavie, orifice 150 µm)
working at a repetition rate of 1 kHz using a backing pres-
sure of about 2 bars to form a supersonic molecular beam.
The gas jet was skimmed by a 500 µm skimmer and propa-
gated 15 cm downstream to reach the interaction region where
it was ionized by the combined action of the laser beams.
A cross correlation of 102 fs (FWHM) was determined by
two-color ionization of Xe (see Figure 3). The cross corre-
lation function was taken into account during data analysis
as an instrument response function. Ejected electrons were
imaged using electrostatic lenses fulfilling VMI conditions and
a microchannel-plate (MCP) detector in a chevron configura-
tion. Electron images were recorded using a ratio of electric
potentials on the repeller (R) and extractor (E) electrodes of
VR:VE = 5:4.

Time-resolved photoelectron spectra were recorded for
pump-probe delays between �1 and +1 ps in steps of 20 fs.
The negative delays refer to the situation where the 266-nm
pulse arrives before the 133-nm pulse. The TRPES spec-
trum was constructed from measured data as follows. For
each time step, three photoelectron images were recorded:
one two-color image and two one-color images (where one
of the two beams was blocked), respectively. One-color
data were then subtracted from the two-color data to obtain
background-free data containing only contributions from the
two-color beams. These images were inverted using a pBasex

FIG. 3. Experimentally determined non-resonant cross correlation in Xe
using 266-nm and 133-nm pulses. A single-Gaussian fit was used to determine
the cross correlation FWHMcc.



084301-4 Svoboda et al. J. Chem. Phys. 146, 084301 (2017)

inversion method.41 34 scans were performed serially and
the total yields were integrated for each delay step. Finally,
the TRPES spectrum was constructed from averaged images
by numerical integration. Calibration of the energy axis was
done using Xe measurements recorded under the same VMI
conditions.

III. RESULTS AND DISCUSSION
A. Time-dependent ion yields

We first discuss the time-resolved ion-yield measure-
ments. The time dependence of the SO+2 yield is shown in
Figure 4. The negative-delay side display a decay of the ion
signal within the cross correlation time to a signal level that
remains constant for, at least, several picoseconds. This is
explained by the fact that the 266-nm pulse excites SO2 to the
bound B̃ 1B1 state which undergoes rapid internal conversion
to the Ã 1A2 state and intersystem crossing to three lower-
lying triplet states.22,26 All of these five states are bound. The
population dynamics following excitation at 266 nm has been
calculated following the methods described in Ref. 27. This
calculation, as mentioned in the Introduction, predicts popula-
tion transfer between the diabatic B̃ 1B1 and Ã 1A2 states with
a period of ∼120 fs.38 This period would clearly be resolved
under the conditions of our experiment. Its absence from the
measured ion yield therefore shows that one-photon ionization
at 133 nm is not sensitive to the dynamics of internal conver-
sion taking place at the conical intersection between the B̃ 1B1

and Ã 1A2 states.
The positive-delay side of Fig. 4 shows an exponen-

tial decay to zero signal level, which is well represented
by a single-exponential function with a time constant of
80± 27 fs convoluted with the cross correlation function.
Photoexcitation at 133 nm populates the so-called F̃-band of
SO2 at 9.3 eV which has been assigned to the lowest-lying
Rydberg state converging to the X̃+ 2A1 state of the ion.
Calculations locate the lowest-lying singlet Rydberg state of
dominant s-character in this energy region.37 Since this Ryd-
berg state is most probably bound, just as the X̃+ 2A1 state to
which it converges, the rapid observed decay is most likely

FIG. 4. Time-dependent ion yield for SO+2 . The red dashed-dotted line cor-
responds to the cross-correlation signal determined in Xe (see Figure 3). The
blue line is a mono-exponential decay convoluted with the cross-correlation
function.

to be caused by predissociation induced by coupling to a
repulsive Rydberg or valence state. This conclusion is sup-
ported by the time-resolved photoelectron signals discussed
below.

In contrast to photoexcitation of SO2 around 266 nm,
which has been studied by different methods, only a single
time-resolved study of excited-state dynamics following pho-
toexcitation to the 9.3 eV energy range has been reported. It is
a multiphoton-excitation femtosecond ion-yield measurement
by Zhang and co-workers.28 These authors investigated time-
resolved ion yields of the parent ion (SO+2 ) and the fragment
ions (SO+, S+, and O+). Biexponential decays were fitted to
all transients. For SO+2 , a fast decay component of 280 fs and
a slow decay component of 2.95 ps were obtained. The fast
component was attributed to a coupling between the F̃ and Ẽ
states, whereas the slow component was assigned to direct dis-
sociation from the F̃ state. In our time-resolved SO+2 ion yield,
there is no evidence for a long-lived (ps) component and our
short time constant (80± 27 fs) is much shorter than that of
Zhang et al.

This discrepancy is probably explained by the high pump
intensity used in Ref. 28. It is indeed very likely that dynam-
ics in low-lying excited states of SO+2 contribute to the results
in Ref. 28, because it is impossible to excite an appreciable
fraction of the molecules with 2 photons at 266 nm without
absorbing a third photon, which would leave SO+2 in any of its
X̃+ 2A1, Ã+ 2B2, or B̃+ 2A2 states. A time-resolved ion-yield
measurement does indeed not distinguish between dynamics
taking place in the neutral as opposed to the ionic manifolds
of electronic states. Our experiments, in contrast, are carried
out in the regime of single-photon processes for both pump
and probe pulses. Therefore, the decay of the SO+2 signal in
our measurements can safely be assigned to dynamics initi-
ating in the F̃ state. This conclusion is further corroborated
by time-resolved photoelectron measurements described in
Sec. III B.

B. Time-resolved photoelectron spectra

The TRPES spectra are shown in Figure 5 as a function
of the photoelectron energy and the time delay between the
pump and probe pulses. A first inspection of the 2D map
reveals an intense feature around time zero, which corresponds
to the absorption of one photon from each pulse. At nega-
tive delays, a broad feature covering energies from 0 eV up
to ∼0.6 eV is observed, which is about ten times weaker
than the signal at time zero. At positive delays, a rapidly
decaying feature can be observed around 1.5 eV. A much
weaker signal is observed at positive delays between 0 eV and
∼0.3 eV.

1. Detailed analysis of the TRPES spectrum

In this section we discuss the TRPES data in more
detail. To simplify the discussion, we subdivide this sec-
tion into two parts: (i) negative-delay and (ii) positive-delay
side of the TRPES spectrograms. The discussion follows
the energy diagram presented in Fig. 1, which shows the
excitation schemes and the electronic states prepared by
photoexcitation.
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FIG. 5. (Left panel) Time-resolved photoelectron spec-
trum (TRPES) of SO2 molecules, ionized by a combi-
nation of femtosecond pulses centered at 266 nm and
133 nm. The time delay between the pulses was varied
from �1 to 1 ps in steps of 20 fs. Interpretation of the
TRPES spectrum, as well as the information how the spec-
trum was constructed from measured data can be found in
the main text. (Right panel) A magnification of the low-
energy photoelectron band shows a broad signal persisting
to long negative and positive delays.

2. Negative delays

On the negative-delay side, the 266-nm pulse acts as the
pump and a subsequent 133-nm pulse is the probe (see exci-
tation path (a) in Figure 1). According to the theoretical cal-
culations,22,37,42 the pump pulse at this particular wavelength
photoexcites molecules from the X̃ 1A1 electronic ground state
to the optically bright B̃ 1B1 state. In this excitation region,
the absorption spectrum is more complex compared with the
well-studied Ã band (containing the Clements bands). The
complexity of the absorption spectrum at these higher energies
arises from non-adiabatic coupling between the 1B1 and 1A2

electronic states, spin-orbit coupling to several lower-lying
triplet states,24,25 and from the fact that the B̃1B1 state is cou-
pled to the high-lying vibrational levels of the X̃1A1 ground
state via Renner-Teller coupling.42

In total, the pump and probe pulses deposit 13.95 eV of
energy into the molecule. This energy is sufficient to popu-
late three cationic states, namely, X̃+ 2A1, Ã+ 2B2, and B̃+ 2A2

(Ip = 12.35, 12.99, and 13.34 eV, respectively31,43). If ioniza-
tion was taking place to the vibronic ground state of each of
these three states, one could expect three photoelectron bands
centered around 1.61, 0.97, and 0.62 eV, respectively.

The experimental spectra show an intense photoelectron
band appearing at 1.5-1.6 eV with a long tail extending to
low kinetic energies, which decays within the cross correla-
tion time towards the negative-delay side. A magnified rep-
resentation of the low-energy region (inset of Fig. 5) shows
a weaker broad photoelectron band covering kinetic energies
up to ∼0.6 eV, which does not decay within the measured
time interval. The observed kinetic energy is substantially
lower than the maximal available photoelectron kinetic energy
of 1.6 eV. Hence, ionization is taking place to vibrationally
excited states of SO+2 .

Koopmans’ correlations predict dominant ionization from
the B̃ 1B1 state of SO2 to the X̃+ 2A1 state of SO+2 and from
the Ã 1A2 state to the Ã+ 2B2 state. Since we observe a single
broad band at very low energies at negative delays, we con-
clude that ionization takes place to vibrationally excited states
of the X̃+ 2A1 and Ã+ 2B2 states. This conclusion is also con-
sistent with the fact that the potential energy surfaces of the
X̃+ 2A1 and Ã+ 2B2 states of SO+2 are almost parallel to those
of the B̃ 1B1 and Ã 1A2 states of SO2, respectively, as shown
in Fig. 1, such that Franck-Condon factors will be close to
diagonal.

As in the case of the time-resolved photoion yield, shown
in Fig. 4, the time-resolved photoelectron yield does also not
show any simple temporal variation within the first picosecond.
The observation of a nearly time-independent photoelectron
spectrum is quite remarkable given the fact that the excited-
state wave packet is known to perform large-amplitude motion
in the coupled Ã/B̃ states. This observation can however be
interpreted to be a consequence of the very similar shapes of the
B̃ 1B1 and X̃+ 2A1 states on one hand and the Ã 1A2 and Ã+ 2B2

states on the other hand, which are both related by the removal
of the most weakly bound electron out of the highest-lying
b1 orbital. It is moreover known from previous work24 that
intersystem crossing is also taking place on the observed time
scale and that it dominantly populates the (1)3B2 state. The
potential-energy surface of this state again has a very similar
shape to that of the B̃+ 2A2 state, to which it is connected by
ionization from the outermost b1 orbital. It is therefore again
understandable that the intersystem crossing does not strongly
manifest itself in the presented data. Therefore our experiment
shows that TRPES, as implemented in the present work, is
neither sensitive to the dynamics of internal conversion taking
place at the conical intersection between the B̃ 1B1 and Ã 1A2

states of SO2 nor to the intersystem crossing that has been
predicted to take place on a sub-picosecond time scale.

3. Positive delays

On the positive-delay side, the 133-nm pulse acts as the
pump pulse whereas the time-delayed 266-nm pulse is the
probe (excitation path (b) in Figure 1). The excitation at 133 nm
populates the F̃-state manifold, which starts at 9.25 eV.37 This
spectral region contains the onset of Rydberg series converging
to the three lowest-lying electronic states of SO+2 . The lowest
Rydberg state (3s-type Rydberg state converging to the X̃+ 2A1

state of SO+2 ) is predicted to lie at ∼9.3 eV.
The measured TRPES spectra are dominated by a single

band centered at 1.51 eV. In contrast to the negative-delay side,
this band decays more slowly than the cross correlation time.
Since this kinetic energy is close to the maximally allowed
one, this band can be assigned to a photoionizing transition
to the vibronic ground state of the X̃+ 2A1 state of SO+2 . This
fact supports the assignment of the populated electronic state
to a Rydberg state converging to the X̃+ 2A1 electronic ground
state of SO+2 because the photoionization of Rydberg states
to the cationic state to which they converge is usually associ-
ated with diagonal Franck-Condon factors. As shown in more
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detail in Sec. III C and Fig. 7(b), the entire photoelectron band
extending from 0 to ∼2 eV decays within the cross correlation
time towards negative delays and with the same time constant
towards positive delays and is therefore attributed to the same
3s-type Rydberg state.

We first discuss the fast decay of the photoelectron band
centered around 1.51 eV (Figure 5). Both monoexponential
(Eq. (1)) and biexponential (Eq. (2)) functions convoluted with
the cross correlation function have been fitted to these data. The
fit expressions are44
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−
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where Eqs. (1) and (2) correspond to mono- and bi-exponential
fits, respectively. Parameters Ai are amplitudes, τi are decay
constants, t – t0 is the time delay between pump and probe
pulses, and σ is the width of the cross correlation function
(σ = FWHMcc

2
√

ln 2
≈ 61 fs).

The results of the fitting procedure are summarized in
Figure 6. We compare the monoexponential and biexponen-
tial fits to estimate the contributions leading to the measured
signal. The monoexponential fit gives a decay constant of
τ = 77± 7 fs. In the case of the biexponential fit we obtained an
amplitude ratio of Afast/Aslow = 53 between the fast and slow
components, respectively. This ratio suggests that the slow
component is almost negligible. Thus, we conclude that our
experiment is mainly sensitive to a rapidly decaying compo-
nent with a time constant of ∼80 fs. This conclusion agrees
well with the decay constant derived from the SO+2 ion trace
(see Section III A).

C. Time- and angle-resolved photoelectron spectra

We now turn to the observation of angle-resolved pho-
toelectron spectra and determine the time-dependent photo-
electron angular distributions (PADs). For the case of linearly
polarized pump and probe pulses, the intensity of each being
kept in the one-photon-absorption regime, the laboratory-
frame distribution of photoelectrons can be expressed as a finite

series expansion in Legendre polynomials6,7

dσ(t)
dΩ

=
σ(t)
4π

[
1 + β2(t)P2(cos θ) + β4(t)P4(cos θ)

]
, (3)

where σ(t) denotes the time-dependent photoionization cross
section, θ the polar angle between the polarization axis of the
laser pulses and the emission direction of the electron, and PL

represents the Legendre polynomial of order L.
Figure 7(a) shows the asymmetry parameter β2(t, E) as a

function of the delay t and the photoelectron kinetic energy
E. Panels (b) and (c) show the time-dependent asymmetry
parameters β2(t) and β4(t) (blue/green lines), following inte-
gration over the areas indicated in panel (a), together with the
angle-integrated photoelectron signal (red circles/line).

Figure 7(b) focuses on the low-kinetic-energy data
obtained by integrating the signal in the range of 0-0.5 eV.
On the negative-delay side the β2 value is found to decay
from ∼0.35 during overlap of the pump and probe pulses to
∼0.2. A weak local minimum can be discerned around delays
of 0.3 ps. This time dependence is reminiscent of the behavior
of rotational anisotropies following single-photon excitation
that were observed in Refs. 45 and 46. The time dependence of
the β2 parameter is indeed markedly different from that of the
angle-integrated photoelectron signal. Its decay is clearly non-
exponential and its asymptotic value differs significantly from
zero. All of these observations are consistent with the expected
signatures of rotational anisotropy following excitation of a
bound state, as we further discuss below.

Figure 7(c) shows the positive-delay data, integrated over
the range of kinetic energies from 1 to 2 eV, which reflect
the dynamics following one-photon excitation of the F̃ band.
In this case, a much higher anisotropy parameter β2 ≈ 1.3 is
reached during overlap of the pump and probe pulses. This
value is consistent with the population of an s-type Rydberg
state because photoionization from a purely atomic s orbital
would result in a pure p-wave continuum, which corresponds
to β2 = 2. The β2 parameter decays on a much slower time
scale than the photoelectron signal. Its decay again shows a
clearly non-exponential behavior, but it decays to zero within
the accuracy of our measurement. This behavior indicates a
qualitatively different type of dynamics compared to that of
the Ã/B̃ band.

We now compare these observations of time-dependent
asymmetry parameters with a recently derived analyt-
ical model of rotational anisotropies of symmetric-top
molecules.47 Although SO2 is an asymmetric top, its rotational

FIG. 6. (a) Monoexponential and (b)
biexponential fit of the temporal profile
of the total photoelectron signal corre-
sponding to the full width at half max-
imum of the band at 1.51 eV. For more
details see the main text.
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FIG. 7. (a) Asymmetry parameterβ2 as a function of the photoelectron kinetic
energy E and the delay t, (b) asymmetry parameterβ2 andβ4 (blue/green lines)
and photoelectron signal (red line), all obtained following integration over the
interval [0; 0.5] eV in panel (a). The shaded areas represent one standard
deviation. (c) Same as (b) following integration over the range [1; 2] eV in
panel (a).

constants B and C in the optically accessible states are
sufficiently close to being equal to justify a symmetric-
top approximation (see Table I). The time-dependent
asymmetry parameters can in general be expressed as
follows:

TABLE I. Rotational constants used in calculating the time-dependent axis-
distribution moments in Eq. (5).

Constant Rydberg state Ã/B̃-manifold

A/cm�1 2.995 1.3288
B/cm�1 0.302 0.3509
C/cm�1 0.274 0.2686
(B+C)/2/cm�1 0.2880 0.3098

βl,q(t) =
n∑

i=0

A2i,q(t)Bl,2i,q(t), (4)

where A2i ,q(t) are time-dependent axis-distribution moments
defined for the case where cylindrical symmetry is preserved
and Bl ,2i ,q(t) describe the additional effect of vibrational and/or
electronic dynamics on the time dependence of the asymmetry
parameters.

In the case where a single vibrational state of a bound
electronic state is prepared by one-photon excitation, the
time-dependent axis-distribution moments A2i ,q(t) can eas-
ily be calculated numerically and the coefficients Bl ,2i ,q(t)
are time independent. In such cases, additionally assuming
single-photon ionization, the asymmetry parameter β2(t) can
be represented as

β2,0(t) = A0,0(t)B2,0,0 + A2,0(t)B2,2,0. (5)

Although this case does not exactly apply to either of the
two types of dynamics studied in this work, the comparison
between the experimental results and this model provides addi-
tional insight into the observed dynamics. The time-dependent
axis distribution moments for the Ã/B̃ dynamics have been
calculated on the basis of the average of the rotational con-
stants of the Ã and B̃ states because calculations show a
rapid spreading of the nuclear wave packet over both elec-
tronic states. In the case of the F̃ Rydberg state, the rotational
constants of the electronic ground state of SO+2 have been
used because Rydberg states have equilibrium geometries that
closely resemble those of the cationic state to which they con-
verge. All rotational constants that were used are given in Table
I. The coefficients Bl ,2i ,q were treated as time-independent
parameters in an error-weighted non-linear least-squares fit-
ting procedure. The obtained values are B2,0,0 = 0.67 and B2,2,0

= �0.057 in the case of the Ã/B̃ dynamics and B2,0,0 = 1.60 and
B2,2,0 =�1.16 in the case of the F̃-band dynamics. Additionally,
the rotational temperature of the molecules was also treated as
a time-independent fit parameter.

The agreement of the analytical model with the Ã/B̃-band
dynamics (Fig. 8(a)) is good. All observed features, such as
the non-exponential decay, the local minimum, and the asymp-
totic value of the asymmetry parameter are well reproduced.
However, the extracted photoionization parameters are diffi-
cult to interpret because the underlying vibronic dynamics in
the Ã/B̃ band is not taken into account in this simple analytical
model. This fact is also most likely to be responsible for the
unexpectedly high rotational temperature of Trot ≈ 766 K that
was obtained from the fitting procedure. Using the rotational
constants of either the B̃ or that of the Ã state leads to similarly
high rotational temperatures.
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FIG. 8. (a) Time-dependent asymmetry parameter β2(t) from Fig. 7(b) and
model discussed in the text (b) same as (a) with data from Fig. 7(c).

Turning to the F̃-band dynamics (Fig. 8(b)), we find
that the simple model fails to reproduce the observed time
dependence of the asymmetry parameter. Although the best
fit (red line) provides a more realistic rotational temperature
of Trot ≈ 146 K, it clearly overestimates the initial decay rate
until a delay of 0.2 ps, underestimates the rate between 0.2
and 0.3 ps, suggests the existence of a local minimum around
0.55 ps, which is not observed experimentally, and a non-zero
asymptotic value. This significant disagreement is qualita-
tively consistent with the assumption that the F̃-band signal is
suppressed by the wavepacket leaving the ionization window,
e.g., because of dissociative dynamics.

The comparison of the observed time-dependent
anisotropies with the simple analytical model from the lit-
erature47 thus shows that the observed time-dependent pho-
toelectron angular distributions are not consistent with the
assumptions of either time-independent parameters Bl ,2i ,q(t)
describing photoionization and/or the simple rigid-molecule
assumption used in the calculation of the time-dependent axis-
distribution moments. Therefore, more advanced theoretical
work is required to fully account for the observed anisotropy
parameters and to fully interpret the observed time-dependent
photoelectron angular distributions.

IV. CONCLUSION

In this work, we have measured time- and angle-resolved
photoelectron spectra of SO2. We have used femtosecond
pulses centered at 133 and 266 nm, allowing us to study dynam-
ics following photo-excitation of the Ã/B̃ and F̃ bands. In the

case of the Ã/B̃ band prepared by the 266-nm pulse, no dis-
cernible temporal modulation was observed, which indicates
that neither the photoion nor the photoelectron signals are sen-
sitive to the internal-conversion dynamics. Excitation by the
133-nm pulse allowed for the first photoelectron study of the F̃
band. In this case, we have observed a rapid decay with a time
constant of ∼80 fs in both photoion and photoelectron yields.
The presented results are consistent with excitation around
9.3 eV accessing an s-type Rydberg state, in which the pho-
toexcited wave packet rapidly leaves the configuration space
from where ionization takes place. Given the large excitation
energy, dissociative dynamics is most likely. Finally, time-
dependent asymmetry parameters have been measured and
compared to a simple analytical model. This comparison con-
firms the observation of a time-dependent rotational anisotropy
in the case of the Ã/B̃-band dynamics, which however requires
the assumption of an unrealistically high rotational tempera-
ture. This indicates that electronic and/or vibrational dynamics
also contribute to the observed variations of the asymmetry
parameters. In the case of the F̃-band dynamics, the asymme-
try parameter also shows dynamics that initially resemble that
of rotational anisotropy, however followed by a rapid decay
to zero as the photoexcited wave packet leaves the configura-
tion space from where single-photon ionization by a 266-nm
photon can take place.

Overall, these results demonstrate the potential of pho-
toelectron imaging based on low-order harmonic generation.
We have shown that femtosecond VUV pulses from such
sources can be used to record dynamics taking place in low-
lying electronic states of molecules, while avoiding ionization
of unexcited molecules. Additionally, these sources enable
the observation of Rydberg-state dynamics under the well-
controlled conditions of single-photon excitation. Combined
with photoelectron imaging, such sources have the potential
of providing substantial new insight into coupled electronic
and nuclear dynamics that were previously very challenging
to access.
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