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ABSTRACT
We have used the FERMI free-electron laser to perform time-resolved photoelectron imaging experiments on a complex group of resonances
near 15.38 eV in the absorption spectrum of molecular nitrogen, N2, under jet-cooled conditions. The new data complement and extend
the earlier work of Fushitani et al. [Opt. Express 27, 19702–19711 (2019)], who recorded time-resolved photoelectron spectra for this same
group of resonances. Time-dependent oscillations are observed in both the photoelectron yields and the photoelectron angular distributions,
providing insight into the interactions among the resonant intermediate states. In addition, for most states, we observe an exponential decay
of the photoelectron yield that depends on the ionic final state. This observation can be rationalized by the different lifetimes for the interme-
diate states contributing to a particular ionization channel. Although there are nine resonances within the group, we show that by detecting
individual photoelectron final states and their angular dependence, we can identify and differentiate quantum pathways within this complex
system.
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I. INTRODUCTION
Molecular Rydberg states provide a rich environment for the

investigation of intramolecular dynamics.1,2 In particular, for inter-
mediate values of the principal quantum number, n ∼ 5–15, the
electronic, vibrational, and rotational level spacings become com-
parable, leading to complex interactions that can provide insight
into the flow of energy and angular momentum within the isolated
molecule.1,2 Such flows are an inherent part of chemical reactions,
and their study can provide insight into the nature of chemical
reactivity.

Spectroscopic studies have been particularly effective at reveal-
ing the coupling among molecular degrees of freedom, as well as the
mechanisms that drive dynamical processes such as internal con-
version, intersystem crossing, and dissociation.3,4 Over the last few
decades, time-domain studies using ultrafast lasers have provided a
complementary perspective of these mechanisms.5–11 More recently,
ultrafast sources in the vacuum ultraviolet (VUV) have been devel-
oped based on high-harmonic generation, nonlinear frequency mix-
ing, and free-electron lasers (FELs).12 These sources allow direct
excitation of the excited states of interest, and a number of new
techniques have been developed to characterize the excited state
structure and dynamics.6–11 The present paper reports new ultrafast
experiments using a combination of tunable, single-mode VUV light
from the FERMI free-electron laser, a near-infrared (NIR) 795-nm
(1.560 eV) probe laser, and photoelectron velocity map imaging to
determine time-resolved photoelectron energy and angular distri-
butions for a complex region of the spectrum of molecular nitrogen,
N2. This work builds on and extends a previous study of N2 by Fushi-
tani et al.,13 who recorded time-dependent photoelectron spectra in
the same region.

The spectroscopy and dynamics of N2 have long been of inter-
est due to their importance in understanding and modeling the
Earth’s upper atmosphere, the atmosphere of other planets and
their moons, and interstellar chemistry.14,15 The first ionization
energy of N2 is at 15.580 726 ± 0.000 002 eV,16 and above
∼12.6 eV, the absorption spectrum rapidly becomes quite complex
as a result of strong Rydberg–valence interactions, as well as inter-
actions between the Rydberg series converging to the N2

+ X 2Σg
+

ground state and the low-lying A 2Πu excited state.16–25 In par-
ticular, long vibrational progressions are observed for the b 1Πu
and b′ 1Σu

+ valence states, as well as shorter progressions for the
(X 2Σg

+)3pπ c 1Πu, (X 2Σg
+)3pσ c′ 1Σu

+, and (A 2Πu)3sσ o 1Πu states.
The interactions among these states were characterized in a clas-
sic set of papers by Lefebvre-Brion,17 Dressler,18,19 and Carroll
and Collins.20 At higher energy, transitions to higher members of
the (X 2Σg

+)npπ 1Πu, (X 2Σg
+)npσ 1Σu

+, and (A 2Πu)nsσ 1Πu series
are observed, along with members of the (X 2Σg

+)nf, (A 2Πu)ndσ,
(A 2Πu)ndπ, and (A 2Πu)ndδ series.21–25 Using a combination of
very high-resolution absorption spectroscopy at room temperature
and in supersonic beams and calculations based on multichannel
quantum defect theory, Huber, Jungen, and their co-workers were
able to provide a comprehensive analysis of the rotationally resolved
spectra up to ∼15.44 eV.21,22,24,25

There have been a number of recent time-resolved photoelec-
tron studies of the Rydberg states of N2.13,26–28 Zipp et al.26 used
ultrafast multiphoton excitation of the (X 2Σg

+)4f complex and a
time-delayed ionization probe to study ℓ-uncoupling of the Rydberg

electron from the rotating molecular frame. Here, the time depen-
dence of the photoelectron angular distribution provided a signature
of the uncoupled electron motion. Somewhat closer to the present
experiments, Marceau et al.27 used an ultrafast VUV source and
time-resolved photoelectron spectroscopy to probe the region near
14 eV that includes the interacting b′ 1Σu

+, v′ = 13 valence band and
the c4

′ 1Σu
+, v′ = 4 Rydberg band. The coherent excitation of the

two bands leads to oscillations in the intensity of the selected photo-
electron peaks, reflecting the energy splitting between the interacting
states. In this example, the intermediate state was ionized by a two-
photon process, and a resonant or near-resonant intermediate state
was found to enhance the sensitivity to oscillations in selected ion-
ization channels. In a study closely related to the present work, Trabs
et al.29 performed an ultrafast time-resolved photoelectron imaging
study of the interacting Rydberg and valence states of NO. As dis-
cussed below, the similarities and differences between the present
study and that earlier work help provide a context for the present
findings.

Recently, Fushitani et al.13 used high-harmonic generation to
produce VUV light to excite N2 at ∼15.380 eV with a bandwidth of
∼0.070 eV and a time-delayed 800-nm (1.550 eV) probe to record

FIG. 1. An energy level diagram of the states in the region of the VUV pump
photon energy. The right-hand side shows the oscillator strengths for each level
extracted from Refs. 24 and 25. The Rydberg states are labeled Λ+(v)nℓλ, where
Λ+(=X+, A+) denotes the electronic state of the ion core, v denotes the vibrational
quantum number, n and ℓ denote the principal and orbital angular momentum
quantum numbers for the Rydberg electron, and λ denotes the projection of ℓ on
the internuclear axis. The full width half maximum of the present VUV pulse was
0.023 eV, while that in the earlier experiments of Fushitani et al. was 0.070 eV. At
lower energy, the next state corresponds to the X+(0)8pσ state at 15.333 eV, while
at higher energy, the next state corresponds to the X+(2)5pσ state at 15.403 eV
(see Ref. 25).
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time-dependent photoelectron energy distributions with a resolu-
tion of ∼94 fs. The pump transition coherently excited both Rydberg
and valence bands, and the photoelectron spectra showed time-
dependent oscillations that provided information on the coupling
between the Rydberg states, which are shown schematically in Fig. 1.
In this figure and in what follows, we use the labeling scheme
adopted by Fushitani et al.13 Specifically, the Rydberg states are
labeled Λ+(v)nℓλ, where Λ+ denotes the electronic state of the ion
core, X+ or A+; v denotes the vibrational quantum number; n and ℓ
denote the principal and orbital angular momentum quantum num-
bers for the Rydberg electron; and λ denotes the projection of ℓ on
the internuclear axis.

In the present study, we extend the work of Fushitani et al.13

by re-examining the same spectral region using photoelectron imag-
ing to detect both the time-dependent photoelectron energy and
angular distributions. The new experiments expand on the earlier
work in two significant ways. First, the measurement of photoelec-
tron angular distributions provides complementary information on
the interaction among the pumped levels that is not revealed in the
time-dependent ion yields or electron yields alone. Second, super-
sonic cooling of the sample in a molecular beam reduces the dephas-
ing due to rotational effects in the room temperature sample of the
earlier experiments. This cooling results in better defined coherent
oscillations that can be followed over longer time delays.

In what follows, the details of the experiment are discussed in
Sec. II. Next, the relevant portion of the absorption spectrum of N2
is described in more detail, and the basic principles and expectations
for the time-dependent photoelectron energy and angular distribu-
tions are presented in Sec. III. The experimental results and their
implications are presented in Sec. IV. This paper concludes with a
discussion of potential extensions of the work, as well as of poten-
tial theoretical studies that could provide additional insight into the
present findings.

II. EXPERIMENT
The experiments were performed using FEL-1 at the FERMI

free-electron laser facility.30 The FERMI FEL is a seeded laser, and
it was operated at a wavelength of 80.56 nm (15.390 eV) for the
experiments described here. The FEL, beam-delivery system, and
optical arrangement for the pump–probe experiments have been
described previously.31–34 The present experiments were performed
using the velocity-map imaging photoelectron spectrometer in the
low-density matter end station,35 which has also been described pre-
viously.31,32 Only the particular details of the present experiment are
included here.

The FEL was operated at 50 Hz, and the VUV pulse dura-
tion was ∼140 fs full-width at half-maximum (FWHM), as mea-
sured by using sidebands in the NIR+VUV ionization of Xe. The
pulse energy at the exit of the undulator was estimated to be ∼25 μJ
and 5–6 μJ in the interaction region, assuming the calculated trans-
mission of the photon transport optics.31 The pulse energy mon-
itors of FERMI are based on ionization of nitrogen and so do
not measure the pulse energy below the ionization threshold. The
PRESTO spectrometer33 was used to measure the shot-by-shot spec-
tra in this experiment, which were then integrated to give a value
of intensity. The spectrometer was calibrated against gas ionization

detectors at shorter wavelength where these detectors function. This
calibration was then corrected for the spectrometer efficiency as a
function of wavelength. The bandwidth of the light was 0.023 eV
(FWHM). The VUV light was focused with the active optics of
the beamline to an approximately rectangular spot of dimensions
94 × 125 μm2 by observing the spot on a fluorescent screen at
the focus. The 795-nm (1.560 eV) probe pulse duration was 55 fs
(FWHM), and the pulse energy was set to 21 μJ on the target for
all of the present measurements. No significant multiphoton ion-
ization was observed for pulse energies up to 500 μJ, and in the
data, only one weak feature was observed and assigned to absorp-
tion of two IR photons. The probe beam was focused to a 40 μm
diameter spot (laser field intensity: 1 × 1013 W/cm2) overlapping the
VUV beam. These pulse energies and focusing conditions resulted in
a strong pump–probe signal while minimizing multiphoton effects
from either beam alone. The VUV and NIR beams were both lin-
early polarized along the same axis, which was parallel to the plane
of the imaging detector. This geometry facilitates the reconstruction
of the photoelectron images.

The sample was introduced into the interaction region as a
skimmed molecular beam produced by expanding 6 bars of pure N2
into the source chamber via a room-temperature Even–Lavie valve
with an orifice of nominal diameter 100 μm. Although we have no
direct measurement of the rotational temperature of the sample, it
can be estimated by using the data and analysis of Aoiz et al.36 on
similar expansions of N2. With the present stagnation pressure and
nozzle diameter, the sample translational and rotational tempera-
tures are both expected to be below 10 K. The 14N nucleus has spin
1 so that 14N2 exists in two forms, with a population ratio of 2:1, and
they do not interconvert readily under the present conditions.37 The
even:odd rotational levels of the X 1Σg

+ ground state have 2:1 statisti-
cal weights.37 At 10 K, the rotational distribution peaks at J′′ = 0, and
only 5% of the population is in levels with J′′ = 2. This observation is
important because it sets the timescale for rotational coherences that
could be observed in the ionization process. In particular, excitation
from J′′ = 2 could produce rotational coherences in the ionization
process by interfering ionization pathways with intermediate states
with J′ = 1 and 3. Using an approximate rotational constant,38

B′ = 2 cm−1, the splitting between these two intermediate states is
∼20 cm−1, which would lead to coherences with oscillation periods
of 1.7 ps. This timescale is just outside the range of the present exper-
iments, but a fraction of a period may be observable as a slow modu-
lation of the overall signal. Rotational coherences from J′′ = 1 would
have even longer periods. Thus, the present discussion will focus on
vibronic (or rovibronic) interactions coupling different electronic
and vibrational levels.

The time-dependent photoelectron images were recorded by
scanning the time delay between the VUV and NIR pulses from neg-
ative delays to 1.4 ps in 25 fs steps. Additional images were recorded
every 3 laser shots in which the gas valve was not synchronized with
the FEL pulse to allow the subtraction of background from the data.
Four independent measurements of the time-dependent signal were
summed to yield the final dataset. The data were reconstructed by
using the BASEX approach of Dribinski et al.39 The photoelectron
energy scale was calibrated by using Xe as a calibration gas along
with the known energies of the N2 photoelectron peaks obtained
from the ionization energy16 and vibrational constants of N2

+.38 The
electric field in the interaction region of the imaging spectrometer
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corresponds to ∼10.5 V/cm, which effectively reduces the ionization
energy by ∼19.8 cm−1.40

For two-photon ionization in the weak-field electric-dipole
approximation with linearly polarized light, the photoelectron angu-
lar distribution from a randomly oriented, non-chiral sample must
take the form8,9

I(Δt,Ek, θ) =
σ(Δt,Ek)

4π
[1 + β2(Δt,Ek)P2(cos θ)

+β4(Δt,Ek)P4(cos θ)], (1)

where Δt is the time delay, Ek is the photoelectron energy, θ is the
angle between the polarization axis and the electron velocity vector,
σ is the cross section, βi are the angular distribution parameters, and
Pi(cos θ) are the Legendre polynomials.

In general, β2 and β4 values of zero correspond to isotropic dis-
tributions. Distributions for positive values of β2 and β4 are more
strongly peaked along the polarization axis of the ionizing laser,
while distributions for negative values are peaked more strongly per-
pendicular to this axis. The present analysis yields these angular dis-
tribution parameters as well as a quantity (which is referred to below
as the electron or ionization yield) proportional to the cross section.
These time-dependent quantities are the principal observables of the
present experiments and analysis.

There are two sources of time-dependent behavior in the total
ionization yield. First, there is a time dependence due to the inter-
mediate state lifetime that results in the decay of the ionization
yield with an increase in delay of the probe pulse. In principle, this
time dependence is not expected to appear in the βi parameters,
which describe the shape of the angular distribution and are inde-
pendent of the ionization yield; however, some exceptions to this
are discussed below. The second time dependence is due to interfer-
ence among alternative ionization pathways, leading to oscillations
as a function of the pump–probe time delay. This dependence can
appear in both the ionization yields and the angular distribution
parameters.

The exponential decay of the electron yields for different pho-
toelectron peaks can be fitted to determine decay constants and
lifetimes. The oscillatory time-dependent waveforms can be Fourier
transformed from the time domain to the frequency (or energy)
domain to yield the splittings between intermediate states in the
ionization process. To do this, the total electron yield was deter-
mined and, after suitable normalization, subtracted from each curve
of photoelectron intensity. This time-dependent signal was extended
by zero-padding (that is, adding a number of zeros) to extend the
range of the trace, to make the number of time points a power
of two, and to increase the density of interpolated points in the
Fourier transform. As discussed below, each time trace was mul-
tiplied by a window function that strongly suppresses the con-
tribution from negative time delays and from times when the
VUV and NIR pulses overlap while retaining all of the signals for
long time delays. For the present data, the combination of the
number of time steps and the sampling rate limits the expected
resolution of the Fourier transform to ∼24 cm−1. In what fol-
lows, we discuss both the exponential decay and the oscillatory
behavior.

III. BACKGROUND

A. Experimental considerations
As in the work of Fushitani et al.,13 the present experiments

are focused on a region of the single-photon excitation spectrum
of N2 between ∼15.36 and 15.40 eV. This is a complicated portion
of the spectrum that includes transitions to nine different vibronic
bands. Fortunately, Jungen et al.24 performed a detailed analysis of
these bands and the interactions among them by using a combina-
tion of rotationally resolved, jet-cooled absorption spectroscopy and
theoretical calculations based on multichannel quantum defect the-
ory. Figure 1 shows a schematic diagram of the vibronic bands in
this region, along with the corresponding band oscillator strengths
extracted by Huber et al.25 The bands in this region are clustered
into two groups. The A+(1)3dδ 1Πu, X+(0)8f, and X+(1)6pπ bands
form the low-energy group centered at ∼15.373 eV; the transition to
the b′ 1Σu

+, v′ = 34 valence band has also been predicted to lie near
this energy but has not been observed.21,24 The X+(4)4pπ, X+(2)5pπ,
X+(0)9pπ, and X+(0)9pσ bands form the second group at ∼15.386
eV. The X+(1)6pσ band appears weakly midway between these two
groups.

As discussed by Jungen et al.,24 the vibronic states in this region
are significantly mixed among each other through both homoge-
neous and heterogeneous interactions. Jungen et al.24 indicated that
most of the observed oscillator strength in this region is carried by
the A+(1)3dδ 1Πu level and that the other levels gain their intensity
through interactions with this level. The interactions among all the
states play an important role in the evolution of the time-dependent
coherences and photoelectron spectra and asymmetry parameters
described below.

In the previous work of Fushitani et al.,13 the VUV light was
centered at 15.38 eV with a bandwidth of 0.070 eV FWHM. This
energy lies between the two groups of bands and the bandwidth
allows the coherent excitation of the entire group of vibronic bands.
In the present experiment, the photon energy was set by scanning
the VUV wavelength and maximizing the total two-color signal
for a delay of the NIR of 1.35 ps, yielding a VUV wavelength
of 80.56 nm, or 15.39 eV with an estimated error of ±0.01 eV.
This error is determined by the precision of the seed wavelength,
which was 241.68 ± 0.1 nm. This energy is just on the high
energy side of the higher energy group of bands. Alternatively, we
can calibrate the photon energy based on published wavelengths
and absorption cross sections. We calculated the predicted cen-
tral wavelength by convoluting the absorption spectrum from Jun-
gen et al.24 with the VUV envelope to model the expected wave-
length dependence of the total ionization signal in the absence
of interference effects in the two-photon ionization signal. This
approach yields an energy of 15.374 eV, but it neglects potential
interference effects in the two-photon ionization signal, as well as
intermediate-state lifetime effects due to the delayed probe pulse.
The latter effects might influence the relative contributions of dif-
ferent intermediate states to the ionization signal and thus shift
the measured intensity maximum. Averaging the results of the two
approaches, we conclude that the center of the FEL pulse envelope is
15.382 ± 0.010 eV.

While the 0.023 eV bandwidth of the FEL pulse is significantly
smaller than that of the table-top source of Fushitani et al.,13 it
still allows the coherent excitation of all nine bands in this region.
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A small change in the center energy would simply result in a differ-
ent set of initial amplitudes for each of the vibronic levels. That is,
each level would be weighted by its oscillator strength and its posi-
tion on the intensity profile of the VUV pulse envelope. This uncer-
tainty makes it difficult to perform detailed theoretical modeling of
the observed time-dependent data.

B. Theoretical considerations
In principle, the coherent excitation of nine different vibronic

levels (not to mention the associated rotational levels) could result in
a very complex time dependence for the observables. In the present
experiments, however, the particular detection channel and observ-
able act as filters that limit which states can contribute to the inter-
ference and oscillatory behavior. The nature of this filtering is differ-
ent for the electron yields and the angular distribution parameters.
While these ideas are known,27,41 we briefly describe them in the
context of the present experiments.

A model system with two intermediate states provides a frame-
work for the present observations (Fushitani et al. 2019).13 We con-
sider four scenarios, which are illustrated schematically in Fig. 2.
First, we consider coherent excitation of two intermediate states, |1⟩
and |2⟩, that do not interact with each other [Fig. 2(a)]. The resultant
wavepacket will be expressed as

Ψ(t) = a1∣1⟩e−iE1t/h̵ + a2|2⟩e−iE2t/h̵, (2)

where the coefficients ai (i = 1, 2) are determined by the transition
moments from the ground state and the intensity distribution of
the excitation pulse. The energies of the intermediate states |i⟩ are
given by Ei. If the two intermediate states are ionized to different
(electronic or vibrational) ionic states such that the photoelectrons
do not overlap in energy, the photoelectron intensity and angular
distributions will be time independent.

Next, in Fig. 2(b), we consider the case in which the two
intermediate levels |1⟩ and |2⟩ interact to form the eigenstates
given by

ψ+
= c1∣1⟩ + c2∣2⟩ (3)

and
ψ− = c2∣1⟩ − c1∣2⟩. (4)

The coherent excitation of these two levels results in a wavepacket
described by

Ψ(t) = a+ψ+e−iE+t/h̵ + a−ψ−e−iE−t/h̵

= a+(c1∣1⟩ + c2∣2⟩)e−iE+t/h̵ + a−(c2∣1⟩ − c1∣2⟩)e−iE−t/h̵

= (a+c1e−iE+t/h̵ + a−c2e−iE−t/h̵)∣1⟩

+ (a+c2e−iE+t/h̵ − a−c1e−iE−t/h̵)∣2⟩. (5)

In this case, even if the ionization of levels |1⟩ and |2⟩ leads to
different final states, there will be two paths to each continuum, i.e.,

FIG. 2. Schematic illustration of the four
cases considered for yields and pho-
toelectron angular distributions (PADs).
Green vertical arrows: FEL excitation;
red or blue vertical arrows: NIR ioniza-
tion. Horizontal lines represent the ener-
gies of states; GS is the ground state; |1⟩
and |2⟩ represent non-interacting excited
states; ψ± represent interacting excited
states; and the blue and red ellipses rep-
resent the continuum states. The Gaus-
sian curves represent the bandwidth of
the FEL radiation. (a) Non-interacting
intermediate states. (b) Interacting inter-
mediate states. (c) Non-interacting inter-
mediate states, ionization to the same
continuum. (d) Interacting states, ioniza-
tion to the same continuum.
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via |+⟩ and |−⟩. Since the two mixed states have different energies,
their relative phases will vary with time, thus modifying the super-
position coefficients in each channel and producing time-dependent
oscillations in the photoelectron yields. However, because each final
state is only populated by ionization of either |1⟩ or |2⟩, the pho-
toionization dynamics are always the same, and the angular distri-
butions are still time independent, even though the yields in the two
channels oscillate. An extension of this model to a system with three
interacting states is described in the supplementary material. That
model shows how additional states result in additional oscillation
frequencies.

In the third example, Fig. 2(c), we again consider non-
interacting levels |1⟩ and |2⟩ as in Eq. (2) and Fig. 2(a) but with
ionization from both levels into the same continuum (and the photo-
electron peaks overlap in energy). Because there are then two path-
ways to the same final state and because |1⟩ and |2⟩ have different
energies, the relative phase between the two paths is time dependent.
This situation produces time-dependent ion yields, as well as time-
dependent photoelectron angular distributions resulting from the
time-dependent amplitudes of the interfering partial waves. This sit-
uation occurs in many experiments involving rotational coherences
or hyperfine coherences in the intermediate state.42–44

Finally, we consider the case in which the intermediate states
are mixed and ionization into the same ionization continuum is
possible [Fig. 2(d)]. In this case, as in the previous one, both the elec-
tron yield and the angular distributions can show oscillations whose
frequency is determined by the splitting between the two levels.

In principle, each pair of intermediate levels excited by the
pump photon will produce an oscillation frequency in the elec-
tron yield and angular distributions if the right conditions are met.
With nine intermediate levels (ignoring the rotational structure),
this would result in 36 different frequencies. Here, however, two
general propensities for the photoionization of Rydberg states result
in a considerable simplification. First, the ion core of the Rydberg
state generally acts as a spectator in the photoionization process,
and it is preserved upon ionization. Second, the potential curves
of Rydberg states are generally very similar to the corresponding
ionic states, and the Franck–Condon factors for photoionization are
thus often nearly diagonal.45 If we assume that both assumptions are
strictly valid, the number of possible interfering paths to each final
state is greatly reduced. Furthermore, if most of the Rydberg state
interactions are weak, a small number of oscillation frequencies are
expected to dominate. Finally, we note that for closely spaced lev-
els, the relevant oscillation frequencies will be outside the resolution
(∼24 cm−1) of the experiment, which is determined by the length of
the time-delay scans.

While these propensities for the ionization step are expected
to be generally applicable, there are several ways that they can
break down. First, with respect to the preservation of the ion core
upon photoionization, it is, in principle, possible for the ion core,
rather than the Rydberg electron, to absorb the NIR photon. The
corresponding photon energy is close to that of the N2

+ A 2Πu
← X 2Σg

+ transition, particularly when one accounts for vibra-
tional excitation.15,37 Such processes are similar to “isolated core
excitation” techniques used to extract information on the spectra
of ions from Rydberg studies.40,46–48 More generally, configuration
interaction can result in ionizing transitions that look like two-
electron, core-switching transitions. Second, because the potential

curves of the Rydberg states are not perfectly parallel with those
of their corresponding ion cores (the Rydberg electron does affect
the motion of the nuclei), the Franck–Condon factors for ion-
ization will not be perfectly diagonal. Thus, ionizing transitions
with Δv ≠ 0 will result in potential weaker interferences with both
Δv = 0 and Δv ≠ 0 transitions from other intermediate levels. Such
Δv ≠ 0 transitions also allow the possible excitation of autoioniz-
ing resonances converging to the X+(v > 5) and A+(v > 1) levels
at the two-photon energy. In principle, such resonances can decay
into any of the open ionization continua, providing an additional
pathway for interference that would likely lead to a very differ-
ent photoelectron angular distribution from the direct ionization
processes. Unfortunately, the autoionizing states of N2 with the
required gerade symmetry have not been extensively explored.28,49

The accurate theoretical treatment for each of these possibilities
requires considerable care, and it is beyond the scope of the present
work.

One additional mechanism can produce time-dependent angu-
lar distributions even without true interference effects. If there is
one ionization process with an oscillating electron yield and a time
independent angular distribution and a second ionization process
that is time independent in both the yield and angular distribu-
tion, the angular distribution for two processes together will show
a time dependence resulting from the varying contribution of the
process with the time-dependent electron yield. For example, if
there is a time-independent isotropic ionization signal (β2 = β4
= 0) and a second ionization process with a time-dependent ion
yield and a constant β2 = 1, the observed β2 is the incoherent
sum of the two processes and will follow the ion yield and oscil-
late between 1 and a value closer to 0. Such a mechanism has been
proposed by Trabs et al.29 to explain time-dependent angular distri-
butions in two-photon ionization via Rydberg–valence mixed states
in NO.

IV. RESULTS
Figure 3(a) shows an example of both the raw image and the

reconstructed (inverted) image for two-color, VUV+NIR photoion-
ization with a time delay of 950 fs. The reconstructed image allows
the determination of both the angular distribution parameters, β2
and β4, and integration over all angles allows the determination of
the photoelectron yield as a function of the electron momentum
or kinetic energy. Figure 3(b) shows a slice through the photoelec-
tron yield data at a delay of 950 fs. This yield is similar to that
observed previously by Fushitani et al.,13 but some differences also
exist. In particular, although the resolution of the present electron
yield spectrum is not as high as that in the earlier study, it is clear that
there are some differences in the relative intensities of different final
state bands. For example, in Fig. 3(b), we conclude that the strong,
lowest energy feature corresponds to the A+(1) photoelectron band
blended with the slightly higher energy X+(5) band. This feature is
considerably stronger than the corresponding feature in the early
work.13 The differences between the two spectra are most likely a
result of the slightly different photon energies and bandwidths of the
VUV pump beams, which will affect not only the intermediate state
preparation but also the importance of any resonant feature (i.e.,
autoionizing levels) at the two-photon (VUV+NIR) energy in the
continuum.
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FIG. 3. (a) The raw (left) and reconstructed (right) photoelectron images following two-color, VUV+NIR ionization with a time delay of 950 fs. The ε indicates the polarization
direction of the VUV and NIR pulses, and the different final states are indicated in the reconstructed image. (b) The energy-calibrated photoelectron spectrum extracted from
the reconstructed images by integrating over all angles.

Two other differences with the photoelectron spectrum of
Fushitani et al.13 deserve mention. First, a weak feature at 1.6 eV
in the present data appears at t = 0 and decays with an increase in
time delay. This feature is attributed to the above-threshold ioniza-
tion associated with the A+(1)/X+(5) band, that is, ionization of the
intermediate states to populate the A+(1)/X+(5) levels by two (rather
than one) 795 nm photons. Second, we have not determined the
source of the shoulder on the low-kinetic-energy side of the X+(2)
peak.

By recording the image as a function of the delay between
the VUV and NIR pulses, the time dependence of the photoelec-
tron spectrum and angular distribution parameters can be deter-
mined. Figure 4 shows these photoelectron yields and β values as
a function of the photoelectron energy and the time delay, as well
as the corresponding Fourier transforms. Clear peaks are observed
in the photoelectron yields along the energy axis, corresponding
to the production of specific vibronic levels of the N2

+ X 2Σg
+ and

A 2Πu states. Along the time-delay axis, each of these peaks shows
time-dependent behavior produced by the coherences prepared by
the VUV pulse, as well as by the decay of the intermediate state
population. Along the energy axes, the β2 and β4 plots show a
structure similar to the electron yields, corresponding to the pro-
duction of different vibronic levels of the ion. Along the delay
axes, the β2 and β4 plots show similar oscillations to the electron
yields, resulting from the interference among different ionization
pathways.

In the Fourier transform analysis below, we consider only the
N2 dynamics when the VUV and NIR pulses are not temporally
overlapped. In this manner, the information is extracted from the
N2 wavepackets without any influence of the strong NIR pulses.

When the pulses are temporally overlapped, the physical process
is described by dressed states of the target, which are ionized non-
sequentially. Such a treatment is beyond the scope of the present
work. We note that there are some weak features in the photoelec-
tron images at negative time delays to about −100 fs, that is, when
the IR pulse arrives before the FEL pulse. These features are assigned
to non-sequential two-photon processes of the partially overlapping
pulses. The full-width at half-maximum of the cross correlation of
the two pulses is estimated to be ∼150 fs from the sidebands in the Xe
photoelectron spectrum. Using the measured width of the IR pulse,
55 fs, and assuming that the cross correlation width is the sum in
quadrature of the two pulse widths, we derived the estimated FEL
pulse width of 140 fs.

Time traces for the electron yield and β parameters for each
final state were obtained by integrating over the range of electron
kinetic energies corresponding to that state at each time step. These
traces are shown in Fig. 5. Some, but not all, of the electron yield
curves show a smooth time-dependent decay reflecting the effective
lifetime of the intermediate state(s) contributing to each photoelec-
tron peak. Similar behavior was also noted by Fushitani et al.13 Some
of the βi curves also show a similar smooth decay that is discussed
in more detail below. In addition, most of the electron yield and βi
curves show an oscillatory behavior superimposed on the smooth
decay. Perhaps the most surprising aspect of Fig. 5 is the relative
simplicity of the oscillations observed in both the photoelectron
yields and the angular distributions, especially given the potentially
large number of ionization processes that could contribute to the
signal. This observation clearly indicates that only a small num-
ber of ionization pathways dominate for each final state. In most
cases, well-defined oscillations are observed in both the electron
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FIG. 4. (a) The photoelectron yield, (b) the β2 value, and (c) the β4 value for two-color, VUV+NIR ionization as a function of the photoelectron energy and the time delay
between the VUV and NIR pulses. The trace to the right of (a) shows the total electron yield as a function of delay. The assignments of the final ionic levels are given at the
top of each frame. [(d)–(f)] The Fourier transform as a function of electron kinetic energy for (d) the photoelectron yield, (e) the β2 value, and (f) the β4 value.

yields and β parameters. The oscillations observed in the electron
yields are similar to those observed by Fushitani et al.,13,50 but the
present oscillations are better defined and more persistent than in
the earlier work, an observation that most likely results from the
lower rotational temperature here. In what follows, we first discuss
the overall decay (or lack thereof) of the electron yield, and then,
we discuss the oscillatory behavior of the electron yields and the βi
parameters.

V. DISCUSSION
A. Decay of the electron yield

In their earlier study,50 Fushitani and Hishikawa fitted the
decay of the X+(2) photoelectron yield to a bi-exponential form
with fast and slow time constants of 290(40) fs and 9(7) ps, respec-
tively. In the present experiments, the limited range of time delays
only allows the fitting of a single (fast) time constant. In particu-
lar, analysis of the present total electron yield for delays between

500 and 1250 fs gives a time constant of 450(50) fs. Fitting the
present decay curves of individual photoelectron peaks is chal-
lenging. Even ignoring the oscillatory behavior, for the most part,
the decays are not smooth exponentials, and the oscillations and
phases of the oscillations add to the difficulty of extracting mean-
ingful fits. Nevertheless, Table I shows the resulting time constants
for both the full (0–1350 fs) traces and the time-delayed (200–
1350 fs) portions when the VUV and NIR pulses do not overlap.
Values with uncertainties greater than 100% are not included. In
most instances, the time constants extracted from the full traces
are shorter than those extracted from the delayed portions of the
trace.

In principle, the different decay times for different photoelec-
tron peaks are another aspect of the filtering associated with each
detection channel. If, for example, a given final state is only pro-
duced by ionization via long-lived intermediate states, the decay
constant of the photoelectron signal is expected to be much longer
than if the final state is only reached via short-lived intermediate
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FIG. 5. Time-delay scans obtained by integrating the signal for the electron yield across individual photoelectron peaks (top, blue) and averaging the corresponding β2 and
β4 values weighted by the electron yield across each peak for the following final states: (a) X+(0), (b) X+(1), (c) X+(2), (d) X+(3). (e) X+(4), and (f) A+(1)/X+(5). In frame (f), the
β2 and β4 values from the blended A+(1) and X+(5) peaks are separated into two components corresponding to the low and high energy sides of the photoelectron peak. The
oscillation of the β2 values for these two components have the same frequency and opposite phases. The gray curve in the electron yield plots corresponds to the window
function used in the Fourier transforms shown in Fig. 4.

states. In the energy region of interest, the largest contribution to
the decay rate comes from the predissociation of the A+(1)3dδ 1Πu
state.24 As can be seen in the work of Jungen et al.,24 the correspond-
ing widths in the high-resolution absorption spectrum are quite

TABLE I. Decay time constants for selected photoelectron peaks. Values in paren-
theses for the two traces are uncertainties.

Final state Full trace (0–1350 fs) Delayed tracea (200–1350 fs)

X+(0) No decay No decay
X+(1) 732(200) . . .
X+(2) 247(200) . . .
X+(3) 449(200) 834(86)
X+(4) 871(200) . . .
A+(1)/X+(5) 610(200) 266(39)

aValues are not reported for time constants with uncertainties greater than 100%.

large for the A+(1)3dδ 1Πu state; the states that mix most strongly
with the A+(1)3dδ 1Πu state also have increased widths, while the
states that mix only weakly with it have quite narrow widths. Recent
high-resolution absorption spectra of jet-cooled N2 recorded using
the VUV Fourier-transform spectrometer51 at Synchrotron SOLEIL
yield widths of ∼2.2 cm−1 for transitions to individual rotational lev-
els of the A+(1)3dδ 1Πu state, but the lines are not fully resolved in
those spectra. Those spectra also suggest that there may be a broader,
very weak underlying continuum from the state responsible for the
predissociation. In contrast, some of the lines in the high-resolution
absorption spectra, such as those associated with transitions to the
X+(1)6pπ and X+(0)9pπ states,51 display resolution-limited widths
of ∼0.3 cm−1. These two widths correspond to lifetimes of 2.4 ps and
17.6 ps, respectively.

The X+(0) photoelectron intensity in Fig. 5(a) actually grows
slightly with increasing delay before returning to approximately its
initial value at the end of the time window. The lack of decay in
this channel is not surprising because the transitions associated with
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the three intermediate states with X+(0) ion cores [i.e., the X+(0)8f,
X+(0)9pπ, and X+(0)9pσ states] that are expected to contribute most
strongly to the X+(0) photoelectron signal all have resolution-limited
linewidths and thus much longer lifetimes than would be observable
on the timescale of the present experiment.

All of the remaining photoelectron peaks have decay time con-
stants of less than 1 ps. The shortest time constants are found for
the A+(1)/X+(5) and X+(2) peaks, corresponding to ∼250–270 fs.
This observation is consistent with the results of Fushitani and
Hishikawa,50 who found a decay time for the X+(2) photoelectron
signal of 290(40) fs. Note that the time constant determined from
the full A+(1)/X+(5) trace is larger than that determined from the
delayed trace as a result of a broad maximum in the trace near
Δt = 0 where the VUV and NIR pulses overlap, which is not fit-
ted well by the exponential form. This behavior may also result
from an interference oscillation with a long period outside the win-
dow of the experiment. The fast decay of the A+(1) and X+(2)
intensities is not unexpected due to the fast predissociation of the
A+(1)3dδ intermediate state and its relatively strong mixing with the
X+(2)5pπ intermediate state.24 The somewhat longer lifetimes for
the other photoelectron peaks most likely reflect the weaker mixing
of the relevant intermediate states with the predissociated A+(1)3dδ
state.

The trends in the decay times for the different photoelec-
tron peaks are consistent with expectations, and the decay time
determined for the X+(2) signal is consistent with the earlier mea-
surements of Fushitani and Hishikawa. However, the decay times
determined from the photoelectron signal seem surprisingly short
compared to the expectations based on the linewidths in the high-
resolution absorption measurements. For example, the decay time
of 266 fs for the A+(1) signal implies a width of ∼19.8 cm−1, which
is significantly larger than the 2.2 cm−1 widths observed in the
absorption measurements. This discrepancy may reflect contribu-
tions from weak absorption directly to the state responsible for the
predissociation of the A+(1) state or contributions from higher rota-
tional levels that predissociate faster as a result of a heterogeneous
perturbation.4

In addition to the photoelectron yield curves, some of the βi
curves in Fig. 5 also show an overall decay (or growth) in the βi val-
ues with time. Two possible explanations for this behavior can be
proposed that are also based on the decay of the intermediate-state
populations. First, if there are ionization pathways via two non-
interacting intermediate states leading to the same continua [see
Figs. 2(a) and 2(c)] and these two states have different lifetimes, the
relative contribution of the two processes to the measured βi will
vary, ultimately reaching the value of the state with the longer life-
time. Alternatively, if there is an isotropic background contributing
to the electron signal, it will produce a βi = 0 contribution to the
overall signal. If the true signal has a significant positive or nega-
tive βi value, the overall βi value will decay from close to that value
(depending on the relative magnitude of the background) at t = 0 to
βi = 0 at long times when the intermediate state has decayed.

B. Oscillatory behavior of the electron yields
and angular distributions

As discussed in Sec. III, of the nine vibronic levels in the
bandwidth of the pump laser, three levels—X+(0)8f, X+(0)9pπ, and

X+(0)9pσ—have X+(0) cores. The propensity rules for ionization
then suggest that ionization via all three levels will result in X+(0),
and interference among the corresponding ionization pathways may
produce oscillations in both the electron yields and the βi parame-
ters. This example is thus an illustration of the fourth scheme dis-
cussed in Fig. 2(d). The term energies for the X+(0)8f, X+(0)9pπ,
and X+(0)9pσ levels are 123 991, 124 081.45, and 124 108.28 cm−1,
respectively,24 leading to energy differences of 26.8, 90.5, and 117.3
cm−1, respectively. These differences will be modified somewhat
when the rotational structure is considered. The X+(0)9pπ and
X+(0)9pσ levels interact with each other via the ℓ-uncoupling oper-
ator.4 In general, p–f interactions are expected to be weak, but all
three levels may interact with the A+(1)3dδ 1Πu level and thus can
interact with each other in second order. In principle, the inter-
action with the A+(1)3dδ 1Πu level could in itself produce oscilla-
tions in the electron yields in the X+(0) photoelectron band, but it
would not be expected to affect the βi values because ionization from
that level would primarily produce the A+(1) state of the ion [see
Fig. 2(b)].

The band oscillator strengths for the three X+(0) bands have
been determined by Huber et al.25 The X+(0)8f and X+(0)9pπ bands
have a nearly equal oscillator strength of ∼0.0013, while the X+(0)9pσ
value is ∼0.000 58. Two additional factors will affect the relative
strengths of the three transitions from the ground state. First, the
X+(0)8f level gains essentially all of its intensity through interaction
with A+(0)3dδ 1Πu, and this interaction is strongest for the lowest
rotational levels.24 Because the experimental rotational temperature
is expected to be quite low, the X+(0)8f band may effectively be
much stronger than expected relative to the X+(0)9pπ and X+(0)9pσ
bands. Second, the center wavelength of the VUV pulse envelope will
also influence the relative importance of the different intermediate
levels.

Figure 5(a) shows the time-dependent traces for the X+(0) pho-
toelectron band. The electron yield curve is relatively smooth, and
it appears to show a single oscillation between 0.20 and 1.35 ps,
starting low and reaching a maximum at ∼0.675 ps. This oscilla-
tion has a frequency of ∼20 cm−1, which is too low to be effec-
tively captured with the present resolution in the Fourier trans-
form. Nevertheless, the shape is reproduced reasonably well by a
sine function with a frequency corresponding to the difference in
term energies for X+(0)9pπ and X+(0)9pσ levels (27.8 cm−1),24 and
with a phase shift of ∼−2.54 rad. The source of this phase shift
has not been determined. Note that because the X+(0)9pπ and
X+(0)9pσ levels interact and because ionization of both states leads
to the X+(0) level of the ion [i.e., the case illustrated in Fig. 2(d)],
the oscillations could be caused by the interactions between levels
or by the interference between ionization pathways. The relatively
small magnitude of the oscillation suggests that the overall effect is
small.

In contrast to the X+(0) electron yield, the X+(0) β2 and β4 val-
ues show significant oscillations at a higher frequency. Aside from
the region in which the VUV and NIR pulses overlap, the β2 and β4
curves in Fig. 5(a) show similar oscillations that are approximately
in phase, beginning at smaller values (more isotropic angular distri-
butions), growing, and then oscillating with β2 ranging from ∼0.4 to
0.7 and β4 ranging from ∼0.0 to 0.25. For the X+(0) final state, the
Fourier transform of the β2 curve shows a broad feature centered
at 105 cm−1, while the Fourier transform of the β4 curve shows a
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strong feature at 109 cm−1. The similarities of the two curves suggest
that the difference in the frequency simply reflects the large uncer-
tainties in the measurements. The observed splittings are reasonably
close to the splittings between the X+(0)8f to X+(0)9pπ and X+(0)8f
to X+(0)9pσ term energies (90.5 and 117.3 cm−1, respectively), sug-
gesting that ionization via all three states contributes to the X+(0)
photoelectron signal.

Figure 5(b) shows the time-dependent electron signal in the
X+(1) peak, along with those for the corresponding β2 and β4 param-
eters. The two potential intermediate levels with X+(1) ion cores
correspond to the X+(1)6pπ and X+(1)6pσ levels, with term ener-
gies differing by 93.2 cm−1.24 These levels are weakly mixed by the
ℓ-uncoupling operator.4 Although the oscillations are not clearly vis-
ible Fig. 5(b), the Fourier transform of the electron yield shows a
clear peak at 128 cm−1.

Figure 5(c) shows the time traces for the X+(2) photoelec-
tron signal and the corresponding βi values. Here, both the yield
and the β2 value show strongly modulated oscillations that reach
a peak about 75 fs after t = 0, while the β4 value is relatively con-
stant. The X+(2)5pπ level is the only intermediate within the band-
width of the VUV pulse with an X+(2) core, but this level is mixed
with the A+(1)3dδ 1Πu level. The Fourier transforms for the X+(2)
yield and the β2 and β4 time traces show peaks at 85–90 cm−1.
The β2 curve shows a second peak at 41 cm−1. For reference,24 the
A+(1)3dδ 1Πu level lies 88.8 cm−1 below the X+(2)5pπ level, in good
agreement with the higher frequency feature. A peak at 84 cm−1 was
also observed in the corresponding Fourier transform of the photo-
electron signal of the previous study.13 A simple three-level model
taking the X+(4) 4pπ level into account in addition to the A+(1)
3dδ and X+(2) 5pπ levels quantitatively explains the appearance of
the peak. The model also suggests that the relative phase of the
wavefunctions can be inferred from the oscillation phase of the time-
trace, as discussed for the two-level model13 (see the supplementary
material).

Figure 5(d) shows the time-dependent traces for the X+(3)
photoelectron peak. Here, there is no evidence for any significant
oscillations in the electron yield or in the β2 and β4 parameters,
and the electron yield for X+(3) shows only the exponential decay
described above. The X+(3) photoelectron peak is quite small, which
is not unexpected because there are no levels with the X+(3) core
within the bandwidth of the pump laser. The lack of oscillations sug-
gests that a single weak process, for example, photoionization with
Δv = ±1, leads to the observed signal.

Figure 5(e) shows the time-dependent traces for the X+(4) pho-
toelectron peak. The electron yield shows a clear oscillation that is
out of phase with that of the A+(1) peak.13 As in the X+(2) data, here
the electron yield and β2 values show strong in-phase oscillations,
with the first peak occurring at ∼50 fs after t = 0. The corresponding
β4 curve is again quite flat. The X+(4)4pπ level is the only intermedi-
ate with an X+(4) core within the VUV bandwidth, but, as discussed
by Jungen et al.,24 the X+(4)4pπ level interacts with the A+(1)3dδ 1Πu
level as well, which has a term energy that is 108.2 cm−1 lower. This
value is in good agreement with the Fourier transforms of the time
traces, which yield a strong peak at 111–113 cm−1. This interaction
would not explain the oscillations in β2 unless photoionization of
the A+(1)3dδ 1Πu level also populated the X+(4) state of the ion.
One way in which this would be possible involves the autoionization
mechanism discussed in more detail below.

The lowest energy band in the photoelectron energy spectrum
of Fig. 3(b) is assigned to the unresolved X+(5) and A+(1) bands in
the order of decreasing photoelectron energy. The two bands appear
to have comparable intensities, but we note that the A+(1) band was
much stronger than the X+(5) band in the earlier study by Fushi-
tani et al.13 As discussed in Sec. IV, this difference may result from
small differences in the pump wavelength and two-photon energy
in the two experiments. Although the A+(1)3dδ 1Πu level lies within
the pump bandwidth, there are no levels with X+(5) ion cores in this
neighborhood. This observation suggests that the stronger X+(5) sig-
nal in the present experiment may result from the autoionization
of resonances lying at the two-photon energy because the impor-
tance of such processes could depend strongly on the pump wave-
length. Vibrational autoionization of Rydberg series converging to
X+(≥6) is expected to preferentially populate the N2

+ X+(5) level
as a result of the vibrational propensity rule.52 Electronic autoion-
ization of Rydberg states converging to A+(≥2) to populate X+(<6)
levels is expected to be faster than vibrational autoionization of the
same states to populate A+(<2) levels. The former process is expected
to populate a range of X+(v) levels, while the latter is expected to
preferentially populate A+(1).

Figure 5(f) shows the time traces for these two components of
the low-energy peak. We have integrated over the low- and high-
energy regions of the band, and we avoided the region near the
center where both components are contributing to the signal. The
electron yields show similar time dependences, peaking at t = 0 and
displaying regular oscillations. The two β2 curves show oscillations
with similar frequencies, but the comparison in Fig. 5(f) shows that
the A+(1) (lower energy) component is 180○ out of phase with the
X+(5) (higher energy) component. The Fourier transforms of the β2
and β4 curves for the high-energy component show peaks at 127 and
111 cm−1, respectively, while those of the β curves for the low-energy
component show no obvious peaks. The A+(1) yield peaks at t = 0
and oscillates ∼180○ out of phase with the X+(4) yield, as observed
in the previous study. The Fourier transforms of both sets of elec-
tron yields show a peak at 118–120 cm−1 for A+(1) and 113 cm−1

for X+(4). These values for the X+(4) and A+(1) photoelectron
yields were both 110 cm−1 in the earlier work of Fushitani et al.13

This difference might reflect the somewhat different distribution of
intermediate states prepared by the pump transition.

VI. CONCLUSIONS
In the present work, time-resolved photoelectron energy and

angular distributions were recorded following two-color, two-
photon ionization of molecular nitrogen via a complex group of
nine Rydberg and valence states centered around 15.38 eV exci-
tation energy. The most notable aspect of the present work is the
remarkable simplification of the observed behavior that results from
detecting the ionization process via a particular detection channel.
For example, the ionization propensities for different intermediate
states lead to the result that by monitoring the photoelectron signal
for a particular final state, one can selectively enhance the detec-
tion of a specific ionization pathway or set of pathways. Similarly,
by focusing on oscillations in the photoelectron angular distribu-
tions, one can selectively enhance only those pathways that produce
the same continuum state. While such filtering has been discussed
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previously,27,41 the potential complexity of the present ionization
process makes the observed simplicity of the results particularly
striking.

For the present experiments, we have been able to build on
the detailed analysis of the high-resolution absorption spectrum of
N2,21,22,24,25 which has allowed us to correlate the time-dependent
behavior with the frequency domain data. The full power of the
present approach will be revealed through the study of systems that
are not nearly as well-characterized. Furthermore, while the present
data clearly point to the important interactions and ionization path-
ways, realization of the full value of the approach will require some
improvements in the experimental data. The first requirement is the
need to extend the time-delay scans to much longer times. In par-
ticular, extending the delays to 15–20 ps would allow the detailed
examination of the rotational structure and corresponding inter-
actions, as well as of the nature of the electronic coherences.27,29,53

Such data would allow a more detailed comparison with both high-
resolution absorption measurements and the multichannel quan-
tum defect analysis of Jungen et al.24 Characterization of both the
VUV and NIR wavelength dependence of the photoelectron data
would also provide a more complete picture of the energetics and
dynamics, particularly with respect to the role of autoionizing reso-
nances and their influence on the time-dependent dynamics. Such
states may ultimately prove valuable in controlling interferences
and ionization dynamics. While there is considerable work to be
done, the present study provides an important step in the applica-
tion of time-resolved photoelectron imaging using FEL sources to
the spectroscopy and dynamics of small molecules.

SUPPLEMENTARY MATERIAL

See the supplementary material for a description of a three-
level model for the time-resolved photoelectron intensity and for
the photoelectron angular distributions. Figure S1 provides a graph-
ical description of the Fourier transform procedure, and Figure S2
provides a summary of the results of the Fourier transforms.
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