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ABSTRACT: Coincidence electron-cation imaging is used to character-
ize the multiphoton ionization of O2 via the v = 4,5 levels of the 3s(3Πg)
Rydberg state. A tunable 100 fs laser beam operating in the 271−263 nm
region is found to cause a nonresonant ionization across this wavelength
range, with an additional resonant ionization channel only observed when
tuned to the 3Πg(v = 5) level. A distinct 3s → p wave character is
observed in the photoelectron angular distribution for the v = 5 channel
when on resonance.

I. INTRODUCTION

After decades of intensive study, the energy positions,
absorption cross sections, and symmetry assignments of most
of the one- and two-photon observable excited electronic states
of molecular oxygen are now reasonably certain.1,2 Since
almost all of the numerous excited states of O2 dissociate
directly or indirectly after an absorption,3,4 each molecular
quantum level (electronic, vibrational, and rotational) can
show state-dependent lifetimes and follow specific multiple
pathways to the six possible valence dissociation limits that are
paired combinations of O(3P), O(1D), and O(1S) fragment
atoms.5 A particularly powerful method for tracing out the
optically forbidden ro-vibronic states of O2 is to scan the
photon energy while detecting ions from two-photon resonant,
one-photon ionization (2 + 1 REMPI), illustrated schemati-
cally in Figure 1 for the energy region of this study.
Normally, in a resonance-enhanced multiphoton ionization

(REMPI) study, where O2 + 3hν → O2
+ + e−, it makes most

sense to mass-selectively detect the O2
+ ion. However, a

detection of the partner electron can provide additional and
readily accessible information on the resonant excited state,
which we take advantage of in this work. One disadvantage
arising from the detection of electrons is that the intense,
short-duration UV laser pulses necessary for this study create
electrons from metal surfaces and from any other molecule
present in the apparatus. This makes electron detection
significantly more challenging, in particular, for weak
transitions and for wavelengths within the absorption range
of water and other common contaminants. We show here that
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Figure 1. Schematic energy level diagram for the electronic and
vibrational levels of O2 and O2

+ states at the one-, two-, and three-
photon energy used in this study. At the two-photon level the C3Πg
state is spin-allowed, but spin−orbit coupling allows an excitation also
to the spin-forbidden d1Πg state. The energy range with two-photon
excitation covered in this study is indicated by up−down arrows.
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electron-cation coincidence imaging detection6,7 successfully
extracts the O2 + 3hν → O2

+ + e− process from a significant
background, revealing a low-resolution but still informative
REMPI spectrum.
Our goal is to trace out the v = 4 and 5 vibrational levels of

the 3s(3Πg,
1Πg) states, which are the lowest-lying and most

intensively studied Rydberg states of O2. The spin−orbit
mixing of the C3Πg and d1Πg states is significant,

2 making the
spin-forbidden d-states observable, especially with nanosecond
laser excitation, where the competition of ionization with
predissociation favors the detection of longer-lived intermedi-
ate states. Because of the rapid predissociation and extremely
low Franck−Condon factors for these target states, an intense
and tunable laser beam is necessary. Previous work in this
wavelength range was performed by Conde et al.,8 who studied
the two-photon excitation of O2 in the 304−220 nm region,
with a time-delayed 800 nm ionization to detect remaining O2

+

ions. They reported O2
+ decay lifetimes for the 3s3Πg (v = 0−3)

states, assuming that their 35 fs pulse duration laser ionizes all
levels in the C, d manifold with equal efficiency (measured
lifetimes ranged from 24 to 812 fs), so that primarily the spin-
allowed C states are excited.
For typical femtosecond REMPI studies,9,10 the laser

bandwidth is broader than the ro-vibrational envelopes studied,
making a spectral assignment of the actual excitation with
cation detection impossible. However, the image of electrons
created by the ionization step can provide key additional
information.11 We utilized here a pulse-amplified 100 fs
duration Ti-sapphire laser, where the fundamental wavelength
was tunable in the range of 790−815 nm, corresponding to a
tuning range of the third harmonic of 263−271 nm, as
indicated in Figure 1. The three-photon ionization at these
wavelengths leads to the creation of O2

+ X2Πg (v = 0−8) + e−,
with the ionic vibrational spacing of ∼0.22 eV. Since most, but
not all, of the excess energy goes into the kinetic energy of the
electron, the electron image can show up to nine rings covering
the range of 0−1.8 eV. For cation detection, momentum
conservation yields an ∼0.25 μeV vibrational spacing (v = 0−
1) in the recoiling O2

+ partner, which is not resolvable. The
recorded electron image therefore yields significant additional
information, not only speed and thus which vibrational state of
the ion is formed but also angular information on the orbital
character of the ionized electron. In particular, we find a strong
enhancement via the C3Πg (v = 5) at 267.33 nm, while no
resonance with the d1Πg state was observed within the
wavelength range covered here. Although sharp discrete
transitions to the Herzberg states are present in the one-
photon region of this study, these are very weak and are found
not to cause a resonance enhancement of the measured signal.

II. METHODS
Data were collected using a photoelectron-photoion coinci-
dence imaging spectrometer, coupled to a femtosecond laser
system. The setup has previously been described in detail, and
only the main features pertinent to the current experiment are
outlined here.7 The vacuum system consisted of three
differentially pumped chambers, separated by molecular
beam skimmers placed 2 cm (500 μm diameter) and 14 cm
(200 μm diameter) after the source. The continuous molecular
beam was produced in a conical nozzle with a ∼40 μm pinhole,
with a typical O2 pressure of 1.5 bar. The base pressure in the
detection chamber was on the order of 10−10 mbar. Here the
molecular beam was crossed by femtosecond laser pulses in the

center of a double-sided velocity-map imaging (VMI)
spectrometer,12 equipped with two time- and position-sensitive
detectors (DLD40X, RoentDek). Extraction fields in the VMI
were switched from electron to ion extraction to ensure
optimal imaging conditions for both.
The commercial laser system consisted of a titanium-

sapphire oscillator and a regenerative amplifier (Spectra
Physics Spitf ire Ace), operated at a 3 kHz repetition rate
with typical pulse durations of 100 fs. The central wavelength
can be tuned in the range from ∼790 to 815 nm. Pulses in the
UV were produced by a subsequent frequency doubling and
tripling in β-barium borate (BBO) crystals, yielding pulses in
the range of 263−271 nm with a typical bandwidth (full width
at half-maximum (fwhm)) of 3 nm. The pulse duration was
estimated to be 170 fs fwhm from the measured cross-
correlation of a 266 nm pulse with an additional 400 nm one
inside the detection chamber. The UV output was attenuated
to ∼15 μJ, and it was focused into the interaction region with
an f = 500 mm lens. This power density corresponds to a
Keldysh parameter of ∼26 for O2, well within the multiphoton
ionization regime. The polarization was kept parallel to the
imaging detectors.
Data were collected by use of the CoboldPC software

(RoentDek), and only events containing a single electron hit in
coincidence with a single ion hit were kept for further analysis.
Photoelectron images of interest were extracted by only
considering electrons detected in coincidence with an O2

+ ion.
Images were Abel-inverted using the basis set expansion
method (basex), as implemented in the PyAbel Python
package,13 calibrated to the well-known vibrational levels of
oxygen and normalized with respect to the total measurement
time.

III. RESULTS AND DISCUSSION
Photoelectron images were collected for five distinct wave-
lengths in the region of 263−271 nm, leading to an ionization
of O2 in a three-photon process. The corresponding photo-
electron spectra (PES) and two representative photoelectron
images are shown in Figure 2. All PES show a clear vibrational
structure, which we assign to the ground state of the produced
O2

+ ion (X2Πg). For the shortest wavelengths employed,
vibrational levels up to v = 8 are accessible, consistent with the
known energetics (see the three-photon energy and ion states
shown in Figure 1).
With the exception of the PES collected at 267.33 nm, all

spectra exhibit a nearly uniform intensity distribution across
the observed O2

+ ion vibrational levels. This is indicative of a
nonresonant three-photon ionization, as might be expected for
the ultrafast pulses used in the experiment. The vibrational
distributions should in this case reflect the Franck−Condon
factor between the neutral ground state X3Σg

− and the ion
ground state X2Πg. Nonetheless, similar intensities are
observed for ion vibrational levels v = 0−8. This behavior
could be due to the presence of an autoionizing valence state in
the three-photon energy region, which has been previously
reported in a study of the C3Πg (v = 2) state.14 Tuning the
wavelength to 267.33 nm, however, leads to a steep increase in
photoelectrons at kinetic energies associated with the v = 5
level of the ion. This is very evident also in the presented
photoelectron images in Figure 2, which are each normalized
to the collection time and plotted on the same color scale.
We attribute this increased photoelectron signal to a

resonance enhancement through an intermediate state reached
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via a two-photon transition, such that we are now observing a 2
+ 1 REMPI process. To confirm the assignment of a two-
photon resonance we compare our PES collected through a
three-photon process at 267.33 nm to the corresponding
single-photon spectrum collected at 89.5 nm (13.85 eV), as
shown in Figure 3. This was collected using the DELICIOUS3

coincidence spectrometer of the DESIRS beamline at the
SOLEIL synchrotron source.15,16 The single-photon spectrum
shows an intensity distribution across the vibrational features
that is approximately uniform, similar to the nonresonance
three-photon spectra shown in Figure 2, and confirms our
assignment of a two-photon resonance at 267.33 nm.
Further evidence of a resonant process occurring at 267.33

nm is available from the recorded photoelectron angular
distributions (PADs), which were analyzed for each excitation

wavelength and ion vibrational level. For the nonresonant
wavelengths, they show a general trend of positive anisotropy
with β2 parameters in the range of ∼0.5−1.0 at v = 0−4 and
decreasing toward higher vibrational levels, which are nearly
isotropic. The extracted β2 parameters for the resonance
excitation at 267.33 nm are shown in Figure 4. While they

exhibit the same trend as the other excitation wavelengths for
vibrational ion states v ≠ 5, a markedly larger aniosotropy is
observed for v = 5, again confirming the contribtion of an
additional channel. This is consistent with previously reported
photoelectron angular distributions for the C3Πg and d1Πg
states,17,18 which showed a large positive beta for Δv = 0,
consistent with an ejection of a (3)s electron into the p-wave
continuum. PADs with Δv ≠ 0 were found to be less
anisotropic, reflecting increasing effects of autoionization and/
or a shape resonance.14

To identify the resonant state, Figure 5 shows the employed
two-photon energies and the relevant O2 states in this energy
range. At 267.33 nm, the two-photon energy matches that of
the C3Πg (v = 5) vibrational state, suggesting this resonance as
the process behind the enhancement experimentally observed.
If the d1Πg (v = 5) level was also contributing to the resonance

Figure 2. Photoelectron spectra for each excitation wavelength. The
energies of the ion X2Πg vibrational levels (v = 0−8) are shown with
vertical lines. The right figures show the symmetrized raw photo-
electron images for two wavelengths: resonant with the C3Πg (v = 5)
state (top) and nonresonant (bottom). The laser polarization is
vertical in the image and indicated by a double-headed arrow.

Figure 3. Photoelectron spectra measured in a three-photon (green
trace) and one-photon (black trace) ionization process. The
intensities are scaled such that the uniform one-photon distribution
maxima match the intensity of the nonresonant features at the three-
photon ionization. The ion X2Πg vibrational levels (v = 0−8) are
labeled. (inset) Symmetrized raw photoelectron image resulting from
a one-photon excitation. The synchrotron radiation polarization is
vertical in the image and indicated by a double-headed arrow.

Figure 4. Anisotropy parameter β2 extracted from the photoelectron
image measured at 267.33 nm as a function of the ion X2Πg
vibrational level excited (v = 0−8).

Figure 5. Energy diagram of the relevant Rydberg states along with
the two-photon excitation energies used. The C3Πg and d1Πg (v = 4
and v = 5) states are represented by orange and dark blue curves.
Their position and width correspond to available theoretical
calculations.2 The five colored gaussians indicate the two-photon
excitation energies for the wavelengths scanned, with an fwhm that
corresponds to the experimentally measured value.
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behavior, one would expect to see a strong resonance
enhancement at 264.67 nm, which is not present in our
measurements. This suggests that the C3Πg ← X3Σg

− transition
is much stronger than the spin-forbidden d1Πg ← X3Σg

−.
Additionally, the tail of the laser bandwidth for the longest
wavelength employed (271.67 nm) shows an overlap with the
C3Πg (v = 4) state. However, no enhancement of the ion v = 4
level is detected. Although the difference in overlap with the
laser pulse complicates the comparison, this might imply that
the C3Πg state absorption is more sensitive to the strong and
sharp v = 5 than it is to the v = 4, suggesting that only a small
fraction of the excitation pulse is used in the REMPI process
and highlighting the importance of the resonance enhance-
ment.

IV. CONCLUSION AND OUTLOOK
Coincidence electron-cation imaging is shown here to reveal a
two-photon resonance enhancement channel in the three-
photon ionization of molecular oxygen by a femtosecond laser.
Although the large laser bandwidth does not allow a full
spectroscopic characterization of the resonance state, enhance-
ment occurs only when the laser wavelength is tuned near
266.7 nm, which is consistent with the two-photon energy
position of the C3Πg (v = 5) state. Two-color pump−probe
experiments, similar to those of Conde et al. for the C3Πg(v =
0−3) states, are in progress to record the lifetime of the C3Πg
(v = 5) state for comparison with predictions by theory.2 The
use of ultrafast laser pulses with a ∼100 fs duration offers a
good compromise between the spectral resolution for a
selective REMPI process in small molecules and the time
resolution to capture many dynamic processes. The extra
information provided by electron imaging should be useful in
any ultrafast pump−probe photodissociation dynamics study.
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