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Strongly coupled intermediate electronic states in one-color two-photon
single valence ionization of O2
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USA
2)Chemical Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, CA 94720,
USA
3)Stanford PULSE Institute, SLAC National Accelerator Laboratory, Menlo Park, California 94025,
USA
4)Departamento de Qúımica, Módulo 13, Universidad Autónoma de Madrid, 28049 Madrid,
Spain
5)Department of Chemistry, University of California, Davis, CA 95616, USA

(Dated: 1 December 2022)

We present an experimental and theoretical energy- and angle-resolved investigation on the non-dissociative
photoionization dynamics of near-resonant one-color two-photon single valence ionization of neutral O2

molecules. Using 9.3 eV femtosecond pulses produced via high harmonic generation and a 3-D momentum
imaging spectrometer, we detect the photoelectrons and O+

2 cations produced from one-color two-photon
ionization in coincidence. The measured and calculated photoelectron angular distributions show agreement,
which indicates that a superposition of two intermediate electronic states is dominantly involved and that
wavepacket motion on those near-resonantly populated intermediate states does not play a significant role
in the measured two-photon ionization dynamics. Here we find greater utility in the diabatic representation
compared to the adiabatic representation, where invoking a single valence-character diabat is sufficient to
describe the underlying two-photon ionization mechanism.

PACS numbers: Valid PACS appear here

I. INTRODUCTION

Two-photon ionization of atomic and molecular sys-
tems can be accurately described within the framework
of second order perturbation theory, involving a sum-
mation over intermediate electronic states1–6. Depend-
ing on the photon energy, the number of intermediate
states that must be included to capture the photoioniza-
tion dynamics varies. In general, as the photon energy
is detuned from intermediate electronic states, the non-
resonant contribution to the two-photon ionization dy-
namics increases, where more intermediate states must
be included to provide an adequate description of the
photoionization. As the photon energy is tuned closer to
intermediate electronic states, the terms in the summa-
tion belonging to those intermediates begin to dominate.
In this case, the non-resonant contribution decreases, and
the sum can be truncated to only include a small number
of resonant or near-resonant terms. In nonlinear optics,
with the proliferation of high-intensity vacuum ultravio-
let (VUV) sources, it remains to be established to what
degree the non-resonant terms contribute in resonant (or
near-resonant) two-photon ionization processes.

In diatomic molecules, the eigenvalues of the Hamil-
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tonian cannot become degenerate with varying bond
length, which results in avoided crossings of electronic
states. In the vicinity of an avoided crossing, the ener-
getic spacing between the two eigenvalues becomes small,
allowing a superposition of the two corresponding eigen-
states to be excited with a relatively narrow-band laser
pulse. The B3Σ−

u and E3Σ−
u states of molecular oxygen

are well-known to be mixed states due to the interaction
between the valence and Rydberg configurations of the
two electronic states7–16. Their adiabatic potential en-
ergy curves exhibit an avoided crossing ∼9.5 eV above
the ground electronic state in the Franck-Condon region.
For near-resonant photoexcitation at energies approach-
ing the energy of the avoided crossing, a superposition of
these two electronic states is created. This superposition
can then be probed by photoionization, which projects
the excited wavepacket to a set of continuum electronic
states. A sensitive observable is the photoelectron an-
gular distribution, the shape of which reveals informa-
tion on the relative contribution of each state, which de-
pends on the electronic state symmetries and character,
the dipole coupling strengths, and the internuclear dis-
tance between the atoms in the molecule.
In this work we present experimental and theoreti-

cal results on energy- and angle-resolved near-resonant
one-color two-photon single ionization of molecular oxy-
gen using 3-D momentum imaging. In this non-
dissociative ionization process the photoelectron and
molecular cation are measured in coincidence. Using a
400 nm driving field, we produce and select femtosecond
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VUV pulses with an energy of 9.3 eV via High Harmonic
Generation (HHG). These high-intensity VUV pulses,
which are near-resonant with theB3Σ−

u and E3Σ−
u states,

are used to singly ionize the molecular oxygen target via
two-photon ionization.

We find that a superposition of the B3Σ−
u and E3Σ−

u

electronic states is generated in the first photoabsorption
step, where the contribution from each state varies with
internuclear separation in a way that creates a valence-
character wavepacket at equilibrium R and larger bond
lengths as the wavepacket spreads and dissociates. This
allows both non-resonant terms in the perturbation the-
ory expansion and wavepacket motion to be neglected in
the calculations, while still accurately reproducing the
measured two-photon ionization dynamics. We show
that this can be explained within the diabatic represen-
tation constructed from the B3Σ−

u and E3Σ−
u adiabatic

states, and demonstrate that although our measurement
exhibits some sensitivity to motion on the intermediate
states, we primarily probe early time dynamics in the
vicinity of an avoided crossing, before the wavepacket
has spread or moved out of the Franck-Condon region
significantly.

II. EXPERIMENT

The experimental set-up and conditions are similar
to those described in17, thus only a brief description is
provided below. The valence photoionization dynamics
in neutral O2 were investigated using the COLd Tar-
get Recoil Ion Momentum Spectroscopy (COLTRIMS)
technique18–21, where the photoelectrons and bound O+

2

cations produced by one-color two-photon single ioniza-
tion are collected with full 4π solid angle. The 3-D mo-
menta of the charged particles are measured in coinci-
dence on an event-by-event basis. The electrons and ions
are guided by parallel DC electric and magnetic fields
(12.26 V/cm, 4.55 G) towards their respective position-
and time-sensitive detectors at opposite ends of the 3-D
momentum imaging spectrometer. The detectors consist
of a Multi-Channel Plate (MCP) stack in chevron con-
figuration with a delay-line anode readout22. The elec-
tron and ion detectors are a three layer hex-anode with
a 80 mm MCP stack and a two layer quad-anode with a
120 mm MCP stack, respectively. Here a charge carrier’s
3-D momentum is encoded into its hit position on the
detector and its time-of-flight relative to the laser trig-
ger. In this configuration, the energy resolution of the
spectrometer for the electrons is roughly 1:10 (i.e. at 5
eV of kinetic energy, we have approximately 500 meV
resolution).

Near-infrared (NIR) laser pulses (12 mJ, 45 femtosec-
onds, 800 nm) from a 50 Hz Ti:sapphire laser system are
frequency doubled using a 0.25 mm thick beta-barium
borate (BBO) crystal, where the copropagating NIR and
blue fields are then separated using two dichroic mirrors.
The reflected 400 nm photons (∼3.6 mJ, ∼50 fs) are used

to generate femtosecond VUV pulses via HHG, by loosely
focusing (f = 6 m) the 400 nm pulses into a 10 cm long gas
cell containing 2 Torr of krypton. The resulting VUV fre-
quency comb is then separated from the 400 nm driving
field by reflection from three Si mirrors near Brewster’s
angle for the blue light, resulting in a suppression of the
driving field by a factor of < 10−6. The 3rd harmonic
(133 nm, 9.3 eV) is selected via transmission through
a 0.30 mm thick MgF2 VUV bandpass filter (Acton Op-
tics FB130-B-1D.3), which totally suppresses the 5th har-
monic and above. The femtosecond pulse duration of the
3rd harmonic is also maintained, while temporally sepa-
rating the residual fundamental pulse from the 3rd har-
monic pulse by roughly 850 fs, due to the difference in
the group velocity dispersion (GVD) of the window at
ω0 and 3ω0

23,24. After transmission through the win-
dow, we estimate the pulse duration of the 3rd harmonic
to be ∼35-40 fs, based on its spectral bandwidth, its es-
timated attochirp, and the thickness and GVD of the
MgF2 window25,26. The femtosecond 9.3 eV pulses are
then back-focused (f = 15 cm) into the 3-D momentum
imaging spectrometer using a protected Al mirror. The
reflectance of this back-focusing mirror has been mea-
sured to be 43% at 9.3 eV27. The pulse energy of the 3rd

harmonic on target is approximately 10 nJ, which was
measured using a pair of bandpass VUV filters (same as
above) and a calibrated photodiode. At this pulse en-
ergy and focal length, the field strength is perturbative,
such that no three-photon transitions (or higher order),
or strong-field processes were observed. From a previous
measurement on argon28, the VUV spectrum of the 9.3
eV femtosecond pulse is known to be roughly Gaussian
in shape and possesses no sidebands or pedestal, char-
acteristic of the VUV frequency combs generated in the
single-color HHG, with a two-photon bandwidth of ∼300
meV.

A rotationally and vibrationally cold beam of oxygen
molecules (approximately 80 K) is prepared via an adia-
batic expansion through a 0.03 mm nozzle. The emerg-
ing gas jet is then collimated by a pair of skimmers. This
molecular jet propagates perpendicular to the focused
VUV beam, where the two intersect in the interaction
region of the spectrometer (∼0.01 × 0.01 × 0.20 mm),
resulting in a measured two-photon ionization rate of ap-
proximately 20 Hz by two-photon absorption in the tar-
get oxygen molecules. No significant ionization processes
due to gas impurities or higher photon energies were ob-
served.

III. THEORY

The photoelectron angular distributions for two-
photon ionization of O2 were computed using second
order time-independent perturbation theory29–33 for the
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two-photon absorption amplitude in the form

Jfi = (ℏω)2
∑
j

⟨Ψf |n̂ · r⃗|Ψj⟩⟨Ψj |n̂ · r⃗|Ψi⟩
∆Ej,i − ℏω

(1)

in which the factor of (ℏω)2 arises from manipulations to
give a length form in better agreement with the velocity
form when the intermediate states included do not form a
complete set34. In Eq.(1) Ψi,f denotes the initial (bound)
and final (continuum) states, ∆Ej,i = Ej − Ei, and n̂ is
the polarization vector of both photons.

Explicit expressions for the β2 and β4 parameters used
in the parametrization of the photoelectron angular dis-
tributions can be derived from Eq.(1). Our calcula-
tions of the angular distributions for various final states
were performed at a single internuclear distance, but the
choice of intermediate states requires an understanding
of both the potential energy curves for the intermediate
states and the behavior with varying internuclear dis-
tance of the dipole couplings in Eq.(1).

The potential energy curves and dipole couplings
between neutral O2 states were computed using the
multireference configuration interaction capability of
MOLPRO35,36, with singles and doubles excitations from
an active space including four σg, four σu, and both com-
ponents of two πu and one πg orbitals, with the 1σg
and 1σu core orbitals always doubly occupied. These
orbitals were obtained from a state-averaged complete
active space self-consistent field (CAS-SCF) calculation,
including one 3Σ−

g , two 3Σ−
u , two 3∆u and two 3Πu

states. The one-electron basis set was aug-cc-pVTZ37,38,
augmented by five s, five p, and five d Rydberg diffuse
functions39 centered at the bond midpoint.
Dipole couplings and potential energy curves for dipole

allowed states near resonance for a photon energy of 9.3
eV are shown in Fig. 1. The apparent discontinuity ob-
served near R = 2.8a0 is due to the nature of the calcu-
lation and results from switching from occupied to vir-
tual orbitals in the CAS-SCF approach used. The four
states shown there undergo widely avoided crossings that
in both cases (B 3Σ−

u with E 3Σ−
u and a 3Πu with F 3Πu)

involve a change between valence and Rydberg character
in these adiabatic states. To understand the behavior of
the transition dipole moments in Fig. 1(b), it is useful
to think in terms of the diabatic representation of these
states. For example, near their avoided crossing the E
and B states are given by a unitary transformation,(

|ψB(R)⟩
|ψE(R)⟩

)
=

(
b1(R) b2(R)
e1(R) e2(R)

)(
|ϕval⟩
|ϕRyd⟩

)
, (2)

of valence and Rydberg diabatic states |ϕval⟩ and |ϕRyd⟩.
On the small R side of the avoided crossing in Fig. 1(a),
the E state is predominantly valence-like while on the
large R side the B state acquires valence character. The
valence diabatic state has a much larger transition dipole
moment with the ground state than the Rydberg diabatic
state, and Fig. 1(b) displays the effect of the changing

FIG. 1. (a) Relevant potential energy curves of O2. (b)
Squares of the transition dipole moments with the ground
state for each of the excited states in the first photoexcitation
step. The shaded interval shown in (a) and (b) indicates the
Franck-Condon region. Note that the discontinuity at R=2.8
a0, particularly seen in the E3Σ−

u and F 3Πu states, is caused
by a switching between occupied and virtual orbitals in the
limited CAS-SCF calculation used here.

character of these two states. The unitarity of the trans-
formation between diabatic and adiabatic states (requir-
ing b21 + e21 = 1) is reflected by the fact that the sum of
the computed transition moments of the B and E states
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is roughly constant with changing R in crossing region
(shown as the purple curve). The same can be seen in
Fig. 1(b) to be true for the case of the a and F states
(shown as the gold curve).

Moreover, parallel excitations into the B3Σ−
u and

E3Σ−
u states are more than an order of magnitude larger

than those for the a3Πu and F 3Πu at the equilibrium
internuclear distance. Thus, at these photon energies
(ℏω ≈ 9.3 eV) parallel dipole transitions to the nearby
states are favored over perpendicular transitions, while
the second photon transition may be either parallel or
perpendicular, leading to 3Σ−

g and 3Πg final symmetries.
For these reasons, it turns out to be a reasonable first
approximation to include only the B 3Σ−

u and E 3Σ−
u in-

termediate states in the sum in Eq.(1).
With that approximation two-photon single ionization

β2 and β4 anisotropy parameters were calculated at a
fixed internuclear distance of R=2.30 a0 (bohr). The
calculations have been performed considering randomly
oriented molecules, because the two-photon energy lies
below the dissociative ionization threshold, preventing
the molecular orientation at the instant of photoioniza-
tion from being determined without prealignment.

Dipole couplings between the excited neutral interme-
diate states and the scattering states require a coupled
channel treatment of the ionization continuum in this
case. The scattering states were calculated using the
Schwinger variational method40–43. In these calculations,
the scattering-states at a fixed energy were represented
on single center expanded grid, with a partial wave ex-
pansion up to lmax=80. The full N -electron ionized state
was then represented as a close-coupling expansion con-
taining a sum of the products of (N − 1)-electron ion
state wave functions multiplied with one-electron photo-
electron wave functions. The ion channels in the close-
coupling expansion included X2Πg, a

4Πu, A
2Πu, b

4Σ−
g ,

B2Σ−
g , 1

4Πg, 3
2Πu, and c

4Σ−
u states. The ionization po-

tentials for each of these channels were shifted slightly to
agree with the experimental vertical ionization potentials
in Refs.44,45. The initial and ion states were computed
performing a numerical complete active space configu-
ration interaction (CAS-CI) method using the orbitals
from the CAS-SCF calculation discussed above, where
spin-orbit interaction has been ignored.

IV. RESULTS

The photoelectron kinetic energy spectrum for elec-
trons measured in coincidence with the O+

2 cation is
shown in Fig. 2 as a histrogram. The measured distri-
bution exhibits a large and broad peak near 0 eV that is
associated with the a4Πu, A

2Πu, and b4Σ−
g ionic states

of O2, and a smaller peak near 6.25 eV that is associated
with the X2Πg ionic state of O2. The branching ratio of
the high and low kinetic energy features is approximately
1:4, where 4.2 eV is taken as the energy separating the
two features. The larger signal amplitude at low kinetic
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FIG. 2. The measured photoelectron kinetic energy spec-
trum for near-resonant one-color two-photon single ionization
of O2. The lettered gray horizontal bars indicate different en-
ergy intervals corresponding to the various ionic states that
are subsequently analyzed and shown in Fig. 3 and Table I.
The vertical colored lines indicate the location of the vibra-
tional levels of the various ionic states and the corresponding
Franck-Condon factors reported in45. (Inset) The photoelec-
tron momentum distribution parallel and perpendicular to the
VUV polarization.

energy can be attributed to the fact that the two-photon
energy is closer to resonance with the higher lying ionic
states, leading to an increased propensity to ionize to
excited ionic states over the ground ionic state. The vi-
brational levels associated with these different electronic
states of the O+

2 cation and their corresponding Franck-
Condon factors (scaled for visibility) with the ground
state of neutral O2 are indicated by the color-coded ver-
tical line segments45. The vibrational states associated
with the A2Πu ionic state overlap in energy with those of
the adjacent a4Πu, while those associated with the b4Σ−

g

state can be separated in energy. Given the two-photon
excitation energy and bandwidth (∼18.6 eV and ∼300
meV, respectively), the widths of the features in Fig. 2
are primarily determined by the electron energy resolu-
tion of our spectrometer (∼500 meV) and the spectral
bandwidth of the VUV pulse, which exceeds the indi-
cated vibrational level spacing (see colored vertical lines).
The excitation bandwidth and spectrometer resolution
results in the unresolved broad low energy feature corre-
sponding to the a4Πu, A

2Πu, and b
4Σ−

g ionic states and
the unresolved vibrational progressions for all four ionic
states. We observe that in the case of the X2Πg state
(the high kinetic energy feature), the general shape of
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the two-photon electron kinetic energy spectrum bares
close resemblance to the one-photon Franck-Condon fac-
tors, which we will address in more detail below.

The features in the photoelectron spectrum are parti-
tioned into different regions, with the lettered grey hor-
izontal bars in Fig. 2 indicating different intervals of
electron kinetic energy that are subsequently analyzed.
These energy slices sum over two or more vibrational
levels, as the two-photon bandwidth, energy resolution,
and statistics do not permit a fully vibrationally resolved
measurement. The broad low kinetic energy feature is
divided into four regions, 0.25–0.60 eV, 0.80–1.20 eV,
1.00–1.50 eV and 2.00–2.50 eV, where the lowest energy
slice primarily captures the b4Σ−

g ionic state, the two

intermediate energy slices primarily capture the A2Πu

and the higher energy slice primarily captures the a4Πu

ionic state. Although the vibrational levels of both the
A2Πu and a4Πu states overlap over the two intermedi-
ate energy intervals, calculated partial-photoionization
cross sections (not shown here) indicate a dominance
of the A2Πu channel over the a4Πu channel in this en-
ergy region. The high kinetic energy feature, associated
with the X2Πg ionic state, is divided into two regions,
5.50–6.20 eV and 5.50–7.00 eV. We additionally analyze
photoelectrons emerging from the 4.20–5.50 eV kinetic
energy region, which does not overlap with any of the
Franck-Condon factors. These photoelectrons result from
wavepacket motion and dissociation on the intermediate
electronic states preceding ionization to the X2Πg state
of the cation, which leads to an increased binding energy
(i.e. a lower photoelectron kinetic energy).

The photoelectron momentum distribution for the
transverse and parallel momentum components with re-
spect to the VUV polarization vector is shown in the
inset of Fig. 2. Here we see an outer anisotropic arc fea-
ture possessing higher photoelectron momentum, which
is associated with the X2Πg ionic state, and two inner
anisotropic arc features at lower photoelectron momen-
tum associated with the A2Πu, a

4Πu, and b4Σ−
g ionic

states. To gain deeper insight into the anisotropy of the
photoelectron emission patterns for each of these ionic
states, we turn to the energy- and angle-differential pho-
toionization cross sections. For a two-photon ionization
process, the energy-dependent and angle-differential pho-
toionization cross section of a target molecule by linearly
polarized light is given by:

d2σ

dΩdE
=
σ0(E)

4π
[1 + β2(E)P2(cos θ) + β4(E)P4(cos θ)] ,

(3)
where σ0 is the total photoionization cross section, θ is
the angle between the photoelectron momentum vector
and the polarization vector ϵ of the light, E is the photo-
electron kinetic energy, β2, β4 are the second and fourth
order anisotropy parameters, and P2 and P4 are the sec-
ond and fourth order Legendre polynomials with the ar-
gument cos θ.

The measured (solid red circles with error bars), cal-
culated (red lines), and fitted (blue lines) photoelectron

angular distributions for each of the energy regions high-
lighted in Fig. 2 are presented in Fig. 3. The correspond-
ing β parameters can be found in Table I. The error bars
in Fig. 3 and the experimental errors quoted in Table I
represent ±1 standard deviation. The error on the β pa-
rameters was determined via statistical bootstrapping46.

The angular distribution for the 0.25–0.60 eV kinetic
energy interval, associated with the b4Σ−

g ionic state, is
presented in panel (a) of Fig. 3. In this case the angu-
lar distribution exhibits a nearly isotropic emission pat-
tern, with shallow minima around π/4 and 3π/4. As the
electron energy is very low, only the lower order partial
waves are important, resulting in a nearly isotropic an-
gular distribution, with a slight enhancement along the
VUV polarization vector, captured by the small positive
value of β2 and near-zero value of β4 seen in Table I.

The photoelectron angular distributions for the 0.80–
1.20 eV and 1.00–1.50 eV kinetic energy intervals, asso-
ciated with the A2Πu ionic state, are presented in panels
(b) and (c) of Fig. 3, respectively. The photoelectron
emission patterns have attributes associated with a d-
wave, but appear more isotropic, showing shallow min-
ima at 0, π/2, and π. This is also indicated by the small
values of β2 and small negative values of β4 shown in
Table I.

The angular distribution for the 2.00–2.50 eV kinetic
energy interval, corresponding with the a4Πu ionic state,
is shown in panel (d) of Fig. 3. Here the angular distri-
bution features an emission pattern with a shallow mini-
mum at π/2 and maximum intensity along the VUV field,
exhibiting characteristics reminiscent of a p-wave, which
is also reflected in the positive value of β2 and small value
of β4 displayed in Table I.

The photoelectron angular distributions for the 4.20–
5.50 eV, 5.50–6.20 eV and 5.50–7.00 eV intervals, associ-
ated with the X2Πg ionic state, are displayed in panels
(e), (f) and (g) of Fig. 3. The angular distributions ex-
hibit a d -wave character, with peak intensity near π/4
and 3π/4, and minima near 0, π/2, and π, also estab-
lished by the calculated and fitted anisotropy parameters
shown in Table I, with appreciably positive and nega-
tive values of β2 and β4, respectively. Despite the pres-
ence of the (3σg)

−1nσg and (3σg)
−1nπg series of dipole-

forbidden autoionizing states converging to the B2Σ−
g

ionic state (see Refs.17,47), which are known to play a
crucial role in facilitating ion-pair formation at the two-
photon energy used in the present study17, the β param-
eters do not experience a significant change when com-
paring the two integration regions. This contrasts with
our previous results on non-resonant two-photon single
ionization of N2

43, where a strong variation in the an-
gular distributions, associated with different ionic states,
was clearly observed with minor changes in the photo-
electron kinetic energy. The rapid variations in the elec-
tron emission patterns were attributed to the excitation
and decay of dipole-forbidden autoionizing resonances of
different total symmetry. Here this effect appears sup-
pressed, potentially due to the ion-pair formation mech-
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(a) (b) (c) (d)

(e) (f) (g)

FIG. 3. Photoelectron angular distributions integrated over the kinetic energy intervals associated with the different ionic
states b4Σ−

g : (a) 0.25–0.60 eV, A2Πu: (b) 0.80–1.20 eV, (c) 1.00–1.50 eV, a4Πu: (d) 2.00–2.50 eV, and X2Πg: (e) 4.20–5.50 eV,
(f) 5.50–7.00 eV, and (g) 5.50–6.20 eV. Theoretical results are indicated by the solid red line, the experimental measurement
indicated by the red points with black error bars (±1 standard deviation), and the fit to the experimental data shown as the
solid blue line. The polarization vector ε of the VUV field is shown as the blue double sided arrows.

State Kinetic Energy (eV) β2 (theory) β4 (theory) β2 (exp) β4 (exp)

(a) b4Σ−
g 0.25–0.60 0.069 0.061 0.16 ± 0.04 0.06 ± 0.06

(b) A2Πu 0.80–1.20 0.109 -0.141 0.21 ± 0.05 -0.20 ± 0.07

(c) A2Πu 1.00–1.50 0.007 -0.117 0.12 ± 0.05 -0.22 ± 0.07

(d) a4Πu 2.00–2.50 0.278 -0.099 0.21 ± 0.07 -0.04 ± 0.10

(e) X2Πg 4.20–5.50 0.633 -0.510 0.65 ± 0.08 -0.26 ± 0.11

(f) X2Πg 5.50–7.00 0.536 -0.462 0.43 ± 0.05 -0.68 ± 0.06

(g) X2Πg 5.50–6.20 0.511 -0.490 0.55 ± 0.07 -0.61 ± 0.10

TABLE I. Calculated and measured energy resolved photoelectron anisotropy β parameters corresponding to the photoelectron
angular distributions shown in Fig. 3. The lettering used in Fig. 2 and Fig. 3 is shown in the leftmost column, for comparison.
Note that all the theory values were obtained with the indicated photoelectron kinetic energy, but with same fixed bond length
R = 2.30 a0 so that, in particular, the value for the (e) energy interval does not include any possible changes from different
geometries that this feature represents. The errors on the experimental β parameters are for ±1 standard deviation and were
determined via statistical bootstrapping.

anism outcompeting autoionization17.

V. DISCUSSION

The agreement between experiment and theory is
good, and a few conclusions can be drawn from this re-
sult. First, as the initial photon absorption is near res-
onance with the B3Σ−

u and E3Σ−
u states [see Fig. 1(a)],

and since the majority of the dipole coupling strength
is for parallel transitions [see Fig. 1(b)], the inclusion of
only two intermediate states in the calculations is ad-
equate to accurately describe the photoionization pro-
cesses and reproduce the experimental results. Hence,
non-resonant two-photon transitions contribute negligi-
bly to the measurement, and the intermediate electronic
wavepacket is primarily composed of the superposition
of the B3Σ−

u and E3Σ−
u states. It should be noted that,

although only parallel transitions to the two 3Σ−
u inter-

mediate states are considered in the first photoabsorp-
tion step, a cos2(ϕ) distribution of molecular orientations

around the light polarization vector are excited, where ϕ
is the angle between the internuclear axis and the light
polarization vector ϵ, enabling perpendicular final state
transitions.

Second, we note that for the X2Πg ionic state, the one-
photon Franck-Condon factors are similar in shape to the
measured two-photon electron kinetic energy spectrum.
This indicates that the ground state wavepacket is largely
preserved, i.e. its distribution roughly maintained, on the
intermediate electronic states as it transitions through
them preceding ionization. This suggests that our mea-
surement is mostly sensitive to early time dynamics on
the intermediate states before the wavepacket can move
or spread significantly. This enables the inclusion of only
a single internuclear separation in the calculations in or-
der to accurately reproduce the measured angular distri-
butions, i.e. the role of nuclear motion can be ignored.

However, the signature of wavepacket motion and dis-
sociation on the intermediate electronic states can still
be observed in the weak photoelectron signal that lies be-
tween roughly 4.2–5.5 eV (see Fig. 2). As the wavepacket
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dissociates, its binding energy increases and thus the pho-
toelectron kinetic energy decreases. In the case of ion-
ization to the X2Πg ionic state, this causes the photo-
electron kinetic energy to drop below the primary peak
associated with the X2Πg state, which is captured by
the analyzed 4.2–5.5 eV region. The measured angu-
lar distribution associated with this region is shown in
Fig. 3(e) and appears similar to that associated with
the X2Πg state, seen in Fig. 3(f) and (g), which indi-
cates that these photoelectrons emerge from ionization
to the ground state of the cation after the wavepacket
exits the Franck-Condon region and begins to undergo
dissociation. While our measurement primarily probes
early times before the wavepacket can undergo signifi-
cant motion, it still exhibits sensitivity to dissociation.

Last, as seen in Fig. 1(b) and discussed in section III, in
the adiabatic representation, the Rydberg-valence mixed
B3Σ−

u and E3Σ−
u states trade oscillator strength as the

bond length varies, where summing their dipole couplings
results in a relatively flat transition dipole moment across
a range of internuclear separations, extending beyond
the Franck-Condon region. We note that although these
summed dipole couplings exhibit a slight decrease with
increasing R, the variation in the coupling strength of
the sum is significantly less than the variation in either
of the two individual states. Both of these states possess
the same symmetry, however, the two vary oppositely
in their electronic character with bond length. It can be
seen in Fig. 1(b) that at smaller internuclear separations,
the E3Σ−

u state possesses stronger dipole coupling with
the ground electronic state, where the electronic char-
acter of the excited state is valence-like. Similarly, at
larger internuclear distances, the B3Σ−

u state possesses
stronger dipole coupling, where its electronic character
is also valence-like. This results in dominantly valence-
character wavepackets forming regardless of the internu-
clear separation, with minimal Rydberg-character contri-
bution to the ionization dynamics.

For photoionization to the X2Πg state, the photoelec-
tron angular distributions seen in Fig. 3(e), (f) and (g)
do not appear diffuse and Rydberg-like, but are instead
structured and exhibit a d-wave pattern, indicative of
valence-character. This is true for both the primary pho-
toelectron peak associated with the X2Πg state, which
corresponds to equilibrium internuclear distances, as well
as the low energy shoulder that arises from dissocation,
which corresponds to larger atomic separations, indicat-
ing valence-character at both small and large R.

VI. CONCLUSION

We have presented energy- and angle-resolved experi-
mental and theoretical results on the photoionization dy-
namics of O2, analyzing ionic-state-selective photoelec-
tron angular distributions following near-resonant one-
color two-photon single ionization of the neutral molecu-
lar ground state using coincidence 3-D momentum imag-

ing and intense 9.3 eV femtosecond pulses produced via
400 nm driven HHG. We find agreement between exper-
iment and theory, which indicates the involvement of a
valence-Rydberg superposition of intermediate electronic
states, and that non-resonant contributions are insignifi-
cant.

From the comparison of the experimental and the-
oretical angular distributions and asymmetry parame-
ters, we conclude that wavepacket motion on the inter-
mediate states does not significantly contribute to the
measured two-photon ionization dynamics, although our
measurement does demonstrate sensitivity to changes
in internuclear distance. A superposition of the B3Σ−

u

and E3Σ−
u states is created by photoexcitation with a

9.3 eV VUV photon, which is then probed by a second
9.3 eV photon from within the same pulse envelope. The
contribution from each component of the superposition
changes with bond length, which results in a valence-
character wavepacket being created irrespective of inter-
nuclear distance. In particular, at shorter bond lengths,
the dipole coupling between the ground state and E3Σ−

u

state is dominant, where this state shows strong valence-
character, while at larger bond lengths, the B3Σ−

u state
dipole coupling is dominant, where this state also pos-
sesses strong valence-character. As the relative compo-
sition of the superposition varies with bond length, the
electronic character remains valence-like. In this sense,
the diabatic representation constructed from the B3Σ−

u

and E3Σ−
u states is simpler and more effective for under-

standing this experiment than the adiabatic representa-
tion, since in the diabatic representation the majority
of the oscillator strength is carried by only the valence-
character diabat in the expression for both intermediate
states. This results in the measured photoelectron an-
gular distributions not exhibiting strong dependence on
the bond length, allowing nuclear motion to be neglected
in the calculations. The calculated angular distributions
show very good agreement with their measured counter-
parts for all four ionic final states of O+

2 using exclusively
the single internuclear distance of R = 2.3 bohr.

The one-color two-photon single ionization scheme
likely loses sizable yield to prompt dissociation of the ex-
cited oxygen molecule on the B3Σ−

u state. If the dissoci-
ating molecule does not absorb the second 9.3 eV photon
shortly after the first, the wavepacket will exit the ioniza-
tion window and those events dissociate into neutral oxy-
gen fragments, depleting the excited state target. How-
ever, this reaction channel is not part of the O+

2 cation-
electron coincidence detection scheme and does not affect
or pollute the measured electron angular distributions -
it only reduces the two-photon ionization and data ac-
quisition rate.

Further investigation on the dependence of the pho-
toelectron angular distributions on R is needed to fully
evaluate the role of wavepacket motion in influencing the
measured two-photon ionization dynamics. Any devia-
tions between the experimental and theoretical angular
distributions and asymmetry parameters are likely due
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to the choice of the internuclear distances, which was set
to the equilibrium distance of the neutral molecule in the
calculation and yielded very good agreement. Future ex-
periments could explore the avoided crossing with slightly
lower and higher photon energies, sampling a larger frac-
tion of the internuclear distances in the Franck-Condon
region and changing the relative composition of the elec-
tronic wavepacket that is prepared.
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