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Formation of singly ionized oxygen atoms from O, driven by XUV pulses:
A toolkit for the breakup of free-electron-laser-driven diatomics
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We formulate a general hybrid quantum-classical technique to describe the interaction of diatomic molecules
with XUV pulses. We demonstrate the accuracy of our model in the context of the interaction of the O, molecule
with an XUV pulse with photon energy ranging from 20—42 eV. We account for the electronic structure and
electron ionization quantum mechanically employing accurate molecular continuum wave functions. We account
for the motion of the nuclei using classical equations of motion. However, the force of the nuclei is computed
by obtaining accurate potential-energy curves of O, up to O3+, relevant to the 20-42 eV photon-energy range,
using advanced quantum-chemistry techniques. We find the dissociation limits of these states and the resulting
atomic fragments and employ the velocity-Verlet algorithm to compute the velocities of these fragments. We
incorporate both electron ionization and nuclear motion in a stochastic Monte Carlo simulation and identify
the ionization and dissociation pathways when O, interacts with an XUV pulse. Focusing on the O" + O™
dissociation pathway, we obtain the kinetic-energy release (KER) distributions of the atomic fragments and find
very good agreement with experimental results. Also, we explain the main features of the KER in terms of
ionization sequences consisting of two sequential single-photon absorptions resulting in different O* and O**

electronic state configurations involved in the two transitions.
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I. INTRODUCTION

In recent years, the advent of extreme-ultraviolet (XUV)
laser sources has opened up new avenues for probing ultrafast
complex processes in molecular systems with unprecedented
temporal and spatial resolution [1,2]. In particular, experi-
ments utilize free-electron lasers (FELs), such as FLASH in
Hamburg [3,4], to produce intense XUV pulses. The high
photon energy of XUV radiation results in phenomena such
as multielectron ionization and dissociation in molecules. A
large number of ionization sequences can contribute to a cer-
tain dissociation pathway in strongly driven molecules. This
results in a plethora of features in the sum of the kinetic en-
ergies of the atomic fragments, i.e., the kinetic energy release
(KER), as a function of photon energy of the atomic fragments
resulting from molecular dissociation [5,6]. Hence, using ad-
vanced theoretical models to identify the ionization sequences
leading to molecular dissociation is crucial for understand-
ing experimental results in physical, chemical, and biological
processes taking place when molecules interact with XUV
pulses [7-11].

Molecular oxygen, Oy, is of great interest due to its sig-
nificance in biology and atmospheric chemistry. Specifically,
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oxygen is the key component in both the metabolic processes
of all living organisms and the ozone layer, which shields us
from the sun’s ultraviolet radiation [12—15]. There has already
been a number of studies on singly and doubly ionized O,,
for instance see Refs. [16—18]. Here, we formulate a hybrid
quantum-classical theoretical model to address the interaction
of molecules with intense pulses of high photon energy. We
focus on the formation of two O atomic fragments in coinci-
dence resulting from the interaction of O, with an XUV pulse
with photon energy ranging from 2042 eV. We demonstrate
that the theoretically obtained kinetic-energy release spectra
as a function of the photon energy for the O + O dissoci-
ation pathway are in very good agreement with experimental
results.

Our hybrid quantum-classical model allows us to identify
the ionization sequences that lead to the formation of the two
O™ fragments. Namely, for photon energies from 20-42 eV,
up to two sequential single-photon ionization processes can
take place starting from the ground state of O,. The electronic
configuration of the ground state of O, (X 32; ) is given by
(102, 102, ZJgZ, 202, 3agz, 172, lnuzy, 171;x, ln;y), with the two
open 7, orbitals resulting in a triplet spin state. These single-
photon ionization processes include the removal of valence
or inner-valence electrons from the ground state and singly
excited states of O,. The different ionization sequences result
from the different OF states the molecule transitions to after
the removal of the first electron as well as the different O§+

states the molecule transitions to after the escape of the second
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electron. For each sequence, we also identify the times and
the internuclear distance when ionization takes place. This de-
tailed analysis allows us to relate specific features of the KER
spectra for the O1 + O™ dissociation pathway with certain
ionization sequences. We also investigate the dependence of
the KER features and their connection to ionization sequences
on pulse duration and intensity.

The hybrid model we develop in this work consists of
employing state-of-the-art quantum-mechanical computations
for describing electron escape to the continuum. At the same
time, we allow the nuclei to move using classical equa-
tions of motion. However, in these classical equations of
motion the force between the nuclei is provided by employ-
ing accurate quantum-mechanically obtained potential-energy
curves (PECs). Specifically, in order to calculate the neces-
sary ionization cross sections for our theoretical calculations,
we utilize state-of-the-art ab initio quantum-mechanical tech-
niques [19]. Namely, we compute the continuum wave
function of the escaping electron using molecular orbital wave
functions obtained in the Hartree-Fock framework [20]. Also,
to provide the force in the classical equations that account
for the motion of the nuclei, we obtain accurate PECs of the
various states of O, and singly and doubly ionized O, by using
advanced quantum-mechanical techniques in the framework
of the quantum-chemistry package MOLPRO [21-23]. Comput-
ing PECs of these various states is not an easy task due to the
open-shell configuration of O,, especially in the cases where
an electron is removed from an inner-valence orbital.

Other hybrid models currently available for the description
of molecules with XUV and x-ray laser pulses differ from our
model mainly concerning two aspects [24-29]. Our model
employs accurate molecular wave functions instead of an
approximation of the continuum molecular wave functions
as a linear combination of atomic orbitals [24]. Moreover,
the PECs in our method are computed very accurately using
advanced quantum-chemistry methods such as the complete
active space self-consistent field method, CASSF, and the
multireference configuration interaction method MRCI. In
other hybrid models, less accurate methods are employed,
such as the Hartree-Fock-Slater method [25]. Hence, we
expect that our hybrid model yields more accurate results
particularly for smaller photon energies, while other models
due to the approximations employed are more readily scalable
to treat larger molecules.

In Sec. II, we discuss our theoretical methods for describ-
ing the interaction of a diatomic molecule, in this work O,,
with an XUV pulse. In Sec. III, we outline the experimental
setup for the same interaction. Then, in Sec. IV, we discuss
our results for the KER of the two O™ fragments. In particular,
we consider both a low- and high-intensity XUV pulse in
the photon-energy range from 20—42 eV. We identify the key
features of the KER distributions, as well as the ionization
sequences that lead to the obtained spectra.

II. THEORETICAL METHOD

In what follows, we formulate a hybrid quantum-classical
model to describe the interaction of a diatomic molecule, in
this work O,, with an XUV pulse. This model adapts the
Born-Oppenheimer approximation [30] in order to separate

the nuclear from the electronic motion in the driven molecule.
We model the ionization of electrons quantum mechanically,
as described in Sec. Il A. We account for the motion of the
nuclei and compute the velocities of the atomic fragments
using the classical equations of motion of the two-body sys-
tem, see Sec. II B. In Sec. II C, we describe how we use the
velocity-Verlet algorithm to calculate the internuclear distance
and momentum at each time step. The force in these clas-
sical equations is computed via the PECs of up to doubly
ionized oxygen, which are obtained using advanced quantum-
chemistry techniques, see Sec. IID. In Sec. I F, we describe
how we sample the initial conditions for the nuclei using the
Wigner distribution for the Morse oscillator. Both electron
escape and nuclear motion are incorporated in a Monte Carlo
simulation described in Sec. IIG. In Sec. IIE, we outline
the criteria we use to identify the time in the Monte Carlo
simulation when the molecule dissociates transitioning to two
atomic fragments interacting with an XUV pulse.

A. Single-photon ionization cross sections

To model ionization, we obtain the quantum wave func-
tions for the bound and continuum electrons. We calculate
wave functions of the bound electrons with the Hartree-Fock
(HF) method employing the quantum-chemistry package
MOLPRO [21]. When using MOLPRO, we employ the aug-
mented Dunning correlation consistent quadruple valence
basis set (aug-cc-pVQZ) [31]. Using these bound electron
wave functions, we then solve a system of HF equa-
tions [20,32] to obtain the wave function of an electron that
escapes to the continuum after absorbing a single photon. We
express the continuum and bound state wave functions using
the single center expansion (SCE) [20,33]

Z P (r)Yim (6, ¢)

Y(r) = (1)

Im r

where [, m are the angular momentum and magnetic quantum
numbers, respectively, Y, is a spherical harmonic and P,
is the radial part of the wave function. Note that we fully
account for the Coulomb potential when solving to obtain
the continuum wave functions. We use the continuum and
bound wave functions to calculate the photoionization cross
sections for an electron transitioning from an initial orbital ;
to a final continuum orbital .. These cross sections are given
by [34,35]
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where « is the fine-structure constant, @ the photon energy,
N; the occupation number of orbital i and M the polarization
of the photon. In the length gauge, the dipole matrix element,
DM is given by the following:

4
D! =/Wf(’)l/fi(")\/Tnyw(@,aﬁ)dr. (3)

Substituting Eq. (1) in Eq. (3) and integrating over the angular
components, we obtain the following expression in terms of
Wigner-3; symbols and in terms of the radial bound and
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Note that we also include Auger-Meitner decay in our calcu-
lations. However, for the photon energy range of 2042 eV
only a very small number of Auger-Meitner transitions are
energetically allowed. Hence, in this work, we do not discuss
the computation of Auger-Meitner rates, which for diatomic
molecules are given in Ref. [20].

B. Two-body equations for nuclear motion

In classical mechanics, the Lagrangian of a two-body sys-
tem with potential energy U (r) can be written in terms of the
center-of-mass velocity, R, and the relative velocity between
the nuclei, r as follows [36]:

L=0m +m)R + jui? — U(r), (5)
where
R = i X1 ™ X2
my + myp my + my
= Lxit+ Ly, (©)
niy mp
with u = ™ being the reduced mass of the molecule,

K my +n . .
while the difference vectoris r = x| — X, and the internuclear

distance of the molecule is given by r = |r|. By Newton’s
second and third law, the force between the nuclei is given
by

=—=-"= )

The position and velocities of the nuclei can be expressed in
terms of r and the reduced mass as follows:

X|=—r=xy=—r
my my
o=—Lroin =t )
nmy ny

C. Algorithm for propagating the nuclei in time

Next, we explain how we obtain the velocities of the nu-
clei x; and x,. Equation (8) shows that to obtain the final
velocities, we need to track the internuclear distance, r, and
the relative velocity, v =7, as a function of time. To do so,
we employ the velocity-Verlet algorithm [37]. This algorithm
calculates recursively the internuclear distance and the mag-
nitude of the relative velocity at each time step as follows:

1
'ngl = Tn + UnAt + _El(At)z
2p

1
Uptl = Up + Z_(FnJrl + F,,)(Al), (9)
m

where At is the time step of the propagation and F,, is the force
at each time step given by

p UG
dr
dU(r,
Fppy = =20 0ne1), (10)
dr

where U (r,,) is the potential energy at the end of the nth time
step, while U (r,41) is the potential energy at the end of the
(n 4 1)th time step. To obtain the potential U (r), we compute
the PECs of the singly and doubly ionized states of O,. We
describe how to do so in the next section. Hence, obtaining
v at each time step allows us, through Eq. (8), to compute
the magnitudes of the velocities x; and x, of the two atomic
fragments.

D. Computation of potential-energy curves

Next, we describe the computation of the PECs of O, up to
Og+ ionic states. We perform these calculations for all singly
and doubly ionized states of O, that are energetically accessi-
ble by absorption of a single photon with energy varying from
2042 eV. This range of photon energies suffices to ionize
electrons from all outer-valence orbitals and the inner-valence
orbital 20,. As a result, we can access and thus compute the
PECs of 18 states, which are comprised of the ground state of
0, five OF and 12 03" states.

First, we employ the HF method in MOLPRO to obtain,
as a function of distance, the bound orbitals of O, in its
ground state. We use these orbitals as input in the subsequent
computation of the PECs employing the complete active space
self-consistent field (CASSCF) method [38,39]. In the current
work, in a similar fashion to the one followed in Ref. [22]
for the N, molecule, we consider 12 active orbitals. These
orbitals include the nine occupied ones in the ground state
of O, which are given by lo,, loy, 204, 20,, 30, lm,,
177y, 174y, 174y, and the three virtual orbitals 30,, 40,, and
40,. Lastly, to obtain even more accurate PECs, using as
input the bound orbitals obtained with the CASSCF method,
we next employ the multireference configuration interaction
(MRCI) method [40—-42]. In our current computations, while
the CASSCF method includes all possible excitations among
only the 12 active orbitals, the MRCI method allows single
and double excitations from all active orbitals to all orbitals.
The MRCI method produces more accurate PECs compared
to CASSCF by improving the description of the electron-
electron repulsion [22,43].

To compute the PECs, we utilize the same basis set as
in Sec. IT A. For the states of singly and doubly ionized O,
where at least one electron is missing from the inner-valence
orbitals 20y, there are several other states with the same
symmetry and lower energy besides the desired state. This
leads to variational collapse [44], where MOLPRO computes
the lowest-energy state with the same symmetry as the desired
state. We address this issue during the calculations of the
PECs with the CASSCF and MRCI methods by employing the
state-averaging technique in MOLPRO. This technique ensures
that MOLPRO computes a sufficient number of states with the
same symmetry as a function of the internuclear distance. We
identify the desired state by selecting the state that has the
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FIG. 1. Potential-energy curves of O,, OF, and O3 obtained using the techniques outlined in Sec. IID (black solid line), compared with

the PECs obtained in Refs. [5,47,48] (gray dashed lines).

desired electronic configuration at the equilibrium distance of
the ground state of the O, molecule. We find the equilibrium
distance to be equal to r, = 1.205 A=228au.,in agreement
with Refs. [45,46]. As in Ref. [22], to obtain the PECs of
all states with electrons missing from outer-valence orbitals,
we optimize all orbitals at the same time. We obtain the
PECs for 16 states using the MRCI states, while for the states
o ¢ ¥, ) and o5t ¢ %), we could not achieve convergence
using the MRCI method and hence obtained the PECs using
the CASSCF method.

In Fig. 1, we compare the PECs we obtained using the
method outlined above (black solid lines) with the theoret-
ical PECs obtained in Refs. [5,47,48] (gray dashed lines).
The PECs obtained from the literature also utilize the MRCI
method. In Refs. [5,47,48], the PECs for OF (*;), 03" (Iy)

and both of the O%Jr(3 Eg_ ) states are not obtained, hence the
lack of comparison in Fig. 1, with our PECs for these states.
To produce smooth PECs, we compute the potential energy
of the states at internuclear distances in steps of 0.05 A =
0.094 a.u. Fig. 1 shows that we find an excellent agreement
for our computations of the PECs with the ones obtained in
Refs. [5,47,48].

In the first row of Fig. 1, we plot the PECs of the neutral
ground state and the singly ionized states of O,. These states
possess a potential well and do not exhibit any repulsive
behavior, with the exception of the O;’(“Eg’) state. In the
second and third rows of Fig. 1, we plot the PECs of the
doubly ionized states of O,. Due to the increased electrostatic

repulsion between the ions, all of the O%’L states exhibit repul-
sive behavior. Note that only the 03" (X 'Z;), O3f(B31,)
and O§+(W 3A,) states possess a potential well. However, the
potential well of the O%*(W 3A,) state in particular is very
shallow. To further verify the accuracy of the PECs we obtain
in this work, we compare the atomic fragments resulting from
the dissociation of each molecular state with the atomic frag-
ments obtained in the literature [5,49]. Next, we describe how
to determine these atomic fragments.

E. Dissociation of molecular states

To describe the interaction of O, with an XUV pulse, we
use the Monte Carlo technique described in Sec. II G. If dis-
sociation does take place, we need to specify the time during
propagation when the diatomic molecule dissociates to two
atomic fragments. We take this time to be when the energy
of each molecular state, i.e., the PEC, converges to 99% of
each asymptotic value, known as dissociation energy. From
this time onwards, we perform Monte Carlo simulations for
the interaction of each of the two individual atomic fragments
with the pulse. We calculate the dissociation energy for each
molecular state by computing the potential energy at an inter-
nuclear distance equal to 10* A.

Once we compute the dissociation energy of each molec-
ular state of O, up to 03T, we identify the atomic fragments
resulting from the dissociation of each of these states. To do
so, for each molecular state, we take all possible combinations
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TABLE I. Atomic fragments resulting from the dissociation of O,, OF, and O3". We also provide the dissociation energy relevant to these
atomic fragments, and compare with dissociation energies from Refs. [5,49]. The * denotes states calculated using only the CASSCF method
due to lack of convergence of the MRCI method, as mentioned in Sec. II D.

Sum of energies of atomic fragments

Molecular state Atomic fragments Our work (eV) Other work (eV)
0,(X3%;) OCP)+OCP) 5.0 5.0 [5]
OF (X 211,) O*(*S)+0CP) 18.5 18.8 [5]
O} (a*11,) Ot (*8)+0(CP) 185 18.8 [5]
07 (b*%,) O*(*$)+0('D) 20.5 20.7 [5]
O (') 0" (*$)+0('D) 20.5 20.7 [5]
0;('%;) O*(*P)+0(’P) 22.3% 23.8 [49]
0¥ (X 'z 0" (*$)+0* (*s) 31.6 32.4 5]
03T (A3TH) Ot (*S)+0* (*S) 31.6 32.4[5]
03 (1°%)) 0" (*$)+0* (*s) 31.6 32.4 5]
0¥ (B°T1,) 0" (*$)+0"(*D) 35.0 35.7[5]
02 (Cc’m,) 0+ (*$)+0* (*D) 35.0 35.7 [5]
o3t (1°11,) 0t (*S)+0* (*D) 35.0 35.7 [5]
0XF(W3A,) 0t (*s)+0*(’D) 35.0 35.7 [5]
03" (I,) 0+(*$)+0*(*D) 35.0 35.7 [5]
03 (1°%7) 0t (*s)+0* (*D) 35.0 35.7 [5]
03* %) 0 (*$)+0* (D) 35.0 35.715]
03 (2°%;) 0" (*s)+O* (°P) 36.6 37.3[5]
03" CE,) O*(*D)+0*(*D) 48.1% 39.0 [5]

of atomic fragments that sum to the same net charge as the
molecular state under consideration. For all these combina-
tions, we compute the sum of the energies of the atomic
fragments and identify the one that matches the dissociation
energy of the molecule. We compute the atomic energies with
the MRCI method. The atomic fragments of each energet-
ically accessible state of O, in the current work are given
in Table I. Moreover, in Table I we provide the dissociation
energies of the molecular states, which we compare with
dissociation energies from the literature [5,49], and find them
to be in very good agreement. For the 16 states for which we
were able to calculate their PECs using the MRCI method,
we find a 1-2 % difference in the dissociation energies with
respect to the literature. For the PECs where we were able to
utilize only the CASSCF method, we find larger deviations of
7% and 19%. This is due to the difference in the techniques
used. We also find agreement with Refs. [5,49] concerning
the atomic fragments resulting from the dissociation of the
molecular states.

F. Sampling the initial conditions of the nuclei

In the Monte Carlo technique, at time step n = 0, we need
to specify the initial internuclear distance, ry, and relative
momentum of the nuclei, py = puvg. To avoid importance
sampling of both ry and py at the same time, which re-
quires the use of a two-dimensional distribution, we use an
approximation and sample ry and py as follows. First, for the
internuclear distance, we employ importance sampling [50]
with the distribution given by the square of the Morse wave
function [51] for the ground state of neutral O,. The Morse
potential is widely recognised as a good approximation for

potentials of diatomic molecules [52]. The Morse potential is
given by

Un(r) = D [(1 — e Prrehyz — 1], (11)

where D, is the dissociation energy of the ground state of
0O,, which is equal to 5 eV. The coefficient § is related to
the frequency of vibration of the nuclei, w,, by the following
expression:

2D,
w, = p , (12)
u

where w is the reduced mass of the molecule. Using NIST, we
assign w, to be equal to 1580.16 cm~! [53]. Using Eq. (12)
and the values we obtain for D, u, and w,., we compute 8. The
Morse wave function of the ground state of neutral O, [51] is
given by

Yio(r) = Njoe S22 (£)

B
Njo = rQ2j+1)
£=(2j+ e P, (13)

where Léj is an associated Laguerre polynomial [54] and I is
the Gamma function. The quantum number j is related to the
dissociation energy through

(.. 1Y
De:ﬂ<j+§>. (14)

Given D,, u, and g, we solve for j. Next, after obtaining with
importance sampling r(, we use this r( as input to the Wigner
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FIG. 2. Distributions used in importance sampling. Top: distri-
bution of the internuclear distance using the square of the Morse
wave function for the ground state of O,. Bottom: distribution of
the internuclear distance and the relative momenta using the Wigner
function for the ground state of O,. For each r( obtained using the
distribution in Fig. 2(a), we sample p, using the distribution that is
given by a cut of the Wigner function at ry in Fig. 2(b).

function of the ground state of neutral O,, which is given by

2 .

W (¥jolr. p) = mszw_zwﬁ(s), (15)
where K_5;,/5(§) is the modified Bessel function of the third
kind [54]. We sample the initial relative momentum pg by
employing importance sampling with the Wigner function in
Eq. (15) at r = rp. In Fig. 2, we plot the distributions of
the Morse wave function squared, | jyo(r)|2, and the Wigner
function, W (0|7, p), for the ground state of O,. For any
given ry, the cut of the Wigner function at ry is a function
of po centered around O a.u., i.e., centered around the nuclei
being at rest.

G. Monte Carlo technique

In what follows, we outline the steps involved in the Monte
Carlo technique that describes the interaction between the O,
molecule and the XUV pulse. For each event in the Monte
Carlo simulation, we start in the ground state of O, with an
internuclear distance and relative momentum resulting from
the sampling described in Sec. IIF. We choose the default
time step to be At = 0.01 fs, as we found convergence in our
results at this granularity. For a given photon energy, at the
start of a time step, we identify all the electronic transitions
that are energetically accessible for a given photon energy

from the molecular or atomic state « at this time to a state
i at the end of this time step. In order to determine which
transition occurs in this time step, we calculate the transition
rates for each single-photon ionization and Auger-Meitner
process. The transition rates are given by

wgi(t) = 04;J(t) Photoionization

Wui(t) = Ty Auger-Meitner decay, (16)

where w,; is the transition rate from the initial state « to the
final state i, o,; is the photoionization cross section for this
transition, J(¢) is the photon flux at time ¢, and I'y; is the
Auger-Meitner rate. Note that we calculate these rates both
for the molecular ions and for the atomic fragments that result
from dissociation of the molecule due to the interaction with
the XUV pulse. The molecular transition rates depend on the
internuclear distance. The population of the molecular and
atomic states follow an exponential decay law [26], i.e.,

P = Pye =" (17)

where P, Py are the populations of molecular and atomic states
at times ¢ and at the start of a given time step, respectively.
Hence, selecting a random value of P such that 1% < 1, the
corresponding time for this transition for a given time step is
given by

P

i (18)

Wy

tai(t) = -

At the start of each time step, we compute the times f,; for
all transitions from the state o to energetically allowed states
i. We identify the smallest time #,;, which corresponds to the
most probable transition at a given time step. If this time is
greater than the default time step of 0.01 fs, no electronic
transition takes place and the time increases by the default
time step of 0.01 fs. If 7,; is smaller than the default time step,
then the time increases by #,; and the transition to state i takes
place.

For a given time step, we propagate the nuclei, as described
in Sec. IIC, using as the potential U(r,) and U (r,4;), the
potential of the state « at the distances corresponding to the
start and the end of this time step, respectively. If a transition
occurs, this time step is #,;, otherwise it is the default one,
equal to 0.01 fs.

Finally, at each time step we check if dissociation occurs
at the corresponding internuclear distance using the criteria
outlined in Sec. IIE. If dissociation does occur, from this
time on in the Monte Carlo simulation, we account for the
interactions of the resulting atomic fragments with the XUV
pulse.

III. EXPERIMENTAL SETUP

The experiment of O, interacting with an XUV pulse
was conducted at the reaction microscope (REMI) end sta-
tion [17,55] at the FEL in Hamburg, using the FLASH2
undulators [3,4]. The setup allows one to analyze ionization
and fragmentation processes and to measure the final ion
states and their charge states in coincidence. In the ultra-
high vacuum (& 10~!! mbar) detection chamber a supersonic
gas jet is crossed at 90° with the focused XUV FEL beam.
Electrons and ions, which are generated during ionization are

013123-6



FORMATION OF SINGLY IONIZED OXYGEN ATOMS FROM ...

PHYSICAL REVIEW A 111, 013123 (2025)

guided onto spatial and time sensitive detectors by means
of collinear and homogenous electric and magnetic fields.
Time-of-flight information and impact position of a particle
enable the reconstruction of the momentum vectors of the
particles at the instant of ionization. Momentum conservation
between particles of the same molecule can be used to avoid
false coincidences, e.g., between fragments of two molecules
accidentally ionized in the same pulse.

For this experiment the FEL was operated in a pattern of 38
pulses temporally spaced by approximately 13 us (77 kHz),
repeating in a 10 Hz period. This results in an effective rep-
etition rate of 380 Hz. Thanks to the variable gap undulators
the photon energy was easily and repeatedly scanned between
20 eV and 42 eV in steps of 0.2 eV. Within this range the pulse
energy, measured by the gas monitor detector (GMD) in the
experimental hall, varied between 10 and 30 uJ while about
30% of this value is delivered on target. In addition, the pulses
are spectrally centered at 27.7 eV and have a time duration
of 100 fs (full-width-at-half-maximum, FWHM), as estimated
by an electron-bunch duration measurement before the beam
time. For a focus size of roughly 5 um in the interaction
region, a pulse duration of 100 fs and pulse energy of 10 wJ
correspond to an intensity on the order of x10'* W/cm?. In
Fig. 5, we plot the KER distribution of the atomic fragments in
the Ot 4+ O dissociation pathway obtained experimentally.
In Fig. 5, we also compare the theoretical and experimental
results obtained in this work. As the FEL-pulse energy and
other beam parameters change systematically with the photon
energy, the experimental O™ 4+ O™ ion yield in Fig. 5(b) is
normalized with the simultaneously recorded HJ yield from
residual H, gas in the REMI chamber. This procedure is
done by taking the total absorption cross section of H; into
account [56].

The electric field strength was set to about 16 Vem™ " such
that Coulomb exploding O™ pairs are detected in a 47 solid
angle. The nozzle of the supersonic gas source was cooled
to roughly —158 °C, just above the condensation point of O,
in order to prevent clogging. Cryogenic temperatures were
chosen to reduce internal energy and to decrease momentum
spread of the oxygen molecules in the jet.

1

IV. RESULTS

In what follows, we present and discuss our results for
the KER distributions of the atomic fragments in the O* +
O™ dissociation pathway of O, interacting with an XUV
pulse. Here, the photon energy of the laser pulse ranges
between 20 eV and 42 eV in increments of 1 eV for the
theoretical results (0.2 eV for the experimental results). At
each photon energy, we propagate in time 5 x 10° Monte
Carlo events. Concerning the XUV pulse, we consider laser
intensities of 5 x 10'> W/cm? and 5 x 10'* W/cm? and full-
width-at-half-maximum (FWHM) pulse durations of 50 fs and
100 fs. Hence, we consider pulse parameters close to the ones
considered experimentally. For each Monte Carlo event, we
propagate in time starting 500 fs before the peak of the laser
pulse and ending 1000 fs afterwards. We have checked that
our results converge when using these initial and final limits
in the time propagation. At the end of the time propagation,
we collect the events leading to the formation of the OF + O"

pathway. For each of these events, we record the sequence
of single-photon ionization processes. That is, we record the
initial and final states involved in a photoionization transition,
as well as the times and internuclear distances at which this
transition occurs. We also record the final velocities of the two
O™ fragments and calculate the sum of the kinetic energies of
the atomic fragments to compare with experiment.

First, in Sec. IVA we discuss the probability out of all
Monte Carlo events to obtain the O + O™ pathway as a func-
tion of photon energy. Then, in Sec. IV B, we plot the KER
distribution of the two O fragments for all Ot 4+ O* events
as a function of photon energy. We compare our theoretical
results to the experimental KER distribution and identify the
main ionization sequences that lead to the formation of the
O" + O* pathway. In Sec. IV C, we plot the KER distribution
for a higher intensity of the laser pulse in order to understand
the effect of intensity on the kinetic-energy spectra of the O
fragments. Finally, in Sec. IV D, we plot the distribution of in-
ternuclear distances at which single-photon ionization occurs.
We use this distribution, as well as the various sequences of
ionization processes, in order to explain the main features of
the KER distribution.

Note that in our theoretical calculations, we do not include
states of OF and O3 that involve an electron excitation be-
tween different bound molecular orbitals. In what follows, we
refer to these states as excited states of O and O§+. For the
photon energies we consider in this work, it is energetically
allowed to transition from the ground state of O, to excited
states of O; and also to transition from O; states to excited
states of O%*. However, such transitions involve the calcu-
lation of matrix elements where in the final state there is a
simultaneous one-electron excitation and one-electron ioniza-
tion. For instance, to transition to the excited state O;r (11 )
from the ground state of O, would involve the ionization
of an electron from a s, orbital and the excitation of an-
other electron from a 7, to a 7, orbital. Hence, the accurate
computation of such matrix elements is only possible when
electron-electron correlation is included in the description of
the wave functions. This is not accounted for in our current
formulation, where we utilize Hartree-Fock wave functions.
Moreover, it is a reasonable approximation to not account for
the excited states of OF and O%" for the following reasons.
From the excited states of O transitions to nonexcited states
of O§+ can occur by single-photon absorption. In our calcula-
tions, we still access these same nonexcited states of O%* by
single-photon absorption from nonexcited states of OF . Also,
the O%*’ excited states that are not considered in our calcu-
lations tunnel to nonexcited states of O%*, due to coupling
effects between states. In our calculation, we do access these
same final nonexcited states of O%Jr, Hence, without including
the excited states of OF and O§+ we access the same final
states of O%*, and as it turns out we obtain kinetic energy
spectra close to the experimental ones, see Sec. [V B.

A. Probability of the Ot + O dissociation pathway
for different pulse durations

In Fig. 3, we plot, out of all Monte Carlo events, the
probability of the O,, OF , and O§+, i.e., of the nondissociating
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FIG. 3. Probability, out of all Monte Carlo events, of the (a) O,
(b) OF, (c) 03" pathways and of the (d) O* + O™ dissociation
pathway as a function of photon energy. The intensity of the laser
pulse is 5 x 10'> W/cm? and the FWHM are 50 fs and 100 fs.

pathways, as well as of the OT + O™ dissociation pathway
as a function of photon energy. We use a laser-pulse inten-
sity of 5 x 10> W/cm? and FWHM durations of 50 fs and
100 fs. We find that it is more probable to obtain the O + O"
pathway for a FWHM of 100 fs versus a 50 fs one. This
is expected, since for a longer laser pulse there is more of
a chance to absorb photons. This is also consistent with the
probability of O§+ being higher, while the probability for O, is
lower for 100 fs. We also find that for both pulse durations, the
probability of the O + OT pathway is very small for small
photon energies, it peaks at roughly 30 eV photon energy
and then decreases with increasing photon energy. For small
photon energies, the probability of the O + O pathway is
small, even though the probability of OF formation is large,
since no transition is allowed from OF to O§+. For larger
photon energies, the probability of the O + OT pathway
decreases since the single-photon ionization cross sections for
transitioning from O, to O;’ states decrease or remain constant
for these photon energies. This is shown in Fig. 4, where
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FIG. 4. Photoionization cross sections to transition from O, to
02+ at the equilibrium distance of O,, r, = 2.28 a.u., as a function of
photon energy.

for photon energies above 30 eV for transitions to the OF
states X 211 ganda 411, the cross sections decrease, while they
remain flat for transitions to the states b*% ¢ andc iy

B. KER distribution and the main ionization sequences

In Fig. 5(a), we plot the sum of the kinetic energies of
the atomic fragments of the Ot + O* dissociation pathway
as a function of the photon energy. At each photon energy,
the KER distribution is normalized to 1, i.e., we divide by all
O™ + O™ events at this photon energy. For our simulations,
we use a weak laser-pulse intensity of 5 x 10'> W/cm? and a

12.5

Energy (eV)
~N
wvi

Energy (eV)

20 25 30 35 40

Photon energy (eV)

FIG. 5. Kinetic-energy-release spectra of the O™ + O pathway
as a function of photon energy. (a) Theoretical results obtained in the
current work using a laser-pulse intensity equal to 5 x 10'> W /cm?
and FWHM of 100 fs. (b) Experimental results, for more information
on the setup see Refs. [16,17].
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TABLE II. Main ionization sequences leading to the formation of
the O" + O dissociation pathway. These eight ionization sequences
account for almost all O* + O™ events.

Ionization Sequence

0, - 07 (a*11,) > 037 (1° %))
0, — 0 (a*M,) — 07" (A°Z})
0, — Of(c*z;) — 03F(C’1,)
0, — OF (a*I1,) — O} (W3A,)
0, > O (b*s;) — 037 (1°11,)
0, — O (a*I,) — O3*(1°11,)
0, — OF (X 2I1,) — 037 (W3A,)
0, —» OF (X ’T1,) — 03" (A°E})

0NN R W=

FWHM of 100 fs. We compare our theoretical results for the
KER distribution, shown in Fig. 5(a), with the experimental
ones shown in Fig. 5(b). We find that our theoretical results
reproduce well most of the features in the experimental KER
distribution. That is, the KER distribution peaks at 5 eV for
20 eV photon energy, increases with increasing photon energy,
reaching 8 eV at 25 eV photon energy. From 25 eV photon
energy onwards, we observe numerous peaks in the kinetic-
energy spectra, ranging from 7-13 eV. These peaks in the
spectra remain mostly constant from 25 eV until 42 eV photon
energy, giving rise to the straight lines that we see in Figs. 5(a)
and 5(b). However, our theoretical results do not reproduce the
experimental KER peak at approximately 11 eV. It is possible
that this is due to the exclusion of the excited states in our
calculations.

To explain the features of the KER distribution of the
O™ + OT pathway, in Table I1, we identify the main ionization
sequences leading to the formation of two O1 fragments.
Each ionization sequence involves a single-photon ionization
leading to a transition from the ground state of O,, i.e., the
0,(X? X, )state, toa O7 state and a subsequent single-photon

ionization leading to a transition from an O state to an O%*
state. The difference between these sequences are the OF and
O3 states involved in the photoionization transitions. After
transitioning to an O§+ state, as described in Sec. IIE, this
state dissociates to two O fragments, shown in Table 1. As
shown in Fig. 1, the PECs of all the O§+ states involved in
the ionization sequences 1-8 in Table II are repulsive due
to the Coulomb potential of the atomic ions. As a result,
during time propagation the internuclear distance increases
rapidly leading to the formation of two O" fragments. For
additional clarity, in Fig. 6, we schematically depict the two
single-photon ionization transitions involved for the ioniza-
tion sequences 1, 2, 3.

As mentioned earlier, we do not include excited states
of O%’L, such as the 1 1l'[g, 1A, 112;, and 832; states.
However, these states are coupled to nonexcited states of
03", namely the C*I1,,, 1 52;, and 1°T1, states, all three of

which are the final O3 states for some of the eight ioniza-
tion sequences in Table II. This is the reason the theoretical
KER distribution in Fig. 5(a) still reproduces the features that
appear in the experimental distribution in Fig. 5(b).

B0
—~ [ = Sequence 1
% L == Sequence 2 -
g 895 Sequence 3]
BN ; ]
g L W<°A, 0+(*s)+0+*(*D) |
@400 A3} S0
Cﬁ -
el +(4Q 3 ]
g 20 0*(*9)+0(*P) _|
8 O(*P)+O(®P) ]
ot (*P)+O(’P)

0 1 M B R R

2 2.5 3 3.5 4

Internuclear distance (a.u.)

FIG. 6. Schematic depiction of the two single-photon ionization
transitions, first, from the ground state to an O; state and, then, from
the OF state to an O%" state for ionization sequences 1, 2, 3.

C. KER dependence on intensity of the laser pulse

In what follows, we investigate how the KER distribu-
tion of the O™ + O" pathway changes with the laser-pulse
intensity. In Fig. 7, we plot the KER distribution for a laser-
pulse intensity of 5 x 10'* W/cm?, while in Fig. 5(a) the
laser-pulse intensity is smaller and equal to 5 x 10'2 W /cm?.
Comparing the KER distribution in Fig. 7 with Fig. 5(a),
we find that the KER distribution for each photon energy
from 20-25 eV is broader for the lower intensity. From
25 eV photon energy onwards, the KER distributions are
similar in Figs. 5(a) and 7. To explain the wider KER dis-
tributions for small photon energies for the lower intensity,
in Fig. 8, we plot the probabilities of each of the eight
ionization sequences as a function of photon energy. We
find that for photon energies roughly up to 25 eV, only se-
quences 1 and 2 contribute to the Ot 4+ O* pathway. For
the higher intensity, sequence 2 contributes more, while
for the lower intensity both sequences contribute roughly
equally. The contribution of one versus two ionization se-
quences is consistent with a narrower KER distribution for
the higher intensity. For 25 eV photon energy onwards, we
find that almost all ionization sequences contribute roughly
the same for both intensities, resulting in similar KER distri-
butions for these photon energies for both intensities. Since
we do not volume average our results, we consider both an

15 o
12.5 025
S .
o 10 02
B 75 0.15
5
=1 5 1
= 0.
2.5 0.05
0 0

20 25 30 35 40
Photon energy (eV)

FIG. 7. Same as Fig. 5(a) with a laser intensity of 5 x

10" W/cm?.
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FIG. 8. Probability, computed out of all O + O™ events, of each
of the eight main ionization sequences leading to the formation of the
O™ + OT pathway, as a function of the photon energy. The FWHM of
the laser pulse is 100 fs and the laser intensity is (a) 5 x 10'> W/cm?,
(b) 5 x 10" W/cm?.

intensity closer to the experiment of 5 x 10" W/cm? as well
as a smaller one, 5 x 102 W/cm2. The KER distributions for
both intensities demonstrate that volume averaging would re-
sult in KER distributions broader than the ones corresponding
to 5 x 10'* W/cm? and hence would be closer to experiment.

D. Main features of the KER distribution

In this section, we associate the main features of the KER
distribution as a function of photon energy with the ionization
sequences. Plotting the KER distribution of each sequence
individually (not shown), we are able to assign features from
the overall KER distribution to specific sequences. This cor-
respondence is shown in Fig. 9, for the KER distribution
of the O" + O" pathway for the laser-pulse intensity of
5 x 102 W/cm? and FWHM of 100 fs. For photon energies
from 20-25 eV, the center of the KER distributions changes
almost linearly from 5-9 eV. This is due to the ionization
sequences 1 and 2, as we have previously mentioned in
Sec. IVC. Another aspect of the KER distributions is an
almost linear increase from 9-11 eV between 25 eV and
28 eV photon energy. We find that this KER feature is due to

15 Sequence 3 (C311,,)

Sequence 1 (1557)

Sequence 5 (1517,) 125

Sequence 1 (1°57)
Sequence 5 (1°11,)
Sequence 6 (1°17,)
Sequence 7 (W34,)
Sequence 8 (432})

Sequence 2 (432})

Sequence 4 (W34,)

20 25 30 35 40
Photon energy (eV)

FIG. 9. Annotated kinetic-energy release spectra of the atomic
fragments in the Ot 4+ O" dissociation pathway, associating dif-
ferent ionization sequences to different features. The laser-pulse
intensity is equal to 5 x 10'> W/cm? and the FWHM is equal to
100 fs.

the ionization sequences 1 and 5. Also, for photon energies
higher than 25 eV, we see a series of constant lines in the
kinetic-energy spectra. The line corresponding to the highest
kinetic energy of 13 eV is due to sequence 3, while the line
corresponding to the lowest kinetic energy of 7 eV is due to
sequence 4. The sequences 1, 5, 6, 7, and 8 equally contribute
to the broad spectra between 8 eV and 11 eV kinetic energy.
To explain the features of Fig. 9, in Fig. 10, we plot the
distributions of the internuclear distances when each of the
two single-photon ionization transitions occur for ionization
sequence 1. The reason we focus on this sequence is that
we obtain similar results for all eight sequences. In Fig. 10,
for the first ionization process, we see that the distribution
of internuclear distances is narrower for small compared to
larger photon energies. The reason is that as we increase the
photon energy the first ionization step from the ground O,
state to the single ionized O state is energetically accessible
at more internuclear distances. In addition, we find that for
all photon energies, the distribution of internuclear distances
are centered around the equilibrium distance of O,, which is
r, = 2.28 a.u. For the second ionization transition, we find
that the distribution of internuclear distances is narrower for
small photon energies compared to photon energies above
25 eV. Also, the second ionization transition takes place at
large internuclear distances, around 4.5 a.u., for 20 eV photon
energy, decreasing to roughly 3 a.u. at 26 eV photon energy.
For photon energies above 26 eV, the distribution of internu-
clear distances does not change and is centered around small
internuclear distances of roughly 2.5 a.u. The reason is that
for small photon energies, a transition from an O state to

b1
S 6 3
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FIG. 10. For ionization sequence 1, distributions of internuclear
distances when the first single-photon ionization (left column) and
second single-photon ionization (right column) take place.
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an O§+ state is only allowed for larger distances, note from
Fig. 1 the energy difference between the PECs of O;r (a*11,)
and O%*(l 52;) involved in sequence 1.

For photon energies between 20 eV and 25 eV, the decrease
of the internuclear distance in the second ionization step is
consistent with the linear increase in the center of the KER
distribution in Fig. 9. Indeed, in Fig. 1, we see that at larger
internuclear distances the PEC of the O§+(1 52:) state in-
volved in sequence 1 is shallower and hence the derivative
of the PEC, which is the repulsive force, is smaller leading to
a smaller velocity gain of the two O" fragments at dissoci-
ation. Also, the spectral lines remaining constant for photon
energies higher than 25 eV are consistent with the width of
the distribution of internuclear distances being the same for
higher photon energies in Fig. 10. The value of the sum of the
final kinetic energies of the O" atomic fragments, and hence
the kinetic energy each spectral line corresponds to, depends
on the slope of the PECs of the O%+ states at the internuclear
distance when the second ionization transition takes place.

V. CONCLUSION

We have presented a hybrid quantum-classical technique to
account for both the electronic structure and electron escape
as well as the nuclear dynamics of a diatomic molecule during
its interaction with an XUV laser pulse. In our technique,
we treat quantum mechanically the electronic structure and
ionization as well as the single-photon ionization and Auger-

Meitner processes. In addition, we compute, with accurate
quantum-chemistry methods, the potential-energy curves for
molecular ion states of O, up to O%*’. We then use these
potential-energy curves to compute the force between the two
nuclei and classically account for the final velocities of the
atomic fragments. Both the quantum and classical aspects
of our techniques are incorporated in a stochastic Monte
Carlo calculation that accounts for the interaction of an O,
molecule with an XUV pulse. The accuracy of our technique
is demonstrated by comparing the sum of the kinetic energies
of the two O atomic fragments in the O* + O" pathway as
a function of photon energy with experimental results. We
find very good agreement with experiment. Moreover, we
are able to associate the main features of the kinetic-energy
release distribution as a function of photon energy for the
OT + O* pathway to the main ionization sequences leading
to this pathway. Our technique is general and can be applied
to any diatomic molecule.

ACKNOWLEDGMENTS

The authors A.E. and M.M. acknowledge the use of the
UCL Myriad High Throughput Computing Facility (Myr-
iad@UCL), and associated support services, in the completion
of this work. A.E. acknowledges the Leverhulme Trust Re-
search Project Grant No. 2017-376. M.M. acknowledges
funding from the EPSRC project No. 2419551. The team at
beam line FL26 of FLASH?2 and the operators of FLASH at
DESY are gratefully acknowledged.

[1] X. Zhao, S. Li, T. Driver, V.-H. Hoang, A.-T. Le, J. P. Cryan,
A. Marinelli, and C. D. Lin, Characterization of single-shot
attosecond pulses with angular streaking photoelectron spectra,
Phys. Rev. A 105, 013111 (2022).

[2] N. Dudovich, O. Smirnova, J. Levesque, Y. Mairesse, M. Yu
Ivanov, D. M. Villeneuve, and P. B. Corkum, Measuring and
controlling the birth of attosecond XUV pulses, Nature Phys. 2,
781 (2006).

[3] W. Ackermann, G. Asova, V. Ayvazyan, A. Azima, N. Baboi,
J. Béhr, V. Balandin, B. Beutner, A. Brandt, A. Bolzmann, R.
Brinkmann, O. I. Brovko, M. Castellano, P. Castro, L. Catani, E.
Chiadroni, S. Choroba, A. Cianchi, J. T. Costello, D. Cubaynes
et al., Operation of a free-electron laser from the extreme ultra-
violet to the water window, Nature Photon. 1, 336 (2007).

[4] B. Faatz, E. Plonjes, S. Ackermann, A. Agababyan, V. Asgekar,
V. Ayvazyan, S. Baark, N. Baboi, V. Balandin, N. von Bargen,
Y. Bican, O. Bilani, J. Bodewadt, M. Bohnert, R. Bospflug, S.
Bonfigt, H. Bolz, F. Borges, O. Borkenhagen, M. Brachmanski
et al., Simultaneous operation of two soft X-ray free-electron
lasers driven by one linear accelerator, New J. Phys. 18, 062002
(2016).

[5] M. Magrakvelidze, O. Herrwerth, Y. H. Jiang, A. Rudenko, M.
Kurka, L. Foucar, K. U. Kiihnel, M. Kiibel, N. G. Johnson, C. D.
Schroter, S. Diisterer, R. Treusch, M. Lezius, I. Ben-Itzhak, R.
Moshammer, J. Ullrich, M. F. Kling, and U. Thumm, Tracing
nuclear-wave-packet dynamics in singly and doubly charged
states of N, and O, with XUV-pump—XU V-probe experiments,
Phys. Rev. A 86, 013415 (2012).

[6] A. Rudenko, Y. H. Jiang, M. Kurka, K. U. Kiihnel,
L. Foucar, O. Herrwerth, M. Lezius, M. F. Kling, C. D. Schréter,
R. Moshammer, and J. Ullrich, Exploring few-photon, few-
electron reactions at FLASH: From ion yield and momentum
measurements to time-resolved and kinematically complete
experiments, J. Phys. B: At. Mol. Opt. Phys. 43, 194004
(2010).

[7] C. D. Lin, X. M. Tong, and T. Morishita, Direct experimental
visualization of atomic and electron dynamics with attosecond
pulses, J. Phys. B: At. Mol. Opt. Phys. 39, S419 (2006).

[8] M. Nisoli and G. Sansone, New frontiers in attosecond science,
Prog. Quantum Electron. 33, 17 (2009).

[9] J. L. Miller, An attosecond view of electron—nuclear coupling,
Phys. Today 71(6), 20 (2018).

[10] L. Cattaneo, J. Vos, R. Y. Bello, A. Palacios, S. Heuser, L.
Pedrelli, M. Lucchini, C. Cirelli, F. Martin, and U. Keller, At-
tosecond coupled electron and nuclear dynamics in dissociative
ionization of H,, Nature Phys. 14, 733 (2018).

[11] R. Borrego-Varillas, M. Lucchini, and M. Nisoli, Attosecond
spectroscopy for the investigation of ultrafast dynamics in
atomic, molecular and solid-state physics, Rep. Prog. Phys. 85,
066401 (2022).

[12] K. Schmidt-Rohr, Oxygen is the high-energy molecule pow-
ering complex multicellular life: Fundamental corrections to
traditional bioenergetics, ACS Omega 5, 2221 (2020).

[13] K. P. Jensen and U. Ryde, How O, binds to heme: Reasons
for rapid binding and spin inversion, J. Biol. Chem. 279, 14561
(2004).

013123-11



M. MOUNTNEY et al.

PHYSICAL REVIEW A 111, 013123 (2025)

[14] M. J. Paterson, O. Christiansen, F. Jensen, and P. R. Ogilby,
Overview of theoretical and computational methods applied
to the oxygen-organic molecule photosystem, Photochem.
Photobiol. 82, 1136 (2006).

[15] D. H. Parker, Laser photochemistry of molecular oxygen, Acc.
Chem. Res. 33, 563 (2000).

[16] P. Corlin, A. Fischer, M. Schonwald, A. Sperl, T. Mizuno,
U. Thumm, T. Pfeifer, and R. Moshammer, Probing calculated
OF potential-energy curves with an XUV-IR pump-probe ex-
periment, Phys. Rev. A 91, 043415 (2015).

[17] G. Schmid, K. Schnorr, S. Augustin, S. Meister, H. Lindenblatt,
F. Trost, Y. Liu, M. Braune, R. Treusch, C. D. Schréter, T.
Pfeifer, and R. Moshammer, Reaction microscope endstation
at FLASH2, J. Synchrotron Radiat. 26, 854 (2019).

[18] A. Magunia, M. Rebholz, E. Appi, C. C. Papadopoulou, H.
Lindenblatt, F. Trost, S. Meister, T. Ding, M. Straub, G. D.
Borisova, J. Lee, R. Jin, A. von der Dellen, C. Kaiser, M.
Braune, S. Diisterer, S. AliSauskas, T. Lang, C. Heyl, B.
Manschwetus et al., Time-resolving state-specific molecular
dissociation with XUV broadband absorption spectroscopy, Sci.
Adv. 9, eadk1482 (2023).

[19] M. E. Mountney, T. C. Driver, A. Marinelli, M. F. Kling, J. P.
Cryan, and A. Emmanouilidou, Streaking single-electron ion-
ization in open-shell molecules driven by X-ray pulses, Phys.
Rev. A 107, 063111 (2023).

[20] H. 1. B. Banks, D. A. Little, J. Tennyson, and A.
Emmanouilidou, Interaction of molecular nitrogen with free-
electron-laser radiation, Phys. Chem. Chem. Phys. 19, 19794
(2017).

[21] H.-J. Werner, P. J. Knowles, G. Knizia, F. R. Manby, and M.
Schiitz, MOLPRO: A general-purpose quantum chemistry pro-
gram package, WIREs Comput. Mol. Sci. 2, 242 (2012).

[22] D. Bhattacharya, K. R. Shamasundar, and A. Emmanouilidou,
Potential energy curves of molecular nitrogen for singly and
doubly ionized states with core and valence holes, J. Phys.
Chem. A 125, 7778 (2021).

[23] A. Hadjipittas and A. Emmanouilidou, Potential energy curves
of molecular nitrogen up to N3, J. Phys. B: At. Mol. Opt. Phys.
56, 205102 (2023).

[24] L. Inhester, K. Hanasaki, Y. Hao, S.-K. Son, and R. Santra,
X-ray multiphoton ionization dynamics of a water molecule
irradiated by an X-ray free-electron laser pulse, Phys. Rev. A
94, 023422 (2016).

[25] Y. Hao, L. Inhester, K. Hanasaki, S.-K.Son, and R. Santra, Effi-
cient electronic structure calculation for molecular ionization
dynamics at high X-ray intensity, Struct. Dynam. 2, 041707
(2015).

[26] Z. Jurek, S.-K. Son, B. Ziaja, and R. Santra, XMDYN and
XATOM: Versatile simulation tools for quantitative modeling of
X-ray free-electron laser induced dynamics of matter, J. Appl.
Crys. 49, 1048 (2016).

[27] X. Li, L. Inhester, S. J. Robatjazi, B. Erk, R. Boll, K. Hanasaki,
K. Toyota, Y. Hao, C. Bomme, B. Rudek, L. Foucar, S. H.
Southworth, C. S. Lehmann, B. Kraessig, T. Marchenko, M.
Simon, K. Ueda, K. R. Ferguson, M. Bucher, T. Gorkhover
et al., Pulse energy and pulse duration effects in the ionization
and fragmentation of iodomethane by ultraintense hard X-rays,
Phys. Rev. Lett. 127, 093202 (2021).

[28] T. Jahnke, R. Guillemin, L. Inhester, S.-K. Son, G. Kastirke,
M. Ilchen, J. Rist, D. Trabert, N. Melzer, N. Anders, T. Mazza,

R. Boll, A. De Fanis, V. Music, Th. Weber, M. Weller, S.
Eckart, K. Fehre, S. Grundmann, A. Hartung ef al., Inner-shell-
ionization-induced femtosecond structural dynamics of water
molecules imaged at an X-ray free-electron laser, Phys. Rev.
X 11, 041044 (2021).

[29] X. Li, L. Inhester, T. Osipov, R. Boll, R. Coffee, J.
Cryan, A. Gatton, T. Gorkhover, G. Hartman, M. Ilchen,
A. Knie, M.-E. Lin, M. P. Minitti, C. Weninger, T. J. A.
Wolf, S.-K. Son, R. Santra, D. Rolles, A. Rudenko, and P.
Walter, Electron-ion coincidence measurements of molecu-
lar dynamics with intense X-ray pulses, Sci. Rep. 11, 505
(2021).

[30] M. Born and R. Oppenheimer, Zur quantentheorie der
molekeln, Ann. Phys. 389, 457 (1927).

[31] T. H. Dunning, Gaussian basis sets for use in correlated molecu-
lar calculations. I. The atoms boron through neon and hydrogen,
J. Chem. Phys. 90, 1007 (1989).

[32] M. Mountney, G. P. Katsoulis, S. H. Mgller, K. Jana, P. B.
Corkum, and A. Emmanouilidou, Mapping the direction of
electron ionization to phase delay between VUV and IR laser
pulses, Phys. Rev. A 106, 043106 (2022).

[33] P. V. Demekhin, A. Ehresmann, and V. L. Sukhorukov, Sin-
gle center method: A computational tool for ionization and
electronic excitation studies of molecules, J. Chem. Phys. 134,
024113 (2011).

[34] H. I. B. Banks, A. Hadjipittas, and A. Emmanouilidou, Carbon
monoxide interacting with free-electron-laser pulses, J. Phys. B:
At. Mol. Opt. Phys. 53, 225602 (2020).

[35] 1. J. Sakurai, Modern Quantum Physics, revised ed. (Addison-
Wesley, Reading, 1994).

[36] H. Goldstein, C. Poole, and J. Safko, Classical Mechanics, 3rd
ed. (Addison-Wesley, Reading, 2001).

[37] L. Verlet, Computer “experiments” on classical fluids. I. ther-
modynamical properties of Lennard-Jones molecules, Phys.
Rev. 159, 98 (1967).

[38] H.-J. Werner and P. J. Knowles, A second order multiconfigura-
tion SCF procedure with optimum convergence, J. Chem. Phys.
82, 5053 (1985).

[39] P. J. Knowles and H.-J. Werner, An efficient second-order MC
SCF method for long configuration expansions, Chem. Phys.
Lett. 115, 259 (1985).

[40] H.-J. Werner and P. J. Knowles, An efficient internally con-
tracted multiconfiguration—reference configuration interaction
method, J. Chem. Phys. 89, 5803 (1988).

[41] P. J. Knowles and H.-J. Werner, An efficient method for the
evaluation of coupling coefficients in configuration interaction
calculations, Chem. Phys. Lett. 145, 514 (1988).

[42] P. J. Knowles and H.-J. Werner, Internally contracted
multiconfiguration-reference configuration interaction calcu-
lations for excited states, Theor. Chim. Acta. 84, 95
(1992).

[43] H.-J. Werner and P. J. Knowles, A comparison of variational
and non-variational internally contracted multiconfiguration-
reference configuration interaction calculations, Theor. Chim.
Acta 78, 175 (1990).

[44] N. A. Besley, A. T. B Gilbert, and P. M. W. Gill, Self-consistent-
field calculations of core excited states, J. Chem. Phys. 130,
124308 (2009).

[45] L. Bytautas, N. Matsunaga, and K. Ruedenberg, Accurate
ab initio potential energy curve of O,. II. Core-valence

013123-12



FORMATION OF SINGLY IONIZED OXYGEN ATOMS FROM ...

PHYSICAL REVIEW A 111, 013123 (2025)

correlations, relativistic contributions, and vibration-rotation
spectrum, J. Chem. Phys. 132, 074307 (2010).

[46] R. C. Weast, CRC Handbook of Chemistry and Physics (CRC
Press, Boca Raton, 1985).

[47] M. Lundqvist, D. Edvardsson, P. Baltzer, M. Larsson, and B.
Wannberg, Observation of predissociation and tunnelling pro-
cesses in: A study using doppler free kinetic energy release
spectroscopy and ab initio CI calculations, J. Phys. B: At. Mol.
Opt. Phys. 29, 499 (1996).

[48] M. Larsson, P. Baltzer, S. Svensson, B. Wannberg, N.
Martensson, A. N. de Brito, N. Correia, M. P. Keane, M.
Carlsson-Gothe, and L. Karlsson, X-ray photoelectron, auger
electron and ion fragment spectra of O, and potential curves of
03", J. Phys. B: At. Mol. Opt. Phys. 23, 1175 (1990).

[49] Y. Hikosaka, T. Aoto, R. I. Hall, K. Ito, R. Hirayama, N.
Yamamoto, and E. Miyoshi, Inner-valence states of OF and
dissociation dynamics studied by threshold photoelectron spec-
troscopy and a configuration interaction calculation, J. Chem.
Phys. 119, 7693 (2003).

[50] R. Y. Rubinstein and D. P. Froese, Simulation and the Monte
Carlo Method, 2nd ed. (John Wiley and Sons, New York, 2007).

[51] A. Frank, A. L. Rivera, and K. B. Wolf, Wigner function
of Morse potential eigenstates, Phys. Rev. A 61, 054102
(2000).

[52] P. M. Morse, Diatomic molecules according to the wave me-
chanics. II. Vibrational levels, Phys. Rev. 34, 57 (1929).

[53] K. K. Irikura, Experimental vibrational zero-point energies:
Diatomic molecules, J. Phys. Chem. Ref. Data 36, 389 (2007).

[54] M. Abramowitz and 1. A. Stegun, Handbook of Mathematical
Functions with Formulas, Graphs, and Mathematical Tables,
Vol. 55 (US Government printing office, 1965).

[55] S. Meister, H. Lindenblatt, F. Trost, K. Schnorr, S. Augustin, M.
Braune, R. Treusch, T. Pfeifer, and R. Moshammer, Atomic,
molecular and cluster science with the reaction microscope
endstation at FLASH2, Appl. Sci. 10, 2953 (2020).

[56] J. A. R. Samson and G. N. Haddad, Total photoabsorption cross
sections of H, from 18 to 113 eV, J. Opt. Soc. Am. B 11, 277
(1994).

013123-13



