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Nonequilibrium dissociative dynamics of D, in two-color, few-photon excitation and ionization
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D, molecules, excited by linearly cross-polarized femtosecond extreme ultraviolet (XUV) and near-infrared
(NIR) light pulses, reveal highly structured D* ion fragment momenta and angular distributions that originate
from two different four-step dissociative ionization pathways after four-photon absorption (one XUV + three
NIR). We show that, even for very low dissociation kinetic energy release < 240 meV, specific electronic
excitation pathways can be identified and isolated in the final ion momentum distributions. With the aid of
ab initio electronic structure and time-dependent Schrédinger equation calculations, angular momentum, energy,
and parity conservation are used to identify the excited neutral molecular states and molecular orientations
relative to the polarization vectors in these different photoexcitation and dissociation sequences of the neutral
D, molecule and its D7 cation. In one sequential photodissociation pathway, molecules aligned along either of
the two light polarization vectors are excluded, while another pathway selects molecules aligned parallel to the
light propagation direction. The evolution of the nuclear wave packet on the intermediate B ! = F electronic state

of the neutral D, molecule is also probed in real time.

DOI: 10.1103/PhysRevResearch.3.033191

I. INTRODUCTION

The hydrogen molecule H; is the simplest neutral molecule
consisting of only two protons and two electrons. Due to its
relative simplicity, H, serves as a model candidate for study-
ing photoexcitation and ionization dynamics in great detail via
nonlinear interrogation schemes. In particular, one challenge
for modern multidimensional spectroscopy is to understand
how the dissociation dynamics far away from equilibrium
evolves in time [1] and how the relative populations of specific
excited states can be controlled. Today, time-resolved studies
are already targeting nonadiabatic charge dynamics in (much)
larger molecules with attosecond precision [2—4], but a com-
prehensive understanding of few-photon absorption based on
angle- and energy-resolved measurements, providing highly
differential insight, in small systems is still lacking. While
progress for small molecular systems has been made (e.g.,
Refs. [2,5-11]), the role of the molecular orientation with
respect to the polarization vectors of the light pulses for the
state population and their dissociation dynamics is often still
elusive. In this paper, the stepwise dissociation of the simplest
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homonuclear diatomic molecule H; is investigated through a
detailed analysis of the fragment ion momentum distributions
in a collaboration of experiment and theory.

Optical transitions to excited electronic states of the hy-
drogen molecule can be found within the vacuum ultraviolet
spectrum, and the nuclear wave-packet dynamics occur on
ultrafast timescales (tens of femtoseconds), creating chal-
lenging experimental requirements for detailed measurements
of this fundamental molecule using standard spectroscopic
tools of femtochemistry [12,13]. For example, in a two-
photon pump-probe experiment, photon energies higher than
the seventh harmonic of a conventional Ti:sapphire, ~800-nm
near-infrared (NIR) laser are required, in order to access the
neutral excited electronic states of H,. Furthermore, in order
to probe dynamics on excited electronic states of H,, ultra-
short vacuum ultraviolet pulse durations on the order of tens
of femtoseconds are necessary. These photon energies and
pulse durations are not achievable using standard nonlinear
optical techniques such as sum frequency generation in gases
or nonlinear crystals. The more recent field of attosecond
physics, on the other hand, has primarily focused on the use
of broadband extreme ultraviolet (XUV) pulses, in the form
of either attosecond pulse trains or isolated attosecond pulses
[14-16] produced by high-order-harmonic generation (HHG)
of laser light. Due to the challenges in producing spectrally
isolated few-femtosecond pulses with sufficiently high flu-
ence, the measurement of neutral excited state dynamics of
the H, molecule in a pump-probe scheme has hence remained
a challenge for both attophysics and femtochemistry commu-
nities.

Published by the American Physical Society
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The hydrogen molecule is an ideal test bed for de-
veloping ultrafast spectroscopy methods drawn from both
femtochemistry and attophysics. Only recently it was shown
that below-ionization-threshold harmonics (i.e., the seventh
and the ninth harmonics) can be used to coherently control
the dynamics of neutrally excited H, molecules on an attosec-
ond timescale [17]. Moreover, H, serves as a fundamental
and prototypical target for theoretical investigations and mod-
els. Understanding neutral excited state dynamics, even in
the simple excited H, molecule, still represents a theoretical
and experimental challenge due to the complex structure of
high-lying excited electronic states. Rich information can be
extracted from fragment angular distributions of the dissocia-
tion, which are inter alia very sensitive to selection rules and
allow for specific transitions to be identified in order to test
theoretical treatments of two-color, few-photon investigations
[18]. In this paper, we show that coherent XUV and NIR
pulses can be used in a two-color, multiphoton absorption
scheme to initiate sequential dissociation dynamics. Cross-
polarized XUV and NIR pulses are used to first excite the
neutral H, molecule in different photoabsorption sequences,
followed by ionization near threshold (with excess energies <
450 meV). We applied three-dimensional (3D) ion momentum
imaging of the fragment proton to unravel the complex dis-
sociative dynamics, induced by the cross-polarized two-color
fields.

The electronic structures of H, and D, are identical. We
hence used molecular deuterium gas as a target instead of
molecular hydrogen, because our 3D ion momentum imag-
ing setup allows us to distinguish D" fragments easily from
H™, which can be produced from vacuum contaminants, by
their mass separation in time of flight. However, the vibra-
tional levels of hydrogen and deuterium molecules differ by a
few hundred meV, which can result in different ion spectra.
The lowest vibrational level v = O of the ground state is
slightly higher for hydrogen molecules (0.275 eV) than for
deuterium molecules (0.197 eV) [19]. As the potential energy
curves (PECs) shown here are set to zero for the v = 0 level
of the X 12; ground state of neutral hydrogen molecules,
the equivalent curves for deuterium molecules are shifted
up by 0.079 eV. The single ionization threshold for H, and
D, molecules is 15.4 eV, while the dissociative threshold is
~18.1 eV, meaning that for an electronic excitation with the
ninth-order harmonic light pulse, three additional ~800-nm
NIR photons are required to dissociate the molecular cation.

II. EXPERIMENTAL METHODS

The experimental setup is similar to that employed pre-
viously [11], with the addition of a low-pass-filter gas cell
enabling the isolation of XUV photon energies below 14 eV.
In the present experiments, ultrashort NIR (805 nm, 1.55 eV)
laser pulses are produced by a Ti:sapphire oscillator (KM
Labs), which are stretched and amplified, first by a Ti:sapphire
regenerative amplifier (Positive Light Legend) and then by a
six-pass Ti:sapphire amplifier at a 50-Hz repetition rate (see
Ref. [20]). The amplified pulses are compressed in a reflective
grating compressor, which is housed in a vacuum chamber
filled with 100 Torr of helium gas. The helium gas allows
for effective cooling of the optics illuminated by the high-

intensity laser beam. The resultant compressed pulses, having
25 mJ of energy and ~45 fs duration, are transported through
a 400-um-thick antireflective-coated UV-fused-silica window
from the helium-filled chamber into ultrahigh vacuum. The
linear polarization direction of the amplified NIR pulses is
controlled by a 400-um-thick crystal quartz half-wave plate.
The NIR beam is focused by a 6-m-focal-length curved mirror
(f/200) into a 10-cm-long gas cell containing argon gas, at
a pressure of 8 Torr, to create vacuum ultraviolet (VUV)
and XUV photons by HHG of the fundamental 805 nm NIR
wavelength of the driving laser. The gas cell is confined by
stainless-steel shims, with apertures drilled by the very same
high-intensity NIR beam. To minimize losses or temporal dis-
persion, the half-wave plate and the thin fused-silica window
are the only two transmissive optics following compression.

After the HHG gas cell, the copropagating XUV and NIR
pulses enter a 1-m-long argon gas cell at a pressure of ap-
proximately 3 Torr, which suppresses high-order harmonics
above the ninth order. A flat silicon mirror at Brewster’s angle
for the p-polarized NIR beam suppresses the fundamental
wavelength relative to the high-order harmonics, which are re-
flected with an efficiency of >60%. A second silicon mirror at
Brewster’s angle further suppresses any residual p-polarized
NIR component of the incident light beam, while transporting
the XUV beam with the same high efficiency as the first
mirror. Fine adjustment of the half-wave plate enables the
precise control of s-polarized NIR light to copropagate with
the XUV pulse. By adjusting the pressure in the HHG gas
cell, as well as the pressure in the argon gas filter, an efficient
population of the neutral states and simultaneous suppres-
sion of the direct ionization of the D, target molecules in
the experimental vacuum chamber downstream are achieved.
The resulting XUV beam is horizontally polarized along the
laboratory-frame z axis, while the controlled NIR contribution
is vertically polarized along the laboratory-frame y axis.

The photon beam propagates along the laboratory-frame x
axis and through the main experimental vacuum chamber and
reflects from a near-normal-incidence (<3°) back-focusing
mirror (f = 15 cm). The focus is aligned to a cold-target
recoil-ion momentum spectroscopy (COLTRIMS) apparatus,
consisting of a narrow, collimated two-stage supersonic gas
jet of molecular deuterium, propagating vertically (y axis),
and a 3D momentum imaging ion spectrometer with the time-
of-flight (TOF) z axis orthogonal to both the photon beam (x
axis) and the jet propagation direction (y axis) [21,22]. The
deuterium molecules, emerging from an adiabatic expansion,
conservatively have temperatures < 80 K in all directions.
Based on statistical mechanics for energy levels of diatomic
molecules, rovibrationally excited states of D, have negligible
population at this temperature [23]. The temporal width of the
ninth harmonic is approximately 15 fs, significantly shorter
than the 45 fs NIR pulse duration. The spectral widths of the
NIR and XUV pulses are ~80 and ~300 meV, respectively.
The intensity of the NIR beam is estimated to be on the order
of approximately 3 x 10! W/cm?, based on an estimated
suppression factor of > 2 x 1073, obtained from the two
silicon mirror reflections at Brewster’s angle. The intensity
of each harmonic in the XUV pulse is approximately 2 x
10'° W/cm?. With these intensities we expect resonant few-
photon excitation by the NIR pulse and negligible two-photon
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resonant excitation by the XUV pulse to take place. We note
that there are no singlet excited electronic states below 11 eV
in D, and no dipole-allowed electronic transitions for photon
energies below 11 eV. Therefore electronic excitation must
involve the XUV light pulse, specifically the ninth harmonic.
Nonresonant excitation involving lower-order harmonics, and
excitation of the low-lying triplet states, have a negligible
probability under the present experimental conditions [24].

The ions created in the interaction region of the 3D ion
momentum imaging spectrometer, spanned by the overlap of
our gas jet of around 2 mm in diameter and the light focus
(~0.006 x 0.012 x 0.22 mm), are guided along an extraction
region of 7.1 cm length by a homogeneous electric field
of 4 V/cm towards a time-sensitive 120-mm multichannel
plate detector, equipped with a dual-layer delay-line anode
for position readout [25]. The ion energy resolution, derived
from a calibration measurement on vibrational states to the
L1 dissociation limit of oxygen molecules after single ion-
ization at 23.25 eV [26], amounts to AEp+ < £15 meV. The
simulated azimuthal ion angular resolution is A¢p+ < £ 5°.
The experiment was carried out on a shot-by-shot basis and
recorded in list-mode file format, allowing for an intricate
off-line analysis, including retrieving, sorting, and extracting
the relevant data and momentum calibration. The TOF of the
ions (along the z axis, i.e., the XUV polarization direction)
and the impact positions on the detector in two dimensions
(along the x axis, i.e., the light propagation direction, and
along the y axis, i.e., the gas jet propagation direction and
NIR polarization direction) are used to retrieve the final-state
ion momenta in three dimensions. Only the charged D* ion is
measured, while the neutral D atom in the dissociation process
is undetected. However, since the light pulses are ultrashort
and the dissociation dynamics in this energy regime are on
the order of tens of femtoseconds, no rotation of the hydrogen
molecule upon excitation and ionization before the fragmenta-
tion is expected, i.e., the axial recoil approximation holds, and
the back-to-back emission of the nuclear fragments D* and D
in the dissociation resembles the orientation of the molecular
axis at the instant of photoabsorption. The laboratory coordi-
nate frame is defined by the XUV and NIR polarization as well
as the light propagation direction, which are approximately
parallel to the spectrometer z (TOF and XUV polarization
direction), y (gas jet and NIR polarization direction), and x
(XUV and NIR light propagation) axes, respectively.

III. THEORETICAL METHODS

The PECs and dipole couplings between H, neutral states,
as a function of the internuclear distance, were computed
using the multireference configuration interaction (MRCI) ca-
pability of MOLPRO [27,28], with single and double excitations
from an active space. Due to the distinct characters of the
states involved, different active spaces were used for different
gerade-ungerade groups of states [29]. The following conven-
tion was adopted for each of these groups: '£, ¥ F: 110y,
80y, 37,, and 37,; 1Elgr-ll"lu: 110, 50, 37, and 5m,; ') -
'T,: 80y, 80y, 474, and 47,; 'T1,- T1,.: 80y, 50y, 47, and 57,
The one-electron basis set was the augmented correlation-
consistent polarized valence triple-zeta (aug-cc-pVTZ) basis

set [30,31], augmented by eight s, eight p, eight d, and four f
diffuse functions [32] centered at the bond midpoint.

The state population as a function of delay between
separate XUV and NIR pulsed fields was calculated by solv-
ing the time-dependent Schrodinger equation (TDSE). The
time-dependent wave function was expanded in a basis of
Born-Oppenheimer vibrational states [33], which were found
by diagonalizing the nuclear Hamiltonian using the PECs
discussed above. In order to simulate the different paths
probed by the experiment, two separated calculations were
performed. In the first one [shown in Figs. 5(a) and 5(c)], only
states having 12; ,'x.5, and 'T1, symmetries were included,
while in the second one [shown in Figs. 5(b) and 5(d)] states
having 12;, "M, and 'T1 ¢ symmetries were included. All the
calculations were performed considering molecules oriented
45° with respect to the XUV polarization vector.

IV. RESULTS

A slice of the detected D ion momentum distribution of
the molecular dissociation is shown in Fig. 1(a). The slice is
defined by an angular cut of | cos(6;)| < 0.84, with 6; being
the angle between the momentum vector and the plane i under
observation, which in this case is the y-z plane. This is the
plane parallel to the TOF (z axis) and the gas jet (y axis), which
is orthogonal to the laser propagation direction (x axis), within
an acceptance angle of 6; < £33°. In this representation the
XUV polarization vector is orientated horizontally along the
z axis, and the NIR polarization vector is orientated vertically
along the y axis, as indicated in the small inset in Fig. 1(a).

pinfa.u.]

p,in[a.u.] p,in [a.u.]

FIG. 1. D" ion momentum distributions in all spatial directions
for angular cuts |cos(6;)| < 0.84 (see text), in atomic units (a.u.).
The inner and outer dashed circles indicate ion kinetic energies
of 10 and 130 meV, respectively. (a) D™ momentum in the NIR-
XUV polarization (y-z) plane. (b) Sketch of feature (iii) in blue
and feature (iv) in green (see text). (c) lon momentum distribu-
tion in the NIR-polarization-light-propagation-direction (y-x) plane.
(d) Ion momentum distribution in the light-propagation-direction—
XUV-polarization (x-z) plane.
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The momentum distribution in this NIR-XUV polarization
y-z plane reveals three contributing features: (i) a ring with
maximum intensity along the NIR direction and a radius of
around 10 atomic units (a.u.) in D™ ion momentum, which
corresponds to 0.44 eV in kinetic energy; (ii) a faint second
distribution with a radius of around 6 a.u. corresponding to
0.18 eV; and (iii) an intense four-lobed pattern, resembling a
d-wave spherical harmonic or a cloverleaf, within a maximum
radius of 5 a.u., as indicated by the dashed white circle in
Fig. 1(a), corresponding to D* kinetic energies < 120 meV.
The bright spot within the small dashed white circle of 1 a.u.
in momentum, corresponding to 10 meV in kinetic energy, is a
result of the angular slice combined with the finite bin size of
the spectrum and is not statistically relevant. We will neglect
this artifact in the following analysis and discussion. To guide
the eye, we provide a schematic depiction of the relevant ion
momentum distributions in Fig. 1(b). The four-lobed D" ion
momentum distribution in three dimensions of feature (iii) is
sketched in blue, while the dipole-shaped emission pattern,
which we call feature (iv), is sketched in green.

Features (i) and (ii) are known to stem from direct ion-
ization processes involving one XUV photon and two NIR
photons (XUV + 2 NIR). H* and D™ ions with energies
around 0.18 and 0.44 eV have been observed previously in
two-color measurements on the photodissociation of H, and
D, molecules [10,11,34,35]. They are generally attributed to
populating the H3 or D cation ground statel >S (1so,) by
one XUV photon (11th harmonic = 17.05 eV) or a combina-
tion of an XUV photon and NIR pulses (i.e., ninth harmonic
+ 2 NIR = 13.95 4 3.1 eV) followed by a parallel transition
to the dissociative 1 22; (2po,) cation state via the absorption
of one additional NIR photon [35]. This transition represents
the bond-softening dissociation process after single photoion-
ization, discussed in, e.g., Refs. [10,11,34,36]. In this picture
the electronic states of the molecule are dressed by the NIR
field, which lowers the dissociation potential energy barrier
by an amount depending on the available NIR intensity. This
can result in a resonant coupling of the bound 12Eg+(ls0g)

D1 state to the dissociative 1%%,5(2po,) DS cation state by a
single NIR photon, which yields D" energies of 0.4-0.7 eV,
as reported previously in Ref. [11]. The two-step photon ab-
sorption sequence is given by the following:

Features (i) and (i)

x 13+ XUV+2NIR
g

1225 (1so) + e~

— M 12SrQpoy) te.

The two complementary views of the three-dimensional
D" ion momentum distribution, in the y-x and x-z planes, are
presented in Figs. 1(c) and 1(d), respectively. As in Fig. 1(a),
these data are extracted by applying momentum slices in
specific planes i (i € [x-z, y-x]) with an acceptance angle of
0; < £33°. Figure 1(c) shows the D' ion momentum yield
in the y-x plane, including the NIR polarization direction
(y axis) and the photon propagation direction (x axis). Fig-
ure 1(d) shows the D' ion momentum yield in the x-z plane
including the photon propagation direction (x axis) and the
XUV polarization (also the TOF direction, z axis). In both
Figs. 1(c) and 1(d), we see an additional contribution, feature

(iv), of DT fragment ions being emitted forward and backward
along the photon propagation direction (x axis) with a fixed
momentum of around 3.5 a.u. within narrow cones, which are
illustrated schematically as green cones in Fig. 1(b). Note that
the momentum slices in Figs. 1(c) and 1(d) show profiles of
the cloverleaf structure of Fig. 1(a) and hence the structures
parallel to the XUV and NIR polarizations are projected per-
spectives of feature (iii). Keeping in mind the finite acceptance
angles of the applied momentum slices (] cos(6;)| < 0.84),
these peaks have minima in the polarization directions, as seen
most clearly in Fig. 1(a).

V. DISCUSSION

We will start the discussion with the ionization process
producing feature (iii) in Fig. 1(b), by first looking at the
energy balance of the fragmentation process. The dissociative
single-ionization threshold for H, molecules is Eﬂnss(H;r )=
18.078 eV [37], and for D, it is Ediss(Dj) = 18.158 eV [38].
The dissociation limit leading to the neutral dissociation H(1s)
+ H(2!l) with [ € [s, p] is Egis(H2) = 14.67 eV. Both lim-
its are above the XUV photon energy used in the present
experiment, i.e., a single XUV photoabsorption alone can-
not trigger a fragmentation process by itself. However, the
absorption of a few NIR photons following XUV photoab-
sorption enables the population of the repulsive molecular D3
cation 1 22; (2po,) state on which the molecule dissociates
with a limit of Ediss(DgL), producing the deuterium fragment
ion Dt with very low kinetic energy that we detect and a
neutral fragment D. In principle, at this internuclear distance
we can also populate a dissociative vibrational level of the
122;(1s0g) state, which is degenerate with the continuum

of the 12X (2po,) state. A DT ion with a maximum kinetic
energy of 120 meV corresponds to a kinetic energy release
(KER) of the dissociation of only 240 meV [see Fig. 2(a)]. The
small KER of <240 meV is consistent with photoionization to
the dissociative 1 22; (2po,) state, a dissociative vibrational
level of 123/ (1s0y), for the D7 internuclear distance of 9.0
a.u. This suggests the following four-step dissociative ioniza-
tion process (see Fig. 3, green and blue arrows): Feature (iii)

x'sf 2% Bist
res.
=% HH's}
res.
Koelxt
res.
B 125 @poy) + e
cont.
where “res.” is resonant excitation and “cont.” is ionization to
the continuum.

The ninth harmonic XUV possesses a central photon en-
ergy of 13.95 eV and can excite the B'S} or C'T1,(2pr)
state, and also a few vibrational states of B''E; and
D'T1,(3dm), of the neutral D, molecule. Figure 3 illus-
trates a nuclear vibrational wave-packet (NWP) launched in
the B'S} or C ', (2pr) states (see Fig. 3, green arrow).
The B! X state can achieve large internuclear distances, en-
abling the observed low kinetic energies of the detected ions
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FIG. 2. (a) KER distribution of feature (iii). (b) KER distribution
of feature (iv). Only D" ions having momenta between 1 and 6
a.u. and emission angles within 6; < £33° of the relevant plane i
are included in each plot. In (b) an additional condition is applied,
accepting only D" emission angles within a cone of +40° around the
laser light propagation direction (x axis).

[Fig. 2(a)], following a vertical transition from the ground
electronic X 'E; state of the D, molecule. Excitation to the

C 'T1,(2pm) state will be discussed later for the pathway of
feature (iv). In the second and third steps, the simultaneous
absorption of two NIR photons can excite the NWP on the
BT state resonantly at large internuclear distances of 8.6
a.u. (4.55 A), near the outer turning point region of the B s
state, which consecutively populates the neutral HH IE; and

without delay the 6 ' =] state (see Fig. 3, blue arrow).

This proposed excitation scheme is only possible if the
NWP reaches the outer turning point within the NIR pulse
duration, so that the NIR field is still present to further excite
the molecule at this larger internuclear distance. As mentioned
above, the temporal width of the XUV pulse is on the order of
15 fs full width at half maximum (FWHM), while the NIR
pulse, which is simultaneously copropagating with the XUV
pulse, has a broader duration of 45 fs FWHM. This means
that the maximum time for this sequential excitation to happen
must be less than ~60 fs. We conducted a separate experiment
to measure the evolution of the NWP on the B! ' state in
real time, in order to understand how efficiently this sequential
exaction step takes place in the temporal domain. This was re-
alized with a 10-kHz, 25-W, 840-nm NIR laser system, which
was driving high-order harmonic generation in a xenon-filled
gas cell. The ninth harmonic with an energy of 13.28 eV was
accompanied by a weak NIR laser field (2 x 10'! W/cm?)

20

19

18 4

17
16

15

Energy (eV)

14
13

12

" — T T T T T T 7

R (a.u.)

FIG. 3. Potential energy curves [internuclear distance R in
atomic units (a.u.)] of molecular hydrogen and schematic represen-
tation of the dissociation and ionization steps. Neutral H, molecules
are excited by a 13.95-eV XUV photon (green arrow) to the B' T}
and C 'T1,(2pr) states. On the B! Z;F state, a nuclear wave packet is
spawned, and then two resonant 1.55-eV NIR photoexcitations (blue
arrows) populate the HH '} and highly excited 6'S; states at
larger internuclear distance R. Subsequent dissociative photoioniza-
tion by a third 1.55-eV NIR photon over a wide range of internuclear
distances (broad blue arrow) occurs on the 122]14+ (2po,) state. On
the C 'T1,(2pm) state, two resonant 1.55-eV NIR photoexcitations
(red arrows) populate the HH 'S/, I'Tl,, or GK 'S} states and
the highly excited 5 'IT, and 6 'T1,, states. A subsequent dissociative
photoionization by a third-1.55 eV NIR photon (red arrow) on the
12 %.F(2po,) state, or a degenerate continuum vibrational level of the
1 22;(1s0g) cation state, occurs near R ~ 5 a.u. The 5 'T1, and 6 ' 1,
Rydberg neutral states can only be accurately calculated to R &~ 8
a.u. maximum. Dashed gray lines denote the available transition
energies and bandwidth (full width at half maximum) given by the
XUV (300 meV) and NIR (80 meV) pulses. The inset shows the
zoomed KER distributions of feature (iii) in blue and feature (iv) in
red, which are assigned to the B! £ state and C 'T1,(2pr) pathways,
respectively.

and followed by a stronger (5 x 10'> W/cm?) time-delayed
NIR probe pulse. Note the lower photon energies of the ninth
harmonic XUV and the NIR pulses in this time-resolved ex-
periment. The XUV and NIR pulses were linearly polarized
and parallel to each other. The pulse width of the XUV at-
tosecond pulse train was between 5 and 10 fs, while the NIR
pulse was around 30 fs in duration. The XUV pump pulses
were focused by a pair of multilayer mirrors, with an effective
focal length of 1 m into a 3D electron and ion momentum
imaging spectrometer, and the NIR probe pulses were focused
by a spherical mirror of the same focal length. The 3D mo-
mentum of the electron and DT recoil ion were recorded in
coincidence [39]. The results are presented in Fig. 4. The
spectrum in Fig. 4(e) depicts the measured KER of the Dt
+ D fragmentation as a function of the pump-probe delay.
A clear periodic oscillation is visible. A projection of this 2D
spectrum to the delay axis is shown in Fig. 4(d), indicating that
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FIG. 4. Evolution of the NWP on excited states of a D, molecule,
measured by time-resolved electron yield (a), D ion yield for a KER
of 0.8 eV (b), DT ion yield for a KER of 0.1 eV (c), and D" ion
yield for all energies (d). (¢) KER of the D* + D fragmentation as a
function of pump-probe delay

the period of the NWP in the B' " state amounts on average
to about 75 fs. The first maximum transition yield is reached
at 45 fs. The corresponding spectrum for the photoelectron is
shown in Fig. 4(a).

In the 2D spectrum of Fig. 4(e) we can also see that the
KER depends on the pump-probe time delay. To quantify this
observation, we generated two projections of this 2D spectrum
to show the ion yields as a function of time delay. This is
presented in Fig. 4(b) for a KER of 0.8 eV (£0.1 eV) and
in Fig. 4(c) for a KER of 0.1 eV (£0.1 eV). The former
channel dissociates sequentially: First, the NWP evolving
on the B! state is ionized to the bound X > (1s0,)DJ
cation state via the absorption of two NIR photons. Around
10 fs later, at the outer wall of the X 22;(1sag)cati0n state,
a transition to the repulsive 2po, D5 cation state takes place,
facilitated by the same NIR probe pulse, which is approxi-
mately 30 fs long. This leads to the dissociation with a rather
high KER value of 0.8 eV. For smaller KER of around 0.1 eV,
Fig. 4(c) represents the evolution of the NWP on the B!
state and the higher electronic states, similar to the coincident
pulse experiment, but with a lower XUV photon energy of
13.28 eV. We can see that on average the NWP needs about

0.8
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36 -
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0 0 50 100 150 0 50 100 150 200
time (fs) time (fs)
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FIG. 5. Results from the present time-dependent Schrodinger
equation calculations. The nuclear wave-packet amplitude (color
scale) as a function of D-D internuclear distance R in atomic units
(a.u.) and time delay relative to the instant the wave packet is
launched on the (a) B'S} and (b) C'I1,(2p7) electronic states.
Selected electronic state populations relevant for the excitation path-
ways involving the (c) B'Z} and (d) C 'T1,(2pr) intermediate states
(see text), as a function of time. The XUV and NIR photon energies
are 13.95 and 1.55 eV, respectively, and the pulse duration is 45 fs.
In (c) and (d), the XUV + NIR excitation pulse is followed by a NIR
probe pulse at time ¢, to simulate the time dependence of electronic
populations.

55 fs to reach larger internuclear distances R enabling disso-
ciative ionization. However, a significant portion of the wave
packet can reach such large R within even 20 fs.

The results of TDSE calculations, which employ the higher
XUV and NIR photon energies of 13.95 and 1.55 eV, respec-
tively, the same as in the coincident pulse experiment, are
shown in Figs. 5(a) and 5(c). We can see that the HH IZ;,
5 IEJ , and 6@2: states [brown, gray, and cyan curves, re-
spectively, in Fig. 5(c)] are expected to be excited between
20 and 60 fs after the nuclear wave packet is launched on the
B state. This is the time for the XUV-excited NWP to
reach the outer turning point of the B! X state [Fig. 5(a)].
We show this schematically in Fig. 3 (blue arrows), where
the 6 ' T state is excited near the trailing edge of the pulse
in the experiments. As the excited neutral molecule contin-
ues to stretch, the D* + D KER spectrum is expected to
reach a maximum value of KER = 240 meV extending all
the way down to zero kinetic energy, which is consistent
with the measured spectrum presented in Fig. 2(a). The yield
of the KER distribution plateaus at KER values of up to
120 meV. The total kinetic energy of the photoelectron and the
dissociating molecule is conserved, so the expected electron
energy E, has a plateau at E, = E(hv) — EdiSS(D;') — KER =
18.6 — 18.158 — 0.12 eV = 0.322 eV. Given the NIR photon
energy of 1.55 eV in our experiment and the energy differ-
ence between the intermediate neutral 6%} state and the
final dissociative IZEJ(Zpau) cation state [or a degenerate
continuum vibrational level of the 1 22;(1sog) cation state],

033191-6



NONEQUILIBRIUM DISSOCIATIVE DYNAMICS OF D, ...

PHYSICAL REVIEW RESEARCH 3, 033191 (2021)

FIG. 6. (a) Measured (black open circles) D* azimuthal angular
distribution for feature (iii) and fit (blue line) using Eq. (1) for
L=0,2,4,6,M =0, Byy = 0.47 £0.02, B4y = —0.19 £ 0.01, and
Bgo = —0.07 £ 0.02. (b) Measured (black open circles) D™ angular
distribution for feature (iv) and fit (red line) for L =0,2,4,6, M =
0, Byy = —0.54 +£0.52, Byy = —0.06 £ 0.37, and Bgy = —0.10 =
0.15. The XUV polarization is in the horizontal direction (0° and
180°) in each panel. The NIR polarization is vertical in (a) and
orthogonal to the paper plane in (b). Only D* ions having momenta
between 1 and 6 a.u. and emission angles within 6; < £33° of the
relevant plane i are included in each plot.

it is also conceivable for the neutral molecule to contract to
just below R < 6 a.u. (£3.1 10\) on the 6 12; state where
it still can be ionized with one NIR photon (as sketched in
Fig. 3, blue arrow). In this molecular contraction process the
potential energy decreased from 17.05 to 16.85 eV, and the
electron is emitted with almost zero kinetic energy, while the
KER has its maximum value of 240 meV.

It should be noted that the maximum sum photon energy
of 18.6 eV, deposited into the molecular D; cation within
the identified internuclear distance region of 6 a.u. to almost
9 a.u., enables the D;’ cation to dissociate directly on the
125F(2po,) state or relax to the 125 (1so,) state, before
it finally dissociates. The necessary coupling for the latter
process to occur is facilitated by the Coulomb potential of
the emitted low-energy photoelectron in the continuum via
retroaction, as reported previously [40—42]. This retroaction
effect results in an asymmetric photoelectron emission proba-
bility in the molecular frame, preferentially pointing along the
charged fragment D of the dissociating molecular cation D,
which is on the order of <15% for a mostly parallel transition
with respect to the linear polarization direction of the ionizing
photon pulse (see Ref. [42]). As this effect is rather small,
and, as we will see, since parallel transitions are not favored
in our sequential dissociation schemes discussed here, we will
disregard its contribution in the analysis.

In order to better understand the distinct preferred molecu-
lar orientations in the sequential photon absorption processes,
i.e., the cloverleaflike ion momentum distribution [feature
(iii)] of Fig. 1(a), we present the D ion angular distribution in
the plane parallel to both the NIR (y axis) and the XUV polar-
ization vector (z axis) in Fig. 6(a) for the same slicing condi-
tion (6; < £33°). The plotted particle emission angle ¢, is an
azimuthal angle ranging from —180° to 180° around the ordi-
nate (photon propagation axis, x axis) of this plane for D* ion
momenta between 1 and 6 a.u., corresponding to ion energies
between 0.01 and 0.12 eV. The ¢, angular distribution exhibits
maxima at approximately £30° and £150° with respect to the

XUV polarization direction and minima in each polarization
direction, i.e., 0° and 180°, the XUV polarization direction, as
well as 90° and —90°, the NIR polarization direction.

The photoion angular distributions resulting from a se-
quence of dipole transitions using linearly polarized fields
are determined via selection rules, which place restrictions
on the molecular orientations during photoabsorption. Such
restrictions often cause nodal lines or planes in the particle
emission patterns. Such nodal lines appear to be present in the
momentum distribution of Fig. 1(a). As in Fig. 1(a), Fig. 6(a)
shows minima in the D" angular distribution along the light
polarization directions, where the finite acceptance angle of
0; < £33° determines the sharpness of these minima. This
pattern is sensitive to the photoabsorption sequence involving
parallel and perpendicular transitions leading to dissociative
ionization.

For multiphoton excitation of a diatomic molecule, the
angular distribution /(6. ) of dissociating photofragments, de-
fined by the polarization axis € in the laboratory frame, can be
expressed as an expansion in spherical harmonics of degree L
and order M:

10, ¢c) = ZBLMYLM(96s¢€)v ey

LM

where 6. and ¢, are the polar and azimuthal angles, respec-
tively, relative to €.

In the present experiments, the XUV and NIR beams are
cross polarized, as indicated by the small pictograms in the
upper right-hand corners of the panels in Fig. 1. We first
examine the XUV + 3 NIR sequence [feature (iii)] in the
y-z plane parallel to both the NIR and XUV polarization and
define the latter as the primary polarization direction €. For the
crossed polarization and four-photon photoionization, the D
fragment angular distribution can be most generally described
using Eq. (1), allowing L < 8 and —L < M < L. However,
we find that a satisfactory fit to the measured data can be
achieved for M = Oand L = 0, 2, 4, 6. Such a weighted linear
least-squares fit to the measured angular distribution of feature
(iii) is displayed in Fig. 6(a) as a blue line. Statistical exper-
imental uncertainties are shown as error bars (41 standard
deviation), and the errors in the fit are determined using statis-
tical bootstrapping [43]. We find that the angular distribution
is accurately parametrized by Eq. (1) for Byy = 0.47 £ 0.02,
By = —0.19 £ 0.01, and B¢y = —0.07 £ 0.02.

We now turn our attention to feature (iv) in the momentum
distributions depicted in Figs. 1(c) and 1(d), which both show
D" ions being emitted along the light propagation direction
(x axis) with a discrete momentum centered around 3.5 a.u.
This ion momentum corresponds to a kinetic energy peaking
at around 40 meV, i.e., a D™ + D KER of just ~80 meV [see
Fig. 2(b)]. The maximum value of the ion momentum distri-
bution (p,p+ < 4.0 a.u.) and kinetic energy release (KER <
220 meV) along the light direction in Figs. 1(c) and 1(d) is
perhaps slightly lower, but on the same order as the momenta
composing feature (iii) in the plane spanned by the NIR (y
axis) and XUV (z axis) polarization vectors shown in Fig. 1(a)
and sketched in Fig. 1(b). However, the momenta of ions in
feature (iv) do not extend down to zero as in feature (iii).
Moreover, perpendicular transitions with respect to both po-
larization vectors are required for feature (iv) to produce D
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emissions that are strongly aligned to the light propagation di-
rection. Energy, angular momentum, and parity conservation
suggest the following transition sequence (see Fig. 3, green
and red arrows):

Feature (iv)

XUV
X'sf — C'm,Qpn)

& HH'S}or I'M, or GK'S}

res.

NIR
=5, or 6'1,
res.

B L2 Qpot e
cont.

From the sequence above, we understand that feature (iv)
is also generated via a four-step dissociation process. In the
first step, an XUV photon resonantly populates the neutral
C ', (2pr) state in a perpendicular transition at small in-
ternuclear distances within the Franck-Condon region (see
Fig. 3, green arrow), launching a vibrational nuclear wave
packet on the excited electronic state. Calculations of the
oscillator strengths (not shown here) suggest that an excitation
of the first two vibrational levels of the D 'TI,(3dx) state is
also possible, since the oscillator strengths are similar for each
transition. Then, either a vibrational nuclear wave packet is
launched and stretches up to 4.35 a.u. (2.3 A), before it returns
to the Franck-Condon region, or two NIR quanta are immedi-
ately absorbed to resonantly populate the HH 'S}, I 'T1,, or

GK 12; states and the 5'T1, or 6 'TI, states with 17.05 eV
in two resonant perpendicular transitions. According to our
calculation, the contributions of the first three intermediate
states oscillate in and out of phase with a period of around
30 fs. However, if the first three transitions all occur imme-
diately in the Franck-Condon region, as sketched in Fig. 3
(red arrows), the HH ! 2; state is the most likely intermediate
state candidate to contribute to the pathway leading to the
higher 5 'T1, and 6 'T1, states. This pathway is supported by
the TDSE calculations [Fig. 5(d)], which also show that the
I'T, and GK' E;' intermediate states contribute significantly
near the trailing edge of the NIR field, forz > 20 fs.

On the 51, and 6 'T1,, states, a vibrational wave packet
embarks and stretches towards larger internuclear distances.
However, since the widths of the potential wells for the 5 'TT,,
and 6111, states are not as wide as that of the BIE;r state,
the vibrational wave packet only extends to distances around
R = 5.6 a.u. (3.5 A), before it reaches its outer turning point
at the potential barrier. At this turning point, by absorption
of an additional NIR pulse (Fig. 3, red arrow), a transition
to the final 12X} (2po,) state of the D} cation in a perpen-
dicular orientation of the molecule with respect to the NIR
polarization is possible, producing the KER distribution to its
prominent peak of 80 meV depicted in Fig. 2(b).

Two perpendicular transitions in the form of ¥ — IT at
the beginning and IT — X at the end of the dissociation
sequence for both linearly cross-polarized polarization vec-
tors of the XUV and NIR pulses can only be satisfied with
the molecular axis being aligned along the photon propa-
gation direction (x axis), which is orthogonal to both XUV
and NIR polarization directions of the two-color light pulses.

This is with the measured D" ion momentum distributions
in Figs. 1(c) and 1(d) as well as the D" ion angular distri-
bution presented in Fig. 6(b). This ion angular distribution
is plotted in the plane spanned by the photon propagation
(x axis) and the XUV polarization direction (z axis) with an
acceptance angle of 6; < £33°. Moreover, the D ion mo-
mentum is restricted to be greater than 1 a.u. and smaller than
6 a.u. The residual contribution from feature (iii) is avoided
by showing only ion emission angles from +45° to £135°
in Fig. 6(b). In isolating feature (iv) from feature (iii), we
limit the range for the angular distribution, leading to larger
uncertainties for the fit using Eq. (1). In this case we use L =
0,2,4,6, M =0, Byyg = —0.54 £0.52, B4y = —0.06 = 0.37,
and Bgy = —0.10 £ 0.15 to achieve a plausible parametriza-
tion for this process, which is also guided by the respective
momentum distributions shown in Figs. 1(c) and 1(d) and
sketched in Fig. 1(b).

We would like to stress that the D ion emission pattern of
feature (iv) along the light propagation direction distinguishes
this fragmentation pathway from a dissociation sequence re-
ported before {feature (v) in Ref. [11]}, which resulted in a
very similar KER but a breakup along the NIR polarization
direction. This multistep process involved an excitation to
the D’ 'TT,(4pm) state (and possibly to the 5'TI, and 6 'TT,
states), either by the ninth harmonic in combination with
two NIR photons or the 11th harmonic in those experiments.
However, in that process, Rydberg states of the npr 'T1,, series
could be populated that are known to predissociate through a
nonadiabatic coupling into the H(1s) + H(3p) limit and which
are ionized by one additional NIR photon according to the
following sequence:

Feature (v)

X' XN i napm) B H(ls) + HGp)
g res. u coupl.

B H(s) + HY 4 e,
cont.
where “nonad. coupl.” is nonadiabatic coupling.

VI. SUMMARY

Neutral D, molecules were photoexcited and singly ion-
ized close to threshold via two four-photon absorption
sequences. A linearly polarized 13.95-eV XUV pulse was
combined with a 1.55-eV NIR pulse in a cross-polarized
geometry, and the orientation of the molecular axis was de-
tected with respect to the light polarization vectors with 3D
fragment ion momentum imaging, revealing new structures in
momentum space. This differential measurement enabled us
to detect and analyze two sequential dissociation processes
involving transitions occurring well outside the ground-state
equilibrium geometries of Hj.

The dissociation process took place in a sequence
involving excited electronic states of the neutral and
ionized molecule. Dissociation fragments with very low
KER (£260 meV) were measured in two distinct processes
distinguished by the fragment momentum distributions. The
ion angular dependences in the laboratory frame correspond
to D, molecules ionized with the molecular axis aligned either
in the same plane including the XUV and NIR polarization
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directions or orthogonal to that plane. These distinct breakup
mechanisms were related to two possible fragmentation
pathways, leading to the same final dissociating molecular
Dj cation state via different sequences of transitions between
excited electronic states of the neutral D, molecule. Even
in this fundamental and simple molecular system, the high
abundance of electronic excited states creates some ambiguity
in the correct assignment of the states involved in the dissocia-
tion sequences reported here. This concerns mostly the highly
excited 6 ' =" as well as the 5 ' 1, and 6 ' 1, electronic states
of the neutral D, molecule (see Fig. 3). It is conceivable that
there are states with the same symmetry within tenths of an eV
of these states. However, the well-defined energy bandwidth
and high momentum resolution of the experiment allowed two
pathways to be identified as the most plausible reactions, with
the aid of ab initio electronic structure and TDSE calculations
to understand the propagation of the NWP for each pathway.
In the first pathway [feature (iii)] the XUV photon initiates
a transition from the ground state of the neutral D, molecule
to its electronically excited B'X; state (see Fig. 3, green
arrow). A stepwise dissociation on the electronically excited
neutral B'Y state begins. A NWP is launched, where
we measured the time it takes to reach large internuclear
distances of up to 8.6 a.u. to be around 55 fs. This is followed
by a dissociation on the 6 ' TF state of D, after the resonant
absorption of two NIR photons in sequence (see Fig. 3,
blue arrows). After absorbing an additional NIR photon, the
dissociation sequence finishes on the 1 22; (2po,) state of the
molecular D;r cation. This four-step dissociation process is
represented by a cloverleaflike ion momentum distribution in
the plane spanned by the XUV and NIR polarization vectors.
The sharp nodal lines, corresponding to orientations of the
molecular axis along either polarization vector, stem from the
selection rules of the ¥ - ¥ — ¥ — ¥ — X transition
sequence, most visible in the D ion momentum distribution
[see Fig. 1(a)]. Three-dimensional ion momentum imaging
is shown here to be highly sensitive to the orientation of the
dipole moments for specific sequential electronic transitions
with respect to both XUV and NIR polarization vectors. This
could be exploited as a detection scheme in future nonlinear
spectroscopy experiments.

The second pathway [feature (iv)] starts with a transition
to the C 'TT,(2pm) state of the neutral D, molecule, initiated

by the XUV pulse (see Fig. 3, green arrow). Our measurement
does not reveal whether a vibrational wave packet is launched
and returns to the Franck-Condon region before the neutral
molecule is further excited or whether the neutral molecule
immediately transitions to the 5 'TT, and 6 'T1,, states of D by
resonantly absorbing two NIR photons in combination with
the XUV pulse in a vertical transition (see Fig. 3, red arrows).
The neutral molecule stretches on the high-lying intermediate
511, and 6 ' T1,, states; however, dissociation on these states is
prevented by the low potential energy barrier. The dissociative
122, (2pa,) state of the D} cation is then populated in this
stretched D, geometry by the third NIR photon (red arrow).
The shape of the 5 ' T, and 6 'TI,, states and the limited band-
width of the XUV and NIR pulses confine the internuclear
distances over which dissociation on the 122“+ (2po,) state
is energetically accessible to approximately 4.5-5.5 a.u. Ac-
cordingly, this multistep dissociation process results in a KER
distribution peak of ~80 meV. This sequence of ¥ — IT —
[1/¥ — I1 — X transitions in the cross-polarized XUV and
NIR fields only fragments D, molecules that are orientated
along the light propagation direction. This pathway could
potentially be exploited for future time-resolved studies by
photoelectron spectroscopy of fixed-in-space D, molecules.
We hope this work inspires further highly detailed theoretical
treatments, including predictions of ion angular distributions
for few-photon dissociative photoionization. While this re-
mains a challenging task, the H, or D, molecule is an ideal test
bed to extend existing theoretical methods in photoionization
and dissociation.
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