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Momentum-resolved above-threshold ionization of deuterated water
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We present momentum-resolved coincidence measurements of strong-field single and double ionization of
deuterated water (D,0) using intense few-cycle laser pulses. We measure the vector momentum of electrons and
ions resulting from the laser-molecule interaction. This enables us to measure the photoelectron spectrum for
electrons in coincidence with fragment ions having different momenta, which can be related to different final
states of the cation and dication. The photoelectron spectra for different fragment ion momenta show striking
differences, which can be interpreted in terms of the removal of electrons from different molecular orbitals,
including the highest occupied molecular orbital (HOMO), as well as more deeply bound ones (e.g., HOMO-2).
We discuss our measurements in light of calculations which model the strong-field light matter interaction.
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I. INTRODUCTION

Strong-field ionization is a cornerstone of attosecond sci-
ence [1] and a key tool in probing molecular structure
and dynamics [2-6]. It produces attosecond bursts of cur-
rent, which can lead to attosecond soft x-ray pulses [7,8]
and launch entangled electron-nuclear wave packets in small
molecules [3,9,10]. The coupled motion of electrons and
nuclei following strong-field ionization has wide ranging
implications for molecular science and provides an excel-
lent testbed for understanding nonadiabatic dynamics in
molecules [11,12].

The tools for investigating strong-field processes have
evolved from simple studies of ionization vs intensity or pulse
duration [13,14], to coincidence measurements of charged
particle momenta [15]. Measurements of ionization vs photon
energy [16], intensity [17-20], polarization [21], and channel
(final-state-resolved) [22—-25] have shed light on many aspects
of the ionization dynamics, such as the role of electron cor-
relation in nonsequential double ionization [15,26-28], the
importance of Stark-shifted resonance enhancement [29], and
tunnel ionization from inner orbitals [22,30-34].

Here we consider strong-field ionization from multiple or-
bitals of water using vector momentum-resolved coincidence
measurements of both electrons and ions. Water was chosen
as a nonlinear polyatomic system of universal interest. Work-
ing with a deuterated sample (D,0O) allowed us to measure
D" fragments more readily than H* given our switching
coincidence apparatus. We find strong correlations between
the momentum of fragment ions and the structure of the
photoelectron spectrum, which encodes information on the
ionized orbital. Electrons in coincidence with some fragment
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momenta indicate electron removal from a single molecular
orbital, while electrons in coincidence with other fragment
momenta indicate removal of electrons from more than one or-
bital. We find that the differences in the peak positions for the
separate channel-resolved ATI (above-threshold ionization)
spectra closely match the energy differences of the first three
states of the cation (modulo the photon energy), suggesting
that there is no difference in the ponderomotive shifts for the
different channels. We compare our measurements with cal-
culations that solve the time-dependent Schrodinger equation
(TDSE) for the molecule in the strong laser field, yielding
angle and state resolved yields [35,36].

II. EXPERIMENTAL SETUP

The experimental setup has been described in detail in
previous work [37,38]. Briefly, the output from a commercial
amplified Ti:sapphire laser system (KM Labs, 1 mJ, 780 nm,
1 kHz) is spectrally broadened to 200 nm using filamentation
in Ar gas, and compressed to ~10 fs using chirped mirrors
and an acousto-optic pulse shaper [39]. The pulses are fo-
cused by a concave spherical silver mirror (f =5 cm) to a
peak intensity of 400 TW /cm? inside a velocity map imaging
(VMI) spectrometer. The VMI has a switchable three plate
electrostatic lens stack, microchannel plate (MCP), phosphor
screen, and camera (Timepix3). The 1 ns resolution of the
Timepix3 camera can resolve the three-vector momenta of
ions, or two-dimensional (2D) electron momenta projected
on the plane of the detector. The intensity is calibrated using
the VMI to measure the classical 2U,, cutoff for field-ionized
electrons from argon [40].
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FIG. 1. Top: schematic diagram illustrating our coincidence ve-
locity map imaging (VMI) apparatus which makes use of a Timepix3
Camera. A high voltage pulser is used to switch the accelerating field
voltage in order to detect both electrons and ions in coincidence.
Shown are the sample images of DT ions (upper) and photoelec-
trons (lower) in two different views: raw image (left) and Abel
inverted image (right). A detailed description of the apparatus is
outlined in Refs. [37,38,42]. Bottom: orbital shapes, configurations,
and binding energies for the removal of the three most weakly bound
electrons [2,43].

A skimmed molecular beam of the target D,O molecules
intersects the laser in the interaction region of the VMI [37].
Switching the voltages on the VMI plates after the detection of
the electrons permits VMI measurements of the ions from the
same ionization event [38]. The top half of Fig. 1 illustrates
this coincidence VMI apparatus.

III. RESULTS AND DISCUSSION

Here we focus on photoelectrons that are measured in
coincidence with specific ionic fragment vector momenta.
These ionic momenta reveal the ionization channel, which is
related to the final mono- or dication state following ioniza-
tion [38]. The corresponding photoelectron spectra contain
information on the orbital(s) from which the electrons are
removed [41]. The combined information identifies which
orbital vacancies lead to specific mono- and dicationic chan-
nels. We identify and compare photoelectrons from four dif-
ferent ionization channels: single nondissociative ionization to

0
0 45 90 135 180
0 [deq]

E,+ [eV]

FIG. 2. Dt momentum and energy spectra. Panel (a) shows the
full 3D view of the D* ion with three different slices (p. p., p,p., and
PxPy) on the sides. Panel (b) shows a two-dimensional projection
of the momentum distribution in the p,-p, plane, where the x axis
is defined by the laser polarization axis (red) and p, = v/ pﬁ + p%.
These two top panels use the same scale. Panel (c) shows the yield as
a function of kinetic energy of the D™ ion [blue (dark gray)], together
with the scaled yield of the D* ion in coincidence with OD™ ions
[green (light gray)], while panel (d) shows the D ion yield as a
function of angle 6 with respect to polarization axis for data in the
5 eV peak in panel (c).

form D,O™, single dissociative ionization to form low-energy
D™, double ionization to low-lying states of the dication
which result in two-body dissociation, producing D*/ODT,
and finally double ionization with three-body decay to
produce DT /0O/D™.

The D,O™ parent ion is formed by removing one electron
from the HOMO or HOMO-1, leading to the only con-
figurations that correspond to nondissociative states of the
monocation [43—45]. Removal of a HOMO-2 electron leads to
dissociation. All dication states are unstable [46] and lead to
either two-body dissociation (D*/OD™), mostly from the first
three states of the dication [47], or three-body dissociation
(D*/0/D™) [47,48].

Figure 2 shows the distribution of D" fragment momenta.
The full 3D momentum distribution shown in Fig. 2(a) is
measured directly with the Timepix3 camera and constructed
without employing an inverse Abel transformation by using
the position of hits on the camera for the transverse mo-
mentum and the timing for the longitudinal momentum. The
momentum distribution has a low-momentum concentration
and an outer shell, readily seen in the cylindrical projection in
Fig. 2(b).

Further projection on D* kinetic energy and angle with
respect to the laser polarization have been plotted in Figs. 2(c)
and 2(d), respectively. The DT spectrum in Fig. 2(c) has a
low-energy peak, a second peak at around 5 or 6 eV with a

052813-2



MOMENTUM-RESOLVED ABOVE-THRESHOLD IONIZATION ...

PHYSICAL REVIEW A 102, 052813 (2020)

A = 0.41eV

(@)

Relative Yield

ke)
Q 0.8 1
A
o
& [Fomo] i
_ R ) .
04 PN/ i TR ' @ ! [ © 1
0.3 - = oy = g % 1 1 1 1 1
: D" (D,0"" 3-body) : B 1 1 1 1 1
0.2 D* (D,0"" 2-body) ] 9 ! ! ! !
’ H =0.8 1 1 1 |
m=D" (D,0" dissociative) < | | 08f' | ¢
0.1 2
—D O* = 1 1 1 1
okt i it i : 0.6 —1 : 0.6—1 !
0 2 4 6 8 10 12 0 0.5 1 0 0.5 1

Electron KER [eV]

Comb Position [units of 7iw]

FIG. 3. Panel (a): photoelectron spectra for electrons measured in coincidence with different ions. The four spectra show photoelectrons
measured in coincidence with D,O" [thin, blue (dark gray)], low energy (<1 eV) D7 [thick, red (dark gray)], D™ arising from two-body
breakup of the dication [thin, green (light gray)], and DT arising from three-body breakup of the dication [thick, pink (light gray)]. Panels
(b) through (e) show the reduced photoelectron spectra as well as error bars described in the text: (b) in coincidence with D,O" ions
(nondissociative monocation), (c) in coincidence with low energy D* cations (dissociative monocation), (d) in coincidence with D* from
the dicationic two-body channel, and (e) in coincidence with D* from the dicationic three-body channel. Dashed vertical lines illustrate the
expected positions of the peaks for the removal of HOMO, HOMO-1, and HOMO-2 electrons (black, intermediate black and grey, respectively).

maximum yield orthogonal to the laser polarization axis, and a
broad distribution of ions from 1 to 10 eV. A similar spectrum
for the DT ion in coincidence to OD™ (orange) has been
plotted indicating that the maximum peak is coming from
two-body double ionization. In brief, these energetic features
arise from dissociative single ionization (D /OD) for D" en-
ergy < 1 eV, two-body breakup double ionization (D*/OD™)
for DT energies around 5 eV, and three-body breakup double
ionization (D /O/D™") for the rest of the D™ ion [49].

Figure 3(a) shows the photoelectron spectra measured in
coincidence with D,O% or D ions integrated over these
three different momentum ranges. The photoelectron spectra
are generated by Abel inversion of the measured photoelec-
trons collected for each ionization channel. ATT combs (peaks
spaced by the photon energy) are clearly visible in each of the
curves. For double-ionization channels this suggests a sequen-
tial ionization process, since rescattering of the first electron
should wash out the ATI comb structure for nonsequential
double ionization.

The ATT spectra in Fig. 3(a) exhibit clear offsets with
respect to each other. The difference in the peak locations
for electrons in coincidence with the parent ion and D from
two-body dissociation is in excellent agreement with the bind-
ing energy of the HOMO and HOMO-2 orbitals, modulo
the photon energy (given in Fig. 1). This is strong evidence
that the production of D,O™ and low-energy DT involves the
removal of HOMO or HOMO-2 electrons, respectively, and
that the removal of these electrons take place with the same
ponderomotive energy [43]. Based on this observation, we
mark the expected AT comb positions in (a) to (e) by knowing
the position of HOMO and the binding energies of different
states. We note that the peaks do not shift with laser intensity,
which is consistent with the ponderomotive shift being the
same for ionization to different states of the cation [17]. A
detailed analysis of this will be explored in future work.

In addition to the offset of the different ATI combs, there
are other differences between the ATI spectra that merit dis-
cussion. For instance, the ATI spectrum in coincidence with
two-body breakup of the dication shows greater depth of mod-
ulation, and more structure for each ATI order. To better view
these features, we reduce the ATI comb into a single order
S(E|0 € E < hw) by summing up the spectrum modulo the
photon energy, fiw.

The results of this approach are shown in Figs. 3(b)-3(e).
These panels show reduced spectra for photoelectrons from
four different channels, and the spectral peaks line up with the
expected peak locations for the removal of HOMO, HOMO-1,
and HOMO-2 electrons. Errors on each point have been esti-
mated based on bootstrapping resampling analysis. The good
agreement shows that the ATI peaks all have energies consis-
tent with ionization to the three lowest states of the cation,
even though we are measuring electrons emitted during dou-
ble ionization. We conclude that these peaks correspond to
the removal of the first electron in double ionization, while
the second electron does not lead to separate peaks (corre-
sponding to energy differences between states of the cation
and dication), but is rather distributed over a broad range of
energies [50-53].

Other features are also evident in the reduced spectra.
The spectral positions show that different ionization chan-
nels appear to involve electrons from different molecular
orbitals: single ionization is dominated by removal of a
HOMO electron, as is the double-ionization channel that leads
to two-body breakup. Dissociative single ionization appears
to follow from removal of a HOMO-2 electron. This indicates
that increasing final state energy of ions does not correlate
monotonically with the binding energy of the first electron
removed by the field. Furthermore, ionization to low-lying
states of the cation and dication (producing D,O" and the
5 eV DT ions, respectively) involves removal of electrons
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from HOMO-1, while ionization to dissociative states of
the monocation only shows contributions from HOMO-2,
without any contributions from HOMO-1. The presence of
both HOMO and HOMO-1 contributions to the ionization
producing D,O7 is consistent with the fact that both the
ground and first excited states of the monocation are nondis-
sociative, leading to the production of D,O", whereas all
higher states are dissociative [43—-45]. For the case of the
highest-energy channel, double ionization resulting in three-
body breakup, the first ionization step involves the removal of
an electron from HOMO, HOMO-1, and HOMO-2.

We also note that the varying depth of modulation, peak
widths, and offset between the left- and right-hand edges
of the comb-analyzed spectra all contain further hints about
the ionization dynamics. The large depth of modulation for
the spectrum in coincidence with the 5 eV D7 ions sug-
gests that sequential double ionization with ATI as the first
step plays a large role, and that rescattering (i.e., nonsequen-
tial double ionization) is not the dominant mechanism for
this channel. The narrow peaks associated with both double-
ionization channels are unexpected for our short pulses, and
will be investigated further in the future. Finally, the fact
that the double-ionization channels show similar yields at
the left- and right-hand edges of reduced spectra, while the
single-ionization channels do not, simply indicates that the
increasing orders of ATI spectra fall off more rapidly for
single ionization than they do for double ionization.

To further interpret our measurements, we carried out time-
dependent resolution in ionic states (TD-RIS) calculations of
the ionization dynamics, solving the TDSE for the molecule
in a strong laser field [35,36]. The bound multielectron wave
functions for the ground state of the neutral and the lowest
three ionic states are computed using the GAMESS electronic
structure package [54] with the aug-cc-pVTZ basis set at a
CAS MCSCEF level of theory, evaluated at the equilibrium
geometry of the neutral. The TD-RIS calculations used com-
putational grids extending to +15 a.u. with a grid spacing of
A = 0.2 a.u. The time propagation used a step size of 6t =
0.002 a.u. The ionization yields are calculated by monitoring
the outgoing flux that is removed by absorbing boundaries at
the edges of the grids [35].

Our TD-RIS calculations indicate that the relative prob-
abilities for removal of HOMO, HOMO-1, and HOMO-2
electrons depend on intensity, and can differ by less than an
order of magnitude for the intensities in our experiment. The
top panel of Fig. 4 shows the intensity-dependent ionization
yield for removal of HOMO, HOMO-1, and HOMO-2 elec-
trons in a half-cycle pulse as a function of intensity and angle
(inset). The angle-dependent yield for removal of a HOMO
electron is compared with the angle-dependent yield of D
ions produced in coincidence (cf. Fig. 2). We note that there
is good agreement between the calculated and measured an-
gle dependent yields for removal of a HOMO electron. The
bottom panel of Fig. 4 shows the calculated angle-dependent
yields for all three channels (HOMO, HOMO-1, and HOMO-
2) for various laser intensities. These show how the yield is
maximum orthogonal to the orbital nodes. In addition, the
permanent dipole moment of the molecule combines with the
half-cycle pulse used in these calculations to produce a flip in
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FIG. 4. Top: calculated ionization yields for removal of HOMO,
HOMO-1, and HOMO-2 electrons as a function of laser intensity.
Top panel inset: black and gray dashed lines show calculated ioniza-
tion yields for removal of HOMO, HOMO-1, and HOMO-2 electrons
as a function of the angle between the laser polarization axis and the
molecular plane, while the solid red curve shows the experimentally
measured D7 yield as a function of the angle between the molecular
plane and the laser polarization, as shown in Fig. 2(d). Bottom:
angle dependent ionization yields for different channels and laser
intensities.

X
(HOMO)

the asymmetry in the ionization yield of HOMO-1 at several
intensities.

IV. CONCLUSION

In conclusion, we have studied the strong-field ionization
of D,O with momentum-resolved coincidence measurements
of both electrons and ions. From the momentum-resolved
ATI (MRATI), we find some fragments are correlated with
removal of electrons from more than one orbital. Evidence
of sequential double ionization has been shown to play an
important role in the strong-field ionization of D,O. Finally,
we compare our measurements with TD-RIS calculations of
the ionization dynamics which qualitatively match our mea-
surements.
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