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Polyatomic molecules in strong laser fields can undergo substantial nuclear motion within tens of
femtoseconds. Ion imaging methods based on dissociation or Coulomb explosion therefore have
difficulty faithfully recording the geometry dependence of the field ionization that initiates the
dissociation process. Here we compare the strong-field double ionization and subsequent dissociation
of water (both H2O and D20) in 10-fs and 40-fs 800-nm laser pulses. We find that 10-fs pulses turn
off before substantial internuclear motion occurs, whereas rapid internuclear motion can take place
during the double ionization process for 40-fs pulses. The short-pulse measurements are consistent
with a simple tunnel ionization picture, whose predictions help interpret the motion observed in the

long-pulse measurements.

I. INTRODUCTION

The momentum distribution of ionic fragments follow-
ing rapid stripping of valence electrons is often used to
reconstruct the nuclear geometry of molecules immedi-
ately before dissociation [1]. This technique was origi-
nally developed with a fast beam of molecules passing
through a thin foil to strip away the electrons, but sub-
sequent measurements use intense ultrafast lasers to re-
move the electrons [2]. The critical difference between
these two methods is that the stripping fields of a foil
are random, and therefore do not depend on the orienta-
tion of the molecules, whereas the laser field is polarized
and thus laser-driven ionization can depend strongly on
the orientation of the molecule with respect to the laser
polarization.

In the tunneling theory of Strong Field Ionization
(SFI), molecular orbitals have preferred orientations that
maximize ionization probability with respect to a linearly
polarized laser field. Ionization or excitation that prefers
a particular alignment based on orbital shape is called ge-
ometric alignment. Through this mechanism, an isotrop-
ically oriented ensemble of molecules can exhibit strongly
anisotropic momentum distributions [3-6].

The strong fields required for laser-driven multiple ion-
ization, on the order of V/A, can also distort the re-
sults by inducing ultrafast motion during ionization [7—
10]. One manifestation of this is dynamic alignment, in
which an anisotropic polarizability leads to a torque in
the presence of a strong field [3]. In SFI experiments
on isotropically oriented small molecules with small mo-
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ments of inertia, dynamic alignment by a linearly po-
larized laser field drives molecules into rotation and/or
bond-angle distortion as the molecules reach a favorable
alignment with respect to the laser polarization [4, 11—
13].

For lighter molecules, both geometric and dynamic
alignment play a significant role in femtosecond strong-
field ionization, and must both be considered to un-
derstand the resulting angle-dependent ionization yields
[4, 11]. Animportant parameter that helps to disentangle
these two effects is the ionizing pulse duration [8, 14-16].
When the pulse duration is much shorter than the time-
scale of dynamic alignment in the molecule, geometric
alignment dominates the angle dependence of the ioniza-
tion yield. Conversely, when the pulse duration is much
longer than this, dynamic alignment can obscure the ef-
fects of geometric alignment [17].

Previous work has highlighted that ultrafast molecu-
lar motion can align the momenta of dissociating frag-
ment ions in multiply-ionized water [8, 17-21]. Water is
a ten-electron molecule with three filled valence molec-
ular orbitals (HOMO, HOMO-1, and HOMO-2) closely
analogous to the degenerate n=2, /=1 electron orbitals of
neon: 2p,, 2py, and 2p,. The redistribution of electron
density among two hydrogens and a non-collinear oxygen
breaks both the degeneracy and spherical atomic symme-
try so that each orbital is distinguishable (see Fig. 1(a)).

The SFI of water has recently been demonstrated to
obey a simple tunneling picture [22], where a strong lin-
early polarized field selectively ionizes electrons whose
nodal plane is perpendicular to the laser polarization axis
[3, 18, 23]. This leads to simple predictions of the ori-
entation dependence for strong-field ionization, otherwise
known as geometric alignment: The HOMO (1by) orbital
should preferentially ionize when the laser polarization is
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FIG. 1. (a) A schematic rendering of the ionization process and detection geometry. A focused femtosecond laser pulse
(green), with polarization éjaser along the #-direction, removes electrons from the three highest occupied molecular orbitals
(HOMO, HOMO-1, and HOMO-2) of neutral water. Preferential ionization of each orbital in a particular orientation with
respect to the laser polarization induces geometric alignment as indicated by the molecular axis (Zm/9m/2m) that is parallel to
€laser- After ionization, ionic fragments are accelerated toward the detector screen by an electrostatic lens stack (orange) that
applies a constant electric field EVMI in the Z direction. The net result of this scheme is an image that forms on the detector
plane capturing the Z- and g-momenta of each fragment as well as a distribution of fragment arrival times indicative of the
s-momentum. (b) The # and § momentum distribution of D" ions captured in coincidence with OD™, following ionization
with a 40-fs pulse. The laser polarization axis is drawn as a green arrow. (c¢) The same distribution as in (b), but following
ionization with a 10-fs pulse. (d) The kinetic energy release (KER) distribution plotted for both pulse durations. (e) The
angular distribution of D7 ions where 6 = arccos(€laser - Pp+ ) represents the angle between the laser polarization axis and the

D" vector momentum (pp+ ), as drawn in panel (b).

aligned with the 2, molecular axis; HOMO-1 (3a;) ion-
izes for polarization along Zy,, and HOMO-2 (1by) along
Um. These three orbitals as well as their preferred align-
ments with respect to the laser polarization are repre-
sented schematically in Fig. 1(a). Such predictions have
been supported by both experimental evidence and the-
oretical strong-field angle-dependent ionization calcula-
tions [18, 22].

Simple tunneling considerations for each orbital lead to
straightforward predictions of the angle-dependent ion-
ization yields for the low-lying states of both the mono-
cation and dication. For example, the doublet ground
state of the monocation, Dg (1b1) ™!, should have a maxi-
mum ionization yield for laser polarization along Z,. The
triplet ground state of the dication, Ty (1by)~!(3a;)~!,
should have a maximum in its ionization yield somewhere
within the 2,2, plane. These angle-dependent ioniza-
tion yields are what produce geometric alignment in the
monocation and dication populations.

Similar considerations lead to predictions for the de-
pendence of dissociation channels on the occupied molec-
ular orbitals. For example, two-body decays of the di-
cation are expected following the removal of an elec-
tron from HOMO or HOMO-1; while three-body decays
are expected following the removal of a HOMO-2 elec-
tron [24-26]. Significant deviations from such predictions
in the tunnel-ionization regime indicate the presence of
laser-induced effects such as alignment or internuclear

motion in the monocation or the dication [17].

The polarizability of water is very nearly isotropic
in its neutral ground state [27], so laser-induced align-
ment is not expected prior to ionization. However, ultra-
fast molecular dynamics in the monocation and dication
could play a role in dissociation following the second ion-
ization to form HoO?T. Laser-driven dynamic alignment
can also be significant if the ionizing pulse duration sig-
nificantly exceeds the ~10 fs needed to realign the H-H
axis to the laser polarization before dissociation [17].

Here we compare the dissociation patterns following
strong-field ionization of water with laser pulse durations
of 7 =40 fs and 10 fs, and with comparable peak intensi-
ties of Iy = 600 TW /cm? and 400 TW /cm?, respectively.
In each case, all three stable isotopes of water (HsO,
D-0, and HOD) were doubly ionized and the dissocia-
tion of the resultant dication (HoO?'/Do0O%*T /HOD?**)
was observed using a velocity map imaging (VMI) ap-
paratus, yielding the full three-dimensional (3D) vector
momenta of all fragments. For the purposes of data fi-
delity, the following sections will focus primarily on the
experimental results recorded for DoO?+.

II. EXPERIMENTAL METHODS

The momentum distributions of ions following the dou-
ble ionization of water with long (40-fs) and short (10-fs)



pulses were obtained using two separate VMI systems.
Each has been described previously, so only a brief sum-
mary is provided here.

The long-pulse experiment employs linearly polarized
Ti:Sapphire laser pulses with a central wavelength of
800 nm and a pulse duration of 7 = 40 fs full width at half
maximum (FWHM) [17, 18]. The 1-kHz laser is focused
to an intensity of 600 TW/cm? at the interaction re-
gion of a vacuum chamber (base pressure of 1071? mbar),
where it intersects a skimmed effusive molecular beam of
the stable isotopes of water (H2O, D3O, and HOD). The
in situ intensity was calibrated by SFI of argon, using a
procedure outlined in Ref. [28]. As shown schematically
in Fig. 1(a), the interaction region sits at the center of
an electrostatic lens stack, allowing the ionic products of
SFI to be collected in a VMI spectrometer. The appa-
ratus uses a Roentdek Hexanode detector, with a time
resolution of <1 ns [29], to capture the full 3D vector
momenta of the ions produced in the interaction region.

The short pulse experiment uses a 780-nm 30-fs 1-kHz
Ti:Sapphire system [30, 31]. Output pulses from this
laser were spectrally broadened in an argon gas filament
and recompressed to approximately 10 fs (FWHM) using
chirped mirrors and an acousto-optic pulse shaper [32].
The recompressed, linearly polarized pulses are then fo-
cused into the interaction region of a vacuum chamber,
held at a base pressure of 107'° mbar, by an internally
mounted f = 5 c¢m concave spherical mirror. The stable
isotopes of water are introduced into the VMI chamber
via a skimmed effusive molecular beam. Here, an electro-
static lens stack can be rapidly switched from positive to
negative voltages [33] in order to measure both electrons
and ions from each molecule. Directly following ioniza-
tion, the lens stack accelerates free electrons toward a
detector consisting of a microchannel plate (MCP) de-
tector, phosphor screen, and TimePix3 camera [34, 35].
Less than 25 ns later, the voltages are reversed and the
positive ions are accelerated toward the same detector.
With a time resolution of ~1 ns, this detector is able
to resolve the 3D vector momenta of all ions, as well as
the 2D vector momenta of the electrons (projected onto
the plane of the detector). In this work, only the ion
measurements are considered; the electron data has been
considered in a previous study [22]. Importantly, the
rapid voltage switching can introduce slight distortions
to the measured momenta of the positive ions. In this
experiment, the only substantial distortions were found
in the momentum distributions of the lightest fragment,
HT. Due to this effect, we examined both D,O and H,O
to ensure the validity of our conclusions.

III. RESULTS AND DISCUSSION
A. Two-Body Fragment Momentum Distributions

The relative contributions of geometric and dynamic
alignment in the double ionization of water can be ob-

served in the fragment ion momentum distribution of
the DyO%* two-body breakup channel, where Dt and
OD™ are produced. In this channel, the detector records
the full vector momentum for each fragment ion: p, and
py are determined by the position of the hit in the de-
tector plane, and p, is determined by the time-of-flight
(ToF) (see Fig. 1(a)). The ToF is also used to identify
the species of the ion using its unique mass-to-charge
ratio [36]. Figs. 1(b) and (c) are two-dimensional projec-
tions along p. of the momentum distribution in the p,p,
plane of DT ions detected in coincidence with an OD¥
fragment, for long and short pulses respectively. The
angular distributions with respect to the laser polariza-
tion axis (drawn as a green arrow) are visibly different.
The 40-fs pulse leads primarily to dissociation parallel to
the laser polarization axis whereas the 10-fs pulse leads
to dissociation perpendicular to the laser polarization.
The sum of the kinetic energy of these fragments yields
the dissociation kinetic energy release (KER). The KER
distributions for D¥/OD™ is plotted in Fig. 1(d). Note
that the long-pulse data is slightly higher in KER, de-
spite the fact that realignment effects would typically re-
duce the energy of dissociating fragments [37]. This will
be discussed further in a later subsection. Calculating
the relative angle between the vector momentum of the
DT ion and the laser polarization yields Fig. 1(e). This
plot reaffirms what was noted in comparing Figs. 1(b)
and (c): the dissociation is parallel to the polarization
for long pulses and perpendicular to the polarization for
short pulses.

The difference in the dissociation distributions for the
short and long pulse experiments suggests some evolution
on the potential energy surfaces of the monocation or di-
cation before dissociation. If this evolution occurs in the
states of the monocation, the double-ionization process
must be sequential. The presence of sequential double
ionization is supported by an angular correlation analy-
sis of the two electrons produced in coincidence with the
dissociating ions, which shows almost no correlation be-
tween the electron momenta, in contradiction to results
from non-sequential ionization [31, 38]. Specifically, the
correlation between the x-component of momentum in
the lab-frame of each of the two electrons produced in
coincidence with DT /OD™ was examined. This analy-
sis yielded a correlation coefficient of » = 0.05 with a
statistical uncertainty of 0.01.

Spectral analysis of the electrons emitted from an
isotropic ensemble of neutral DoO has shown that the
first tunnel ionization preferentially populates the dou-
blet ground state of the monocation (D) by removing
an electron from the by HOMO [22]. The molecular
plane is also the nodal plane for the b; orbital, so the
monocations formed in this way are expected to be pref-
erentially aligned with the molecular plane perpendicu-
lar to the laser polarization axis [39] as was confirmed
in computations presented in Ref. [22]. The equilibrium
geometry of the Dy state is very near to that of the neu-
tral ground state (X), so rearrangement of internuclear



geometry should be minimal when populating this state
[40].

Likewise, removal of an a; electron from the HOMO-1
populates the first excited state of the monocation (D),
leading to rapid unbending since this state has an equilib-
rium bend angle, Ogon, of 180° [40, 41]. The distinction
between Dy and D;, however, is blurred by the pres-
ence of the laser. With a central wavelength of 800 nm,
the laser is nearly resonant with the Dy to D; transition
[40, 41]. Strong-field coupling between Dy and Dy in this
intensity regime should lead to bond-softening distortions
in the shape of the Dy potential, and to rapid unbending
[37, 42]. The timescale is set by roughly half the period
of the unbending mode of the D; monocation: ~19 fs
for HoO1 and HOD™, and ~26 fs for DoO™ [43]. In the
short-pulse experiment, the monocation spends only a
fraction of 10 fs in the field of the laser before undergo-
ing further ionization followed by rapid dissociation. It
is therefore unlikely that the molecule has sufficient time
to substantially unbend before dissociation. By contrast,
in the long-pulse experiment, full bending dynamics are
possible.

B. Three-Body Fragment Momentum Distributions

The relative lack of unbending motion in the 10-fs data,
as compared to the 40-fs data, is best characterized by
the three-body fragmentation channel of the DoO%** di-
cation. In these measurements, the DT /D' /O channel is
measured via the detection of two DT ions in coincidence,
and the momentum of the undetected neutral oxygen is
calculated based on momentum conservation. Defining
the molecular frame in momentum-space such that the
bisector of the two deuterium ions in the plane of the
molecule is labeled as p. [25, 26], our measurements can
be viewed as Figs. 2(a) and (b) for pulse durations of 40 fs
and 10 fs, respectively. Because the third fragment is
left undetected, contamination from higher-charge three-
body dissociations (DT /Dt /O™ where n is any positive
integer) is possible. As seen in Fig. 2(c), there are two
distinct KER signatures in the 40-fs data, whereas in
the 10-fs data, there is only one. The higher KER fea-
ture in the 40-fs data is indicative of contamination from
the DT /D" /O™ (trication) dissociation channel where a
singly-charged oxygen was produced but left undetected.
This was verified by directly analyzing the KER distribu-
tion in the three-body coincidence D /DT /O™ channel.
Because it is distinct in KER, this channel can be effec-
tively filtered out via KER, as seen in Fig. 2(c). This
KER-filtered distribution is what is utilized to produce
Fig. 2(a). As can be noted in comparing Figs. 2(a) and
(b), the 10-fs data is spread more diffusely over smaller
momentum-frame bend-angles than is the 40-fs data.
Fig. 2(d) demonstrates that, much like the 40-fs two-body
data, the 40-fs three-body data has a strong alignment
preference for 6 = arccos(€laser * Um) = 0°. The align-
ment preference for the 10-fs three-body data is closer to
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FIG. 2. (a) 2D momentum distributions of the fragments in
the three-body breakup channel of the heavy water dication,
D" /D% /0, following ionization by the 40-fs pulse. Here, the
bisector between the vector momenta of the two D ions is
fixed to be along the horizontal such that the vector momen-
tum of each ion can be decomposed into a component parallel
to the bisector, p._, and a component orthogonal to the bi-
sector, py... (b) The same as in (a) but following ionization
with the 10-fs pulse. (c) The KER distribution for the case of
40 fs (solid red line) and 10 fs (dashed blue line). Light red
shading indicates the KER filter used to discriminate between
the Dt /D" /O dication channel (solid red line, shaded) and
contamination from the higher-KER D*/D*/O™ trication
channel (light red markers, unshaded). Here, the 40-fs data
has been resized to match the peak height of the 10-fs data.
(d) The distribution in angle @ = arccos(€laser - Ym ), measured
between the laser polarization axis (€laser) and the §m molec-
ular axis. (e) The distribution in angle 8 = arccos(f)gl -ﬁg}r),

measured between the two D1 vector momenta (pg}r and

pg}r), as drawn in panel (a).

0 = 90° and the distribution is substantially less sharp.
Fig. 2(e) displays the distribution over momentum-frame
bend-angle, 3, reaffirming the disparity in bend-angle
found in comparing Figs. 2(a) and (b).

It should be noted that although g is closely related
to the geometric bend-angle of the molecule upon dis-
sociation, Ogopn, the two are distinct from each other.

The equilibrium bend angle of neutral water, (HHOH)eq.,



is 104.5°, whereas in the short-pulse experiment the
measured momentum-frame bend angle, 3, ranges from
~105° to 180°. This disparity can be partially accounted
for by some degree of unbending that occurs even in
the short-pulse data. This will be explored in depth in
a following publication. However, barring any internu-
clear motion, fgog and [ would be identical only if the
Coulomb repulsion felt by each D' ion was exclusively
along the direction of its O-D bond. Due to the distribu-
tion of charge in the water dication, this is not necessar-
ily the case. For dissociations of higher-charge states in
water (HY/HT/O™"), the momentum-frame bend angle
more accurately reflects the geometric bend-angle [8; 19].

In addition to launching unbending motion, ionizing
with peak intensities in the hundreds of TW/cm? can
torque the molecule into alignment with the laser polar-
ization if there exists any anisotropy in the molecule’s
polarizability. Whereas the neutral ground state of wa-
ter is approximately isotropic in its polarizability, the
Dy and D; states of the monocation are not [44]. Re-
cent experimental work has demonstrated that doubly
ionizing water with 40-fs pulses at 600 TW /cm? induces
dynamic alignment such that the g, molecular axis pref-
erentially aligns parallel to the laser polarization prior
to dissociation [17]. The characteristic effect of such dy-
namic alignment in either the three-body D*/D*/O or
the two-body DT /OD™ channel is a peak in dissociation
along the laser polarization axis. Looking to Fig. 2(d),
such a peak is evident when ionizing with 40-fs pulses.
However, this peak is unambiguously missing for the case
of a 10-fs pulse. The same is true when considering the
two-body dissociation, whereby Fig. 1(e) shows a peak
in fragment momenta streaming along the laser polar-
ization axis for the case of 40-fs and not for 10-fs. This
suggests there is insufficient time within a 10-fs pulse for
significant alignment to the polarization axis before dis-
sociation.

C. Alignment Simulations

Further evidence for the importance of dynamic align-
ment—yparticularly its dominance over geometric align-
ment at longer pulse durations—can be found by turn-
ing to simulation. In the lab frame, the orientation of
a molecule is given by a probability distribution that
evolves in time and can be measured relative to a fixed
and definite laser polarization axis. We found, however,
that the same information can be represented more eas-
ily by viewing it in the molecular frame. In this frame,
the orientation of the laser polarization axis is no longer
fixed, and is instead itself given by a probability distri-
bution that evolves in time and can be measured with
respect to fixed and definite molecular axes. This rep-
resentation is displayed schematically in Fig. 3(a) for
the case of a definite laser polarization. Utilizing this
same representation, Fig. 3(b) displays the 3D align-
ment distribution of the monocation directly following
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FIG. 3. (a) A schematic drawing of a definite laser polar-

ization (€laser) plotted in the molecular frame with each of
its projections along the molecular axes (Zm/%m/Zm) labeled.
(b) The angle-dependent ionization yield for D2O" (calcu-
lated via TD-RIS) represented as a 3D probability distribu-
tion of the laser polarization in the molecular frame as seen
in (a). (c) The time-resolved alignment distribution of DoO™
as characterized by the value of the probability distribution,
P(t,€), along each molecular axis: € = Zm (solid line), € = Jm
(dashed line), and é = 2, (dotted line). Here, P(¢,€) was initi-
ated with the distribution displayed in (b) at t/7 = -0.5 where
t/T = 0 is the time at which the molecule experiences peak
field intensity, Io = 600 TW /cm?, and 7 = 40 fs is the ionizing
pulse duration (FWHM). (d) The 3D alignment distribution
of D2O™" after evolving in a strong field from t/7 = -0.5 to
t/T = 0.5. As in (b), this distribution is represented by the
3D probability distribution of the laser polarization in the
molecular frame as seen in (a). Note: the limits of all three
axes are double those of (b) in order to capture the whole
distribution. (e) The same as in (c) but for 7 = 10 fs and
Ip = 400 TW/cm?. (f) The same as in (d) but for 7 = 10 fs
and Tp = 400 TW/cm?. Note: the limits of all three axes are
identical to those of (b).



the first-ionization event and formation of a 79% Dy and
21% D; mixture of states of DoO%. This distribution
was calculated via Time-Dependent Resolution in Ionic
States (TD-RIS), a method of solving the time-dependent
Schrodinger equation for a molecule in a strong laser field
[45-47]. The method, as applied to water, has been dis-
cussed in detail in a previous work [22]. The TD-RIS dis-
tribution is computed by solving the electronic ionization
dynamics for fixed nuclei and hence includes no nuclear
dynamics following the ionization event; it is purely re-
flective of geometric alignment effects in the water mono-
cation. Here, the laser polarization is predominantly dis-
tributed along the Z,, molecular axis. This result there-
fore agrees with the intuitive picture of the alignment
preference for ionization from the HOMO (1by), repre-
sented schematically in Fig. 1(a).

To explore dynamic alignment effects, these TD-RIS
distributions were augmented by rigid-rotor rotational
wave packet simulations on the Dy/D; mixture of mono-
cations in the presence of a strong field, assuming the
geometry of the neutral ground state [48]. The goal is
to estimate the dynamic alignment of the monocation
immediately prior to dication formation. Since the po-
larizability anisotropy of Dy and D; are nearly identical,
we simulate rotational dynamics using the polarizability
tensor of the Dg state and inertia tensor of the neutral
ground state of DO [49]. A rotational wavepacket is
initialized with the molecular axis distribution P(6, x)
consistent with the TD-RIS ionization probability dis-
tribution in Fig. 3(a). Here, the Euler angles 6 and x
track the alignment of the D-D axis to the laser polar-
ization in the lab frame, and the rotation of the oxy-
gen atom around this axis, respectively. To achieve this,
the method in Ref. [50] applied to N» is adapted to the
asymmetric top D2O, and calculation of the subsequent
rotational dynamics proceed as described in prior publi-
cations [48, 51-53]. The simulation was performed using
an initial thermal population at a temperature of 30 K
for computational efficiency. Higher temperatures reduce
the degree alignment for both the 10-fs and 40-fs pulses,
but do not affect the comparison between the two.

Simulating the rotational dynamics in the D,O™T
monocation for both long and short pulses yield dras-
tically different results. Figs. 3(c) and (e) display the
time-evolution of the monocation’s alignment distribu-
tion while undergoing laser-driven rotation within a 40-
fs and 10-fs pulse respectively. Both simulations are
initiated with the 3D alignment distribution shown in
Fig. 3(b) at t/7 = -0.5, where t/7 = 0 corresponds to the
peak of the ionizing pulse. Figs. 3(d) and (f) display the
final 3D alignment distribution of the monocation at ¢/
= 0.5 for 40-fs and 10-fs pulses respectively. These distri-
butions are plotted in the same way as Fig. 3(b), display-
ing the probability distribution of the laser polarization
axis in the molecular frame. In comparing the results
of 40-fs and 10-fs pulses, we first note in Fig. 3(e) that
the orientation of the monocation undergoing alignment
within a 10-fs pulse is largely unchanged from the initial

orientation. Here the laser polarization is still primarily
aligned along Z,, throughout the duration of the pulse.
Because of this lack of significant alignment, the final dis-
tribution shown in Fig. 3(f) looks qualitatively similar to
the initial distribution shown in Fig. 3(b). By contrast,
the orientation of the monocation following alignment
within a 40-fs pulse is markedly different. As seen in
Fig. 3(c), at early times (¢/7 < 0) the degree of align-
ment along I, decreases gradually while the degree of
alignment along 2., increases such that briefly around
t/T = 0, the laser polarization is predominantly aligned
along the Z,, axis. Simultaneously, the degree of align-
ment along 7, begins as a small value at early times but
increases rapidly over the course of the pulse such that
for t/7 > 0.2, the laser polarization becomes overwhelm-
ingly aligned along ¢,. The dramatic enhancement of
alignment along g, is made especially clear by viewing
the final alignment distribution shown in Fig. 3(d) and
comparing to the initial distribution shown in Fig 3(b).

D. Identifying the Contributions of Geometric and
Dynamic Alignment

In the short pulse experiment, we now demonstrate
that the angular distribution of fragment ions is largely
a consequence of geometric alignment. As a result of
our TD-RIS calculations, we estimate that the majority
(~79%) of monocations are formed in the Dg (1by)~!
state. Shown schematically in Fig. 1(a) and numeri-
cally in Fig. 3(b), geometric alignment dictates that the
removal of an electron from the HOMO will predomi-
nantly occur with the laser polarization parallel to the
Zm molecular axis. A more detailed analysis of the angle-
dependent ion yields supports this interpretation [22]. In
forming the dication, if the molecule undergoes minimal
changes to its internuclear geometry and alignment dur-
ing the pulse, we should expect the second ionization to
occur at the same geometry and alignment as the first.
This pathway, X — Dg (1by)™! — Sg (1b1) 2, may there-
fore be the dominant pathway when producing D¥/OD™
fragmentation following the sequential double ionization
of water using 10-fs pulses.

Further evidence of specifically populating Sy can be
found by looking to electron spectral analysis as well as
theoretical modelling of the ions’ KER. Electrons cap-
tured in coincidence with this two-body decay channel of
the water dication have an energy that is characteristic
of predominantly ionizing from the HOMO [22]. Sepa-
rately, according to dissociation simulations of the water
dication from the various electronic states [24], the mean
value of the KER distribution when dissociating from the
So state is approximately 6.15 eV, which agrees very well
with the experimental value measured here for the case
of 7 =10 fs: 6.17 eV (see Fig. 1(c)).

As for the dissociating ions’ angular dependence: we
will henceforth consider the two-body dissociation of
D>0%** to occur roughly along the D-D axis (along §m,)-



While this is not exactly accurate outside of the limit
where § — 180°, this provides an approximate and
convenient way to quantify the ions’ alignment with
respect to the laser polarization. Looking to our 10-
fs two-body data, as seen in Fig. 1(c), this interpre-
tation implies that the laser polarization is predomi-
nantly orthogonal to g,. Therefore, a pathway in which
the molecule remains with €. parallel to Z.,, such as
X — Do (1b1)~t — Sg (1by)~2, is well supported by our
experimental observations. However, as seen in Fig. 1(a),
all states involving ionization from the HOMO (1b;)
or HOMO-1 (3a;) are preferentially formed when either
€laser 1S along the &, or Z, direction. Therefore, even
those pathways that are preferentially formed at some
intermediate orientation between Z,, and Z,, such as
X — Dg (1by)~t — To (1by)~%(3a;)~! would appear
in the ion angular distribution as perpendicular to the
laser polarization. These pathways may also contribute
to this two-body breakup channel.

We now turn to the long-pulse experiment, wherein
the effects of dynamic alignment and internuclear motion
dominate over geometric alignment. With a pulse dura-
tion of 40 fs and peak intensity of 600 TW /cm?, we ex-
pect a significant amount of unbending and re-alignment
to occur during the pulse. As seen in Fig. 2(a) and (e),
the three-body breakup of D,O?* following long-pulse
ionization demonstrates substantial unbending motion,
with 8 ranging from ~145° to 180°. Additionally, both
the two-body data (see Fig. 1(e)) and three-body data
(see Fig. 2(d)) indicate a large degree of alignment of
the gy, to the laser polarization, with 6 sharply peaked
around 0 and 180°.

As indicated by Figs. 3(c) and (d), allowing the DoO™
monocation to evolve within a 7 = 40 fs pulse from
t/T = -0.5 to t/T = 0.5 results in a significant degree
of final alignment along 7,,. However, as we expect the
majority of second ionization events to occur around the
peak of the pulse (¢/7 = 0), the timescale of the full sim-
ulation may seem unrealistically long. Here we offer a
plausible explanation for more rapid alignment by con-
sidering unbending and alignment as coupled actions. In
a purely classical picture, one can imagine a small subset
of D5O™ ions in which one of the two O-D bonds is al-
ready initially oriented along the laser polarization axis.
A favorable alignment can be reached not only by rotat-
ing the molecule around the center of mass, but by rotat-
ing a single deuterium about the oxygen by ~75°, simul-
taneously unbending and aligning the molecule. With
rotation and unbending occurring simultaneously, align-
ment would occur on a faster timescale than what is sug-
gested by Fig. 3(c), as this simulation neglects any and
all unbending motion. Additionally, recent simulations of
the sequential ionization of water with 20-fs pulses have
demonstrated that continued unbending motion in the
dication is expected prior to dissociation [15]. Therefore
coupled unbending and alignment is expected to continue
even after the formation of the dication prior to dissoci-
ation.
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FIG. 4. The angular distribution of both two-body and

three-body decay channels, as measured by the angle between
the assumed ¢m, molecular axis and the laser polarization,
€laser- For both (a) the long-pulse data (in red) and (b) the
short-pulse data (in blue), the two-body dissociation channel
(DT/OD™) is plotted as a thin solid line and the three-body
dissociation channel (D*/D*/0) is plotted as a thick dashed
line. For the two-body channel, 6 represents the angle be-
tween the dissociation axis and the laser polarization. For
the three-body channel, § = arccos(€iaser - Gm )-

The two-body and three-body decay channels corre-
late with different states of the dication: the lower-
lying states, such as the To (1b1)~%(3a;)~! and Sp
(1by)~2, predominantly decay into two bodies, whereas
three-body decay occurs predominantly for higher-lying
states of the dication, such as the Ty (1by)~!(1by)71,
Ty (1b2)_1(3a1)_1, and Ss (1b2)_1(1b1)_1 [24] Each of
these higher-lying states has a vacancy in the HOMO-2
(1bg) orbital. The rules of geometric alignment imply
that ionization to these higher-lying states (and subse-
quent dissociation into three bodies) is enhanced when
€laser 18 along 7y, so direct comparisons between the two-
body and three-body angular distributions should reflect
this enhancement. An enhancement along # = 0 and 180°
can be seen in Fig. 4(a) in the three-body channel of the
long-pulse experiment compared to the two-body chan-
nel. For the same reason, in Fig. 4(b) a more subtle
depletion of ion yield at # = 90° can been seen in the
short-pulse three-body data compared to the two-body
data. Thus the long-pulse data, though dominated by
dynamic alignment, still bear signatures from geometric
alignment.

The simple scenario suggested by Figs. 3(c) and (d),



wherein long-pulse dynamics in the monocation drive the
Jm of D2OT into alignment with the laser polarization be-
fore ionization to the dication state, still needs some mod-
ification, because it is not consistent with the predictions
of geometric alignment. In this picture, the molecule is
aligned with g, parallel to €,50; upon formation of the
dication. According to geometric alignment, this orienta-
tion should correspond to a minimum in ionization yield,
since the lower-lying states all prefer alignment along ei-
ther z,, or Z,. However we observe a clear maximum
in ionization yield at this orientation. This inconsistency
may be largely alleviated if we assume that unbending
and alignment continue to occur in the dication as well
as the monocation. In this picture, the dication may be
preferentially formed when the molecule is still bent and
unaligned (with either Z,, or Z, along the laser polar-
ization), but subsequently unbends and aligns such that
Jm 18 largely along éj.se; during dissociation [15, 20]. As
we expect the majority of dication formation to occur
around t/7 = 0, the predominance of alignment along
Zm seen in Fig. 3(c) at -0.2 < t/7 < 0.2 supports this
picture.

Further evidence for unbending and alignment dynam-
ics in the dication can be found in Fig. 2(c), which shows
that the majority of three-body DT /D™ coincidences are
not from the D* /D" /O dication channel but rather from
the D*/D*/O" trication channel with a significantly
higher KER signature. This trication contamination is
not present in the 10-fs data, suggesting the presence of
enhanced multiple ionization in the 40-fs data [18, 54].
The dication DT /D /O channel may simply be the rem-
nant dications that were not ionized further during the
40-fs laser pulse. This strong-field enhanced multiple ion-
ization has been observed to be most prevalent for water
aligned with the g, molecular axis along the laser polar-
ization [15, 17, 18].

In fact, the majority of unbending and alignment may
occur in the dication and not the monocation. Evidence
for this can be seen in Figs. 2(d) and (e), comparing the
dissociation geometries of the dication (KER < 10.5 eV)
and trication (KER > 10.5 V) three-body decays in the
40-fs data. Here the dication is more sharply aligned with
the field and [ is more sharply peaked at 180°, indicating
a more linear geometry. As the molecules unbend, many
may be ionized to a trication state whereupon they un-
dergo immediate Coulomb explosion while still bent and
only partially aligned. Any dications that remain con-
tinue to align and unbend before finally dissociating in
the three-body channel shown in Fig. 2(a). As seen in
Fig. 2(e), the trication signal is spread over a broad dis-
tribution of bend-angles, which indicates rapid motion
along the bend-angle coordinate in the dication during
the formation of the trication.

Our final observation in the comparison of these two
data sets is a clear disparity in KER. As seen in Fig. 1(d),
the long-pulse two-body KER is noticeably upshifted
when compared to the short-pulse two-body KER. This
effect is further elucidated by separating out the long-
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FIG. 5. The KER distribution for the two-body decay path-
way of doubly-ionized water HoO*" — HT/OHT (a), and
deuterated water, D2O?*T — D*/OD* (b). In each case, the
40-fs data is plotted in solid red lines, and the 10-fs data is
plotted in dashed blue lines. Both long and short-pulse data
are further subdivided between dissociation aligned along the
laser polarization axis: 6 = 0° £ 30° (thick lines) and dis-
sociation aligned perpendicular to the laser polarization axis:
01 = 90° £+ 30° (thin lines). All distributions are indepen-
dently normalized to integrate to one.

pulse two-body data into two distinct bins: dissocia-
tions that occurred parallel to the laser polarization,
in which 6 = 0° £ 30° (the majority of counts), and
those that occurred perpendicular, in which 8, = 90°
+ 30°. This yields the curves shown in Figs. 5(a) and
(b) for HyO and D-O, respectively. As seen in either
panel, the short-pulse KER remains largely unchanged
between these two binnings (the two curves lie on top
of each other), whereas in the long-pulse experiment the
KER measured for parallel dissociations is centered sig-
nificantly (~1.5 eV) higher than the KER for perpendicu-
lar dissociations. This disparity in KER between parallel
and perpendicular dissociations is not merely due to the
preferential formation of different electronic states at dif-
ferent orientations with respect to the laser polarization.
If it were, there would exist the same disparity in the
short-pulse data. This suggests that coupled rotations,
bending, and stretching dynamics, or depletion due to
further ionization, all could give rise to this shift in KER,
but the precise mechanism is not presently known. Mod-
els that predict the KER observed in this experiment may
therefore need to include sequential ionization and disso-
ciation with simultaneous unbending and alignment of



both the monocation and dication. We know of no work
that has attempted such. What we can say definitively is
that this phenomenon is reproducible across the varying
isotopes of water. As seen by comparing Fig. 5(a) and
(b), the largest discrepancy between the two isotopes is,
predictably, that the DoO wavepacket—on account of its
larger mass—is more sharply peaked and more localized
in energy-space than is the HoO wavepacket. This obser-
vation holds in comparing each of the 4 curves between
the two panels.

IV. CONCLUSIONS

Close analysis of the two- and three-body fragmenta-
tion channels that follow the double ionization of water
demonstrate that the physical mechanisms of SFI and
fragmentation have a strong dependence on the ioniz-
ing pulse duration in the 10-fs to 40-fs range. This has
a profound effect on coulomb-explosion imaging, as ex-
pected when applied to molecules with small moments of
inertia. We have further demonstrated how certain nu-
clear dynamics in the sequential double-ionization of wa-
ter can be minimized by ionizing with a sufficiently short
pulse duration. In particular, when doubly ionizing water
with 40-fs pulses, there appear to be strong distortions
to the molecule’s internuclear geometry and alignment

with respect to the laser polarization axis. This is con-
sistent with the distortions observed in previous work on
the water dication [17, 18] as well as the higher-charge
states of water [8, 19]. These effects manifest themselves
before dissociation and thus complicate the interpreta-
tion of angle-resolved ion yields. However, when ioniz-
ing with 10-fs pulses, changes to the molecule’s inter-
nuclear geometry and alignment are drastically reduced,
and angle-resolved ion yields can be interpreted using a
greatly simplified model of tunnel ionization. Further de-
tail on the key differences between short- and long-pulse
regimes could follow from more comprehensive modeling
of these ultrafast processes as well as experiments with
more intermediate pulse durations that span the gap be-
tween the two pulse durations considered here.
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