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Direct Coulomb-explosion imaging of coherent nuclear dynamics induced by few-cycle laser
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We followed fast evolution of coherent nuclear wave packets in H, and D, molecules after their interaction
with 8-fs 800-nm laser pulses. The molecules were probed by another few-cycle pulse time delayed for up to
10 ps with respect to the pump. For neutral molecules we observed coherent rotational dynamics characterized
by periodic revivals without noticeable decoherence within the 10 ps time scale. For heavy hydrogen up to four
rotational states were involved in the wave packets for each of the two spin isomers. In light hydrogen the
resulting dynamics was dominated by beating of just two rotational states. For neutral molecules the experi-
mental results are in excellent agreement with our numerical simulations obtained by solving the time-
dependent Schrodinger equation. By measuring time-dependent yields for singly ionized rotating D, mol-
ecules, we conclude that for an 8-fs 3 X 10'* W/cm? pulse the ionization probability is nearly independent of
the angle between the molecular axis and the electric field. For those molecules that were ionized by the pump
pulse we observed both vibrational and rotational dynamics. In molecular ions coherent vibrational wave
packets evolving on the bound o, potential surface also exhibit revivals. Time-dependent angular distributions
for the molecular ions exhibit transient alignment only soon after the pulse (18 fs for H,* and 35 fs for D,*)
with no consequent revivals within the next 10 ps due to broad distribution of active vibrational states with

different rotational constants.
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I. INTRODUCTION

The hydrogen molecule and its molecular ion interacting
with intense laser pulses have been favorite targets for many
years for both experimentalists and theorists. Even the sim-
plest existing molecule, H,", a seemingly uncomplicated sys-
tem of two protons bound by a single electron, when put into
a sufficiently strong oscillating electric field, presents re-
searchers with an astonishing wealth of physical phenomena,
such as bond softening [1], bond hardening [1,2], charge
resonance enhanced ionization (CREI) [3,4], high-order har-
monic generation (HHG) [5,6] and above-threshold ioniza-
tion (ATI) [7] (for review see [8] and included references).
This complexity stems from strong coupling between elec-
tronic and nuclear degrees of freedom and from the funda-
mental multiphoton nature of interactions in the strong-field
regime. While over recent years many aspects of this com-
plex behavior have been untangled to the point of at least
qualitative understanding, much still remains to be done be-
fore agreement between theory and experiment could be
called quantitative. These efforts are much helped by the
more reliable experimental data on H,*, which is becoming
available [9-11]. Nevertheless, the vast majority of experi-
ments are still performed on neutral H, or D, targets, while
fully ab initio calculations can only be done on their molecu-
lar ions. As a result, various empirical and semiempirical
models are employed to treat the two-electron system. Dis-
agreement between different models is not just quantitative,
their conceptual bases themselves are often in clear contra-
diction. For instance, even qualitative interpretations of such
phenomena as CREI and the recollision based “molecular
clock” [12,13] remain controversial and argued about.

Understanding the behavior of molecular hydrogen is an
important first step toward larger more complex molecules.
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In particular, uncovering detailed ionization and dissociation
mechanisms will contribute to disentangling the complex
pathways involved in molecular Coulomb explosion—the
technique carrying some promise for dynamic imaging of
molecular structure. Despite being the simplest neutral mol-
ecule, hydrogen in one sense is more challenging to study
experimentally than larger molecules—its nuclei are the
lightest and their motion is the fastest. A strong oscillating
electric field directly affects only electrons, but their motion
is very efficiently coupled into rotational (by anisotropic po-
larizability) and vibrational (by R-dependent dipole moment
and ionization rate) nuclear degrees of freedom. As a result a
nonresonant laser pulse causes vibrational and rotational ex-
citation of the molecule. Moreover, the excitations are pro-
duced within a range of vibrational and rotational states with
definite relative phases, resulting in coherent vibrational and
rotational wave packets. Classically, those wave packets can
be viewed as very fast axial and angular motions of the mol-
ecule. For instance, it takes only about 10 fs for a vibrational
wave packet generated by ionization of a neutral molecule
and moving on the ground-state potential energy surface of
H," to reach its outer turning point. It may take as little as 20
fs for a hydrogen molecule excited by a laser pulse to rotate
by 90°. Therefore, with pulses of 20 fs and longer a hydro-
gen molecule may undergo a wide range of motion during
the pulse, obscuring any possible effects differential in re-
spect to internuclear separation or molecular alignment. La-
ser pulses which are shorter than 10 fs are needed to effi-
ciently generate fast vibrational and rotational wave packets
and to detect and measure their properties in a time-resolved
way.

After it was first demonstrated that few-cycle 800-nm la-
ser pulses can effectively “freeze” vibrational motion in H,
[14], a series of pump-probe experiments have traced time
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evolution of nuclear wave packets generated by ionization of
neutral hydrogen on the ground (o) and first excited (o)
potential energy surfaces of H," [15,16] and even in the
ground state of the neutral molecule itself [17]. Those experi-
ments focused on vibrational motion of the nuclei. It was
also shown that femtosecond pulses generate coherent rota-
tional wave packets in D, [18-20] and H, [20]. Coherent
rotational wave packets are used successfully to perform
strong-field experiments on transiently aligned molecules
(field-free alignment) and to measure such angle-dependent
parameters as ionization rates [21,22], HHG yields [23,24]
and electron momentum distributions [25]. While all larger
linear molecules can be aligned efficiently using this tech-
nique, hydrogen and deuterium are much harder to align due
to their low polarizability anisotropy and low rotational in-
ertia (large energy separation between rotational levels).
Therefore, extracting parameters differential in respect to the
molecular angle remains problematic for these lightest mol-
ecules. For instance, it remains unknown how different the
ionization rates are for hydrogen molecules aligned parallel
and perpendicular to the laser polarization.

Here we present a study of nuclear dynamics induced in
H, and D, by 8-fs 800-nm laser pulses. We probed fast
nuclear motion by exploding the molecule with another more
intense time-delayed few-cycle pulse and measuring the
three-dimensional (3D) momenta of the resulting fragments.
We specifically focused on rotational motion of these mol-
ecules, having followed it for up to 10 ps in time delay. This
paper is presented as follows: First we briefly describe our
experimental setup and procedure; that is followed by the
main section presenting and discussing our results; then, af-
ter some concluding remarks and acknowledgments, an Ap-
pendix describes the numerical simulations for rotations of
neutral molecules. In the main section we present time-
resolved Kkinetic energy release (KER) spectra and explain
how we separate rotational dynamics in neutral molecules
from that of molecular ions. Then we focus on rotational
motion of Hy, D,, H,", and D,". We present and discuss
measured time traces of (cos”> #)—a parameter characterizing
molecular alignment. For neutral molecules we also show
experimental angular distributions at different points in the
evolution of coherent rotational wave packets. Based on
these distributions, and on measured time-dependent yields
for single ionization channels of D,, we set an upper limit on
the strong-field ionization anisotropy of this molecule and
conclude that its ionization is nearly isotropic under condi-
tions used in our experiment. The main section is concluded
by discussion of rotational dynamics observed in molecules
which have been ionized by the pump pulse.

II. EXPERIMENTAL SETUP

Our experimental setup is schematically shown in Fig. 1.
The few-cycle near-ir laser pulses were generated by com-
pressing the output of a Ti:sapphire amplifier (35 fs, 1 mJ, 1
kHz repetition rate) with an Ar-filled hollow-core fiber
(400 um diameter, 650 torr pressure [26]) compressor and a
set of chirped mirrors (7 Femtolaser and 4 Layertec) to yield
8 fs pulses of 400 wlJ energy. The pulse duration was con-
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FIG. 1. (Color online) Schematic of the experimental setup.

firmed with frequency-resolved optical gating (FROG) mea-
surement as well as by autocorrelation measuring the ion
yield inside the chamber. Stability of the few-cycle pulse
duration was monitored throughout the experiment by check-
ing the kinetic energy spectra of the D* fragments: Few-
cycle pulses suppress the enhanced ionization channel result-
ing in more energetic H* and D* fragments [14]. The total
pulse energy was controlled by using a reflective polarizer
(two germanium plates at the Brewster angle) in fixed posi-
tion and rotating the polarization of the 35-fs pulse before
the fiber. Two replicas of the pulse with a variable delay were
produced with a Mach-Zehnder interferometer using a pair of
thin broadband beam splitters (Femtolaser) and a motorized
translation stage (Thorlabs). The diameter of the pump beam
was further restricted by an iris to decrease its intensity and
increase its focal volume in comparison to that of the probe
pulse. For most experiments the pump and probe pulses were
polarized collinearly.

The pulses were focused by an on-axis spherical mirror
(d=25 mm, f=75 mm) on a supersonic jet of target mol-
ecules in the interaction region of a COLTRIMS apparatus.
The resulting ion fragments were extracted by a uniform
electric field (35 V/cm) and detected by a time- and position-
sensitive delay-line-anode detector (Roendtek with LeCroy
3377 TDC-0.5 ns time and 0.25 mm position resolution).
From position and time of impact full 3D momentum of each
ion fragment can be reconstructed. The laser polarization
was along the extracting electric field and perpendicular to
the molecular jet propagation direction. We measured the
translational temperature of the jet to be about 110 K in the
longitudinal direction by measuring momentum distributions
of D,* molecular ions. In the transverse direction the jet is
cooled geometrically to a few mK temperature. The tempera-
ture of background H, also used in the experiments was mea-
sured to be 295 K. We determined the laser peak intensity in
situ by measuring momentum distributions of Ar* ions pro-
duced by a circularly polarized pulse, as described in [27].
To produce circular polarization an achromatic quarter-wave-
plate (CVI) was introduced instead of a corresponding
amount of fused silica which did not affect the pulse dura-
tion. The measured intensity agreed well with the one esti-
mated from the pulse energy, duration, and beam diameter.

III. RESULTS AND DISCUSSION

Nuclear dynamics in H, and D, was initiated by an 8-fs
pump pulse of peak intensity of 1.0X 10'* W/cm?. At this
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intensity only a small fraction of molecules within the inter-
action region is ionized at the peak of the pulse. In such
molecules a coherent vibrational wave packet is launched on
the ground electronic state () potential energy surface of
the molecular ion. Consequently, at the tail of the pump pulse
this wave packet can be promoted to the lowest excited state
(o,) which is repulsive, leading to dissociation of the mol-
ecule. However, the majority of the molecules remain neutral
and experience only rotational excitation. The dynamics fol-
lowing the pump pulse is interrogated by a time-delayed
probe pulse of the same duration but higher intensity
(3% 10" W/cm?). This intensity is sufficient to ionize most
neutral molecules at least singly (dissociating some of them),
to remove the remaining electron from molecular ions pro-
duced by the pump pulse, and to doubly ionize a significant
fraction of neutrals. Doubly ionized molecules will undergo
immediate Coulomb explosion, with the resulting KER
closely mapping the internuclear distance at which the last
electron was removed. At the same time the direction of the
fragments’” momenta reflects the direction of internuclear
axes at the same moment. Thus, time-dependent KER spectra
image vibrational (and dissociative) motion of the molecule,
while time dependence of angular distributions reflects its
rotational dynamics.

A. Coherent vibrational dynamics in D,"

Figure 2 presents time-dependent KER spectra for D*
(showing the sum energy for two fragments) in the time in-
terval from —200 fs to 1200 fs. Most of the D* signal falls
within the 9-15 eV energy band and does not exhibit any
time dependence. That corresponds to sequential double ion-
ization of neutral D, by a few-cycle pulse, when the en-
hanced ionization process (~5 eV energy) is suppressed. In
addition one can see both vibrating and dissociating wave
packets launched by the pump in D,". To better reveal that
dynamics, the time-independent part can be easily subtracted
from the KER spectra. The dissociating wave packet results
in a trace of monotonically decreasing kinetic energy which
asymptotically approaches 1.2 eV—the ultimate energy of
the dissociation fragments, as Coulomb repulsion adds noth-
ing to this energy when the second ionization takes place at
very large distances. The dissociation is mostly complete
within 100 fs. The bound vibrational wave packet undergoes
a few quasiperiodic oscillations, before anharmonicity of the
potential causes it to dephase. After about 600 fs the wave
packet experiences a revival, followed by another one 600 fs
later, as was predicted theoretically [28] and was seen in
previous experiments [29]. The spectra at negative delays
represent the case of reverse order of pulses—when the more
intense pulse serves as a pump. We did not follow it past 200
fs delays, but within that range the general features of the
dynamics are similar to the weaker pump—stronger probe
case, though the branching ratio between the bound and dis-
sociating states is obviously changed in favor of dissociation.

B. Coherent rotational dynamics in neutral molecules

To image the rotational motion we measured time-
dependent angular distributions of fragments. In the first ap-
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FIG. 2. (Color online) Time-dependent KER spectra for D,.
Pump pulse -8 fs 1X10'"% W/cm?, probe pulse -8 fs
3X 10" W/cm?. Panel (a) shows full spectrum including the time-
independent 9-16 eV band resulting from the probe exploding the
neutral D, molecules. Panel (b) shows KER for the molecules ion-
ized by the pump—time-independent band is subtracted. (c) and (d)
same as (b) focusing on dynamics at short pump-probe delays and
around the vibrational revival time.

proximation angular distributions can be characterized by a
single parameter-(cos’ f)-average squared cosine of the
angle 6 between the molecular axes and a preferred direction
(in our case the polarization direction of the pump pulse). To
separate rotational dynamics of neutral molecules from that
of molecular ions we put a gate on kinetic energy of the
fragments: The 9-15 eV fragments are dominated by explod-
ing neutrals, while the 5-9 eV fragments come mostly from
the ions which are typically ionized the second time at larger
internuclear distances. Even for short 8-fs linearly polarized
probe pulses the Coulomb explosion process itself is not iso-
tropic: When applied to an initially isotropic ensemble of
molecules it produces a fragment angular distribution biased
toward the laser polarization direction. This bias is caused by
a combination of factors: A possible angular dependence of
both ionization steps and also of the intermediate nuclear
dynamics (so-called geometric alignment); rotation of mo-
lecular axis toward the polarization direction during the
pulse before the explosion (dynamic alignment); and limited
validity of the axial recoil approximation for fast rotating
molecules (post-ionization alignment [30]). The relative im-
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FIG. 3. Rotational dynamics of neutral H, and D,: (a) and (b) Measured (symbols and dotted line) and calculated (solid line) time traces
of {cos? ) (see text for details) for H, and D,; (c) and (d) Fourier spectra of measured (with symbols) and calculated (inverted scale) time
traces of {cos? ) for H, and D,. Each line corresponds to a (J,J+2) energy difference as indicated. Arrows represent the spectral bandwidth
of an 8-fs laser pulse. Simulations used 10-fs 1X 10'* W/cm? pulses. Initial rotational temperature was taken to be 250 K for D, and 295

K for H,.

portance of those factors for hydrogen Coulomb explosion is
still being debated. In our analysis we accounted for this bias
by normalizing the measured angular distributions to those
obtained with probe pulses alone, so that after the normal-
ization an isotropic ensemble of molecules would yield an
isotropic distribution of fragments with (cos? #)=1/3.

The time dependence of (cos® 6) for normalized angular
distributions of neutral D, and H,, isolated by limiting the
KER to 9-15 eV, is shown in Fig. 3. The trace is typical of
coherent rotational wave packets with characteristic periodic
revivals and alternating states of alignment and antialign-
ment. For D, the full rotational period is 558 fs, while for H,
it is one-half of that (279 fs). The figure presents only the
0-1200 fs delay-time range to emphasize the main features
of the dynamics. This pattern repeats itself periodically up to
10 ps of delay without any signs of decoherence. These co-
herent rotational wave packets can be interpreted as very fast
classical rotations of the molecular axes: It takes only 30 fs
for H, and 40 fs for D, to rotate by 90° (from alignment to
antialignment). Although the range of change for (cos® 6) is
almost the same (0.30-0.36) for light and heavy molecules,
for D, the revivals look more like those seen in heavier mol-
ecules (O, and N, [31]), while for H, they more resemble a
beating pattern. The Fourier transform of the two time traces
emphasizes the difference. Each narrow line in the Fourier
spectrum corresponds to an energy difference between a pair
of rotational states with rotational quantum numbers J and
J+2. For H, the spectrum is dominated by just two lines—
(0-2) and (1-3). Each of them is associated with a particular

nuclear spin isotope of light hydrogen: Ortho-H, is allowed
only odd J states, para-H, is allowed only even J states. The
statistical ortho-para ratio (3:1) is reflected in the relative
heights of the two lines. Obviously, in each H, spin form the
rotational wave packets consist of just the two lowest rota-
tional states beating with each other. In contrast, the D, Fou-
rier spectra contain more lines: Three for ortho-D, (0-2, 2-4,
and 4-6) and two for para-D, (1-3 and 3-5) resulting in
better defined wave packets and revivals. The statistical ratio
(also reflected in the spectrum) of ortho-to-para-D, is 2:1,
with the ortho form associated with even J’s.

The difference between the light and heavy molecules is
easy to understand in terms of energy separation between the
adjacent J and J+2 rotational levels. The energy separation
is two times as large for H,, making rotational excitation
through a sequential nonresonance stimulated Raman pro-
cess more difficult. For both H, and D, the rotational level
spacing is much larger than for any other molecule, making
them particularly hard to align. For a stimulated Raman tran-
sition between two levels to occur efficiently their energy
difference must not exceed the bandwidth of the laser pulse,
which must contain both up and down transition frequencies.
The bandwidth of an 8 fs pulse is given by the uncertainty
principle as Av-(8 fs)=(2m)™' as Av=0.02X 10" Hz,
which corresponds to the cutoff frequency in the Fourier
spectra for both H, and D,. It appears that, quite counterin-
tuitively, even shorter pulses (or non-transform-limited
pulses with a broader bandwidth) are needed to better align
hydrogen.
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We simulated rotational dynamics of neutral H, and D,
molecules by solving the time-dependent Schrédinger equa-
tion for a rigid rotor coupled to the field by anisotropic po-
larizability (see the Appendix for details). The calculated
(cos? 6) traces and Fourier spectra are in excellent agreement
with our experimental results, when we use a Gaussian pulse
of 10 fs [intensity full width at half-maximum (FWHM)]
duration and 1 X 10'*-W/cm? peak intensity. However, to re-
produce our experimental results well we had to take the
initial rotational temperature of D, to be 250 K or higher.
That is more than 2 times as hot as the measured transla-
tional temperature of our D, jet (110 K) and only slightly
cooler than the room temperature. We conclude that our
weakly supersonic molecular jet does not efficiently cool ro-
tational motion of D,, “freezing” it in a non-Boltzmann dis-
tribution with high effective temperature. The large rota-
tional energy level spacing is also responsible for that. We
used Boltzmann distribution of initial rotational states in our
calculations.

The experimental angular distributions measured for neu-
tral D, molecules at the times of maximum alignment and
antialignment are shown in Fig. 4. They can be well approxi-
mated by the formula

I1(6) = (1),

;(cosz 0+ ¢ sin® 6),
47(1 + 2¢)

where I1(6) is the probability (per unit solid angle) that the
molecular axis makes angle 6 with laser polarization, param-
eter & describes the ratio of the probabilities for a molecule
to be perpendicular and parallel to the laser polarization, and

the  normalization  factor is selected so  that
27 [JI1(6)sin 6d6=1. For angular distribution (1)
2e+3
(cos? Oy = ——.
52e+1)

The value of & corresponding to alignment (antialignment) is
0.75 (1.5) meaning that the ratio of probabilities changes by
a factor of 2 as the wave packets evolve.

C. Angular dependence of ionization for neutral D,

It is interesting to use anisotropic angular distributions in
order to estimate anisotropy of strong-field ionization rates
for D,. It has been predicted theoretically [32] and demon-
strated experimentally [21,22,33] that for most linear mol-
ecules ionization rates (probabilities) strongly depend on mo-
lecular orientation with respect to the laser electric field
vector, with this angular dependence reflecting the symmetry
of the corresponding molecular orbital. For instance, N, is
more likely to ionize when it is parallel to the electric field,
while for O, the ionization probability is the largest for about
45° angle. It is important to know this ionization anisotropy
in order to calculate total ionization rates for isotropic mo-
lecular gases, to fully understand strong-field experiments
performed on prealigned molecules and to judge the validity
of various theoretical models. It is of particular interest for
D,, as this molecule exhibits significant suppression of ion-
ization rates in comparison to Ar (which has similar ioniza-
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FIG. 4. Experimental angular distributions measured for D, at
the times of maximum alignment (hollow circles) and antialignment
(filled circles). Normalized relative yields (per unit solid angle) for
D*+D" channels (9 eV<KER< 18 V) are shown as functions of
cos A and 6, where 6 is the angle between molecular axis (momen-
tum vector of D*) and polarization direction of the aligning pulse.
To improve statistics, momentum angles for uncorrelated D* ions
with energies 4.5-9 eV were measured. Only D* ions initially flying
away from the detector were considered in order to exclude
overlapping backward H* signal from background H,. The
resulting distributions were symmetrically reflected into the
other hemisphere. Solid lines show fits with the function
(cos® B+¢ sin® 0):£=0.75 for aligned and e=1.5 for antialigned
distributions.

tion potential). Various theories disagree on this issue, with
MO-ADK predicting almost no anisotropy [32] and other
theories finding significant angular dependence [34]. To shed
some light on this issue we followed time-dependent yields
for different ionization channels of rotating D, molecules.
Figure 5 presents the measured yields for D,* and D*+D
channels, as well as their correlation with values of (cos’ 6).
The yield of the Coulomb explosion (D*+D*) channel (not
shown) did not exhibit any correlation with {(cos” 6), while
the two single ionization channels do correlate with molecu-
lar alignment. The yield of an intact molecular ion correlates
negatively—less D, is produced when neutral molecules are
aligned along the laser electric field. At the same time the
(D*+D) channel correlates positively—more low-energy (0
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FIG. 5. Time-dependent yields for single ionization channels of
rotating neutral D,: (a) Alignment parameter {cos’ #); (b) yield for
the bond softening (D*+D) channel; (c) yield for the molecular ion
(D,"); (d) total yield for both single ionization channels; (e), (f),
and (g) correlation graphs between (cos? #) and time-dependent
yields for (D*+D), D,* and total single ionization of D,
respectively.

to 2 eV) deuterons are produced when molecules are aligned.
Together these two channels represent single ionization of D,
by the probe pulse. Some molecular ions remain bound,
while others are dissociated by the same pulse through laser-
induced bond softening. The bond softening process is
known to be very strongly anisotropic—the required field
coupling of o, and o, electronic states is the strongest for
molecules aligned along the field. Therefore, it is not surpris-
ing that at times of maximum alignment more molecular ions
are lost to bond softening than for antialigned distributions.
On balance, variations of the two single ionization channels
almost cancel each other out, with a very small positive cor-
relation (yield variation =1.5%) remaining for total singly
ionized D, yield.

Based on these results and experimental angular distribu-
tions we can put an upper limit on the ionization anisotropy
of D,. To do this we assume that the anisotropic ionization
probability is represented by P(6) ~cos? §+e sin® 6, where 6
is the angle between the molecular axis and the laser electric
field vector and parameter e represents the ratio of probabili-
ties for molecules aligned perpendicular and along
the field. The total ionization signal can be found as
S~ [gP(O)I1(6)sin 6d6, where I1(0) is the angular distribu-
tion of molecular axes, which is assumed to be axially sym-
metric around the polarization (alignment) direction. We also
assume that the probe pulse itself does not affect angular
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FIG. 6. Rotational dynamics of D,* and H," ions produced by
the pump: Time traces for (cos> #) measured using fragments with
4 eV<KER<9 eV. Insets represent the full experimental delay
time range of 0—10 000 fs.

distributions much, which seems reasonable with 8 fs pulse
duration being less than 40 fs taken by molecules to rotate by
90°. For angular distributions of molecular axes given by (1)
the total ionization signal depends on both anisotropies (& of
the angular distribution and e of the ionization probability) as

3+2e+2e+ 8ee

Se.e) ~ 5(1 +2¢)

Using this formula we can put a lower limit of 0.8 on the
value of e consistent with our data, meaning that with our
experimental conditions D, molecules aligned along the laser
electric field have at the most 1.25 higher probability to be
ionized than those aligned perpendicular to the field. Thus,
strong field ionization of D, appears to be nearly isotropic.
However we must note that in our experiments the probe
pulse peak intensity (3 10'* W/cm?) was fairly close to
saturation intensity and the anisotropy may be much higher
for weaker pulses.

D. Rotation of molecular ions

We also followed rotational dynamics of molecules which
are ionized by the pump pulse. They are characterized by
lower KER since the second ionization by the probe typically
happens at larger internuclear distances. We plotted {cos’ 6)
for H* and D" fragments with KER between 5 and 9 eV (Fig.
6). Unlike the rotational wave packets in neutral molecules,
the rotational dynamics in molecular ions does not exhibit
periodic coherent behavior. There is a prompt alignment im-
mediately after the pulse, much stronger than in the neutrals,
which very quickly dephases and never revives within our
10 000 fs experimental time scale. The maximum degree of
alignment is reached 18 fs after the peak of the pump pulse
for H," and 35 fs after the pulse for D,". These times are
relevant for understanding the dynamics of Coulomb explo-
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sion of hydrogen by femtosecond laser pulses, in particular
the issue of dynamic versus geometric alignment of mol-
ecules during the pulse. Our data indicate that H," can be
aligned in just 18 fs, while it takes two times as long to align
the heavier D2+. Therefore, for pulses of about 15 fs duration
and more for H, and 30 fs and more for D, alignment during
the pulse will contribute significantly to the overall dynamics
of the molecule-field interactions. The absence of prominent
rotational revivals in the ions is due to the broad distribution
of vibrational states resulting from strong field ionization of
neutral molecules. An exact form of that vibrational distribu-
tion is a matter of great interest in its own right, with the
scarce experimental data [35] indicating that it is a strongly
non-Frank-Condon one. Each of the vibrational states form-
ing the wave packet has a different rotational constant (and
time) and in its pure form would revive at a different time.
Instead of a rigid rotor (as in the case of a neutral molecule)
we have a rotor with time-dependent fast-varying rotational
constant, resulting in quasichaotic rotational motion. Due to
that coupling of vibrations and rotations, the vibrational fre-
quency differences seen in time-dependent KER spectra [36]
also appear in Fourier transforms of time-dependent {cos’ 6)
traces for D,". It is interesting to note that if instead of a
coherent vibrational wave packet one looked at an incoherent
superposition of vibrational states (as in ions coming, for
instance, from an ion source) one would expect to see coher-
ent rotational motion again, with revivals at regular intervals
determined by a rotational constant describing the averaged
time-independent distribution of internuclear distances for
those ions.

IV. CONCLUDING REMARKS

In summary, we reported a direct time-resolved Coulomb
explosion imaging experiment following coherent nuclear
dynamics induced by a few-cycle near-ir laser pulse in D,
and H,. In neutral molecules the rotational dynamics is that
of a rigid rotor coupled to the electric field by its anisotropic
polarizability. As in larger diatomics, periodic rotational re-
vivals corresponding to partial alignment of molecular axes
are seen in both light and heavy hydrogen. However, the
degree of alignment is quite low for both ({cos® ) =~0.36)
due to large energy spacing between the rotational levels of
the two molecules. This large rotational level spacing is also
the reason for inefficient rotational cooling of D, in a super-
sonic jet. We found that the effective rotational temperature
in our jet is 250 K, while the translational temperature was
110 K. We do not believe, however, that high initial rota-
tional temperature was the main reason for poor alignment.
Much more important, even few-cycle pulses do not have
sufficient spectral bandwidth to excite the high rotational
states needed to produce well-localized wave packets in both
H, and D,. At the most, states with /=3 in H, and J=6 in D,
can be efficiently excited by a nonresonant stimulated Ra-
man process using 8 fs pulses. That puts a natural limit on
the degree of field-free alignment achievable in molecular
hydrogen with short single-color pulses and calls for devel-
opment of other more efficient methods in order to experi-
mentally study its angle-differential properties. One possible

PHYSICAL REVIEW A 77, 053407 (2008)

solution may involve using two-color aligning pulses (for
instance, w+2w) with a much broader combined spectrum.
Despite the relatively poor alignment we were able to put an
upper limit of 1.25 on the ratio of ionization probabilities for
D, molecules aligned along and perpendicular to the laser
electric field. Strong-field ionization of D, appears to be
nearly isotropic in agreement with predictions of the molecu-
lar ADK theory.

In molecular ions we observed coupled rovibrational dy-
namics. Only vibrational revivals were seen in D,". Within
the 10-ps experimental time scale, rotational motion of D,"
and H," did not exhibit any coherence beyond the initial
prompt alignment immediately after the pulse. That align-
ment occurred very fast (18 fs in H,* and 35 fs in D,") and
was much better defined than in neutral molecules. The ab-
sence of revivals is not at all surprising, since different vi-
brational states forming the coherent wave packet have very
different and incommensurate rotational times. To fully un-
derstand nuclear wave-packet dynamics in hydrogen molecu-
lar ions one must treat the coupled vibrational and rotational
degrees of freedom simultaneously, particularly with both
motions taking place on a very similar time scale. Properly
taking rotations into account may resolve the remaining dis-
crepancies between the experimental results and one-
dimensional vibrations-only model calculations [36].
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APPENDIX: NUMERICAL SIMULATIONS

The calculations are similar to those described in [31].
First, we numerically solve the time-dependent Schrodinger
equation which describes interaction of a neutral molecule in
the ground vibrational state with a laser pulse through the
nonresonant ac Stark shift

i(9,t) =[BI* - U(r)cos* O 9,1),

where 6 is the angle between the laser field polarization di-
rection and the molecular axis, J is the angular momentum
operator, B is the rotational constant of the molecule, and
U(1) is the effective time-dependent interaction potential,

1
U(t) =- 4—1(01l +Aa cos® DEX(r),

(t—t’)2>
72 bl

where Aa and «, are the polarizability anisotropy and the
polarizability component perpendicular to the molecular

EX(t) = Eé exp(— 4 1n(2)

053407-7



BOCHAROVA et al.

axis, and E(r) is the electric field strength which is taken in
the shape of a Gaussian pulse envelope of duration 7. We
used the same pulse peak intensity and duration which were
estimated for the actual pulse in our experiments. Numerical
integration of the TDSE by the finite differences method is
done in the basis of rotational eigenstates of the rigid rotor
J,M) over the time interval of 107 centered on the peak of
the pulse. Starting with a pure single rotational state the in-
tegration yields populations and phases of all rotational
states involved in the resulting coherent superposition

¢0=zaj

J

J’M>,

where a; are the complex amplitudes for each rotational
state. This wave packet is then subjected to field-free evolu-
tion,

(1) = 2 e B M),
J

E;=BJ(J+1)-D[J(J+ 1)]%,

where E; are the energies of a rotor including the centrifugal
distortion term. To compare the simulation to our experimen-
tal data we extracted the same observable that we
measured—(cos” #) the average cosine squared of the angle
between the molecular axis and the polarization direction of
the pulse,

(cos? 9) = ((1)|cos® B](1))
= 2 [|aJ|2CJ,J,M +|aj||azyolcos(A (Oygl

+ QDJ,J+2) CJ,J+2,M]7
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C./J,M = <J,M|C052 ’8’

J7M>’

Cy o ={J.M|cos® O] +2,M),

where ¢, ,,, is the phase difference between the J and J+2
states at the start of the evolution, and Aw, ,, are the fre-
quency differences between rotational states characterized by
rotational quantum numbers J and J+2.

To account for a finite initial rotational temperature of the
target we summed the results obtained for different initial
rotational states weighted by the Boltzmann population of
each state for a given rotational temperature,

E,
el
(cos® D= >, ————

- o % (cos® Oy

where Q is the partition function. The thermal averaging is
done separately for each spin form (ortho and para) of H,
and D,, with each form being allowed only even or odd
values of J. Thus, for H, (nuclear spin-%) ortho form (total
spin-1) can be only in J=1,3,5,... and para (total spin —0)
in J=0,2,4,..., with ortho-to-para ratio of 3:1. For D,
(nuclear spin —1) ortho form (total spin —0 or 2) can be in
even J states, while para (total spin —1) only in odd J states,
with ortho-to-para ratio of 2:1. Contributions from ortho- and
para-spin forms were added together with proper weights for
H, and D,, to produce the calculated traces of {cos> ).
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