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Enhancing Strong-Field Dissociation of H} in Helium Nanodroplets
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We investigate the above-threshold multiphoton ionization of H, embedded in superfluid He nano-
droplets driven by ultraviolet femtosecond laser pulses. We find that the surrounding He atoms enhance the
dissociation of in-droplet HI from lower vibrational states as compared to that of isolated gas-phase
molecules. As a result, the discrete peaks in the photoelectron energy spectrum correlated with the HHe™
from the dissociative in-droplet molecule shift to higher energies. Based on the electron-nuclear correlation,
the photoelectrons with higher energies are correlated to the nuclei of the low-vibrationally excited
molecular ion as the nuclei share less photon energy. Our time-dependent nuclear wave packet quantum
simulation using a simplified He-H; system confirms the joint contribution of the driving laser field and the
neighboring He atoms to the dissociation dynamics of the solute molecular ion. The results strengthen our
understanding of the role of the environment on light-induced ultrafast dynamics of molecules.
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Helium (*“He) nanodroplets with an extremely cold
environment at 0.37 K and a broad transparent spectral
range are ideal nanoreactors for light-induced physical and
chemical reactions of the embedded atoms and molecules
[1-3]. The spectroscopy measurements indicate that the in-
droplet molecules can rotate freely, manifesting the super-
fluidity of helium nanodroplets on a microscopic level [4].
This is also visualized in time domain by directly observing
the laser-induced rotational alignment dynamics of the in-
droplet molecules [5—8]. Moreover, a long-lived coherence
in nuclear vibrational dynamics is observed recently in
weakly bound In, dimers doped in He droplets [9]. As
compared to the nuclear motion, the electron acts much
faster and thus serves as an ultrafast probe of the condensed
environment [10]. Due to the polarization effect of the
surrounding He liquid, the ionization potential of the in-
droplet molecule is Stark shifted [11]. Depending on the
size of the He nanodroplets, the photoelectron spectrum of
the in-droplet molecules is observed to shift to higher
energy by tens of meV as compared to that of the gas-phase
case [11,12]. In the multiphoton region, photoelectron
spectra of above-threshold ionization (ATI) of in-droplet
atoms or molecules have been recently observed [13—15].
Upon photoionization of molecules, the electronic and
nuclear dynamics are activated simultaneously, where the
correlation between the electrons and nuclei is expected.
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However, most previous works focused on the influence of
the surrounding environment on either the nuclear or the
electronic dynamics of the in-droplet molecules separately,
whereas its effect on the electron-nuclear correlation
dynamics remains unrevealed mostly because of the lack
of coincidence measurements.

In this Letter, we investigate the multiphoton dissociative
ionization of H, molecules embedded in superfluid He
nanodroplets driven by an intense ultraviolet femtosecond
laser pulse. We observed that the discrete peak positions of
the ATI photoelectron energy spectrum [16], which are
measured in coincidence, shift to higher energies for in-
droplet dissociative molecular ions than those of the gas-
phase case. Based on the electron-nuclei correlation, the
photoionization-created molecular ion launched at low
vibrational nuclear states shares less photon energy and
thus more energy is deposited into the released photo-
electrons. Accordingly, we demonstrate that the He envi-
ronment enhances the dissociation of the low-vibrationally
excited Hy. Our full quantum simulation of dissociation
dynamics of a simplified H; -He system confirms the joint
effect of the driving laser field and the neighboring He
atoms on the dissociation of low-vibrationally excited
states of the in-droplet molecular ions.

Experimentally, the He nanodroplets are produced via
the supersonic expansion of pure He gas (>99.9999%)
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through a 5-pm-diameter nozzle precooled down to 19 K
under 20 bar stagnation pressure. The mean size of
generated He nanodroplets is estimated to be ~1000 atoms
[1,17]. The H, molecules in a pickup cell are doped into the
He nanodroplet by passing the flying droplet beam through
the cell. The gas pressure of the pickup cell is controlled to
be ~6 x 1077 mbar so that the nanodroplet has a most
likely capture probability of a single H, molecule [18]. An
ultraviolet femtosecond laser pulse (45 fs, 395 nm) is
generated by frequency doubling a near-infrared pulse
40 fs, 790 nm, 10 kHz) in a beta-barium borate
(f-BBO) nonlinear crystal and focused onto the He nano-
droplets beam in the reaction microscope of a cold target
recoil ion momentum spectroscopy (COLTRIMS) setup
[19]. The photoelectrons and ions from the in-droplet
molecular fragments were detected in coincidence with
0.00008 events per laser shot by two time- and position-
sensitive detectors at the opposite ends of the spectrometer.
The momentum and kinetic energy of ions and electrons
were reconstructed from their time-of-flight (TOF) and
positions of impact. The peak intensity of the laser pulses in
the interaction zone is estimated to be 5.4 x 10" W/cm?
with a Keldysh parameter [20] of 3.1, indicating that
multiphoton ionization dominates the ionization process.
Figure 1(a) shows the measured position distribution of
ion fragments as a function of TOF, where different ioni-
zation channels can be discriminated. The dominating sig-
nals are from photoionization created H; and dissociative
product H ions, ie., H, + mhw — Hj + e(+nhw) —
H -+ H" + ¢, where m and n are integers of the absorbed
photons in the ionization and dissociation steps, res-
pectively [21]. The Hy and H™ mainly originate from
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FIG. 1. (a) The yields of ions as a function of their position on
the detector along the y axis and their time of flight. The top
horizontal axis shows the deduced mass-charge ratio of different
ions. (b) The Kinetic energy distribution of H, HHe™, and HHeEr
ions. (c) The potential energy curves of H, and Hj . The vertical
blue arrows represent the absorption of multiphoton. The inset
illustrates the allocation of the remaining photon energy between
the nuclei and the electron. The potential energy curve is adapted
from [27] and the dissociation limit of H™ 4 H is set to be zero.

gas-phase H, molecules leaked from the pickup cell into
the interaction region, which ensures the same laser
condition for the measurement as those in-droplet mole-
cules. To unambiguously identify the ionization events
from the in-droplet H, molecules, we focus on the frag-
ments of HHet and H,He™ ions [22-25]. Here the attached
He atom serves as a tag, since the surrounding He atoms
may influence the light-molecule interaction due to their
strong interaction potential and further be attached to the
produced ions [26].

For the ATI process investigated here, the absorbed
photon energy is shared by the nuclei and electrons of a
molecule as a whole [28-32], i.e., nhw = E, + E, + 1 ,+
U,, where E, and E, are the energy deposited into the
electrons and nuclei, respectively, I, is the ionization
potential and U, is the ponderomotive energy of the
driving laser field. Because of the mass disparity between
the electron and nucleus, the correlation between them is
usually ignored in atoms. However, the situation differs for
molecules since more degrees of freedom are involved. In
particular, the vibrational states serve as the reservoir of the
absorbed photon energy. The nuclei of the photoionization-
created molecular ion can share more (or less) photon
energy by being populated to higher (or lower) vibrational
states [28,30]. Figure 1(b) shows the kinetic energy release
(KER) distribution for HT from gas-phase H, molecules
and HHe™ and HHej from the in-droplet H, molecules.
The KER distribution of H* is centered at ~0.8 eV, which
indicates the dissociation of Hj is dominated by the one-
photon pathway [33,34], as illustrated in Fig. 1(c). Upon
the multiphoton ionization of H,, a broad distribution of
vibrational states, from » = 0 to 10 (peaked at v = 2), is
prepared in the Franck-Condon region of the electronic
ground Iso, state of Hy . The stretching HJ transits from
the 1so, state to the 2po, state by absorbing one photon at
the internuclear distance of R_., followed by the dissociation
along the 2 po, state. However, for the in-droplet signals of
HHe™ and HHezr , the KER distributions are substantially
altered. Both of them concentrate around ~0.1 eV only,
which results from the strong interaction of the charged
ions with the surrounding He atoms [26]. Therefore, the
strong ion-He interaction hinders the straightforward
extraction of the original dissociation dynamics of in-
droplet molecules from the measured ions of HHe™
and HHe; .

According to the electron-nuclear correlation, we can
extract the dissociation dynamics of the photoionization-
created molecular ion from the ATI spectra of the correlated
photoelectrons. Figure 2(a) shows the ATI spectra of the
photoelectrons correlated to the Hy and H,He™ from gas-
phase and in-droplet H, molecules respectively. It is
surprising that the ATI spectrum of in-droplet H,He"
(solid points) shows clear discrete peaks equally spaced
by the photon energy similar to that of Hy (circle points).
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FIG. 2. The measured (circles) energy spectra of photoelectrons
correlated with ionic fragments of (a) H and H,He™ (b) H' and
HHe™, (¢) HHe:2+ and the case of all electrons without coincidence
measurements. The vertical lines are used to mark the location of
the discrete peaks to guide the eyes. The solid lines are numerical
fits to the experimental data with a set of Gaussian functions.

This clearly demonstrates that the dynamics information
carried by the kinetic energy of the photoelectrons is
preserved. The peak positions of the ATI spectra correlated
with the gas-phase Hj and in-droplet HyHe™ are almost the
same, which indicates that the reduction of the ionization
potential induced by the polarization effect of the droplet
environment can be neglected here. In this Letter, we use
He droplets with an average size of ~1000 He atoms, which
corresponds to a shift of ~0.086 eV based on the polar-
izable continuum model [11,35] and experimental results in
Ref. [11]. Hence, the peak positions in the ATI spectrum of
H,He™ are almost the same as those of HJ.
Interestingly, when looking into the dissociation chan-
nels, we find a significant energy shift of ~0.5 eV in the
discrete peak positions of the ATI spectrum for in-droplet
HHe™ with respect to that for gas-phase H™, as shown in
Fig. 2(b). Since the reduction of the ionization potential of
the in-droplet H, is negligible here, the prominent energy
shift is attributed to the influence of the surrounding He
atoms on the dissociation of the in-droplet H; . The higher
kinetic energy of the photoelectron means that less energy
is deposited to the nuclei, indicating the dissociation of in-
droplet H; from a lower vibrational state as compared to
that of the gas phase. This photon energy sharing mecha-
nism has been investigated before as a probe of the
electron-nuclear dynamics in isolated gas-phase H, mole-
cules [29,30]. To reach the critical internuclear distance
allowing for the one-photon pathway, the dissociation of

HJ mainly originates from the vibrational states of v = 5 in
the 1so, state [33,34]. It is consistent with our experimental
results for the gas phased Hj that the total KER of the
dissociative product of H" and H is ~1.6 €V, as shown in
Fig. 1(b). Accordingly, the observed ~0.5 eV shift to
higher energy of the ATI spectrum correlated with HHe™
indicates that the Hj in vibrational states of v =3 is
enhanced to dominate the in-droplet dissociation process.
Moreover, as shown in Fig. 2(c), we found that the peak
locations of the ATI spectrum correlated with HHe; are
identical to that of HHe™, indicating both are from the
dissociation of in-droplet Hy of v = 3. The ATI spectrum
of all electrons without coincidence is plotted in Fig. 2(c),
which is dominated by the gas-phase events. We empha-
size that coincidence measurement serves as a power-
ful tool to distinguish in-droplet events from gas-phase
events.

To understand the underlying physics, we employ
H;-He as a simplified prototype system to explore the
above light-induced dissociation dynamics. Figure 3(a)
shows the calculated lowest-lying potential energy surface
(PES) of a H2+-He in collinear geometry [26,36,37] as a
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FIG. 3. (a) The calculated lowest-lying adiabatic potential

energy surface of the Hj-He as a function of Ry+y, and
Ry+.y- The structure of linear Hj -He is depicted at the top.
The position of the initial wave packet for Hy -He is labeled by A.
The red dashed curve guides the eyes for the wave packet
evolution pathway of forming HHe™ + H. (b) Potential energy
surface of the H; -He dipole moment in the laser field when the
electric field points from He to H; . Modulated potential energy
surfaces by adding E(z) x D when the direction of the electric
field points (c) from He to Hy and (d) from H; to He.
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function of the internuclear distance Ry+_g and Ry+_p., Where
Ry+ . and Ry+_p. are the internuclear distance between the
centered H with H and He, respectively. In our ab initio
calculations, the combined MCSCF + ic-MRCI method
implemented in the MOLPRO package [38—40] and the
d-aug-cc-pVQZ basis set were employed. As shown in
Fig. 3(a), the PES of the ground state of the linear H; -He
complex has minimal energy at the equilibrium internuclear
distances of Ry+py = 2.1 and Ry~ = 1.9 a.u.. Since the
system starts from a neutral H, molecule doped inside the He
droplet and the instant photoionization does not change the
internuclear distance, the initial nuclear wave packet of
H; -He can be obtained by projecting the Gaussian wave
packet centered at the equilibrium structure of H,-He
according to the Frank-Condon principle, labeled by the
A in Fig. 3(a). The ground state of H + HHe* ('Z*) product
(—2.0 eV), where Ry+pg = 00, Ryg+p.= 1.5 a.u., lies
0.8 eV above that of HJ (*Z)) +He (—2.8 eV), where
Ry+p = 2.0 au., Ry+jy. = . Because of the energy
barrier, the vibrationally excited H2+ with » > 3 can lead
to the formation of H + HHe™ under the field-free condition.
The possible evolution path of the nuclear wave packet is
guided by the red dashed curve with an arrow from A to B in
Fig. 3(a) [also see Figs. 4(al)—4(a4)]. For the dissociation of
isolated gas-phase H , the generation of H' is dominant by
vibrationally excited Hy with v = 5. In contrast, we find that
the Hy populating on v =3 in Hj-He has a certain
possibility to produce HHe™, which accounts for the
observed energy shift of the discrete peaks of the ATI
spectrum correlated with the HHet as compared to the
one of H*.

In the following, we further investigate the laser-induced
dissociation dynamics of Hy in Hj -He. Since the laser field
will last for a period after the ionization around the pulse
peak, the dipole interaction of E(7) x D between the laser
field and the molecular ion Hj -He is considered, where
E(7) is the electric field of laser pulses and D is the dipole
moment of Hj-He. As shown in Fig. 3(b), the peak

magnitude of E(7) * D is comparable to the potential
energy of Hj-He. As a result, with the electric field
pointing from He to Hj, as shown in Fig. 3(c), the
Hy-He system is favored to dissociate into Hj + He.
Whereas, with the opposite direction of the electric field,
the formation of H + HHe™ is preferable, since it becomes
barrierless along the PES, as guided by the black arrow in
Fig. 3(d).

To visualize the intrinsic dynamics mechanism, we
performed a full quantum time-dependent wave packet
simulation to study the laser-driven dissociation processes
of H; -He [41]. The proportion of the H+ HHe " channel
can be obtained under different initial conditions with Hy
populating on v = 0, 1, 2... (see more theoretical details in
the Supplemental Material [42]). Here, we focus on the
vibrational state of » =3 as it governs the dissociation
process of the in-droplet molecules. Starting from the
equilibrium internuclear distance of neutral H,-He, the
evolution of the nuclear wave packet for Hy-He under
the field-free condition is shown in Figs. 4(al)—4(a4). The
probability of producing H + HHe' channel is only
~3.25% without the action of laser pulses, since the energy
stored in the H-H stretching mode is barely enough to
overcome the energy barrier of 0.8 eV between Hy (°%;) +
He and H + HHe " (") product. Interestingly, after taking
the dipole interaction into consideration, the probability to
produce H + HHe" increases to 13.03%, as shown in
Figs. 4(b1)—4(b4). To this end, we demonstrate that the
vibrationally excited states with v = 3 of H; in He droplet
is enhanced to dissociate, which agrees quantitatively with
the experimentally observed energy shift of the ATI
spectrum correlated with HHe™.

In summary, we have investigated the strong-field multi-
photon dissociative ionization of H, molecules embedded
in He nanodroplets. We identified the ATI spectra of
photoelectrons correlated with specific reaction channels
of the in-droplet and gas-phase H, molecules by coinci-
dence measurement. In contrast to H* from the dissociative
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FIG. 4.
v = 3 at different times.

(al)—(a4) Field-free and (b1)—(b4) laser-driven dissociation dynamics of H; -He nuclear wave packet for vibrational state
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ionization of gas-phase H,, an energy shift of 0.5 eV to
higher values in ATI spectrum correlated with the HHe™ ion
1s observed, which is attributed to the enhanced dissociation
of in-droplet Hj from the low vibrational states. This
intuitive scenario is confirmed by full quantum time-
dependent nuclear wavepacket simulations of a simplified
H; -He model system. Our results pave the way towards
understanding and further steering the light-induced
electron-nuclear correlation dynamics in He nanodroplets.
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