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We report experimental observation of the energy sharing between electron and nuclei in above-
threshold multiphoton dissociative ionization of H, by strong laser fields. The absorbed photon energy
is shared between the ejected electron and nuclei in a correlated fashion, resulting in multiple diagonal
lines in their joint energy spectrum governed by the energy conservation of all fragment particles.

DOI: 10.1103/PhysRevLett.111.023002

Deposition of the photon energy to atoms and molecules
is the primary step of the interactions of radiation with
matter. The details of this deposition process, in particular
how the photon energy is distributed among the subsystems
and various internal degrees of freedom, determine all
photon-induced chemical and physical dynamics. For the
interaction with a strong laser field, this question of energy
deposition gets even richer since it is well established that
the energy of more photons than the minimal number
required for ionization can be absorbed. For atoms in a
strong field, this leads to discrete peaks in the photo-
electron spectrum that are spaced by the photon energy
and referred to as ““above-threshold ionization” (ATI) [1].
For molecules the vibrational, rotational, and dissociative
motions of the nuclei provide a sink for the photon energy
in addition to the electrons. This has been observed in
single-photon dissociative ionization of molecules exposed
to synchrotron radiation [2—4], where the photon energy is
shared by the freed electrons and the nuclear fragments.

For the molecular multiphoton case, rich ATI spectra of
the freed electron [5—9], bond-softening-induced molecular
dissociative ionization [10-15], and the imaging of inter-
nuclear distance using nuclear kinetic energy release spec-
tra [16-19] have been reported. The correlation between
the fragment ion and the electron energy has most recently
been studied in numerical simulations for H2+ [20,21].
A nontrivial sharing of the absorbed photon energy between
the electron and nuclei in multiphoton ionization of mole-
cules was predicted and stimulated us to investigate this
problem experimentally.

Here, we report the experimental observation of the
energy sharing between the emitted electron and nuclei
from above-threshold multiphoton dissociative ionization
of the simplest molecule H, by intense femtosecond laser
pulses. Discrete numbers of absorbed photons can be iden-
tified by peaked diagonal lines in the joint energy spectrum
(JES) of the coincidently measured electron and nuclei
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[20]. Since there is no direct coupling between the nuclei
and the laser field for homonuclear diatomic molecules,
the laser first couples to the electrons, and the electrons
then couple to the nuclei. The energy taken by the nuclei
therefore measures the correlation between the electrons
and nuclei.

Figure 1 shows a much simplified schematics of the
process. By absorbing multiple photons (blue vertical
arrows), the H, molecule emits one electron and a nuclear
wavepacket on the o, (ground) state of H, " is launched.
It propagates on the o, potential curve of H,". Part of
this wavepacket already has sufficient energy to escape
(direct pathway), while another part can be promoted to the
dissociative o, potential curve by resonant absorption of
one additional photon (one-photon pathway). In the multi-
photon picture, the sum of the kinetic energy of the proton
(E,), hydrogen atom (Ey), and electron (E,) after the end
of the laser pulse is given by

Eymn=E, +E,+Ey=now— (I,0+U,). (1)

Here, I, and U, ~ 0.25E} / w? are, respectively, the field-
free and the field-induced increase of the ionization poten-
tial of the neutral molecule in the laser field of amplitude
E;. We use atomic units throughout, unless indicated
otherwise. To study this scenario and to see how the energy
is shared between the electron and the nuclei in a given
photoabsorption channel, the JES is measured.

We used ultraviolet (UV) light for our experimental
study to be safely in the multiphoton ionization regime
and to obtain a well spaced ATI spectrum. A linearly pola-
rized UV pulse (A = 390 nm) was produced by frequency-
doubling a near-infrared (IR) pulse (35 fs, 780 nm, 8 kHz)
in a 200-um-thick B-barium borate (BBO) crystal, whose
polarization could be varied to circular by a quarter wave
plate. It was tightly focused onto a supersonic gas jet which
was generated by expanding 2.0 bar H, through a 30 um
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FIG. 1 (color online). Schematic illustration of the above-
threshold multiphoton dissociative ionization of H,. The absor-
bed excess photon energy SE is deposited to the kinetic energies
of the emitted electron (E,) and the nuclei of H,* (Ey), which
may dissociate to H + H" through either direct or one-photon
pathways as indicated by the red (large) arrows.

nozzle. A standard cold target recoil-ion momentum spec-
troscopy (COLTRIMS) [22] was applied where the photo-
ionization created ions and electrons were coincidently
detected by two time- and position-sensitive detectors. To
estimate the temporal duration of the UV pulse inside the
chamber, we collinearly recombined the UV pulse and the
near-IR pulse with a dichroic mirror to drive the ionization
of H, in the gas jet. By tracing the time-delay-dependent
yield of H,™ as a cross correlation of the recombined UV
and near-IR pulses, the temporal duration of the UV pulse
inside the chamber was characterized to be 52 fs.

We determine the laser field intensity in the interaction
region by making use of Eq. (1). We change the power of
the laser pulse, measured with a power meter, and trace the
change of Eg,, as a function of laser power. As expected
from Eq. (1), we find a linear dependence of E,, on the
laser power. From the slope of this linear dependence, we
obtain U, and hence the peak intensity in our focus to be
4.3 X 1013 W/cm? and 5.9 X 10'* W/cm? for linear and
circular polarized UV pulses, respectively. Accordingly,
the Keldysh parameter [23] was calculated to be y = 3.6
and 4.2 well in the multiphoton ionization regime.

Figure 2(a) shows the measured electron-nuclear JES,
i.e., E, vs Ey, of the above threshold multiphoton disso-
ciative ionization of H, + nw — H* + H + ¢ in a circu-
larly polarized UV pulse. We will refer to this pathway as
H,(1, 0). The employment of a diffuse target jet and high
vacuum conditions led to the extremely low event rate of
~0.1 electrons/laser shot for all ionization channels. This
effectively reduced the false background counts to <7% of
the total counts. Only the H" and correlated electron e
of the H,(1, 0) channel were measured by the detectors in
the experiment. We deduced the momentum of the neutral
H based on the momentum conservation of the breaking
system whose kinetic energy together with that of H*
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FIG. 2 (color online). (a) Electron-nuclear JES of the above-
threshold multiphoton dissociative ionization channel H,(1, 0)
in a circularly polarized UV pulse with a peak intensity of
I, = 4.3 X 10 W/cm?. (b) Corresponding electron energy
spectrum, (c) nuclear energy spectrum, and (d) electron-nuclear
sum-energy spectrum. The numbers in the top of the peaks in
(d) designate the different photon absorption channels
above threshold. See Fig. 1 for an explanation of “direct” and
“one-photon” in panel (c).

accounted for the total energy deposited to the nuclei,
ie., Ey=E,+Ey. The corresponding energy spectra of
the electron E,, nuclei Ey, and their sum E,,, are shown
in Figs. 2(b)-2(d), respectively. The tilted lines in the
electron-nuclear JES [20] evidently reflect the sharing
of the absorbed photon energy. Along each line the elec-
tron energy decreases with increasing nuclear energy,
in compliance with energy conservation. Different from
the single-photon dissociative ionization of molecules by
synchrotron radiation [2—4], here we observe multiple JES
lines in the strong field ionization of H, due to the absorp-
tion of multiple photons above the ionization threshold.
For our laser intensity, more than six peaked JES lines are
observed in Fig. 2(a). The excess photon energy over the
ionization threshold is not only deposited to the outgoing
electron, but also transferred to the heavy nuclei through
their interactions with the electron.

To estimate how much photon energy is transferred to
the nuclei, we appeal to a two-step classical model, i.e., the
nuclei instantaneously acquire a kinetic energy of Eyq
from their interaction with the outgoing electron in the
first vertical ionization step. They then propagate on the
H2+ potential curves, and dissociate to the continuum of
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the 0'; (or o) state, leading to the observable asymptotic
nuclear energy Ey. To validate this two-step scenario, we
numerically propagate the nuclear wave packet by solving
the time-dependent Schrodinger equation [24] in the sub-
space of the oy and o7 states of H,™, where the ionization
from the ground state of H, to the o, state of H," is
simulated by employing either internuclear-distance-
dependent molecular Ammosov-Delone-Krainov (ADK)
rates [25] or a Franck-Condon vertical transition by repli-
cating the H, initial vibrational wave function on the 0';
ground state of H,*. Dipole coupling between the o} and
o, states is allowed during wave packet propagation. The
nuclear kinetic energy spectrum is calculated after a suffi-
ciently long time propagation of the wave packet after the
end of the laser pulse. As shown in Fig. 3(a), the simulated
distribution of E from the assumed initial Franck-Condon
vertical ionization agrees much better with the experimental
measurement than the prediction from the ADXK-rate-
weighted initial distribution. Figure 3(b) shows the
Franck-Condon transition factors [26] for the transition
H, X'¥!5,v/=0—H," X23}, v =0— 15 as a func-
tion of the vibrational energy of E,, whose vibrational
energy is also shifted by 0.8 eV (dashed curve) accounting
for the additional absorption of one photon for a direct com-
parison with the nuclear kinetic energy release in Fig. 3(a).
The vertical transition in the first ionization step indeed
reproduces the pioneering observation of the ultrafast ion-
ization of H, in the multiphoton regime [27]. It therefore
confirms the validity of the above two-step scenario.

The o, and o, states of H,™ are degenerate at large
internuclear distances where we define zero potential
energy. Depending on whether the nuclear dissociation is
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FIG. 3 (color online). (a) Kinetic energy distributions of H +
H* measured in circularly polarized UV pulses and quantum
simulated by assuming a Franck-Condon or ADK transition rate
from H, to H,". (b) Franck-Condon factors. Electron and nuclear
energy spectra of the (c) 1st and (d) 2nd sum-energy ATI peaks
of H,(1, 0) produced in a circularly polarized UV pulse.

direct or through the one-photon pathway, we have Ey, =
Ey — Ey or Eyg = Ey — Ey — w, respectively, where
E,0 = —1.9 eV is the potential energy of the nuclei on
the oy curve of H," at the equilibrium internuclear dis-
tance of H,. As marked by the dashed line in Fig. 2(c), the
nuclear energy spectrum can be distinguished into low and
high energy regions, corresponding to the direct and one-
photon dissociation pathways, respectively. As displayed
in Fig. 2(a), the 1st ATI peak with low Ej is dominated
by the direct dissociation, while the others with high Ey
are mostly associated with the dissociation through the
one-photon pathway. We will discuss the electron-nuclear
energy sharing during the ionization for these two disso-
ciation pathways and for the 1st and 2nd ATT peaks of the
sum-energy spectrum.

Figure 3(c) plots the electron and nuclear energy spectra
of the 1st ATI peak, where Ey shows a broad distribution
compared to E, which peaks at zero energy. This indicates
that the nuclei take almost all the excess photon energy
while the electron is most likely emitted with energies
close to the ionization threshold. These energetic nuclei
can therefore overcome the binding o potential well
and directly dissociate. For the measured Ey centered at
0.38 eV in the continuum, we estimate that a total energy
of Eyg = 2.28 eV is transferred to the nuclei during the
strong-field multiphoton ionization. Since the electron
transfers almost all the absorbed energy to the nuclei,
this process is barely noticeable in a noncoincident inte-
grated electron spectrum in Fig. 2(b), indicating the limi-
tation of pure electron spectroscopy [5-7] for studying
strong field ionization dynamics of molecules. As revealed
in Figs. 2(a) and 2(d), however, it clearly shows up in the
electron-nuclear JES and the sum-energy spectrum.

For the 2nd ATI peak dominated by the one-photon
dissociation pathway, based on the measured Ey centered
at 1.69 eV as shown in Fig. 3(d), we estimate the nuclei
acquire only Eyy = 0.41 eV during the ionization. In this
case the electron keeps most of the energy absorbed from
the laser, while the observable nuclear energy is mainly
accumulated after the one-photon transition on the o}
potential curve. The nuclear dynamics are therefore stron-
gly correlated with the electron. The amount of energy
transferred to the nuclei during the ionization determines
the succeeding dissociation dynamics of the molecular ion
in strong laser fields.

Figure 4(a) shows the measured electron-nuclear JES of
H,(1, 0) in a linearly polarized UV pulse. By varying the
polarization of the driving UV pulse from circular to linear,
pronounced Ey- (and E,-) dependent fine structures appear
in the resulting electron-nuclear JES lines. As shown in
Fig. 4(b), the electron energy spectrum is correspondingly
modulated with similar fine structures as compared to
the nuclear energy spectrum in Fig. 4(c). Interestingly, by
considering the energies of all fragment particles, we can
reconstruct a clear ATI spectrum [Fig. 4(d)] as observed for
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FIG. 4 (color online). Same as Fig. 2 but for a linearly polar-
ized UV pulse with a peak intensity of I, = 5.9 X 10'> W/cm?.

circularly polarized light, highlighting the correlated shar-
ing of the photon energy by the ejected electron and nuclei.
These results indicate that the fine structures in the
electron-nuclear JES most likely arise from the electron
dynamics which depends strongly on the light polarization.
Figure 4(b) shows that the fine structure is most pro-
nounced for the lower ATI peaks, and that the ATI spec-
trum is free from any plateau region. Hence, we conclude
that the fine structure is not due to any rescattering dynam-
ics which could be present in the linearly polarized field
(resulting in a plateau), but not for circular polarization.

To explain the origin of the fine structure we refer to
the pioneering experiments of Refs. [28-30], where non-
coincident electron spectra were studied in the multiphoton
above threshold ionization of atoms using linearly polar-
ized ultrashort laser pulses. In those studies, the fine struc-
tures were shown to come from Freeman resonances [28]
of excited states during the multiphoton ionization. As in
the current experiments the resonances could be switched
off by going to circularly polarized pulses, because circular
polarization leads to high-angular-momentum transfer to
the excited electron which in turn diminishes the role of
the resonances [31].

The fine structures observed in our experiments differ
from those in the electron-nuclear JES of the dissociative
multiphoton ionization of H,* as numerically predicted in
Ref. [20]. There, the additional structures arise from the
initial vibrational and electronic wave functions as reve-
aled by the strong-field approximation analysis, and are
insensitive to the light polarization since no intermediate

state for resonance excitation was required. In contrast, the
fine structure in the current experiment is a hallmark of
excited states, which is believed to be a more general
phenomenon for multiphoton above threshold ionization
of molecules [7]. To substantiate this claim, we point at
other examples of fine structure in molecular ATT spectra.
One example is the details in the ATI spectrum recorded
from strong-field ionization of laser-aligned CS, mole-
cules [32]. Here, essentially anything but the role of
excited states was ruled out to explain the fine structure.
Another example is found in the difference between the
orientation-dependent yield for OCS in circularly [33,34]
and linearly polarized fields [35]. The details of the yields
differ due to the participation of excited states during the
ionization dynamics in the linearly polarized field, and
their minor role in circularly polarized fields.

In summary, we have investigated experimentally the
correlated electron-nuclear dynamics in strong field multi-
photon dissociative ionization of H,. The peaked multiple
diagonal lines in the electron-nuclear joint energy spec-
trum evidently revealed the energy sharing between the
emitted electron and nuclei. The electron-nuclear inter-
action during the multiphoton ionization may deposit
considerable energy to the nuclei and therefore largely
determines the succeeding dissociation dynamics. For lin-
early polarized ultrashort laser pulses, the noncoincident
electron energy spectrum shows a rich structure dominated
by Freeman resonances. The sum energy of all fragments,
however, recovers the same clear ATI spectrum as obser-
ved for circular light. Our results provide deeper insight
into the strong-field multiphoton ionization of molecules,
especially the fundamental mechanism of photon-energy
deposition and sharing in the correlated motion of the
electron and nuclei.
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