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Channel-selective electron emission from strong-field photoionization of H, molecules is experimen-
tally investigated by using ultrashort laser pulses and a reaction microscope. The electron momenta and
energy spectra in coincidence with bound and dissociative ionization channels are compared. Surprisingly,
we observed an enhancement of the photoelectron yield in the low-energy region for the bound ionization
channel. By further investigation of asymmetrical electron emission using two-color laser pulses, this
enhancement is understood as the population of the autoionizing states of H, molecules in which
vibrational energy is transferred to electronic energy. This general mechanism provides access to the
vibrational-state distribution of molecular ions produced in a strong-field interaction.
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Ultrashort laser fields can play a key role in controlling
molecules and their reactions as they act on the same time
scale as the electron dynamics in these systems [1]. For
example, the development of the carrier-envelope-phase
stabilized laser [2,3] has allowed the localization of electrons
and asymmetric emission of ions in the photodissociation of
simple molecules [4-8]. The Born-Oppenheimer approxi-
mation, in which electrons of a molecule are considered
separated from the nuclei, is used in most of the above-
mentioned works for modeling molecules, including the
simplest H, molecule in strong laser fields. This gives rise
to the two-step mechanism [4], which describes the laser-
induced dissociation of H, molecules as follows: the
molecule is ionized by the laser field in the first step and
then dissociates as the vibrational wave packet is laser
excited from the bound 150, state to the repulsive 2 po,, state
in most cases. To investigate the wave packet dynamics for
different ionization channels, numerous studies concentrated
on measurements of the ions produced after strong-field
ionization of molecules (see, e.g., [9] for a review). However,
this information is often not sufficient to determine the
reaction pathway. One strategy for obtaining more informa-
tion is to consider, in addition, the electron [10]. However,
this requires the ion-electron coincidence technique which
has been applied only in a limited number of strong-field
experiments [11-13].

In this Letter, we report on coincident measurements
of electron spectra from bound and dissociative ionization
channels of H, by using a reaction microscope (REMI)
[14]. We observe a clear difference between the two
channels: an enhancement in photoelectron yield in the
low-energy region (0-0.6 eV) that appears only in the
bound ionization channel. We interpret this enhancement as
a result of an electronic-internuclear coupling by a vibra-
tional autoionization process of H, molecules. Finally, to
provide additional evidence, we measure and analyze the
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spatial asymmetry of the electron emission by using two-
color laser pulses.

In the experiment, linearly polarized 25 fs laser pulses
at the central wavelength of 800 nm are generated by a
commercial amplified Ti:Sapphire laser. These laser pulses
are focused inside the REMI, where they intersect a
supersonic skimmed H, gas jet. The initial momentum
vectors of ions and electrons from different ionization
channels can be reconstructed by measuring the particle
flight times and their positions of detection. Measuring
electrons and ions in coincidence, we can distinguish the
bound and dissociative ionization channel and extract
electron momenta for both channels. For the generation
of phase-controllable two-color laser pulses, we use the
same experimental setup as described in [15]. In brief, we
generate the second harmonic and adjust its time delay
relative to the fundamental laser pulse by means of a Mach-
Zehnder interferometer.

Several ionization pathways may occur when H, mol-
ecules interact with a strong laser field. In this experiment,
the main processes are the following two single ionization
channels:

H, SHf + e, (1)
IR _
H, =H" +H+e". (2)

The first channel is molecular bound ionization without
fragmentation, in which one electron is ionized by the laser
field and the system ends up as a bound molecular ion Hy
and a free electron. The second channel is dissociative
ionization, where the H, molecule breaks up into a proton,
a hydrogen atom, and a free electron.

Figure 1 shows the 3D momentum distributions of
electrons for the two channels (p is the momentum in
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FIG. 1. Electron momentum distribution for (a) the bound

ionization channel and (b) the dissociative ionization channel as
measured in coincidence with Hf and H' ions, respectively.
(c) Electron-energy spectra for bound (blue curve) and dissocia-
tive (red curve) ionization.

the laser polarization direction and p is the momentum
in the transverse direction). The left-right asymmetry along
the parallel momentum is due to nonuniform detection
efficiency. The fanlike stripes and the above-threshold
ionization rings in the photoelectron spectra, which are
caused by intracycle and intercycle interferences [16],
respectively, appear for both channels. On first approxi-
mation, if the dissociative ionization process is independent
from the bound ionization process, the electrons from the
two channels should be the same. However, the fanlike
structure for electrons of small energy can be observed
clearly in the bound ionization channel [Fig. 1(a)], while
the same structure is much less pronounced in the dis-
sociative ionization channel [Fig. 1(b)]. In order to compare
electrons emitted from the two channels, we normalize
the energy spectra of photoelectrons, shown in Fig. 1(c).
Distinct peaks around 0.9 eV are visible for both channels.
These are attributed to Freeman resonances [17-19]. The
electrons from the bound ionization channel (blue curve)

exhibit an enhancement in the low-energy region of the
spectrum (0-0.6 eV). In the high-energy region, both
normalized spectra agree within our experimental resolution.
To our knowledge, this is the first observation of a clear
difference in electron spectra between the bound and
dissociative ionization of H, molecules in strong laser fields.

Inspired by previous experimental results in atoms [20],
we interpret the low-energy enhancement in the electron
yield for bound ionization as being due to the population
and subsequent decay of autoionizing states. For H,
molecules, the autoionizing states are singly excited states,
which represent a series of high-lying Rydberg states and
are characterized by a simultaneous electronic and vibra-
tional excitation. These states with vibrational quantum
number v converge to the state of Hy with the same
vibrational quantum number v. Figure 2 shows one of
the high-lying Rydberg states of H3 (black solid line) and
its first three vibrational states (black dashed lines). Details
on the energy levels of these high-lying Rydberg states can
be found in Refs. [21-23]. Above the ionization limit of the
H; molecular ion (v = 0, shown by the red solid line),
there exist many autoionizing states (e.g.,/ = l and/ = 2
in Fig. 2). Instead of populating the H; bound state
(red curve) and being excited to the repulsive state (blue
curve) for dissociation, which is described by the two-step
mechanism [shown as (1) and (2) in Fig. 2], the molecule is
excited to the abovementioned autoionizing state located
above the ionization limit [21-25]. In the autoionization
process, the vibrational energy of the nuclei is transferred
to the energy of the free electron and is reflected in the
electron energy spectrum. As the lifetime of these
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FIG. 2. Potential energy curves for one of the Rydberg states:
H; (black curve), H;’ bound state (red curve), and H; repulsive
state (blue curve). (1) and (2) show the main dissociation process
by the two-step mechanism: the molecule is ionized by the laser
field, and then, a vibrational wave packet is excited from the
bound 1so, state to the repulsive 2po, state. (3) refers to the
autoionization process in which low-energy electrons are emitted
(vibrational levels are not drawn to scale).
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vibrational states is more than hundreds of femtoseconds,
which is much longer than the laser pulse duration, the
autoionization process of H, occurs long after the strong-
field excitation by the laser pulses, which explains why the
autoionization does not occur for the dissociative ionization
channel. Also, the corresponding autoionizing states are
still lower in energy than the dissociation limit. Therefore,
the enhancement in the low-energy photoelectron yield
only appears for the bound ionization, not for the dis-
sociative ionization.

The abovementioned vibrational autoionization is a
process of electronic-nuclear coupling after the laser
excitation, which proves that the Born-Oppenheimer
approximation is not valid. It is different from the ioniza-
tion of Rydberg electrons by the field of the spectrometer in
which the low or zero-energy structure could be observed
[26-29]. In those cases, the structures are very sharp and in
a much lower energy region.

By comparing the electron energy spectrum of bound
ionization in this experiment with theoretical and previous
high-resolution experimental work on Rydberg states of H,
[21-23,30-32], we are able to determine the vibrational
states that contribute to the autoionization process.
According to the propensity rule in vibrational autoioniza-
tion [22,33,34], the most dominant vibrational relaxations
proceed from one vibrational state to another one that differs
by one vibrational quantum number

Av=V—-v=1. (3)

For example, the energy-level diagram in Fig. 3(a) shows the
energy differences between a series of npo and npzn
Rydberg states (/ = 1) of ortho-H, and the energy of the
HJ ground state (v = 0). Similarly, the diagram in Fig. 3(b)
denotes the / = 2 Rydberg state energies after subtracting
the v =1 energy level of H. For comparison, we also
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FIG. 3. Energy-level diagram of the Rydberg states (/ = 1 and
v = 2) of H} subtracting the first two vibrational levels (v = 0
and v = 1) of the Hj ground state and the photoelectron energy
spectra for the bound (blue curve) and dissociative (red curve)
ionization.

plotted the energy diagram in Fig. 3(c) resulting from the
transitions from v/ = 2 Rydberg states to the v = 0 state of
H; . The photoelectron spectra from bound (blue curve) and
dissociative (red curve) ionization are plotted together with
the energy-level diagrams. It can be seen that photoelectrons
from the Av = 2 transitions contribute much less than the
Av =1 transitions for the bound ionization, which agrees
well with the propensity rule.

In order to investigate in more detail the difference
between bound and dissociative ionization, we performed
these measurements with superpositions of two laser pulses
with different colors and adjustable relative phase.
Changing the relative phase between the 400 and
800 nm laser pulses allows us to shape the electric field
of the pulses on attosecond time scales, making it asym-
metric. For strong-field ionization, this asymmetry is
typically imprinted in the electron energy and emission
direction [35] or the emission direction of fragments in the
dissociation process of diatomic molecules [36,37]. In the
case of autoionization considered here, which happens long
after the laser pulse is over, we expect the corresponding
electron to be unaffected by the asymmetric field of the
pulses.

To quantify the emission asymmetry, we define an
asymmetry parameter A as a function of the relative phase
between the two-color pulses ¢ and the electron energy E,
by the following equation:

N+(Ee’ ¢) - N—(Ee’ ¢)
N-‘r(Ee’ ¢> + N—(Ee’ ¢> ’

A(E,.¢) = (4)

where, N (E,,¢) and N_(E,, ) represent the number
of electrons at the energy E, emitted, respectively, with
positive and negative longitudinal momentum at the phase
of ¢p. We plot the asymmetry parameter A of electrons for
the bound and dissociative ionization channels, as shown
in Figs. 4(a) and 4(b). The asymmetry patterns for the two
channels are almost identical, as expected from the two-
step mechanism. To more closely analyze these results, we
fit the energy-dependent asymmetry by a sinusoidal func-
tion of the two-color phase ¢

A(B.E,) = A(E,)sinlg + do(E)]. ()
with Ay(E,) the amplitude of the asymmetry and ¢o(E,)
the offset of this asymmetry.

Ay(E,) as a function of the electron energy up to 1.5 eV
is plotted for the two channels in Fig. 4(c). A large
difference in the amplitude of asymmetry is observed only
in the low-energy region corresponding to the autoionizing
channels depicted in Fig. 3. The offset of the asymmetry
¢o(E,) shows no difference within the error bars for
the two channels. The result confirms that, for the two
channels, the low-energy electrons stem from different
pathways. This proves that the generally accepted two-step

183201-3



PRL 118, 183201 (2017)

PHYSICAL REVIEW LETTERS

week ending
5 MAY 2017

(a) Bound ionization (b) Dissociative ionization

i o' T 0.3
| ]
I
> (b ral. R Bois
o W g o
2 mly" 0 g
5 Jd )
5 o5/l 5
8 05 "1" 015 8
[} ¥ i}
=i 0.3
0 1 2
¢ (x rad) ¢ (mrad)
(c) ‘ » Bound ionization
0.2 } = Dissociative ionization
el il
o015 Fli i 1 :
g 3 [} 33 i i %
01—II§I % i%fffi

0 05 1 15
Electron energy (eV)

FIG. 4. Asymmetry of electrons as a function of the relative
phase between the two-color fields and the electron energy for
(a) bound ionization and (b) dissociative ionization. (¢) The
amplitude of the electron asymmetry as a function of electron
energy for bound ionization (blue dot) and dissociative ionization
(red square).

mechanism, which considers the dissociative ionization
step separated from the first step (bound ionization), is not
complete. Moreover, it supports that the origin of this low-
energy region electron is from the high-lying Rydberg state.

For the bound ionization pathway, the low-energy
electrons originate from two different mechanisms:
(1) direct photoionization by the laser pulses and (2) vibra-
tional autoionization after the laser pulses. However, for the
dissociative ionization, the low-energy electrons only come
from the direct ionization by the two-color laser pulse, and
its effect on the electron momentum is mostly visible once
the electron is freed within the pulse, as expected from
strong-field ionization [15,38]. Since the emission of the
electrons from autoionization happens long after the laser
pulse is over, their directionality is not influenced by the
relative phase ¢ between the two colors in the laser pulse
and, thus, shows no asymmetry. Therefore, the amplitude
of the low-energy electron asymmetry variation for the
bound ionization, which is the total asymmetry amplitude
of (1) and (2), has a smaller value compared to the
dissociative ionization for which only the direct (asymme-
try-sensitive) ionization channel exists.

In conclusion, we investigated the difference in electron
emission between bound and dissociative ionization
pathways by using an 800 nm laser pulse and its second
harmonic. This electron-ion coincidence experiment
reveals that low-energy electron emission is enhanced
for bound ionization as compared to dissociative ionization.
While in apparent disagreement with the widely employed

Born-Oppenheimer-based two-step process, we explain
this low-energy excess by the population and subsequent
electron emission out of autoionizing states. Future experi-
ments could use a pump-probe setup to directly measure
the lifetimes of the contributing autoionizing states. By
changing the relative phase of the two-color laser field, we
find that the amplitude of asymmetry is lower for the low-
energy electrons emitted in coincidence with bound
molecular ions, thus, further supporting the vibrational
autoionization mechanism. In the future, this mechanism
can be used to explore the detailed distribution and inter-
play of vibrational and electronic excitation after strong-
field interaction, which was not directly accessible in
previous experiments.
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