PHYSICAL REVIEW A 104, 043101 (2021)

Asymmetric electron localization in the single-photon dissociative ionization of H,
Jun-Ping Wang' and Feng He ©3:"
'College of Physics, Liaoning University, Shenyang 110036, China
2Key Laboratory for Laser Plasmas (Ministry of Education) and School of Physics and Astrononty,
Shanghai Jiao Tong University, Shanghai 200240, China
3Collaborative innovation center of IFSA (CICIFSA), Shanghai Jiao Tong University, Shanghai 200240, China

® (Received 2 June 2021; accepted 21 September 2021; published 1 October 2021)

By numerically solving the non-Born-Oppenheimer time-dependent Schrodinger equation of H, in which the
dynamics is confined along the laser polarization direction, we study the electron localization in the single-
photon dissociative ionization of H,. The single ionization of H, produces a free electron and Hy , in whose later
propagation the Coulomb field of the freed electron may excite H; from the 1so, state to 2po, state. The mixture
of these two states with opposite parities results in the asymmetric electron localization on the two nuclei after
the dissociation of Hy . The simulation result shows that the bound electron prefers being located on the nucleus,
which propagates oppositely to the freed electron. The asymmetry parameter is larger if the freed electron has
lower energy. The simulation results agree with experimental measurements in the full energy range. This study
indicates that the correlation between H and the freed electron can be important and offers a perspective of
controlling electron localization in chemical reactions.
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I. INTRODUCTION

The correlation between electrons and nuclei in molecules
has brought many fascinating phenomena in the interaction
between molecules and strong laser fields. As the simplest
neutral molecule in nature, H, has been extensively studied,
and many ultrafast dynamics in intense laser fields have been
demonstrated and explained (see Refs. [1-3] and references
therein). For example, the vibrationally resolved photoelec-
tron spectra of H, can be used to reconstruct the associated
subfemtosecond autoionization dynamics by using the ul-
trafast nuclear dynamics as an internal clock [4]. Using an
advanced attosecond pump-probe spectroscopic technology,
it is shown that the coupling between electronic and nu-
clear motion in the H, molecule is reflected in the phase of
the entangled electron-nuclear wave packet, which depends
on the energy distribution between electrons and nuclei [5].
Through the use of coincidence measurement technology, it
is confirmed that the electron-nuclear correlated multiphoton
resonant excitation is the general mechanism in producing
Rydberg fragments of a breaking molecule [6]. By comparing
the dynamic processes between H, and D,, one can obtain
the influence of nuclear masses on the ultrafast process, for
example, different tunneling ionization rate [7,8] and different
high harmonic generation [9-11].

For H,, electrons experience spatially symmetric Coulomb
potential, and thus the electron wave function has either even
or odd parities. Electrons distribute symmetrically on the two
atomic nuclei. By introducing an external laser field, such
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symmetry may be broken. Many schemes have been imple-
mented to break the symmetric localization in the dissociative
ionization of H,. Kling er al. [12] used a carrier-envelope
phase-locked few-cycle laser pulse to control the electron
localization, which confirmed the theoretical prediction [13].
Ray et al. [14] used two-color pulses to control the inter-
ference between the two dissociative channels. To enhance
the degree of asymmetry, He er al. [15] used the attosecond
pulse to initiate molecular dissociation, and a time-delayed
few-cycle infrared laser pulse to steer the electron movement.
Later, Sansone et al. [16] implemented such a pump-probe
strategy and observed delay-dependent electron localization
in an experiment. Instead of using an isolated pulse, He
et al. [17] also suggested using an attosecond pulse train
plus an infrared pulse to control the electron localization,
which had been confirmed in the experiment [18]. Some other
strategies of controlling electron localization are also realized,
such as single circularly polarized multicycle laser pulse [19],
phase-controlled elliptically polarized or orthogonally polar-
ized two-color laser pulses [20,21]. The mechanism governing
asymmetric electron localization can be understood in two
consistent ways. In one way, the electron hopping between
two nuclei is prohibited by the increasing Coulomb barrier
between two nuclei during the molecular dissociation, and
thus the electron simply locates at the position before the
barrier blocks the electron movement. In another way, the
laser mixes the 150, and 2po, states, which have odd and even
parities, and it is the superposition that breaks the symmetric
electron distribution.

At present, the theoretical study of the electron localization
in dissociative ionization of H, is approximated by a two-step
model [14,22-24]. In the first step, the H, undergoes single
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FIG. 1. The related potential curves for the ultrafast reaction
of H, in strong laser fields and the sketch of electron localization
induced by the Coulomb field of the ionized electron. The green
dashed line indicates that H5 is in the vibration continuum state of
1so,, and the red dash-dotted line indicates that H is initially in the
vibration bound state of 1so, and excited to the 2po, state by the
Coulomb field of the ionized electron.

ionization to generate a vibrationally excited H wave packet,
which is described by the Franck-Condon approximation; in
the second step, the H;’ wave packet evolves along the 1so,
potential energy curve, meanwhile, the remaining laser field
dissociates HJ . In the second step, the correlation between H;
and the electron released in the first step is usually neglected.
Recently, Serov and Kheifets [25] predicted that after single
ionization of H,, the Coulomb interaction between the freed
electron and the vibrating H may pump HJ from the 1so,
state to the 2pao, state. Such a mixture of the two states results
in the electron asymmetric distribution on the two nuclei dur-
ing HJ dissociation. Subsequently, Waitz er al. [26] and Heck
et al. [27] experimentally observed this asymmetric distribu-
tion. However, the theoretical model of Serov and Kheifets
may give satisfied agreement in some energy ranges between
the experiment and theory, but it does not work if the freed
electron has very low energy. To fully recover the experiment
measurement, the best way is to perform ab initio calculations.
To the best of our knowledge, there are still no quantum
mechanical calculations beyond the Born-Oppenheimer ap-
proximation for the retroaction of the Coulomb field of the
photoelectron on its parent ion.

In this paper, we study the effect of the ejected electron in
the single ionization of H;, on the localization of the bound
electron in HJ by numerically solving the time-dependent
Schrddinger equation (TDSE). The XUV pulse has the photon
energy 21.1 eV and pulse duration 12 fs. The theoretical
scheme is shown in Fig. 1. The H, molecule is ionized by the
XUV pulse, generating a free electron and HJ . Since the XUV
photon energy is slightly larger than 18.1 eV, the ionization
potential of Hp, only the 1so, state of HJ can be reached.
Once the nuclear wave packet moves to a region where the
2po, potential energy curve is very close to the 1so, potential
energy curve, the Coulomb field generated by the ejected
electron excites Hy from the 1so, state to the 2po, state (as
shown by the red arrow in Fig. 1). Finally, Hy dissociates
along either the 1so, state or the 2po, state, resulting in the
electron asymmetric localization on the two nuclei. The rest

of the paper is organized as follows. In Sec. II, we introduce
the details of our simulation model. In Sec. III, we show the
numerical results. The paper ends with a short summary in
Sec. IV.

II. NUMERICAL MODELS

The dissociative ionization of H, in strong laser fields is
governed by the TDSE (atomic units, e =m =l = 1, are
used unless indicated otherwise)

a
ig‘I’(R,xh)Cz;t) = [T +V(R, x1, ) ]W(R, x1, x251), (1)

with the kinetic energy operator

L B RO A RO
2u 2 2

and the potential

2)

1
+
V1 —x2)? + a(R)

Ty 1

s=%1i=1,2 \/(x,«—l— sSR/2)*+ /3(;;)2 —l—lﬁ—@
3)

In Eq. (2), u is the reduced nuclear mass, A(¢) is the laser
vector potential, and A(t) = — fioo E(")dt' with E(t) being
the electric field. «(R)and B(R) represent soft-core parame-
ters, and their values are shown in Fig. 2 of Ref. [28]. With
the proper R-dependent soft-core parameters, the calculated
Born-Oppenheimer energy curves shown in Fig. 1 almost
quantitatively agree with the real ones and thus the simplified
one-dimensional model is good enough for analyzing the dy-
namics [29,30]. By the way, this similar numerical model has
been used to study the double ionization of H, [31,32] and
high-harmonic-order generation [33], above-threshold disso-
ciation and ionization [34].

In simulations, the spatial grids are Ax; = Ax, = 0.3 a.u.
and AR =0.04 au., and the time step is At =0.1 a.u..
Simulation convergence has been tested by using smaller
time-spatial grids. The simulation box along x;-x;-R are
sampled by the grids 11100 x 170 x 1100. To suppress the
unphysical reflection, a mask function cos'/® is used in the
boundaries of the simulation box. In calculations, the ion-
ization wave packet of the electron represented by x; is
absorbed by the numerical boundaries, but x; is large enough
to hold all ionized wave packets of the electron represented
by x;. Please note that the different sizes for x; and x;
break the two-electron permutation symmetry. Nevertheless,
such a treatment does not blur the simulated asymmetry pa-
rameter because of the following reasons. In this study, we
only care about the dissociative ionization, which means one
electron is very close to the nuclei and the other electron is
far away from the nuclei. The two-electron wave functions
nearly have no spatial overlap, therefore the identical particle
effects (such as exchange force) does not appear. The only
care here is that half of the dissociative ionization events are
not contained since the ionization of x, is absorbed by the
boundaries. The initial state was obtained by propagating the

1
V(R, x1,X) = ®
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field-free Schrodinger equation in imaginary time [35]. In
both the real-time and imaginary-time propagation, we used
the Crank-Nicolson method of second-order implicit differ-
ence to propagate the wave packet [36]. The linearly polarized
laser field is written as

E(t) = Eysin(wt) sin? (?) “)

where Ey, o, and T are the amplitude, frequency, and pulse
width of the XUV pulse, respectively. The amplitude relates to
the intensity by Ey = /1/(3.51 x 101 W/cm?) with I being
the laser intensity. In simulations, we keep propagating the
wave function until 7.,y = 3500 a.u., at which time the en-
ergetic freed electron, hydrogen atom, and the proton are far
away from each other and the Coulomb potential is negligible.
To obtain the wave function in momentum representation, at
the end of the calculations, we Fourier transform the wave
function. However, for photoelectrons with very low energies,
the Fourier transformation cannot give an accurate electron
energy distribution, and other methods such as a window
operator [37] are needed. In the present work, where the
photoelectron energy is higher than 0.5 eV, the results are not
affected by such numerical inaccuracy.

III. SIMULATION RESULTS

Exposing H, into XUV fields, two typical pathways may
occur. In the first case, one electron may carry all the excess
energy and H in the lso, state is formed. Hence, HY has
a large probability to remain bound, however, Hf with the
nuclear energy higher than the dissociation limit will finally
dissociate into a proton and a hydrogen atom. In the second
case, if the photon energy is big enough, the photon energy
may be shared by the two electrons, knocking out one electron
and exciting the other one by forming H3 in the 2po, state.
The above two channels can be formulated as Hy + y —
e~ +HJ (1s0,), and Hy + y —> ¢~ + Hf 2po,) — e +
H + p, respectively. In our simulations, the photon energy is
fixed at £, = 21.1 eV, which is not big enough to initiate the
second channel. The laser pulse width is T = 607, where T is
the optical period of the laser field, and the laser intensity is
I = 10" W/cm?. The theoretical scheme is shown in Fig. 1.
In the single-photon dissociative ionization of Hj, it is ex-
pected and experimentally verified to have symmetric electron
localization since only one dissociation channel participates
the dissociation process [38—42]. However, recent theoretical
and experimental studies [25-27] reexamined that asymmetric
electron localization on two nuclei may still happen due to
the Coulomb coupling between the freed electron and the
dissociating HJ .

Here, we numerically solve the TDSE to study the physi-
cal mechanism of asymmetric electron localization. Figure 2
shows the snapshots of wave-function distributions in the x;-R
space, i.e., W(x, R;t) = f |W(x1, X2, R;1))?dx, at [Fig. 2(a)]
t =0, [Fig. 2(b)] t = 200, [Fig. 2(c)] t = 400, and [Fig. 2(d)]
t = 700 a.u. What is shown in Fig. 2(a) is actually the ground-
state distribution. In Fig. 2(b), one can see that some wave
packets start to propagate out, whereas some parts remain
in the ground state. With the time evolution, as shown in
Fig. 2(c), the photoelectron may escape with different ve-

400 400 0
(a) (b)

200 200

-2

X, (a.u.)
|

X, (a.u.)
o

-200 -200

X, (@a.u.)

-8

2

4 6 8 10 4 8 12 16
R (a.u.) R (a.u.)

FIG. 2. The snapshots of wave-function distributions in x; — R
space at (a) t = 0, (b) t = 200, (c) t = 400, and (d) r = 700 a.u. in
the logarithm scale. The wave function marked with a red dashed
rectangle corresponds to forming a freed electron and bound H; . The
wave function marked with a pink dash-dotted rectangle corresponds
to the second pathway of producing Hj in the 2po, state. The wave
function in the black solid rectangle indicates H in the lso, state
after single ionization of H,, but part of the wave function with rela-
tively high nuclear kinetic energy will dissociate. The laser intensity
isI = 10" W/cm?.

locities since the photo energy is shared between the freed
electron and the nuclei vibration with different manners. In
Fig. 2(d), the wave functions already clearly distribute in
different areas. The part marked by a red dashed rectangle
corresponds to forming a freed electron and bound HJ . The
part marked by a pink dash-dotted rectangle corresponds to
the second pathway of producing H; in the 2po, state. The
wave function in the black solid rectangle indicates H; in
the 1so, state after single ionization of Hj, but part of the
wave function with relative high nuclear kinetic energy will
dissociate.

Figure 3 shows the electron-nuclear joint energy spec-
trum (JES) corresponding to the wave function in the black
solid rectangle in Fig. 2(d). The diagonal structure in Fig. 3
shows that electrons and nuclei share the photon energy, i.e.,
Ey+E.=E, — (I, + U,), where E, represents the electron en-
ergy, Ey is the sum of the kinetic energy of p and H, I,
represents the ionization potential of the H, molecule, and U,
is the ponderomotive energy. It can be seen from Fig. 3 that the
smaller the Ey, the greater the probability of dissociative ion-
ization of H,. This result is consistent with the experimental
measurements in Fig. 1(c) of Ref. [26] and Fig. 2 of Ref. [27].

To quantitatively compare with experimental and theoreti-
cal results, we define an asymmetric parameter

NI(EN’ Ee) - Nr(ENy Ee)
NI(EN’ Ee) + Nr(EN’ Ee) '

S(Ey, E) =
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FIG. 3. The electron-nuclear JES. The laser parameters are the
same as those used in Fig. 2.

i L2
where Ni(Ey, E,) = f?xzmx —”"I’(p“;l‘;‘:"”e"")‘ dxy, and
" 2
max v sX2, PRlen 3
N,(Ey,E.) = [’ W dx, with Ey = p3/2u

and E, = p3/2 and p; >0, and U (p, x2, Prifena) is the
dissociative ionized wave packet in the representation
P1-X2-PR-

Since p; > 0, N; and N, means the probabilities that the
freed electron propagates along the positive x axis, and the
bound electron locates in the left or right nucleus if H, is
aligned along the horizontal x axis. § > 0 means that the
ionized electrons and the bound electron are located in the
opposite half sphere in the experiments. The asymmetry pa-
rameters here are the same as Eq. (3) in Ref. [26] and Eq. (13)
in Ref. [25], so that we can make a quantitative comparison
with existing experimental and theoretical results. Figure 4
shows the asymmetry parameter § as a function of the nuclear
energy Ey. Among them, the blue solid line is the result of
the quantum calculation in this paper, and the red dashed
line is the prediction given by Serov and Kheifets [25]. The

0.3 :
Experiment
= = =Theory: Ref. [25]
o —— Theory: Present
2
S 0.2t
©
a
= | I
: I
£ 01| [ ]
>
(]
Loo-co=d-
0 L L L
0 0.5 1 1.5 2
EN (eV)

FIG. 4. The asymmetry parameter é as a function of the nuclear
energy Ey. The blue solid line is the result of quantum calculation
in this paper. The red dashed line is taken from Ref. [25]. The black
points with error bars are taken from Ref. [26]. The photon energy is
21.1eV.

black points with error bars are the experimental results [26].
One can see that the TDSE simulation results are very close
to the theoretical results of treating electrons as classic par-
ticles. In the theoretical model of Serov and Kheifets [25],
the ejected electron must be far away from the Hj at the
time of transition, so that the electron may have a steady
velocity v, and a steady energy E, with v,=+/2E,. When
the ejected electron energy E, is very small and comparable
to the excitation energy of the HJ, the approximate condi-
tion will be crude since the energy of the ejected electron
E, will change noticeably after the excitation of the bound
electron. Therefore, the validity range of the classical the-
ory is restricted to E, > Ey. The comparison between the
experimental results and theoretical predictions in [26] can
only take a part that satisfies the conditions approximately,
ie., E, > %EN. Our TDSE calculation is not restricted by
any conditions, and this calculation makes up for the miss-
ing part of the theoretical prediction in Ref. [25]. Compared
with the experimental results, our simulation results are in
good agreement with the experimental results in all energy
ranges.

It can be seen from Fig. 4 that as the Ey increases, the
asymmetry parameter becomes larger. Due to the conservation
of electron energy and nuclear energy, that is, Ey+E,=E, —
(I, + U,) with U, the ponderomotive energy and I, the ion-
ization potential, the smaller the electron energy, the larger the
asymmetry parameter. This scenario can be explained by the
mechanism that produces asymmetry. After the single-photon
ionization of H,, H; experiences the Coulomb field created
by the freed electron. Since the strength of the Coulomb field
is inversely proportional to the square distance of the free
electron from H;” , a faster free electron has less interaction
with HJ. The HJ wave packet initially evolves along the
lso, potential curve. When the nuclear wave packet moves
to a region where the 2po, potential energy curve is very
close to the lso, potential energy curve, the Coulomb field
generated by the free electron excites the part of the nuclear
wave packet from the lso, state to the 2po, state. Finally,
the dissociated nuclear wave packet is in the superimposed
states with even and odd parities, resulting in the asymmetric
electron localization on two nuclei in the dissociated H . The
probability of being excited to the 2po, state depends on
the Coulomb field, and thus depends on the freed electron
energy. To further verify the above explanation and exclude
the laser-induced coupling between 1so, and 2po, states, we
artificially neglect the interaction between the laser field and
the electron represented by x, in the calculation, that is, in
Eq. (2), forcing A(¢) = 0 in the second term, and find that this
asymmetric parameter remains the same.

Now, we turn to study the isotope effect on the asymmetric
localization. We study the dissociative ionization of D, and
T, in the same laser field. Compared to H,, due to the slower
nuclear motion in D,, the time it takes for the D2+ nuclear wave
packet to reach critical internuclear distances for transition is
longer, so the distance of ionized electrons from D; is also
far away. Thus D] experiences a weaker Coulomb field, and
the corresponding asymmetric parameter is smaller. As shown
in Fig. 5, our theoretical calculation results are consistent
with the intuitive analysis. Similarly, for T, molecules, the
asymmetry parameter is even smaller.

043101-4



ASYMMETRIC ELECTRON LOCALIZATION IN THE ...

PHYSICAL REVIEW A 104, 043101 (2021)

_H2
_ 03} ---D, |
g "
£ \
fo \
© 0.2r
SN
< \
°© \
IS . *
£ ot
S 0.1~ \\
0 N .
< s, N
0 "‘—v.“‘_-‘..-._-.=,-.,-.~m. - ———
0.5 1 1.5 2 2.5 3

FIG. 5. The asymmetry parameter § as a function of the ejected
electron energy E, for isotope molecules H,, D,, and T, in the same
laser field with photon energy 21.1 eV.

IV. CONCLUSION

In conclusion, we studied the asymmetric electron localiza-
tion in the dissociative ionization of H, in an XUV field. After
the single-photon single ionization of H,, the freed electron
and the dissociative Hf may have the Coulomb interaction,
leading to the transition between lso, and 2po, states in
H; . The mixture of these two states with opposite parities
determines the asymmetric electron localization on the two
nuclei after dissociation of Hj . The asymmetry parameter

depends on the free electron energy, and thus the nuclear
energy since the nuclei and the freed electron have shared
the photo energy. Generally, if the free electron moves slower,
the Coulomb interaction between the free electron and HJ is
stronger, and the asymmetry parameter is larger. The bound
electron in H; prefers being located on the nucleus moving
in the opposite the direction of the freed electron. This result
is consistent with the intuitive picture that two electrons repel
each other wherever they are. Though the numerical model re-
stricts all dynamics along the molecular axis, and thus cannot
accurately describe electron-electron correlation, ionization
probability, and so on, the simulation results obtained by such
a reduced-dimensionality model agree with the experimental
measurement in all energy ranges. We believe that the one-
dimensional model can grasp the main physics and thus can
be used to explore more physics about H, and its isotopic
molecules.
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