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Rescattering is a central process in ultrafast physics, in which an electron, freed from an atom
and accelerated by a laser field, looses its energy by producing high-order harmonics or multiple
ionization. Here, taking helium as a prototypical atom, we numerically demonstrate superelastic
rescattering in single ionization of an atom. In this scenario, the absorption of a high-energy
extreme ultraviolet (EUV) photon leads to emission of one electron and excitation of the second one
into its first excited state, forming He™™. A time-delayed mid-infrared laser pulse accelerates the
freed electron, drives it back to the He™ and induces the transition of the bound electron to the
ground state of the ion. Identification of the superelastic rescattering process in the photoelectron
momentum spectra provides a means to determine the photoelectron momentum at the time of
rescattering without using any information of the time-delayed probe laser pulse.

PACS numbers: 42.65.Ky, 32.80.Rm, 32.30.Jc, 34.80.Qb

I. INTRODUCTION

rescattered high-energy photoelectrons from Ns and Oo

The advent of ultrashort laser technologies has driven
studies of ultrafast laser physics @] A series of intrigu-
ing ultrafast scenarios of atoms and molecules in strong
laser fields have been explored in past years E—B], among
which rescattering is a key, or even the most important
process ﬂa, B] For an atom or molecule exposed to an
external laser field, the valence electron may tunnel out
the laser-distorted Coulomb potential [§], followed by the
electron acceleration in the laser field. When the laser
field changes its direction, the freed electron is driven
back and rescatters with its parent core ﬂg] During the
rescattering, the freed electron may release its kinetic en-
ergy as high-order harmonics upon recombination with
the parent ionﬂg, ], which can be synthesized into at-
tosecond pulses providing time rulers with unprecedented
time resolutions ﬂl_1|] Alternatively, the rescattering elec-
tron may share its energy with other electrons in the
parent ion. Depending on the energy that the electron
transfers, a second electron may be directly knocked out,
resulting in nonsequential double ionizationﬂj, w], or
be pumped to some excited states which will be sub-
sequently tunneling ionized by the field ﬂﬁ, ] Re-
cently, Deng et al. further demonstrated inner-shell exci-
tation by rescattering followed by x-ray emission ﬂﬂ] In
molecules, the rescattering electron may excite the parent
molecular ion to repulsive states, thus initiating molecu-
lar dissociation or Coulomb explosion ﬂE—IZ_lH The corre-
sponding signals, either photoelectron momentum yields,
or high-order harmonics spectra, or dissociative frag-
ments kinetic energy spectra, carry information about
the target as well as the laser field. For example, the
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are shown to contain information about the time-resolved
molecular bond stretching with superhigh spatial resolu-
tions m], or high-order harmonic yields or rescattering
photoelectron energy spectra can be used to calibrate
the carrier envelope phase of a few-cycle infrared laser
pulse, ] All these processes have in common, that
the freed electron looses all or part of its kinetic energy
during the rescattering process. Thus, we refer to these
scenarios as inelastic rescattering in order to distinguish
from the superelastic rescattering, which we will present
and discuss in the present letter.

Choosing the helium atom as a prototypical target, we
conceive a numerical experiment to demonstrate supere-
lastic rescattering in single ionization of helium in strong
laser fields. In this process, an EUV pulse is used to
free one electron from the helium atom, while the other
electron is excited to one of the excited states forming a
Het* ion. The freed electron is then driven back by a
time-delayed mid-infrared (MIR) pulse to rescatter with
the parent ion. Instead of sharing its energy with the
bound electron or completely transforming its kinetic en-
ergy into the energy of a high harmonic photon, the freed
electron extracts the energy stored in the He™ ion by de-
exciting the bound electron in the He™ into its ground
state. This process is termed as superelastic rescatter-
ing. As we will show below, the process can be identified
in photoelectron momentum spectra, which allows us to
extract details of electron-electron correlation.

II. NUMERICAL MODEL

The numerical solution of the time-dependent
Schrodinger equation (TDSE) for a helium atom in EUV
fields by including two electrons with full dimensions has
been carried out for exploring many interesting phenom-
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ena M However, simulating two-electron dynamics
in full dimensions in long-wavelength laser fields is still
a tremendous computational task. Furthermore, a two-
electron model in reduced dimensions has often been used
to qualitatively identify physical scenarios, such as non-
sequential double ionization [31], or the role of Fano res-
onances @, ] While such a one-dimensional model
overestimates the effect of electron-electron correlation,
it is known to provide qualitative insights into the rele-
vant physical processes. Thus, we simulate the TDSE for
the helium atom in the combined EUV and mid-infrared
field by confining the electron movement along the laser
polarization axis (atomic units, e = m = h = 1, are used
unless indicated otherwise):

1+ A®))° | [p2 + A®)
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where the Coulomb potential is modeled as
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In Eq. (@), p1 and py are the momentum operators of
two electrons ey and eq, A(t) is the laser vector potential
with A(t) = — ffoo E(t')dt" where E(t) is the combined
electric field of the two laser pulses. The two soft-core
parameters are s; = 0.5 and sy = 0.339, such that the
ground state energy of the He atom model is —2.9 a.u.,
and the ground state energy of He' is —2.0 a.u.. The
imaginary time propagation method was used to calcu-
late energy levels and eigenstates. We sampled the simu-
lation grid with 25000 x 25000 points of equidistant spac-
ing Azx; = Azo = 0.2 a.u.; the time step was At = 0.1
a.u.. To suppress the unphysical reflection from bound-
aries, a mask function of cos'/¢ was applied ﬂ@] Conver-
gence of the results with respect to the grid parameters
has been tested.

The combined EUV and MIR field is given by E(t) =
Eg(t) + Enp(t), where

0
zallf(xl,:vg;t) =

V(Il, IQ) =

t+ At
Eg(t) = Eggsin [wg(t + At)] cos? [M} . (3)
TE
TE TE
—— - At<t< = - At
2 st< 2
t
Eai(t) = Engosin(wart) cos? (”-) Iy Ty
T™M 2 2

The amplitudes are FE;y = ,/3_5&71'1016 and FE;(t) equals

zero outside the specified time intervals, where 7 indicates
the EUV or the MIR field. To distinctly see the supere-
lastic rescattering processes, we set Ip = 106 W/cm?
in order to generate He™™ with large probabilities. The
EUYV frequency is varied around 2.2 a.u.. The MIR wave-
length has been chosen to be equal to 1600 nm, and its
intensity as 2 x 10'* W/cm?2. We have chosen the wave-
length and intensity such as to avoid MIR-induced ion-
ization of He™, but supplying a strong electric force to
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FIG. 1. (color online) Schematic energy-level diagram of the
model He atom. The EUV pulse simultaneously ionizes one
electron and excites the other one, producing He™ in the n = 2
state. The time-delayed MIR pulse drives the free electron
back to He™ (n=2) and extracts the energy stored in Het (n =
2) by deexciting the second electron to the ground state of the
ion.

drive the EUV-freed electron back to its parent ion core.
7 = 40 and 13y = 1.5, scaled in cycles of the corre-
sponding fields. By restricting the MIR field less than
two cycles, we avoid more than two rescattering events
which makes the identification and analysis of the process
easier.

The mechanism related to superelastic rescattering is
sketched via the energy level diagram in Fig. [l By ab-
sorbing one EUV photon, a free electron and Het* (n =
2, where n is the principle quantum number) are pro-
duced simultaneously. The freed electron propagates out
with the initial velocity :l:\/2(o.)E — I, — AEs), where I,
is the single ionization potential of He and A E»; is the en-
ergy difference between the ground and first excited state
of Het. In this model, I, = 0.9 a.u., AEy = 1.1 a.u..
Subsequently, the MIR field drives the freed electron back
to the parent He'* ion. During rescattering, different
from all previous reported processes ﬂ], the freed elec-
tron extracts the energy AFs; stored in He™™ by deexcit-
ing the second electron back to the ground state instead
of sharing its energy with the bound electron. Conse-
quently, besides overcoming the single-ionization poten-
tial, all the excess EUV photon energy is finally deposited
in the freed electron.

IIT. SIMULATION RESULTS

In order to identify the superelastic rescattering pro-
cess, we first look at the ionization of He when only the
EUV pulse is introduced. Fig. (a) shows the elec-
tron wave function in the space representation after the
interaction of the EUV pulse. In the four quadrants
where |z1] > 10 and |x2| > 10, the double ionization
events triggered by simultaneously absorbing two EUV
photons emerge. The single ionization events are defined
as the wave packets distributed in the areas |z1| < 10
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FIG. 2. (color online) (a) The wave function distribution in
a logarithmic scale after the EUV pulse is terminated. (b)
The photoelectron momentum spectrum associated with the
single ionization of helium atom. The inset in (a) is the zoom
of the single ionization region marked by the ellipse. The
EUV intensity and frequency was 10'® W/cm? and wg = 2.2
a.u..

and |z2| > 10, or |z2] < 10 and |x1| > 10. A zoom of
the singe ionization region marked by the dashed oval
is shown in the inset, in which two distinct parts with-
out and with nodes at o = 0 correspond to He™ in
the states of n = 1 and n = 2, respectively. By per-
forming the Fourier transformation for the singly ionized
wave function o, (21, 22;ts) at the terminal time ¢y, we
obtained the single ionized wave function in momentum
representation

(5)
Note that p; and ps here are canonical momenta. The
photoelectron momentum distribution of single ioniza-
tion is W(p1) = [ |¥(p1,p2)|[*dp2, as shown in Fig.
(b), where the two highest and two inner peaks, named
as fast and slow electrons for convenience, are associated
with He™ in n = 1 and n = 2 states, respectively. The
two tiny peaks at p; = £2.65 a.u. are correspond to two-
EUV-photon single ionization, which will not be consid-
ered further below, since rescattering with Het cannot
be induced by the time-delayed MIR, pulse introduced in
the following.

When the MIR field is introduced at a proper time de-
lay, electrons with the lower energy may be steered back
to its parent ion core. Fig.Bl(a) shows the combined EUV
and MIR field at a time delay At = 220 a.u. (i.e., one
full MIR cycle). Assuming that the electron is liberated
at the center of the EUV pulse with the initial momen-
tum —0.7 a.u., the red dashed curve in Fig. [3] describes
the electron trajectory by solving the Newton equation
without including the Coulomb potential. The electron
may rescatter with its parent core at ¢,y = —5 a.u. or
tro = 265 a.u.. For the MIR parameters we used here,
the electrons emitted with momenta (peaked at +0.7 a.u.
and £1.7 a.u. in Fig. 2Ib)) will not be driven back to
the parent ion. Fig. Bl (b) presents the snapshot of the
electron distribution at ¢ = 110 a.u. (i.e. half a MIR
cycle), while the corresponding singly-ionized photoelec-
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FIG. 3. (color online) (a) The superimposed EUV and MIR
fields (blue solid curve) and a typical electron trajectory (red
dashed curve). t,1 and t,2 represent two rescattering instants
obtained by solving the Newton equation without including
the Coulomb potential. (b) The wave function distribution at
t =110 a.u. (half a MIR cycle). (c) The canonical momentum
spectrum for the single ionization at ¢ = 110 a.u.. The time
delay between the EUV and MIR pulses is 220 a.u. (one full
MIR cycle).

tron momentum spectrum is shown in Fig. Bl (¢). The
full propagation of the wave function can be found in the
movie in the supplementary material M]

By watching the wave function propagation, one can
identify that the slow electron propagating along —z;
emitted due to the interaction with the EUV pulse re-
verses its motion in the MIR field and rescatters with the
Het*, as expected. After the rescattering wave packet
passes the region of z; = 0, the node of the wave packet
at xo = 0 is partly filled (as shown by the dashed oval
in Fig. B(b)), indicating the deexcitation of the bound
electron e, from the n = 2 to n = 1 state. Compared
to Fig. 2l (b), in the photoelectron momentum spectrum
a new peak in Fig. (c) appears at p; = —0.34 a.u.
(red solid line), which exactly corresponds to the energy
given by the superelastic rescattering scenario. Note that
the kinetic momentum at ¢,; can be obtained by shifting
the canonical momentum by A(t,;). Consequently, the
new (red) peak shows up at a larger kinetic momentum,
illustrating the electron acceleration during the supere-
lastic rescattering process. We parenthetically point out
that the freed electron might miss the He™ ion in the
first rescattering, but deexcite He™ in the second reen-
counter at about t,5, which is not further analyzed here.

The contribution to the photoelectron momentum
spectrum due to the superelastic rescattering processes
offers a perspective to visualize details about the rescat-
tering process itself. For example, the rescattering time
and the momentum of the rescattered electron can be es-
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FIG. 4. (color online) The rescattering momentum py(t1) (up
row) and rescattering timing t,1 (lower row) as a function of
the time delay at wg = 2.2 a.u. (left column) and the EUV
frequency at At = 220 a.u. (right column). The red dashed
and black solid curves are obtained from classical calculations
and the TDSE simulations, respectively.

timated as follows. During the superelastic rescattering
process, the energy stored in He™ (n = 2) is transferred
to the free electron, i.e.,

[pr(tr1) + Ap]*  pE(tn)
2 2

AFEs = (6)
where py(t-1) is the photoelectron kinetic momentum at
the moment of rescattering and Ap is the momentum
increment during superelastic rescattering. Since both
the momenta of the slow electron and the new momentum
peak (occurring due to superelastic rescattering, i.e. the
red peak in Fig. Bl(c)) are both streaked by the MIR field
simultaneously, Ap remains unchanged if the Coulomb
effect on the freed electron is assumed to be negligible.
From Eq. (@) we derive the electron kinetic momentum
at the instant of rescattering as

pr(tr1) = AE2 /Ap — Ap/2. (7)

The black solid lines in Figs. [ (a) and (b) show
the results of our TDSE simulations for the depen-
dence of pg(t,1) on the time delay and EUV fre-
quency, respectively. One may further derive the su-
perelastic rescattering instant t,; from A(t,1) by using
A(tr1) = pr(ty1) — pi, providing that A(t) is known,
with p; = —\/2 (wpvv — Ip — AE;) and assuming that
the Coulomb potential can be neglected. The predic-
tions for the rescattering instants ¢,; as a function of
the time delay and wgyy, based on our TDSE simula-
tions, are shown in Figs. H (c) and (d) by the black

solid curves, respectively. The trends in Figs. @l (c) and
(d) clearly demonstrate that for a larger time delay or
EUYV frequency, the freed electron will propagate further
out, and it requires a longer time to drive the electron
back to the parent ion by the MIR field. As reference, in
Fig. @ we also present the corresponding classical predic-
tions obtained by solving the Newton equation without
including the Coulomb potential d’%(t) = —Ep(t) with
the initial momentum and displacement being p; and 0,
respectively. In these classical calculations, the rescat-
tering momenta and time are extracted by tracing the
electron trajectories. The results of the quantum TDSE
and classical calculation in Fig. [ agree with each other
qualitatively well.

We may emphasize that the retrieval of the rescattering
momentum via Eq. (7)) does not involve any knowledge of
the parameters of the MIR field, such as intensity, pulse
shape, or carrier envelope phase, some of which are often
difficult to be precisely measured in experiment. Thus,
rescattering momenta may be obtained in an alternative
procedure as compared to the present estimates mainly
based on classical calculations which prerequest all infor-
mation of the probe pulse. This may help to improve the
calculation of electron-ion rescattering differential cross
sections, and hence methods such as laser-assisted molec-
ular imaging [36139].

IV. CONCLUSIONS

In conclusion, superelastic rescattering is demon-
strated for the prototypical helium atom in strong laser
fields. During superelastic rescattering, the free electron
extracts the energy stored in Het* by deexciting the sec-
ond electron to the ground state. The contribution to
the photoelectron momentum spectra due to the supere-
lastic rescattering process carries information about the
momentum of the returning electron at the instant of
rescattering. This may provide improvements to obtain
the electron-ion rescattering cross section, since knowl-
edge about the probe laser parameters is not required.
We expect that superelastic rescattering occurs in gen-
eral for other atoms or molecules as well, and offers a new
perspective of time-resolved atomic/molecular imaging.
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