PHYSICAL REVIEW LETTERS 128, 023201 (2022)

Editors' Suggestion

Magnetic-Field Effect in High-Order Above-Threshold Ionization

Kang Lin ,1’2’* Simon Brennecke,3 Hongcheng Ni ,2’4’5 Xiang Chen,6 Alexander Hartung,1 Daniel Trabert,

Kilian Fehre,1 Jonas Rist ,1 Xiao-Min Tong ,7 Joachim Burgdérfer,4 Lothar Ph. H. Schmidt,1
Markus S. Schtifﬂer,1 Till Jahnke,l Maksim Kunitski,1 Feng He,6’8 Manfred Lein ,3

Sebastian Eckart ,1 and Reinhard Dorner’’
nstitut fiir Kernphysik, Goethe-Universitit Frankfurt am Main, Frankfurt am Main 60438, Germany

State Key Laboratory of Precision Spectroscopy, East China Normal University, Shanghai 200241, China

3 Institut fiir Theoretische Physik, Leibniz Universitit Hannover, Hannover 30167, Germany
*Institute for Theoretical Physics, Vienna University of Technology, Vienna 1040, Austria
3Collaborative Innovation Center of Extreme Optics, Shanxi University, Taiyuan, Shanxi 030006, China
6Key Laboratory for Laser Plasmas (Ministry of Education) and School of Physics and Astronomy,

Collaborative innovation center for IFSA (CICIFSA), Shanghai Jiao Tong University, Shanghai 200240, China

"Center Sfor Computational Sciences, University of Tsukuba, Tsukuba, Ibaraki 305-8573, Japan
8CAS Center for Excellence in Ultra-intense Laser Science, Shanghai 201800, China

® (Received 16 October 2021; accepted 20 December 2021; published 14 January 2022)

We experimentally and theoretically investigate the influence of the magnetic component of an
electromagnetic field on high-order above-threshold ionization of xenon atoms driven by ultrashort
femtosecond laser pulses. The nondipole shift of the electron momentum distribution along the light-
propagation direction for high energy electrons beyond the 2U,, classical cutoff is found to be vastly
different from that below this cutoff, where U, is the ponderomotive potential of the driving laser field. A
local minimum structure in the momentum dependence of the nondipole shift above the cutoff is identified
for the first time. With the help of classical and quantum-orbit analysis, we show that large-angle
rescattering of the electrons strongly alters the partitioning of the photon momentum between electron and
ion. The sensitivity of the observed nondipole shift to the electronic structure of the target atom is
confirmed by three-dimensional time-dependent Schrédinger equation simulations for different model
potentials. Our work paves the way toward understanding the physics of extreme light-matter interactions
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at long wavelengths and high electron kinetic energies.
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Conservation of energy and momentum are among the
most fundamental laws of physics. Still it is often a
nontrivial question how they manifest for a given micro-
scopic quantum process. An intriguing scenario to inspect
this circumstance is the light-driven ionization of atoms and
molecules where the absorption of energy E, from the
electromagnetic field traveling in the x direction goes along
with the transfer of a linear momentum of Ap, = E, /c [1],
where c is the speed of light (atomic units are used unless
stated otherwise). This momentum is absorbed by the
center of mass of the photo fragments (electrons and ions)
in each ionization event. The photon momentum is
neglected in the frequently used dipole approximation of
light-matter interaction [2]. Hence, within this approxima-
tion the expectation values of the electron momentum
(Pre) and ion momentum (p, ;) along the light-propa-
gation direction are zero for the ionization of atoms.
Momentum conservation, however, dictates for each kinetic
energy E, and ionization potential I, (neglecting the
kinetic energy of the ion):
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<px,e> + <px.ion> :7},:_4'_' (1)

This kinematic conservation law from Eq. (1) leaves
open how the photon momentum is shared between
electron and ion. This depends on the dynamics of the
ionization process. For example, at high photon energies
one finds (p,.,) =8/5xE,/c and (p,jon) = —3/5 X
E,/c+1,/c for single-photon ionization in the perturba-
tive regime [3-5]. For recollision-free strong-field ioniza-
tion, e.g., by circularly polarized light, the simplest estimate
is (py.)RE,/c+1/3x1,/c [4,6-8]. Mechanistically,
this can be understood as the classical Lorentz force
induced by the magnetic field acting on a free electron
which has been accelerated by the electric field in the
polarization plane (yz plane) resulting in the E,/c term.
The additional offset of 7,,/(3c) [4] is caused by the action
of the magnetic field on the electron while it is set free (i.e.,
by tunneling).

In contrast to the recollision-free ionization, in case of
employing linearly polarized laser fields the electrons may

© 2022 American Physical Society
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be driven back to the parent ion and undergo scatterings
with the ionic core. This leads to a fraction of low-energy
electrons which are Coulomb focused and form a back-
ward-shifted narrow cusp in the momentum distribution
[9-12]. Additionally, photoelectron holography [13,14],
1.e., the interference between direct and forward scattered
electrons, dominates the distributions at intermediate
energies below the classical cutoff of 2U,, where
U, = E}/(4w?) is the ponderomotive potential of the
driving laser field with electric field amplitude E, and
frequency . In this region, the electron momentum
(Pr.e) is approximately given by (p,.) ~ E,/c [8,15,16].
Classically, energies higher than 2U, can only be reached
by rescattering electrons [17,18], i.e., electrons that are
elastically scattered into large angles followed by further
acceleration in the laser field. In this high-order above-
threshold ionization (HATI) process, electrons can reach
energies of up to 10U, [17,18]. The recollision process that
produces these high-energy electrons is at the heart of many
well-known phenomena in strong-field physics, including
high-harmonic generation [19-21] and laser-induced elec-
tron diffraction [22-25], which both are, for example,
important for atomic and molecular imaging [26-28].
The inherent requirements of high laser intensity and long
wavelength for accelerating high-energy rescattering elec-
trons naturally places these processes outside the dipole
oasis [29] and, hence, challenges the applicability of the
dipole approximation that was widely adopted in previous
studies. Recently, the understanding of nondipole effects in
strong-field ionization has been deepened by analyzing
effects such as nonsequential double ionization [30-32],
the electric-field inhomogeneity [33], nonadiabaticity [34],
and weak Coulomb effects [35,36].

Nevertheless, it is still an open question how the photon
momentum is shared between the electron and ion in HATI.
Brennecke et al. [37] were the first to predict the nondipole
shift for HATI of helium atoms finding that (p, ) levels off
and remains constant beyond the 2U, cutoff. This pre-
diction has remained experimentally untested so far. In this
Letter, we present the first experimental results on the
photon-momentum transfer for the ionization of xenon
atoms by linearly polarized light reaching energies beyond
the classical 2U,, cutoff. Even though we indeed find a
breakdown of the linear scaling of (p, ) with E,/c as soon
as the electron energy exceeds 2U,,, our results for the
nondipole shift in the HATI regime are at variance with the
prediction for helium. We find that the amount of trans-
ferred photon momentum strongly depends on the details of
the scattering process. Hence, the momentum transfer is
highly target sensitive. In the case of xenon atoms, a local
minimum structure in the momentum dependence of the
nondipole shift is identified for the first time.

The observation of the linear-photon-momentum transfer
in strong-field ionization is challenging due to its extremely
small magnitude, which is only 4 x 10™* a.u. for a single
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FIG. 1. Schematic diagram of the experimental setup. Two
counterpropagating femtosecond laser beams, termed as pathway
A and B, respectively, are focused onto the same spot of a
supersonic gas jet inside the ultrahigh vacuum chamber of a
COLTRIMS reaction microscope that allows for the measurement
of electron and ion momenta in coincidence. By toggling between
the two counterpropagating pathways of A and B, the systematic
error along the light-propagation direction can be minimized.

photon of typical tabletop Ti:sapphire laser systems that
work at central wavelengths of about 800 nm. We meet that
challenge by adopting the same strategy of counterpropa-
gating laser pulses as in Refs. [8,33], which is illustrated in
Fig. 1. We only give a brief outline here. The output (25 fs,
800 nm, 10 kHz) of a Ti:sapphire laser system (Coherent
Legend Elite Duo) was split into two pathways using
a dielectric beam splitter, after which the intensity and
polarization of each beam can be adjusted independently.
The two beams were guided into the vacuum chamber
of a cold target recoil ion momentum spectroscopy
(COLTRIMS) system [38] from two opposite directions
and focused onto the same spot inside a supersonic gas jet
of xenon atoms by two independent lenses (f = 25 cm).
The peak intensity in the reaction volume was estimated to
be 7 x 10" W/em? (U, = 4.2 eV). A static electric field
of 29.8 V/cm was applied to guide the created electrons
and ions to two time- and position-sensitive detectors at the
opposite ends of the spectrometer. The three-dimensional
momenta of the electrons and ions were retrieved in
coincidence from the times of flight and positions of
impact. Owing to the mirror symmetry of the experiment
with respect to the light polarization axis (z axis), the data
were symmetrized in that dimension.

Figure 2(a) displays the measured two-dimensional
photoelectron momentum distribution along the polariza-
tion axis (z axis) and light-propagation direction (x axis).
Here, three regions can be clearly identified: at low energies
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FIG. 2. Nondipole effects in strong-field ionization of xenon
atoms (linear polarization, 7 x 10'> W/cm?, 800 nm, 25 fs).
(a) Experimentally measured two-dimensional momentum dis-
tribution in the plane formed by polarization axis (z axis) and
light-propagation direction (x axis). (b) One-dimensional mo-
mentum distribution along the polarization axis, where a plateau
structure is typical for high-order above-threshold ionization
(HATT). (c) Peak electron momentum in the light-propagation
direction p, as a function of the momentum along the polari-
zation axis p,. The error bars show statistical errors. The TDSE
result calculated for the Tong-Lin potential [39,40] is averaged
over the carrier-envelope phase as well as the focal intensity
distribution assuming a peak intensity of 7 x 10'3 W/cm?.

with |p.| $0.2 a.u., the electrons experience strong
Coulomb focusing induced by the parent ion and form a
narrow cusp. For the intermediate region with 0.2 a.u. 5
|p.| §2,/U,, the distribution is dominated by photo-
electron holography and also ATI rings are visible. For
higher energies with [p.| % 2,/U,, the distribution is
dominated by HATL Close to the classical 10U, cutoff
for HATI around |p.| = 1.5 a.u., a ridge structure can be
identified, which is termed backward rescattering ridge
(BRR) [23]. This can be seen more clearly as a plateaulike
structure in the projected momentum distribution along the
polarization axis shown in Fig. 2(b) that is calculated by
integration over the light-propagation direction. To quan-
tify the photon-momentum transfer, we determine the peak
position of the momentum distribution along the light-
propagation direction for each p, by fitting a Gaussian
function to the central region with |p,| < 0.2 a.u. The
result is shown in Fig. 2(c). For intermediate energies

below 2U,, the peak position coincides well with the
prediction p?/(2c) and is in agreement with an earlier
experiment [8]. For low-energy electrons, the peak in the
momentum distribution shifts toward negative values [9—
12]. However, for electrons with |p.| % 2\/7— , the peak
position deviates drastically from the expected parabolic
shape. In contrast, a pronounced local minimum structure
appears in the region dominated by HATI.

To reveal the underlying physics of the local minimum
structure, we start with a simple classical backreflection
model that is based on a nondipole generalization [37] of
the three-step model [18,41]. Here, the ionization step
launches an electron at time #; with vanishing initial
velocity. Afterward, the freed electron is driven by the
electromagnetic laser field and the ionic potential is
neglected. Some trajectories are finally driven back close
to the ionic core at a recollision time ¢, and may scatter
elastically in a third step. However, the magnetic-field
induced Lorentz force rotates the velocity vector giving rise
to a component of the incident velocity along the light-
propagation direction vy, , = v, ./(2¢) in addition to the
velocity component vy, , along the polarization axis, which
breaks the forward-backward symmetry. The differential
electron scattering cross section of Xe™ ion has a local
maximum at a scattering angle of 180° [23] (backscatter-
ing) which induces the maximum in the p, direction near
the polarization axis in the momentum distribution. We
therefore estimate the nondipole shift by assuming that all
electrons are exactly backward scattered, i.e., their velocity
vectors are reversed during the scattering process. At this
instant, twice the electron momentum is transferred to the
parent ion. The recollision thus inverts the forward momen-
tum acquired between tunneling and recollision to the
backward direction. As a result, the recollision slows down
the final electron momentum component along the light-
propagation direction, while it boosts the final momentum
component along the polarization direction. The result of
the backreflection model is shown in Fig. 3(a). Here, two
trajectories born per optical half cycle contribute to the
same final momentum component in polarization direction
p., which are referred to as the “long” and “short”
trajectories, respectively [41]. Strikingly, the nondipole
shifts of both trajectories are significantly smaller than
p2/(2¢), which agrees qualitatively with the experimental
observation. However, the backreflection model cannot
fully explain all details such as the local minimum
structure.

For a more realistic modeling, we implement a low-
frequency approximation (LFA) [42] based on the quan-
tum-orbit analysis within the strong-field approximation
but beyond the electric dipole approximation [43]. The
basic ingredient of the LFA is complex-valued elec-
tron trajectories, and it also accurately incorporates the
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FIG. 3. Results of the classical and quantum-orbit analysis.

(a) Momentum-shift estimate from the classical backreflection
model and low-frequency approximation (LFA) for electrons
scattered by 180°. (b) Probabilities of quantum orbits with final
momentum p, = 0 in LFA. In (a) and (b), the results for the long
and short trajectories are shown as solid and dashed lines for an
intensity of 6 x 10'*> W/cm?. (c) Focal-volume-averaged LFA
result calculated with the differential cross section for the Tong-
Lin potential including both long and short orbits (green line) and
the experimental result (blue line).

field-free quantum-mechanical differential cross section for
electron rescattering. The probability amplitude for a single
quantum orbit with final momentum p is given by

M(p) = P(P)T[Vin(P): Vou(P)]- (2)

In the HATI region, the shape of the photoelectron
momentum distribution is mostly determined by the 7-
matrix element that is related to the differential cross
section ¢ « |T|?>, which we compute as explained in
Ref. [44]. Here, the arguments v,(p) and v,,(p) are
electron velocities shortly before and after scattering [43],
respectively. All target-independent factors are collected in
the prefactor P. For trajectories scattered by 180°, the short
and long quantum orbits show a nondipole shift similar to
the classical backreflection model, see Fig. 3(a). However,
due to the nonadiabatic initial velocity we find that the

difference of the nondipole shift between short and long
quantum orbits is larger. Since both quantum orbits con-
tribute to the final momentum distribution, the nondipole
shift is strongly influenced by the relative weight between
the two trajectories, as shown in Fig. 3(b). The relative
weight is mainly determined by the energy-dependent
differential cross section. The long quantum orbits dominate
the momentum distribution for p, S 1.3 a.u., while the short
ones become more prominent for higher p, up to the cutoff.
Around the cutoff at p,~ 1.7 a.u. both orbits become
almost indistinguishable and for even higher p, beyond
that cutoff only the long trajectory is physically meaningful.
In the calculation, these constraints are ensured by using the
uniform approximation [45]. The transition from predomi-
nately long to short and back to long trajectories leads to a
minimum, as indicated in the ratio curve in Fig. 3(b), which
finally results in the local minimum structure in the nondi-
pole shift p, as a function of p_. The focal-volume averaged
result of the LFA simulation is shown in Fig. 3(c), which
quantitatively reproduces the experimentally observed local
minimum structure.

In order to undergo backscattering, the electron has to
return close to the parent ion, which renders the HATI
process much more sensitive to the ionic potential than
recollision-free ionization. As discussed above, the LFA
simulation indicates that the nondipole shift strongly
depends on the exact differential cross section, i.e., the
details of the interaction between the active electron and the
ionic core. This explains the striking difference between the
present result and the earlier prediction for a helium model
atom [37], where a flat plateau in the nondipole shift was
predicted. In order to test for the dependence on the ionic
potential, we have performed more elaborate calculations
by numerically solving the three-dimensional time-
dependent Schrodinger equation (TDSE) without invoking
the dipole approximation. To this end, the generalized
pseudospectral method [40,46,47] has been extended to the
nondipole regime by expanding the nondipole contribution
in a Taylor series [34]. Figure 4 shows the TDSE results for
three different single-active-electron potentials. All the
potentials produce the correct ionization potential and have
the same asymptotic form of —1/r, but differ in the inner
region. The predicted nondipole shifts are quite different in
the HATI region, which implies that the electron-core
interaction in the inner-region plays an important role
for the shifts. In comparison with the experiment, model
potential 1, i.e., the Tong-Lin potential [48,49], gives the
most accurate results. In contrast, both model potentials 2
and 3 fail to describe the interaction of the active electron
with the core at short distances. Our comparison shows that
the nondipole shifts for backscattering electrons are very
sensitive to the details of the scattering process. This holds
the promise of decoding the detailed interaction of the
active electron with the ionic core at short distance.
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FIG. 4. Model potential dependence of the nondipole shift.
Presented are TDSE -calculations for three different single-
active-electron potentials for xenon: Tong-Lin potential, see
[39] (model potential 1); Green-Sellin-Zachor (GSZ) potential,
see [39,50] (model potential 2); and the effective potential
V(r)=—=(Z+aje=®")/r, where Z=1, a; = 1.985, a, = 0.5
(model potential 3). Here, the results are averaged over the
carrier-envelope phase, but only a single intensity of 6x
10 W/cm? is used.

In conclusion, we show that the partitioning of the linear
photon momentum between electron and nucleus in strong-
field ionization is drastically altered by the rescattering
process. For electrons with energies above the classical 2U ,
cutoff, the photon momentum sharing differs drastically
from that of energy below 2U,. For the xenon target
investigated here, the momentum distribution in the relevant
region is dominated by backscattering electrons. The rec-
ollision of the electron on the parent ion reverses the electron
momentum vector and thus, twice the electron momentum
(before scattering) is transferred to the ion. This causes a
considerable reduction of the final electron momentum in
the light-propagation direction. As a result, our work
provides the first observation of a target-sensitive nondipole
effect in strong-field ionization. The sensitivity of the
nondipole shift to the model potential of the parent ion in
turn provides us with a promising tool for atomic or
molecular imaging.
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