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The influence of the magnetic component of the driving electromagnetic field is often neglected when
investigating light-matter interaction. We show that the magnetic component of the light field plays an
important role in nonsequential double ionization, which serves as a powerful tool to investigate electron
correlation. We investigate the magnetic-field effects in double ionization of xenon atoms driven by near-
infrared ultrashort femtosecond laser pulses and find that the mean forward shift of the electron momentum
distribution in light-propagation direction agrees well with the classical prediction, where no under-barrier
or recollisional nondipole enhancement is observed. By extending classical trajectory Monte Carlo
simulations beyond the dipole approximation, we reveal that double ionization proceeds via recollision-
induced doubly excited states, followed by subsequent sequential over-barrier field ionization of the two
electrons. In agreement with this model, the binding energies do not lead to an additional nondipole
forward shift of the electrons. Our findings provide a new method to study electron correlation by
exploiting the effect of the magnetic component of the electromagnetic field.
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Electron correlation is a fundamental ingredient in
atomic, molecular, and solid-state quantum systems. For
atoms and molecules exposed to moderately strong laser
fields, nonsequential double ionization (NSDI) is mediated
by electron-electron interaction, which gives rise to strong
correlations [1,2]. Following the first observation in 1983
by I’Huillier et al. [3], many experiments [4-9] confirmed
the “knee” structure in the plot of double ionization yield as
a function of laser intensity, which cannot be described in
any single-active-electron models such as, e.g., the
Ammosov-Delone-Krainov (ADK) theory [10]. Under
many circumstances, the knee structure is well explained
by the semiclassical three-step model [11]. First, a bound
electron is released to the continuum by tunneling through
the barrier formed by the superposition of the atomic field
and the external electric field of the driving laser pulse.
Subsequently, the freed electron gains energy from the laser
field and is driven back to its parent ion. Finally, the
returning electron recollides inelastically with the parent
ion to kick out a second correlated electron, leading to the
NSDI [12-18]. The magnetic field was believed not to
produce noticeable effects because of its much smaller
magnitude as compared to the electric component of the
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driving electromagnetic field. This is also the reason why
many implementations of the three-step model, which
accounts only for the electric force, successfully explain
the electron correlation in the NSDI over a wide range of
laser intensities and wavelengths [19-30], including the
quantitative semiclassical model [19], the mechanism of
recollision excitation with subsequent ionization [20-22],
and the classical description for various NSDI trajectories
[23-30].

However, already in 1998, Crawford and Reiss inves-
tigated the strong-field ionization beyond the dipole
approximation [31]. Recent experimental [32-38] and
theoretical [39-44] progress in the understanding of the
role of the magnetic field and the retardation of the electric
field in strong-field ionization have posed questions to
the dipole-approximation-based models of the NSDI.
Pioneering theoretical works showed that the effective gate
on the initial momentum of the returning electron wave
packet is slightly shifted by the magnetic field in the light-
propagation direction [45,46]; i.e., only electrons launched
with small initial momentum against the light-propagation
direction can return close to the parent ion, as the initial
momentum is necessary to compensate for the forward shift
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induced by the Lorentz force. The magnitude of the
forward shift induced by a near-infrared laser field is much
smaller than the electron’s wave packet initial transverse
momentum spread. Moreover, theoretical works on single
ionization [47-49] predicted that the freed electron expe-
riences the Lorentz force not only after tunneling but
already as it crosses the tunnel, resulting in an additional
forward shift of 7,/(3¢) in the electron momentum, where
1, is the ionization potential of the atom and c is the speed
of light (atomic units are used unless stated otherwise). This
prediction has been experimentally tested by tracking the
mean value of the electron momentum component in light-
propagation direction (p,) for the electron’s kinetic energy
E, [50], confirming that

E, 1 1
E)="+-x-2, 1
(P(E) ===+ 5 x L (1)
Up to now, it has been completely unexplored how this
translates to double ionization, where two electrons and
two different ionization potentials are involved. A naive
assumption for sequential double ionization would be

Esum+lxlp1+1p2.
c 3 c

<px1 + px2>(Esum) = (2)
Here, E,, is the sum kinetic energy of the two electrons,
and 1, and I, represent the first and second ionization
potentials of the target atom, respectively. However, the
situation becomes nontrivial when it comes to NSDI, where
correlation between the two electrons is involved. How will
the electron correlation affect the (1, 4 1,,,)/(3¢) term in
Eq. (2)? In addition to this open question, Emmanouilidou
and Meltzer [51] predicted that the sum nondipole shift of
the two electrons (p,; + p,») will be greatly enhanced due
to the recollision process in the NSDI as compared to twice
the one of single ionization. This additional enhancement
was recently confirmed by Sun et al. for argon atoms using
midinfrared laser pulses [52].

In the present Letter, we invert the chain of arguments.
Instead of trying to treat the magnetic field as a perturbation
that leads to quantitatively small corrections of the observ-
ables, we use the magnetic field as a tool to investigate the
electron correlation in the NSDI of xenon atoms. Our
findings are twofold. First, we find no sum under-barrier
nondipole shift that corresponds to (1,,; +1,,)/(3¢) for the
two electrons. Our observed nondipole shifts coincide with
the classical prediction for free electrons, which is given by

Esum

<px1 =+ px2>(Esum) = c (3)

Second, no recollisional enhancement of the nondipole
forward shift is found. The observed nondipole shifts for
electron pairs emitted to the same and opposite hemi-
spheres are congruent. These findings resolve a long-

standing controversy on which mechanism governs the
NSDI in high-Z atoms by adding a magnetic-field-induced
nondipole shift as an additional observable. Among the
mechanisms proposed to explain the enhanced double
ionization in Xe are direct two-electron ejection [3],
shake-off processes during tunneling [6], field-independent
resonant excitation [8], high-order sequential ionization
[53], and a phase-space perspective [54]. Further, a puz-
zling finding was the lack of correlation between the
momenta of the two electrons from double ionization of
Xe [55]. This is remarkably different from the typical
fingerlike structures [56,57] of low-Z atoms when plotting
the momentum component of one electron parallel to the
laser polarization versus the respective momentum of the
other electron. Our nondipole classical trajectory
Monte Carlo (CTMC) simulation reveals that an inter-
mediate doubly excited state is formed after the recollision.
In this model, the returning electron is recaptured by the
parent ion and simultaneous excitation of a second bound
electron allows for the dielectronic recombination [58—60].
Subsequently, the two highly excited electrons are
over-barrier ionized in the residual laser field. Our explan-
ation of the NSDI through an intermediate doubly excited
state is supported by the aforementioned two pieces of
experimental evidence. The new /', and I, of the excited

state are close to zero so that the (/') +1,,)/(3c)

term vanishes. The recollisional nondipole shift is trans-
ferred to the ion during the formation of the doubly
excited state.

Experimentally, we adopt the same strategy as described
in Refs. [38,50]. The output (25 fs, 800 nm, 10 kHz) of a Ti:
sapphire laser system (Coherent Legend Elite Duo) is split
into two pathways using a dielectric beam splitter. The
intensity and polarization of each laser pathway can be
adjusted independently. The two linearly polarized laser
beams are focused into the vacuum chamber of a cold target
recoil ion momentum spectroscopy (COLTRIMS) reaction
microscope [61] from two opposite sides onto the same
spot inside a supersonic gas jet of xenon atoms using two
independent lenses (f = 25 cm). For both laser pulses the
polarization axis is aligned along the z direction. Two
motorized shutters placed in the two beam pathways are
used to toggle between both pathways every 3 min to
minimize systematic errors. The peak intensity in the laser
focus is found to be 7.0 x 10" W/cm? with an uncertainty
of £20%. For laser intensity calibration, the ratio between
the double and the single ionization yield of xenon atoms is
recorded and compared to values given in Ref. [7]. A static
electric field of 29.8 V/cm was applied to guide the
electrons and ions created from double ionization of Xe
to two time- and position-sensitive detectors [62] at
opposite ends of the spectrometer. The three-dimensional
momenta of the electrons and ions were retrieved coinci-
dently from the times of flight and positions of impact. The
z direction is the time-of-flight direction of the COLTRIMS
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FIG. 1. Experimental results for double ionization of xenon

driven by 800 nm, 25 fs laser pulses. (a) Measured two-dimen-
sional electron momentum distribution along the polarization
(z axis) and light-propagation (x axis) directions that are
measured in coincidence with Xe?*. (b) Mean electron momen-
tum (p,) in the light-propagation direction as a function of p,
along the polarization axis. The error bars show statistical errors.

reaction microscope. The single event electron momentum
resolution of our COLTRIMS reaction microscope for the
detection of a single electron is 0.003 a.u. in the p, and p,
directions and 0.03 a.u. in the p, direction. 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 1(a) shows the measured two-dimensional elec-
tron momentum distribution along the polarization (z axis)
and light-propagation (x axis) directions that was coinci-
dently measured with Xe>* ions. The first and second
released electrons are mixed since they are not distinguish-
able. To visualize the nondipole shift induced by the
magnetic field, we calculate the mean electron momentum
(p,) for each p., where p. is the electron momentum along
the polarization axis, as shown in Fig. 1(b). Strikingly, the
mean value {p,) coincides with the classical prediction for
a free electron, which is (p,) = p?/2c, and no under-
barrier nondipole enhancement of (I, +1,,)/(3c) is
observed. Practically, here we use the average of the
under-barrier nondipole shift of the two electrons for
comparison, i.e., (1,1 +1,,)/(6¢), because the temporal
order in which the two electrons are released cannot be
determined in our experiment as mentioned above. We
emphasize that we do not find recollision-induced nondi-
pole enhancement as addressed in simulation and experi-
ment before [51,52].
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FIG. 2. (a) The ratio between the yields for double and single

ionization as a function of the laser intensity for xenon. The blue
dotted curve is taken from Ref. [7]. The red arrow indicates the
measured ratio and corresponding laser intensity used in our
experiment. The black curve is the ratio of Xe?*/Xe* calculated
by the ADK model, which is taken from Ref. [55]. (b) The
horizontal axis shows the electron momentum component along
the polarization axis for one of the two electrons. The vertical axis
shows the same momentum component of the other electron.
(c) The mean electron momentum (p,) in the light-propagation
direction of one of the electrons as a function of its momentum
along the polarization axis for correlated [first and third quadrants in
(b)] and anticorrelated electron pairs [second and fourth quadrants
in (b)]. (d) Mean sum electron momentum (p,; + p,») in the light-
propagation direction as a function of the sum kinetic energy of the
two electrons. The error bars show statistical errors.

We measure the ratio of Xe?*/Xe™ which is presented in
Fig. 2(a). It is evident that the measured ratio locates in the
knee-structure region, which confirms that the double
ionization events are dominated by the nonsequential
process. Figure 2(b) shows the measured electron-electron
correlation map, i.e., the momentum components of the two
electrons along the light polarization axis, which agrees
with previous findings for xenon atoms [55]. In this map,
events that are located in the first and third quadrants
correspond to cases in which both electrons are ejected into
the same hemisphere (correlated emission), while for
events in the second and fourth quadrants the two electrons
are ejected into opposite hemispheres (anticorrelated emis-
sion). In the following, we present the nondipole shift
curves (p,)(p,) for the correlated and anticorrelated
electron pairs in Fig. 2(c), respectively. It is surprising that
the two curves of (p,)(p.) are congruent and coincide well
with the classical prediction for a free electron. Our finding
is in contrast to that using the low-Z argon atoms [52],
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where the correlated electrons are found to have a larger
forward-shifted peak as compared to that of near-axis
electrons. The similarity of correlated and anticorrelated
electrons further confirms the absence of recollisional
nondipole enhancement. To better visualize the contribu-
tion from the magnetic field to the electron pair, we plot the
mean sum momentum (p,; + p,,) with respect to their
sum kinetic energy Eg,, in Fig. 2(d) by selecting events
where the two electrons and a Xe?* ion are measured in
coincidence. Again, our findings agree well with the
classical prediction of (p, + pyn) = Eqm/c and show
no additional shift on the order of (1, +1,,)/(3c).
This indicates that, even though the energy (I, +1,,) is
supplied by the laser field, no fraction of the corresponding
photon momentum of (/,; +1,,)/c is transferred to the
electrons. As a consequence, it can be concluded that this
forward momentum must be taken up by the doubly
charged ion.

In the following, we discuss the underlying physics by
performing nondipole CTMC simulations [46] based on the
three-step model [11]. In the first step, we use the ADK model
to describe the tunneling process [10]. To artificially account
for the magnetic-field effect under the barrier, a forward
momentum shift of 7,,/(3c) [47-50] along the light-
propagation direction is added to the initial transverse
momentum distribution of W(v,,v,) =[2(21,,,)"/?/|E(z)|]x
exp{{[v.—1,1/(3c)P+v7}(21,)"?/|E(7)|}. where I, =
0.45 a.u. is the first ionization energy of xenon and 7 =
t—x/c is the light cone coordinate. We assume that
tunneling is adiabatic and neglect any initial momenta
in the direction of tunneling. After tunneling, the sub-
sequent evolution of the electron in the electromagnetic
field is modeled using Newton’s equation of motion. The
dynamics are governed by the expression (d’r/dt’) =
-V, (VSS2 +Vv,,) + gE(z) + qv x B(t), where V3% rep-
resents the Coulomb interaction between a nucleus and an
electron, and V,, represents the Coulomb interaction
between two electrons. To account for the effect of
the inner electrons of high-Z atoms (xenon), the Green-
Sellin-Zachor (GSZ) potential formula V3 (r)=
{=[2+(Z-2)Q(r)]/r} is used in our simulation [63-66],
where Q(r) = {1/[(n/&)(e*" —1) + 1]} with nuclear charge
Z =54 and two screening parameters # = 5.2075 and
& = 1.1701. Here the soft-core parameter s = 0.1 is used

in r = /x> +y> + 7% + s to remove the singularity of the

potential. Newton’s equations of motion are solved by
using the Runge-Kutta algorithm. The electric field
of the linearly polarized laser pulse is expressed as
E(7) = f(7)Eycos (w7)é,, and the magnetic field is given
by B(r) = é, x E(r)/c, where f(z) is the pulse envelope
with three-cycle plateau followed by one-cycle ramp off.
The second electron is initialized in a bound state using the
microcanonical distribution [46,51] with an ionization
potential of 1,, = 0.78 a.u.
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FIG. 3. Nondipole CTMC simulation results. Electron trajec-

tories in real space in the xz plane (x, light-propagation direction;
z, polarization axis) for (a) correlated and (c) anticorrelated
electrons. The energies of the first and second electrons are
shown as a function of time in units of laser cycles (o.c.) for
(b) correlated and (d) anticorrelated electrons.

Figures 3(a) and 3(c) show two typical electron trajec-
tories that have correlated and anticorrelated final
momenta. The trajectories are shown in the plane formed
by the light-propagation and the polarization axes for a
double ionization event. For both cases, the most interest-
ing feature of the first electron trajectory is that it circles the
ionic core after it is driven back, which indicates the
recapture of the rescattering electron by its parent ion and
leads to the formation of a highly excited Rydberg state.
For better visualization, we plot the time-resolved electron
energy in Figs. 3(b) and 3(d). When the first electron circles
the ionic core in real space, its energy drops drastically to
negative values, accompanied with the excitation of the
second bound electron by forming a doubly excited state
with close-to-zero binding energy. In the case of the
correlated electron pair, the two electrons are both ionized
by the remaining laser field within the same half cycle
[Fig. 3(b)]. In contrast, for the anticorrelated electron
pair, the two electrons are ionized sequentially in different
half cycles, and ultimately propagate along opposite
directions [Fig. 3(d)]. Since the two electrons are
stripped off from a doubly excited state, it is expected
that the (1, 4+ 1,,)/(3¢) offset disappears. Upon its initial
release the first electron is launched with a forward shift of
1,1/(3c) in the light-propagation direction, however, this
amount is transferred to the ionic core during the recapture
of the electron. To this end, the total photon momentum
offset of 1,,;/c that corresponds to the energy needed to
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overcome the binding potential of the first electron is fully
gained by the ionic core.

In conclusion, we show that no under-barrier and no
recollisional nondipole enhancement is observed in the
NSDI of xenon driven by a near-infrared ultrashort femto-
second laser pulse. This allows us to address the physical
origin of the remarkably different electron correlation
dynamics for high-Z atoms as compared to the one of
low-Z atoms. This magnetic-field perspective confirms that
a doubly excited state is formed after the first electron
recollides with its parent ion, followed by further sequential
over-barrier double ionization, which finally eliminates the
nondipole contribution from the initial tunneling and
recollision step. Our findings pave the way for further
investigating the nondipole effect in strong-field driven
electron correlation dynamics.
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