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Strong-field ionization of atoms by circularly polarized femtosecond laser pulses produces a donut-
shaped electron momentum distribution. Within the dipole approximation this distribution is symmetric
with respect to the polarization plane. The magnetic component of the light field is known to shift this
distribution forward. Here, we show that this magnetic nondipole effect is not the only nondipole effect in
strong-field ionization. We find that an electric nondipole effect arises that is due to the position
dependence of the electric field and which can be understood in analogy to the Doppler effect. This electric
nondipole effect manifests as an increase of the radius of the donut-shaped photoelectron momentum
distribution for forward-directed momenta and as a decrease of this radius for backwards-directed
electrons. We present experimental data showing this fingerprint of the electric nondipole effect and
compare our findings with a classical model and quantum calculations.
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The ionization of an atom by the interaction with an
electromagnetic wave is often described by only consid-
ering the temporal evolution of the electric field vector.
This is at the heart of the dipole approximation which
neglects the magnetic component and the position depend-
ence of the light field. It is a surprisingly good approxi-
mation over a wide range of wavelengths and intensities
from the perturbative single-photon ionization regime of
the photoelectric effect over multiphoton ionization to
strong-field nonrelativistic tunnel ionization. Single-photon
ionization is dominated by electric dipole transitions [1,2].
The same holds in the nonrelativistic strong-field regime
where it is the time-dependent electric field that drives
tunnel ionization and determines the electron momentum
distribution in a good approximation [3,4]. Within the dipole
approximation, the momentum distribution of the emitted
electrons is forward-backward symmetric for single-photon
ionization [5] as well as for strong-field ionization [6].

The leading physical mechanisms which eventually lead
to a failure of the dipole approximation and a breaking of
the forward-backward symmetry of electron emission are
different for single-photon and strong-field ionization. For
single-photon ionization the dominating term beyond
electric dipole transitions is due to electric quadrupole
transitions. The interference between electric dipole and
electric quadrupole transitions leads to a breaking of the
symmetry and at high photon energies to a forward
emission of photoelectrons and backward emission of ions
[2,7-10]. The electric quadrupole transitions are due to the
spatial dependence of the electric field whereas the
transition amplitudes that are driven by the magnetic
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component of the field are typically much weaker [2]. In
contrast, for strong-field ionization the breakdown of the
dipole approximation [4,11-15] is commonly argued to be
due to the magnetic component of the light field that drives
the electron forward via the Lorentz force [16] (for the
effect of rescattering see Refs. [17-20]). However, the
temporospatial dependence of the electric field has not been
discussed so far for strong-field ionization at nonrelativistic
intensities. Up to now, no experimental evidence has been
presented which shows an influence of the temporospatial
nature of the light field in strong-field ionization that breaks
the forward-backward symmetry. It is the purpose of the
present Letter to provide that missing experimental evi-
dence and show how the temporospatial dependence of the
electric field alters electron momentum distributions in
strong-field ionization. We show that electric field driven
nondipole effects are as important as those caused by the
magnetic field, if a suitable observable is looked at.

We consider circularly polarized light, to avoid the
additional complexity caused by recollisions of the electron
with its parent ion. Upon ionization of an atom by a
circularly polarized, multicycle laser pulse at a wavelength
of 800 nm the electron momentum distribution has a
donutlike shape [blue shape in Fig. 1(a)]. The radius of
the donut in momentum space is approximately given by

(pr) =Ag=—, (1)

where p, =/ p? + p? is the radial momentum component

perpendicular to the light propagation direction, E is the
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FIG. 1. (a) Illustration of the donut shape of the electron momentum distribution from strong-field ionization in a circularly polarized
laser pulse and of the coordinate system that is used throughout our Letter. (b) Artist’s view of a combination of the two nondipole
effects. The magnetic component of the light field drives the donut forward by about U ,/c through the magnetic part of the Lorentz
force. The temporospatial electric field results in an increase of (p,) as a function of p, [purple line in (b)]. (c) Four classical trajectories
are calculated using the dipole approximation. The initial momenta after tunneling are chosen such that the final electron momenta mark
the edges of the blue square. Using the same initial conditions but including the magnetic component only (no spatial dependence of the
electric field) leads to the yellow quadrangle in (c¢) which is forward shifted and rotated with respect to the blue square. For the green
quadrangle in (d) the temporospatial electric field is considered and the magnetic field is neglected which leads to shearing of the
electron momentum distribution as indicated. In (c) and (d) the crosses indicate the centers of the quadrangles and the dashed lines
correspond to the naively expected forward shift of 0.5p2/c. For visual representation, both effects are amplified by a factor of
10 (see text).

laser’s peak electric field, w is the central frequency of the  parent ion are not taken into account [25]. The CTS model
laser pulse, and A, is the laser’s peak vector potential  is well suited to distinguish electric and magnetic field
(atomic units are used unless stated otherwise). When  driven nondipole effects. We assume adiabatic tunneling,
calculated within the dipole approximation, this donut is  i.e., that after tunneling the electrons have zero initial
symmetric with respect to the polarization plane (p,p,  velocity in tunnel direction and their velocity in both
plane). In pioneering work Smeenk er al. showed experi-  directions perpendicular to the tunnel direction is described
mentally that this momentum distribution is slightly by a rotationally symmetric initial Gaussian momentum
forward shifted by about U,/c [11] (U, = (E*/2w?*) is  distribution that is centered at zero momentum (analogous
the ponderomotjve energy and Up/C is the forward to Eq (9) of Ref. [26]). The electric and magnetic field of
momentum which classical mechanics predicts for an  the circularly polarized laser pulse are defined by
electron launched with zero initial velocity and accelerated 0
by a circularly polarized spatially homogeneous electro-
magnetic field.) Soon after, Klaiber et al. [21] predicted an - cos <wt —ce x)
additional forward shift of 1,/(3c) (with the ionization E(x,1) = Ey(t ¢ .
potential /,) which was confirmed by other calculations . »
[12,22,23] and an experiment [24]. In all cases, these Sin (wt—@’;x)
forward shifts were discussed to be due to the magnetic 0
component of the light field.

Figure 1(b) shows an artist’s view of the full nondipole - Eo(r) | —sin (a)t —le x)
effect in strong-field ionization (including the magnetic and B(x,t) = y—— ‘ . (2)
the electric nondipole effect) in cylindrical coordinates (p,,
p,)- To further investigate these nondipole effects, we use cos (a)t - g“‘é’x)
classical trajectory simulations (CTSs) consisting of two
steps. In the first step the electron is freed by laser-induced ~ Here, E((¢) is the temporal envelope of the light pulse. For

tunnel ionization. In a second step the electron’s accel-  a real light pulse one sets { = y = 1 while in the dipole
eration in the time- and position-dependent electromagnetic ~ approximation one sets { = y = 0.
field is described classically by Newton’s equation. For this Taking only the magnetic field into account ({ = O,

second step the Coulomb interaction of the electron and its ~ y = 1) leads to the well-known forward shift of the

053202-2



PHYSICAL REVIEW LETTERS 126, 053202 (2021)

donut-shaped electron momentum distribution by U,/c
[11] and an additional internal rotation of the electron
momentum distribution around its center by an angle of
about Ay/c as schematically illustrated in Fig. 1(c).
Importantly, the most probable radial momentum (p,) of
the distribution as a function of p, remains constant in
this case.

In full analogy, the effect of the temporospatial depend-
ence of the electric field E(x, t) alone ({ = 1, y = 0) can be
included in the calculations. The temporospatial electric
field E(x,t) leads to a shearing of the final momentum
distribution as compared to an electric field E() that is only
time dependent [see Fig. 1(d)].

Strikingly, the increase of the radius of the donut-shaped
electron momentum distribution as a function of p,, which
is shown in Fig. 1(b) from an artist’s perspective, can be
interpreted in analogy to the Doppler effect. In the lab
frame, electrons that propagate parallel (antiparallel) to the
light-propagation direction experience an oscillating force
with a frequency that is lower (higher) than the central
frequency of the incident laser field. The frequency of this
oscillating force is given by @(p,) = o(1 — p,/c) for a
light propagation direction that is parallel to p,. Using this
insight one can approximate the most probable radial
electron momentum (p,) for a given value of p,. To this
end Eq. (1) is generalized using @(p,) instead of @ which
leads to

<pr> (px) =

Sl

(I;X)z (1+apcx>A0 (3)

where a = 1 in this simplest case. Later, we will use a as a
fitting parameter to analyze the electric nondipole effect in
experimental data and compare the results to more sophis-
ticated theoretical models. But in a first step, the parameter
a is extracted from our CTSs for several scenarios that are
summarized in Table I. It is evident that a~ 1 if the
temporospatial dependence of the electric field is taken into
account (scenarios V and W in Table I). In particular, the
magnetic field does not significantly change the value of a.

The shearing of the momentum distribution which is
induced by the electric nondipole effect is quantified by the
value of a. The key point of the present Letter is to show
this shearing in an experiment and in numerical ab initio
simulations of the TDSE (time-dependent Schrodinger
equation).

TABLE L.

electromagnetic field [Eq. (2)] using a sin?

The experiment was performed using the same special-
ized COLTRIMS reaction microscope [27] and the same
laser setup as in Ref. [24] (also see Supplemental Material
[28]). The 25-fs laser pulses with a central wavelength of
800 nm and a repetition rate of 10 kHz are split into two
counter-propagating pathways A and B. In pathway A (B)
the light propagation-direction is parallel (antiparallel)
to p, and thus the light’s wave vector kp, is positive
(negative). In both pathways lambda-quarter and lambda-
half wave plates ensure that the laser pulses that enter the
vacuum chamber are circularly polarized. The two pulses
are focused from opposite sides to the same spot in the
xenon-gas jet. Shutters in pathways A and B toggled
between using the two possible pathways. This procedure
allows us to eliminate most systematical errors which is
essential, since the expected changes of the radius of the
donut are on the order of 0.001 a.u.

Figure 2(a) shows the measured electron momentum
distribution in cylindrical coordinates after integration over
the angle in the polarization plane [see Figs. 1(a) and 1(b)].
Here, the intensity of the laser pulses in the focus is
8.1 x 10"* W/cm? (peak electric field of 0.034 a.u.).
Figure 2(c) shows the same data as Fig. 2(a) after restricting
the momenta to 0.5 a.u. < p, < 1.1 a.u. The forward shift
of the electrons with 0.5 a.u. < p, < 1.1 a.u. that is due to
the magnetic field is not visible in Fig. 2(c) because it is
only (p,) = 0.0021 £ 0.0001 a.u. (value has been deter-
mined by a Gaussian fit). This forward shift is due to the
magnetic field and can be compared with the theoretically
expected value (p,)~ p?/(2¢)+1,/(3c) = 0.0027 a.u.
for p, = 0.68 a.u. [24]. (The experimental uncertainty of
(p,) only takes the statistical error into account.)

From the data shown in Fig. 2(c), we have determined
the most probable radial momentum using a Gaussian fit
for every bin along p,. The maximum of these Gaussian fits
is shown by the black line and referred to as (p, ). The
values of (p, 4) as a function of p, have a close to parabolic
shape. In the next step the light propagation direction is
inverted in the experiment and the analysis is done again
and the result is referred to as (p, ). For each of the two
resulting close to parabolic shapes the mean is subtracted
llSiIlg <ﬁr,A>(px) = <pr,A>(px) —da and <pr,B>(px) =
(Pr)(Px) — qp. Here, the scalar value g, is the mean in
p, obtained from a Gaussian fit using the projection of the
data shown in Fig. 2(c). ¢p is the mean for pathway B in full
analogy.

The parameter « at p, = 0 a.u. is determined from the CTS model for various scenarios regarding the definition of the
envelope with a total duration of 12 cycles.

Scenario Light field’s definition ¢ X a

T E (1), No magnetic field 0 0 0.00
U E(1), B(1) 0 1 0.00
A% E (X, 1), No magnetic field 1 0 1.07
w E@.1), B(1) 1 1 1.07
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FIG. 2. Experiment on the strong-field ionization of xenon by
circularly polarized light at a wavelength of 800 nm and an
intensity of 8.1 x 10'> W/cm?. (a) The electron momentum
resolved on the momentum along the light propagation-direction,
Py, and the radial momentum in the plane of polarization,

pr=1/p3 + p?, for a laser beam that has a propagation-

direction as indicated (ky, > 0). (c) The same as (a) but zooming
in and showing the most probable radial momentum, {p, 4), as a
function of p, (black line). The red data points (p, ) in (b) show
the same as the black line in (c) after subtracting a constant value
(see text). The blue data points, (P, g), show the analogue to the
red data points but for an inverted light propagation direction
(kph < 0). (d) S(px) = [<i’rA>(px) - <I~7r3>(px)]/2 is shown in
green. The red line is a linear fit to the green data points using « as
a free parameter for S(p,) = a(p,/c)A,. The value of
aAgp/a.u. = 1.43 +£0.23 is obtained from the linear fit and is
used as a figure of merit to describe the electric nondipole effect.
The error bars show the standard deviation of the statistical errors.

The results for (p,,) and (p,p) are presented in
Fig. 2(b). Within the dipole approximation the close to
parabolic shape would be forward-backward symmetric
and the p, dependence would be caused by nonadiabatic
effects and Coulomb interaction of the electron with its
parent ion after tunneling [29]. To disentangle the
symmetric contributions from the nondipole effects, the
difference

S(px) — <ﬁr,A>(px) ; <ﬁr,B>(px) (4)

is shown in Fig. 2(d). The slope of S(p,) = aAyp,/c is
found by fitting and we obtain a value of @ = 2.38 £ 0.38
(which includes the statistical error only). We estimate the
systematic error of a to be £0.42. As suggested by the
illustration in Fig. 1(b), we find that (p,)(p,) linearly
increases as a function of p, for ky, > 0. Thus, the
electrons flying in the forward direction show a larger
radial momentum than those that are emitted into the
backward direction. So qualitatively, the experimental

findings are in line with the expectation from Eq. (3).
We have repeated the experiment [28] using an intensity of
6.8 x 10" W/cm? (1.2 x 10'* W/cm?) and obtained
a=151%+031 (¢ =3.10£0.10) [32]. Thus, we find
that the experimentally obtained value of « increases as a
function of the light intensity [33].

For a quantitative comparison we have performed
numerical simulations of the 3D TDSE including nondipole
effects to first order in 1/c [14,24] and using an effective
potential for xenon [34] converted into a pseudopotential
for the 5p state at cutoff radius r,; = 2 a.u. [35]. Based on
the corresponding momentum distribution for a short
laser pulse with sin’-envelope of 3 cycles total duration,
the value of «a is obtained by a linear fit to
Stose(Px) = [(Pr)(Px) = (Pr)(=P.)]/2. The obtained val-
ues of a are shown in Fig. 3 for a wide range of intensities.
The values of a are in the range from 0.75 to 0.78 and are
systematically smaller than the naively expected value of
a =1 [see Table I and Eq. (3)].

To deepen our understanding of the electric nondipole
effect theoretically, we have also studied a quantum-orbit
model derived from the strong-field approximation [12,17]
(SFA) by application of a saddle-point approximation
(analogous to the procedure in Ref. [24]). The resulting
values of a are in good agreement with the TDSE result (see
Fig. 3) [36]. In particular, this shows that the long-range
ionic potential, which is not included in SFA, does not
significantly influence the value of @. The most important
difference comparing the SFA to the CTS model is that the
SFA incorporates initial momentum offsets, i.e., the initial
distribution of the freed electrons is not rotationally
symmetric at the tunnel exit [29]. In first order of 1/c
and leading order of the Keldysh parameter y = /21,/A,
the most probable momentum as a function of p, is
given by

0.86—

0.67
3
0.4r
0ol SFA
——— TDSE
0

80 100 120 140 160 180
intensity [10'2 W/cm?]

FIG. 3. Dependence of a at p, = 0 a.u. on the intensity for a
xenon atom at a wavelength of 800 nm that is obtained from a
numerical solution of the TDSE (red line) and using the SFA
(blue line). The adiabatic limit of @ = 5/6 (gray thick dotted line)
and the estimate based on Eq. (3) (gray thick solid line) are shown
as horizontal lines.
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1 Pﬁcz Ay
(Pr)(px) = Ao +3T%) (Ip +T> +?va (5)

with the shifted momentum p = p, — (U, +21,/3)/c
(for a light propagation direction that is parallel to p,).
The second quadratic term that is due to nonadiabatic offset
momenta is centered around the global maximum of the
momentum distribution. Using Eq. (5) it can be shown, that
in the adiabatic limit (y ~0) the slope of (p,)(p,) is
characterized by a = 5/6. However, on the other hand,
taking only the magnetic field after tunneling into account
(=0, y =1) the model predicts a value of a = —1/6
which can be shown but does not follow directly from
Eq. (5). Our simulation results show that the value of a does
not change by more than 20% if an ellipticity of ¢ = 0.8 is
used or spin-orbit splitting or the magnetic quantum
number of the electronic ground state is considered [28].
Possible explanations for the deviations comparing the
results from the TDSE and the experiment are, e.g.,
multielectron effects, which are not included in the sim-
ulation or the approximation of the atomic potential by a
pseudopotential.

In conclusion we have found that the temporospatial
structure of the electric field, that has been so far neglected
in the literature on tunnel ionization, alters the momenta of
the electrons emitted in strong-field ionization and leads to
an electric nondipole effect. Microscopically the electric
nondipole effect can be explained by the time-dependent
force that acts on the electron in the lab frame. This force is
due to the laser field and has a higher frequency for
electrons that are traveling antiparallel to the light propa-
gation direction than for electrons that travel with the light
wave. This change in effective frequency is analogous to
the Doppler effect and affects the energy that is transferred
to the electron. Thus, the forward-backward symmetry of
electron emission in strong-field ionization is broken not
only by the well-known magnetic nondipole effect but also
by an electric nondipole effect. We expect that the electric
nondipole effect will also have an impact on the energetic
position of ATI peaks.
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