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We present a scheme to synthesize a three-dimensional laser field that produces a chiral electron momentum
distribution upon strong-field ionization of atoms. Our approach employs two orthogonally propagating two-
color laser beams. This results in a time-dependent three-dimensional electric field vector of the combined light
field that varies for different positions within the focal volume. For each position, we conduct a simulation of the
corresponding electron momentum distribution that includes nonadiabatic dynamics and Coulomb interaction
after tunneling. For suitable laser parameters, only a small region of the focal volume contributes to the final
momentum distribution. Thus, integrating over all position coordinates, a specific chiral laser field dominates.
This leads to a volume-averaged electron momentum distribution, which is chiral, as well. This work will serve as
a benchmark for future strong-field experiments aiming at the synthetization of well-defined, three-dimensional

laser fields.
DOI: 10.1103/8pnf-fmqt

Introduction. Strong-field ionization can occur when an
atom or molecule is irradiated by a strong laser field [1]. This
process strongly depends on the symmetries of the driving
light field. Pioneering work on strong-field ionization was
performed using linearly, circularly, and elliptically polarized
light [2-11]. In 1999, Becker et al. suggested using two-color
light fields to generate elliptically polarized high harmonics
[12]. Later, these fields were also successfully used to study
ionization processes [13—15]. This variety of experimentally
available laser electric fields enabled the study of a wide range
of phenomena, such as the production of spin-polarized elec-
trons, m-selective tunneling, and Wigner time delays [16-22].
However, all experiments on strong-field ionization had in
common that they were driven by laser fields with a time-
dependent electric field that was restricted to either a line (e.g.,
linearly polarized light) or a plane (e.g., circularly polarized
light). We refer to these fields as one-dimensional (1D) and
two-dimensional (2D) light fields, respectively.

The reduced dimensionality causes a major limitation for
studies of strong-field ionization in the tunneling regime. This
is because tunneling acts like a filter and liberates a part of
the bound electronic wave function close to the tunnel exit
position [11,21,23]. Since the tunnel exit position is governed
by the direction of the electric field vector, all possible tunnel
exit positions are restricted to be close to a line for 1D light
fields or a plane for 2D light fields. This restriction makes it

“Contact author: geyer@atom.uni-frankfurt.de
fContact author: eckart@atom.uni-frankfurt.de

Published by the American Physical Society under the terms of the
Creative Commons Attribution 4.0 International license. Further
distribution of this work must maintain attribution to the author(s)
and the published article’s title, journal citation, and DOI.

2643-1564/2025/7(3)/L032061(7)

L032061-1

difficult to access three-dimensional (3D) properties of atoms
and molecules when using 1D or 2D light fields.

The goal of this Letter is to overcome this limitation of
dimensionality and suggest a scheme allowing the study of
ionization by 3D light fields. The main challenge to be met
is that the desired three-dimensionality of the time-dependent
field vector comes at the price of a strong position dependence
of the 3D laser electric field across the focal volume.

Pioneering theoretical work proposing 3D light fields in-
cludes using noncolinear laser beams [24-28] or vortex light
[29] to synthesize 3D light fields. Those 3D light fields could,
for example, be used for the detection of enantiosensitive
observables [29], all-optical enantiopurification [24], the gen-
eration of chiral atoms [28], ultrasensitive chiral spectroscopy
based on high-harmonic generation in 3D light fields [26],
or to study light-matter interaction in three dimensions in
general [30]. Previous theoretically proposed methods did not
allow for the synthesization of light fields that lead to chiral
electron momentum distributions upon strong-field ionization
of an achiral target (e.g., a rare gas atom) [24,25,31]. Although
former studies have shown that it is possible to have one
dominating handedness of the electric field’s Lissajous curve
over the entire focal volume (see “globally chiral light” [25]),
the Lissajous curve of the laser electric field and the negative
vector potential were position dependent in previous work
and thus they varied across the focal volume. Since the neg-
ative vector potential significantly determines the electron’s
dynamics after tunneling [6,32-34], such a light field leads
to an electron momentum distribution, which has properties
that are not related to a single negative vector potential but
to a distribution of vector potentials as in experiments one
inevitably integrates over the entire focal volume.

In contrast, in this Letter, we present a scheme for creating
a well-defined globally chiral laser field that produces a chiral
electron momentum distribution upon strong-field ionization
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FIG. 1. Three-dimensional laser electric field and corresponding
negative vector potential. Panel (a) shows the Lissajous curve of a 3D
laser electric field £ (r) in light and dark orange and its projections.
The arrows show the electric field vector at different instants of time.
The two alternating colors mark the 12 time intervals into which the
field is divided for the simulation. Panel (b) shows the corresponding
negative vector potential —A(r) in black and gray in full analogy to
panel (a).

of an argon atom in the ground state. Here, “well-defined”
refers to a situation where only one electric field (with one
defined handedness) and the corresponding negative vector
potential dominate the ionization process. The measurable
electron momentum distribution will serve as a test case to
evaluate whether the driving light field is indeed a well-
defined 3D light field. Such a driving field is ideally suited to
study another domain of chiral light-matter interaction. While
previously the chirality was determined by the target, for this
class of laser fields the chirality of the driving light field gov-
erns the interaction. In our proposed approach the combined
electric field and the combined negative vector potential are
both chiral and have a well-defined handedness even within
the dipole approximation.

To prove the feasibility of this scheme, we conduct a nu-
merical simulation that combines the strengths of strong-field
approximation (SFA) and a classical two-step (CTS) model,
which is well established for the simulation of strong-field
ionization in 2D light fields [35-38]. The simulation method
is described in the second section. In the third section, the
properties of the globally chiral laser field that is used to gen-
erate chiral electron momentum distributions are described.
The globally chiral laser field is generated by overlapping
two perpendicularly propagating two-color laser beams. Due
to the relative phase of the two laser pulses, many different
3D Lissajous curves for the laser’s electric field exist within
the focal volume, all contributing to the measured electron
momentum distribution. In the fourth section, we will show
that, due to the highly nonlinear nature of tunneling as a
function of the magnitude of the laser field, it is possible to
choose field parameters that ensure that only those regions
in the focal volume contribute to the ionization signal where
the 3D light field has a well-defined handedness. This leads
to a chiral electron momentum distribution based on realistic
experimental conditions. Eventually, the chirality of these mo-
mentum distributions will be quantified using a scalar-valued
figure of merit.

Simulation method. Figure 1 shows a 3D laser electric field
E(r) and the corresponding negative vector potential —A(r).
Here, E (1) is the superposition of a counter rotating two-color
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FIG. 2. Position-dependent three-dimensional laser fields from
perpendicularly propagating CRTC and CoRTC fields. Panel
(a) shows a schematic sketch of the two laser beams crossing. One
of the laser beams is a CRTC field and the second beam is a CoRTC
field, as indicated by the insets in orange. In the overlapping region
(focal volume), 3D laser fields emerge. The relative phase of the
CRTC and CoRTC field ¢, is position dependent (purple colorbar).
The combined 3D electric field and the resulting ionization proba-
bility depend on ¢,.. Panel (b) shows the approximated ionization
probability W for one optical cycle as a function of ¢, calculated
with the ADK ionization rate (blue line) and the rate based on SFA
(black crosses). Panel (c) [panel (d)] shows the negative vector poten-
tial in black for ¢, = 2.6 [¢,. = 5.1] and the corresponding 3D final
electron momentum distribution calculated with the combined SFA
and CTS model. Panel (c) shows the same negative vector potential as
in Fig. 1(b). Please note that panels (c) and (d) both have two shared
colorbars, one for the 3D isosurfaces and one for the 2D projections.
Due to normalization, the maximum value of 1 is only reached in a
very small volume (in only one or a few bins of the histogram). To
ensure that the isosurfaces represent a larger (visible) volume, the
highest value of the discrete scale is chosen to be 0.8.

(CRTC) laser field propagating in the y direction (polarization
plane 1: E.E, plane) and a corotating two-color (CoRTC)
laser field propagating in the z direction (polarization plane
2: E(E, plane). The Lissajous curves of the CRTC and the
CoRTC light fields are shown in Fig. 2(a). The 3D laser field
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shown in Fig. 1 is used throughout this Letter. E(r) is given
by Eq. (1). Here, E;¢1 », Eic1.205 Erc2.0, and E;c2 2, are the field
maxima of the single colors, €1 ., €cl,20s €20, ANd €162, 20
are the ellipticities of the single colors, ¢rc1.w, Prel. 200 Pre2.os
and ¢, 2, are the phase offsets of the single colors, ¢, and
¢ro are the phase offsets of the 2w fields relative to the w
fields, and ¢, is the phase offset between the two beams that
propagate in orthogonal directions [39].

In order to simulate the electron momentum distribution
that emerges upon strong-field ionization of an atom using the
3D light field from Fig. 1, we use the following approach: In
the first step, an electron is liberated through tunnel ioniza-
tion. The tunneling probability, the initial electron momentum
distribution, and the tunnel exit position are determined by
SFA in the length gauge [40,41]. In the second step, the

J

electron propagates classically in the combined potential of
the remaining ion and the laser field (CTS model) using the
initial conditions from SFA [33]. Since SFA is usually defined
within a single polarization plane, we divide £ (¢) into small
time intervals for the 3D case (here 12 time intervals are used;
see Fig. 1). To test the convergence of this approach, we varied
the number of time intervals using up to 100 time intervals
and did not find relevant deviations. For each time interval,
the electric field can be approximated by a 2D light field
lying in a plane. These planes are referred to as instantaneous
polarization planes and are defined by two vectors: the electric
field vector in the middle of the corresponding time interval
and its time derivative. For each time interval, the electric
field is approximated as the superposition of two elliptically
polarized fields with frequencies w and 2w.

Ex(t) = Etcl,a) . cos(wt) + Eth,w 2w " Sin(wt + Dac + wtCZ,w)

+ Etcl,Za) : COS(2(,()[ + <ch1) + Eth,Za) *Cr122w " Sin(zwt + zwac + Dte2 + (pt02,2w)v
Ey(t) = Etc2,w : cos(a)t + (puc) + Ez‘c2,2w ‘ COS(ZCL)I + 2(puc + (ptc'Z)v

Ez(t) =Etc'l,w *Cel,w * sin(a)t + ¢tc‘l$w) + Etcl,Zw * el 2w " Sin(za)t + Drel + wrcl.Zw)' (1)

The intensities, ellipticities, orientation of the elliptical axis,
helicities, and the relative phase of the w and 2w polarization
ellipses are fitted to approximate the fields in the respec-
tive segment of the 3D electric field’s Lissajous figure. This
approximated 2D field is then used to obtain the initial con-
ditions of the electrons at the tunnel exit from SFA. The
electrons are then propagated classically in the presence of the
time-dependent 3D laser field and the Coulombic potential.
Integrating the results of this procedure for all time intervals
within one cycle of the driving light field results in the electron
momentum distribution shown in Fig. 2(c). We have calcu-
lated one million trajectories for this distribution. To test for
convergence, we redid the simulation for Fig. 2(c) using 50
million trajectories and did not find relevant differences. For
the sake of completeness, we have analyzed the percentage of
electrons that recollide with their parent ion to be 0.5% (de-
termined by counting the number of trajectories that approach
their parent ion to within 5 a.u.) for the electric field discussed
in this work.

Position-dependent 3D laser field. To produce 3D laser
fields in the laboratory, one can use noncolinearly propagat-
ing laser pulses. Figure 2(a) shows a schematic sketch of a
CRTC laser beam and a CoRTC laser beam crossing. In the
overlapping region (focal volume), a 3D laser field emerges.
The purple colorbar indicates the relative phase of the two
beams ¢, [see Eq. (1)], which is position dependent. In
Fig. 1, the value of ¢, is set to 2.6. However, for different
values of ¢,., the shape of the laser field and negative vector
potential vary. We will overcome this limitation by exploiting
that in our scheme the approximated ionization probability
W, integrated over one optical cycle, varies as a function
of ¢,, which can be used for an improved intensity gating
[25]. The electron momentum is mainly determined by the
negative vector potential. Thus, the key to generating chiral
electron momentum distributions is to find a scenario where

(

the ionization rate is dominated by regions of a certain relative
phase for which the negative vector potential shows a chiral
Lissajous figure. The scenario shown in Fig. 1 is one example
that satisfies these conditions as we demonstrate in Fig. 2(b).
Here, W is shown as a function of ¢,.. W is evaluated using
both the Ammosov-Delone-Krainov (ADK) wapk [33,42] and
SFA wspa approaches and is calculated by integrating the rate
over one full cycle of the 3D laser field:

T
W () = f nok s (Bt 9u))d ®)
0

It is found that ¢,. = 2.6 has the highest contribution to the
overall ionization probability per optical cycle. Figure 2(c)
shows the negative vector potential in black for ¢, = 2.6 and
the corresponding 3D final electron momentum distribution
calculated with the combined SFA and CTS model. Figure
2(d) shows the same as Fig. 2(c) but for ¢, =5.1. It is
evident that choosing a different ¢,. can modify the negative
vector potential and the final electron momentum distribution
significantly. Even though both momentum distributions from
Figs. 2(c) and 2(d) contribute to the total momentum distri-
bution, it is evident that the distribution shown in Fig. 2(c)
clearly dominates due to a higher ionization probability.
Chiral electron momentum distribution. Figure 3(a) shows
the same laser electric field and negative vector potential as in
Figs. 1(a) and 1(b). Figure 3(b) shows the corresponding final
electron momentum distribution [the same as in Fig. 2(c)]. To
prove that the electron momentum distribution displayed in
Fig. 3(b) is chiral, we introduce a figure of merit that quantifies
chirality. This measure of chirality is closely related to the
method in Ref. [43]. To this end, the original distribution from
Fig. 3(b) is referred to as P. Then, P is normalized to fulfill
[ Pdp.dpydp, =1 and the center of gravity of the distribu-
tion is taken as the origin. P is the point-mirrored version of P.
Next, P is rotated around the x, y, and z axis (rotation angles
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FIG. 3. Chiral electron momentum distributions. Panel (a) shows the same laser electric field and negative vector potential as Figs. 1(a) and
1(b). The orange dots mark the two peak electric fields and the black dots the corresponding negative vector potentials. The arrows indicate the
temporal evolution. Panel (b) shows the final electron momentum distribution for the laser field shown in panel (a), which is the 3D field with
the highest ionization probability in the studied scenario [see ¢, = 2.6 in Fig. 2(b)]. Panel (c) illustrates that the distribution in panel (b) is
chiral (see text for details and note that for an achiral distribution the histogram would be empty and the chirality value would be zero). Panel
(d) illustrates that there is a range of 3D fields contributing to ionization in full analogy to panel (a) if the entire focal volume contributes. To
this end, E (1) is calculated for all values of ¢, that are indicated in Fig. 2(b). The electric field and the negative vector potential are filled into
the histogram in panel (d) and weighted with the maximum ADK rate of the combined electric field. Panel (e) shows the total final electron
momentum distribution, which is the sum of all electron momentum distributions for the ten values of ¢,.. Panel (f) shows the same as panel
(c) for the distribution in panel (e). It is evident that panel (e) is a chiral electron momentum distribution.

@, 0, and n), and the resulting distribution is referred to as
Bo(p, 0, n). If P were chiral, it cannot be superimposed on its
mirror image Ismt(go, 0, n), even after rotation or translation. In
contrast, if P were achiral, then P can be rotated in a way that
P and P, (¢, 0, n) are identical. The chirality value jcy of P
is calculated via

rev Z(ff‘eir;[l —f\/ﬁ Pm(w,é’,n)dpxdpydpz] €)

An optimization algorithm is used to find the chirality value
Uey. For an achiral distribution, ey would be 0. For a very
chiral distribution, the chirality value would be significantly
different from O (and might even be close to 1). For the chi-
rality value, the three corresponding rotation angles are such
that the overlap of P and P (¢, 8, ) maximizes. The chirality
value for the electron momentum distribution in Fig. 3(b) is
pev = 0.09. Figure 3(c) shows P — P to visualize that the
distribution in Fig. 3(b) is a chiral distribution. The red and
blue isosurfaces correspond to the regions of P and P, that
do not overlap. If P were an achiral distribution, the histogram
in Fig. 3(c) would be empty.

The 3D histogram in Fig. 3(d) visualizes the presence of
different laser electric fields and negative vector potentials in
the entire focal volume. Since E (¢) varies as a function of the

position in the focal volume, a range of 3D fields contributes
to the ionization probability when integrating over the focal
volume. Figure 3(d) visualizes the weighted occurrence of
all laser electric fields within the focal volume. To this end,
all electric field vectors are filled into a 3D histogram and
weighted with the values from Fig. 2(b). The same is done
for —A(z, @qc)- This procedure results in Fig. 3(d) showing
which electric fields and which negative vector potentials
mainly contribute to the overall ionization probability. The
3D isosurfaces show E (t) in orange and —K(t) in black, with
the opacity of the isosurface indicating the relevance of the
corresponding E(r) and —A(r).

Figure 3(e) shows the total final electron momentum
distribution, which is the sum of all electron momentum dis-
tributions for the ten different values of ¢,. from Fig. 2(b),
weighted with their approximated ionization probability Wsga .
The distribution shown in Fig. 3(f) is generated the same way
as Fig. 3(c) but quantifies the chirality of Fig. 3(e). The sum
of all electron momentum distributions [see Fig. 3(e)] has a
chirality value of ucy = 0.11. It is evident that the electron
momentum distribution from the volume-averaged signal is
still a chiral distribution.

The final momentum distribution shown in Fig. 3(e) is
dominated by contributions from electric fields that have
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values of ¢, that are close to 2.6 [see Fig. 2(b)]. The field
parameters in this work were chosen such that the Lissajous
curve for the electric field with the highest ionization probabil-
ity and the total final momentum distribution are both chiral.
For a different set of field parameters, W (¢, ) is not necessar-
ily peaked at a single value of ¢,., leading to a mixture of dif-
ferent 3D laser fields with similar ionization probability. How-
ever, there are many other sets of laser parameters that can be
used to generate a well-defined chiral 3D field dominated by a
single peak in the distribution W (¢, ). Besides, it is also pos-
sible to generate well-defined 3D fields that produce electron
momentum distributions that have very low chirality values.
Conclusion. In conclusion, we present a simulation ap-
proach for strong-field ionization of single atoms in 3D laser
fields and use it to demonstrate how to synthesize well-defined
3D laser fields that lead to chiral electron momentum dis-
tributions under realistic experimental conditions. Both the
nonadiabatic tunneling dynamics and the Coulombic poten-
tial after tunneling are included in our simulation. The 3D
laser fields are generated by overlapping two perpendicularly
propagating two-color laser beams. The relative phase ¢, of
the two beams is position dependent and thus gives rise to a
position-dependent 3D laser field. The variation of ¢, across
the focal volume is taken into account for the calculation of
the total final electron momentum distribution. Not all values
of ¢, contribute equally, as the ionization probability varies
significantly with ¢,.. Both the electron momentum distribu-
tion for the single 3D field with the highest ionization prob-
ability and the focal-volume-integrated distribution are chiral
distributions for the field parameters considered in this work.

The proposed scheme establishes a benchmark for gener-
ating well-defined 3D laser fields under realistic experimental
conditions and opens a path toward systematic studies of
strong-field ionization in 3D light fields as anotherclass of ex-
periments. Beyond fundamental interest, such 3D fields could
enable all-optical enantiopurification [24], the generation of
chiral bound electronic states [28], advances in laser-induced
electron diffraction [44,45], and the investigation of subcycle
interferences [8,46—48]. Eventually, 3D laser fields may also
be combined with pump-probe schemes using noncollinear
laser beams [49]. Furthermore, the results of this work sug-
gest that the angular distributions of emitted high harmonics
in 3D laser fields may be influenced by the spatial grating
[W (¢q4c)] formed by the 3D field as well as by the 3D proper-
ties of the electron wave packet at the tunnel exit [23,50,51].
Finally, the concept introduced in our manuscript could be
used to design 3D light fields tailored for probing molecular
structure and chirality via high-harmonic generation, offering
different possibilities for ultrafast imaging, as well as to con-
trol chemical reactions and electron dynamics harnessing the
three-dimensionality of the driving laser field [24,25,52,53].
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