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Abstract. Coherent light has revolutionized scientific research, spanning biology, chemistry and physics. To
delve into ultrafast phenomena, the development of high-energy, highly tunable light sources is instrumen-
tal. Here, the photoelectric effect is a pivotal tool for dissecting electron correlations and system structures.
Particularly, above-threshold ionization (ATI), characterized by the simultaneous absorption of several pho-
tons leading to a final electron energy well above the ionization threshold, has been widely explored, both
theoretically and experimentally. ATI decouples laser field effects from the structural information carried
by photoelectrons, particularly when utilizing ultrashort pulses. In this contribution, we study ATI driven
by polarization-crafted (PC) pulses, which offer precise scanning over the electron momentum, through an
accurate change of the polarization state. PC pulses enable the manipulation of photoelectron momentum
distributions, opening up new avenues for understanding and harnessing coherent light. Our work explores
how structured light could allow for a proper understanding of emitted photoelectrons momentum distri-
butions in order to distinguish between light structure effects and target structure effects.

1 Introduction

Coherent light has guided, for the last decades, count-
less advances in different areas of sciences, ranging from
biology to chemistry and physics [1–5]. It is now cus-
tomary, in many optics laboratories, to explore the
frontiers of natural processes at temporal scales close
to the electron motion in atoms, molecules and larger
structures [3]. This landscape of research is only pos-
sible thanks to the development of ultrashort laser
pulses with a duration of the order of attoseconds [6–
8]. Advances in this technology toward the creation
of tabletop setups of higher-energy attosecond light
sources, which would allow us to investigate nature on
unexplored energy and timescales, are one of the cor-
nerstones of attosecond science.

One of the typical uses of coherent light is the pho-
toelectric effect. Here, both single and multi-photon
absorption are key to understand, for example, elec-
tron correlations or structural properties of the sys-
tems under investigation. The ionization of atoms by
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the simultaneous absorption of several photons arises
as one of the fundamental nonlinear effects, together
with high-harmonic generation (HHG) [9–11], where
a complete new chapter of the light–matter interac-
tion was necessary to fully describe the seminal exper-
imental observations [9,10,12,13]. The simultaneous
absorption of several photons leading to a final electron
energy well above the ionization threshold, known as
above-threshold ionization (ATI), has been investigated
during several decades both theoretically and experi-
mentally [12,14]. Understanding photo-absorption pro-
cesses allows us to decouple the influence of the strong
laser field in photoelectron dynamics from the struc-
tural information that photoelectrons could carry, espe-
cially when very short pulses are used [15]. In this sense,
ATI is a well-established phenomenon to study struc-
tural properties of the target systems, either atomic or
molecular, since it inherits information on the bound-
to-free and re-scattering continuum–continuum elec-
tronic transitions. With the advent of carrier-envelope-
phase (CEP) stabilization mechanisms, the ATI played
a paramount role in demonstrating CEP effects in the
observed photoelectron spectra. This was proved exper-
imentally by measuring correlation between photoelec-
trons emitted in opposite directions [16]. Without the
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CEP stabilization, the effect on the photoelectron spec-
tra normally averages out because the random phase
of the electromagnetic field that each pulse carries. In
another interesting application, the diffraction pattern
generated by re-scattered electrons was used to infer
changes in the molecular bond lengths of oxygen and
nitrogen molecules [17]. This self-imaging of molecules
provides a powerful technique by which the changes of
the molecular bond lengths can be followed in real time
[17,18]. In addition, with the experimental development
of laser light carrying angular momentum [19], it is
now possible to decouple the multi-scattering nature of
ATI from the inter-pulses interference effects. New pulse
synthesis thus open the door to investigate, understand
and manipulate coherent light with unexplored degrees
of freedom [5,20].

From the theoretical point of view, energy-resolved
photoelectron distributions, as well as two-dimensional
(2D) photoelectron momentum spectra (the angular
distribution of electrons in both the parallel and per-
pendicular directions with respect to the laser field
polarization), can be calculated by solving the time-
dependent Schrödinger equation (TDSE) [21–23] or by
semiclassical approaches [24]. The three-dimensional
TDSE is able to reproduce, with a high degree of
accuracy, the experimental results for atomic targets
modeled within the single active electron approxima-
tion. However, we should mention two main drawbacks,
namely (i) that it is computationally expensive and
(ii) that is very difficult to extract information about
the underlying physical mechanisms. Contrariwise, the
strong field approximation (SFA) offers a clear frame-
work for examining the different contributions giving
rise to the final photoelectron distributions. Added to
this, the SFA is computationally far less expensive yet
giving good qualitative results. Furthermore, the solu-
tion of the TDSE for all degrees of freedom involved
in the problem is often difficult or even impossible to
find. By using the SFA, Suárez et al. [10] were able
to characterize the ATI process in terms of direct and
re-scattered electrons. This is an step forward to fully
decouple the distinct contributions to the ATI process
and opens a way to extract structural properties of
both atomic and molecular targets. More recently, in
Ref. [25] it was demonstrated that, by using amplitude–
polarization (AP) attosecond pulses, the emitted elec-
tron angular momentum could be controlled. The pos-
sibility of tailoring the attosecond pulse polarization
has the potential to unlock the investigation of com-
plex physical systems.

In this work, we investigate the ATI phenomenon
driven by polarization-crafted (PC) pulses, for which
AP pulses are a special case. The use of PC pulses
allows us to continuously change the electron emis-
sion direction and presents an approach to fine-tune
the degree of collimation in the photoelectron emission
direction. The complete understanding of the highly
focused laser-generated electron beams could be use-
ful for extracting information for both the laser pulse
itself and the atomic or molecular target.

The manuscript is organized as follows: In Sect. 2,
we first define PC laser fields and show how to use
their time delay, relative phase and amplitude ratios for
crafting their polarization state. In Sect. 3, we present
atomic ATI calculations, obtained from the solution of
the three-dimensional (3D) TDSE, using two short laser
fields with variable time delay and phase between them.
Here we show how the different photoelectron momen-
tum distributions closely follows the PC laser field oscil-
lation direction. In Sect. 4, we present the photoelectron
momentum distributions using long PC laser pulses and
show how by modifying the laser field amplitudes’ ratio
one can change the photoelectron momentum distribu-
tions. Finally, the conclusions are included in Sect. 5.

2 Polarization-crafted (PC) laser pulses

We first revise the concept of PC pulses, and then, we
show how they can be used to steer the electron dynam-
ics. For this purpose, we compute the photoelectron
spectra of an hydrogen atom, when interacting with
a laser field synthesized from two 800-nm ultrashort
laser fields with variable relative phase, time delay and
peak amplitudes between them. Our study is divided
in two regimes, depending on the temporal duration
of the laser pulses, i.e., we analyze the use of short and
long laser pulses. For calculating the photoelectron ATI
spectra, we used the Q-prop 3D TDSE solver [23].

A PC pulse results from the coherent superposition
of two linearly polarized orthogonal electromagnetic
fields, i.e., E(t) = Ex(t)x̂ + Ey(t)ŷ, with no restric-
tion on their phases, time delay and amplitudes. This
is in contrast to the AP pulses, for which the difference
between the CEP phase of both pulses and amplitude
of each component is always the same. Here we used
sin2-shaped pulses for the numerical results presented
in this and the following sections. Thus, each of the elec-
tric field components, Ex(t) and Ey(t), can be written
as:

Ex(t) = E0,x sin2

(
ω0t

2nc

)
sin(ω0t + φx), (1a)

Ey(t) = E0,y sin2

(
ω0(t − δt)

2nc

)
sin(ω0(t − δt) + φy),

(1b)

where E0,x = E0√
1+ε2 (E0,y = εE0√

1+ε2 ) is the laser field
peak amplitude in the x (y)-direction, ω0 the laser field
central frequency, nc the number of total cycles and
δt and φx (φy) are the time delay and carrier-envelope
phase (CEP) of the x (y) laser field component, respec-
tively.1 The time delay between the pulses is defined in

1 Note that our definition contains the conventional ellip-
tical polarized fields for δt = 0 and allow us to define the
laser intensity as I = E2

0 , independent of the value of ε.
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Fig. 1 Polarization-crafted (PC) pulses. (a) Lissajous curves for δt = T/2 and ratios ε = 1, 1/2 and 1/4 in red, blue and
black, respectively. (b) Same as panel (a) but with δt = T . (c) Lissajous curves for ε = 1 (red solid curve) and 1/4 (black
solid curve) with δt = T/4. In all cases, we set φ = 0 and nc = 16. (d) Definition of the angles θ and α (see the text for
more details)

the range δt = [0, T ]. It is worth mentioning here that
the simulation temporal window presented in this and
the following sections will be adjusted accordingly to
include both laser pulses completely. We also define the
relative phase φ = φy −φx. This quantity is instrumen-
tal for the control of the laser field shape, as we will
see in the next sections. Notice that by forcing φx = φy

and E0,x = E0,y one recovers the well-known AP pulses
described, for instance, in Refs. [5,20]. Here, however,
we explore all the possible ways to fine-tune the polar-
ization state of the driving laser field. In Ref. [5], the
pulse temporal width, used to investigate HHG with
Gaussian-shaped AP pulses, was set to 2Δt and 5Δt
(Δt is the full width at half maximum), corresponding
to ≈ 6 and 15 total optical cycles, nc,

2.1 Effect of the laser electric field amplitudes’ ratio

By changing the ratio ε = E0,y/E0,x between the laser
field amplitude components in Eqs. (1a) and (1b), for a
fixed time delay δt, it is possible to change the angle of

the total laser field with respect to the plane Ey = 0,
i.e., we obtain a linear-like Lissajous curve. Further-
more, for certain values of δt (see next section), we get
a circular-like Lissajous curve. Here, the change in the
ratio shrinks the total laser field in the direction of the
component with smaller amplitude. We show these gen-
eral features in Fig. 1a and b.

We depict the Lissajous curves for 3 different laser
field amplitudes’ ratios ε = 1, 1/2 and 1/4 (red, blue
and black curves in Fig. 1a and b, respectively), and two
different time delays δt = T/2 in Fig. 1a (T = 2π/ω0 is
the optical period) and δt = T in Fig. 1b, keeping the
relative phase at the value φ = 0. Figure 1c shows the
resulting Lissajous figures for a time delay correspond-
ing to δt = T/4 and two different amplitudes’ ratios,
ε = 1 and 1/4, in red and black, respectively. Experi-
mentally, changing the ratio between the amplitudes of
the laser field components corresponds to change the
angle on the initial incident laser field with respect to
the normal to the propagation direction. This change
must be done before the laser field enters the birefrin-
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Fig. 2 Temporal evolution of the angle, θ, calculated from
Eq. (2). The red, blue and black solid curves are the θ values
for the parameters used in Fig. 1a. In the same plot, the
dashed red and dashed black curves are for the case of ε = 1
and δt = T/4 and δt = 3T/4, respectively

gent medium used to set their relative time delay [5,26].
This initial incident angle corresponds, in our current
description, to the angle θ, measured it with respect to
the plane defined for Ex = 0, as shown in Fig. 1d. For
ε = 1, θ takes the values −π/4 or π/4, for δt = T/2
and T , respectively. For the same time delays and ratio
ε = 1/2 (ε = 1/4), θ takes the value ±0.35π (±0.45π).
In the next section, we show how to analytically calcu-
late the angle θ.

2.2 Effect of the time delay

By changing the time delay δt in Eq. (1b), it is also
possible to modify the shape of the Lissajous curves
formed by the two orthogonal laser fields. For example,
if the delay is set to δt = nT/2, with n an integer, the
Lissajous curves have a distinct line-like shape. How-
ever, if δt = (2n−1)T/4 the Lissajous curves transform
into a circular-like shape, defining a circular polarized
laser field with time-dependent ellipticity. This time-
dependent ellipticity steers the electron in such a way
that the electron re-scattering with the parent ion is
avoided. For a fixed laser electric field amplitudes’ ratio,
ε, it is possible to obtain the evolution of the angle, θ, as
a function of the time delay, δt. To calculate θ, we use
the expression tan(θ) = ε sin(ω(t − δt))/ sin(ωt). Then,

θ = arctan

(
ε
sin(ω(t − δt))

sin(ωt)

)

=

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

− arctan
(
ε cot(ωt)

)
, for δt = T/4

−επ/4, for δt = T/2

arctan
(
ε cot(ωt)

)
, for δt = 3T/4

επ/4, for δt = T.

(2)

for a sin2-shaped pulse. This allows us to use a similar
set of temporal parameters in the present contribution.

Fig. 3 Classical electron velocity for (a) δt = T/2 and (b)
δt = T , calculated by integrating the two-dimensional clas-
sical equations of motion of an electron in the laser electric
field given by Eqs. (1a) and (1b) (red curves in Fig. 1a and
b). We use here E0 = 0.0998 (a. u.) and nc = 15 cycles

The different cases of Eq. (2) are presented in Fig. 2.
Here, we depict in red, blue and black, the results of
Eq. (2) with a time delay of δt = T/2 and for ε = 1, 1/2
and 1/4, respectively. The dashed red and dashed black
lines show the case for ε = 1 and δt = T/4 and δt =
3T/4, respectively. We can see that (i) θ is constant
during one full laser cycle for δt = nT/2, and (ii) θ
varies with time for δt = (n + 1)T/4.

From Eq. (2), we can define an AP laser field with
constant polarization, e.g., setting θ = π/4. Likewise,
Eq. (2) includes AP laser fields with variable polariza-
tion as well, when θ = arctan

(
cot(ωt)

)
. Notice that AP

pulses are only possible if φx = φy = 0 and ε = 1. From
PC pulses, changes in time delays, δt, and amplitude
ratios, ε, allow us to tailor the angle θ and polarization
state of the AP laser fields. Here, it is then interest-
ing to ask: What is the final photoelectron momentum
distribution when PC pulses interact with atoms?

To get insight about the electron dynamics, we
can start calculating the resulting electron velocities
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Fig. 4 Parametric plots for different values of the laser
field relative phase, φ. In red and blue we plot the field’s
parametric plot with φ = π/2 (φx = 0, φy = π/2) and
φ = 0 (φx = 0, φy = 0). The time delay for both cases is the
same, δt = 0 and T/2, respectively. Notice that for the case
of AP pulses, a relative phase change of π will only change
the position of the petals and not the shape of the total laser
field. This is shown by the black curve for which we used
φ = 0 but with each laser field phase given by φx,y = π/2
and a time delay between the pulses of δt = T/2

by solving the two-dimensional classical equations of
motion for one free electron in the laser electric fields
defined by Eqs. (1a) and (1b). Here, we set the time
delays between the pulses as δt = T/2 and δt = T . The
results are presented in Fig. 3a and b, respectively. The
classical electron velocities resemble the fields presented
in Fig. 1a and b. It is important to mention that the
classical velocities show a larger angular spreading as
the delay between the pulses increases. This will have a
clear impact on the ATI spectra, as we show in the next
sections using the quantum mechanical simulations.

2.3 Angular distribution of the electron velocity

For linear-like PC fields and time delays values of T/2
and T , it is possible to define the angle, α, between the
largest laser field amplitude oscillation and the follow-
ing one, as shown in Fig. 1d. Since the angular classical
velocity (momentum) distribution, Fig. 3, resembles the
laser field shape, Fig. 1a and b, the angle α is useful to
investigate the angular distribution of the photoelec-
trons. To calculate such an angle, we compute the ratio
between the laser electric field components envelopes.
By expanding the ratio and taking only the linear terms
in t and δt, we arrive to:

Fig. 5 Parametric plots of the laser field components and generated 2D photoelectron momentum distribution for the case
of short PC pulses. The relative time delay between the laser fields components is δt = T/4 for (a) and (b), δt = T/2 for (c)
and (d) and δt = T for (e) and (f). It is clear from (d) and (f) that the angular aperture of the photoelectron momentum
distributions increases with the time delay, as predicted by Eq. (3). For all the plots, we used ε = 1 and nc = 6 cycles
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Fig. 6 Effect of the relative phase in the 2D photoelectron
momentum distributions. In (a), the relative phase between
the laser fields is φ = 0 (φx = φy = 0), in (b) φ = 0
(φx = φy = π). In all the cases, nc = 6 cycles

α = arctan

(
ε
sin2(ω(t − δt)/(2nc))

sin2(ωt/(2nc))

)
− ε

π

4

≈ arctan

(
2
3
ε
ω2t

n2
c

δt

)
− ε

π

4
+ O(δt2). (3)

The validity of Eq. (3) is restricted to small time
delays around δt = T/2 and δt = T , since for other
time delay values, circular polarized fields appear, as
shown in Fig 1c. For a laser field with nc = 6 cycles,
ω = 800 nm, δt = T/2 and t = T/2, α ≈ 10o. For the
same laser parameters, but with nc = 15 cycles, Eq. (3)
predicts a smaller angle, α ≈ 1o. Thus, by increasing
the number of cycles we can manipulate the collima-
tion of the photoelectron momentum distribution when
PC laser fields are used. Comparing Eq. (3) with the
results presented in [5], we see a smaller increase in
the angle as the time delay increases. However, Eq. (3)
is more general, considering we have kept the ratio
between the orthogonal laser field amplitudes. Overall,
from Eq. (3), we can conclude that the angle between
successive petals increases with the time delay. Con-

trarily, for a fixed time delay, by increasing the num-
ber of cycles, the photoelectron momentum distribution
becomes more collimated around the angle, θ. Likewise,
we can use the ratio between the laser fields ampli-
tudes to change the angular distribution of the electron
momentum and the angle α. This means that we can
vary the amplitudes ratio to select the electron emission
angle, as already shown in Fig. 1a. This is consistent
with the fact that, reducing the amplitude of one of the
laser fields components, the excursion of the electron in
such a direction gets reduced as well. It is important to
remark that the angular dependence of the photoelec-
tron distributions with the number of cycles and the
time delay is only valid for time delays that are multi-
ple integers of T/2. For time delays that are multiple
integers of T/4, the angle θ has not meaning since it
changes with time, as shown by Eq. (2).

2.4 Effect of the relative phase

Until now, we showed that the classical electron
velocities can be tuned accordingly to the changes in
the laser electric field components amplitudes ratio, ε
and its relative time delay, δt. In addition, by modi-
fying the CEPs φx and φy of each laser electric field
components, we can change the Lissajous curves from
a circular-like to a line-like shape. Thus, using the rela-
tive phase φ we have three different methods to manip-
ulate the electron dynamics. Figure 4 shows the para-
metric plots of the laser field components for a con-
stant time delay δt = T/2 and two different relative
phases, namely φ = 0 (red solid line) and φ = π/2
(blue solid line). Here, the most remarkable feature is
that the Lissajous curve is unique for a fixed pair of
time delay, δt, and relative phase φ (solid black line).
Experimentally, this opens the possibility of character-
izing the CEP: For example, by measuring the pho-
toelectrons produced by ultrashort PC laser fields one
could extract variations in the CEP from pulse to pulse
if the time delay between the pulses is fixed. This is
because the time delay, δt, together with the amplitude
ratio of the laser field’s components, ε, and the relative
phase φ define a unique Lissajous curve, which conse-
quently gives rise to a unique photoelectron ATI spec-
tra. This technique, however, would be limited to the
degree of time delay stabilization. More importantly,
the PC laser fields could provide a novel way to charac-
terize the CEP for pulses with many cycles, where the
direct CEP measurement is difficult.

3 ATI driven by short PC fields

In the previous sections, we demonstrated how the
manipulation of the field’s components amplitude ratio,
ε, time delay, δt, and relative phase allows us to tailor
the laser electric field, that, in turn, will produce dis-
tinct photoelectron distributions. Additionally, we illus-
trated that specific time delays can result in a laser
pulse exhibiting time-dependent ellipticity. This occurs
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Fig. 7 (a, b) 2D photoelectron momentum distributions plotted as Cartesian plots as a function of the polar angle, ϕ,
and the photoelectron momentum, k; (c) cut of the plot (a) at k = 0.2 a.u; (d) cut of the plot (b) at k = 0.7 a.u.; (e, f)
cut of the plots in (a) and (b) at ϕ = 2.3. In (a), (c) and (e) δt = T/2 and in (b), (d) and (f) δt = T/4

when δt = (2n − 1)T/4. Furthermore, the time delay
between the laser electric field components determines
whether the electron undergoes multiple re-scatterings
with the parent ion or not. For example, a delay of δt =
T/4 leads to the total absence of re-scattering. Con-
versely, for δt = T/2, there are multiple re-scattering
events as the electron intersects the ion position repeat-
edly. It is then instrumental to distinguish between
these features to understand if the observed photoelec-
tron spectra is formed by multiple re-scattering events
and/or by intra-cycle interference [23]. This distinction
is particularly important for molecular structure char-
acterization [17].

In order to study how the different PC pulse con-
figurations tailor the photoelectron spectra, we drive
an hydrogen atom with short and long laser PC pulses
and compute the 2D photoelectron momentum dis-
tributions, i.e., the distribution of final photoelectron
momenta in an x − y plane, due to the action of
the external laser field, using the 3D TDSE Q-prop
solver [23]. For the case of short PC pulses, we set the
number of cycles nc = 6 (total duration ≈ 16 fs) and the
laser field central wavelength λ = 800 nm (ω = 0.057

a.u.). Furthermore, the laser field amplitude is set to
E0 = 0.0534 a.u., the amplitude ratio of the laser field’s
components to ε = 1, and the CEP of each component
as φx = φy = 0.

The calculated 2D photoelectron momentum distri-
butions and laser electric field components are pre-
sented in Fig. 5. Figure 5a shows the parametric plots of
the laser field components with a time delay δt = T/4.
The resulting ATI spectrum is depicted in Fig. 5b. Here,
the shape of the 2D photoelectron momentum distribu-
tion is typical for atoms driven by circularly polarized
fields [27]. Figure 5c, e and d, f shows the correspond-
ing parametric plot of the laser fields and the resulting
2D photoelectron momentum distribution for the case
of a time delay δt = T/2 (δt = T ). Several charac-
teristics predicted by Eq. (3) for linear-like PC fields
have a clear impact on the computed ATI 2D photo-
electron momentum distributions, namely (1) the pho-
toelectron momentum distributions closely follow the
shape of the PC pulses, (2) Fig. 5c–f evidently shows
that, for the specific time delays used, with an ampli-
tudes ratio ε = 1, the angle is θ = ±π/4, and (3) the
angular distribution angle, α, increases with the time
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Fig. 8 Parametric plots of the laser field components and generated 2D photoelectron momentum distribution for the case
of long PC pulses. Here nc = 16 and the time delay δt = T/2. (a) and (b) ε = 1, (c) and (d) ε = 1/2 and (e) and (f)
ε = 1/4

delay between the laser electric field components. This
results in a more spread angular distribution in the 2D
photoelectron momentum, as shown in Fig. 5d and f.

We investigate the effect of the CEP of the x and y
laser field components in the 2D photoelectron momen-
tum distribution. Figure 6 shows two different cases
with the same relative phase φ = 0, but different phases
in the x and y field components, namely φx = φy = 0
in Fig. 6a and φx = φy = π in Fig. 6b. We observe
a flip of π in the structures for these two cases. The
same features are observed between φx = φy = π/2 and
φx = φy = 3π/2 (no shown here). It is worth mention-
ing, however, that it will not be possible, in principle, to
fully characterize the CEP with this observable, given
the fact that considerable changes in its value would be
needed. (In our case, we have changed the individual
phases by π.)

As shown previously, the 2D photoelectron momen-
tum distributions generated with PC pulses (see Figs. 5
and 8 in the next section) closely follow the direction of
the laser electric field. It is, however, important to dis-
sect these 2D photoelectron momentum distributions,

in order to extract additional information, namely (a)
the collimation of the photoelectron distributions and
(b) the underlying physics.

To understand the differences in the 2D photoelec-
tron distributions between particular cases of AP and
PC pulses, in Fig. 7 we plot them now as a Carte-
sian plot, as a function of the polar angle, ϕ, and the
photoelectron momentum, k. These spectra were com-
puted using two different values for the time delay,
namely Fig. 7a δt = T/2 and Fig. 7b δt = T/4. The
photoelectron distribution for δt = T/2 shows narrow
angular distributions around the angles 3π/4 and 7π/4,
distributed along the whole photoelectron momentum
range (0-1 a.u.). This feature can be better observed if
we make a “cut” at the photoelectron momentum values
for which the photoelectron distributions exhibit a max-
imum. Thus, in Fig. 7c we use k = 0.2 a.u and in Fig. 7d
k = 0.7 a.u. From these plots, we can clearly notice that
for δt = T/2 the photoelectrons are emitted within a
narrow angular range. Likewise, for δt = T/4 the pho-
toelectron distribution maxima are larger around the
same angles, but they exhibit a collimation in the elec-
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tron momentum as well (see the “islands” around to
k ≈ 0.6 − 0.8 a. u.).

As discussed in Ref. [22], fields with variable polar-
ization, like the one used to obtain Fig. 7, drive the elec-
tron away from the parent ion, preventing re-scattering
(the laser-ionized electron misses the parent ion when
the direction of the laser electric field reverses) and
altering the emission times and trajectories. To analyze
these aspects, we now focus on a particular polar angle,
φ = 2.3 rad. In the energy region below 2Up, direct
electron emission is dominant, so we focus our discus-
sion on direct ATI. Distinct interference patterns are
clearly observed in Fig. 7e and f. These features could
be due to the interference of direct wave packets emitted
at different ionization times. As demonstrated through-
out the manuscript, the pulses used in our simulations
significantly modify the electron dynamics (e.g., emis-
sion times and trajectories), making it likely that the
observed interference pattern results from direct ATI.
We plan to explore this feature further by implement-
ing an SFA-based model, where direct and re-scattered
contributions can be disentangled, in a follow-up pub-
lication.

4 ATI driven by long PC fields

We also investigate the 2D photoelectron momentum
distributions for long PC pulses. Here, we use nc = 16
cycles (≈ 43 fs) and φx = φy = 0. We show, in Fig.
8, the parametric plots for the laser field with differ-
ent laser field amplitudes’ ratios, namely (a) ε = 1, (c)
ε = 1/2 and (e) ε = 1/4. The resulting 2D photoelec-
tron momentum distributions are presented in panels
(b), (d) and (f), respectively. In all these cases, we have
set δt = T/2. Once again, as predicted by Eq. (3), we
can see that θ is sensitive to the values of ε. As men-
tioned before, experimentally, this scenario corresponds
to change the initial incidence angle of the fundamen-
tal field. Additionally, as predicted by Eq. (3) a slightly
narrow angular dispersion is observed in the 2D photo-
electron momentum distributions.

5 Conclusions

By solving the 3D time-dependent Schrödinger equa-
tion (TDSE), we have demonstrated that the photo-
electron momentum distributions can be continuously
tuned by using both short and long polarization-crafted
(PC) laser fields. The uniqueness of these laser fields lies
in their ability to finely adjust the laser field polariza-
tion through three distinct parameters: the amplitude
ratio, the time delay and the relative phase between the
orthogonal field components. These parameters play a
crucial role in altering the angle of the electron momen-
tum distribution and its angular spreading, ultimately
affecting the collimation of the photoelectrons. Since
these parameters effectively characterize the electron

momentum, additional information can be gleaned from
the resulting ATI spectra. By fixing the time delay and
the amplitude ratio, one could, in principle, indepen-
dently characterize the carrier-envelope phase (CEP)
of the pulse, although the sensitivity of the observables
to this parameter appears to be relatively low. More-
over, although the experimental implementation of var-
ious PC laser fields may pose challenges, it is attainable
within today’s laser laboratories. Therefore, PC pulses
offer additional means to customize photoelectron emis-
sion, enabling the generation of photoelectron distribu-
tions with desired angular and energy characteristics,
for example.
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