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Controlling electron motion with attosecond precision by a shaped femtosecond intense laser pulse
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We propose a temporal double-slit interferometric scheme to characterize the shaped intense femtosecond
laser pulse directly, which can be applied to control electron tunneling wave packets with attosecond precision.
By manipulating the spectral phase of the input femtosecond pulse in the frequency domain, one single pulse is
split into two subpulses and their waveforms can be controlled by adjusting the spectral phase. In the interaction
between the shaped pulse and atoms, the two subpulses are analogous to Young’s double slit in the time domain.
The interference pattern in the photoelectron momentum distribution can be used to retrieve the peak electric field
and the time delay between two subpulses. Based on the characterization of the shaped pulse, we demonstrate
that the subcycle dynamics of photoelectrons can be controlled with attosecond precision. The feasibility of
this scheme is confirmed through quantum-trajectory Monte Carlo simulations and numerical solutions of the

three-dimensional time-dependent Schrodinger equation.
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I. INTRODUCTION

Since the advent of laser technology, precise control over
electron motion in atoms and molecules has become possible.
Considering the timescale of electron motion, femtosecond or
even attosecond lasers are indispensable to modulate electron
dynamics [1-4]. One can directly change the parameters of
a single laser pulse, such as the carrier-envelope phase [5],
wavelength [6], intensity [7], and ellipticity [8]. In addition,
one can also construct a pump-probe scheme by varying the
time delay between two femtosecond lasers [9-11] or one
femtosecond laser plus one attosecond laser [12—-17]. Re-
cently, direct combination of two-color laser fields to form
a shaped laser field in the temporal domain [18-22], which
can be controlled by varying the parameters of the two lasers,
has been applied to modulate the motion of tunneling electron
wave packets. Moreover, the technology of femtosecond pulse
shaping [23,24], which employs Fourier synthesis methods
to generate nearly arbitrarily shaped ultrafast optical wave-
forms with a single laser, has been successfully developed
to manipulate the evolution of a quantum system [25,26].
This technique can control various atomic and molecular
processes, such as high harmonic generation [27,28] and
strong-field ionization of molecules [29,30].
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How precise the control of electron dynamics can be
achieved depends not only on the ability to subtly alter
the laser field, but also on the accuracy with which it can
be characterized. Since the electron dynamics is sensitive to
the temporal shape of the laser field [19,31], the control of the
electron dynamics with attosecond precision requires higher
demands for the control and measurement of the laser field
in the time domain. Femtosecond pulse shaping is a ideal
solution due to its ability to temporally reshape the laser field
with great precision and flexibility. However, direct measure-
ment of the tailored laser field remains a challenge, which
limits further control of electron motion with high precision.
In practice, the shaped laser field is reconstructed based on
information of the input laser, which is equally difficult to
measure accurately. As a result, the shaped laser field can
only be estimated in an uncertain way, far from the require-
ments. In this work, by introducing the temporal double-slit
interferometer, we theoretically propose a scheme to directly
measure the shaped laser field. Numerical calculations esti-
mate the error to be within 5%. Based on this, control of
the electron tunneling wave packets in attosecond resolution
with a shaped femtosecond laser pulse is achieved. Atomic
units (i = m, = e = 1) are used throughout the paper unless
explicitly stated otherwise.

II. THEORETICAL FRAMEWORK
A. Methods of laser pulse shaping

First, we describe how the shaped pulse is obtained in
the experiment. The 4f pulse shaping system is a common

©2024 American Physical Society
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method that uses spectral phase modulation to shape the
pulse. This method is more accurate than those that control
the pulse shape in the time domain. The 4f pulse shaper
disperses the femtosecond laser pulse spatially onto a spa-
tial light modulator (SLM) using the first grating and lens.
In the Fourier plane, the pulse spectrum is split into differ-
ent frequency components to modulate their corresponding
amplitude and phase using the SLM. By applying specific
voltages to individual pixels (generally, 1 nm bandwidth can
correspond to six pixels) of the SLM, the optical path of
each pixel’s corresponding wavelength can be independently
varied, enabling precise control of the phase change for
these wavelengths. Subsequently, the phase-modulated laser
pulse propagates through another grating and lens, converting
the femtosecond laser pulse from the frequency domain to the
time domain (see [32] for details).

In theory, for a linearly polarized laser pulse, the temporal
electric field F (¢) in the polarized direction (z axis) is

F()=1Rf)ee. +cc., M

where F is the amplitude of the electric field, wy is the center
frequency (corresponding to wavelength Ag), and f(¢) is the
temporal envelope of the electric field that is assumed to be in
the Gaussian shape

fey=e"", )

with I" defining the full width at half maximum (FWHM) of
the laser pulse. The above laser pulse in the frequency domain
can be written as

+00

flw) = f)e " dr 3)

—0Q
by Fourier transformation. By adding a phase 7 to the
frequency spectrum in the frequency range o < wy, corre-
sponding to the wavelength range A > A, and applying the
inverse Fourier transform, we get

Ws +o00
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where (¢) is the temporal phase originated from the introduc-
tion of the 7 phase in the frequency domain. Finally, a shaped
electric field depending on w; can be rewritten as

F(w,.t) = 3Fol fi(ws, D)]e™ e, + c.c.
= Fylfi(ws, )] cos[at + 0(t)]e., (5)

where | f;(wy, t)] is the shaped temporal envelope of the elec-
tric field.

B. Time-dependent Schrodinger equation calculation

We numerically solve the three-dimensional time-
dependent Schrodinger equation (TDSE) within the
single-active-electron approximation. In the velocity gauge,
the TDSE reads

.0 V2 ,
tgllJ(r, t) = (—7 +V(r)—iA@)- V) v(r,t), (6)

where W(r, t) is the time-dependent electron wave function
and A(t) = — fioo F(t)drt is the vector potential. We use a
parametric model potential

Vir)= -0+ ae™® + azre™™" + ase ") /r 7

to represent the electron-core interaction for the Xe
atom. In this model potential, the parameters are a; =
(3.469, 0.684, 50.44,2.753,49.53,5.511) (i=1,2,...,6),
which are optimized to reproduce as accurately as possible
the valence state energies of the Xe atom with /, = 0.446
a.u. (12.13 eV). The initial magnetic quantum number m was
tuned to 0.

To solve the TDSE, the split-Lanczos propagator [33,34] is
used to propagate the wave function in time, which greatly im-
proves the efficiency of the traditional Lanczos propagator by
splitting the centrifugal potential from the Hamiltonian. In our
calculations, the wave function is expanded in a product basis
with spherical harmonics for the angular part and a finite-
element discrete-variable representation [35-37] for the radial
part. In addition, we adopt the wave-splitting technique [38] to
avoid the use of a very large radial box. The splitting error is
controlled by the preset time step dz. According to the wave-
splitting technology, at the end time ¢, of the propagation, we
obtain the final ionization amplitude f (K, 7,) by adding all the
amplitudes at time 7, where K is the photoelectron final mo-
mentum. Therefore, the differential ionization probability in
the x-z plane is P(k, 0) = k|f(k,0, ¢ = 0, tf)|2, where 6 and
@ are the azimuthal and polar angles in spherical coordinates,
respectively.

In our TDSE simulation, the FWHM of the laser pulse is 20
fs. The numerical convergence of the calculation has been ver-
ified. After a careful check, we find that L., = 50, R = 2400
a.u., and dt = 0.01 a.u. are sufficient to ensure the conver-
gence for the laser parameters chosen in this work. Note that
we choose an even parity of the initial state in the projection
to achieve agreement of the angular distribution between the
TDSE and quantum trajectory Monte Carlo (QTMC) results.

C. Quantum trajectory Monte Carlo model

In the QTMC model [39,40], the ionization rate is based
on the tunneling ionization theory of Ammosov, Delone, and
Krainov, i.e., W(t;, v1) = Wy(z;,)W; (v ), in which

3 —2(21,)*?
N = 32 1B (1) /21 —
Wo(t:) = 12(21,)"° /F (t;)| eXP( |3F (;)] ) ®

determines the ionization rate with respect to the tunneling
time #; and

1 21 2
Wiw1) = —[y/20/IF ()l exp <_@) ©

|F ()]

determines the initial transverse momentum distribution,
where 1, is the ionization potential, v, is the initial trans-
verse momentum, and F(#;) is the instantaneous strength
of the laser field. The electron tunneling exit is give
by z(t;) = —21,/F (t))/[1 + /1 + y?(#:)] [40], where y (t;) =
/27,@0 /F(¢;) is the Keldysh parameter. After ionization, the
classical motion of the electron in the combined laser field and
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FIG. 1. Sketch of the maps for ionization processes if Xe atoms
are exposed to (a) the unshaped single pulse and (b) the shaped pulse
with a time delay of Ar between the two subpulses. The PMDs are
simulated by the QTMC method. The laser intensity of the input
unshaped pulse is I, = 1.5 x 10'* W/cm?, the central wavelength
is A9 = 800 nm, and the pulse duration is 20 fs.

Coulomb field is governed by Newton’s equation
r=-VV(@)—-FQ@), (10)

where V (r) is the model potential of the Xe atom [Eq. (7)].
According to the Feynman path-integral approach, the phase
is given by the classical action

Sj(p,ti)=/ [p*(2)/2 + 1, + V (r)ldz, Y

where p is the instantaneous momentum of the electron. The
final distribution is obtained by the coherent sum of different
trajectories

2

(W12 = D\ W, v expl—iS;(p, 1)l . (12)
J

III. RESULTS AND DISCUSSION

As illustrated in Fig. 1, a conventional single femtosec-
ond intense laser pulse can be refashioned into a pair of
subpulses by adding a phase of m in the spectra from a
specific wavelength A, in the frequency domain. The shape
of the output pulse, which is mainly determined by the am-
plitude of the two subpulses and the time delay between
them, can be controlled by adjusting A;. The shaped laser
field corresponding to the specific A, is measured base on
the principle of Young’s double-slit interference in the time
domain [41]. The basic idea behind this technique is as fol-
lows. If atoms are exposed to a single, intense, unshaped laser
pulse, they will be ionized and exhibit a typical photoelec-
tron momentum distribution (PMD) characterized by a series
of above-threshold-ionization (ATI) rings separated by one

photon energy [6], as shown in Fig. 1(a). Meanwhile, the ATI
ring displays stripes at specific angles, known as a jetlike
structure. When the shaped pulse is used to ionize atoms,
the photoelectrons born in the two subpulses will interfere,
resulting in the ATI ring splitting into several subrings [see
Fig. 1(b)], while the jetlike structure survives. Similar in-
terpulse interference is theoretically observed in the case of
photoionization by an extreme ultraviolet (XUV) laser pulse
train combined with an infrared laser field [42], where ioniza-
tion is produced by the XUV pulse train while the phase of
the photoelectron is mainly determined by the infrared pulse.
The amplitude and the time delay of the two subpulses can
be retrieved by analyzing the positions and fringe spacing
of the subrings, just like what is done in Young’s double-slit
experiment for light. We call this technique Young’s temporal
double-slit interferometry. Then, by varying A, very subtle
changes of the shape of the tailored pulse can be characterized.
With this capability, we can manipulate the electron tunneling
dynamics with attosecond precision. Note that the temporal
double-slit interference in strong-field tunneling ionization
was first observed in few-cycle laser pulses [41]. At a particu-
lar carrier-envelope phase, ionization occurs for two dominant
durations in two adjacent optical cycles, on either side of the
maximum of the laser envelope. These durations are treated as
two slits in the time domain and produce interference fringes
in the photoelectron spectrum. In this work, there are also
two durations of ionization at the two subpulses, which are
treated as two temporal slits but with a much greater time
delay. Additionally, the time delay between the two slits in
the shaped pulse can be conveniently regulated, but that of the
few-cycle laser pulse is constant, approximately equal to the
optical cycle.

First, we will demonstrate that the subring structure in
Fig. 1(b) is the result of interference between ionization
events from different subpulses. In simulations of the QTMC
method, we can explicitly obtain the PMDs corresponding to
ionization events born in a selected range of time in the shaped
pulse. If the ionization is confined to a single subpulse, for ex-
ample, #; < 0 in Fig. 2(ai), the PMD shows features similar to
the case of the unshaped pulse: Clear ATT rings without split-
ting are modulated with a jetlike structure, as shown within the
white dashed lines in Fig. 2(b). The ATI rings with a spacing
of one photon energy are usually recognized as the result
of interference between electrons ionized in adjacent optical
cycles, which is known as intercycle interference [43]. The
jetlike structure can be attributed to the intracycle interference
of electrons ionized in an optical cycle [39], also known as
intracycle interference [41]. As shown in Fig. 2(aii), electrons
emitted at times #; and f;; possess an identical final mo-
mentum of p = —A(#;) within the strong-field approximation
(SFA) [44], where A(t;) is the vector potential. Subsequently,
these electrons will interfere, which can be demonstrated
explicitly by considering electrons ionized within only one
optical cycle [the region in the dashed box in Fig. 2(ai)], as
shown in Fig. 2(c). In this case, intracycle interference causes
the jetlike structure prevalence in the PMD.

Figure 2(b) suggests that ionizations in both subpulses are
necessary for the formation of the subring structure. If the
ionization times are limited to two symmetric half optical
cycles in the negative direction around the envelope maximum
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FIG. 2. (ai) Electric field F(¢) of the shaped pulse as a function
of time. (aii) Electric field and negative vector potential —A(¢) within
one optical cycle indicated by the violet dashed rectangle shown
in (ai). Here #;; and #, denote the ionization times of intracycle
interference trajectories which have the same final momentum with
a time difference é¢z. Simulated PMDs by QTMC are obtained by
considering electrons ionized at different time ranges: (b) #; < 0, (¢)¢;
in a single optical cycle enclosed by the dashed rectangle, (d) #; in
green regions, (e) #; in green and blue regions, and (f) #; in green, blue,
and red regions. (g) The PMD calculated by the TDSE. The white
dashed lines are used to indicate the subring and jetlike structure.
Here A; = 780 nm and the other pulse parameters are the same as in
Fig. 1.

of each subpulse [green regions in Fig. 2(ai)], the interference
of electrons ionized in these regions generates a multitude of
rings, as shown in Fig. 2(d). The spacing of these rings cor-
responds to that of the subring structure in Fig. 1(b). Further,
when electrons originating from adjacent half optical cycles in
the negative-field direction [blue regions in Fig. 2(ai)] are also
involved, adjacent intercycle interference comes into play and
the subring structure is modulated by ATI rings, as shown in
Fig. 2(e). Finally, by adding electrons ionized in the positive
electric field [red regions in Fig. 2(ai)], intracycle interfer-
ence results in the formation of the jetlike structure [within
white dashed lines in Fig. 2(f)]. This almost entirely repro-
duces the complete PMDs for the shaped pulse in Fig. 1(b).
Therefore, it can be concluded that the subring structure in
the PMDs of the shaped pulse is the result of interference
between the electrons ionized in the two subpulses, which
constitutes double-slit interference in the time domain. Ad-
ditionally, in Fig. 2(g) we also present simulated PMDs by
numerically solving the three-dimensional TDSE. The same
laser parameters that were utilized in the QTMC calculations
are applied. The TDSE-simulated PMD, which also features
the split ATI rings along with a jetlike structure [within the
white dashed lines in Fig. 2(g)], exhibits excellent agreement
with the QTMC results presented in Figs. 2(f) and 1(b).
Based on the principle of Young’s double-slit interference,
the interference fringes in the PMDs are used to retrieve the
peak field and time delay of the shaped pulse consisting of two
subpulses. The interference fringe spacing is closely related

to the time delay between the two subpulses. The relation can
be obtained based on the SFA [44], in which the Coulomb
field between the ionized electron and the residual core is
neglected. For an electron ionized at #; with final momentum
p. the classical action can be written as

© 1
S(p,t,):/ dz{z[p+A(t)]2+1p}. (13)

The phase difference AS between two trajectories ionized at
t» and t;; can be expressed as

AS = S(tin) — S(ti2)

PAo
=(E+1,+U,)Ar + o [cos(wptin) — cos(wotit)]
0
U, . .
— —[sin(2awot;2) — sin(2wot;1)], (14)
26()()

where At =tp —t;; and E = p2 /2. Here the vector poten-
tial A(z) is approximated as A(r) = —Ay sin(wot )e, for the
sake of simplification and U, = Fg /4y is the ponderomotive
energy.

For interference between electrons ionized at the two sub-
pulses, #;; and #;; are at the two envelope peaks of the shaped
pulse and Ar is equal to the time delay between the two
subpulses. If the time zero is chosen at the middle of the
shaped pulse, we have #;; + f;, = 0 due to the symmetry of
the two subpulses. Then the phase difference in Eq. (14) can
be obtained as

U
AS = (E +1,+U,)At — Lsin(wpAt) = 2mm.  (15)
wo
When the electron varies AE, which is just equal to the fringe
spacing of the subrings in the PMD, the phase difference
changes 2. Then the time delay Af can be extracted as

At = 21 /AE. (16)

Therefore, we only have to read the fringe spacing in the PMD
to obtain the time delay.

Further, once the exact value of m in Eq. (15) is known,
we can determine U, and thus determine the peak electric
field Fy of the shaped pulse. This can be achieved with the
help of the jetlike structure of the PMDs. The jetlike structure
has been widely discussed previously and can be explained
by either multiphoton ionization [45,46] or subcycle electron
wave-packet interference [47]. The number of nodes in the
jetlike structure on the ATI ring is closely related to the
number of absorbed photons [48]. In the case of ten nodes in
Fig. 1(b), this corresponds to an 11-photon channel. We can
deduce a guessed U, according to the energy conservation,
i.e., nwyg — I, — U, = E, which describes that a bounded elec-
tron absorbs n photons to overcome the binding potential 7,
plus the ponderomotive potential U, and eventually becomes
a free electron with energy E. Then we substitute the guessed
U, into Eq. (15) to make a correction to it by ensuring that
m is an integer. Eventually, both the peak electric field and
the time delay of the two subpulses are obtained for a specific
As. Varying A, will cause the shape of the tailored laser field
to change, resulting in the shift of interference fringes and
alteration of the fringe spacing. This can be seen clearly in
the angle-integrated energy spectra simulated by both QTMC
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FIG. 3. Energy spectra for shaped pulses simulated by the
(a) QTMC and (b) TDSE methods and the corresponding (c) ex-
tracted time delay At and (d) peak-electric-field strength Fy of the
shaped pulse at different A,. The actual values of Ar and F, are
also presented for comparison. The arrows in (a) and (b) are used
to indicate the subring used in Fig. 4.

[Fig. 3(a)] and TDSE [Fig. 3(b)] methods, in which the peaks
shift to the right and the spacing between them decreases
when A, increases. Applying Young’s temporal double-slit in-
terferometry, At and Fy for different A, are extracted from the
simulated photoelectron spectra, as shown in Figs. 3(c) and
3(d). For comparison, we also present the actual values read
directly from the shaped pulse. The results retrieved for both
QTMC and TDSE methods are found to be in good agreement
with the actual values within 5% error, which proves the
accuracy of the interferometer. From Figs. 3(c) and 3(d) it can
be observed that the time delay and peak electric field vary
almost linearly with A;. Therefore, by obtaining the slope of
the A, dependence in experiments using only a few data points,
we can directly read the time delay and peak intensity for other
As from the curve without having to measure them with the
help of the PMD. For example, the slope of the time delay
versus A, in Fig. 3(c) is approximately 1097 as/nm; then the
corresponding step of the time delay for the shortest step of
adjusting A, that can be achieved, i.e., 0.2 nm, would be 220
as. It is worth noting that there is a larger deviation of the
TDSE reconstructed values of Fy from the actual values com-
pared to the QTMC results. This deviation can be attributed
to the averaging effect of the laser electric field. The final
PMD is the sum of contributions from electrons ionized at
different laser fields with varying probabilities. Thus, the Fy
extracted from the PMD represents an average laser field that
is lower than the peak electric field. The QTMC calculations
employ the Ammosov-Delone-Krainov formula to determine
the field-dependent ionization rate, which is highly sensitive
to the laser field. The spectra are primarily influenced by
ionization at the peak electric field, resulting in the extracted
value of Fy being closer to the peak electric field even after
averaging the laser electric field. In contrast, the ionization
rate in TDSE calculations is less sensitive to the laser electric
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FIG. 4. Angular distribution corresponding to a specific subring
at different A, simulated by the (a) QTMC and (b) TDSE methods.
The positions for peaks pl and p2 are indicated by vertical lines.
(c) Curves obtained from Eq. (18), illustrating how the ionization
time difference §t between the two interfering electron trajectories
contributing to the two peaks (labeled p1 and p2) in (a) and (b) can be
extracted from the curves. (d) Extracted A,;-dependent 8t correspond-
ing to peaks pl and p2. The actual values of 8¢ obtained through
the statistics of the trajectories in the QTMC simulations are also
presented for comparison. The subrings used above are indicated by
arrows in Figs. 3(a) and 3(b).

field, making the averaging effect more prominent. This is
supported by the shift of the energy peaks in the spectra in
Fig. 3(b) simulated by the TDSE method compared to that
in Fig. 3(a) obtained by the QTMC method. As a result, the
TDSE extracted Fy differs more from the actual values of the
peak laser electric field compared to the QTMC results.

The precise control of electronic dynamics becomes possi-
ble after accurately characterizing the electric-field waveform
of the shaped pulse. The A ,-dependent subring structure
in the PMDs has demonstrated the ability of the shaped
pulse to control the dynamics of tunneling wave packets.
However, this kind of manipulation of electron motion is
limited to half the optical cycle (1.3 fs for the 800-nm laser
pulse), since the subring structure is the result of the in-
tercycle interference, although the precision of modulating
the time delay between the two subpulses can be achieved
on the attosecond scale. In fact, along with the ability to
control the time delay of the shaped pulse, we can also pre-
cisely modulate its peak-electric-field strength concurrently
[see Fig. 3(d)]. Here we exploit the latter capability to control
the electron subcycle dynamics with attosecond precision. For
this purpose, we investigate the photoelectron angular distri-
bution featured with a series of peaks, corresponding to the
jetlike structure in the PMDs, which is sensitive to the peak
electric field. Examining the jetlike structure for a specific
subring, we find that the peaks in the photoelectron angular
distribution simulated by both the TDSE and QTMC methods
shrink towards 90° (perpendicular to the laser polarization)
with increasing Ag, as shown in Figs. 4(a) and 4(b). Since
the jetlike structure is the result of the intracycle interference,
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its evolution with A, indicates the possibility of manipulating
the electron dynamics with subcycle precision. This subcycle
dynamics is characterized by §¢, the difference in ionization
time for the two interfering electron trajectories born within an
optical cycle, as sketched in Fig. 2(aii), which can be extracted
from the angular distribution by phase analysis. In the case
of intracycle interference leading to the jetlike structure, the
two interfering trajectories ionized at different times #;; and #;,
in an optical cycle but with the same final longitudinal mo-
mentum p, satisfy the condition wy(t;; + #2) = 2k + 1)m,
where k is even for p, > 0 and odd for p, < 0. So the phase
difference in Eq. (14) can be rewritten as

2V2EF,
AS = (E + 1, + U,)st — ~"Lcos 6] sin (%&)
Wy

U, .
— — sin(wpét), a7

wo
where 6t = t;; — t;; is the ionization time delay between the
two trajectories and 0 is the angle between the photoelectron’s
emission direction and the laser polarization. The peak at
a specific angle 6 in the angular distribution occurs when
the phase difference between the two trajectories experienc-
ing the intracycle interference reaches 2m, which gives the
relationship

2V2ER
(E +1,+ Upst — ~"2|cos 0] sin (%&)
Wy

— ﬂ sin(wydt) = 2mir. (18)
wo

Given the photoelectron energy E and peak-electric-field
strength Fj, a specific relationship between &¢ and 6 for certain
m values can be established using the mean values of E
and Fp at different A,. This relationship can be determined
through the curves provided by Eq. (18), which are illustrated
in Fig. 4(c). According to the phase analysis, if one counts the
number of peaks in the angular distribution starting from 90°,
the first peak corresponds to the largest m allowed by Eq. (18),
the second peak corresponds to m — 1, and so on. Therefore,
8t for peak pl in Fig. 4(a) should be extracted from the curve
of m =5 and 4t for peak p2 should be read from the curve of
m = 4, as illustrated in Fig. 4(c). In Fig. 4(d) we present the
ot extracted from spectra simulated by the QTMC and TDSE
methods at different A, which exhibits a decreasing trend in
the dependence on ;. We also provide the actual values of §¢
obtained through the statistics of the trajectories contributing
to the peaks in the QTMC simulations. The good agreement
between the extracted §¢ for both the QTMC and TDSE
methods with the actual values supports the validity of the
extraction method. The results in Fig. 4(d) clearly demonstrate
that the subcycle electronic dynamics, characterized by ¢, can
be manipulated with attosecond precision by regulating the
shaped laser field. The slopes of the curve for § extracted
from peaks pl and p2 are approximately 4 and 7 as/nm,
respectively. Note that there is a greater discrepancy between
the extracted and actual values for peak pl compared to peak
p2. There are three types of electron trajectories involved in
the formation of p1 and p2 when the Coulomb field is included
[39]. The first type is direct electrons and the second type is
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FIG. 5. (a) PMD calculated by the QTMC method including the
focal-volume-averaging effect (FAE), where A; = 780 nm and the
peak laser intensity is 1.5 x 10'* W/cm?. The corresponding A
dependences of (b) the extracted time delay Az, (c) the peak-electric-
field strength Fy of the shaped pulse, and (d) &¢ corresponding to
peaks pl and p2 are compared with the actual values.

indirect electrons with a large initial transverse velocity. The
latter can return to the parent ion’s coordinate in the direc-
tion of laser polarization, but with a significant perpendicular
distance due to the electrons’ large initial transverse velocity.
They will only experience a slight deflection from a ballistic
trajectory. The third type refers to rescattering electrons with
a small initial transverse velocity, which return to collide with
the parent ion and experience a stronger influence from the
parent ion. Peak pl comes from the interference between all
three types of trajectories, while peak p2 is only due to the
interference between the direct and indirect trajectories. If
the Coulomb effect is not taken into account, both peaks are
formed by the constructive interference between the direct
and indirect electrons. In Eq. (18) we do not consider the
Coulomb effect or the contribution of rescattering electrons
in our extraction process. Therefore, the difference between
the extracted and actual values for peak pl is larger than that
for p2.

Finally, to demonstrate the applicability of our scheme in
the actual experiments, we apply focal-volume averaging to
the numerical calculations of the QTMC method, as shown
in Fig. 5. The subring structure in PMDs still persists after
focal-volume averaging, and the jetlike structure agrees well
with the results presented in Fig. 1(b). Based on the focal-
volume-averaged PMD, we can employ the aforementioned
workflow to extract the time delay At [Fig. 5(b)], the peak-
electric-field strength Fy [Fig. 5(c)] of the shaped pulse, and §¢
corresponding to peaks pl and p2 [Fig. 5(d)]. The agreement
of the extracted results and the actual values in Figs. 5(b)—
5(d) supports the reliability of our retrieval methods in the real
experiments.
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IV. CONCLUSION

In summary, we have proposed a Young temporal double-
slit interferometer to characterize the shaped laser field. By
reversing the phase of the frequency spectra from a specific
wavelength A, a conventional single femtosecond pulse is
split into a pair of subpulses in the time domain after the
Fourier transform, whose shape can be precisely controlled
by adjusting A;. Based on the principle of Young’s double-slit
interference in the time domain, in which the two subpulses
are analogous to the double slit, the peak electric field and
the time delay between them can be retrieved from the in-
terference pattern in PMDs to within 5% error. With this
capability, we showed that the subcycle dynamics of the
electron can be controlled with shaped pulses and the pre-
cision of the control is in the attosecond scale. The above
scheme was proved to be feasible by both QTMC and TDSE
simulations.

In real experiments, it is necessary to consider unavoidable
experimental errors, but they have little effect on the precision
of this method. The pulse shaper introduces experimental
errors to the phase change, which have two aspects. First,
the properties of the liquid crystal of the SLM vary with
temperature. After stabilizing the temperature of the SLM,
the error in phase modulation is typically less than 0.3%.
Second, the error in voltage modulation of the phase is less
than 0.2%. These minor phase errors have minimal impact on

the temporal shape of the laser pulse. Additionally, varying the
intensity of the initial laser pulse may induce energy shifts in
the spectra, potentially affecting the precision of this method.
However, the fluctuation of the initial pulse from pulse to
pulse is less than 1%, which corresponds to errors below 1%
in the energy spectra. Therefore, the impact on precision is
minimal. It is worth noting that the shaped pulse consisting
of two subpulses can also be regarded as the construction of
a pump-probe scheme. Our work demonstrated that the time
delay between the pump and probe pulses can be manipulated
with attosecond precision. In addition, the proposed scheme
can also be extended to circularly polarized laser fields to be
combined with attoclock technology, which may be capable of
probing and controlling electronic dynamics with even higher
precision.
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