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We investigate photoelectron momentum distribution (PMD) from strong-field ionization of Ar by a

polarization-gated (PG) pulse constructed by a left circularly polarized and a time-delayed right circularly
polarized carrier-envelope phase stabilized few-cycle laser pulse. We experimentally demonstrate the feasibility
of using a PG pulse to precisely control the interferences between electron wave packets (EWPs) released at
different times within one optical cycle. In contrast to previous works where the various types of intracycle

interferences are usually hardly resolved and separated, our work shows that, with this specific PG control
scheme, it becomes possible to create a highly distinct interference pattern composed of well-separated structures
produced by different types of intracycle interferences in the measured PMD. Quantum trajectory Monte Carlo
simulations reproduce well the experimental findings and uncover the physical mechanism behind this subcycle

control of EWPs with a PG pulse.
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I. INTRODUCTION

Interference lies at the heart of quantum mechanics.
The most conceptually important interference experiment is
the double-slit scheme, which was first demonstrated with
the light wave, well known as Young’s double-slit experiment
over the centuries and later on extensively expanded to matter
waves by, e.g., electron diffraction [1-3]. In recent years, a
versatile scenario of the double-slit interference effects has
been identified via strong-field and attosecond physics studies
[4—16]. Therein an atom or a molecule is tunnel ionized in
an intense femtosecond laser field, creating ultrashort elec-
tron wave packets (EWPs) at different times or different
positions [17,18]. The emitted wave packets with the same
final momentum will interfere with each other, creating rich
interference features in the final photoelectron momentum
distribution (PMD), which contains a wealth of information
about the structure and ultrafast dynamics of the system
[19-23].

The most prominent EWP interference in strong-field ion-
ization is the intercycle interference, for which the repetitive
EWPs released at a time interval of one optical cycle inter-
fere with each other, forming the well-known above-threshold
ionization (ATI) peaks in the PMD [24,25]. In addition, there
are several types of interference that originate from EWPs
emitted within one laser cycle, including intracycle interfer-
ence produced by the direct EWPs emitted from adjacent
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or nonadjacent quarter cycles of the laser pulse [26-28] and
the photoelectron holography (PH) that originates from inter-
ference of the direct and the laser-driven rescattering EWPs
[19,29-31]. In particular, intracycle interference has attracted
much attention recently since it could provide deep insight
into the attosecond electronic dynamics during the tunneling
ionization process [32-34]. However, in order to accurately
extract attosecond electronic dynamics from intracycle inter-
ference, one needs to clearly resolve and separate various
intracycle interference patterns in the PMD, which are al-
ways buried in a wealth of other more prominent structures,
e.g., intercycle interference and PH structures. Several exper-
imental schemes have been attempted to achieve this goal.
Early experimental works [4,35] have demonstrated that a
few-cycle laser pulse can be used to suppress the intercycle
interference and to distinguish the identifying characteristic of
the intracycle interference. However, in this scheme, different
intracycle interference and pronounced forward-rescattering
PH patterns are strongly mixed in the PMD [36]. Recently,
an orthogonally polarized two-color (OTC) pulse has been
employed to separate different intracycle interferences in the
PMD [27,37]. Nevertheless, for the multicycle characteristic
of the OTC field employed so far, the intercycle interference
unavoidably contributes a strong background and smears out
the intracycle interference structures heavily.

In this paper we employ a polarization-gated (PG)
pulse consisting of two counterrotating circularly polarized
and carrier-envelope phase (CEP) stabilized few-cycle laser
pulses, to demonstrate experimentally subcycle precise con-
trol of the intracycle interferences. The key to achieve this
goal relies on the strong dependence of the attosecond
electron wave-packet dynamics on the subcycle shape of
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FIG. 1. Schematic of the experimental setup (see the text for a
description).

the electric field of the PG pulse, which can be precisely
controlled by the time delay and CEP of the combining few-
cycle pulses [38—42]. With the controllable PG laser field,
we are able to suppress the intercycle interference and the
forward-rescattering PH structures and create a highly dis-
tinct interference pattern which is composed of well-separated
structures caused by different types of intracycle interferences
in the PMD. Note that the PG pulse has been successfully used
in the generation of isolated attosecond pulses by the effective
control of EWP dynamics with subcycle temporal resolution
[40,41,43]. However, in that case, the rescattered electron
plays a major role in the strong-field process, which frustrates
a straightforward understanding of the subcycle manipulation.
In contrast, by extracting unambiguously the intracycle inter-
ferences from direct electron wave packets in the PMD, our
work provides a more distinct scheme of subcycle control of
electron dynamics.

II. EXPERIMENTAL SETUP

The experimental setup is shown schematically in Fig. 1. In
our experiment, femtosecond linearly polarized laser pulses
are generated from a commercial Ti:sapphire femtosecond
laser system with a repetition rate of 5 kHz, a pulse dura-
tion around 30 fs, and a center wavelength of 800 nm. The
laser pulses from the commercial laser system are spectrally
broadened in a neon-filled hollow fiber and subsequently com-
pressed by several pairs of chirped mirrors down to a duration
as short as 5 fs with a center wavelength of 760 nm. The laser
pulse energy can be controlled by neutral density filters. The
CEP of the few-cycle pulse is stabilized utilizing a monolithic
stabilization scheme for the oscillator [44] while slow phase
drifts imparted to the pulses in the amplification process are
compensated by an f-2f interferometer [45]. The CEP can
be adjusted by a pair of fused silica wedges. A birefringent
quartz plate of specified thickness and an achromatic A /4 plate
are used to generate a pair of counterrotating, time-delayed
circularly polarized few-cycle pulses and realize the PG laser
pulse [40]. The time delay 7; between these two circularly
polarized pulses can be controlled by changing the thickness
of the birefringent quartz plate. It is estimated that a thickness
of 0.1 mm causes a time delay of about 3 fs.

The measurement is performed using a cold target re-
coil ion momentum spectroscopy (COLTRIMS) [46-49]. The
phase-stabilized PG laser pulses are focused by an on-axis
spherical mirror (f = 75 mm) onto a cold supersonic gas jet
inside the COLTRIMS vacuum chamber. The created ions
and electrons are accelerated by a uniform electric field of
5.0 V/cm towards the ion and electron position-sensitive mi-
crochannel plate detectors equipped with delay line anodes. A
pair of Helmholtz coils generates a uniform magnetic field of
3.9 G to confine the electron movement perpendicular to the
electric field. From the recorded time of flight and impact po-
sition on the detector, the three-dimensional momenta of each
particle can be retrieved. We measure the three-dimensional
momenta of the photoelectrons produced in coincidence with
the singly charged ions of Ar. In our experiment, the CEP of
the few-cycle pulse is calibrated by the asymmetry of the mea-
sured Art momentum distribution [35] and the intensity of
the few-cycle pulse is calibrated with a procedure utilizing the
photoelectron momentum distribution in a close to circularly
polarized laser field [50].

III. RESULTS

The electric-field components of the PG pulse in the
polarization plane (i.e., in the z and x directions) can be
expressed as

2n n
x cos(wt + @) 1)

and
E.(0) =Eo[—0052(w> +Cosz<co<tz_’fd/2>)}
X sin(wt + @), 2

where Ej is the maximum electric-field amplitude of the left
or right circularly polarized few-cycle pulse, w is the laser
angular frequency, 7; is the time delay between two pulses,
and ¢ is the CEP of the two pulses, with n = 6 the number
of optical cycles for each circularly polarized laser pulse.
Figures 2(a)-2(d) show the electric-field components in the
z and x directions and the ellipticity of the PG pulses for dif-
ferent time delay and CEP combinations, denoted by (7, ¢),
where T; = nT and T is the optical period of the few-cycle
pulse. As shown in Figs. 2(a)-2(c), the time delay 7; has
a strong influence on the ellipticity of the combined laser
field. When T; = 0, the PG pulse becomes a linearly polar-
ized pulse. As T; increases, the ellipticity of the PG pulse
becomes time dependent; it is circularly polarized at the edges
of the pulse and becomes approximately linearly polarized,
ie., € < 0.2 (see blue boxes in Fig. 2), in the vicinity of
t = 0. A longer time delay corresponds to a sharper slope and
thus a narrower linear gating. In contrast to the time delay,
as shown in Fig. 2(d), the variation of the CEP only modifies
the temporal shape of the combined electric field, but hardly
changes the ellipticity of the PG pulse.

Figures 2(e)-2(h) show the measured PMDs in the
polarization plane of the PG laser pulse for the combinations
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FIG. 2. (a)—(d) Electric-field components in the z and x directions and the ellipticity (green dash-dotted curve) of the PG pulses for
different time delay and CEP combinations (7, ¢), (a) (0T, 1.57), (b) (1T, 1.57), (c) (2T, 1.57), and (d) (27T, 2.07), as a function of time.
The peak intensity of the combined electric field is about 1.5 x 10'* W/cm?. (e)—(h) Measured PMDs of Ar ionized in the PG pulse with the
same laser parameters as in (a)—(d), respectively. (i)—(1) Corresponding QTMC-simulated PMDs by sampling the EWPs within the whole PG

pulse.

of various time delays and CEPs corresponding to Figs. 2(a)—
2(d), respectively. The peak intensity of the combined laser
field is about 1.5 x 10'* W/cm?. The sudden cutoffs of the
photoelectron yield in the measured PMDs are due to the in-
fluence of the spectrometer magnetic field [46]. For ¢ = 1.57,
when 7; =0, the PMD shows a pattern similar to that
obtained with a linearly polarized driving field [36]. It exhibits
a few ATI rings originating from the intercycle interference
and a pronounced spiderlike structure that is produced by the
interference between the direct and the forward-rescattering
EWPs emitted within the same quarter cycle. The intracycle
interferences are not visible since they are buried by these
more prominent structures. When the time delay increases
to 17, as shown in Fig. 2(f), the range of the distributed
momentum in the p, direction becomes larger since the
transverse electric field starts to take effect in this case.
Whereas the overall PMD for 7; = 1T shows characteristics,
e.g., the spiderlike structure, similar to those for 7; = 0, when
the time delay continues to increase to 27, the interference
patterns in the measured PMD change significantly. As
shown in Fig. 2(g), the ATI rings and the spiderlike structure
have almost disappeared and a distinct interference pattern
composed of a series of leftward curved stripes emerges in the
upper part of the distribution (i.e., p, > 0). Closer inspection

shows that the stripes in the p, > 0 plane gradually become
thicker from right to left. In contrast to the spiderlike structure,
these leftward curved stripes do not end at (py, p;) = (0, 0).
We will discuss in the following that they are from intracycle
interferences. On the other hand, in the p, < O plane, the
PMD shows an interference pattern of circinate stripes. The
interference patterns in the measured PMD are also dependent
on the CEP of the PG pulse. As shown in Fig. 2(h), for
T; = 2T, when ¢ changes from 1.5 to 2.0, some rightward
curved stripes emerge in the p, < 0 plane, while the overall
interference patterns in the PMD become somehow blurry.
To get physical insights into these experimental find-
ings, we perform quantum-trajectory Monte Carlo (QTMC)
simulations. Briefly, the QTMC theory describes the strong-
field ionization semiclassically and fully considers the
influence of the Coulomb potential while combining the
Ammosov-Delone-Krainov theory [51] and Feynman’s path-
integral approach [52,53]. More details about the QTMC
model can be found in Refs. [31,54]. In our simulations, the
ionization yield is integrated over the spatiotemporal inten-
sity distribution of the laser focus [55] to compare with the
experimental measurement. The simulated results are shown
in Figs. 2(1)-2(1), corresponding to the experimental data in
Figs. 2(e)-2(h), respectively. All the simulated PMDs exhibit
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rather good agreement with the experimental results. The in-
terference patterns in both the simulated and measured PMDs
show a strong dependence on the time delay and CEP. For the
PG pulse with (27, 1.57), both the simulated and measured
PMDs exhibit a series of distinct leftward curved stripes in the
px > 0 plane and circinate stripes in the p, < 0 plane. It can
be found that the photoelectron yields along p, = 0 are more
significant for the measurements in Figs. 2(g) and 2(h) if com-
pared to the corresponding QTMC simulations in Figs. 2(k)
and 2(1). This might be attributed to the possible increase of
pulse duration of each circularly polarized laser pulse due to
dispersion. In the following we will seek to understand how
the PG pulse with different time delays and CEPs affects the
EWP interference and to reveal the origin of the interference
patterns in the PMD for (27, 1.57). To facilitate the analysis,
the focus averaging effect is not considered in the following
calculations.

IV. DISCUSSION

In general, the overall interference patterns observed in the
PMD can be qualitatively understood with the simple man’s
model. In this model, the final photoelectron momentum af-
ter the laser pulse is given by p = —A(#y), where A(zy) is
the laser field’s vector potential at the emission time of f
[56,57]. Figure 3(a) shows the laser field’s vector potential
components A,(fp) and A,(tp) for (2T, 1.57). In this case,
both A,(ty) and A,(fy) are symmetric with respect to 7o = 0
and the periodicity of the laser pulse is broken in the central
portion of the combined laser field. Thus the ATI ring structure
will be strongly suppressed in the PMD. The simple man’s
mapping of electron emission time within L2, L1, R1, and R2,
introduced in Fig. 3(a), to the final photoelectron momentum
is depicted in Fig. 3(b). It can be deduced that the interference
patterns in the PMD for (27, 1.57) are mainly caused by the
EWPs emitted from the momentum-overlapped cycles L1 and
R1, since the EWPs emitted from L2 and R2 have relatively
low yields and are mainly distributed in the momentum region
of |p,| > 0.5 a.u. To understand the intracycle interferences
within L1 and R1, we depict in Fig. 3(c) the separate final
PMDs of the EWPs emitted from the quarter cycles 71-T'8
introduced in Fig. 3(a). Corresponding to A, (fy), EWPs emit-
ted from quarter cycles 71-T4 are mapped to the p, > 0
plane, whereas EWPs emitted from quarter cycles 75-7 8 are
mapped to the p, < 0 plane. Thus some kinds of interferences
in the case of linearly polarized laser pulse, where A, is zero,
such as the interference from 74 plus 77 or T3 plus T8, etc.,
will be strongly suppressed. As shown in Fig. 3(c), the final
PMD predicted by the simple man’s model in each quadrant
mainly contains two kinds of EWPs emitted from different
quarter cycles which are completely overlapped in momentum
space, leading to distinct interference patterns observed in the
measured PMD for (27, 1.57). In Fig. 3(d) we also depict the
separate final PMDs of the EWPs emitted from the quarter
cycles T1-T8 for (27,2.0r). In this case, EWPs emitted
from different quarter cycles become separated from each
other in the momentum space, which implies that it is more
difficult for the EWP interferences to happen than in the case
of ¢ = 1.5m. As a consequence, the interference patterns in
the PMD become blurry.
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FIG. 3. (a) Laser field’s vector potential components in the z
(black curve) and x (red curve) directions for (27, 1.57). The four
dominated cycles are labeled L2, L1, R1, and R2. The center four
quarter cycles are labeled 7'1-T4 and the neighboring four quarter
cycles are labeled 7'5-T'8. Also shown is the simple man’s prediction
of the PMD, p = —A(#), with #, covering (b) the four-cycle central
part of the PG pulse for (27, 1.57) and (c) and (d) the two-cycle
central part of the PG pulse for (¢) (27, 1.57) and (d) (27T, 2.07).
(e)-(j) QTMC-simulated PMDs in logarithmic scale contributed by
the EWPs emitted within different quarter cycles for (27, 1.57). For
more details, see the text.

Since the simple man’s model cannot give detailed in-
terference patterns in the PMD and does not consider the
Coulomb potential effect, we further investigate the separate
contributions of the quarter cycles 7'1-T'8 to the overall PMD
for (2T, 1.57) using the QTMC simulations. Based on the
simple man’s mapping, the calculated PMDs by sampling
EWPs emitted from adjacent quarter cycles 72 plus T3 and
nonadjacent quarter cycles 7'1 plus T4 are shown in Figs. 3(e)
and 3(f), respectively. Comparing Figs. 2(g) and 2(k) with
Figs. 3(e) and 3(f), the origin of the leftward curved stripes in
the PMD for (27, 1.57) becomes clear. In the p, > 0 plane,
the thick leftward curved stripes in the second quadrant are
due to the interference from adjacent quarter cycles 72 plus
T3, and the thin leftward curved stripes in the first quadrant
are due to the interference from nonadjacent quarter cycles
T1 plus T4. Since EWPs emitted from 71 plus 74 have
a longer ionization time delay compared with those emitted

L021103-4



PRECISE CONTROL OF INTRACYCLE INTERFERENCE ...

PHYSICAL REVIEW A 105, L021103 (2022)

300

1004(®)

{ 50 150

A
—_[2Tdirl] 0; —
-50 0 50 100150 -200 -100 O 100

z (a.u.)

40 ~[oT,T2] 0+
-300 -150 0

FIG. 4. Typical electron trajectories from the PG pulse with
different time delays and emitted from different ionization time win-
dows, labeled [T}, T,,], or with and without inclusion of the Coulomb
potential (CP), as indicated in the figures. For comparison, the
same initial conditions are chosen for two trajectories. See the text
for details.

from T2 plus T3, their interference stripes are much finer.
In Fig. 3(e) we can also find a weak spiderlike structure,
which is produced by the forward-rescattering PH interference
[29] from quarter cycle T2. The suppression of the spiderlike
structure in Fig. 3(e) could be attributed to the weakening
of the Coulomb effect caused by the electron movement in
the x direction. The spiderlike structure almost disappears
in Fig. 3(f) because of larger ellipticity in 74. As shown
in Fig. 3(g), besides the two kinds of intracycle interference
structures predicted by the simple man’s model, the leftward
curved stripes around p, = 0 are produced by the interference
from another two nonadjacent quarter cycles 7'1 plus 7'3. We
will explain in the following that this kind of interference is
closely related to the residual Coulomb focusing effect of the
ion. As demonstrated in the above discussion, three different
types of intracycle interferences are clearly resolved and well
separated in the p, > O plane of the PMD for (27, 1.57). On
the other hand, in the p, < O plane, as shown in Figs. 3(h)-
3(j), it is clear that the circinate interference stripes observed
in Fig. 2(g) are mainly contributed by the interferences from
quarter cycles T5 plus T8 and T6 plus T7, as predicted by
simple man’s model, and a new interference from quarter
cycles T'5 plus T7 caused by the Coulomb focusing effect,
similar to the interference from quarter cycles 7'1 plus 7'3.
To gain more insight into how the PG pulse controls
the subcycle interference and disentangles different types
of intracycle interferences for (27, 1.57), we present in
Figs. 4(a)-4(c) typical electron trajectories emitted from dif-
ferent quarter cycles. The electron trajectories, with the same
initial conditions for (07, 1.5m), are also displayed for com-
parison. As shown in Fig. 4(a), when T; = 0, corresponding
to the case of a linearly polarized laser pulse, both electron
trajectories, emitted from the quarter cycles 72 and T3, drift
in the p, < O direction. In contrast, when the time delay in-
creases to 27, they are dragged by the electric field E, to drift
in the p, > 0 direction. Thus, the interference structure from
T2 plus T3 will mainly be located in the p, > 0 plane for

(2T, 1.57). In Fig. 4(b), for T; = 0, we present direct (black
curve) and forward-scattered (green curve) electron trajecto-
ries, both of which are emitted from 74 with the same final
momentum and lead to the spiderlike structure in the PMD.
However, when the time delay increases to 27, the transverse
electric field E, makes the forward-scattered electron directly
drift to the detector, and thus the two electron trajectories
will not interfere with each other any longer. As a result, the
spiderlike structure will be suppressed. In Fig. 4(c) we further
present two typical trajectories emitted from the quarter cycles
T1 and T3, respectively. It clearly shows that the Coulomb
potential will drag one of the electrons (black curve), ionized
in the rising edge (7'1), to turn around in the z direction and
drift to the detector in the same direction as another electron
(green curve) that directly drifts to the detector. Thus, they will
interfere with each other and give rise to the specific intracycle
interference from the nonadjacent quarter cycles 7'1 plus 7'3.

V. CONCLUSION

We have experimentally demonstrated the feasibility of
using a PG pulse to precisely control the intracycle interfer-
ences in the strong-field ionization process. We were able
to resolve and separate distinctly several types of intracycle
interferences in the PMDs with a PG pulse of 7; = 2T and
¢ = 1.5m. Using the simple man’s and QTMC models, we
explored how the PG pulse with different time delays and
CEPs steer the intracycle interferences in the PMDs. Our
analysis showed that the residual electric-field component in
the transverse direction of the PG pulse plays an important
role in separating various intracycle interferences in PMDs by
properly distributing the interference stripes of electron wave
packets, emitted within different time windows, into different
momentum regions and suppressing the forward-rescattering
PH interference. Our work will boost the PG technique as
a powerful and universal tool to steer attosecond electron
dynamics with high precision.
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