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Subcycle pulse control of holographic and nonholographic electron interferences
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We investigate the influence of subcycle laser pulses on holographic and nonholographic intracycle inter-
ferences by analyzing the photoelectron momentum distributions of helium using time-dependent Schrodinger
equation simulations supported by classical-trajectory calculations. The results show that the forward-scattering
holographic (FSH), backward-scattering holographic (BSH), and time double-slit (TDS) interference structures
are found to be highly sensitive to the pulse duration, carrier-envelope phase (CEP), and temporal envelope in the
subcycle regime. Subcycle pulses with CEP values of 0° and 90° selectively enhance or suppress distinct features,
isolating holographic patterns and enhancing BSH fringes. Classical analysis reveals that the intrinsic chirp
inherent to subcycle fields shortens the recollision time for scattering trajectories, thereby increasing the fringe
spacing in FSH and BSH patterns, while simultaneously enlarging the above-threshold ionization peak spacing
associated with TDS interference. Pulse envelope variations, even at fixed FWHM duration, further reshape the
fringe spacings by modifying the instantaneous frequency and vector potential slope near ionization times. These
results demonstrate that subcycle pulses enable precise temporal control of holographic interference, offering

opportunities for probing and manipulating attosecond electron dynamics.

DOLI: 10.1103/44rz-wpll

I. INTRODUCTION

Strong-field induced tunnel ionization is one of the cen-
tral processes governing light-matter interactions in atoms
and molecules. Once ionized, the electron undergoes rapid
subcycle acceleration in the laser field, giving rise to a
wide range of ultrafast phenomena, including high-order har-
monic generation (HHG) [1-5], high-order above-threshold
ionization [6-8], and nonsequential double ionization [9-11].
Of particular interest are those electrons that experience
rescattering with the parent ion. Their subangstrom spatial
resolution and attosecond temporal sensitivity form the ba-
sis of strong-field photoelectron holography [12—-18], which
has emerged as a powerful tool for probing ultrafast struc-
tural and dynamical information in atomic and molecular
systems.

The photoelectron momentum distribution (PMD) encodes
these electron dynamics through a variety of interferomet-
ric features [19]. Depending on whether the interfering
wave packets originate within the same optical cycle or in
different cycles, the resulting patterns are classified as in-
tracycle or intercycle interferences. Intercycle interference
produces the well-known concentric above-threshold ioniza-
tion (ATTI) rings [6,20], whereas intracycle interference gives
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rise to a rich set of holographic structures, including the
spider-leg-like forward-scattering (FSH) and fish-bone-like
backscattering (BSH) patterns [14]. Under suitable field con-
ditions, a nonholographic intracycle interference, namely the
time double-slit (TDS) interference fringes, emerges from
two nonscattering electron trajectories ionized within a single
laser cycle [21].

However, in multicycle laser fields, the holographic struc-
tures of interest are often obscured by strong intercycle
contributions. The use of near-single-cycle pulses has there-
fore proven essential for isolating subcycle electron dynamics
and enhancing the visibility of holographic features [22-25].
Rapid advances in ultrafast laser technology now enable
the generation of pulses with full width at half-maximum
(FWHM) durations shorter than one optical cycle [26-35].
Such subcycle pulses not only suppress intercycle interference
but also allow direct control over the appearance of FSH,
BSH, and TDS interference patterns through carrier-envelope
phase (CEP) variation [23,36].

A key feature of subcycle fields is the presence of an
intrinsic chirp arising from the temporal confinement of the
pulse. This chirp manifests as a temporal phase analogous
to the Gouy phase of spatially focused beams and results
in a blueshift of the instantaneous laser frequency [37]. The
intrinsic chirp has been experimentally observed in subcycle
terahertz pulses [38] and plays an increasingly recognized
role in shaping strong-field ionization dynamics [37,39]. In
addition, the temporal envelope of the pulse can significantly
reshape the driving field and thereby influence the phase ac-
cumulation between interfering electron trajectories. Indeed,
subcycle pulse duration and envelope shape have already been
shown to strongly affect HHG emission and related strong-
field processes [40—43].
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Because holographic structures arise from the coherent
interference of electron trajectories with distinct ionization
and return times, they are highly sensitive to these temporal
distortions. Accounting for the combined effects of intrinsic
chirp and envelope-induced waveform reshaping is therefore
essential for understanding and manipulating holographic in-
terference in the subcycle regime.

In this work, we investigate the PMDs of helium driven
by subcycle laser pulses, focusing specifically on how the
pulse cycle number (and associated intrinsic chirp) and the
envelope function modify the FSH, BSH, and TDS interfer-
ence structures. The paper is organized as follows. Section II
describes the theoretical methods and the subcycle field pro-
files employed. Section III presents and analyzes the resulting
interference structures. Section IV summarizes our findings
and provides concluding remarks. Atomic units (a.u.) are used
throughout unless otherwise stated.

II. THEORETICAL METHODS

In the following, we present the simulation details of the
PMD calculation, followed by a discussion on the subcycle
field profiles used in this work.

A. Simulation details for TDSE

To simulate the PMD, we numerically solve the
three-dimensional (3D) time-dependent Schrddinger equa-
tion (TDSE) within the single-active-electron (SAE) approxi-
mation. The TDSE describing the laser-atom interaction under
the dipole approximation is expressed as

i, W (1)) =[5V + V() + Hin — iVars (D] 1Y (@), (1)

where Hj,, = —iA(t) - V represents the electron-field interac-
tion in the velocity gauge. The vector potential is related to
the electric field E(¢) through A(¢) = — fé E@')dt'. Vy(r) is
an absorbing potential introduced to suppress spurious reflec-
tions of the wave function from the numerical boundary. The
atomic binding potential V (r) is defined as

_(1 + e—ao)‘)/r’ r< RCO’
V(ir)=1{—QR, — r)/Rgo, R, <7 < 2R, 2)
0, r > 2Re.

Beyond the cutoff radius R, the effective Coulomb potential
transitions to a linear form and vanishes for » > 2R.,. The
parameter ap = 1.91 is chosen such that the ground-state ion-
ization potential of helium matches the experimental value,
I, =0.90 a.u. The initial ground state is obtained through
imaginary-time propagation.

The PMD amplitude a(k) at time Ty after the laser pulse
can be approximated as

T,
ak) = /0 / dtd, (k|0 — R)Y (1))

+ (k(0)IO( — R)[¥(0)), 3

where k(¢) denotes the Volkov wave function, ®(r — R;) is
the Heaviside step function, and R; is a sufficiently large
radius beyond which the initial wave function 1/ (0) becomes

negligible. The PMD calculations are performed by numeri-
cally solving the 3D-TDSE within the SAE framework using
the qprop package [44].

In our simulations, the radial simulation domain of 1000
a.u. is considered with the cutoff radius R., = 300 a.u., and
the flux capturing surface is positioned at R; = 800 a.u. The
number of partial waves is limited to Ly,x = 100. We use the
grid with a radial interval of 0.2 a.u. and a time step of 0.05
a.u. to ensure convergence of the calculations.

B. Classical-trajectory-based model

The holographic structures observed in PMDs originate
from the interference between electrons that reach the detector
with the same final momentum. Among these, one electron
undergoes rescattering off the parent ion before reaching the
detector, while the other propagates directly without rescat-
tering. In this subsection, we employ a simplified description
of electron dynamics in a laser field based on the well-known
three-step recollision model [6,14,45,46].

The time-dependent velocity and position of an electron
ionized at time #; can be obtained as

v(t) = —/ E(t)dt' + v;, )

i

t
r(t) =/ v(tdt +r;, 5)
ti
where r; and v; are the initial position and velocity, re-
spectively. For the linearly polarized field E(¢) described by
Eq. (7), the electron is assumed to be released along the
polarization direction of the field at a distance |z;| = 1,/Ep
from the ionic core, i.e., rj = %|z| [r{ has sign opposite to
E(z;) at ionization time ¢;] and rj_ = 0. The initial velocity of
rescattering electron is v; = 0, whereas for the direct electron,
vj =0 and v} # 0. In Egs. (4) and (5), the influence of the
Coulomb potential is neglected to isolate the influence of
the subcycle pulse on the interference structures. Although
Coulomb interaction can introduce quantitative modifications,
it is not expected to alter the qualitative trends driven by the
subcycle fields discussed here.

The phase of the electron along any trajectory is given by
the classical action [36]:

Ty 1
S=/ [Evz(z)ﬂp}h, ©6)

where Ty denotes the pulse turn-off time. The interfer-
ence map in the momentum plane (pj, pi) is calculated
by cos?(AS/2), where AS is the phase difference between
the direct and rescattering electron trajectories. We have
also weighted each tunneling trajectory by the instanta-
neous tunneling ionization probability calculated using the
Ammosov-Delone-Krainov formula [47].

C. Subcycle field profile

In this work, the electric field of the linearly polarized pulse
with an arbitrary pulse duration is described using the subcy-
cle pulsed beam (SCPB) model [37]. The SCPBs are derived
from the oscillating dipole model through the complex-source
point method [48,49]. The field expressions so obtained are
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exact solutions of Maxwell’s equations. In the dipole approx-
imation and plane-wave limit, the electric field of a linearly
polarized laser pulse is given as

Aq(t')
144(0)]

where E is the peak field amplitude, wy is the carrier fre-
quency, ¢q represents the CEP, and t' = — ) — x/c is the
retarded time (with x = 0 and 7y denoting the pulse center).
The complex time-dependent function A, (') is defined as [41]

Agt)y =1 — [} ()] = 2if [lwof t)], (8)

where f and f are the first- and second-order derivatives of
the envelope function f(¢') with respect to the retarded time
t’. The total phase of the pulse is

¢(t") = wot’ + o + arg[Aq(1))], €))

and the corresponding instantaneous frequency of the pulse
can be obtained by taking the derivative of the total phase
as w(t’) = d¢(t’)/dt’. In this work, we utilized the following
three envelope functions to model the subcycle field profiles
[41]:

E@#) = Re{ f (&) Eg exp(iowpt’ + iqﬁo)}éz, @)

exp[—2In2(t'/7)?],
sech(1.76¢' /1),
1/[1 + (1.29[’/1:)2],

Gaussian,

f@H = Hyperbolic secant, (10)

Lorentzian,

where 7 is the FWHM of the intensity envelope function
If (#))?. For all the numerical simulations presented in this
work, we employ a linearly polarized pulse with wavelength
Ao = 800 nm (corresponding to a frequency wy = 0.057 a.u.)
and peak intensity Iy = 5 x 10'* W/cm?. These parameters
ensure that the ionization of helium occurs predominantly
via tunneling, as indicated by the Keldysh parameter y =
woy/21,/Ey < 1, where Ej is the peak field amplitude in a.u.
[50].

Figure 1 compares the electric fields E(¢) and the cor-
responding instantaneous frequencies w(¢) of half-cycle and
single-cycle FWHM pulses for different envelope functions
defined in Eq. (10). The time dependence of the laser fre-
quency introduces an intrinsic chirp in the pulse [38], which
becomes increasingly pronounced as the pulse duration short-
ens from a single-cycle to the subcycle regime. As seen
in Fig. 1, the pulse exhibits nonlinear chirping: The time-
dependent frequency is maximum at the pulse center and
varies symmetrically about it. This chirp does not originate
from material dispersion; rather, it arises solely from the finite
duration of the pulse and is therefore termed intrinsic chirp
[38]. The time dependence of laser instantaneous frequency
w(t) originates from the self-induced blueshift (SIBS) phase,
given by the last term on the right-hand side of Eq. (9). The
SIBS phase is analogous to the Gouy phase associated with
spatially focused beams. While the Gouy phase is a spatial
effect, the SIBS phase is a purely temporal effect that exists
for any pulse of finite duration. However, it becomes appre-
ciable only when the pulse duration approaches the subcycle
regime [37]. In this limit, the intrinsic chirp leads to a temporal
compression or “shrinking” of the electric field waveform.
Notably, the extent of this modulation depends on the choice
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FIG. 1. Temporal profiles of the laser electric field E(z) (dashed
curve, left axis) and instantaneous frequency w(t) (solid curve, right
axis) for different envelope functions defined in Eq. (10) for FWHM
durations: (a) T = 0.5 and (b) T = 1.07;. The laser pulses are of
800 nm wavelength with peak intensity Iy = 5 x 10'* W/cm? and
CEP ¢y = 0°. Here, Ty (= 27 /wy) denotes one laser cycle.

of the envelope function. Given that the waveform of the
laser field plays a crucial role in the electron dynamics and
that these dynamics are directly imprinted in the PMD, it is
essential to account for the intrinsic chirp when investigating
PMDs generated by such short-duration pulses. Consequently,
it is of particular interest to examine how the interference
structures in PMD evolve as the pulse duration decreases from
a single-cycle to the subcycle regime.

III. RESULTS AND DISCUSSION

In this section, we first discuss the salient features of the
PMDs obtained using single- and half-cycle laser pulses. We
identify the primary interference contribution, including FSH,
BSH, and TDS intracycle interference patterns. Subsequently,
we investigate how these interference structures evolve as the
pulse duration enters the subcycle regime, and finally examine
the role of the pulse envelope in shaping the resulting interfer-
ence features.

A. PMD characteristics for single- and half-cycle pulses

Figure 2 presents the laser waveforms and the correspond-
ing TDSE-simulated PMDs for half-cycle and single-cycle
Gaussian pulses with CEP ¢y = 0°. As expected, the electric
field is symmetric about the pulse maximum, while the vector
potential exhibits antisymmetric temporal behavior. For an
electron released at time #; with negligible initial velocity and
subsequently driven only by the laser field, the final momen-
tum is given by py = —A(#).

The PMDs in Fig. 2 display the characteristic interfer-
ence structures induced by linearly polarized fields [14,51].
The momentum component p; is along the laser polarization
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FIG. 2. Half-cycle and single-cycle laser fields with CEP ¢y =
0° and corresponding TDSE-simulated PMDs of helium. The tem-
poral profiles of the laser electric field E(¢) (red solid curve, left
axis) and vector potential A(z) (blue dashed curve, right axis)
for Gaussian-enveloped pulses with FWHM 7 : (a) 0.57; and
(b) 1.075. The corresponding PMDs are shown in panels (c) and (d),
respectively.

direction. Since ionization is most probable after the field
maximum, electrons predominantly populate the p; > O re-
gion, corresponding to the negative vector potential in the
trailing half cycle [since py = —A(#;)]. The short pulse du-
ration suppresses intercycle interference, and thus the familiar
ATI rings are absent [52].

For the half-cycle driver [Fig. 2(c)], both the FSH and BSH
features are clearly resolved. The FSH structure appears as
a spider-lig-like pattern in the p; > 0 region, whereas the
BSH pattern emerges as right-curved fringes in the py <0
region. Notably, the half-cycle pulses isolate the BSH interfer-
ence, which is often obscured in longer pulses by overlapping
contributions from intercycle and nonholographic interfer-
ences. Since backscattering electrons have smaller impact
parameters, the BSH pattern encodes enhanced structural in-
formation, making its clear visibility particularly valuable for
strong-field holography.

For the single-cycle pulses [Fig. 2(d)], the PMD exhibits
increased interference complexity. The spider-leg-like FSH
pattern remains predominant for p; > 0, but now coexists
with TDS interference fringes (right-curved stripes). On the
p < 0 side, the BSH contributions persist but are largely
buried under stronger nonholographic intracycle interferences
(left-curved stripes), illustrating the increased complexity of
interference pathways as the pulse duration increases.

Next, we analyze PMDs produced by half-cycle and single-
cycle pulses with CEP ¢y = 90°, shown in Fig. 3. Unlike the
¢o = 0° case, here the electric field is temporally antisymmet-
ric, whereas the vector potential is symmetric about the pulse
maximum. This waveform is particularly favorable for the
emergence of time double-slit interference [21], characterized
by fringe spacings that increase with photoelectron energy
[53,54]. This intracycle interference arises when two electron
trajectories, born at times #;; and 7, with A(t;;) = A(f;) and
opposite electric field signs E(#;;) = —E(#;), interfere. The
PMDs in Figs. 3(c) and 3(d) exhibit a spider-leg-like pattern in
the p; < O region and a fish-bone-like structure in the p; > 0

t/Ty p|| (au)

FIG. 3. Similar to Fig. 2, but with CEP ¢, = 90°. Panels (a) and
(b) show the temporal profiles of the electric field E(¢) and its
corresponding vector potential A(¢) for laser pulses with FWHM
7 = 0.5Tp and 1.0Tj, respectively. The corresponding PMDs of he-
lium atom are shown in panels (c) and (d), respectively.

region. The negative parallel-momentum side spider-leg-like
pattern originates from electrons released in the quarter cycle
following the negative field peak after the pulse center, leading
to the FSH structure with comparatively low electron yield.
The reduced yield occurs because the subsequent positive half
cycle of the electric field is insufficient to reverse the direction
of all liberated electrons. As the pulse duration increases from
the half cycle to single cycle, the asymmetry between positive
and negative parallel-momentum side yields diminishes.

The fish-bone-like interference observed on the p; >
0 side arises from overlapping contributions of BSH and
TDS interference. Because the fringe positions and densities
produced by these two mechanisms nearly coincide, disen-
tangling them is challenging. Owing to the relatively small
rescattering cross section, the TDS interference dominates the
PMD. Moreover, the stripe (fringe) density is greater for the
single-cycle pulse than for the half-cycle case. This behavior
originates from the intrinsic chirp and envelop-induced field
modulation of the pulse [24]. For longer pulses, electrons
experience higher and more sustained electric fields, result-
ing in a large phase accumulation and consequently a denser
fringe pattern. These observations naturally motivate a closer
examination of how the interference structures evolve as the
pulse duration enters the subcycle regime.

B. Effect of pulse length

So far, we have established that the holographic structures
are sensitive to the duration of driving laser pulse, exhibiting
a variation in stripe (fringe) density with pulse duration. We
now analyze in detail how the fringe spacing varies with the
cycle number of the driving pulse.

We first consider the case of the FSH structure, observed
for CEP ¢y = 0° pulses [Figs. 2(c) and 2(d)]. Figure 4 illus-
trates how the pulse duration influences the stripe density of
the FSH pattern. In Fig. 4(a), a schematic diagram depicts the
physical origin of the FSH interference. The red solid curve
represents the electric field E(t) of a half-cycle (FWHM)
pulse, while the blue dashed curve shows the corresponding
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FIG. 4. Variation in stripe density of the FSH structure.
(a) Schematic illustration of underlying mechanism contributing to
the observed FSH structure. The half-cycle laser field E(¢) (red solid
curve) with CEP ¢, = 0° and the corresponding vector potential A(z)
(blue dashed curve) are shown. The shaded quarter cycle indicates
the ionization times of the direct and forward-scattering trajecto-
ries. (b) PMDs showing the spider-leg-like FSH interference pattern
obtained from the CTM. (c) PMADs for different pulse durations,
extracted from the TDSE-simulated PMDs of helium. (d) Average
PWs of PMADs—calculated using TDSE and CTM methods for
different pulse durations.

vector potential A(#). The shaded quarter cycle indicates the
ionization times of the direct (DT) and scattering (ST) tra-
jectories that contribute to the observed interference. The
electrons are initially ionized in the p; < O direction [oppo-
site to the instantaneous field E(¢;)] with different transverse
momenta. The electrons are then redirected by the laser field
when the electric field reverses sign. One subset of elec-
trons reaches the detector directly (direct electrons), while
another subset is forward-scattered toward the detector (scat-
tered electrons). The coherent interference between these two
classes of electron trajectories gives rise to the characteristic
spider-leg-like FSH pattern. Figure 4(b) presents the inter-
ference pattern generated by direct and forward-scattering
trajectories ionized during the shaded quarter cycle of laser
field. The PMDs are obtained using the classical-trajectory-
based model (CTM) (described in Sec. II B). This simplified
model neglects the Coulomb potential and therefore cannot
quantitatively reproduce the TDSE results. However, there
is a clear spider-leg-like pattern for p; > 0, which is the
characteristic spectral feature of FSH interference and is in
qualitative agreement with the TDSE-simulated PMDs shown
in Fig. 2(c).

To analyze the density of the spider legs (FSH interference
fringes), we extract the photoelectron momentum angular dis-
tributions (PMADs) by integrating the PMDs over a narrow
momentum range. Figure 4(c) presents the PMADs obtained
from the TDSE-simulated PMDs within the momentum inter-
val 0.01 < p < 0.1 a.u. for different pulse durations. Owing
to the vertical symmetry of the PMDs along the p; axis,
the PMADs are evaluated as a function of the polar angle
6 [=tan~'(p,/py)] in the range 0° < 6 < 90°. The peaks of
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s 45
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FIG. 5. (a) Classical ionization times Tj,, of the DT and STs as
a function of the polar angle 6. (b) The recollion time AT of STs,
defined as the difference between the ionization time T,, and the
rescattering time 7. for different pulse durations. All data points are
extracted at a fixed final momentum p = 0.5 a.u. from the classical
model-based PMDs.

the PMADs are the most densely spaced for the t = 1.07;
pulse and become progressively sparser as the pulse duration
decreases.

Furthermore, the quantitative dependence of the FSH stripe
density on the pulse duration is shown in Fig. 4(d). The
average peak widths (PWs) of the PMADs are calculated
using the TDSE (blue curve, left axis) and the CTM (red
curve, right axis) methods. The PW is defined as the angular
separation between the two adjacent minima on either side
of a given peak in the PMAD. In both the TDSE and CTM-
based results, the average PW is largest for t = 0.57; pulse
and decreases as the pulse duration increases to v = 1.07j.
A larger PW corresponds to a lower stripe density in the
observed FSH pattern. Although the number of FSH stripes in
the classically calculated PMDs [Fig. 4(b)] differs from those
in the TDSE results [Fig. 2(c)], the overall trend—namely, a
reduction of stripe density for shorter pulses—is consistent
across both the methods, as highlighted in Fig. 4(d). In the
classical model, the PMADs originate from the interference
of electrons ionized within the quarter cycle immediately fol-
lowing the pulse maximum [see Fig. 4(a)]. While the peak
intensity remains unchanged for pulses of different durations,
the timing at which the electric field attains a specific value
varies because of the difference in the intrinsic chirp of the
pulses. We therefore infer that the feature of PMADs is closely
related to the temporal characteristics of the underlying elec-
tron trajectories. To substantiate this connection, we analyzed
the ionization and scattering times of different trajectories,
following the approach discussed in Ref. [36].

Figure 5(a) shows the classical ionization times of the
direct and forward-scattering trajectories as a function of the
polar angle 6. For clarity, the ionization times are shown for
trajectories with a fixed final momentum of p = 0.5 a.u. The
ionization times i, of the direct trajectories (DTs) are similar
for all the pulse durations, whereas those of the scattering
trajectories (STs) exhibit a noticeable delay with increasing 6.
It should be noted that an increase in 8[= tan~'(p, / pi)] cor-
responds to an increase in the final perpendicular momentum
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FIG. 6. Variation in fringe spacing of the BSH structure.
(a) Schematic illustration of the mechanism responsible for the
observed BSH pattern. The half-cycle laser field E(¢) (red solid
curve) with CEP ¢y = 0° and the associated vector potential A(z)
(blue dashed curve) are also depicted. The quarter cycles shaded
in orange and blue represent the ionization times of the direct
and backscattering trajectories, respectively. (b) PMDs showing the
BSH interference pattern obtained from the classical-trajectory-
based model. (c) Line profiles of the BSH structure at p;, = 0.0 a.u.
for different pulse durations, calculated using the classical method.
(d) Corresponding average peak widths of BSH fringes for different
pulse durations.

p. within the considered range 0° < 6 < 90°. Since the ion-
ization times of the DTs are nearly identical across pulse
durations at a fixed polar angle, they do not contribute to the
relative shift of the PMAD peaks with changing pulse duration
[36]. In contrast, the ionization times of the STs vary with
pulse duration.

Figure 5(b) shows the recollision time (A7), defined as the
difference between the ionization time (7;,,) and the rescatter-
ing time (7i.) for different pulse durations. The recollision
time AT increases with increasing 6 (hence with p,), but
decreases as the pulse duration shortens from 1.07; to 0.57.
Moreover, the relative shift among the recollision-time curves
grows stronger as the pulse duration decreases, resembling
the behavior of the intrinsic chirp, which becomes more pro-
nounced for shorter pulses [see Fig. 9(a)]. Therefore, it can
be concluded that the stripe density in the FSH structure is
primarily governed by the recollision time: The larger the time
difference between ionization and rescattering, the higher the
stripe density. This observation is consistent with the findings
of Refs. [15,23,36], where the influence of laser wavelength
and CEP on stripe density was investigated. Consequently, we
infer that the stripe density in the FSH structure is strongly
influenced by the intrinsic chirp of subcycle laser pulses.

Next, we examine the BSH structure that appears in the
negative parallel-momentum region for CEP ¢y = 0° pulses
[Fig. 2(c)]. Figure 6 shows how the pulse duration affects the
spacing of the BSH interference fringes. In Fig. 6(a), the quar-
ter cycles shaded in orange and blue indicate the ionization
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FIG. 7. (a) Classical ionization times Tj,, of the DT and STsas a
function of the final parallel momentum p;. (b) The recollion time
AT of STs, defined as the difference between the ionization time Ty,
and the rescattering time T;.. for different pulse durations. All data
points are extracted at the zero final perpendicular momentum p;
from the classical model-based PMDs.

times of the direct and scattering trajectories, respectively,
that contribute to the observed interference. The DTs are
born in the quarter cycle where both the electric field E(z)
and the vector potential A(¢) have positive amplitudes and
directly reach the detector. In contrast, the ST originate in the
subsequent quarter cycle, where the electric field maintains
its sign but the vector potential reverses. These electrons are
driven back toward the core, undergo backward scattering, and
coherently interfere with the DTs, forming the BSH struc-
ture. Backward-scattered electrons approach the ionic core
more closely, making them particularly sensitive to the target
structure and useful for dynamic imaging [55]. Figure 6(b)
shows the BSH fringes obtained from the classical-trajectory
model, which qualitatively reproduce the rightward-curved
interference pattern observed in the TDSE-simulated PMDs
[Fig. 2(c)] for half cycle driving fields. The BSH interference
is clearly visible for half-cycle pulses but becomes increas-
ingly obscured by nonholographic interferences as the pulse
duration increases. Consequently, extracting a distinct BSH
line profile from the TDSE-simulated PMDs becomes imprac-
tical. We, therefore, rely on the classical-trajectory model to
investigate how the pulse duration influences the BSH fringe
characteristics.

Figure 6(c) shows the line profiles of the BSH structure
at p; = 0 a.u. for different pulse durations, obtained from
the classical model. The effect of the frequency blueshift is
clearly reflected in the relative spacing of the BSH interfer-
ence peaks. The fringes are most densely packed for t =
1.07; and gradually become more widely spaced as the pulse
duration shortens to 0.57y. This trend is quantified in Fig. 6(d),
wherein the average peak width is largest for r = 0.57; and
decreases as the pulse duration increases to T = 1.07j.

To clarify the physical origin of this behavior, we analyze
the ionization dynamics of the contributing trajectories, simi-
lar to the analysis of FSH stripe density. Figure 7(a) displays
the ionization times of the direct and backward-scattered tra-
jectories as a function of the final parallel momentum, plotted
for trajectories with final p, = 0, for clarity. Similar to the
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FIG. 8. Variation in fringe spacing of the nonholographic inter-
ference structure. (a) Schematic illustration of the intracycle time
double-slit interference trajectories. The half-cycle laser field E(z)
(red solid curve) with CEP ¢y = 90° and the corresponding vector
potential A(¢) (blue dashed curve) are shown. The shaded quarter
cycles indicate the ionization times of the interfering DTs. (b) PMDs
showing corresponding interferometric structures by the classical-
trajectory-based model. (c) Line profiles of the TDSE-simulated
PMD spectrum (given in Fig. 3) for CEP ¢y = 90° laser fields,
obtained by integrating the spectrum over polar angle 6. (d) Differ-
ence of ionization times AT, of the two interfering DTs, extracted
for trajectories with zero final perpendicular momentum using the
classical model.

HHG [56,57], two distinct backward STs lead to the same
final momentum. Depending on their excursion (recollision)
time At, these trajectories are classified as long or short STs
[17,58]. The ionization times of the DTs remain similar across
pulse durations, except at high parallel momenta, where dif-
ferences arise from the varying cutoff energies. In contrast,
both the short and long STs exhibit a pronounced dependence
on pulse duration, particularly the short STs, whose ionization
times vary more strongly for a given py. Figure 7(b) further
shows that the recollision time for both short and long STs
is shortest for the T = 0.57y pulse and increases gradually
with longer pulse durations. A larger temporal separation be-
tween ionization and rescattering enhances the accumulated
phase difference between interfering trajectories, resulting in
a denser interference pattern [36,59]. Consequently, the BSH
fringes appear most closely spaced for the t = 1.07y pulse
and become progressively broader as the pulse duration de-
creases.

So far, we have analyzed the pulse duration dependence
of holographic structures arising from the interference be-
tween rescattered and nonrescattered (direct) electrons. We
now turn to the nonholographic intracycle interference pat-
tern, which originates from the interference between two
nonrescattering trajectories, commonly referred to as the TDS
interference. Figure 8 illustrates how the pulse duration influ-
ences the spacing of these interference fringes. In Fig. 8(a),
a schematic diagram depicts the relevant electron trajectories

for a half-cycle laser pulse with CEP ¢y = 90°. The two
direct trajectories, DT| and DT,, are ionized during different
quarter cycles of the field (indicated by the shaded region).
Both trajectories avoid rescattering but reach the detector with
the same final momentum: One (DT;) goes across the core
without being deflected, while the other (DT,) reaches the
detector directly. The time double-slit interference arises from
the coherent superposition of these two trajectories, which
are born at times #;; and #;; satisfying A(#;;) = A(#;2), where
the electric field values are of opposite sign, E(t;1) = —E(t;)
[14,21]. This condition ensures that the two electron wave
packets acquire identical final momenta but accumulate differ-
ent emission phases, giving rise to the characteristic intracycle
interference pattern. Figure 8(b) shows the intracycle inter-
ferometric structures obtained using the classical-trajectory
model. The calculated patterns qualitatively reproduce the
rightward-curved semiring structures observed in the pos-
itive parallel-momentum region of TDSE-simulated PMDs
presented in Fig. 3, confirming that the classical frame-
work successfully captures the essential temporal interference
mechanism.

Figure 8(c) presents the line profiles of the TDSE-
simulated PMD spectra (shown in Fig. 3), obtained by
integrating the distributions over the polar angle 6. A clear
trend is observed: As the pulse duration decreases from t =
1.07y to 0.57Tp, the separation between consecutive peaks in
the ATI spectrum increases.

For multicycle laser pulses, the intracycle modulation is
known to be independent of the total number of cycles [54].
In contrast, a pronounced dependence emerges in the subcycle
regime. This behavior originates from the intrinsic chirp of
the subcycle pulses, which effectively induces a blueshift in
the driving field frequency, thereby increasing the spacing
between adjacent interference fringes. To verify this interpre-
tation, we analyze the ionization dynamics of the interfering
trajectories DT; and DT, at p; = 0 a.u. for the two pulse
durations. Figure 8(d) shows the difference in their ionization
times, ATi,, as a function of the final parallel momentum
p- The time difference ATj,, decreases with increasing p;
for both pulse durations. Moreover, at a fixed py, the time
difference ATy, is smaller for the shorter pulse. A smaller
time separation between the two ionization events leads to
a larger fringe spacing in the time double-slit interference.
This observation confirms that the pulse-duration-dependent
variation of TDS interference fringes is governed by the tem-
poral separation of the contributing ionization events, which in
turn reflects the influence of the intrinsic chirp of the subcycle
pulses.

Finally, we examine the causal link between the intrinsic
chirp of subcycle pulses and the recollision time AT as-
sociated with holographic and nonholographic interference
structures. This analysis strengthen the assertion that the in-
trinsic chirp governs the temporal properties of the interfering
trajectories and thereby controls the resulting fringe spacings.
Figure 9(a) shows the relative blueshift of the center frequency
w(0) as a function of pulse duration. As the pulse length
decreases from one optical cycle to the subcycle regime, the
center frequency w(0) exhibits a marked increase, reflecting
the enhanced intrinsic chirp. This chirp effectively compresses
the temporal waveform, producing an inverse relation between
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FIG. 9. (a)Relative blueshift of the instantaneous laser frequency
at the center (+ = 0) as a function of pulse durations. Panels (b)-
(d) show the dependence of the recollision time AT on pulse duration
for the (b) FSH, (c) BSH, and (d) TDS interference structures. The
recollision times AT are extracted at fixed polar angle 6 (FSH) or
fixed parallel momentum p; (BSH and TDS), as indicated in each
panel.

the center frequency w(0) and the electron recollision time
AT.

In Figs. 9(b)-9(d), we further illustrate this relationship for
FSH, BSH, and TDS interference structures by plotting 1/AT
as a function of the pulse duration 7. The recollision times
AT are extracted at fixed polar angle & (FSH) or fixed parallel
momentum p; (BSH and TDS), as indicated in each panel.
In all three cases, the dependence of 1/AT on t mirrors the
trend of the center-frequency blueshift, confirming that shorter
pulses with stronger intrinsic chirp yield shorter recollision
times. This behavior is fully consistent with the variations
in the average PWs shown in Figs. 4(d) and 6(d), which
display the same monotonic dependence on pulse duration.
Together, these results demonstrate unambiguously that the
intrinsic chirp of subcycle driving fields modulates the rec-
ollision times of the contributing trajectories, and that this
modulation directly governs the fringe spacings of the FSH,
BSH, and TDS interference patterns.

C. Effect of pulse envelope

In the preceding subsection, we examined how the number
of laser cycles influences the holographic and nonholographic
interference structures. When the pulse duration enters the
subcycle regime, the intrinsic chirp of the driving pulse be-
comes an essential determinant of these structures. We now
investigate how the interference patterns evolve when half-
cycle pulses with different envelope functions are employed.

Figure 10 illustrates the impact of pulse envelopes on
the FSH structures. The PMADs associated with the FSH
pattern were extracted from the TDSE-simulated PMDs of
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FIG. 10. Effect of laser pulse envelope on the FSH interfero-
metric structures. Panels (a) and (b) show the variation in stripe
density of the spider-leg-like FSH pattern. The PMADs are obtained
by integrating the PMDs along the radial direction over a narrow
momentum interval: (a) 0.3 < p < 0.4 a.u. and (b) 1.0<p < 1.1
a.u. All results are extracted from TDSE-simulated PMDs of helium
driven by half-cycle pulses with various envelope functions [defined
in Eq. (10)] and CEP ¢y = 0°.

helium driven by half-cycle pulses with the envelope functions
defined in Eq. (10) and a CEP of ¢y = 0°. The envelope
dependence of the FSH stripe density exhibits two opposite
trends depending on the electron momentum. Figures 10(a)
and 10(b) show PMADs obtained by integrating the PMDs
over the radial intervals 0.3 < p < 0.4a.u.and 1.0 < p < 1.1
a.u., respectively. At lower momenta [Fig. 10(a)], the FSH
stripes are most densely spaced for the Gaussian envelope and
become progressively sparser for the sech and Lorentzian en-
velopes. At higher momenta [Fig. 10(b)], this trend reverses:
The Lorentzian pulse produces the highest stripe density, fol-
lowed by the sech and then the Gaussian pulses. A quantitative
comparison of the average PWs of PMADs for the three
pulse envelopes is provided in Table I. In the low-momentum
interval (0.3 < p < 0.4 a.u.), the Gaussian pulse yields the
smallest PW and the Lorentzian pulse the largest, whereas
in the high-momentum interval (1.0 < p < 1.1 a.u.), the or-
dering is reversed. These contrasting behaviors highlight the
sensitivity of the FSH interference pattern to the temporal
shape of subcycle driving fields.

To elucidate the origin of these trends, we examine the
returning energies and classical trajectories of electrons ion-
ized during the quarter cycle following the field maximum,
shown in Fig. 11. The returning energies £ are largest for the
Gaussian pulse and decrease systematically for the sech and
Lorentzian pulses. This arises because the Gaussian pulse
has a larger field amplitude in the subsequent half cycle af-
ter ionization. This stronger postionization field accelerates

TABLE I. Average peak widths of PMADs presented in Fig. 10
for various pulse envelopes.

Envelope Average PWs (deg)

Shape 03<p<04au 1.0<p<l1l.lau
Gaussian 20.04 14.06
Hyperbolic secant 21.45 13.36
Lorentzian 22.15 13.34
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FIG. 11. Returning energies and classical trajectories of elec-
trons ionized during the quarter cycle following the peak of
half-cycle laser pulses with CEP ¢ = 0°. (a) Returning energies (&)
at the ionization times (7j,,) and rescattering times (7), along with
the corresponding laser electric fields (simple lines, right axis) for
different pulse envelopes. The full waveforms of half-cycle fields
are presented in Fig. 1(a). (b) Classical electron trajectories initiated
at three representative ionization times within the first quarter cycle
after the pulse maximum, shown for laser pulses with different enve-
lope functions.

electrons to higher return energies and yields larger excursion
distances [Fig. 11(b)]. Moreover, for a fixed returning energy,
the recollision time AT is shortest for the Gaussian pulse and
increases for the sech and Lorentzian pulses.

The direct and rescattered trajectories respond differently
to the envelope. Because all envelopes have similar fields
during the quarter cycle that initiates the trajectories, the phase
accumulated by the direct electrons (determined mainly by the
vector potential near ionization) varies only weakly among the
three pulses. The scattering trajectories, however, are strongly
influenced by the amplitude of the subsequent half cycle. The
Gaussian envelope, having the largest field amplitude in this
region, drives electrons to larger excursions and higher return
energies, producing a larger phase accumulation along the
rescattered path. This increases the phase difference between
the direct and scattering trajectories and therefore reduces the
fringe spacing, yielding a higher stripe density in the FSH
pattern for the Gaussian pulse.

A competing mechanism arises from the intrinsic chirp of
the subcycle pulses. As shown in Fig. 1, the Gaussian field
exhibits a stronger temporal compression of its wings due
to its larger instantaneous-frequency variation. This reduces
the recollision time AT and tends to widen the FSH fringes,
leading to a lower stripe density. This behavior parallels the
trend observed in the cycle-number analysis of Fig. 4.

The envelope-dependent stripe density thus results from
the competition between two mechanisms. On the one hand,
the stronger postionization field amplitude of the Gaussian
pulse leads to greater phase accumulation along the scatter-
ing trajectory and consequently denser FSH fringes. On the
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FIG. 12. Influence of the pulse envelope on the BSH interference
pattern. (a) Line profiles of the BSH structure at p; = 0.5 a.u. for dif-
ferent pulse envelopes defined in Eq. (10). The profiles are extracted
from TDSE-simulated PMDs of helium driven by half-cycle pulses
with CEP ¢y = 0°. (b) Relative shift of the BSH peak positions for
the sech (red) and Lorentzian (green) envelopes with respect to those
obtained using the Gaussian envelope.

other hand, the larger instantaneous frequency of the Gaus-
sian field shortens the recollision time AT, which tends to
widen the holographic fringes and reduce their density. The
observed stripe density trend in the PMADs is determined
by the relative strength of these two effects in different mo-
mentum regions. For lower momenta (0.3 < p < 0.4 a.u.), the
amplitude-driven excursion mechanism dominates, resulting
in decreasing stripe density in the order of Gaussian to sech to
Lorentzian. In contrast, at higher momenta (1.0 < p < 1.1
a.u.), the chirp-induced reduction of AT becomes the domi-
nant factor, reversing the trend so that Lorentzian pulse yields
the most densely spaced FSH stripes, followed by the sech and
Gaussian envelopes.

We now turn to the influence of the pulse envelope on the
spacing of the BSH interference peaks. Figure 12(a) shows
the line profiles of the BSH structure at p; = 0.5 a.u. for
the envelope functions defined in Eq. (10). The lineouts were
extracted from TDSE-simulated PMDs of helium driven by
half-cycle pulses with CEP ¢y = 0°. Near the origin (p; = 0),
the fringe spacing is largest for the Lorentzian envelope and
successively decreases for the sech and Gaussian pulses. As
p)| becomes more negative, the separation between adjacent
peaks decreases for all envelopes, and the ordering eventu-
ally reverses near the cutoff: The Gaussian pulse produces
the widest spacing, followed by the sech pulse, while the
Lorentzian pulse yields the narrowest. This trend is quantified
in Fig. 12(b), which shows the relative shift of the BSH
peak positions for the sech and Lorentzian envelopes with
respect to those obtained using the Gaussian envelope. Both
envelopes exhibit positive peak shift near the origin, indicat-
ing larger fringe spacing than that of the Gaussian pulse; the
shift decreases toward intermediate momenta, crosses zero,
and becomes negative in the cutoff region, demonstrating that
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FIG. 13. Effect of the pulse envelope on the intracycle interfer-
ence structure. (a) Temporal profiles of half-cycle laser fields with
CEP ¢y = 90° for different envelope functions. (b) Corresponding
line profiles of the TDSE-simulated PMDs, obtained by integrating
the distribution over the polar angle 6 in the positive parallel-
momentum region.

the Gaussian-pulse fringes become more widely separated at
higher |py|. This observed behavior reflects the same com-
petition identified for the FSH structure. Close to the origin,
the dominant contribution arises from the stronger postion-
ization field amplitude of the Gaussian pulse, which drives
the rescattered electron to larger excursion distances and thus
yields greater phase accumulation, producing more closely
spaced fringes. At larger |p;|, however, the intrinsic chirp
of the Gaussian pulse becomes the controlling factor: The
higher instantaneous frequency shortens the recollision time
AT, reducing the differential phase between the interfering
trajectories and thereby increasing the fringe spacing.

Finally, we examine how the pulse envelope influences
the nonholographic (TDS) interference structure. Figure 13(a)
shows the temporal profiles of half-cycle laser fields with
CEP ¢y = 90° for the three envelope functions, and Fig. 13(b)
presents the corresponding ATT spectra obtained by integrat-
ing the TDSE-simulated PMDs over the polar angle 6 in the
positive p region. A clear envelope-dependent shift of the
TDS interference fringes is observed: The ATI peaks move
outward as the envelope is varied from Lorentzian to sech to
Gaussian. This behavior reflects the interference of two di-
rect (nonrescattering) trajectories, born in the quarter cycles
immediately before and after the pulse center. The field am-
plitude in these two quarter cycles is largest for the Gaussian
envelope and decreases for the sech and Lorentzian pulses.
The stronger instantaneous field of the Gaussian pulse imparts
a larger quiver energy to the electron, increasing the final
kinetic energy of the interfering trajectories. Since the fringe
spacing of time double-slit interference grows monotonically
with photoelectron energy [53,54], the higher quiver energy
associated with the Gaussian driver shifts the TDS fringes
outward relative to the sech and Lorentzian cases.

Overall, the pulse envelope plays a decisive role in shap-
ing all three types of interferometric structures in subcycle
regime. For the FSH and BSH patterns, the envelope depen-
dence arises from the competition between two mechanisms:
(1) the postionization field amplitude, which governs the
excursion, return energy, and phase accumulation of the scat-
tering trajectory, and (2) the intrinsic chirp of the subcycle
waveform, which controls the recollision time and therefore

the fringe spacing. The relative strength of these competing
effects varies across momentum regions, leading to envelope-
dependent reversals in FSH stripe density and BSH fringe
spacing. In contrast, the time double-slit interference is pri-
marily controlled by the instantaneous field amplitude in the
half cycle across the pulse center, which sets the quiver energy
of the nonrescattering trajectories and thereby shifts the ATI
fringes. Taken together, these results demonstrate that the
envelope of a subcycle pulse is not merely a multiplicative
shaping function but an active control parameter that reshapes
strong-field interferometric structures by modifying both the
electron dynamics and the underlying temporal phase rela-
tionships.

We note that the 3D-TDSE employed in this work relies
on the SAE approximation, which neglects electron-electron
correlation and may therefore introduce quantitative devia-
tions in regimes involving large-angle rescattering, such as
BSH contribution. Nonetheless, the SAE framework has been
shown to capture the essential phase dynamics and interfer-
ence mechanisms with high reliability in strong near-infrared
fields [25,60,61]. Since our conclusions are based on relative
trends, specifically the dependence of fringe spacing and vis-
ibility on pulse duration, intrinsic chirp, and envelope shape.
The SAE model is sufficient for the present qualitative anal-
ysis, while a fully correlated treatment would be required for
quantitatively exact predictions.

Moreover, in realistic experimental conditions, the mea-
sured photoelectron distributions are subject to focal-volume
(intensity) averaging due to the spatial variation of the laser
intensity within the focus. Such averaging generally reduces
the contrast of interference fringes, since the phase differ-
ences responsible for the oscillatory structures depend on
the local intensity. Therefore, the fine modulations predicted
here are expected to be partially smoothed in the experiment.
Nevertheless, the qualitative trends reported in this work—
particularly the systematic dependence of the angular peak
width and fringe spacing on the pulse duration in the subcycle
regime—are governed by the intrinsic temporal structure of
the driving field and persist over a finite intensity range. Con-
sequently, while focal averaging may weaken the visibility of
the structures, it is not expected to eliminate the underlying
effects.

IV. SUMMARY AND CONCLUDING REMARKS

We have systematically studied the effects of subcycle driv-
ing fields on the interference structures in PMDs, based on the
numerical solutions of the TDSE and the classical model. Our
results reveal that photoelectron interference patterns gener-
ated by subcycle laser pulses are highly sensitive to both the
pulse duration and the temporal waveform imposed by the
pulse envelope. For single- and half-cycle Gaussian pulses
with CEP values of 0° and 90°, the TDSE simulations clearly
identify three principal contributions to the PMDs: FSH inter-
ference, BSH interference, and TDS interference structures.
The visibility and relative dominance of these structures de-
pend strongly on the temporal symmetry of the electric field
and vector potential.

For CEP ¢¢ = 0°, half-cycle pulses isolate the BSH
fringes, enabling a clean observation of backward-scattered
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trajectories that are typically obscured in longer pulses. As
the pulse duration increases to one optical cycle, nonholo-
graphic (TDS) intracycle interference becomes prominent
and increasingly overlaps with the holographic contribu-
tions, complicating the PMD structure. For CEP ¢y = 90°,
the temporally antisymmetric field promotes time double-slit
interference, producing spider-leg fringes and fish-bone-
like structures whose spacing increases with photoelectron
energy.

A detailed analysis of the pulse-length dependence demon-
strates that the fringe densities of the FSH, BSH, and
intracycle patterns are all governed by the temporal dynamics
of the underlying electron trajectories. Classical trajectory
analysis shows that the stronger intrinsic chirp exhibited by
shorter pulses modifies the ionization and rescattering times
of interfering trajectories. For both FSH and BSH, shorter
pulses yield smaller recollision time AT, producing more
widely spaced interference fringes. The intracycle interfer-
ence fringes, unlike multicycle pulses, exhibit a pronounce
dependence on the cycle number of subcycle driving fields.
In the subcycle regime, intrinsic chirp reduces the temporal
separation between the two interfering trajectories, resulting
in increased ATI peak spacing. Across all three mechanisms,
the intrinsic chirp emerges as the unifying factor controlling
the relative phase accumulation between interfering electron
pathways.

Finally, we examined how the pulse envelope affects the
interference patterns for half-cycle pulses. Despite having
identical FWHM duration, different envelope functions mod-
ify the effective instantaneous frequency and the temporal
slope of the vector potential near the ionization times. As

a result, both the holographic and TDS interference fringe
spacings exhibit noticeable variations depending on the choice
of envelope, further highlighting the sensitivity of strong-field
holography to subcycle temporal shaping.

In conclusion, our analysis shows that subcycle pulses
provide a powerful means of tailoring electronic wave packet
interference in strong-field ionization. The controllable mod-
ification of ionization and rescattering times—via CEP, pulse
duration, and pulse envelope—offers a route to selectively
enhance or suppress specific holographic features. These find-
ings provide essential guidance for using subcycle fields in
ultrafast imaging and for exploiting holographic structures as
probes of subangstrom scale attosecond electronic dynamics.
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