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Transverse asymmetry (TA) signifies a feature of the photoelectron momentum distribution (PMD) when
linearly polarized light interacts with tilted molecules, which has been widely employed in strong-field pho-
toelectron holography. The initial phase structure and the asymmetric Coulomb field are considered as two
different physical origins for the TA. Through the molecular quantum trajectory Monte Carlo method, we
correct some misconceptions in previous studies and refine the physical picture regarding how these two factors
modulate TA in PMDs. We demonstrate the critical influence of the multiple-constituent atomic orbitals for
ionizing the molecular orbital on the initial phase structure. This phase structure introduces an additional phase
difference between tunneling electrons, leading to the rotation of the spiderlike and comblike fringes while
maintaining the structure of the above-threshold ionization rings. In contrast, the asymmetric Coulomb field
modulates the amplitude distribution of tunneling electrons depending on the tunneling sites, resulting in changes
in the intensity of the fringes. Additionally, apart from the TA signal induced by the asymmetric Coulomb field
for the indirect electrons, we also identified the reverse TA signal for the direct ones near zero momentum.
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I. INTRODUCTION

Electron holography provides powerful technical support
for the three-dimensional electron microscopic image of mi-
croscopic matter. Utilizing the wave nature of electrons,
the scattered and nonscattered parts of the electron wave
packet (EWP) are overlapped to generate a stripy interfer-
ence pattern—the hologram. In the past 20 years, strong-field
photoelectron holography (SFPH) has been understood and
widely used in strong-field physics. Here, the typical holo-
gram [1] is produced by the interference of two kinds of
EWP in the photoelectron momentum distribution (PMD).
One involves electrons flying directly to the detector after
tunneling ionization, serving as the reference wave, which
encodes the information of the initial state; the other involves
ionized electrons that may return and scatter off the parent ion,
regarded as the signal wave, which contains the information
of the scattering core. As a result, SFPH holds the unique
potential for probing the temporal and structural properties of
atomic and molecular systems with angstrom and attosecond
precision [2-9]. It has been reported that the photoemission
position was experimentally measured in the ionization of
atoms with SFPH [5], timing in photoionization can be re-
trieved based on SFPH [2,3], and the attosecond migration
of the valence electron in molecules is directly visualized by
applying the SFPH [7].
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Meckel et al. first reported in experiment that the holo-
grams depend on the molecular alignment [10]. When a
linearly polarized laser field interacts with a molecule that is
tilted against the laser polarization direction, a tiny shift is
observed in the interference pattern, resulting in a transverse
asymmetry (TA) perpendicular to the polarization axis. They
revealed that this shift is caused by a transverse displacement
of the EWP in the position space immediately after tunneling.
Tan et al. further retrieved this transverse emission position in
terms of SFPH [11]. Actually, this transverse displacement in
the position space corresponds to an additional phase structure
of the continuous electron in the momentum space [12] and
Liu et al. extracted this additional initial phase of the tunneling
EWP from the transition amplitude within the strong-field
approximation [13,14].

Recently, Ortmann et al. further point out that the asym-
metric Coulomb field of tilted molecules also has influence
on the TA of the holographic interference pattern [15]. For
molecules, there are several tunneling sites. The EWP may
undergo adiabatic relaxation to the atoms with the lowest
potential energy before ionization. Alternatively, it may di-
rectly ionize from atoms with higher potential energy, a
phenomenon known as enhanced ionization [16-28]. It is
shown that electrons that tunnel from different sites, i.e., up-
or down-field atoms, will undergo a different degree of de-
flection because of the asymmetric Coulomb field, ultimately
leading to a TA in the interference pattern as well. Taking
advantage of this feature, they further estimate the ratio of
electrons born from the up- and down-field atoms [15].

The alignment-dependent PMDs measured experimentally
have been quantitatively reproduced in simulations consider-
ing these two factors, but some contradictions and unclear
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points still remain. A long-standing contradiction is that the
bond length of N, in the model needed to be set to 4 a.u.
rather than the equilibrium bond length of 2.07 a.u. to repro-
duce the experimental measurements [10,13]. Additionally,
although both the initial phase structure and the asymmet-
ric Coulomb field can give rise to TA, and they are both
essentially caused by the spatial offset of the EWP emis-
sion position from the geometric center of the molecule, is
there a fundamental distinction between the “spatial offset-
induced initial phase structure” and the “spatial offset-induced
asymmetric Coulomb field” in their manifestations in the
alignment-dependent PMDs? If there is, how do they induce
TA in PMDs, respectively?

In this study, we employ a molecular quantum trajectory
Monte Carlo (MO-QTMC) model to investigate the mecha-
nisms responsible for generating TA due to the initial phase
structure and the asymmetric Coulomb field, respectively. By
combining 2s and 2p, atomic orbitals to more accurately
mimic the 30, highest occupied molecular orbit (HOMO) of
N,, we reproduce the experimentally measured alignment-
dependent PMDs [10] at an equilibrium bond length of
2.07 a.u. We further show that the initial phase structure
induces interference fringe shift, varying for different interfer-
ence patterns, while the asymmetric Coulomb field modulates
the intensity of the fringes. Additionally, we identified TA
signals from direct electrons near zero momentum that were
overlooked in earlier studies.

The paper’s structure is outlined as follows: Section II
introduces the MO-QTMC model utilized in this study and
describes the data processing techniques. In Sec. Il A, we
elucidate the role of the initial phase structure in generating
TA. Section III B explains how the asymmetric Coulomb field
contributes to TA. The abbreviation a.u. throughout the paper
denotes atomic units.

II. THE SEMICLASSICAL MODEL

We perform the MO-QTMC [13] simulation to study the
TA of N, molecules in strong laser fields. The MO-QTMC
model is improved from the atomic QTMC model [29,30]
after considering the molecular orbital effect [31,32]. In the
simulation, the determination of the tunneling site involves
two approaches: one is given by the Landau effective the-
ory [33]; the other builds upon the former but introducing
a spatial offset from the geometric center of the molecule.
This offset accounts for the transverse displacement in posi-

J

tion space associated with the up- and down-field tunneling
[15]. The tunneled electron carries a Gaussian-like transverse
momentum distribution perpendicular to the instantaneous
electric field and zero longitudinal momentum along the
field. The ionization probability of tunneled electrons is given
by the modified Ammosov-Delone-Krainov (ADK) theory
[13,29,34] and includes the correction induced by the molec-
ular alignment and bond length [13]. After tunneling, based
on Feynman’s path integral approach, the evolution of EWP
in combined laser and Coulomb field can be represented by
quantum trajectories. The electron motion is determined by
the classical Newtonian equation,

F=-VV()—EQ@), (1)
where E(t) is the electric field and V(r)=
— 32 Z(r —Ry)//Ir —R,> +a® is the one-electron
soft-core potential, as in Ref. [35]. Here, Z;(r — R;) =
7P + (Z})—Z}X’)exp(—|r —R,)?/0%) is the position-
dependent effective charge. J labels the nuclei at fixed
positions R; = (—1)’Ry/2, where Ry is the bond length. For
N,, the bare charge parameter Z;° = 0.5, and the effective
nuclear charge Z? = 7. Soft-core parameters a = 1.2 and
effective charge shielding parameter o = 0.836 are chosen to
match the ionization potential of N,’s HOMO.

The phase of each quantum trajectory is calculated by the
phase equation S = ¢y + ¢ini. Here,

7,
Boro = — / V(22 + VIEO] = () - VVIE@)] + 1, ]dr
' ®)

is the phase accumulated during propagation [30,36], where I,
is the binding energy. ¢i,; represents the initial phase, which
can be extracted from the ionizing molecular orbital. Since 2s
and 2p, orbitals mainly contribute to the 30, HOMO in N,
[37,38], different from the previous study where ls orbitals
are used [13], we combine 2s and 2 p, orbitals to mimic the 3o,
HOMO more accurately. The structural factor Syi0, dependent
on the HOMO, is given by

3)

S@SB% and S, )35, Are the structural factors corresponding
to the bonding combination of 2s and 2p, orbitals with the
weighted coefficients of C(a)35, and Cap,)30, respectively. The
respective structural factors can be written as follows:

Smo = Cs3o,S2s)30, T C2p.130,S2p.)30, -

2,92 vyoRo sin(6) isgn[E (1,)], /21, + vyzoRo cos(9) )
Ss)30, = — z cos —
@30 = T T ¥ S0 (Ro) 2 2 “@
and
2,72 vy0Ro sin(6) isgn[E(t,)],/21, + vyZORO cos(@)
S )30, — — 1 sin —

@r3e = T = 2. (Ro) 2 2

x {vyo sin(0) — isgn[E (1,)],/ 21, + v}, cos(6)]}. (5)
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Here, k,zl = 2I,. S25(Ro) and S;, (Ro) are the respective
atomic orbital overlap integrals. vyo represents the initial
transverse momentum. 6 represents the angle of molecu-
lar alignment. ¢, is the real part of electron birth time and
sgn[E (¢,)] represents the direction of the instantaneous elec-
tric field. The detailed derivation can be found in Sec. II
of the Supplemental Material [39]. Based on the relation
Smo = aen, we obtain the initial phase structure ¢, =
arctan(Im[Smol/Re[Smo]). Finally, those different quantum
trajectories will interfere with each other when they have the
same asymptotic momentum.

In the simulation, neutral N, molecules with a valence
30, shell are ionized by the laser pulse polarized along the
x axis. The N, molecules are aligned in the xy plane and
tilted at an angle with respect to the laser polarization axis
that can induce TA in the PMDs. The laser pulse with a cosine
waveform has a wavelength of 800 nm, a peak intensity of
I =13x 10" W/cmz, and a duration of six cycles with a
constant amplitude for the first four cycles and a two-cycle
ramp at the end.

Although the PMDs can intuitively exhibit the asymmet-
rical distribution, it is hard to quantify the degree of TA. To
address this, we extract the average of the transverse momen-
tum v, for each momentum v,, as in Ref. [15]:

> i wi, ()
Z;:l U)(l, .])

(6)

Uy, mean [ve(D)] =

where w(i, j) represents the PMD in the ith and jth bins of
the histogram along v, and v, respectively.

III. RESULTS AND DICUSSIONS

A. The initial phase structure

Although the alignment-dependent PMDs measured ex-
perimentally have been quantitatively reproduced in both the
quantum model of the time-dependent Schrodinger equation
[10] and the semiclassical QTMC model [13], a puzzling
contradiction persists in these simulations. Specifically, the
bond length of N, needs to be set to 4 a.u. rather than
the equilibrium bond length of 2.07 a.u. In previous mod-
els, a (1s)30, orbital was utilized to mimic the HOMO of
N,. However, as we know, such an approximation is overly
simplistic, because the HOMO should be expanded into mul-
tiple constituent atomic orbitals. To address the contradiction,
we combine 2s and 2p, orbitals [(252p.)30,] to more ac-
curately mimic the 30, HOMO of N, (see Sec. I of the
Supplemental Material [39] for details on the approxima-
tion of the HOMO). We follow Refs. [10,13] to calculate
the normalized difference (ND) plots defined as ND =
[D(p, 0) — Dret(p)]/[D(p, 0) + Dret(p)], where D(p, 0) rep-
resents the PMDs corresponding to the alignment angle 6,
and D,¢(p) is the reference which is the sum PMD over all
PMDs for alignment angles from 0° to 180° in 2° increments.
Both D(p, 6) and D.(p) are normalized. For each angle,
considering the influence of the focal volume effect, we cal-
culate 12 intensities in the range (0.7—1.3) x 10 W /cm?.
The relative weight of each intensity is given by dVol/dI «

(o + 21Ty — 1/1°/? [44].

In Figs. 1(a), 1(b), and 1(c), we show the ND plots at the
alignment angles 0°, 45°, and 90°, respectively. For 0° and
90°, the difference PMDs are symmetric with respect to the
laser polarization. But for 45°, the distinctive TA manifests in
the ND plot. Our results perfectly agree with the experimen-
tal measurement [10] under consideration of the equilibrium
bond length of Nj. It is interesting that either stretching the
bond length of (1s)30, to 4 a.u. or combining 2s and 2p,
orbitals to mimic the HOMO can successfully replicate the
experimental measurements.

To further understand the mechanism behind this outcome,
we show the initial phase structure for different molecular
orbitals separately in Fig. 1(d). For the bonding combination
of pure ls orbitals [(1s)30,] as depicted by the blue (dark
gray) line, the initial phase changes very slowly with the
initial transverse momentum at the equilibrium bond length
Ry = 2.07 a.u., and thus it is difficult to observe TA in PMDs.
The initial phase structure in momentum space essentially cor-
responds to the transverse displacement of tunneling electrons
in position space, linked by Fourier transformation [12]. The
greater the spatial offset, the more rapid the changes of the
initial phase with the initial transverse momentum will be.
In Fig. 1(d), it is evident that the slope increases with the
stretching of the bond length, as seen by the blue (dark gray)
and orange (medium gray) lines. Therefore, the TA can be
more readily observed at the bond length Ry = 4 a.u. On the
other hand, one can find the comparable initial phase structure
extracted from (2s2p; )30, at the equilibrium bond length and
from (1s)30, at the bond length of 4 a.u., as depicted by the
yellow (light gray) and orange (medium gray) lines. This can
be intuitively understood from the shape of the orbital. For
(252p;)30,, p, orbitals have a dumbbell shape with two lobes
aligned along molecular axes. These lobes extend farther away
from the nucleus compared to the spherical distribution of s
orbitals. In other words, the involvement of p, orbitals leads
to the larger spatial distribution. That is the reason why the
overly simplified (1s)30, had to be stretched to reproduce
experimental measurements. Thus, the weighted coefficients
of the constituent atomic orbitals for the ionizing molecular
orbital have a critical effect on the initial phase structure.

When the initial phase structure is introduced into the
model, we can reproduce the experimentally observed tiny
shift of interference fringes. The initial phase structure rep-
resents the phase distortions of the EWP at the tunneling
exit. The interference fringes reflect the phase differences
between subwaves of the EWP. However, we still lack a
clear physical picture of how the initial phase structure modi-
fies the phase differences, thereby affecting the interference
fringes. Both the initial phase structure ¢;,; and the asym-
metric Coulomb field can cause TA, and they are always
considered together in the QTMC simulations to replicate
the experimental results [13,15]. To investigate the ¢y, effect
on TA of interference patterns, we first need to rule out the
influence of the asymmetric Coulomb field. This can be easily
achieved by disregarding the impact of the Coulomb field in
the electron propagation process. However, once the Coulomb
factor is turned off, the interference structure associated with
the rescattering EWP will disappear. Considering that the
wavelength of the scattered electron after tunneling is too long
to effectively resolve the bond length of N, in equilibrium
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FIG. 1. The normalized difference (ND) plots of N, molecules at the alignment angle of (a) 0°, (b) 45°, and (c) 90°. (d) The initial phase
¢ini as a function of the initial transverse momentum v,o for different molecular orbitals at an alignment of 45°. The blue (dark gray) and
orange (medium gray) curves correspond to the (1s)30, HOMO at bond lengths of 2.07 and 4 a.u., respectively. The yellow (light gray) curve

corresponds to the (2s2p,)30, HOMO at the bond length of 2.07 a.u.

under the laser parameters we utilized [10], we modify the

molecular potential to an equivalent atomic potential, i.e.,

Vury=-Y7_, Zfo+(Z}):j;"ol)zeip(z—|r|2/az), to neglect TA caused
r a

by the asymmetric Coulomb field but still retain the role of the

symmetric Coulomb field in the electron motion.

Figures 2(a) and 2(b) show the simulated PMD and the
corresponding vy mean curve [the blue (dark gray) line] from
N, molecules tilted 45° against the laser polarization, re-
spectively. It is obvious that the spiderlike fringes are tilted,
and they exhibit an asymmetric distribution about v, = 0.
The vy mean curve calculated by the classical-trajectory Monte
Carlo (CTMC) model is also shown in Fig. 2(b) as the yellow
(light gray) line. In comparison to the QTMC result, this curve
is obtained without phase structure (¢, + ¢pro) included. One
can clearly identify that it is transversely symmetrical without
any momentum offset. By replacing molecular potential with
V,(r), thus, the asymmetric Coulomb field-induced TA can be
totally suppressed and the initial phase-induced TA is isolated.

The phase-dependent vy yean curve in Fig. 2(b) exhibits a
three-stage structure: an oscillatory plateau for |v,| < 0.5 and
two steep slopes for |v,| > 0.5. Although it generally presents
a positive slope distribution as well, this segmented structure
is still different from the previously reported result with a
smooth slope distribution [15]. Taking a careful comparison
between the PMD and the vy mean curve, one can find that
the location of the curve inflection point, v, ~ |0.5], is where
the spiderlike fringes begin to dominate among the various
interference structures.

To understand this unique vy, mean CUrve structure, we sep-
arate several typical interference patterns, i.e., the spiderlike
fringes [1,45], the above-threshold ionization (ATI) rings
[46-48], and the comblike intracycle fringes [46], by con-
straining the birth time of electrons, as illustrated in Figs. 3(a),
3(c), and 3(e) respectively. Due to the central symmetry of the
PMD, here we only show the results with positive v,. Different
interference structures exhibit distinct vy, mean curves. For the
curve extracted from the spider, as shown in Fig. 3(b), it has a
smooth positive slope with a positive vy mean, Which means the
spiderlike fringes in Fig. 3(a) rotate anticlockwise as indicated
by the white arrows. The curve for the ATI rings in Fig. 3(d)
exhibits a nearly zero slope located at vy mean = 0, which
makes it seem that ¢;,; has a negligible effect on it. Regarding
the comblike fringes, the extracted curve in Fig. 3(f) exhibits
an oscillating distribution centered around each vertical stripe
in Fig. 3(e), indicating a rotation of each comb fringe. One
can easily identify that the segmented vy mean Curve structure
in Fig. 2(b) comes from the combined effect of vy, mean curve
distribution across all interference structures. However, the
mechanism responsible for distinct shift effects observed in
various interference fringes caused by the initial phase is still
hidden.

It is useful to recall that the primary factor contributing to
the phase difference in the spiderlike fringes is [1]

e — 15

A¢ = ¢signal — Gref X )

)
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FIG. 2. (a) The PMD of N, molecules at an alignment angle of
45°. The molecular potential is modified to an equivalent atomic
potential to ignore the TA caused by the asymmetric Coulomb field.
(b) The extracted vy mean as a function of v,. The blue (dark gray)
curve is obtained through QTMC simulation, while the yellow (light
gray) curve is obtained by CTMC simulation without the inclusion
of the phase structure. Interference pattern is plotted in logarithmic
color scale.

Here, téef is the ionization time of the reference wave and
tc is the collision time of the signal wave. They manifest
clear counterparts of quantum trajectories in the semiclassi-
cal model. The reference wave corresponds to the indirect
electrons, while the signal wave corresponds to the forward-
scattered electrons [49]. They depart from the same tunneling
site, which is on the opposite side of the detector, but with
the difference that the transverse momentum changes sign
for the forward-scattered electrons (i.e., vyo x v, < 0), while
it remains in the same direction for the indirect ones (i.e.,
vyo X v, > 0). Since the ¢iy; has a linear dependence on the
initial transverse momentum v,o, as shown in Fig. 3(g), an
additional initial phase difference is introduced between in-
direct and forward-scattered electrons with the same final
momentum:

Aini—spider = Gini (Vy0,forward) — Pini (Vy0,indirect )- 3

Here Sgn(vyO,forward) = _Sgn(vyO,indirecl)a where Vy0,indirect
and vy0 forwara represent the vy of indirect and forward-
scattered electrons, respectively. Combining the aforemen-
tioned relationship between vy, and v, of indirect and
forward-scattered electrons, therefore, this additional phase

difference depends on the final momentum v, as follows:

Aini—spider < 0, for v, > 0 and A¢ini—gpiger > 0, for vy, < 0.
©))

Consequently, Agini_spiger manifests as a counterclockwise
rotation of spiderlike fringes in the momentum spectrum.

As for ATT rings, they arise from the interference of elec-
trons born in different cycles with the same type, i.e., both
direct, indirect, or scattered ones. For energies below 2U,,
the dominance of ATI rings is attributed to the contribution
from the direct ones. Since the phase difference Aini—amr
introduced between direct electrons with identical v,g is ap-
proximately zero, its ¢jyi-induced shift in the PMD is too
negligible to be observed in Fig. 3(c).

The comblike fringes result from the superposition be-
tween the indirect and direct electrons. They depart from
two different tunneling sites, which are on either side of the
parent ion, with the same v,o. Despite their identical vy, the
comblike fringes are modulated significantly by the initial
phase, which deviates from the behavior observed in the ATI
rings. In other words, there is an additional nonzero initial
phase difference, A@ini—comb=®indirect —Pdirects introduced be-
tween them. This comes from the fact that the initial phase
depends not only on the vy but also on the direction of the
electric field at the electron birth time, as shown in Fig. 3(g).
The ¢y, has a positive linear dependence on the initial trans-
verse momentum v,o for E(¢) > 0, while it has a negative
linear dependence for E(¢) < 0. Despite these two types of
coherent electrons having the same vy, the direction of the
electric field at their birth time is different. As a result, this
additional phase difference,

A@ini—comp < 0, for v, > 0 and A¢ini—comp > 0, for vy, < 0,
(10)

leads to a counterclockwise rotation of each comblike fringe
and an oscillatory distribution of the whole vy mean Curve.

To put it briefly, rather than the absolute value of the initial
phase, its dependence on the initial transverse momentum v,
and the direction of the electric field at the tunneling exit is
more noteworthy. The initial phase structure introduces an ad-
ditional initial phase difference between electron trajectories,
leading to the rotation of the spiderlike and comblike fringes
while maintaining the structure of the ATI rings.

B. The asymmetric Coulomb field

Besides the initial phase structure, the asymmetric
Coulomb field can also give rise to TA. The mechanism
behind the asymmetric Coulomb-field-induced TA and its
impact on interference fringes in momentum space remain
unclear. To systematically investigate the effect of the asym-
metric Coulomb field in isolation, we first need to eliminate
the influence of ¢y;. In the MO-QTMC model, ¢i,; and the
transversely asymmetric Coulomb field are mutually indepen-
dent. Therefore, the influence of the initial phase structure can
be easily eliminated by setting ¢;,; to zero. In addition, various
interference structures in PMD may interfere with the accurate
extraction of v, mean curves caused only by the asymmetric
Coulomb field. To eliminate these oscillating background sig-
nals superimposed on the vy, mean curve, here we further ignore
the propagation phase ¢, of the EWP.

013105-5



XU, QIN, GONG, SHE, ZHENG, SUN, AND CHEN PHYSICAL REVIEW A 110, 013105 (2024)

20 -15  -10

— N

1
—

Initial Phase (rad)
e

1
[\
T

1 | 1 |

-1 -0.8 -06 -04 -0.2 0 0.2 0.4 0.6 0.8 1
Initial Transverse Momentum Vy0 (a.u.)

FIG. 3. Separated interference patterns from Fig. 2(a) by constraining the birth time of electrons: (a) the spiderlike fringes, (c) the ATI rings,
and (e) the comblike intracycle fringes. To isolate the comblike fringes, the Coulomb field is turned off during the electron propagation process.
The corresponding vy, mean curves are depicted in (b), (d), and (e), respectively. In the inset, the shaded region represents the corresponding
electron birth time. (g) The initial phase structure with different directions of the electric field at the electron birth time, extracted from
(252p.)30, aligned at 45°. The blue (dark gray) curve corresponds to E(¢,) > 0, while the yellow (light gray) curve corresponds to E(¢,) < 0.
Interference patterns are plotted in logarithmic color scale.

Figure 4 displays vy mean curves extracted from PMDs for that these two curves exhibit opposite vy mean trends. Taking
the two tunneling channels from the up- and down-field atoms, electrons tunneled from the up-field atoms with v, > 0 as an
respectively, where the tunneling site incorporates a spatial example [see the red (dark gray) line in the regime v, > 0
offset from the geometric center of the molecule. It is evident in Fig. 4], they can either directly leave the molecular ions
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FIG. 4. The vy mean curves for up-field [red (dark gray) line] and
down-field [light blue (light gray) line] tunneling channels, respec-
tively. The black dashed box frames the reverse structure of the
Uy mean CUrves in the near-zero-momentum region. Here, the phase
structure of tunneling electrons is not concluded.

(i.e., the direct electrons) or go around them before ionization
(i.e., the indirect electrons), as illustrated in the simplified
trajectory diagrams of Figs. 5(b) and 5(a), respectively. The
direct ones are pulled by the upward Coulomb force from
the downfield cores, which are attached with a positive shift
in the final transverse momentum (§vy, > 0), and it results in
Vymean > O; the indirect ones are pulled downward by the
downfield cores, attached with a negative dv, and leading to

Vymean < 0. It was pointed out before that even though the
attached dv, for direct and indirect electrons have opposite
signs, only the negative vy mean Was observed [15]. This is
because the indirect ones are subjected to a stronger Coulomb
force when they revisit the vicinity of the parent ion and ob-
scure the vy mean curve structure from the direct ones. Upon a
closer examination of these two vy, mean curves around v, = 0,
however, a subtle inverted TA distribution can be observed,
which is highlighted within the dashed box in Fig. 4. Since
we ignore the propagation phase ¢y, of the tunneled electron
in the simulation, apparently, this unique structure is masked
by the interference fringe-induced oscillating background and
has not been extracted in the previous result.

To delve into the underlying dynamics of this unique
Vymean CUrve structure, we examined PMDs and the corre-
sponding vy, mean curves for up-field electrons born in the four
adjacent quarter cycles, as shown in Figs. 5(e)-5(h). Their
respective typical trajectory diagrams are illustrated in the
middle panels of Fig. 5. Given the central symmetry of the
PMDs, here we still focus on the region of v, > 0. The PMDs
with v, > 0 mainly arise from the superposition of electrons
tunneled in the first two quarter cycles, as shown in Figs. 5(e)
and 5(f). From the comparison of their extracted vy, mean Curves
[see the orange line in Figs. 5(e) and 5(f)], one can clearly
identify that they have an opposite vy men but with nearly
the same amplitude. This means that the direct electrons also
experience a strong Coulomb interaction when they pass by
the down-field core, which is contrary to the previous conclu-
sion that the indirect ones always deflected by the asymmetric
Coulomb potential more strongly. As a result, the TA of direct
electrons should not be covered up by the TA of indirect ones.

(a) (b)

-02 0 020406

0.2 0 0204 0.6

-0.6-0.4-0.2 0 0.2

(c) (d)

= x107

(a.u.)

y.mean

-0.6-0.4-0.2 0 0.2

v, (a.u.)

FIG. 5. Separated PMDs of up-field electrons by constraining the birth time of them to individual quarter cycles of the electric field.
[(a)—(d)] The simplified trajectory diagrams for the individual quarter cycle. [(e)—(h)] The corresponding PMDs and vy ean curves. The white
dashed boxes in (f) and (g) indicate the distribution of the prepeak indirect electrons.
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down-ficld tunneling with
an cnhanced Coulomb ficld

-1 -0.5 0 0.5 1
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FIG. 6. (a) The PMD of up-field electrons without (left) and with (right) inclusion of the propagation phase. Here only the dominant
spiderlike fringes are shown in the right-hand side. White arrows mark the direction of the PMD deflection caused by the asymmetric Coulomb
field. (b) Same as (a) but for the electrons tunneled from the down-field atom. (c) The vy mean curves corresponding to the PMDs with the
inclusion of propagation phase in (a) and (b).(d) Same as (b) but with a 25% enhancement in the intensity of the Coulomb field from the parent

ion.

However, the overall TA extracted from the superposition
between direct and indirect electrons [i.e., the red (dark gray)
Vy, mean Curve in Fig. 4] does not compensate for each of them,
but has a subtle positive vy mean in the near-zero-momentum
region and a large negative vy mean in the high-energy region in
v, > 0. This is because, on the one hand, the direct electrons
are always concentrated to a lower energy region because of
the Coulomb focusing effect [50], as shown in Fig. 5(f), while
the indirect ones distribute in a higher momentum region due
to rescattering, as illustrated in Fig. 5(e). They distribute in
different momentum regions and give rise to an inversion of
the vy mean curve. On the other hand, we noticed that not all
electrons born before the field maximum within a quarter of a
laser cycle can go directly to the detector. A small portion of
them could be pulled back to the cores, referred to as the pre-
peak indirect electrons [see the white dashed box in Figs. 5(f)
and 5(h)], which inhibits the vy mean curve structure for direct
electrons. Specifically, in the v, > O region, the distribution
of prepeak indirect electrons with vy mean < 0 in Fig. 5(h)
suppresses the vy, mean curve amplitude of direct electrons in
Fig. 5(f) with vy pean > 0. As a result, one can only observe
a relatively small positive vy mean around the zero-momentum
region in Fig. 4.

In our analysis above, we excluded the phase structure
(¢ini and ¢yro) of the EWP to study the asymmetric Coulomb
field-induced TA. However, it is crucial to emphasize that the

propagation phase ¢, is Coulomb potential dependent and
the inclusion of ¢, will lead to the appearance of the interfer-
ence patterns in PMDs. When the tunneling EWP propagates
in an asymmetric Coulomb field, does the EWP accumulate
asymmetric propagation phase structures, leading to a shift in
interference fringes? Here we introduce ¢y, but still disregard
¢ini in the simulation. The extracted vy mean curves for up-
and down-field electrons are presented as the red (dark gray)
and light blue (light gray) lines in Fig. 6(c), respectively. One
can see that although the interference structures overlay the
oscillation onto the vy, mean curves, the vy, mean curve for the up-
field (down-field) electrons still exhibits an overall negative
(positive) slope.

To elucidate how the asymmetric Coulomb field modu-
lates interference patterns, we go back to the PMDs of the
up- and down-field electrons. Results without and with the
inclusion of ¢y, are shown in the left- and right-hand sides
of both Figs. 6(a) and 6(b), respectively. For clarity, only
the dominant spiderlike fringes are shown in the right half
here. For the up-field electrons without inclusion of ¢p,, as
shown in the left-hand side of Fig. 6(a), they accumulate
an asymmetric transverse momentum from the asymmetric
Coulomb field. Referring to the extracted vy mean curve with
a linear negative slope [see the red (dark gray) line in Fig. 4],
this suggests a clockwise rotation of the amplitude distribu-
tion. After incorporating ¢, the spider fringes emerge, as
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shown in the right-hand side of Fig. 6(a). This rotation of the
amplitude distribution induced by the asymmetric Coulomb
field is manifested in the intensity variations of the spiderlike
fringes within different branches. Specifically, the intensity of
the lower branch is significantly enhanced because the clock-
wise rotational amplitude distribution is closer to where it is
located. For the down-field electrons, the dv, can also lead to a
rotation of the amplitude distribution, which is counterclock-
wise as shown in the left-hand side of Fig. 6(b). However,
due to the weaker asymmetric Coulomb field experienced
by the down-field electrons compared to the up-field ones,
its rotation angle is smaller. As a result, it cannot cause a
significant change in the intensity of both upper and lower
branches of the spiderlike fringes, as observed for the up-field
electrons.

One may argue that there could be a ¢,-induced shift in
the spiderlike fringes, like the pronounced fringe shift caused
by the initial phase structure in Fig. 3(a). To confirm the
modulation of the fringes by the asymmetric Coulomb field,
we enhanced the intensity of the field by 25% for down-field
electrons and the obtained PMD is shown in Fig. 6(d). One can
easily identify that the upper branch of the spiderlike fringes
is significantly enhanced compared to the lower one because
of a larger counterclockwise rotation angle of the amplitude
distribution. However, Figs. 6(a) and 6(b), even Fig. 6(d),
show that all the spiderlike fringes are distributed in their
original positions; in other words, under the laser parameters
we selected, the wavelength of the scattered EWP is too long
to resolve the double-center molecular potential at the equilib-
rium bond length (2.07 a.u.). Thus, the asymmetric Coulomb
field causes the changes in the intensity of the interference
fringes rather than the shift of the fringes.

IV. CONCLUSION

In conclusion, our MO-QTMC simulation investigates a
system where a linearly polarized laser field interacts with
the tilted diatomic molecules. Our study demonstrates that
the weighted coefficients of the constituent atomic orbitals
for the ionizing molecular orbital have a critical effect on the
initial phase structure. This phase structure introduces an ad-
ditional phase difference between tunneling electrons, leading
to the rotation of the spiderlike and comblike fringes while
maintaining the structure of the ATI rings. Simultaneously, the

asymmetric Coulomb field modulates the amplitude distribu-
tion of the PMD, resulting in changes in the intensity of the
interference fringes. Apart from the Coulomb-field-induced
TA signal for the indirect electrons, we also identified the
reverse TA signal for the direct ones with almost the same
intensity. We find that the inhibition of TA intensity for direct
electrons in the low-energy region is attributed to the fact that
some of them are scattered into indirect ones, rather than the
result of a weaker Coulomb field they experience.

Furthermore, we uncover distinctions in the mechanisms
behind the rotation of spiderlike and comblike fringes by
the initial phase structure. The rotation of spiderlike struc-
tures originates from the initial phase difference depending
on disparities in initial transverse momentum. Such a rota-
tion should be commonly observed in the holograms formed
by the interference of scattered electrons (such as spiderlike
fringes, fork structures [S1], or fishbone structures [52,53]),
where a significant initial phase difference will be introduced.
However, the rotation of comblike fringes arises from the
initial phase difference depending on variations in the direc-
tion of instantaneous electric field at the tunnel exit. Since
the comblike fringes arise from interference between non-
scattered electrons, its initial phase-structure-induced rotation
effect exhibits greater potential for extracting electron initial
state information in the absence of Coulomb field scattering.

Finally, note that the changes in the intensity of the inter-
ference fringes by asymmetric Coulomb field depend on the
tunneling sites. This facilitates the future prospect of distin-
guishing electrons originating from different tunneling sites in
PMDs within a holography-compatible manner. Our findings
advance the comprehension of photoelectron holograms and
expand the potential for utilizing TA to precisely probe the
electron dynamics in molecular systems.
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