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Nonreciprocal phase shift within zeptosecond temporal scale
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We investigate the zeptosecond-timescale delayed ionization process induced by ultrafast laser propagation in different
directions across the molecule. The experimental measurements by Grundmann et al. [Science 370 339 (2020)] serve as
a basis for our study, where they extract the birth time delay of photoelectron emission from two nuclei, amounting to a
few hundred zeptoseconds. By comparing and analyzing the results, we observe that asymmetric systems, such as the 2pc
state of HeH2*, exhibit nonequivalent responses to forward and backward laser propagation, resulting in an asymmetric
dependence of the interference structure in the photoelectron momentum spectra. This process is considered as an ultrafast
nonreciprocal phase shift with zeptosecond resolution. Through computational simulations, we explore the relationship
between this kind of ultrafast nonreciprocity effect and molecular orbital symmetry. This study broadens our understanding
of nonreciprocal physical mechanisms in the field of strong-field ultrafast dynamics, and provides a theoretical basis for the
experimental investigation of the nonreciprocal phase shift within the zeptosecond timescale in the response processes of

matter under ultrafast laser irradiation.
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1. Introduction

Photoionization is a fundamental quantum process that
has proven to be a powerful tool in studying atoms, molecules,
liquids, and solids. The ultrafast time-resolved measurement
of photoionization has been a prominent and ongoing topic
in the field of physics. Numerous studies have focused on
the ultrafast electron dynamics during the process of pho-
toionization. For instance, attosecond experimental techniques
and relevant tunneling-time discussions have garnered sig-
nificant attention.!'*! Energy streaking methods have been
employed to explore the time delays in electron ionization

(361 and ionization time-delay

from different atomic orbitals,
measurements have been extended to threshold ionization
processes.! 8! Specifically, high-harmonic generation and iso-
lated sub-100-attosecond extreme ultraviolet (XUV) pulses
have provided a broad stage for investigating ultrafast physics
with extremely high time resolution.>!%1 As a technological
application, the attosecond dynamics of photoelectrons have
received broad attention and research. For instance, the ul-
trashort XUV pulse is used as a precise trigger to time elec-
tronic ionization, and the corresponding time is recorded with
a weak near-infrared (NIR) field, thereby creating an attosec-
ond streaking camera.!'!-14] Additionally, molecular attosec-
ond photoelectron diffraction (MAPD) is a fascinating ultra-
fast imaging technique that also utilizes the interaction be-

tween XUV pulses and molecules. 1522
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In molecular systems, characterized by more complex
structures, the electron photoionization dynamics are closely
related to chemical reactions and biological processes. Explor-
ing ultrafast dynamics in molecular systems holds significant
importance. In recent years, researchers have directed their
attention towards questions about the timing in photoioniza-
tion of extended systems, namely, the temporal buildup of the
photoelectron wave across its spatially extended source. This
means that laser-space propagation will play an important role,
that is, the nondipole effect that cannot be ignored when dis-
cussing the molecular photoelectron angular distribution. >3]
To observe such ultrafast processes, an electron interferomet-
ric technique has been employed, considering the nondipole
propagation effect of light, leading to the detection of a zep-
tosecond time delay.!?*?3] This experimental approach, pio-
neered by Grundmann et al.,>! allows for the observation of
physical processes occurring on an extremely small timescale.
This time delay is interpreted as the travel time of the photon
across the molecule.

To elaborate, when theory goes beyond the dipole approx-
imation, one finds that there is a finite time delay for the inter-
action of a photon with different electron wave packets in a
molecule, attributed to the finite speed of light. The corre-
sponding escape-time difference manifests as a phase shift of
the electron wave in the far field. The resulting phase shift
in the interference structure can be experimentally observed,
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enabling the determination of the time taken by a photon to
traverse a molecule, referred to as the zeptosecond delay (ap-
proximately 247 zeptoseconds for a hydrogen molecule).

To facilitate investigations, researchers have also utilized
single ionization of Hz+ as a model system for comprehending
molecular ionization and dissociation.”®! Their calculations
revealed a birth time delay of photoemission from the two nu-
clei, which amounted to several hundred zeptoseconds, qual-
itatively consistent with the experimental findings of Grund-
mann et al.!! Traditionally, it has been assumed that elec-
tron wave packets are emitted from the central positions of the
atomic cores. However, the separation between the two emis-
sion positions can deviate from the nuclear separation.>7-28]
Lai et al.*®) discussed the influence of this deviation on the
zeptosecond time delay. Additionally, Liu er al.®% investi-
gated how two types of nondipole effects impact the double-
slit interference in single-photon ionization of HJ, particularly
when the XUV pulse propagates in different directions. The
nondipole effect stemming from individual atoms introduces
a tilted envelope to the overall interference pattern, whereas
the interaction delay between the pulse and the two nuclear
centers further modifies the positions of interference max-

ima and minima.[26-31:32

1 The multielectron system model has
also been carefully investigated, which includes the electron-
electron correlation effects.[3!-33] Moreover, studies have also
focused on retrieving attosecond time delays and phase infor-
mation from asymmetric molecules.**

The majority of the relevant studies are based on symmet-
ric and simple systems, such as hydrogen molecules or hydro-
gen molecular ions, where the initial ionization phase differ-
ence is zero. In asymmetric systems, what is the response of
the photoionization time delay to the phase shift of the elec-
tron wave in the far field? When photons traverse a heteronu-
clear molecule in different directions, they arrive at nuclei of
different species at different times, resulting in more diverse
ultrafast dynamics of photoionization. In our following inves-
tigation, we demonstrate that when considering asymmetric
systems and incorporating the additional phase shift caused
by laser propagation, the interference patterns in the photo-
electron momentum spectra exhibit nonequivalent responses
to different laser propagation processes. We define this asym-
metric response phenomenon as an ultrafast nonreciprocity ef-
fect. Importantly, it is revealed in the following analysis that
the ionization dynamics involved in the photoelectron phase
shift shows zeptosecond temporal resolution.

Broadly speaking, nonreciprocity refers to a physical pro-
cess exhibiting nonequivalent responses to input signals in op-
posite directions, demonstrating irreversibility or asymmetry.
It finds extensive applications in various fields. For instance,
in the research field of optical devices, the pioneering work of

[35]

Gong et al.'>”! on nonreciprocal transmission of optical fields

and unidirectional amplification of optical fields!?! serves as
a paradigm for the study of nonreciprocal optical devices. In
this paper, we transplant analogous nonreciprocity concepts
into the realm of ultrafast molecular photoionization, where
we discuss the time delay of photoionization as photons tra-
verse heteronuclear molecules and interact with the center of
asymmetric electron wave packets. The rest of the paper is or-
ganized as follows. In Section 2, we introduce the numerical
method. The results and analyses are presented in Section 3.
The paper ends with a conclusion in Section 4. Atomic units
(a.u.) are used unless stated otherwise.

2. Numerical methods

To simulate the photoionization process in the XUV
pulse, we numerically solve the two-dimensional time-
dependent Schrodinger equation (2D-TDSE) with the single-
active-electron (SAE) approximation. The TDSE with dipole
approximation reads

O () = H () ¥ (1), )

where r = (x,y) denotes the electron position in the (x,y)
plane. Below we assume the molecular axis is aligned in the x
direction. The Hamiltonian H (r,t) is given by

H(T,Z):—%V2+V(T)+T'E(l)7 2)

A (1) = —Agsin’ (%) sin (@t) - n, 3)
d

E(1) = _EA(I)» “

where A (r) is the vector potential and E (¢) is the electric
field. Ap and w are the amplitude and angular frequency, re-
spectively. m is the unit vector in the polarization direction.
The laser intensity is chosen to be 5.0 x 10'> W/cm?. We use
an N = 20 cycle linearly polarized XUV pulse with a wave-
length of 3.5 nm (@ = 13 a.u.). The effective screened poten-
tial is in the form of(!8]

V(r)=—ZL )

4 2, 2

ITita;
where the subscript j labels the nuclei at fixed positions p;
and r; = r — p;. Z; denotes the nuclear charge of nucleus ;.
The soft-core parameter a; is tuned to correctly reproduce the
orbital shape and state energy of the molecule. The Crank—

Nicolson method[37:38]

on a Cartesian grid is used to numer-
ically solve the 2D-TDSE. The initial wave function is pre-
pared by imaginary-time propagation.**! Due to the linearity
of the Schrodinger equation, for real-time propagation we split
the electron wave function ¥ (¢) at any given time ¢ into two

parts(40]

V(1) =Y (0) (1 =F(re)) + ¥ (1) Fs (re) = ¥ (1) + ¥ (1) ,(6)
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where F; (r.) = 1/ [1 + e~ (r=7)/B| is an absorbing function
that separates the propagation space into the inner and outer
parts, smoothly. ¥ () propagates under the full Hamiltonian
in the inner space, and ¥ (t) propagates under the Volkov
Hamiltonian in the outer space analytically, which represents
the ionized part.[*>-*!] Then we calculate

with & (p,1) = exp [—i = L(p+A(n)? dt} @ (p,t). Finally,
we obtain the electron momentum spectrum by

=) ®(p.1)

t

2

d2
P(p) ’ ®)

dEdO

where E = |p|*/2 is the electron energy and 6 is the an-
gle of the emitted electron. The time step of propagation is
At = 0.2 a.u. At the end of the laser pulse, the wave func-
tion is propagated for a sufficiently long time to collect “slow”
electrons.[*?! The space ranges from —819.2 a.u. to 819.2 a.u.
in both directions with a grid size of Ax = Ay = 0.2 a.u. The
boundary of the inner space is r, = 130 a.u. with f = 6.0 a.u.
We take into consideration that the speed of light is much
greater than the velocity of photoelectrons. Therefore, when
the electron reaches the absorption boundary at the distance of
re, itis assumed that the XUV light has propagated far enough,
and thus the laser pulse is considered to have ceased. Conse-
quently, when considering the nondipole effect, the propaga-
tion of ¥ (7) analytically follows the Volkov Hamiltonian in
the outer space and remains valid.

When discussing the nondipole propagation effect of the
laser, it suffices to replace the time variable r with the light-
cone time 7 = —n (x — ag)/c, and Hamiltonian (2) should be
rewritten in the Goppert—Mayer gauge with accuracy up to or-
der 1/c43441

A

H(r,n) :—%V2+T~E(n) <1—nix> +V(r), (9

where n = +1 and —1 represent the propagation of the laser
along the +x and —x directions (or +y and —y directions), re-
spectively, and n = 0 corresponds to the results obtained under
the dipole approximation. Here, ay denotes the initial distance
between the pulse and the molecule.

The method of determining time delay is based on the
electron interferometric technique. To elaborate, the two
nuclei (or two emitting sites) act as “slits” in the micro-
scopic double-slit experiment, and the photoelectron momen-
tum distribution (PMD) exhibits a two-center interference
pattern.[*>31 In general, this kind of interference can be ob-
tained by superposition of the phase term of the electron wave
packet emitted from the N, centers

Ne .
Y gajeilr (R, (10)
=

with momentum p emerging from the j-th center with position
vector I, initial phase ¢;, and amplitude A;. €; =1 and —1
correspond to electrons emerging from molecular orbitals of
ungerade and gerade symmetries, and also correspond to sym-
metric bonding and antisymmetric antibonding orbitals. For
the two-center case, i.e., N; = 2, the interference feature can
be written as

cosz(p-g—#%), ag==1,
P~ an
sinz(p~%+%), g=—&=1,

Ap = ¢; — ¢, is the initial phase difference between the
two waves. When the electron birth time delay due to the
nondipole effect is considered, the relationship between the
phase shift and the time delay is given by

cos (o) Ry tavpn) _
27:( T " ) —0. (12)

Here, Aq. is the electron’s de Broglie wavelength, and vy, rep-
resents the phase velocity, which can be estimated as vp, =
Pe/2 under non-relativistic conditions. The angle o is the
photoelectron momentum direction with respect to the molec-
ular axis.

3. Results

To elucidate the asymmetric characteristics of the PMD
interference structure for asymmetric molecules under both
the dipole approximation and when considering nondipole
laser propagation, we perform simulations for symmetric
molecular systems (H;r ) and asymmetric molecular systems
(HeH%H).
Ry = 4 a.u., consistent with commonly adopted parameters

For HeH?t, the internuclear distance is set to

in previous studies.*®! For comparative purposes, the nuclear
separation of HJ is also set to Ry = 4 a.u.

From the potential energy curve of the 1sc state of the
hydrogen molecular ion, the ionization potential at Ry = 4 a.u.
is I, = 0.7956 a.u. The corresponding charge parameters are
Z) = Zp = 1, and the softening parameters are a; = a, =
0.8465. The laser is assumed to propagate along the x direc-
tion, with polarization along the y direction, i.e., n = (0, 1).
The calculated coordinate-space wave function of the 1so ini-
tial state is shown in Fig. 1(a). It represents a symmetric bond-
ing orbital with a clear two-center structure, arising from the
double Coulomb potential well of the molecule. The relatively
large internuclear distance further enhances the spatial local-
ization of the electronic wave packet compared with the equi-
librium nuclear separation of the ground state. Consequently,
under XUV excitation, the PMDs exhibit a distinct two-center
interference structure.

Figures 1(c)-1(e) present the PMDs for photoelectrons
with momentum magnitude p. = 4.9 a.u. Figure 1(c) shows
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the dipole approximation result (rn = 0). Owing to the bonding
orbital symmetry with & = & = 1, the interference maximum
is located at the center of the momentum spectrum (p, = 0),
consistent with Eq. (11). Furthermore, due to the intrinsic
molecular symmetry, the PMDs are symmetric and this is more
evident in the corresponding photoelectron angular distribu-
tion (PAD) in the molecular frame (Fig. 1(b), dashed line).
From the PMDs, the interference fringe spacing in mo-

8 \
(a) '
0.25
4 £
N 0.20 5
3 e
2 0 0.15 E,
> 0.10 3
4 z
- o
I0.05 3
—8
—8
6 n=0
’OOQ\
g2 , \
J Ap,=1.56 a.u.
> le—>!
o

NoLo?

0.4

0.3

0.2

mentum space is determined to be Ap, = 1.56 a.u. According
to Eq. (11), the effective separation between electron emission
positions is Ry = 27 /Ap, = 4.03 a.u., which is in close agree-
ment with the chosen internuclear distance Ry = 4 a.u. This
result confirms that at relatively large internuclear separations,
the electron emission sites localize near the nuclei, in contrast
with bonding orbitals at equilibrium separation, where elec-
tron density is concentrated between the two nuclei.>’]

--n=0
—n=+1

(b)

P, (a.u.)

Fig. 1. (a) Wave functions of the ground state of H2+ . (b) The corresponding radially integrated PADs, i.e., cos(a), where the angle o is the
photoelectron momentum direction with respect to the molecular axis. The dashed line denotes the PAD in the dipole approximation case, while
the red solid line and the blue solid line represent the PAD for the laser propagating along the +x and —x directions, respectively. (c) Simulated
molecule-frame PMD of H;r in the dipole approximation. (d) and (e) Simulated molecule-frame PMD of H;r with the laser propagating along

the +x direction and —x direction, respectively.

It is more important to focus on the nondipole propa-
gation effects of the laser, where the XUV pulse propagat-
ing through the distance of Ry, leads to an initial ioniza-
tion time delay for electrons emitted from the two centers
of the molecule. The theoretical delay should be Ry /c =
0.02941 a.u., approximately 712 zeptoseconds, where ¢ rep-
resents the speed of light. This time delay introduces an ad-
ditional initial phase difference to the electron wave pack-
ets emitted from the two centers, resulting in observable
phase shifts in the momentum spectra interference structure,
as shown in Figs. 1(d) and 1(e). Figure 1(d) displays the
PMD when the laser propagates along the +x direction, i.e.,
n = +1. In this case, the ionization time of the electron wave
packet from the right center is delayed compared to that from
the left center due to the finite speed of light, resulting in a
rightward shift of the interference fringes with a phase shift
of cos(ap) = 0.018. According to Eq. (12), when the laser
propagates along the +x direction (n = +1), the delay time

for electron ionization from the right center compared to the
left center is g = 2Ry cos(0)/pe = 0.02937 a.u., which is
close to the expected value of Ry, /c. Similarly, when the laser
propagates along the —x direction (n = —1), it causes a left-
ward shift of the interference fringes (Fig. 1(e)), with a phase
shift of cos (o) = —0.018 and 74 = —0.02937 a.u. (the nega-
tive sign indicates a delay in electron ionization from the left

center compared to the right center). From the PAD curves,
represented by the solid red and blue lines in Fig. 1(b), it can
be clearly observed that the phase shifts corresponding to laser
propagation in different directions are symmetric. This sym-
metry arises from the inherent symmetry of the system and the
spatial symmetry of the system’s response to laser propaga-
tion. Ultrafast dynamical phenomena are therefore considered
equivalent for forward and backward laser propagation. In this
paper, we define this situation as reciprocity, which manifests
on the temporal scale of hundreds of zeptoseconds.

Next, we discuss the case of the heteronuclear HeH>" ion.

104201-4
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First, we consider the initial state to be the 1so state. The ion-
ization potential of the ground state is 2.2506 a.u. Here, we use
the parameters of Z; = 1,2, =2, and a; = ap =0.398 a.u. The
wave function of the initial state orbital is shown in Fig. 2(a).
Since the He nucleus carries a charge of +2, it attracts elec-
trons more strongly than the H nucleus. Therefore, in the
ground state, the electron is mainly localized near the He nu-
cleus, and the orbital exhibits almost no two-center structural
features. In the PMD, as shown in Fig. 2(c), there is sim-

ilarly almost no evidence of two-center interference fringes,

8

Counts (arb. units)

Dy (a.u.)

p, (a.u.)

and the results are very close to those of a single atom. In
this situation, when the laser propagates from both the positive
and negative directions along the molecular axis and interacts
with the molecule, the PMD is shifted as a whole toward the
laser propagation direction due to momentum transfer from the
photon to the photoelectron,?’=%! as shown in Figs. 2(d) and
2(e). The influence of laser propagation can be observed more
clearly from the PADs (Fig. 2(b)). The overall distribution of
the curves also resembles the atomic case, exhibiting a high
degree of symmetry.

1.00

0.75

0.50

0.25

--n=0
(b) —n=+1

—_n=-1

1.0

4x1073

e

I4><10—4

p, (a.u.)

Fig. 2. (a) Wave functions of the 1so state of HeH>t. (b) The corresponding radially integrated PADs. The dashed line denotes the PAD in
the dipole approximation case, while the red solid line and the blue solid line represent the PAD for the laser propagating along the +x and
—x directions, respectively. (c) Simulated molecule-frame PMD of HeH?" in the dipole approximation. (d) and (e) Simulated molecule-frame
PMDs of HeH>" with the laser propagating along the +x direction and —x direction, respectively.

According to the Schmidt orthogonalization method, 6!

a series of mutually orthogonal excited states can be obtained.
Among them, the 2po excited state is shown in Fig. 3(a),
where the initial state exhibits an asymmetric antibonding or-
bital with two-center structure characteristics. Furthermore,
the corresponding wave function exhibits greater localization
near the H nucleus, which is qualitatively consistent with
results reported in previous research.!3®®!l When the XUV
pulse interacts with the excited-state orbital system possess-
ing a two-center structure, the photoelectron momentum spec-
trum exhibits two-center interference fringes, as shown in
Figs. 3(c)-3(e).
mation result for n = 0, where the photoelectron momentum

Figure 3(c) represents the dipole approxi-

magnitude is approximately p. = 4.64 a.u. Interference min-
ima are also observed near the center of the momentum spec-

trum (py = 0), which is attributed to the antisymmetric ini-

tial wave function of the first excited state (&g = —& = 1).
Moreover, the fringe spacing is Apy = 1.45 a.u., and based
on Eq. (11), the separation of the electron emission positions
is Ry = 2m/Ap, = 4.33, slightly larger than the internuclear
separation Rp. This is due to the fact that the electron wave
packet in the antibonding orbital exhibits a tendency for mu-
tual repulsion, which is consistent with previous findings. >’!
Careful observation of the momentum spectra in the
dipole approximation (Fig. 3(c)), combined with examination
of the PAD (gray dashed line in Fig. 3(b)), reveals that the
interference minimum near the center of the momentum spec-
trum is not exactly located at p, = 0. Instead, it is slightly
shifted to the left. This shift is due to the inherent asymme-
try of the system, even in the absence of any time delay be-
tween the laser and the center of interaction. The initial ion-

ization phase difference A¢ is no longer zero, which is related
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to the different energy states and the attractive force exerted by
the nuclei on the electron wave packets localized near differ-
ent centers. Considering the structural characteristics of this
asymmetric system, when the nondipole propagation effects
of the laser are further taken into account, the interference re-
sponse in the momentum spectra caused by the finite speed
of light differs for forward and backward laser propagation
directions. Figure 3(d) shows the result of laser propagation
along the +x direction (n = 1), where the phase shift induced
by the ionization time delay causes the interference fringes to
shift to the left. This shift largely compensates for the effect
of the initial phase difference A¢ and ultimately brings the in-
terference minima closer to the central position (p, = 0). This
is similar to the conclusion in Ref. [34]. However, our focus

Sy 0.4
"
4 A 0.3 E
5
’; : 0.2 &
5 0 - )
> d 0.1 @
' 2
—4 3
0 O

Ap,=1.45 a.u.
[

p, (a.u.)

P, (a.u.)

here is on the nonreciprocal effects arising from laser pulses
propagating in opposite directions.

On the other hand, figure 3(e) shows the result of laser
propagation along the —x direction (n = —1), where the inter-
ference phase shift shifts to the right. The effect of the initial
phase difference A¢ is determined by the structural charac-
teristics of the system and is independent of the propagation
direction of the external field. Therefore, the interference min-
ima are shifted further to the right, away from the central re-
gion. This characteristic is more clearly demonstrated in the
PAD distribution shown in Fig. 3(b) by the solid red and blue
lines, indicating an asymmetric response of the interference
structure to laser propagation in both forward and backward
directions. Thus, it exhibits nonreciprocity.

n=0
—n=+1
—n=-1

(b)

10~

I105

Fig. 3. (a) Wave functions of the 2pc excited state of HeH>*. (b) The corresponding radially integrated PADs. The dashed line denotes the PAD
in the dipole approximation case, while the red solid line and the blue solid line represent the PAD for the laser propagating along the +x and
—x directions, respectively. (c) Simulated molecule-frame PMD of HeH>" in the dipole approximation. (d) and (e) Simulated molecule-frame
PMDs of HeH>* with the laser propagating along the +x direction and —x direction, respectively.

The phase shift of the solid red and blue lines in Fig. 3(b)
relative to the dashed line reveals cos(ap) = £0.0169. Us-
ing Eq. (12), it can be deduced that g = 2Ry, cos (0)/ pe
40.0316 a.u., which corresponds to a time delay of approx-

imately 764 zeptoseconds, in agreement with the expected
value of Ry,/c. This result clearly demonstrates the inequiv-
alence of molecular photoionization in different propagation
directions under ultrafast time resolution, indicating the non-
reciprocal effect in ultrafast dynamics.

Furthermore, for comparison and further analysis, we
have also calculated the case of the 2prx state of HeH>". Fig-
ure 4(a) displays the molecular orbital of the 2p7 state, where
the two-center structure is arranged along the perpendicular

molecular axis and exhibits the same localization as an anti-
bonding orbital (¢ = —& = 1). The laser propagation is set
along the y direction with n =t —n(y—ap)/c, and the polar-
ization is along the x direction, that is n = (1,0). The oper-
ator Py in Eq. (9) should also be changed to py. In this case,
the two-center interference in the PMDs manifests along the
y direction, and the central region (p, = 0) still exhibits in-
terference minima, as shown in Fig. 4(c), which corresponds
to the dipole approximation result. When considering laser
propagation along the +y and —y directions, the photoelec-
tron momentum spectra undergo a phase-shifted response in
the y direction, causing the interference minima to shift up-
ward and downward, as shown in Figs. 4(d) and 4(e). Due to
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the identical localization of the electron wave packets in the
two-center region, the resulting phase shifts remain identical.
From the PAD in Fig. 4(b), it can be clearly observed that the
interference structure in the momentum spectra along the y di-
rection exhibits symmetric responses to laser propagation in

8 --n=0
I03 (b) g
) 2 0.100
4 0. g
— 0.1 7 0.075
3 - 3
s 0 0 8
> . —0.1 & 0050 7
o 3
— _ 3
4 02 3 0.025

Py (a.u.)

p, (a.u.)

both forward and backward directions (position of the solid
red and blue lines relative to the dashed line), similar to the
case of Hp, and thus does not exhibit nonreciprocity. These
results further indicate that ultrafast nonreciprocity is closely
related to the asymmetry of the initial molecular orbitals.

104

I2><10

P, (a.u.)

Fig. 4. (a) Wave functions of the 2p7 excited state of HeH>". (b) The corresponding radially integrated PADs. The dashed line denotes the PAD
in the dipole approximation case, while the red solid line and the blue solid line represent the PAD for the laser propagating along the +y and
—y directions, respectively. (c) Simulated molecule-frame PMD of HeHZ* in the dipole approximation. (d) and (e) Simulated molecule-frame
PMDs of HeH?* with the laser propagating along the -+y direction and —y direction, respectively.

The above research illuminates the response character-
istics of molecular strong field photoionization processes to
laser propagation in different directions under ultrafast time
resolution. The initial ionization phase difference of the sys-
tem and the additional phase difference caused by the finite-
speed-of-light-induced ionization time delay together deter-
mine the phase shift of the two-center interference in the pho-
toelectron momentum spectrum. The initial phase difference
of the system itself is not affected by the direction of exter-
nal field propagation, and its contribution to the phase shift
is fixed. The ionization-delay-induced additional phase differ-
ence caused by laser propagation is closely related to the prop-
agation direction, which directly leads to different directions
of interference fringe movement. Therefore, when the sys-
tem has an asymmetric initial two-center, the total phase shift
will exhibit different responses under the action of laser prop-
agation in different directions, that is, ultrafast nonreciprocity.
When the system is of a symmetric structure, there is no initial
phase A¢, and the delay-induced additional phase difference
caused by laser propagation makes the interference fringes
have the same phase shift relative to the central position in
PAD, resulting in symmetry, with no nonreciprocal effect, as

in the case of the H2+ and the 2p7 excited state of HeH>" .

4. Conclusion

In summary, by comparing the interference phase shifts in
the photoelectron momentum spectra of symmetric and asym-
metric systems under strong field conditions, we have eluci-
dated the mechanism of a zeptosecond nonreciprocal phase
shifter in molecules under strong field interactions. The dis-
cussed findings present significant opportunities for further re-
search. For instance, in experimental settings, HeH>" ions
can be prepared in different state mixtures (e.g., ground state
and lso state) and exhibit time-periodic oscillations associ-

62,631 Through the ultrafast non-

ated with energy differences. !
reciprocal effect, the response of dynamically evolving sys-
tems to light propagation can be investigated with a time reso-
lution of several hundred zeptoseconds. Additionally, research
indicates that double-slit interference occurs in ion momen-
tum spectra associated with molecular dissociation through
the photoelectron-ion entanglement, and is strongly correlated
with the photoelectron emission angle. Therefore, the laser

propagation direction dependence proposed in this study will
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further influence the photoelectron emission direction, thereby
affecting the interference phase shift in ion momentum. For
heteronuclear molecules, the difference in atomic masses may
also introduce additional nonreciprocal effects.®*] Therefore,
a wider variety of polar molecules with more complex molec-
ular orbital structures can display richer nonreciprocal pat-
terns in response to ultrafast lasers through multiple ionization
channels, revealing additional ultrafast physical processes.
The findings of this research provide a theoretical basis for ex-
perimental investigations of strong field ultrafast nonreciproc-
ity in photoelectron dynamics.

This study also presents certain possibilities for applica-
tion in the field. In the fabrication of nonreciprocal devices
such as isolators and circulators, the nonreciprocal tempo-
ral phase shifter plays a crucial role. By utilizing the struc-
tural characteristics and rational design and assembly of re-
ciprocal and nonreciprocal components, controlled construc-
tive or destructive interference can be achieved at different
output ports through the interference principles of light, en-
abling directed transmission of light.[%] Drawing an analogy
to these nonreciprocal devices, we transplant this concept into
the realm of ultrafast optoelectronic dynamics research. With
strong field interactions, the two-center interference of molec-
ular photoelectrons also carries phase information of electron
wave packets, while the finite-speed response of light prop-
agation induces phase shifts. Therefore, we can naturally
interpret this process as a novel phase shifter for optoelec-
tronic properties, referred to as a photoelectron phase shifter,
which exhibits reciprocal and nonreciprocal characteristics in-
fluenced by molecular symmetry. The abundance of molecular
species in nature results in diverse interference patterns, offer-
ing greater opportunities for the research and application of
ultrafast photoelectron phase shifters.
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