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We demonstrate the possibility of realizing Young’s double-slit interference in a hydrogen atom via
ab initio simulations. By exposing the hydrogen atom to a high-frequency intensive laser pulse, the bound
state distorts into a dichotomic Kramers-Henneberger state whose photoelectron momentum distribution
imprints a double-slit interference structure. The dichotomic hydrogen atom presents molecular
peculiarities, such as charge-resonance enhanced ionization, electron spin flipping due to the non-Abelian
Berry phase. In return, the photoelectron momentum distribution carrying the double-slit interference
structure provides unambiguous evidence on the existence of Kramers-Henneberger states, and thus the
adiabatic stabilization.
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Double-slit interference, with which Young explicated
light as waves in 1801, is one of the most vital experiments
in history. Though more than two hundred years had
passed, double-slit experiments continue to provide
insights into both fundamental research and practical
applications nowadays. For example, which-way informa-
tion experiments provide testimony to the basic principle of
quantum mechanics [1–3], a matterless double-slit experi-
ment explored the fluctuation of vacuum [4], and the
interference in the electron pair demonstrates the universal
nonlocality of quantum entanglement [5]. As practical
applications, double-slit interference can measure light
coherence [6], detect molecular structures [7], and retrieve
the motion of nuclei [8].
The double-slit experiment can be performed in diatomic

molecules, in which the two Coulomb centers work as the
double slits, and the valence electron plays the role of light
in the original Young’s experiment. The theoretical pre-
diction made by Cohen and Fano [9] had been observed in
molecules such as H2 [10,11], N2 [12], neon dimmer [13],
etc. It sounds counterintuitive to have such kind of double-
slit interference in an atom since one atom is impossible to
offer two Coulomb centers. However, there existed non-
trivial analogies in the time domain. Lindner et al. [14]
designed such kind of double slits, in which the ionization
bursts produced by two successive wave crests of a few-
cycle phase-stabilized pulse interfere with each other.
These time-domain double slits were further studied by
adding another orthogonally polarized streaking pulse
[15,16]. Recently, Pursehouse et al. [17] considered a
two-path ionization of a rubidium atom via intermediate
5P and 6P states, in which the excitation path is unde-
termined and the interference in wave-vector space is
analogous to double-slit interference.

The existence of metastable Kramers-Henneberger states
(KHSs) [18–20], which are the eigenstates of the time-
averaged Hamiltonian in a high-frequency laser field [21],
provides a possibility of realizing the double-slit interfer-
ence in an atom. The KHS is known to be relevant for
ionization stabilization [22], low-energy photoelectron
generated by the nonadiabatic coupling [23,24], and
dynamic interference [25–27]. The KHS plays an important
role as long as the systems have exact or approximate
Floquet symmetry [28]. However, while the acceleration of
neutral atoms [29,30] and the amplifying of air lasing
[31,32] provide tantalizing hints [20], there is still no
“smoking gun” evidence for a direct experimental con-
firmation of the KHS up to now. The ionization stabiliza-
tion of Rydberg atoms [33] does not provide convincible
evidence since the nonadiabatic coupling [23,24] in inten-
sive fields always populates a superposition of Rydberg
states, as their energy gaps are small, interference stabili-
zation [34] might be responsible for the observed phenom-
ena. The unavoidable focal intensity volume average effect
in practice implies that the ionization signals are always
from a mixture of KHSs and laser-free bound states. Thus,
shifts of the photoelectron kinetic energy [35] and fine
structures of the photoelectron momentum distribution
(PMD) from the KH atom [36] are blurred after the focal
intensity volume average.
In this Letter, we demonstrate the possibility of realizing

molecular Young’s double-slit interference using a single
hydrogen atom. By exposing the atom to a high-frequency
intensive laser field, the distorted bound state forms a
dichotomic KHS [37,38]. When the atom gets ionized
by a probe pulse, the PMD carries its structural informa-
tion. The distinct angularly distributed PMD is robust
against the focal intensity volume average, which provides
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unambiguous evidence on the existence of KHSs in intense
laser fields, and thus adiabatic stabilization. The adiabati-
cally rotating double slits could induce spin flipping, which
is a manifestation of the Berry phase.
We perform ab initio simulations and start with the three-

dimensional time-dependent Schrödinger equation (TDSE)
in the Kramers-Henneberger (KH) frame [21] (atomic units
are used throughout unless stated otherwise):

i
∂
∂tψðr; tÞ¼

�
p2

2
þVCðrþβ1ðtÞÞþp ·A2ðtÞ

�
ψðr; tÞ; ð1Þ

where VCðrÞ ¼ −1=jrj is the Coulomb potential. The laser
field is described as

EiðtÞ ¼ βiω
2
i ½cos ðωitþ φiÞex − εi sin ðωitþ φiÞey�

× cos2
�
π

t
Li

�
; −Li=2 < t < Li=2; ð2Þ

where i ¼ 1, 2 stands for the pump pulse and probe pulse,
respectively, φi is the carrier envelope phase (CEP), εi is the
ellipticity, Li is the pulse duration,AiðtÞ ¼ −

R
t dtEi is the

vector potential, and βiðtÞ ¼
R
t dtAi is the time-dependent

displacement. For all parameters considered in this Letter,
Ai vanishes when the laser is turned off. The delay between
the pump and the probe pulse is zero. We have tested that
our conclusions are not blurred by the nondipole effect and
the shape of the pulse envelope. The ground state of Eq. (1)
is obtained using the imaginary time method, and the split-
operator method is applied to propagate the wave function
in real time [39]. We propagate the wave packet after the
end of the laser pulse and obtain the PMD by Fourier
transforming the wave function when the ionized parts
propagate to the area jrj > 50 a:u: The convergence has
been checked by comparing it with the PMDs obtained by
projecting to the scattering states.
Dynamics of laser-matter interactions in the high-

frequency regime could be conveniently described by
expanding the laser-distorted Coulomb potential as
VC½rþ β1ðtÞ� ≈

P
N VNðr; tÞe−iNω1t [21],whereVNðr; tÞ ¼R T1=2

−T1=2
dτVC½rþ β1ðtþ τÞ� exp ðiNω1τÞ=T1 and T1 ¼

2π=ω1 is the laser optical period. V0 is a laser-dressed
adiabatic potential, while the nonzero harmonic components
VN induce photon absorption or emission. It was known that
V0 has a dichotomic structure whenA1 is linearly polarized
[37,38].Asaconsequence, thedistortedbound-state electron
wave packet, i.e., the KHS, also presents a dichotomic
structure. The existence of the KHS can be affirmed by
the photoelectron released by the probe pulse. The probe
pulse should be intense enough to trigger noticeable ioniza-
tion but not too strong that the formed double slits get
destroyed, which thereby imposes a condition β2 ≪ β1.
We present the PMD in Fig. 1. The pump pulse is

linearly polarized along the x axis (ε1 ¼ 0) with a duration

of L1 ¼ 20T1, and the probe pulse is circularly polarized in
the x-y plane (ε2 ¼ 1) with a duration of L2 ¼ 20T2. The
upper row of Fig. 1 shows the above-threshold ionization
(ATI) released by absorbing photons of the bichromatic
pulse. The left and right columns are for the cases when the
hydrogen atom is initially in the 1s and 2px states,
respectively. Though the probability of absorbing the
probe-pulse photons is small due to its relatively weak
intensity, ionization induced by the probe pulse contributes
photoelectron with distinguished angular distribution and
non-overlapping energy, compared with the ionization
fragments induced by the pump pulse. Thus one can easily
separate one-probe-photon ionization from the dominating
pump-photon ionization. A higher frequency ω1 is not only
more convenient for separating the ionization events
generated by the pump and the probe pulses [40] but also
better for avoiding ionization depletion [42], though the
required laser intensity is much higher. The KH potential

FIG. 1. PMDs contributed by the bichromatic pulse (top row),
signals of one-probe-photon ionization (middle row), and signals of
one-probe-photonionizationobtainedviaperturbativeEq. (3) (bottom
row). (Left column) The hydrogen atom is initially in the 1s state, the
laser parameters areω1 ¼ 1,β1 ¼ 2 (I1 ¼ 1.4 × 1017 W=cm2), and
ω2 ¼ 3.5 a:u: (Right column) The hydrogen atom is initially in the
2px state, the laser parameters are ω1 ¼ 0.6125, β1 ¼ 2

(I1 ¼ 2.2 × 1016 W=cm2), and ω2 ¼ 3.125 a:u: The probe pulse
has an intensity of I2 ¼ 1 × 1015 W=cm2.

PHYSICAL REVIEW LETTERS 124, 163201 (2020)

163201-2



V0 is axially symmetric in the x-y plane [43], thus, the 1s
hydrogen atom is distorted to a 1sσg state by the pump
pulse. As the parity is even, the PMD has a local maximum
at Px ¼ 0, as shown in Fig. 1(c). Similarly, the 2px
hydrogen atom is distorted to a 2pσu state with the odd
parity, and the corresponding PMD has a local minimum at
Px ¼ 0 a:u:, as shown in Fig. 1(d). In practice, the 2px
hydrogen atom can be prepared via a resonant excitation
from the 1s state by a linearly polarized pulse.
To prove the PMD in Figs. 1(c) and 1(d) is indeed

ionized from the KHS formed by the pump pulse, we
calculate the transition amplitude using the perturbation
theory

MðpÞ ¼ −i
Z

dt
Z

drei½p2=2−EKHðβ1Þ�t

× e−ip·rp ·A2ðtÞψKHðr; β1Þ; ð3Þ

where ψKHðr; β1Þ is the eigenstate of the KH Hamiltonian

�
p2

2
þ Ṽ0ðr; β1Þ

�
ψKHðr; β1Þ ¼ EKHðβ1ÞψKHðr; β1Þ: ð4Þ

The KH potential Ṽ0ðr; β1Þ is defined via Ṽ0ðr; β1Þ ¼
ð1=2πÞ R π

−π dϕVCðrþ β1 sinϕexÞ. The perturbative results
presented in the bottom row of Fig. 1 capture the essential
features of TDSE simulations. Positions of local minima
and the photoelectron kinetic energy Ek ¼ ω2 þ EKHðβ1Þ
[35] are reproduced by Eq. (3). We note the positions of
local minima depend only on β1 and are located at
Px ≈ nπ=β1, here n is an integer, which is further checked
with a wide variety of parameters in the Supplemental
Material [40]. The PMDs in Figs. 1(c) and 1(e) present the
structure that is more similar to Fraunhofer diffraction,
whereas clear double-slit interference structures are shown
in Figs. 1(d) and 1(f). To see distinct double-slit interfer-
ence for a 1s atom, a multicolor pump pulse is sug-
gested [40].
To judge the experimental feasibility of the above pump-

probe scheme, we must take into account the unavoidable
focal-intensity volume average effect. By assuming that the
intensity of the laser pulse has a Gaussian spatial distri-
bution [44], we plot the focal-intensity-averaged photo-
electron angular distribution in Fig. 2, in which the top and
bottom rows are the results when the initial states are 1s and
2px, and the three columns are the results using different
laser intensities (parameters shown in the caption).
Distinctive angle-dependent ionization yields induced by
the probe pulse are presented, and we thus conclude that the
angular distribution in Fig. 1 is robust against the intensity
average effect. As the number of nodes is determined by
β1

ffiffiffiffiffiffiffiffi
2Ek

p
, a larger probe pulse frequency has the advantage

to produce distinct angular lobes [40].
The scenario is different when the probe pulse induces

tunneling ionization as shown in Fig. 3. Here the pump

pulse is a thirty-cycle 30 nm pulse with β1 ¼ 1 a:u:
(I1 ¼ 8.1 × 1016 W=cm2), and the probe pulse is a
four-cycle 800 nm pulse with an intensity of
I2 ¼ 6 × 1013 W=cm2. The duration of the pump pulse
is much shorter than the duration of the probe pulse, and the
KHS experiences different electric fields if the circularly
polarized probe pulse has a different CEP. As shown in
Figs. 3(a) and 3(b), the photoelectrons are streaked to
different directions. The laser dressed KH potential
Ṽ0ðr; β1Þ is dichotomic, thus the KHS has a similar
structure as Hþ

2 [45] and is preferentially ionized when
the laser field is parallel to the elongated wave packet. As a
consequence, the CEP-averaged PMD presented in
Fig. 3(c) has an anisotropic distribution. The local maxi-
mum deviates from the y axis, which is a consequence of
electron streaking in the presence of the Coulomb field.
Similar to the case of Hþ

2 , such a deviation is a function of
β1 and I2 [46]. For reference, we turn off the pump pulse,
and the PMD induced by the circularly polarized probe
pulse presents concentric circles, as shown in Fig. 3(d).
Comparing Fig. 1 with Fig. 3, the behaviors of the KHS

in XUV and IR probe pulses are quite different. While the
formation of the KHS reduces the ionization probability in
high-frequency laser fields [22], it gives rise to significant
ionization enhancement in low-frequency laser fields. In
Figs. 4(a) and 4(b), we plot the β1-dependent ionization
yields when the ground KHS of the hydrogen atom exposed
to high- and low-frequency laser fields, respectively. In
these calculations, a preprepared jψKHðβ1Þi is adopted as
the initial state for the following TDSE simulation
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FIG. 2. Focal-intensity averaged photoelectron angular
distributions. (Top row) The atom is initially in the 1s state,
and the intensity of the pump pulse is (a) I1 ¼ 0 × 1016

(β1 ¼ 0 a:u:), (b) I1 ¼ 3.5 × 1016 (β1 ¼ 1 a:u:), and (c) I1 ¼
1.4 × 1017 W=cm2 (β1 ¼ 2 a:u:). Other parameters are the same
as Fig. 1(c). (Bottom row) The atom is initially in the 2px state,
and the intensity of the pump pulse is (d) I1 ¼ 0 × 1016

(β1 ¼ 0 a:u:), (e) I1 ¼ 0.51 × 1016 (β1 ¼ 1 a:u:), and
(f) I1 ¼ 2.0 × 1016 W=cm2 (β1 ¼ 2 a:u:). Other parameters are
the same as Fig. 1(d).
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i
∂
∂t jψKHðt;β1Þi¼

�
1

2
p2þ Ṽ0ðβ1Þþp ·A2ðtÞ

�
jψKHðt;β1Þi:

ð5Þ

In Fig. 4(a), the KH hydrogen atom is ionized by an XUV
pulse with an intensity of 1015 W=cm2. The distortion of
the wave function reduces the photon absorption cross
section [22], which suppresses the ionization yields with an
increase of β1 as a manifestation of stabilization. In
Fig. 4(b), the ground-state KH hydrogen is ionized by
an IR pulse with a wavelength of 800 (red), 1200 (blue),
and 1600 nm (black). The peaks of the three curves locate
at β1 ¼ 3.5, 5.0, and 6.5 a.u.. At these β1, the photon
energy ω2 is resonant to the energy difference of the two
lowest KHSs [43], which is the token of the charge
resonance enhanced ionization in diatomic molecules
[47,48]. The several orders of magnitude difference
between Figs. 4(a) and 4(b) explains the dramatically
different ionization probabilities between Fig. 1 and Fig. 3.
The axially symmetric dichotomic KH potential

Ṽ0ðr; β1Þ implies states with degenerate energies, e.g.,
spin-up and spin-down states related by the time-reversal
symmetry, would be mixed due to the non-Abelian geo-
metric phase [49–51] when the laser polarization axis
rotates adiabatically. The effect under consideration orig-
inates from the KH potential and the resulting spin-orbital
coupling. The oscillating harmonic components are irrel-
evant for the spin dynamics as we are only concerned about
the survival neutral atom and the harmonic components
contribute to ionization. The theoretical formalism is

parallel to the case of diatomic molecules [49], and we
present details of derivation in the Supplemental Material
[40]. Consider the situation that the laser field is initially
linearly polarized along the z axis. One adiabatically rotates
the polarization axis by θ0 ¼ π=2 in the z-x plane, then
rotates it by ϕ0 in the x-y plane, and finally rotates it back to
the z axis. The rotation of the polarization axis could be
realized via a sequence of polarization-skewed pulses [52].
Because of the spin-orbital coupling, the 2pπu states split
into states of M ¼ � 1

2
and M ¼ � 3

2
, which we label as

jψ2;M ¼ � 1
2
i and jψ2;M ¼ � 3

2
i. HereM is the projection

of total angular momentum J along the laser polarization
axis. The criteria for the adiabatic rotation can be satisfied
when the duration of the rotating pulse is much longer than
picoseconds [40], with which the fine energy splitting
between jψ2;M ¼ � 1

2
i and jψ2;M ¼ � 3

2
i can be resolved.

The spin-flipping probability between jψ2;M ¼ 1
2
i and

jψ2;M ¼ − 1
2
i is cos2ðκπ=2Þsin2ðκϕ0=2Þ, where κ ¼

2hψ2;M ¼ 1
2
jJxjψ2;M ¼ − 1

2
i is of the order Oð1=c2Þ

and c is the light speed. Taking ϕ0 ¼ π=κ, a nearly
complete spin flipping could be achieved. For the 1sσg
and 2pσu states, we have κ ≈ 1, and the spin flipping is
nearly forbidden. For jψ2;M ¼ � 3

2
i state, the geometric

phase is Abelian and no spin flipping could happen [49].
Though the spin-polarized photoelectrons have been exclu-
sively generated by the selective ionization [53–57], there
is little dynamical spin flipping due to the weakness of spin-
magnetic coupling [58]. The formation of the spatial double
slits in atoms provides a new route to control spin dynamics
with intense laser fields. Consider an ensemble of unpo-
larized ground-state hydrogen atoms irradiated by a reso-
nantly left-hand circularly polarized pulse, we obtain an
ensemble with the states jψ2;M ¼ 3

2
i and jψ2;M ¼ 1

2
i.

Putting these states into the properly adiabatically rotating
laser field, we end up with an ensemble of hydrogen atoms
with spin-up. Before ending this topic, we may point that a
femtosecond rotating pulse will give a different conclusion

FIG. 3. PMDs contributed by an IR probe pulse. The pump
laser is a thirty-cycles 30 nm pulse. We have (a)–(c) β1 ¼ 1 a:u:
and (d) β1 ¼ 0 a:u: The probe pulse is a four-cycles 800 nm pulse
with an intensity of I2 ¼ 6 × 1013 W=cm2. The CEP of the probe
pulse is (a) φ2 ¼ 0, (b) φ2 ¼ π=4. We present the CEP averaged
PMDs in (c) and (d). The delay between the pump and probe
pulses is zero.
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FIG. 4. Ionization yields as a function of β1 when the ground-
state KH hydrogen is (a) single-photon ionized by a 13 nm XUV
pulse and (b) tunneling ionized by a four-cycle IR pulse. The
XUV pulse has a duration of L2 ¼ 20T2 and an intensity of
I2 ¼ 1 × 1015 W=cm2. The wavelength of the IR pulse is 800
(red), 1200 (blue), and 1600 nm (black). The intensity of the IR
pulse is tuned so that β2ω2 is in agreement with Fig. 3.
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because it cannot resolve the fine energy splitting between
jψ2;M ¼ � 1

2
i and jψ2;M ¼ � 3

2
i. In this case, one should

treat these states as fourfold degeneracy, which results in
magnetic moment flipping with a probability of
sin2ðκϕ0π=4Þ instead of spin flipping [40]. The currently
available laser parameters in experiments are far from a
perfect implementation of the spin control via the rotating
polarization axis, however, the considered magnetic
moment flipping process might be accessible.
In summary, the high-frequency intensive laser field can

severely distort the bound state of the hydrogen atom to
form a KHS with a double-slit structure. The electron may
be emitted from either slit and produce the double-slit
interference in the photoelectron momentum distribution,
which is not only of conceptual importance but also
provides unambiguous evidence on the existence of
Kramers-Henneberger states, and thus adiabatic stabiliza-
tion. Because of the formation of the double slits, scenarios
occurred in diatomic molecules such as charge-resonance
enhanced ionization and electron spin flipping due to the
non-Abelian Berry phase are observed in atoms for the first
time. An experimental realization of Young’s double-slit
interference in a hydrogen atom requires a laser intensity of
I1 ¼ 1015–1017 W=cm2 when the laser wavelength is
dozens of nanometers [40], which is within the reach of
current laser facilities [59]. Our study deepens the under-
standing of matter’s property in high-frequency strong laser
fields and opens the door to study molecular physics using
isolated atoms.
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