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By numerically solving the time-dependent Schrodinger equation, we observe a remarkable strong-field interference
pattern in the photoelectron momentum distribution of a hydrogen atom ionized by a few-cycles laser pulse. This inter-
ference pattern is joined together with the familiar near-forward strong-field photoelectron holographic interference. By
applying the strong-field approximation theory, we investigate the formation of this interference pattern, which arises from
the interference between the backward rescattered part and the direct part of the tunneling ionized electron wave packet. We
demonstrate that this backward rescattered photoelectron holographic interference can also be observed in a more realistic
parallel two-color laser field. These results pave a new way to look into the atomic and molecular structure with ultrafast

timescale.
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PACS: 32.80.Rm, 42.50.Hz, 32.80.Fb

1. Introduction

When an atom or molecule is exposed to a strong laser
field, the electron in a bound state may be tunneling ionized
through the barrier formed by the Coulomb potential of the
parent ion and the electric field of the laser pulse, which is
the basis of other strong-field processes.!'="! During the laser
pulse, the electron wave packets (EWP) ionized at different
times with the same final momentum will interfere with each
other due to the coherent nature. Therefore, various interfer-
ence patterns appear in the final photoelectron momentum dis-
tribution (PMD). After tunneling ionization, the electron can
be freed directly or driven back and recattered with the par-
ent ion. For the direct electron, the interference pattern can
be classified into two categories, i.e., intercycle and intracy-
cle interferences. An intercycle interference pattern is formed
by the EWPs tunneling ionized at different laser cycles, which
has a ring-like pattern and is known as above-threshold ion-
ization (ATI) peaks.!'%!!] Intracycle interference is formed
by the EWPs launched within a single period of the optical
field.['>131 By using a sculpted laser field, these interference
patterns can be distinguished in the PMD!4-16 and serve as
tools to retrieve the information about both the laser field and
the parent ion.

The rescattered electron which is accelerated by the oscil-
lation laser field and rescattered off the parent ion, may have
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the same final momentum as the direct electron, leading to the
familiar strong-field photoelectron holographic interference in
the PMD.!7-211 1n this interference, the direct EWP acts as
the reference wave and the rescattered electron acts as the sig-
nal wave, by analogy to the optical holography.!'”! The strong
field photoelectron holography (SFPH) records valuable struc-
tural information about the parent ion!??! and dynamical infor-
mation about the valence electron. >4 For the near-forward
scattered electron, the formed SFPH pattern appears with a
fork-like structure in the PMD, which can be easily observed
in experiments. In the previous works, one can extract the in-
herent structural information of the atoms and molecules, i.e.,
the phase of the scattering amplitude, from these holographic

5.[2023] Recently, an observation of the valence elec-

fringe
tron migration within the molecule with attosecond tempo-
ral resolution and angstrom spatial resolution using the previ-
ously proposed near-forward SFPH.?!) However, for the near-
forward holographic interference, the rescattered electron only
encodes the out range of the Coulomb potential and thus it lost
some structural information about the parent ion. So that the
backward rescattered photoelectron (BRP) holography is re-
quired to probe the structural information about the core. ]
In this work, by exploiting a few-cycle laser field, we find an
interesting interference pattern in the PMD that was obtained

by numerically solving the two-dimensional time-dependent
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Schrodinger equation (TDSE). This kind of interference stripe
is confirmed to be the BRP holographic interference using the
strong-field approximation (SFA) model. Further, we demon-
strate that this BRP holographic structure can be observed with
a more realistic sculpted laser field, encouraging experimen-
tal attempts on observing and decoding information from this
holographic pattern.

2. Methods

To investigation the interference structure in the PMD, we
numerically solve the TDSE for the hydrogen atom (atomic

unit a.u. is used)

d
iE'P(r,t) =H(r,t)¥(r,1), (1)
with the Hamiltonian of the system H(r,t) = —3V>+V (r)+
r- E(t) in length gauge, where r = (x,y) in the two-
dimensional space. V(r) is the effective soft-core potential of

the hydrogen atom:

0 [ — @)

Va2+y +a

Here the soft-core parameter a = 0.64 to remove the Coulomb
singularity and correctly reproduce the ground-state energy of
the hydrogen atom. E(t) is the electric field used in our cal-
culation with a sin?(7z/7) form pulse envelope, where T is the
duration of this laser pulse. = We also use a more realisitic
Gaussian form envelope, and the resulting PMD is the same.
First, we employ a linearly polarized laser pulse with the
wavelength of 800 nm and the intensity of 1.0 x 10'* W/cm?
as can be seen in Fig. 1(a). The duration of the laser field is
T = 2T (T is the optical cycle period of the 800-nm pulse).
The propagation of the wavefunction is continued for an ad-
ditional six cycles after the end the laser pulse to collect slow
photoelectrons. The TDSE is numerically solved by using the
split-operator method?”-?8! on a Cartesian grid ranging from
—400 a.u. to 400 a.u. with a grid size of Ax = Ay =0.1 a.u.
for both direction.

3. Results and discussion

The calculated PMD is presented in Fig. 1(b). Several
kinds of interference patterns can be seen in the PMD. The
clear fork-like stripes that distribute along the horizontal axis
P, form the near-forward SFPH. Another clear interference
pattern is an arc-like structure with P, < 0 which is joined to-
gether with the fork-like stripes. We believe that these fringes
originate from the interference between the direct electron and
backward rescattered electron ionized at the instants indicated

by the black arrows in Fig. 1(a). As can be seen, the vector

potential possesses the same absolute value at these instants.
Note that the duration of the laser pulse used in our calcula-
tion is extremely short, so that the intercycle interference!'!
and the intracycle interference!'?! patterns are disappeared in
the PMD.
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Fig. 1. (color online) (a) The electric field (red solid curve) and correspond-
ing vector potential (blue dashed curve) of the few cycle laser field. The
intensity of the 800-nm laser field is 1.0 x 10'* W/cm?. The duration of the
laser pulse is T = 2T (T is the optical cycle period of the 800-nm pulse). The
black arrows A and B indicate the ionization time of the direct electron and
rescattered electron that form the backward rescattered photoelectron holo-
gram, respectively. (b) The simulated photoelectron momentum distribution
of the hydrogen atom ionized by the laser pulse in panel (a), obtained by
numerically solving a time-dependent Schrodinger equation.

To confirm that the arc-like pattern is the BRP holo-

17291 to in-

graphic structure, we adopt the generalized SFA!
vestigate the interferences in the PMD. Within the standard
SFA, the strong field ionization process is described by the
transition amplitude from the field-free bound state yp with
ionization potential /, to the Volkov state. For the direct elec-

tron, it reads
t .
MR =i [ 4o+ ACYEW) rlyo)e )
where the classical action is
1 t
Sp =3 dt[p+ A(7)]* — It 4)
[/

For the rescattered electron, the transition amplitude reads

1 t
R _ _ / " n" "
S = = [[ar [[ar"(p+ @)V () lk+ AW

x (k+A(")|E({) r|ly)e )
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with the classical action
1 Ir 2
Sk = 3 dtlk+ A(7)]
t/

1 1
+5 dt[p+A(7)]> — It (6)
tr

In the above equations, p is the canonical potential, A(f) =
— Jodt'E(¢') is the vector potential of the laser fields, and
t is the departing time of the laser pulse. To avoid the
complexity of the five-dimensional integration over ioniza-
tion times, the intermediate momentum k and the rescattering
times #,, we apply the saddle-point method to solve the tran-
sition amplitude.**! Aditionally, in order to avoid the well-
known divergence problem of the near-forward rescattering
amplitude, the pre-factors in Eq. (5) are omitted, which is
known to be a correct and effective way to reproduce the shape
of interference stripes within the framework of SFA. Then, by
calculating the total transition amplitude My,; = Mg +M§i, we
are able to investigate the interference between the direct and

the rescattered electrons.
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Fig. 2. (color online) Sketch for the near-forward rescattered photoelec-
tron hologram (a) and the backward rescattered photoelectron hologram (b).
The upper row presents the ionization time for the electron wave packets in-
volved in the corresponding interference. The middle row presents the corre-
sponding electron trajectories of the electron wave packets. The bottom row
shows the interference structure simulated by strong-field approximation.
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The simulated interference pattern with SFA is presented
in Fig. 2. For the BRP holographic fringes, the direct electron
and the backward rescattered electron are ionized at adjacent
quarter cycles and start their motion on the same sides of the
ion. The interference between these electrons forms an arc-

like interference structure with final longitudinal momentum

P, < 0, as one can see in the bottom row of Fig. 2(a). As a
comparison, in Fig. 2(b), we present the near-forward SFPH
pattern simulated by generalized SFA. Different from the PRP
holographic interference, here the direct electron and near-
forward rescattered electron are liberated at the same quar-
ter cycle. Their trajectories can be seen in the middle row
of Fig. 2(b), which form the fork-like interference structure
with final longitudinal momentum P, > 0 presented in the bot-
tom row. One can see that the forward and backward rescat-
tered photoelectron holographic interference patterns can be
joined together and form a complete rescattered electron in-
terference pattern, since they are corresponding to the saddle
point method solutions for rescattered electrons with a scatter-
ing angle less than 90° and larger than 90°, respectively.

By now, we have confirmed that the arc-like interference
fringes in Fig. 1(b) are the backward interference structure,
which are joined together with the familiar fork-like near-
forward SFPH pattern. Owing to the two-cycle laser field,
there are no complex interference structures that obscure the
BRP holographic pattern, making it possible to easily identify
this interference in PMD. We would like to emphasize that the
carrier envelope phase (CEP) of the few-cycle laser pulse plays
a important role to reveal the BRP holographic interference. In
the present case, the CEP should be fixed near zero to suppress
the intracycle interference. We have found that the BRP holo-
graphic interference fringes can still be resolved in the PMD
after averaging the CEP of the laser pulse varying within [0,
0.127]. We numerically tested that when the variation of CEP
is larger than 0.157, the BRP hologram will be smeared out
and this strategy will be destroyed. Thus it is very challeng-
ing in experiments. In the following we employ a sculpted
two-color laser pulse to emphasis the BRP holographic inter-
ference and attenuate other kinds of stripes, e.g., the intercycle
interference, that may overlap the BRP interference.

As shown in Fig. 3(a), we use a parallel two-color laser
field that is composed by 800-nm and 400-nm few-cycle laser
pulses with the same intensity 1.0 x 10'* W/cm? to ionize
the hydrogen atom. Here the duration of this two-color laser
field is T = 5T (T is the optical cycle period of the 800-nm
pulse). The electric field for this laser pulse is indicated by the
red curve, which is sculpted by the 400-nm laser field (com-
pared with the one-color laser field), and thus provides an effi-
cient control of the interference patterns. For example, we can
barely see the near-forward interference in the region of P, <0
in Fig. 3(b), which is similar with that of the few-cycle linearly
polarized one-color laser field. Without complex interference
fringes that entangle with each other, in the PMD shown in
Fig. 3(b), we clearly see the fork-like near-forward SFPH pat-
tern and the arc-like BRP holographic fringes. An intuitive
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explaination of revealing BRP interference using a two-color
laser field can be given. For a single-color laser pulse with
long duration, the BRP interference is hard to be observed in
the PMD, because the shape of BRP interference is very sim-
ilar with the intracycle interference between direct electrons
and the signal of BRP interference is weaker than the intracy-
cle interference. Generally, the signal of BRP interference is
buried below and is not observable. In order to reveal it, the
intracycle interference should be suppressed. The two-color
laser field can achieve this goal. The intracycle interference
originates from the interference between direct electrons lib-
erated in adjacent half cycles, which can be viewed as a time-
domain double-slit interference. In a two-color laser field, by
adjusting the relative phase, the main peak of the electric field
is enhanced and the side peaks are suppressed, as shown in
Fig. 3(a). In the language of double-slit interference, the sec-
ond color laser pulse with a proper choice of relative phase
can switch off one of the time slit and thereby turn off the in-
tracycle interference. In this way, the BRP interference can
be clearly revealed, as shown in Fig. 3(b). Therefore, with
a sculpted laser pulse, one can observe this BRP interference
structure and employ it to investigate the structural informa-
tion of the atom/molecule!?! in a further step.
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Fig. 3. (color online) (a) The electric field (red solid curve) and corre-
sponding vector potential (blue dashed curve) of the sculpted two-color
laser field that composed by 800-nm and 400-nm laser field with the
same intensity 1.0 x 10'* W/cm?. The duration of the two-color laser
field is T = 5T (T is the optical cycle period of the 800-nm pulse). (b)
Corresponding photoelectron momentum distribution.

4. Conclusion

In conclusion, we theoretically investigate the holo-
graphic interference structure originating from the coherent
interference between the backward rescattered electron wave
packet and the direct electron wave packet by numerically
solving the time-dependent Schrodinger equation. By employ-
ing a two-cycle infrared laser pulse, we investigate the ioniza-
tion of the hydrogen atom, and find an arc-like interference
structure in the obtained PMD, which is joined together with
the fork-like near-forward SFPH. With the help of the gener-
alized SFA method, we study the formation and appearance
of the rescattering based interference structures and confirm
that the arc-like stripes are the BRP holographic pattern. In a
further step, we exam the appearance of these BRP interfer-
ence fringes with an experimentally realistic laser pulse. By
sculpting the laser pulse with a parallel second harmonic fre-
quency laser pulse with comparable intensity, interference pat-
terns that may obscure the BRP holographic fringes are atten-
uated and the clear BRP interference pattern appears in the
PMD. It provides a practical method to get the information
deep inside the potential of the targets and decode the elec-

tronic dynamics in future investigations.
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