Photoelectron angular distribution of atoms in pulsed XUV and IR fields
Xiao-Min Tong1, ∗
1

Center for Computational Sciences, University of Tsukuba,
1-1-1 Tennodai, Tsukuba, Ibaraki 305-8573, Japan

We investigate the photoelectron angular distribution of atoms in pulsed XUV and IR laser fields
theoretically by solving the time-dependent Schrödinger equation and surprisingly find that the
angular distributions of sidebands are not always straight lines (normal) in the energy-angle plot
as predicted by the strong field approximation. Comparing our results with those of the strong
field approximation, in which photoelectron nucleus Coulomb interaction is ignored, the bending of
angular distribution is attributed to the photoelectron-nucleus Coulomb interaction. The bending
depends on the IR intensity, IR pulse duration, XUV photon energy as well as the time-delay
between the two pulses.
PACS numbers: 32.80.Fb,32.80.Rm,42.65.Sf

I.

INTRODUCTION

Combination of an extreme-ultraviolet (XUV) source
generated from the high-order-harmonic generation
(HHG) [1, 2] and the driving infrared (IR) laser opens a
new door to investigate and control atomic photoabsorption processes. Several sidebands as predicted in theory
[3] have been observed in experiments [4, 5]. If short
XUV and IR pulses are used, the strengths of the sidebands can be controlled by the time-delay between the
two pulses [6, 7].
The mechanism of the IR assisted photoabsorption can
be explained as follows: the energy structures of an atom
in an IR field are described by Floquet states [8], a Floquet state has many sidebands separated by one IR photon energy; and an electron can be ionized/excited by
an XUV to a Floquet state through different sidebands,
or different paths. Therefore, the energy distributions of
photoelectron are also separated by one IR photon energy
(sideband structure) and the sideband yields are sensitive to the relative phase or arriving time between the
XUV and IR pulses[9, 10]. Therefore, one can control
the sideband yields by steering the time-delay between
the two pulses. Meanwhile, if one can control the relative strengths of the HHGs, one can also control the XUV
photoabsorption cross-section as predicted in theory [11]
and confirmed by experiment [12].
Different from the XUV source generated from HHG,
which is of the form of an attosecond pulse train
(APT)[13, 14] or a single attosecond pulse (SAP)[15, 16],
the photon energy of the XUV source radiated from a
free-electron laser [17] can be tuned almost continuously
and the pulse width can be narrowed in a femto-second
time-scale, so it opens another dimension to study the
IR assisted photoabsorption process as recently reported
in both theories [18, 19] and experiments [20, 21]. The
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two experiments focused on the photoelectron angular
distribution.
When we investigated the photoelectron angular distribution of Ar atoms ionized by an XUV assisted with
IR fields as reported recently in two experiments [20, 21],
we surprisingly found that the sideband angular distributions are not iso-energy separated by one IR photon energy, or straight lines in energy-angle plots as predicted
by the strong field approximation (SFA) [22–25] if we use
a lower XUV photon energy. We define this non-straightline distribution as bending of photoelectron angular distribution or simply bending in the following discussion.
To investigate the origin of the bending of photoelectron angular distribution and simplify the problem, we
simulated the photoelectron angular distribution of H
atoms in two-color XUV and IR laser pulses and confirmed that the angular distribution is not always isoenergy. Simply switching off the photoelectron nucleus
Coulomb interaction in the simulation, the SFA does predict iso-energy distributions as shown in Fig. 1, which are
in consistent with our present knowledge of the angular
distribution for a multi-photon absorption. This clearly
shows that the bending is attributed to the Coulomb effect which is ignored in the SFA.
In this work, we systematically investigated how the
bending depends on the IR intensity, pulse duration and
the time-delay between the two pulses. Since we focused
on the IR laser assisted photoelectric effect, we assumed
that the IR pulse is longer than the XUV pulse and both
pulses are longer than one period of the IR laser in this
paper.

II.

THEORETICAL METHOD

The atomic photoabsorption by an XUV light in an
IR field can be studied by solving the time-dependent
Schrödinger equation (TDSE) numerically. The detailed
method has been published [26] so we only brief the key
working equations for the later discussion. To compare
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where E0 , ω, τ and δ are the electric field strength, photon energy, pulse duration, and the carrier-envelop-phase
(CEP) of the IR pulse, respectively. td is the time-delay
between the two pulses and a positive td means that
the IR pulse arrives earlier. The total vector potential
A(t) = Ax (t) + AIR (t) and the corresponding electric
field is
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If we ignore the electron nucleus Coulomb interaction in
Hamiltonian H [see Eq. (1)] in the velocity gauge (as
shown in Eq. (3)), Eq. (1) goes to the SFA. In the following simulations, we assumed that the polarizations of
the XUV and IR fields are parallel to each other as used
in the experiments [20, 21] and we set the polarization
direction as the z-direction.
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FIG. 1. Photoelectron momentum distribution of H atoms
ionized by an XUV light in an IR field calculated by the SFA.
The IR laser intensity is 2 × 1013 W/cm2 .

with the SFA, we solve the TDSE in the integral form
[27, 28]. All the dynamical information can be obtained
from the following equation [27] (atomic units, ~ = e =
me = 1, are used hereafter unless otherwise stated)
Z t


Rt
0
0
00
Ψ(t) = −i
T e−i t00 H(t )dt VXU V (t00 )e−iH0 t Ψ0 dt00
+e

−∞
−iH0 t

Ψ0 .

(1)

Here, T is the time ordering operator, Ψ0 and Ψ(t =
∞) are the initial and final electron wave functions,
H(t) = H0 + Vext (t) is the Hamiltonian of hydrogen
atoms in an external field including the contributions of
IR (VIR (t)) and the XUV (VXU V (t)) fields with H0 being
the external-field-free hydrogen Hamiltonian as
H0 = −

1
∇2
− ,
2
r

(2)

and
Vext (t) =


 r · E(t),


p · A(t) +

length gauge
(3)

A2 (t)
2 ,

velocity gauge

being atom-laser interaction. The vector potential of the
XUV is written as
Ax (t) =

Ex −t2 /τx2
e
ωx

2 ln 2

sin(ωx t),

(4)

where Ex , ωx and τx are the XUV electric field strength,
center photon energy and the pulse duration of the full
width at half magnitude, respectively. Similarly, the vector potential of the IR laser is written as
AIR (t) =

E0 −(t+td )2 /τ 2
e
ω

2 ln 2

sin(ω(t + td ) + δ), (5)

III.

RESULTS AND DISCUSSION

In this section, we mainly discuss the photoelectron
angular distribution of H atoms ionized by an XUV light
with ωx =20 eV photon energy and τx =8 fs pulse duration in an IR field with 800 nm wavelength and τ =30
fs pulse duration. In the simulation we fixed the XUV
2
intensity of 1011 W/cm so the high-order effect of XUV
light is negligible small and the IR intensity is less than
2
50 I0 with I0 = 1012 W/cm so the direct ionization by
the IR laser is eliminated. We also present the results
with other XUV and IR parameters to show how the
bending depends on the XUV and IR laser parameters.
Since we focused on the photoelectron angular distribution, we plotted the photoelectron yield as a function of
the electron energy and the angle of the momentum to
the z-direction instead of the momentum distribution as
shown in Fig. 1.

A.

Results of SFA and TDSE

Figure 2 shows the typical photoelectron energy-angle
distributions obtained by the SFA (upper panel) and
TDSE (lower panel) simulations with the IR intensity
of 20 I0 . In the figure, the SFA predicts straight line
distributions or iso-energy distributions (upper-panel in
Fig. 2) while the TDSE shows that the sideband angular distributions in the energy-angle plots bend to higher
energies for larger angles, especially for lower energy sidebands (lower-panel in Fig. 2) . Since the SFA ignores the
Coulomb interaction after the electron is released by the
XUV, the bending must be related to the electron nucleus
Coulomb interaction. Without IR fields, the photoelectron shows straight line distributions, so the bending is
also coupled to the pulsed IR field. Since the bending
depends on the XUV and IR laser parameters we will
investigate how the parameters affect the angular distributions.
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FIG. 3. Photoelectron energy-angle distribution of H atoms
ionized by the XUV light in a weak IR intensity of 5 I0 .
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FIG. 2. Photoelectron energy-angle distribution of H atoms
ionized by the XUV light in an IR field calculated by the SFA
(upper panel, replot of Fig. 1) and TDSE (lower panel) for
the IR intensity of 20 I0 .

B.

IR laser intensity

Since the IR intensity is a key quantity in the strong
field material interaction, we first investigate how the intensity affects the angular distribution. For such a purpose, we analyze the angular distributions from no IR
2
laser to a relative strong one at 50 I0 with a 1012 W/cm
intensity step systematically as shown in Ref [29]. We
2
find that with a weak IR intensity (< 1013 W/cm ), there
is no visible bend as shown in Fig. 3, a typical example.
As the IR intensity increases, the visible bending appears
2
at 1.5 × 1013 W/cm and the bending persists to high IR
intensities. This means that both the Coulomb effect
and IR laser field contribute to the bending. The incline
of low energy sidebands increases as the IR intensity increases [29].

C.

XUV photon energy

Since the Coulomb interaction is important for low energy electrons, if we use a high energy XUV photon, does
the bending still exist? To answer the question, we increase the XUV photon energy to 30 eV as shown in
Fig. 4 and find that the sidebands still bend to the high
energy for large angles but the incline is smaller than the
case for 20 eV with the same IR intensity. Since the vis-
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FIG. 4. Photoelectron energy-angle distribution of H atoms
ionized by a 30 eV XUV light in an IR laser with the intensity
of 30 I0 .

ible bending starts at a high IR intensity for high XUV
photon energy so we show the results with a high IR intensity of 30 I0 at which the sidebands spread broader
and extend to the ionization threshold.
D.

IR pulse duration

The atomic photoionization by an XUV light in an IR
field can be explained by the Floquet theorem [8, 11] and
the sideband should be iso-energy distribution or straight
lines in the energy-angle plots if the IR pulse is infinite
long. If we increase the IR pulse duration to 60 fs, the
bending does disappear gradually as show in Fig. 5 apart
from a few lines in the very low energies, the observation is in consistent with the prediction by the Floquet
theorem. From this comparison, we conclude that the
bending can be further originated to the phase of the photoelectron obtained in one IR cycle in a Coulomb field.
The phase also depends on the photoelectron moving direction. For a very long IR pulse, the obtained phase
will be repeated every IR cycle, while for a short pulse,
such a phase differs slightly in each IR cycle, so the final photoelectron energy depends on the electron moving
direction, which results in the bending. The systematic
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evolution of the photoelectron energy-angle distribution
as a function of the pulse durations from 20 fs to 120 fs
with a 2 fs step can be found in Ref. [30].

Time-delay

Figure 6 shows the energy-angle distribution for the IR
pulse arrives 16 fs before the XUV pulse. The bending
still exists but the sidebands bend to the lower energy
for large angles, which differ from the results when the
two pulses overlap with each other. The systematic evolution of the photoelectron energy-angle distribution as
a function of the time-delay from −25 fs to 25 fs with a
1 fs step can be found in Ref. [31].
As we see in Eq. (5) that the IR vector potential also
depends on the CEP, but the TDSE results show that the
bending is insensitive to the CEP. We give the conclusion
without presenting the results here anymore.
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Comparing the results of the SFA and TDSE, we can
identify that the Coulomb interaction results in the abnormality. We may ask why the sideband energy depends
on the outgoing photoelectron direction. This is related
to the phase of the photoelectron gained in the IR field
after the electron is ejected out from the parent atom by
the XUV light. The phase is expressed as
Z ∞
H(t0 )dt0 ,
(7)
δp (t) =
t

FIG. 5. Photoelectron energy-angle distribution of H atoms
ionized by the XUV light in the IR field with the pulse duration of 60 fs.

E.

Physical origin

15

as shown in Eq. (1). If the IR pulse is infinity long,
the phase is a periodic function of time and the sidebands are always straight lines on the energy-angle plots
which does not rely on whether the Coulomb interaction
is considered or not. If the IR pulse is not infinite long,
the phase obtained within each IR cycle differs slightly
since the detailed IR electric field changes cycle by cycle, so the sidebands are almost on the iso-energy rings
if the Coulomb interaction is ignored. If the Coulomb
interaction is considered, the phase of the photoelectron
moving in a Coulomb field within one IR cycle depends
on the electron trajectory or the moving direction. Since
the Coulomb effect is important for low energy electrons,
the inclines are larger for lower energy sidebands. The
detailed dependence could be complex, but the physical
explanation should be right from the above discussion.
We also calculated the photoelectron angular distribution by replacing the XUV light from free-electron laser
with the APT, the bending still exists.
This observation is related to the “ionization surprise”,
which was observed in the above-threshold ionization
(ATI) in experiments [32, 33] and attributed the surprise to the photoelectron Coulomb interaction [34–37].
If we carefully looked at the two-dimensional momentum distributions of the photoelectron in intense midIR laser fields [38–41], indeed the photoelectrons are not
iso-energy distributed, especially on the low energy side.
Therefore, even for the atomic ATI spectra in an intense
IR field, the SFA does not work very well for the angular
distribution of low energy ATIs.
The mechanism of the bending of photoelectron angular distribution for an IR assisted photoionization in
a long XUV pulse is different from the one for an IR
assisted SAP photoionization. For the SAP, the energy
spreads broadly and covers several IR photon energies
so there are no clearly sidebands separated by one IR
photon energy. The SAP can be used for the streaking
experiments [42–45].
IV.

SUMMARY AND CONCLUSION
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FIG. 6. Photoelectron energy-angle distribution of H atoms
ionized by the XUV light in the IR field with 16 fs time delay.

In this work, we have investigated the bending of photoelectron angular distribution of atoms ionized by an
XUV light assisted by a moderate intense IR laser field.
The bending is attributed to the photoelectron nucleus

5
Coulomb interaction since the angular distribution returns to the straight line in the energy-angle plots if the
Coulomb interaction is ignored in the simulation. The
bending depends on the XUV photon energy, IR intensity, IR pulse duration as well as the time-delay between
the two pulses. Therefore, it can be used to calibrate or
obtain the laser parameters by comparing measurements
with simulations. Note that the focal volume averaging
is not important since the focal size of XUV sources, like
APT, is much narrower than the focal size of IR fields.
The effect is also not sensitive to the atomic species since
the XUV creates a quasi-free electron and the IR electric

field drifts the quasi-free electron moving in a combined
IR electric field and nuclear Coulomb interaction.
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[42] J. Itatani, F. Quéré, G. L. Yudin, M. Y. Ivanov,
F. Krausz, and P. B. Corkum, Phys. Rev. Lett. 88,
173903 (2002).
[43] E. Goulielmakis, M. Uiberacker, R. Kienberger, A. Baltuska, V. Yakovlev, A. Scrinzi, T. Westerwalbesloh,
U. Kleineberg, U. Heinzmann, M. Drescher,
and
F. Krausz, Science 305, 1267 (2004).
[44] M.-H. Xu, L.-Y. Peng, Z. Zhang, Q. Gong, X.-M. Tong,
E. A. Pronin, and A. F. Starace, Phys. Rev. Lett. 107,
183001 (2011).
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