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The light-dressing effect in Xe atoms was identified in laser-assisted elastic electron scattering (LAES)
signals. In the angular distribution of LAES signals with energy shifts of�ℏω recorded by the scattering of
1 keV electrons by Xe in an intense nonresonant laser field, a peak profile appeared at small scattering
angles (<0.5°). This peak was interpreted as evidence of the light dressing of Xe atoms induced by an
intense laser field on the basis of a numerical simulation in which the light-dressing effect is included.
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When an electron is elastically scattered by an atom in a
laser field, the kinetic energy of the scattered electron
changes by multiples of photon energy nℏω, where n is an
integer (n ¼ 0;�1;�2…) and ω is an angular frequency of
the laser field [1–3]. This scattering process is called laser-
assisted elastic electron scattering (LAES). The LAES
process is intuitively described as follows. The trajectory
of the projectile electron approaching the target atom is
modulated by the interaction between the laser field and the
projectile electron. Then, during the collision process, the
projectile electron interacts with the target atom, electrons
of which are quivered by the laser-atom interaction. Finally,
the resultant scattered electron is modulated again by the
laser-electron interaction. Therefore, three kinds of inter-
actions, i.e., the laser-electron interaction, the electron-
atom interaction, and the laser-atom interaction, coexist in
the LAES process, leading to intriguing changes in the
energy and angular distributions of the scattered electrons.
Regarded as a phenomenon that has fundamental impor-
tance in collision physics, the LAES process has long been
studied both experimentally [4] and theoretically [5].
In 1973, Kroll and Watson derived a formula for the

differential cross section of theLAESprocesswhen the laser-
atom interaction can be neglected [6]. Within the framework
of the Kroll-Watson approximation, the information that can
be obtained on the target atom from the differential cross
section of theLAESprocess is the same as that obtained from
the differential cross sectionof elastic scatteringwithout laser
fields (see the Supplemental Material [7]). When the laser
field is strong and/or its frequency is near the resonance
frequency of an optical transition of the target atom, the
spatial distribution of electrons in the target atom is distorted
through the strong laser-atom interaction. Consequently, the
energy and angular distributions of the scattered electrons in
the LAES process are varied in response to the spatiotem-
poral changes in the electron density distribution of the target
atom. This light-dressing effect in the LAESprocesswas first
discussed by Gersten and Mittleman in 1976 [8], and has
been an attractive issue in theoretical studies for more than

three decades [3]. In 1984, Byron and Joachain obtained the
differential cross section of the LAES process with the
energy shift (ΔE) of nℏω (n ¼ 0;�1) by adopting the first-
order time-dependent perturbation theory to the laser-atom
interaction [9]. They showed that an intense peak structure
appears at small scattering angles in the differential cross
sections of the LAES processes with one-photon energy
shifts (ΔE ¼ �ℏω). The peak profile appearing in the small
scattering angles was also reported by Dubois et al. [10] and
Dörr et al. [11]. These theoretical studies showed that small-
angle LAES signals carry valuable information on the
electron density distribution in a target atom influenced by
an external laser field, which will be of use in understanding
dynamics of electrons in the attosecond timedomain [12] and
strong-field induced molecular processes [13].
On the other hand, the light-dressing effect in target atoms

has not been confirmed experimentally. Since the pioneering
experiments of Andrick and Langhans in 1976 [14] and
Weingartshofer et al. in 1977 [15], most of the LAES
experiments have been conducted using cw and pulsed-
CO2 lasers [4]. Because the wavelength of the CO2 lasers
(λ ¼ 10.6 μm) is considerably longer than resonance wave-
lengths of optical transitions of atoms and the laser field
intensities are relativelymoderate (≤109 W=cm2), the results
of the conventional LAES experimentswerewell reproduced
by the simulation based on the Kroll-Watson approximation,
in which the laser-atom interaction is neglected. The only
exceptions were the results reported by Wallbank and
Holmes [16–19] and Musa et al. [20]. They observed
unexpectedly large differential cross sections at specific
scattering angles where the Kroll-Watson approximation
predicts almost zero cross sections. Theoretical studies
[21–27] showed that the light-dressing effects in the
Wallbank and Holmes’s experimental conditions are too
small to account for the discrepancies, and several theoretical
studies [27–33] suggested that the double scattering is a
possible cause of the discrepancies. The result of Musa et al.
has not been discussed theoretically, and therefore, the origin
of the discrepancies in their case has not been explored yet.
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More recently, deHarak et al. [34,35] reported the LAES
signals induced by near-infrared laser pulses with moderate
intensities (I ∼ 5 × 109 W=cm2, λ ¼ 1064 nm), and con-
firmed that theLAESsignals in their experimental conditions
are consistent with the Kroll-Watson approximation [34,35].
In our recent study [36], we conducted LAES experiment
within the scattering angle (θ) range of 2° ≤ θ ≤ 14° in the
near-infrared region (λ ¼ 800 nm) with the high laser field
intensity (I ¼ 1.8 × 1012 W=cm2), which is more than 3
orders of magnitude larger than the laser field intensities in
the previous LAES experiments with CO2 lasers [4]. In such
a high laser field intensity, the laser-atom interaction cannot
be neglected, and our numerical simulation [37] predicted
that the light-dressing effect should appear in the LAES
signals in the small scattering angle range of θ < 0.5°.
In this Letter, we report the first unambiguous exper-

imental observation of the small-angle (θ < 0.5°) peak
structure in the LAES signals of Xe originating from the
light-dressing effect, which has not been identified exper-
imentally for more than thirty years since the first theoretical
prediction in 1984 [9]. Themeasurementwas done using our
home-built apparatus, which was improved in the present
study so that the small-angle (θ ≥ 0.1°) LAES signals can be
detected. In the observed angular distributions of one-
photon LAES processes (ΔE ¼ �ℏω) by Xe in an intense
laser field (I ¼ 1.5 × 1012 W=cm2, λ ¼ 800 nm), we found
a distinct peak profile appearing at θ < 0.5°. This observa-
tion that the peak profile appears in the small scattering angle
range is consistent with the results of a numerical simulation
based onZon’smodel [38], inwhich the light-dressing effect
is taken into account.
The schematic of the present experimental setup is

shown in Fig. 1. Details of the setup are described in
our previous reports [39,40] and in the Supplemental
Material [7]. The output (λ ¼ 800 nm, P ¼ 0.6 mJ=
pulse) of a 5 kHz Ti:sapphire laser system is focused by
the combination of a cylindrical lens (f ¼ 10 m) and a
spherical lens (f ¼ 400 mm). In order to suppress the
ionization of the sample Xe gas, the laser pulse duration is
stretched to 970(50) fs, so that the peak field intensity
becomes 1.5ð4Þ × 1012 W=cm2. The polarization direction

is set to be parallel to the z axis, which is “vertical” to the
electron beam, where the x, y, and z axes are defined as
shown in Fig. 1. An electron pulse (1000 eV) with the
duration of 19(1) ps crosses both the laser beam and the
effusive Xe beam at right angles 0.4 mm below the tip of
the gas nozzle. Because the probability of the elastic
scattering is about 1%, the contribution of the double
scattering to the electron signals is estimated to be only
around 1%. The kinetic energy and the scattering angle of
the scattered electrons are resolved by a home-built toroidal
energy analyzer [39], with which the energy resolution of
0.3 eV is achieved in the measurement of the kinetic energy
shift of scattered electrons. The angular resolution is 0.24°
and 0.20° for the one-photon (ΔE ¼ �ℏω) and two-photon
(ΔE ¼ �2ℏω) LAES processes, respectively. Electrons
propagating straight without being scattered by the Xe
gas are blocked by a thin Mo wire (0.35 mmφ) placed in
front of the analyzer. With this setup, electrons scattered
within the scattering angle range of 0.1° ≤ θ ≤ 10.0° are
detected. The background signals are measured by setting
the delay time (Δt) of the electron pulse to be
Δt ¼ þ100 ps. The data are accumulated 30 h for both
cases of Δt ¼ 0 ps and Δt ¼ þ100 ps.
A kinetic energy spectrum of the scattered electrons is

plotted in Fig. 2(a) with red circles. The spectrum was
obtained by integrating the observed electron signals over
the scattering angle range of 0.1° ≤ θ ≤ 10° and subtracting
the background spectrummeasured atΔt ¼ þ100 ps. In the
spectrum, we observe distinct peaks centered at the energy
shifts of �1.55 eV (¼� ℏω) and �3.10 eV (¼� 2ℏω).
These peaks are assigned to one-photon and two-photon
LAES signals, respectively. In order to confirm the assign-
ment, we conducted a numerical simulation based on the
Kroll-Watson approximation by taking into account the
spatiotemporal averaging among the laser, electron, and
atomic beams. Details of the simulation are described in
the SupplementalMaterial [7]. The result of the simulation is
shown by a blue solid curve in Fig. 2(a). The result of the
simulation shows a good agreement with the experimental
result.
In Fig. 2(b), with red circles, we show a kinetic energy

spectrum of the scattered electrons detected only in the
small scattering angle range of 0.1° ≤ θ ≤ 0.5°. The result
of the simulation based on the Kroll-Watson approximation
is also shown by a blue curve. The intensities of the
observed signals at ΔE ¼ �1.55 eV are 1 order of magni-
tude larger than those of the simulated signals. In order to
confirm that the observed signals at ΔE ¼ �1.55 eV are
the signals originating from the LAES process, we recorded
an energy spectrum of the scattered electrons by setting the
laser polarization direction to be parallel to the y (hori-
zontal) axis. At the horizontal polarization, the signal
intensities of the LAES process for jnj ≥ 1 should be
suppressed significantly [36] because the electric field
vector becomes nearly perpendicular to the momentumFIG. 1 (color online). Schematic of the experimental setup.
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transfer. The energy spectrum obtained after accumulating
the data for 12 h with the horizontal laser polarization is
shown by black squares in Fig. 2(c), which exhibits no
detectable signals. This polarization dependence securely
confirms that the observed signals are those originating
from LAES processes.
The angular distributions of the LAES signals of ΔE ¼

þℏω and ΔE ¼ −ℏω are shown with red circles in
Figs. 3(a) and 3(b), respectively. Figures 3(c) and 3(d)
are the expanded views of the small scattering angle region
(θ < 1.5°) of Figs. 3(a) and 3(b), respectively. These

angular distributions for ΔE ¼ þℏω and ΔE ¼ −ℏω are
almost identical within the experimental uncertainties. In
both of the angular distributions, a peak profile is identified
at the small scattering angle range of θ < 0.5°.
In order to confirm that the peak profile originates from

the light-dressing effect, we also compare the experimental
angular distributions with those calculated by numerical
simulations. First, we show the angular distributions
calculated by the Kroll-Watson approximation by blue
broken lines. In the angular distributions obtained by the
Kroll-Watson approximation, no peak profiles are identi-
fied at the small scattering angles. Then, we conducted a
simulation in which the light-dressing effect is included
according to the procedure proposed by Zon [38]. In Zon’s
model, the deformation of the electron density distribution
of the target atom is approximately represented by a point
dipole induced by the oscillating laser electric field, and

FIG. 2 (color online). The kinetic energy spectra of electrons
scattered by Xe in intense laser fields obtained by the background
subtraction. The signals in the range of jΔEj ≤ 0.8 eV are not
shown because of the large experimental errors associated with
the intense background signals [36]. In (a) and (b), the energy
spectra measured with the vertically polarized laser pulses are
shown. Red circles show the experimental spectra. Blue lines
show the spectra simulated by the Kroll-Watson approximation.
These spectra are obtained by integrating the electron signals over
the ranges of (a) 0.1° ≤ θ ≤ 10.0° and (b) 0.1° ≤ θ ≤ 0.5°. (c) The
energy spectrum of the scattered electrons at small scattering
angles (0.1° ≤ θ ≤ 0.5°) measured with the horizontally polarized
laser pulses. All the intensities of the energy spectra are
normalized by the intensities at ΔE ¼ 0 in the corresponding
energy spectra before the background subtraction.

FIG. 3 (color online). The angular distributions of the LAES
signals of (a) ΔE ¼ þℏω and (b) ΔE ¼ −ℏω. Red circles show
the recorded angular distributions. Because of the limited angular
resolution (0.24°), the angular distributions look as if the LAES
signals appear even at the scattering angles of less than 0.1°.
Angular distributions simulated by the Kroll-Watson approxi-
mation are shown by blue broken lines. Black solid lines are the
simulated angular distributions based on Zon’s model. The
expanded views of the small-angle region in (a) and (b) are
shown in (c) and (d), respectively.
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consequently, the light-dressing effect is given by the
dipole-charge interaction between the laser-induced dipole
and the projectile electron. The literature value of the dipole
polarizability of Xe, 4.04 Å3 [41], was used in the
simulation. In Zon’s model, the electron-atom interaction
is treated within the first Born approximation. However,
because it has been known that the first Born approxima-
tion is not good enough in evaluating the amplitude for the
elastic scattering of 1 keV electrons by Xe [42], we
introduced partial corrections of the higher-order Born
effect into Zon’s model by using the scattering amplitude of
the elastic scattering without laser fields calculated by the
ELSEPA package for the partial-wave analysis [43]. The
modified Zon’s model employed in the present study can be
reduced to the Kroll-Watson approximation when the light-
dressing effect is neglected by setting the dipole polar-
izability to be zero. Further details of the simulation based
on the modified Zon’s model are provided in the
Supplemental Material [7]. The results of the simulation
are shown in Figs. 3(a)–3(d) by black solid lines. The peaks
appearing in the scattering angle range of θ < 0.5° in the
simulations show that the peak profile observed at the small
scattering angle can be interpreted by the light-dressing
effect. On the other hand, there are discrepancies in the
scattering angle range of θ < 0.2°, which may be ascribed
to the slight misalignment of the electron and laser beams
and their pointing fluctuations during the long time
accumulation. The effect of this misalignment is discussed
in the Supplemental Material [7].
It can be seen in Figs. 3(a) and 3(b) that the differential

cross section in the wide range of 0.5° ≤ θ ≤ 5.0° is
underestimated to a certain extent by both of the simu-
lations based on the Kroll-Watson approximation and Zon’s
model, which may be ascribed to (i) the polarization of the
target atom induced by the projectile electron [44], which is
not included in either of the models, (ii) the point-dipole
model for the target atom assumed in Zon’s model, and
(iii) the incomplete higher-order Born corrections in the
present perturbative treatment in the modified Zon’s model.
Therefore, a better agreement with the experimental angu-
lar distribution will be achieved by taking into account the
polarization effect and the internal structure of the
deformed electron density distribution within the target
atom, and by improving the corrections for the higher-order
Born terms.
Finally, with the red circles in Fig. 4, we show the

observed angular distribution of the LAES signals of
ΔE ¼ þ2ℏω. This angular distribution is almost identical
to that of the LAES signals of ΔE ¼ −2ℏω (not shown in
Fig. 4) within the experimental uncertainties. According to
the theoretical study by Beilin and Zon [45], when the
electric dipole moment of a target has a component
oscillating with the frequency of nω, an intense peak
profile appears in the small scattering angle range in the
angular distributions of the LAES signals of ΔE ¼ �nℏω.

However, because the temporal variation of the laser-
induced electric dipole in an atom having originally an
isotropic electron density distribution could not have even-
order harmonic components [3], such an intense peak
profile should not appear in the angular distribution of
the LAES signals of ΔE ¼ �2ℏω. In fact, in the exper-
imental angular distribution of ΔE ¼ þ2ℏω shown in
Fig. 4, no significant peak profile can be identified at
the small scattering angle range. The experimental distri-
bution was consistent with both of the simulations based on
the Kroll-Watson approximation (broken line) and that
based on Zon’s model (solid line).
In summary, we have observed the light-dressing effect

in the target Xe atoms in the angular distributions of the
LAES signals of ΔE ¼ �ℏω, appearing as the peak
structures at θ < 0.5°. The result of the numerical simu-
lation, in which the light-dressing effect is included based
on Zon’s model with the effective corrections of higher-
order Born terms, is consistent with the recorded angular
distribution exhibiting the peak profile at θ < 0.5°.
Through the analysis of experimental angular distributions
of the LAES signals by referring to the results obtained by
more elaborate numerical simulations, we will be able to
extract information on the electron density distribution
within a target atom dressed by an intense laser field.
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