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Observation of laser-assisted electron-impact ionization in ultrashort intense laser fields
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A laser-assisted (e, 2e) [LA(e, 2e)] process of Ar in an ultrashort (1.2 ps) near-infrared intense laser field, Ar +
e− + hν → Ar+ + e− + e−, was observed by coincidence measurements of the fast electron scattered forward
within the small-angle range and the slow electron emitted to the wide-angle range. The spectrum of the sum
of the kinetic energies of fast and slow electrons exhibited a shoulder structure at the one-photon energy shift
from the (e, 2e) peak for the Ar 3p orbital, which was unambiguously assigned to the LA(e, 2e) process with the
one-photon energy gain. The determined triply differential cross section of the LA(e, 2e) process with one-photon
gain from the laser field was approximately twice as large as a theoretical estimate and this enhancement was
regarded as an evidence of the formation of light-dressed states of Ar.
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I. INTRODUCTION

When atoms and molecules are irradiated with high-energy
electrons the kinetic energy of which is larger than the ion-
ization energy of the atoms and molecules, the ionization
proceeds during the electron scattering. This phenomenon is
called an electron-impact ionization, or an (e, 2e) process. If
the momentum transfer from the incident electron to the target
is sufficiently small in high-energy scattering, the generalized
oscillator strength, which is proportional to the cross section
of the electron-impact ionization, converges to the optical os-
cillator strength. Therefore, the optical oscillator strength for
the transition to highly excited states of atoms and molecules
was determined by the electron-impact ionization before syn-
chrotron radiation facilities became commonly available [1].
When an electron scattered within the solid angle of d�a and
an electron ejected within the solid angle d�b with the kinetic
energy of Eb are detected in coincidence, we are able to deter-
mine a triply differential cross section, d3σ/d�ad�bdEb, of
the (e, 2e) processes which carries information on the corre-
lation effects in the electronic wave function of two outgoing
electrons [2] as well as on the atomic and molecular orbitals
in the momentum space [3].

When an electron is scattered by an atom or molecule in
a laser field of an angular frequency ω, the incident electron
can gain or lose its kinetic energy by multiples of the photon
energy, nh̄ω, with n being an integer. This phenomenon is
called laser-assisted electron scattering (LAES) [4–10]. In a

*Present address: Ultrashort Electron Beam Science RIKEN
Hakubi research team, RIKEN Cluster for Pioneering Research
(CPR), RIKEN Center for Advanced Photonics (RAP), 2-1 Hiro-
sawa, Wako, Saitama 351-0198, Japan.

†Corresponding author: kaoru@chem.s.u-tokyo.ac.jp

similar manner, an (e, 2e) process assisted by a laser field
is called laser-assisted (e, 2e) [LA(e, 2e)] [11]. Mohan and
Chand [12] investigated LA(e, 2e) processes theoretically and
showed that the sum of the kinetic energies of the scattered
electron and the ejected electron changes by multiples of the
photon energy, nh̄ω, under the presence of a laser field.

If we can detect the scattered electron and the ejected
electron produced in the LA(e, 2e) process induced by an
ultrashort-pulsed laser field and determine the triply differen-
tial cross sections, we can investigate how and to what extent
atomic or molecular orbitals are deformed by the formation
of the light-dressed states within the ultrashort time duration
because the LA(e, 2e) process is induced only in the presence
of the laser field. However, the signal intensities of LA(e, 2e)
processes in ultrashort (picosecond to femtosecond) pulsed
lasers are in general several orders of magnitude smaller than
the background (e, 2e) signals produced before and after the
timing of the irradiation of an ultrashort laser pulse [13].

Höhr et al. [14,15] observed an LA(e, 2e) process of
He in a nanosecond high-power laser field (λ = 1064 nm,
τ = 7 ns, 3 J/pulse, I = 4 × 1012 W/cm2) by detecting the
ejected electron and He+ in coincidence, and found that the
triply differential cross section was increased by a factor of
1.2 by the interaction with the light field, but the number
of photons, n, involved in the LA(e, 2e) processes was not
identified because the energy resolution was not sufficiently
high to resolve the channels with different n values. Because
the effect of the formation of light-dressed states appearing
on the triply differential cross section varies depending on
the number of photons n involved in the LA(e, 2e) process
[16,17], experimental determination of an n-selective cross
section of the LA(e, 2e) process has been highly awaited.

In the present paper, we perform measurements of an (e,
2e) process of Ar in an ultrashort near-infrared intense laser
field (2 × 1011 W/cm2, 1030 nm, 1.2 ps) using an apparatus
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FIG. 1. (a) Schematic of the apparatus for the measurements of LA(e, 2e) processes. SHG, second-harmonic generation; ARTOF, an angle-
resolved time-of-flight analyzer; PSD, a position sensitive detector. The inset shows the configuration at the interaction region. A cone-shaped
skimmer is attached at the entrance of each analyzer. (b) Definition of the scattering angles and the azimuthal angles for the scattered and the
ejected electrons.

with which a scattered electron and an ejected electron from
Ar are detected in coincidence, and observe LA(e, 2e) signals
unambiguously at the total kinetic energy of the scattered
and ejected electrons shifted by one photon energy (n = +1).
Based on the quantitative evaluation of the triply differential
cross section of the recorded LA(e, 2e) signals, we find a firm
evidence that the light-dressed state of Ar is formed at the
instance of the (e, 2e) process.

II. EXPERIMENT

The measurements of LA(e, 2e) processes of Ar were per-
formed using an apparatus [Fig. 1(a)] consisting of a pulsed
electron gun, a scattering chamber, and two sets of angle-
resolved time-of-flight (ARTOF) analyzers equipped with a
position-sensitive detector (PSD), which are placed in the
asymmetric configuration, that is, one analyzer collects the
fast electrons scattered forward within the small-angle range
while another analyzer collects the slow electrons emitted to
the wide-angle range.

The output of a 100-kHz Yb:YAG laser system [1030 nm,
2.5 mJ/pulse, τ = 1.2 ps, linearly polarized—AMPHOS 200
(TRUMPF) pumped by PHAROS 20 (light conversion)] was
frequency doubled by a beta barium borate (BBO) crystal. The
remaining fundamental pulses were guided to an optical delay
stage and were focused on the scattering point (0.6 mJ/pulse,
2 × 1011 W/cm2) so that they crossed an atomic beam of Ar
at 115° [Fig. 1(b)]. The frequency-doubled pulses (515 nm,
100 pJ/pulse) were frequency doubled again by another BBO
crystal to be converted into fourth-order harmonic generation
(FHG) pulses (258 nm, 0.1 pJ/pulse), and the FHG pulses
were guided to a photocathode-type electron gun [18,19] by
which a pulsed electron beam is generated. The generated
electron pulses (τ ∼ 1 ps) were accelerated to 1000 eV and
were focused on an effusive atomic beam of Ar, which was
introduced from a nozzle the orifice diameter of which is 0.5
mm so that the pressure around the detector areas was kept
around 1 × 10−4 Pa. The electron pulse, the laser pulse, and
the atomic beam cross each other on the same plane. The
spatial overlap of the laser pulses and the electron pulses
was confirmed by the shadowgraph images of a thin gold

wire (0.1 mmφ) placed at the interaction region [18,19]. The
polarization of the laser pulses was set to be perpendicular to
this plane.

In order to record the (e, 2e) processes by detecting the fast
scattered electrons (960–1010 eV) and the slow ejected elec-
trons (<10 eV) in coincidence, we constructed an apparatus
equipped with two ARTOF analyzers placed in the asymmet-
ric configuration. One of the two ARTOF analyzers, which is
hereafter called the ARTOF analyzer for fast electrons, placed
in the direction of the incident electron beam has a small ac-
ceptance angle of ±4° with the energy resolution of 0.6 eV in
the high kinetic-energy range between 960 and 1005 eV. The
other ARTOF analyzer, which is hereafter called the ARTOF
analyzer for slow electrons, placed just above the interaction
region has a large acceptance angle of ±40° with the energy
resolution of 0.3 eV in the low kinetic-energy range below
10 eV. When the kinetic energy of the incident electrons is
1000 eV, 90% of the scattered electrons can be collected by the
ARTOF analyzer for the fast electrons and 10% of the ejected
electrons can be collected by the ARTOF analyzer for the slow
electrons. By this ARTOF analyzer for the slow electrons, not
only the ejected electrons originating from the (e, 2e) process
but also the photoelectrons ejected from excited Ar atoms
created by the electron-impact excitation processes can be
detected. The incident electrons propagating straight without
being scattered by the sample gas are blocked by a thin gold
wire (0.5 mmφ) placed in front of the entrance aperture of the
analyzer for the fast electrons. In order to block low-energy
secondary electrons originating from the electron impact on
the surface of this thin gold wire, we placed cone-shaped
skimmers with a small aperture at the entrance of the two
ARTOF analyzers.

Both of the analyzers were equipped with a PSD with
delay-line anodes (HEX80 and DLD80, RoentDek Handels
GmbH), so that the scattering angle and the kinetic energy of
the electrons are determined from the position on the detector
plane where the electron hits and the time of flight of the elec-
trons. The signals detected by each PSD were amplified by
an amplifier (FAMP8, RoentDek Handels GmbH), processed
by a constant fraction discriminator (CFD7x and CFD8c,
RoentDek Handels GmbH), and converted into digital data
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by a time-to-digital convertor (TDC8HPi, RoentDek Handels
GmbH). After the synchronization of the digital data from
the two ARTOF analyzers, a scattered electron and an ejected
electron originating from the same (e, 2e) event are detected
in coincidence.

In order to obtain the laser-assisted signals and the field-
free signals under the same experimental conditions, we
measured the (e, 2e) processes at three different delay times of
the electron pulse with respect to the laser pulse: 	t = 0 for
the laser-assisted signals, 	t = − 67 ps (the electron pulse
first), and 	t = + 67 ps (the laser pulse first) for the field-free
signals. In the present paper, a reduction of the background
signals is crucial because the signal intensity of the LA(e,
2e) process with a one-photon energy shift under the present
experimental conditions is weaker than the signal intensity of
the field-free (e, 2e) process by a factor of 103. By reducing
the number of electrons per electron pulse as low as around
10, we confirmed that the false coincidence events did not
interfere with the detection of LA(e, 2e) events. Because of
the high collection efficiency of the apparatus, we are able to
record the (e, 2e) event of Ar with the count rate of 1 count/s
even though the averaged electron current (106 electrons / 1
s ∼ 0.1 pA) is several orders of magnitude lower than that in
the conventional coincidence experiment (≈1 μA).

III. RESULTS AND DISCUSSION

A. Energy correlation map for the fast electrons
and the slow electrons

Before examining the recorded LA(e, 2e) signals in
Sec. III C, we first confirm in this subsection that the energy
resolution of the coincidence measurement of the fast scat-
tered electrons and the slow ejected electrons is sufficiently
high and, then, confirm in the next subsection (Sec. III B) that
the laser-assisted processes are induced by the irradiation of
the ultrashort laser pulses.

The energy correlation maps between the fast electrons
(the scattered electrons) and the slow electrons (the electrons
ejected from Ar), which were detected in coincidence, are
shown in Fig. 2 at the three different delay times of the
incident electron pulse with respect to the laser pulse. The data
accumulation time was 20 h at 	t = 0, and 10 h at delay times
of 	t = − 67 and +67 ps. The horizontal axis represents the
kinetic energy of the fast electrons, Efast; the corresponding
electron energy loss, Eloss = 1000 eV–Efast, is shown by the
upper scale; and the vertical axis represents the kinetic energy
of the slow electrons, Eslow. When the sample gas was irradi-
ated with the laser pulse first, then, with the electron pulse at
	t = 67 ps, only a straight-line structure with the slope of −1
was observed as shown in Fig. 2(a), which can be assigned to
the field-free electron-impact ionization of Ar, in which one
of the outermost 3p electrons is ejected.

As shown in Fig. 2(c), when the sample gas was irradiated
with the electron pulse first, then, with the laser pulse at 	t =
–67 ps, several spots were observed in the kinetic-energy
range of Eslow < 1 eV and Efast > 984.2 eV (Eloss < 15.8 eV)
in addition to a straight-line structure with the slope of −1.
Because the energy losses of the fast electrons at these spots
are smaller than the ionization potential of Ar (15.8 eV),

FIG. 2. Energy correlation maps for the fast electrons and
the slow electrons generated by the electron-impact excitation of
Ar in the ultrashort-pulsed laser field at the delay times of (a)
	t = + 67 ps, (b) 0 ps, and (c) −67 ps. The signal intensities in
these three maps are normalized by the respective accumulation
times.

they are assigned to the electron-impact excitation processes
followed by the photoionization of the resultant electronically
excited Ar∗ represented as

Ar + e−(1 keV) → Ar∗ + e1
−(fast), (1)

Ar∗ + nhν → Ar+ + e2
−(slow)(n = 1 − 5). (2)

The assignments of the respective spots are shown in Fig. 3
and Table I. In addition to the electron-impact excitations
to Ar 3p5ns1 and Ar 3p5nd1, which are optically allowed
processes, the excitation to Ar 3p54p1, which is an optically
forbidden process, and the above-threshold ionization pro-
cesses from Ar 3p5ns1 and Ar 3p5nd1 are also identified.

The sum of the kinetic energy (Efast ) of the fast electron
produced in Eq. (1) and the kinetic energy (Eslow) of the slow
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FIG. 3. Assignments of the peak profiles appearing in the energy correlation map for the fast and slow electrons generated by the electron-
impact excitation of Ar in the ultrashort (1.2 ps) laser field at 	t = − 67 ps. The ionization potential of Ar (15.76 eV) is denoted as IP.

electron produced in Eq. (2) can be expressed as

Efast + Eslow = 1000 eV − IP + n × 1.2 eV, (3)

where IP stands for the ionization potential. The lines given
by Eq. (3) with the different photon numbers are drawn by
broken lines in Fig. 3. In order to eliminate the contribution
from the signal originating from Eqs. (1) and (2), only the fast
electrons the energy loss of which is larger than 16 eV, which
is larger than the ionization potential of Ar (15.76 eV), were
used for the analysis for LA(e, 2e) processes.

Because the yield of the photoelectrons from Ar∗ generated
via Eq. (2) is sensitive to the delay time 	t , the photoelectron
yield is used for the determination of the zero delay time
(	t = 0) at which the photoelectron yield becomes a half of
that obtained when the electron pulse comes prior to the laser
pulse with no temporal overlap (	t < –50 ps). The energy
correlation map obtained at 	t = 0 is shown in Fig. 2(b).

The energy resolutions of the analyzers for the fast and
slow electrons are estimated to be 0.6 and 0.3 eV, respectively,
from the horizontal and vertical full width at half maximum
(FWHM) widths of the spot located at 988.4 eV for the fast

TABLE I. Assignments of the peak profiles in Fig. 3 to the electron-impact excitation processes of Ar.

Efast / eV Eslow / eV n Assignment of Ar* Comment

988.0–988.6 0.5–0.8 4 3p54s1

1.7–1.9 5 ATI
986.7–987.3 0.6–1.0 3 3p54p1 Nondipole excitation

985.7–986.1 0.6–0.8 2 3p53d1, 3p55s1

1.7–2.0 3 ATI

985.0–985.4 0.0–0.3 1 3p54d1, 3p56s1

1.3–1.5 2 ATI

984.6–985.2 0.4–0.6 1 3p55d1, 3p57s1

1.6–1.9 2 ATI
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FIG. 4. (a) The energy spectra of scattered electrons obtained by
integrating the signals over the scattering angle range of <4◦ without
considering the coincidence detections with the ejected electrons.
Red solid line, electron signals with the laser field; black broken line,
background signals. (b) The enlarged view of panel (a) in the energy
region of 1000.5–1003.0 eV. The error bars are estimated from the
square roots of the signal counts. (c) Red circles, the signals with
the laser field after the subtraction of the backgrounds; green solid
curve with the filled area underneath, the LAES (n = + 1) spectrum
calculated based on the Kroll-Watson theory. The vertical axes for
panels (b) and (c) are normalized by the elastic-scattering signals.

electrons and 0.6 eV for the slow electrons in Fig. 3, which is
assigned as an electron-impact excitation to Ar∗(3p54s1) fol-
lowed by the four-photon ionization. From these resolutions,
the energy resolution of the sum of the kinetic energies of
fast and slow electrons was estimated to be

√
0.62 + 0.32 =

0.7 eV, which is sufficiently high to resolve the one-photon
energy shift (1.2 eV) induced by the laser-assisted processes.

B. Laser-assisted electron scattering

Figure 4(a) shows the energy spectra of the fast electrons
obtained by integrating the observed electron signals over the
scattering angle range of <4◦. The red solid line shows the
energy spectrum of the electrons scattered in the laser field
(	t = 0). The black broken line shows the energy spectrum
of the background electrons scattered under no laser field
conditions obtained as the sum of the energy spectra recorded
at 	t = − 67 and +67 ps, both of which were confirmed to
overlap almost completely with each other.

In both of the energy spectra, in addition to the peak
assigned to the elastic electron scattering (Eloss = 0 eV), the
peak profiles assigned to the inelastic electron scattering can
be identified, which are accompanied by the electronic exci-
tation of Ar to 3p54s1 (Eloss = 11.62 and 11.83 eV), 3p54p1

(Eloss = 12.91–13.33 eV), 3p55s1 (Eloss = 14.09 and 14.26
eV), and 3p53d1 (Eloss = 14.15 and 14.30 eV) [20]. The dip
structure appearing at 973.4 eV is assigned to the excitation
of Ar to the autoionizing resonance (3s13p64p1) located at
Eloss = 26.62 eV [21].

Figure 4(b) shows the enlarged view of the energy spec-
trum at 	t = 0 and the sum of the energy spectra at 	t =
−67 and +67 ps in the energy region of 1000.5–1003.0 eV,
in which the vertical axis is scaled so that the intensity of the
elastic signals becomes unity. As shown in Fig. 4(b), when
the laser pulse overlaps temporally with the electron pulse, the
signal intensity increases at the kinetic-energy shift of 1.2 eV
measured from the strong peak of the elastic scattering. This
peak appearing at the energy shift of 1.2 eV can be assigned to
LAES for n = + 1. In Fig. 4(c), the LAES signals represented
by red open circles are extracted by the subtraction of the
background spectrum [black open circles in Fig. 4(b)] from
the energy spectrum of the electrons scattered in the laser field
[red open squares in Fig. 4(b)].

The relative intensities of the LAES signals were calcu-
lated numerically using the Kroll-Watson formula [22]. The
differential cross section for the n-photon LAES process is
given in atomic units as

dσn

d�
= |kf,n|

|ki| J2
n (ξLAES)

dσel

d�
, (4)

ξLAES = E0

ω2
· (ki − kf,n), (5)

where ki is the wave vector of an incident electron and kf,n

is the wave vector of a scattered electron, Jn is the nth-order
Bessel function of the first kind, E0 is an electric-field vector
of the laser field, and dσel

d�
is a differential cross section of the

field-free elastic scattering.
In order to simulate the n-photon LAES intensity,

In(θa, φa ), we have to consider that the scattered electron
intensity is proportional to the intensity of the elastic scatter-
ing under the field-free conditions I0(θa, φa ), the gas density
ρg(r), and the electron density of the electron pulse ρe(r, t ).
In addition, ξLAES depends on the electric-field vector of the
laser field, E0(r, t ). In order to take account of the r and
t dependences of the gas beam, the electron pulse, and the
laser pulse, we performed the spatiotemporal integration for
discrete values of θa and φa as

In(θa, φa )

∝
∫ xmax

xmin

dx
∫ ymax

ymin

dy
∫ zmax

zmin

dz
∫ tmax

tmin

dt

× |kf,n(θa, φa )|
|ki| J2

n

{
E0(r, t )

ω2
· [ki − kf,n(θa, φa )]

}

× ρg(r)ρe(r, t )I0(θa, φa ). (6)
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In our experimental configuration, the forms of ρg(r),
ρe(r, t ), and E0(r, t ) are expressed as

ρg(r) = Ng exp

[
− (y cos 70◦ − x sin 70◦)2

2σ 2
gH

]
exp

[
− z2

2σ 2
gV

]
,

(7)

ρe(r, t ) = Ne exp

[
− (x − vet )2

2σ 2
ex

]
exp

[
− y2

2σ 2
ey

]
exp

[
− z2

2σ 2
ez

]
,

(8)

E0(r, t ) = Epeak exp

[
− (x cos 45◦ + y sin 45◦ − ct )2

2σ 2
l, x+y

]

× exp

[
− (y cos 45◦ − x sin 45◦)2

2σ 2
l,x−y

]
exp

[
− z2

2σ 2
lz

]
,

(9)

where Ng and Ne are the normalization factors, and Epeak is an
electric field at the peak position. We assumed that the spatial
distributions of the gas beam, the electron pulse, and the laser
pulse are expressed by Gaussian shapes, exp(−X 2/2σ 2).
The FWHMs of the Gaussian functions, 2

√
2 ln 2σ , are

determined experimentally as σgH = σgV = 2.0 mm for the
gas beam, σey = σez = 0.6 mm and σex = 23 μm (1.2 ps) for
the electron pulses, and σl,x−y = 0.5 mm, σlz = 0.4 mm, and
σl,x+y = 0.36 mm (1.2 ps) for the laser pulses.

The integrals of Eq. (6) are evaluated numerically at given
sets of discrete numerical values of (θa, φa ). For the scattering
angle θa, nine values in the range between 0° and 4° at an
interval of 0.5° are adopted, and, for the azimuthal angle
φa, 12 values in the range of 360° at an interval of 30° are
adopted. Because In(θa, φa ) is expressed using the experi-
mentally obtained I0(θa, φa ) as shown in Eq. (6), the effect of
the inhomogeneity in the position dependence of the detector
sensitivity and the existence of a thin shadow area where the
scattered electrons are blocked by the gold wire (φa ∼ 270◦)
are automatically compensated in the simulation. The result
of the simulation plotted in Fig. 4(c) with a solid smooth
curve is in good agreement with the observed intensity profile
quantitatively [23].

The red filled circles in Figs. 5(a) and 5(b) show the singly
differential cross sections of the LAES process as a function
of the scattering angle, θa, and the azimuthal angle, φa, re-
spectively, calculated by the observed two-dimensional (2D)
map of the scattering signals in the energy range of 1001.0–
1001.5 eV. The simulated signal intensities calculated using
the Kroll-Watson theory connected by the black broken line
are in good agreement with the observed cross sections con-
nected by the red solid line. The azimuthal angle dependence
of the LAES signal in Fig. 5(b) shows a squared cosine shape,
which is consistent with the polarization dependence of the
cross section of the LAES signals. The decrease in dσ/dφa

around φa ∼ 270◦ is ascribed to the shadow of the gold wire
that blocks the scattered electrons.

C. Laser-assisted (e, 2e)

For the respective (e, 2e) events recorded in coincidence,
the sum of the kinetic energies for the fast and slow electrons

FIG. 5. Red filled circle, the observed singly differential cross
sections for the laser-assisted elastic electron scattering: (a) dσ/dθa

and (b) dσ/dφa. The error bars are connected so that the uncertain-
ties are shown with the shaded area. Black broken lines, calculated
singly differential cross sections obtained using the Kroll-Watson
theory.

is determined. The yield of the (e, 2e) processes obtained by
integrating the signals over the detection angle ranges is plot-
ted as a function of the sum of the kinetic energies as shown in
Fig. 6(a), which is hereafter called the sum-energy spectrum.
The red solid line shows the sum-energy spectrum for the
data obtained at 	t = 0, and the black broken line shows the
sum-energy spectrum obtained as the sum of the sum-energy
spectra recorded at 	t = − 67 and +67 ps, corresponding to
the background spectra, both of which were found to overlap
almost completely with each other. Two peaks appearing at
984.2 and 970.8 eV correspond to the electron-impact ioniza-
tion from the Ar 3p (15.76 and 15.94 eV) and 3s (29.24 eV)
orbitals, respectively. The peak intensity for the Ar 3s orbital
at 29.24 eV is one order of magnitude smaller than that for the
Ar 3p orbitals at 15.76 and 15.94 eV, which is consistent with
the theoretical cross sections of the electron-impact ionization
of the Ar 3p and 3s orbitals [25]. The weak tail structure of the
Ar 3p peak extending towards the lower kinetic-energy side
from 983.5 eV is assigned to the electron-impact ionization
from the Ar 3p orbital in which the fast scattered electron
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FIG. 6. (a) The sum-energy spectra of the scattered and ejected electrons obtained by integrating the signals over the detection angle
ranges. Red solid line, electron signals with the laser field; black broken line, background signals. (b), (c) The enlarged view of the energy
region of 981.2–983.4 and 985.0–987.2 eV, which are surrounded by the rectangle in panel (a). (d), (e) The LA(e, 2e) spectra in the energy
region of panels (b) and (c). Red circles, the difference spectrum obtained by the subtraction of the backgrounds from the signals with the laser
field; green solid line with the filled area underneath, the calculated LA(e, 2e) (n = − 1 and +1) spectrum based on the theory proposed by
Cavaliere et al. [24]. The vertical axes for panels (b)–(e) are normalized by the (e, 2e) signals of Ar 3p−1.

is scattered again elastically by the residual Ar gas in the
ARTOF apparatus, resulting in the longer flight time.

Figures 6(b) and 6(c) show the enlarged views in the energy
region of 981.2–983.4 and 985.0–987.2 eV, respectively. The
scale of the vertical axis is normalized with respect to the
intensity of the (e, 2e) peak for the Ar 3p orbital shown in
Fig. 6(a). It can be seen in Fig. 6(c) that a shoulder struc-
ture shows up in the signal intensity at 985.4 eV, that is,
the kinetic energy shifted by 1.2 eV from the (e, 2e) peak
for the Ar 3p orbital. This shoulder structure appearing in
the (e, 2e) signals can be assigned to the LA(e, 2e) pro-
cess with n = + 1. By the subtraction of the sum-energy
spectrum of the background signals [black open circles in
Figs. 6(b) and 6(c)] from the sum-energy spectrum recorded
with the laser field [red open squares in Figs. 6(b) and 6(c)],
the LA(e, 2e) spectrum is obtained as shown in Figs. 6(d)
and 6(e).

On the other hand, the LA(e, 2e) process of the Ar 3p or-
bital with n = − 1 is expected to appear at the sum-energy of
983.0 eV with the same signal intensity as n = + 1. As shown
in the enlarged view in the energy region of 981.2–983.4
eV, where the tail structure extends towards the lower-energy
side, the sum-energy spectrum recorded with the laser field
[red open squares in Fig. 6(b)] exhibits a small amount of
increase at the energy shift of around −1.0 eV compared with
the background spectrum [black open circles in Fig. 6(b)]. It
is possible that this signal increase is assigned to the LA(e,
2e) process of the Ar 3p orbital with n = − 1. Considering
that the intensity of the Ar 3s peak is only 2 × 10−2 of the
Ar 3p peak as shown in Fig. 6(a), we can predict that the

signal intensity of the LA(e, 2e) process of the Ar 3s orbital is
2 × 10−5 of the Ar 3p peak at 984.2 eV, which is even smaller
than the noise level of the sum energy spectrum of the order of
10−3–10−4. Therefore, we expect that the signals of the LA(e,
2e) process of the Ar 3s orbital with n = + 1 and −1 are
buried in the noise of the spectrum. Indeed, we were not able
to recognize any peaks assignable to the LA(e, 2e) process
of the Ar 3s orbital with n = + 1 and −1 in the sum energy
spectrum shown in Fig. 6(a).

The relative intensities of the LA(e, 2e) signals under the
present experimental conditions were estimated numerically
using the formula for the triply differential cross section
of a LA(e, 2e) process derived by Cavaliere et al. [24], in
which the scattering electron-light interaction was treated
explicitly using Volkov wave functions for the incoming
and the outgoing electrons and the electron-atom interac-
tion was treated by the first Born approximation, while the
atom-light interaction was neglected. The final state of the
atom is expressed as a continuum wave function with a slow
ejected electron having the asymptotic momentum kb mod-
ulated by the laser field based on the ansatz proposed by
Jain and Tzoar [26]. A numerical factor that compensates
the flux changes originating from the energy gain or loss is
approximated to be 1 because the photon energy (1.2 eV) is
sufficiently smaller than the incident electron energy (1000
eV), and, consequently, the flux change originating from the
photon exchange is of the order of 0.1%, which is negligibly
small. Under this approximation, the triply differential cross
section for the LA(e, 2e) n-photon absorption (n > 0) or emis-
sion (n < 0) process in atomic units, d3σn/d�ad�bdEb, is
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FIG. 7. Red filled circle, observed singly differential cross sections for the laser-assisted (e, 2e) processes: (a) dσ/dθa, (b) dσ/dφa,
(c) dσ/dθb, and (d) dσ/dφb. The error bars are connected so that the uncertainties are shown with the shaded area. Black broken lines,
singly differential cross sections calculated based on the formulas given by Cavaliere et al. [24].

given by

d3σn

d�ad�bdEb
= J2

n (ξLA(e,2e) )
d3σFBA

d�ad�bdEb
, (10)

ξLA(e,2e) = E0

ω2
· (ki − ka − kb), (11)

where ka is the electron wave vector for the fast electron and
d3σFBA

d�ad�bdEb
is a field-free triply differential cross section calcu-

lated by first Born approximation, because, in the asymmetric
configuration with the large (1000 eV) incident electron en-
ergy, the field-free triply differential cross section is described
well by the first Born approximation [27].In the numerical
analysis below, we adopt the experimentally obtained triply
differential cross section of the field-free (e, 2e) process as

d3σFBA
d�ad�bdEb

.
The n-photon LA(e, 2e) intensity, In(θa, φa, θb, φb, Eb), is

proportional to ρg(r), ρe(r, t ), and the intensity of the (e, 2e)
process under the field-free conditions, I0(θa, φa, θb, φb, Eb).
In order to take account of the r and t dependences of ρg(r),
ρe(r, t ) and ξLA(e,2e)(r, t ), we performed the spatiotemporal
integration at given sets of the discrete values of θa, φa, θb,
and Eb as

In(θa, φa, θb, φb, Eb)

∝
∫ xmax

xmin

dx
∫ ymax

ymin

dy
∫ zmax

zmin

dz
∫ tmax

tmin

dt

× J2
n

{
E0(r, t )

ω2
· [ki − ka(θa, φa, Eb) − kb(θb, Eb)]

}

× ρg(r)ρe(r, t )I0(θa, φa, θb, φb, Eb) (12)

where I0(θa, φa, θb, φb, Eb) is the intensity of the (e, 2e)
process under the field-free conditions. Note that φb is not
a variable of the integration because kb(θb, φb, Eb) has the
axial symmetry around the z axis, which is parallel to the laser
polarization direction.

In a similar manner as in the integrals in Eq. (6), the
integrals in Eq. (12) are evaluated numerically at given sets of
discrete numerical values of (θa, φa, θb, Eb). For the scattering
angle θa, nine values in the range between 0° and 4° at an
interval of 0.5° are adopted, and, for the azimuthal angle φa,
12 values in the range of 360° at an interval of 30° are adopted.
For the scattering angle θb, five values in the range between
0° and 40° at an interval of 10° are adopted. For the energy
of the slow electron, Eb, 11 values in the range between 0 and
10 eV at an interval of 1 eV are adopted. In a similar manner
as in the evaluation of the LAES intensity, the effect of the
inhomogeneity in the position dependence of the detector
sensitivity and the existence of a thin shadow area where the
scattered electrons are blocked by the gold wire (φa ∼ 270◦)
are automatically compensated in the simulation. After
evaluating the integrals of Eq. (12) for each (θa, φa, θb, Eb),
In(θa, φa, θb, φb, Eb) are calculated using the experi-
mentally obtained I0(θa, φa, θb, φb, Eb) for the field-free
case.
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In Figs. 6(d) and 6(e), the results of the numerical simu-
lations represented with the green solid lines with the filled
area underneath are compared with the experimental LA(e,
2e) spectra. It can be seen in Fig. 6(e) that the experimental
intensity profile for n = + 1 is in good agreement with the
theoretical LA(e, 2e) spectrum, but the intensity of the exper-
imental LA(e, 2e) spectrum is approximately twice as large as
that of the theoretical spectrum.

In Figs. 7(a) and 7(b), the data connected by the red filled
circles show the singly differential cross sections of the LA(e,
2e) process for the fast scattered electrons as a function of
the scattering angles and the azimuthal angles, respectively,
calculated by the observed 2D map of the scattered electrons
and the ejected electrons in the sum energy range of 985.3–
986.0 eV, and the data connected by the black lines are the
simulated cross sections. In Figs. 7(c) and 7(d), the data for
the slow ejected electrons corresponding to those for the fast
scattered electrons shown in Figs. 7(a) and 7(b) are shown.
It can be seen in Figs. 7(a)–7(d) that the intensities of the
experimental LA(e, 2e) signals are mostly larger to a certain
extent than those obtained by the theoretical calculations. As
a result, the intensity of the experimental LA(e, 2e) spectrum
obtained after the integration of the signals over the detection
angle ranges is approximately twice as large as that of the
theoretical spectrum as shown in Fig. 6(e).

The larger intensity of the recorded LA(e, 2e) signals than
the theoretical estimate can be attributed to the interaction
between an Ar atom and the laser field, which is neglected in
the theoretical treatment of the LA(e, 2e) processes above. In
an intense laser field, Ar in the electronic ground state can be
mixed with the electronically excited states the electronic con-
figurations of which are (3p)5(ns)1 (n > 3) and (3p)5(nd )1

(n � 3) through the formation of the dressed states. As has
been theoretically shown by Joachain et al. [16] and Martin
et al. [17] for the LA(e, 2e) process of a hydrogen atom and
by Khalil et al. [28] for a helium atom in an intense laser
field, the enhancement of the triply differential cross section
of the LA (e, 2e) process of Ar can also be ascribed to the
formation of the light-dressed states. Once the light-dressed
states are formed, the LA(e, 2e) process can be regarded as the
electron-impact ionization via a light-dressed state. Because

the cross sections of the electron-impact ionization of the
electronically excited states of Ar are one to two orders of
magnitude larger than that of the ground state [25,29], it is
expected that the LA(e, 2e) process enhances the triply differ-
ential cross sections. So far, theoretical studies of a LA(e, 2e)
process in which a light-atom interaction is taken into account
have been reported only on one-electron and two-electron sys-
tems [11]. Development of theoretical frameworks is highly
awaited [30,31] so that we will be able to extract how and
to what extent atomic and molecular orbitals are deformed
by an external laser field based on experimental data of an
enhancement of the triply differential cross sections of the
LA(e, 2e) process.

IV. SUMMARY

We designed and constructed an apparatus equipped with
two ARTOF analyzers placed in the asymmetric configuration
to measure (e, 2e) processes in ultrashort intense laser fields.
Using the apparatus, we have observed the one-photon energy
gain in the LA(e, 2e) process in the ultrashort-pulsed intense
laser field. We showed that the signal intensity of the LA(e,
2e) n = + 1 process obtained by integrating the signals over
the detection angle ranges is about twice as large as that esti-
mated by the theoretical calculations in which the interaction
between a target atom (Ar) and the light field is neglected.
We ascribed this discrepancy to the formation of the light-
dressed states of Ar. The measurement of a triply differential
cross section of the LA(e, 2e) process will provide us with
valuable data by which we can discuss how the formation
of the light-dressed states deforms orbitals of multielec-
tron atomic and molecular systems interacting with the light
field.
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