
Chapter 1
Laser-Assisted Electron Scattering
and Diffraction in Ultrashort Intense
Laser Fields

Reika Kanya, Yuya Morimoto, and Kaoru Yamanouchi

Abstract Recent progress in experimental studies of laser-assisted electron scat-
tering (LAES) in ultrashort intense laser fields is reviewed. After a brief survey of
theoretical backgrounds of the LAES process and earlier LAES experiments started
in 1970’s, new phenomena induced by LAES experiments in ultrashort intense laser
fields and expected applications of these experiments are discussed. A new exper-
imental setup designed for measurements of LAES induced by ultrashort intense
laser fields is described. Experimental results of energy spectra, angular distribu-
tions, and laser polarization dependence of the LAES signals are presented with
corresponding results of numerical simulations. A light-dressing effect appearing in
the LAES signals to be obtained under our experimental conditions is also exam-
ined by numerical calculations. In addition, as an application of the LAES process,
the determination of instantaneous geometrical structure of molecules by a novel
technique of laser-assisted electron diffraction is introduced.

1.1 Introduction

1.1.1 Electron-Atom Collisions in Laser Fields

Through elastic scattering process between an electron and an atom occurring in a
laser field, the kinetic energy of the scattered electron (Ef ) can be shifted by multi-
ples of photon energy (�ω), i.e., Ef = Ei + n�ω, where Ei is the initial kinetic en-
ergy and n = 0,±1,±2, . . . . This process is called “laser-assisted electron scatter-
ing (LAES)” or “free-free transition.” In some cases, the energy gain process (n > 0)
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and energy loss (n < 0) process are separately called “inverse bremsstrahlung” and
“stimulated bremsstahlung,” respectively, referring to the bremsstrahlung, which is
the light emission induced by a sudden acceleration of incident electrons by an
atomic potential. As an elementary process in astronomy, plasma physics, and in-
tense laser physics, the LAES plays important roles in the infrared opacity of the
solar atmosphere, the plasma heating, and the laser-induced rescattering in intense
laser fields. The LAES process can also be regarded as a special kind of three-body
collision, where a laser photon acts as a simple third-body in the electron-atom col-
lision process.

Such energy gain and loss of scattered electrons by n�ω can also be induced
through “inelastic” scattering processes, which are called simultaneous electron-
photon excitation (SEPE) or laser-assisted electron inelastic scattering in a similar
manner as in the LAES process. Especially, the energy gain and loss by n�ω as-
sociated with electron impact ionizations are called “laser-assisted electron impact
ionization” or “laser-assisted (e,2e)” processes. Experimental and theoretical stud-
ies on these inelastic phenomena were reviewed by Mason [1].

1.1.2 Theory of the LAES Process

Theoretical framework of the LAES process was proposed first by Bunkin and Fe-
dorov in 1966 [2]. Under the first Born approximation for the scattering process be-
tween a target atom and an electron expressed as an eigenfunction of a free electron
in an electromagnetic field, i.e., Gordon-Volkov wavefunction [3, 4], they derived
the differential cross section for net n-photon absorption, dσ

(n)
BFA/dΩ , as

dσ
(n)
BFA

dΩ
= |pf |

|pi |
J 2

n (α0 · s)dσFBA(s)

dΩ
, (1.1)

where Jn(x) is the n-th order Bessel function of the first kind, pi and pf are initial
and final electron momenta, respectively, dσFBA(s)/dΩ is a differential cross sec-
tion of elastic scattering without laser fields derived by the first Born approximation,
s is a scattering vector defined by (pi − pf )/�, and α0 is defined as

α0 ≡ e

mω2
ε, (1.2)

where e is unit charge, m is mass of an electron, and ε is an electric amplitude vector
of the laser field. The absolute value of α0, |α0|, corresponds to the quiver radius,
i.e., the amplitude of the classical motion of an electron in the electromagnetic field.
In the Bunkin-Fedorov approximation (BFA), the interaction between an atom and
a laser field is neglected, and the electron-atom interaction is treated within the
first Born approximation, which is a good approximation for the forward scattering
of high-energy electrons, and the non-perturbative interaction between an electron
and a laser field is explicitly treated by using the Gordon-Volkov wavefunctions for
the incident and scattered electrons. Equation (1.1) shows that the differential cross
section for the n = 0 LAES process is also modified by the laser field. Because the
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scattered electrons of this n = 0 LAES process have an overlap in the kinetic energy
with the electrons scattered by an elastic scattering process without laser fields,
the scattering processes in which Ei = Ef is satisfied are referred to commonly as
“n = 0 scattering” in the present paper.

In 1973, Kroll and Watson derived the differential cross section of LAES process
by taking into account the non-perturbative interaction between an electron and an
atom [5]. In the Kroll-Watson approximation (KWA), the formula of the differential
cross section for net n-photon absorption, dσ

(n)
KWA/dΩ , takes a similar form to (1.1),

and is written as

dσ
(n)
KWA

dΩ
= |pf |

|pi |
J 2

n (α0 · s)dσel(Ẽi; s)
dΩ

, (1.3)

where dσel(Ẽi; s)/dΩ is the differential cross section of elastic electron scattering,
p̃i − �s ← p̃i , occurring without laser fields with an incident electron whose initial
momentum, p̃i , and initial kinetic energy, Ẽi , are defined as

p̃i ≡ pi + nmω

(α0 · s)α0, (1.4)

Ẽi ≡ |p̃i |2
2m

, (1.5)

respectively. Equation (1.3) means that the differential cross section of the LAES
process is calculated from dσel(Ei; s)/dΩ , which can be given by conventional
scattering experiments without a laser field, or obtained from a database provided,
for example, by NIST [6]. The Kroll-Watson formula can also be applied to the
slow-electron scattering and the backward scattering. However, the formation of
light-dressed states of target atoms could not be described because the interaction
between an atom and a laser field is neglected.

Mittleman et al. [7–10] developed a theoretical framework for an electron-atom
scattering in the presence of a laser field whose frequency is near resonant to the
atomic transition. Zon [11, 12] proposed a simple and convenient model by describ-
ing the laser-atom interaction as the polarization of electron clouds of target atoms
induced by the off-resonant laser fields. Later, Byron et al. [13, 14] studied the ef-
fect of the formation of light-dressed atoms by treating the laser-atom interaction
by a first-order time-dependent perturbation theory and the electron-atom interac-
tion by the first Born approximation. Non-perturbative interactions between laser
fields and atoms in high-energy electron-atom scattering processes can be treated
in Born-Floquet theory proposed by Faisal [15], or non-Hermitian Born-Floquet
theory developed by Dörr et al. [16], while R-matrix Floquet theory [17, 18] and
close-coupling Floquet theory [19] are applicable for low-energy scattering process,
in which the non-perturbative electron-atom interaction is included in addition to the
non-perturbative laser-atom interaction. In addition, other theoretical methods were
also proposed on the basis of a variety of models and approximations as reviewed
in [20].
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1.1.3 Experimental Studies of the LAES

The first observation of LAES was reported by Andrick and Langhans in 1976 [21],
who observed n = ±1 LAES signals in the electron-Ar collision process under a
continuous laser filed (λ = 10.6 µm, I = 6 × 104 W/cm2) generated by cw-CO2

laser. In the next year, Weingartshofer et al. reported multiphoton-LAES signals
up to n = ±3 in the electron-Ar scattering with a pulsed-CO2 laser (λ = 10.6 µm,
I = 109 W/cm2, �t = 2 µs) [22]. Compared to the theoretical studies, only a
small number of experimental studies [1, 23] have been reported probably be-
cause LAES measurements are very difficult. Until 2010, the kinetic energies of
an incident electron beam in LAES experiments had been in the low energy range,
4 eV < Ei < 80 eV, and all the laser light sources were cw-CO2 lasers [21, 24–27]
or pulsed-CO2 lasers with the minimum pulse duration of the order of microseconds
[22, 28–38], except a study with cw-CO laser (I = 103 W/cm2, λ = 5.3 µm) [39].
Consequently, in these experimental studies, the laser field intensities were in the
rather moderate range (<109 W/cm2) and the photon energies were too small to in-
duce electronic transitions of target atoms. Therefore, no evidences of the formation
of the light-dressed states of target atoms were identified in these traditional LAES
experiments, as concluded by several theoretical estimations [40–42].

Interestingly, in 1970’s, Hertel et al. reported their results of laser-induced super-
elastic scattering experiments, i.e., the electron scattering experiments in which tar-
get atoms are resonantly excited by cw-laser fields [43, 44]. These experiments are
regarded as electron scattering by light-dressed atoms occurring when the laser-
electron interaction is negligibly small. This is the opposite situation to the con-
ventional LAES experiments, in which light-dressed electrons are scattered by non-
dressed target atoms. So far, no experimental report has been made on “scattering
of light-dressed electrons by light-dressed atoms.”

1.1.4 LAES Experiment in Femtosecond Intense Laser Fields

In 2010, we observed LAES signals induced by femtosecond near-infrared intense
laser fields (I = 1.8 × 1012 W/cm2, λ = 800 nm, �t = 200 fs) in the elastic scat-
tering of 1 keV electrons by Xe atoms [45]. This is the first observation of LAES
by femtosecond laser pulses. Compared to the conventional LAES experiments,
such as the latest LAES experiment with a pulsed-CO2 laser (I = 4 × 108 W/cm2,
λ = 10.6 µm, �t = 3 µs, Ei = 22 eV) [38], the experimental conditions in our study
[45] were completely different in the following four points; (i) the photon energy is
13 times higher, (ii) the laser intensity is 4.5 × 103 times higher, (iii) the laser pulse
duration is 1.5 × 107 times shorter, and (iv) the kinetic energy of the incident elec-
trons is 45 times larger than the latest conventional LAES study [38].

The large differences in the photon energy and the laser intensity will enable us
to perform experiments on LAES by light-dressed atoms. Several theoretical studies
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predicted that a peak structure will appear at the zero scattering angle in the angu-
lar distributions of LAES signals when target atoms form light-dressed electronic
states [11, 13], and the intensity of the peak appearing in the small scattering an-
gle region increases drastically when a substantial electronic-state mixing occurs
through resonant interactions between laser fields and atoms [16, 18, 19]. There-
fore, LAES occurring in intense near-infrared laser fields should carry information
on light-dressed states of target atoms having ultrashort lifetimes in intense laser
fields. On the other hand, ultrashort laser pulses for LAES experiments enable us to
achieve high temporal resolutions, and LAES by molecules with high-energy elec-
trons can carry information on geometrical structure of molecules as in electron
diffraction of gas-phase molecules. This means that LAES by molecules will lead
to “a new time-resolved electron diffraction method” with the temporal resolution
of femtoseconds [45].

After the first observation of the LAES signals induced by 200 fs laser pulses
[45], a LAES experiment with 50 fs laser pulses was reported in 2011 also by our
group [46], and another near-infrared LAES experiment was reported in 2011 by
deHarak et al., where Nd:YAG laser (�t = 6 ns, λ = 1064 nm) was used for gener-
ating laser fields of the order of 109 W/cm2 [47]. It can be said that experimental
studies of the LAES process are now entering into a new stage 34 years after the
first conventional LAES experiment [21].

In the present article, the recent progress of the LAES experiments in femtosec-
ond intense laser fields is reviewed, and promising applications of LAES processes
to “probing of light-dressed states” and “gas electron diffraction” are discussed by
referring to our numerical simulations.

1.2 Experimental Setup

Details of the experimental setup were described in [46]. Figure 1.1 shows the
schematic of our setup for femtosecond-LAES experiments. The apparatus consists
of a femtosecond laser system, an electron beam source, a sample gas nozzle, a
toroidal-type electron energy analyzer, and an imaging detector. Scattered electrons
generated by the collision among the three beams, i.e., the electron beam, the atom
beam, and the laser beam, are introduced into the electron energy analyzer and are
detected by the imaging detector.

By taking the leading term of the Bessel functions in (1.1) or (1.3), intensities of
the LAES signals in BFA and KWA are approximately proportional to �t(λ4I )|n|.
This means that the signal intensities per laser-shot for the n = ±1 transitions in
LAES should decrease by a factor of 1 × 10−8 when the laser field conditions
change from “�t = 3 µs, λ = 10.6 µm, I = 4 × 108 W/cm2” to “�t = 200 fs,
λ = 800 nm, I = 1.8 × 1012 W/cm2,” which correspond to the conditions em-
ployed in the latest conventional LAES experiment with CO2 laser [38] and our first
femtosecond-LAES experiment [45], respectively. Therefore, a drastic improvement
in the detection efficiency is necessary for the measurements of the LAES signals
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Fig. 1.1 The schematic of the experimental setup of LAES [46]

in ultrashort intense laser fields. Furthermore, because of the limited spatial overlap
and the velocity mismatch between the electron pulse and the femtosecond laser
pulse [48], the fraction of scattering events in the laser field is estimated to be only
0.4 %, and majority of the scattering events (99.6 %) are those occurring in the ab-
sence of the laser fields under the experimental conditions, in which a pulsed 1 keV
electron beam collides with a sample gas beam of ∼1 mm diameter at right angles
and a 200 fs laser pulse is introduced perpendicularly to both the electron and sam-
ple beams. Thus, it is difficult to discriminate the femtosecond-LAES signals in the
energy spectra of the scattered electrons from the neighboring huge peak of n = 0
scattering signals. Moreover, intensities of the LAES signals will be similar in mag-
nitude to noise signals originating from stray photons, photoelectrons, photoions,
and metastable neutral atoms generated by the irradiation of intense near-infrared
laser pulses. In order to overcome the experimental difficulties mentioned above,
the following three components are newly introduced into our LAES apparatus, i.e.,
(i) the electron beam source with a photocathode-type pulsed electron gun, (ii) the
high repetition-rate and high power Ti:sapphire laser system, and (iii) the toroidal-
type electron energy analyzer equipped with the two-dimensional detector.

The electron pulses are generated from the photocathode-type pulsed electron
gun by irradiating the photocathode with UV laser pulses, which are the third har-
monics of 800 nm light split from the main 800 nm pulses before a pulse compressor
of the laser system. The synchronization between the electron pulse and the intense
IR laser pulse for the LAES process is achieved by adjusting the optical delay be-
tween the UV laser pulses and the intense IR laser pulses. The pulse duration of
the electron pulses were found to be ∼50 ps by the shadow graph method [46].
Huge background signals originating from elastic scattering without laser fields
can be suppressed by using these ultrashort incident electron pulses. The generated
monochromatic electron pulse of 1 keV kinetic energy collides with a Xe gas in a
near-infrared intense laser field (�t = 200 fs, λ = 800 nm, I = 1.8 × 1012 W/cm2)
at the scattering point in the vacuum chamber. The scattered electrons are introduced
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Fig. 1.2 (a) The raw image of electron scattering signals recorded when vertically polarized laser
pulses were introduced at the timing of the electron scattering by Xe atoms. (b) The amplified
image of (a). (c) The raw image of background signals in the same intensity scale as (b) [45]

into the toroidal-type electron energy analyzer through a 0.8 mm slit. Simultane-
ous detection of the angular and energy distributions is achieved by the toroidal-
type electron energy analyzer [49], and these distributions are obtained as a two-
dimensional image on a MCP/Phosphor detector coupled with a CCD camera. On
the detector, an angular distribution of isoenergetic electrons forms an arcuate pat-
tern as shown in Fig. 1.1. The signals of scattered electrons are discriminated from
noise signals by counting the number of bright spots of electron signals appearing on
CCD images within a time window of one second. Significant improvement in the
count rate of the LAES signals is achieved by 5 kHz data acquisition with the high
repetition-rate and high power Ti:sapphire laser system. The number of incident
electrons per shot is made as small as possible in order to avoid energy broadening
induced by the space charge effect, and a typical count rates of detection of elec-
trons including those originating from the elastic scattering is around 10 cps. The
energy resolution of the total detection system is around 0.7 eV, which is sufficiently
smaller than the photon energy of laser light (1.56 eV).

1.3 Observation of LAES in Intense Laser Fields

The raw images of scattered electrons obtained from the LAES experiments with the
light field conditions of �t = 200 fs, λ = 800 nm, and I = 1.8 × 1012 W/cm2 [45]
are shown in Fig. 1.2. The net exposure time was around 83 hours for each image.
Figure 1.2(a) shows electron scattering signals when laser pulses were introduced
at the timing of the electron scattering by Xe atoms. The laser polarization was set
to be “vertical”, i.e., perpendicular to the electron beam axis. The intense signals
forming an arcuate line seen at the central area in Fig. 1.2(a) is n = 0 scattering
signals, and any other features could not be recognized in Fig. 1.2(a). Figure 1.2(b)
is an amplified image of Fig. 1.2(a) obtained after adjusting the range of the signal
intensity so that the weak LAES signals become visible. In Fig. 1.2(b), a weak
arcuate lines indicated by the white arrows can be seen on both sides of the central
arcuate line. On the other hand, such structures could not be seen in the background
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Fig. 1.3 The energy spectra
of relative intensities of
scattered electron signals
[45]. The intensity is
normalized with respect to
the peak intensity of n = 0
scattering signal. Estimated
statistical error bars are
derived from square roots of
signal counts. Filled circles:
electron signals with
vertically polarized laser
fields; Open squares:
background signals; Broken
line: n = 0 scattering peak
reduced by a factor of 1000

signals [Fig. 1.2(c)], which is obtained when the temporal delay of the electron pulse
with respect to the laser pulse was set to be +100 ps.

The observed small difference between Figs. 1.2(b) and 1.2(c) becomes clear in
the electron energy spectra, which are obtained through the integration of the signal
of each pixel over the scattering angles along the arcuate isoenergetic coordinate. In
the integration, signals in the region of y > 105 pixel in Fig. 1.2 were excluded from
the analysis because the contributions of stray electrons are significantly large in this
region. The filled circles and the open squares in Fig. 1.3 show the energy spectra
obtained from Fig. 1.2(b) and (c), respectively. Unambiguous increases in the signal
intensity appear at the kinetic energy shifts of ±�ω, i.e., ±1.56 eV, in Fig. 1.3 (filled
circles). This is a clear experimental evidence that the n = ±1 transitions in the
LAES process are identified.

The filled circles in Fig. 1.4 represent the LAES signals obtained by subtracting
the background signals from the scattering signals obtained with the laser field in
Fig. 1.3. Both of the signals at the energies of ±�ω can be recognized as distinct
peaks, and the intensities of these peaks are around 3 × 10−4 relative to the central
n = 0 scattering peak.

In order to confirm our assignment, the relative intensities of the LAES signals
were estimated by a numerical simulation based on (1.3). In the current experimental
configuration with ε̂ · pi = 0, the p̃i can be expressed as

p̃i = pi − n�ω|pf |
2Ef sin θ

ε̂, (1.6)

where Ef ≡ |pf |2/(2m) is the kinetic energy of a scattered electron. In the
present high-energy scattering (Ef ∼ 1 keV), |p̃i | � |pi | holds well because
�ω/(2Ef sin θ) is less than 0.03 in the detectable range of the scattering angle

(1.5 deg. < θ < 14 deg.). Then, the dσ
(n)
KWA/dΩ can be approximated to be

dσ
(n)
KWA

dΩ
� |pf |

|pi |
J 2

n (α0 · s)dσ (Ei; s)
dΩ

. (1.7)
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Fig. 1.4 The energy spectra of relative intensities of LAES signals [45]. Relative intensities are
normalized with respect to the peak intensity of n = 0 scattering signal. Estimated statistical error
bars are derived from square roots of signal counts. Filled circles: an energy spectrum obtained
after the subtraction of the backgrounds from the signals recorded with vertically polarized laser
fields; Open triangles: an energy spectrum obtained after the subtraction of the backgrounds from
the signals recorded with horizontally polarized laser fields; Solid line: a calculated spectrum of
the LAES signals when the laser fields are vertically polarized

In order to simulate the magnitudes of the observed LAES signals, denoted by
w(n)(Ei; s), the differential cross section in (1.7) should be averaged over the spa-
tiotemporal distribution of the three beams, i.e., the electron beam, the laser beam,
and the atomic beam. Considering that the dσ(Ei; s)/dΩ is independent of the laser
field, the w(n)(Ei; s) can be factorized into two parts,

w(n)(Ei; s) = Fn(Ei; s)dσ (Ei; s)
dΩ

, (1.8)

where

Fn(Ei; s) ≡ |pf |
|pi |

∫
drρ(r)

∫
dtj (r, t)J 2

n

(
α0(r, t) · s). (1.9)

In (1.9), ρ(r) is a density of the sample atom and j (r, t) is an electron flux density.
The spatiotemporal distributions of the ρ(r) and j (r, t) can be determined experi-
mentally [46]. The vectorial quiver radius, α0(r, t), becomes a function of r and t

because of the spatiotemporal distribution of ε, and can also be derived experimen-
tally, as described in [46], using the laser field parameters, such as the pulse energy,
the temporal shape of the pulse envelope, and the spatial profile at the scattering
point. Therefore, w(n)(Ei; s) in (1.8) can be calculated using Fn(Ei; s) obtained
from (1.9) and the differential cross section (dσ(Ei; s)/dΩ) in the NIST database
[6]. The results of the simulation are plotted with a solid line in Fig. 1.4. The cal-
culated LAES signal intensities relative to n = 0 scattering signal intensities show
good agreement with the experimental results.

When the laser polarization vector is set to be “horizontal”, i.e., parallel to the
direction of the incident electron beam, the factor of α0 · s in (1.3) becomes close to
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Fig. 1.5 The angular
distributions of LAES for the
n = +1 transitions with the
vertically polarized laser field
[45, 50]. Filled circles:
observed LAES signals of
n = +1; Broken line: the
numerical calculation by
KWA; Solid line: the
numerical calculation by
Zon’s model. Estimated
statistical error bars are
derived from square roots of
the signal counts

zero because the polarization vector is nearly perpendicular to the scattering vector,
s, for the forward scattering of the high-energy electrons. Consequently, the LAES
signal intensities should be suppressed significantly except the signal intensity at
n = 0. This polarization dependence should provide a further verification of our
measurements of LAES signals of n = ±1. In Fig. 1.4, an energy spectrum with
the horizontally polarized laser field is plotted with open triangles. In contrast to the
corresponding spectrum obtained using the vertically polarized laser field, no distin-
guishable peaks are observed. This is consistent with the corresponding numerical
calculation, showing that relative intensities for the n = ±1 transitions are nearly
zero (7×10−6).

The filled circles in Fig. 1.5 show the angular distribution of the background-
subtracted LAES signals for the n = +1 transition recorded using the vertically
polarized laser field. The broken line shows the results of numerical calculations
with KWA. The calculated angular distribution is in good agreement with the ex-
perimental angular distribution. The angular distribution of the n = −1 transition is
basically the same as that of the n = +1 transition, and also shows good agreement
with the result of numerical calculations.

As discussed in Sect. 1.1.4, the characteristic peak structure is expected to appear
at the zero angle in the angular distribution of LAES signals when target atoms are
formed in the light-dressed states. This light-dressing effect [50] is examined by
a simulation of the angular distribution of the n = +1 LAES signals using Zon’s
model [11] with the experimental laser field conditions (�t = 200 fs, λ = 800 nm,
I = 1.8 × 1012 W/cm2). In this model, the laser-atom interaction is treated as a
polarization of an electron cloud in a target atom, creating a laser-induced dipole
moment expressed as

μind = a(ω)ε sinωt, (1.10)

where a(ω) is the frequency-dependent polarizability of the target atom, which can
be described by the Unsöld expression [51] as

a(ω) = a(0)
ω2

res

ω2
res − ω2

, (1.11)
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where ωres is the resonance frequency of the target atom and ωres � ω is assumed.
Because the scattering process is affected by the interaction potential between the
charge of the incident electron and the laser-induced dipole of the polarized atoms,
the Hamiltonian of the system is expressed as

Ĥ = 1

2m

(
�

i
∇ + mωα0 cosωt

)2

+ V (r) − eμind · r
4πε0r3

. (1.12)

Under the first Born approximation, the differential cross section of the LAES pro-
cess can be derived analytically as

dσ
(n)
Zon

dΩ
= |pf |

|pi |
∣∣∣∣Jn(ξ)fBorn(s) − m2ω2a(ω)

4πε0�
2|s|2 ξ

[
Jn−1(ξ) − Jn+1(ξ)

]∣∣∣∣
2

, (1.13)

where ξ ≡ α0 · s and fBorn(s) is the scattering amplitude without laser fields ex-
pressed as

fBorn(s) = − m

2π�2

∫
V (r)eis·rdr, (1.14)

in the first Born approximation. The first term in the squared modulus in (1.13)
represents the scattering by the non-dressed potential, V (r), and the second term in
the squared modulus represents the laser-induced polarization of the target atom. If
the second term in (1.13) is omitted, (1.13) becomes identical to (1.1).

The solid line in Fig. 1.5 shows the result of the numerical calculation obtained
with Zon’s model. In the calculation, the spatiotemporal overlaps of the three beams
are taken into account in the same manner as in the calculation with KWA (broken
line in Fig. 1.5), and fBorn(s) is replaced by the numerical scattering amplitude given
by the NIST database [6] in order to describe more accurately the scattering ampli-
tude in the large scattering angle region. As shown with the solid curve, a sharp and
intense peak profile can be seen around the zero angle region, exhibiting remark-
able contrast to the calculated angular distribution shown in Fig. 1.5 with a broken
line obtained by KWA. This peak profile appearing with Zon’s model shows that
the light dressing effect is sufficiently large in the present laser field conditions, so
that the intensity of the sharp peak profile is in the detectable range. Unfortunately,
the scattering signals in the small scattering-angle region could not be detected us-
ing our apparatus because the scattered electrons in the range of θ < 1.5 degree are
blocked by a Faraday cup placed in front of the entrance slit of the energy analyzer
(Fig. 1.1).

Zon’s model, in which the laser-atom interaction is considered as a perturbation,
could not be used when the laser-atom interaction becomes substantially large as-
sociated with the increase in laser-field intensities. In such intense laser field condi-
tions, Born-Floquet theory [15] and non-Hermite Born-Floquet theory [16] need to
be introduced for describing LAES signals. When the laser field intensity increases
more, for example, typically up to ∼ 1014 W/cm2, even the Floquet-type theories
are no longer practically feasible because the size of the Floquet Hamiltonian matrix
becomes so large that a physical picture of the phenomena is difficult to be described
by a Floquet-type basis set. In addition, these Floquet-type pictures hold well only
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Fig. 1.6 The schematic of
laser-assisted electron
diffraction method

when the laser pulse duration is substantially longer than the period of the laser
field, and will not hold when the laser field has only few-cycles. Therefore, another
theoretical methods need to be developed to describe the LAES process induced by
very intense laser pulses and/or few-cycle laser pulses.

1.4 Laser-Assisted Electron Diffraction

Gas electron diffraction has been a standard method to determine geometrical struc-
tures of molecules in the gas phase [52–54]. For probing temporal variation of ge-
ometrical structures of molecules, a pulsed gas electron diffraction method was de-
veloped, where electron diffraction patterns were obtained with ultrashort electron
pulses [55]. However, the temporal resolution could not be improved beyond ∼1 ps
so far [56], which is much longer than the typical timescale of nuclear motion of
molecules, and, up to the present, femtosecond temporal resolution has not been
achieved by the time-resolved pulsed gas electron diffraction method.

As proposed in our recent report [45], a new ultrafast gas electron diffrac-
tion method called laser-assisted electron diffraction (LAED) can be developed if
the femtosecond LAES measurement is performed with a molecular target. The
schematic of the LAED experiment is described in Fig. 1.6. The LAES process
for molecular targets is basically the same as that for atomic targets, but interfer-
ence diffraction patterns appear in the angular distribution of the LAES signals in
the same manner as in conventional gas electron diffraction experiments. From the
analyses of the diffraction patterns, geometrical structure of a molecule can be de-
termined. Considering that LAES signals arise only when molecules are interacting
with an ultrashort pulsed laser field, the determined geometrical structure can be
regarded as “instantaneous structure” only during the femtosecond laser pulse du-
ration. Therefore, if dynamical processes of molecules are induced by femtosecond
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Fig. 1.7 The model
calculations of (a) scattering
intensities, (b) sM(s), and
(c) D(r) of LAES by Cl2
molecule with the different
internuclear distances;
r = 2.0 Å (thick solid line),
3.0 Å (dotted line), and 4.0 Å
(broken line) for the n = +1
transition [45]. The mean
amplitude is set to be
lh = 0.044 Å. Thin solid line
in (a): the atomic scattering
intensity of two Cl atoms

pump laser pulses and are probed by the femtosecond LAED method, the temporal
resolution of the time-resolved gas electron diffraction will be of the order of fem-
toseconds, i.e., 102–103 times higher than ∼1 ps achieved by the previous pulsed
gas electron diffraction methods [56].

The feasibility of the proposed LAED method is confirmed by the following
numerical calculations. Figure 1.7(a) shows the results of numerical calculations of
the scattering intensities of Cl2 as a function of s = |s| for the n = +1 transition
of LAES with the three different Cl-Cl internuclear distances; 2.0 Å, 3.0 Å, and
4.0 Å. In the numerical calculations, parameters describing the characteristics of the
three beams and their spatiotemporal overlaps are assumed to be the same as in [45].
Through the same procedure as in the conventional gas electron diffraction method
[52–54], a modified molecular scattering intensity, sM(s), is obtained as shown in
Fig. 1.7(b) from the observed angular distribution, and a radial distribution curve,
D(r), can be derived as shown in Fig. 1.7(c) through the Fourier transformation of
sM(s).
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Fig. 1.8 The angular
distributions of the n = +1
transition of LAES [57].
Filled circles: the observed
LAES signals of Xe. Broken
line: the calculated angular
distribution of LAES signals
of Xe by KWA. Solid line: the
calculated angular
distribution of LAES signals
of CCl4 by KWA

Only the additional approximation in the present procedure is KWA, which
holds well for high-energy electron scattering in near-infrared laser fields as long
as the dressing effect of targets is neglected. Because molecular structures are de-
termined from the LAES signals in the relatively large scattering angle range, the
light-dressing effect, that is expected to appear around the zero scattering angle
(|s| < 0.3 Å) as seen in Fig. 1.5, could have an only negligibly small effect in the
geometrical structure of molecules to be determined. Therefore, correlation between
the formation of light-dressed states and the variation of geometrical structure can
be investigated by the analysis of the obtained LAED signals.

The solid line in Fig. 1.8 is a calculated angular distribution of the n = +1 tran-
sition of LAES by CCl4, where the sample gas density and laser field conditions are
assumed to be the same as those in the experiment of Xe [45]. The modulated in-
terference pattern appears in the calculated angular distribution of LAES signals of
CCl4. The comparison between the modulation amplitude in the calculated LAED
diffraction pattern of CCl4 (solid line) and the observed LAES angular distribution
of Xe (filled circles with the error bars) shows that the LAED method is applicable
to determine geometrical structure of CCl4. If pump-and-probe experiments are per-
formed, the temporal evolution of the geometrical structure of CCl4 can be probed
by LAED. Therefore, the LAED method will be a promising approach for recording
“molecular movies” with femtosecond temporal resolutions.

1.5 Concluding Remarks

In the present paper, recent studies of the LAES experiment in intense laser fields
have been reviewed. As possible applications, “probing of light-dressed states in
intense laser fields” and “laser-assisted electron diffraction with femtosecond tem-
poral resolution” have been introduced. Considering the recent rapid advances in the
technologies of high power and high repetition-rate femtosecond lasers [58–61], the
count rate of LAES signals is expected to be raised by several orders of magnitude
in the near future.

These experimental techniques of the femtosecond-LAES measurements can
also be applied to investigations of other types of laser-assisted phenomena



1 Laser-Assisted Electron Scattering and Diffraction 15

associated with electron inelastic scattering processes. For example, a variety of
phenomena originating from electron impact processes occurring in intense laser
fields will be used for the investigation of light-dressing effects in electronically-
excited states of target atoms and molecules and for developing new time-resolved
spectroscopy with femtosecond temporal resolution such as time-resolved electron
energy-loss spectroscopy and time-resolved laser-assisted electron momentum spec-
troscopy [62]. This means that the present femtosecond LAES and femtosecond
LAED experiments will guide us to a new class of research themes of electron-atom
collision and electron-molecule collision processes in ultrashort intense laser fields.
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