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Abstract: We report on a joined experimental and theoretical study of differential cross-sections
resulting from inelastic scattering of a monoenergetic electron by helium atoms in the presence of
an intense carbon dioxide laser. In particular, we measured the signals of the scattered electrons
during the simultaneous electron–photon excitation of He 21P state for the first three microseconds
of the laser pulse. The signals were measured for an incident electron energy of 45 eV and showed a
structure that emerged at small scattering angles. The latter was found to be sensitive to the nature of
the transferred photons, as well as the intensity of the laser field. The experimental findings were
supported by quantum calculations based on the second-order Born approximation in which the
correlated electron–electron interactions were taken into account.

Keywords: simultaneous electron–photon excitation; differential cross-sections; second-order Born
approximation

1. Introduction

Electron scattering in the presence of laser fields plays a key role in understanding the
basic mechanisms behind light-induced nonlinear processes in matter, such as high-order
harmonic generation (HHG) and nonsequential double ionization (NDS). These processes
constitute the basis of attosecond science [1,2].

The characteristic features that distinguish this class of elementary collision physics is
the presence of three overlapping beams, which involve a photon, a monoenergetic electron,
and a target. This combination has the advantage of enabling a high degree of control of
atomic and molecular dynamics. In addition, the electron scattering process forms the
basis of various processes in strong light–matter interaction [1,2]. A particular example is
the HHG process, in which the electron after being ionized by a laser field is driven back
and rescatters off the parent ion. Because of the presence of the oscillating laser field, the
rescattered electron can emit photons. Here, the scenario repeats itself every half-cycle of
the laser field, thus resulting in the emission of coherent high-frequency radiation [3,4].

Another example is related to the NSD of helium atom by means of a low laser pulses
(i.e., a few terawatts) in an experiment [5]. Here, the ionized electron is driven back
by the laser field and rescatters by the helium ion, thus kicking out the second electron.
Once again, the electron scattering process plays here a vital role in uncovering the origin
of the mechanisms underlying the ionization of the second electron, which has yet to
be completely understood. These examples illustrate the relevance of electron scattering
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processes in the presence of laser fields in providing new insights into the basic mechanisms
in coherent light–matter interactions, and thus, further theoretical developments should be
encouraged [6].

An interesting aspect of electron scattering in the presence of a laser field is the simul-
taneous electron–photon excitation (SEPE) process, in which the target is simultaneously
excited by means of a monoenergetic electron and a photon. The complexity of this process
in an experiment is related to the precise alignment of the three beams (i.e., electron and
photon beams and the target), in addition to being focused and synchronized. This in turn
has limited experimental investigations of the process. The first experiment of SEPE was
performed by Mason and Newell [7,8] for a helium target using a CW CO2 laser field with
very low intensities in the range of 104–105 W cm−2. Later on, additional experiments were
improved using laser intensities up to 108 W cm−2 [9,10], which were subsequently fol-
lowed by the work of Luan et al. [11], in which higher intensities of the order 1010 W cm−2

of a Nd-YAG-type laser were introduced. On the other hand, most of the experimental
works of laser-assisted electron scattering using CO2 lasers applied to different noble gas
targets were performed by Wallbank and coworkers [12–19].

On the theoretical side, most of the calculations were performed on the basis of the
first-order Born approximation in which the atomic target involved either a single active
electron or two active electrons [20–22]. Although this approximation is valid only at high
electron energies, it has been shown to provide new insights into the inelastic scattering
process assisted by laser fields, in particular in the regime where the perturbation theory for
laser–atom interactions breaks down. For instance, it has been shown that the computed
differential cross-sections encode information about the avoided crossing induced by a
resonant laser field [23], which in turn can be controlled by varying the properties of the
laser fields, as well as those of the monoenergetic electron beam [24,25]. At a low electron
energy, the second-order Born approximation is required in order to take into account the
additional effects such as the exchange effects [26,27], which are necessary for the precise
comparison with an experiment. Additional methods are based on the R-matrix Floquet
approach [28,29] and the Born–Floquet method [23,30].

In general, atoms had been excited from their ground states to higher states through
collisions with electrons and/or photons. However, it has been demonstrated that exci-
tation can also occur through the “simultaneous” impact of an electron and one or many
photons. The laser introduces some parameters (laser photon energy, intensity, polarization
. . .) that influence the collisional process. Studies of this simultaneous electron–photon pro-
cess for the prototype of a helium atom, in which the two correlated electrons were taken
into account, were performed by Dunseath et al. [28,29]. However, here, the calculations
were limited to bound–bound transitions, and only 11 states of helium were involved in
the scattering process; thus, ionization was neglected. Furthermore, the collisional process
has been studied for an incident electron beam of 22 eV. A similar study for the case where
the internal structure of the atom does not change after the collision was presented in our
former paper [31]; the process corresponds to elastic scattering in the free–free radiative
transition.

This work was motivated by the strong interest in the simultaneous excitation process,
which offers wider possibilities for controlling the outcome of the scattering process, as
it involves both the properties of the photon and the incident electron beams. We thus
present in this paper a joined experimental and theoretical study of the simultaneous
excitation of helium by a monoenergetic electron and photon beams. We measured the
signals of the scattered electrons for the first three microseconds of the laser pulse. We used
an incident electron beam of 45 eV, which limited the scattering angle to 35◦. We show
that the recorded signals encoded a structure at a small scattering angle, which in turn
was found to be sensitive to the nature of the absorbed/emitted photon process, as well
as the intensity of the laser field. A direct comparison with the calculations based on the
second-order Born approximation showed a good agreement with the experiment except
at a very small scattering angle, in which the structure that emerged in the measured signal
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was absent. Additional calculations based on the Kroll–Watson approximation are also
provided for further discussion.

The main body of the paper is organized as follows: In Section 2, we present the
experimental setup, and in Section 3, we describe our theoretical method based on the
second-order Born approximation. The theoretical results are compared with the exper-
imental data in Section 4. Section 5 concludes the paper. Atomic units (a.u.) are used
throughout this paper.

2. Experimental Setup

We give a brief description of the experimental setup; more details were reported by
Wallbank and Holmes [12]. The apparatus consisted of three main parts, which were in
the same differentially pumped vacuum chamber: the incident beam of electrons and the
scattered beam of electrons constituted the spectrometer, and the beam of helium atoms
was formed by a pulsed supersonic valve.

In this setup, an electron beam was produced by accelerating electrons considered
to be emitted from a sharp tungsten filament and focusing them onto a 127◦ cylindrical
deflector. The electrons scattered by the atomic target were decelerated and refocused into
a double hemispherical sector deflector for the energy selection and then became detected
with an electron multiplier after reacceleration. In the present experiment, the spectrometer
was operated such that the energy resolution was 55–70 meV. This resolution depended on
the alignment of the incident electrons through the spectrometer. The calibration of the
electron beam energy was achieved using the 2P3

2
argon resonance at 11.098 eV.

For the scattering angles (6, 9, 12, 15, 20, 25, 30, 35)◦, the incident electron beam was
fixed in the vector parallel to the laser polarization. We could not go further than 35◦ as
the count rate of the scattered electrons became too weak to be measured. The pressure in
the vacuum chamber during the measurement was 10−6 mbar. The spectrometer design
allowed reaching a high angular resolution of the detected electrons ≈2◦; the divergence of
the incident beam was neglected in the calculation of the errors.

The radiation was furnished by a pulsed CO2 TEA laser (at a wavelength of 10.6µm)
operating in multilongitudinal mode. The polarization of the laser beam was achieved
by inserting a NaCl Brewster’s angle polarizing element into the laser cavity. The po-
larizing element decreased the maximum output energy of the laser from 5 J/pulse to
3.4 J/pulse. The laser was focused in the scattering region to produce a field with an
estimated maximum intensity of 4 × 108 W cm−2. The duration of the pulse was 3µs.

The data were collected and analyzed separately during the first, second, and third
microsecond. The analysis provided information about the dependency of the intensity of
the cross-section. During the first microsecond, the average intensity was about 108 W/cm2

for the first 250 ns only and decreased quickly to 107 W/cm2. It remained roughly at the
same magnitude for the rest of the pulse. The data were accumulated with a 200 ns time
resolution for each pulse. To perform this analysis, the laser was triggered externally by a
fiber optic and delay unit connection in the counter. We used a beam splitter in order to
reflect a weak portion of the laser after the scattering region onto a photon drag detector
to record the profile of the laser as a function of time (see page 2 of [15]). The laser was
operated at a frequency of about 7 Hz and aligned by using a He-Ne visible laser.

3. Theoretical Description

We present here a short description of our theoretical approach to deal with the
electron’s impact excitation of the helium atom in the presence of a laser field. A detailed
description can be found in our previous works [32–34]. The scenario we considered here
can be simplified into the following form:

He(11S) + e−(Eki
, ki) + `h̄ω → He∗(21P) + e−(Ek f

, kf) , (1)
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where Eki
= k2

i /2 and Ek f
= k2

f /2 are the kinetic energies of the incident electron and
scattered electron, respectively, and ki and kf are their respective momenta. ω is the
frequency of the considered laser, and ` is the number of photons exchanged between the
electron–target system and the laser field where positive values of ` correspond to the
photons’ absorption and negative values to the stimulated emission of the photons.

In this scenario, we considered the helium atom to be in the ground state 11S. The
atom was excited to the 21P state by means of a simultaneous interaction of an electron
projectile and a photon. The induced excitation process is referred to as SEPE. In general,
modeling this process can be performed by evaluating the S-matrix element, expressed as:

S f ,i = −i
∫ +∞

−∞
dt〈 Φ f (t) | Ĥ − i

∂

∂t
|Ψi(t)〉 , (2)

where Ψi(t) and Φ f (t) are respectively the time-dependent initial and final wave functions
of the electron–helium system embedded in the laser field. The operator Ĥ denotes the
total Hamiltonian of the collisional system in the presence of the external laser field. The
S-matrix element can be simplified in terms of the scattering amplitude f `ex(∆):

S f ,i = i(2π)−1
`=+∞

∑
`=−∞

δ(Ek f
− Eki

+ E f − Ei − `ω)f `ex(∆) (3)

which implies the conservation energy condition. Ei and E f are respectively the eigenener-
gies associated with the helium ground state He(11S) and the excited state He∗(21P) in the
absence of the laser field.

In this present theoretical study, the electron–helium collision was treated within
the second-order Born approximation (SBA) (i.e., the electron projectile interacted twice
with the helium target), which may be more appropriate compared to the first-order Born
approximation (FBA) to treat the excitation process at low impact energies. The exact
wave functions describing a free electron oscillating in a laser field are known as Volkov
states [35]. The wave functions describing the laser–helium interaction were calculated
using the first-order time-dependent perturbation theory, which was justified as the laser
intensities we considered were in the range of 0.6–2 × 107 W/cm2, which were too weak to
induce nonperturbative effects.

The amplitude in Equation (3), which was evaluated within the second-order Born
approximation, can be expressed as:

f `ex(∆) = f B1,`
ex (∆) + f B2,`,0

ex (∆) (4)

where f B2,`,0
ex (∆) is the second-order Born excitation amplitude of the zeroth-order in E0

evaluated at the shifted momenta ∆i and ∆f with ∆i = ki − q and ∆f = q − kf. The
momentum transfer is ∆ = kf − ki, and q is the virtual projectile wave vector (cf. [26] and
the references therein).

The excitation amplitude in Equation (4) can be expressed as:

f B2,`,0
ex (∆) = − 1

π2 J`(α.∆)
∫ +∞

0
q2dqdξ ′q

〈ψ f | Ṽd(∆ f , r)Gc(ξ ′)Ṽd(∆i, r) | ψi〉
∆2

i ∆2
f

. (5)

Gc(ξ ′) = ∑
n

| ψn〉〈ψn |
ξ ′ − En

is the Coulomb–Green function with the argument ξ ′ = Eki
+

Ei − Eq + `ω, and J` is an ordinary Bessel function of order `. The vector α = ε̂ E0/ω2

corresponds to the excursion radius of the quiver motion of the free electron in the laser
field, and ε̂ is a unit vector defining the polarization direction of the electric component of
the laser field. Ṽd is the Fourier transform of the direct potential Vd = −2/r0 + ∑2

j=1 1/r0j
where r0 denotes the distance between the incident electron and the helium nucleus, while
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r01 and r02 represent the distances between the incident electron and the helium-bound
electrons [26]. The wave functions ψi, ψ f , and ψn are the stationary states associated with
the eigenenergies Ei, E f , and En of the helium target, respectively. These states were
evaluated using the Sturmian approach (see [26,34,36]).

The term f B1,`
ex (∆) in Equation (4) is the FBA amplitude of the excitation process

associated with the exchange of ` photons. This can be given as the sum of the electronic
and atomic amplitudes:

f B1,`
ex (∆) = f B1,`

elec (∆) + f B1,`
atom(∆), (6)

where the electronic term f B1,`
elec (∆) describes the scattering of a Volkov electron by the bare

atom, while the atomic amplitude term f B1,`
atom(∆) occurs as a result of the dressing effects of

the atomic target by the laser field [32].
At the low energy of the incident electron, the exchange effect is necessary for precise

calculations of the differential cross-sections. This effect takes into account the fact that the
electron projectile and the bound electron are indistinguishable. In this present work, we
included this quantum mechanical effect in our simulations by evaluating the exchange
scattering amplitude g`f ,i where the subscripts i and f denote the initial and final states,

respectively (we used the same term of g`f ,i as in [37]). Generally, the exchange effect is
more pronounced at low impact energies where the SBA is more relevant in contrast to the
FBA, which is a high-impact-energy approximation [37–39]. Including the exchange, the
second-Born differential cross-section (SB-DCS) corresponding to the inelastic scattering
process with the transfer of ` photons reads:

dσ`
f ,i

dΩ
=

k f

ki
| f `f ,i − g`f ,i |

2 . (7)

which does not depend on the initial phase ϕ of the laser field due to the inability of the
collision time to be defined and as a result of the approximation of the projectile wave
packet by a monoenergetic beam with an infinite duration [40].

Here, the generalization of the inelastic scattering of the Kroll–Watson formulation for
free–free scattering in a laser field was used, where in the generalized KWA, the DCS dσ

dΩ
on

for laser-assisted scattering summed over ` is related to the field-free DCS dσ
dΩ

o f f
by [41]:

dσ

dΩ

on
=

∆i
∆ f

k f

ki
J2
` (α.∆)

dσ

dΩ

o f f
(∆f, ∆i). (8)

The field-free differential cross-sections were evaluated at the shifted momenta
∆f = kf − γ and ∆i = ki − γ, where γ = `ωα/(α.∆).

4. Results and Discussion

The results presented in this work correspond to the reaction given by Equation (1)
and were obtained for the case where the energy of the incident electron was Ei = 45 eV. In
this scenario, the transferred energy to the atom was Eext = 21.218 eV = Ei − E f . The final
state of the helium atom considered in the present work after the scattering process was the
excited He∗(21P) state. The choice of this state was dictated by the stability of the signal.
On the contrary, the measurement around the 21S excitation showed a greater statistical
uncertainty because of the much lower field-free cross-section. (cf. Figure 1 in [13]).

Previously, Wallbank et al. [13] demonstrated the possibility of observing the electron
excitation to the 21S and 21P states at a small scattering angle (12◦) and at an electron energy
well above the threshold (i.e., 45 eV) with the accompanying emission and absorption of
one photon of the CO2 laser. Furthermore, they predicted that the differential scattering
cross-sections could be measured for SEPE for the two above-mentioned states of helium
over a range of scattering angles (12◦ to 35◦), which has yet to be confirmed.
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In this paper, we considered a scenario in which the polarization vector of the laser
field ε̂ was chosen to be parallel to the direction of the incoming electron momentum ki.
The first low scattering angles for which the differential cross-section was measured were
6◦ and 9◦. To reach reasonable statistics yielding small error bars, the collecting data took
more time, contrary to the rest of the angles. Except for their kinetic energies, the incident
and the scattered electrons belonged almost to a merged beam. It is worth noting that the
data obtained for all angles required several months of experimental work. We ensured
that the experimental conditions for the laser, electron, and atomic beams were consistent.

In Figures 1–3, we present a comparison between the measured signals during the first
three microseconds of the laser pulse and the computed signals using both the second-order
Born and KWA approximations. We stress here that the duration of the laser pulse was 4 µs,
but only the first 3 µs were considered in the detection system. The fourth microsecond
was not considered since the laser intensity was weaker and unstable (cf. Figure 8 in [31]).

I = 0.6× 107 W/cm2

` = 1

I = 0.6× 107 W/cm2

` = −1

I = 1× 107 W/cm2

` = 1

I = 1× 107 W/cm2

` = −1

Figure 1. Signal (%) as a function of the scattering angle. The laser intensities are 0.6× 107 W/cm2 (upper panels) and
1× 107 W/cm2 (lower panels). The left figure corresponds to the absorption of one photon (` = 1), while the right figure
corresponds to the emission of one photon (` = −1). The points correspond to the experimental results. The solid red
lines correspond to the Kroll–Watson approximation results. The solid blue lines correspond to the second-order Born
approximation results.

The figures are presented for the case of the absorption and emission of one photon
of 117 meV and are displayed at different peak intensities: 0.6× 107, 1× 107, 1.5× 107,
and 2× 107 W/cm2. The measured and computed signals correspond to the ratios of the
SEPE signal when the laser was on the field-free signal, expressed as a percentage of the
latter. Here, we did not consider the scenario involving the absorption and emission of two
photons, as the intensity of the signals was too weak.
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I = 1.5× 107 W/cm2

` = 1

I = 1.5× 107 W/cm2

` = −1

I = 2× 107 W/cm2

` = 1

I = 2× 107 W/cm2

` = −1

Figure 2. Same as Figure 1, but for laser intensities of 1.5× 107 W/cm2 (upper panels) and 2× 107 W/cm2 (lower panels).

Averaged intensity

` = 1

Averaged intensity

` = −1

Figure 3. Signal (%) as a function of the scattering angle. The left figure corresponds to the absorption
of one photon (` = 1), while the right figure corresponds to the emission of one photon (` = −1).
The points correspond to the experimental results, and the solid lines correspond to the Kroll–Watson
approximation results when the laser intensity was averaged.

The measured signals exhibited the same behavior for the absorption and emission of
the photon and for the 3 µs of the laser, which were manifested as an increase of the signal as
a function of the scattering angle. A closer inspection of these measured signals indicated
some distinct features that were found to be sensitive to the nature of the exchanged
photons. This sensitivity however was seen to be less significant in the computed signals
using both the SBA and KWA methods. Furthermore, in the experiment, the signals showed
the emergence of a structure at a small scattering angle of around 15◦, which was absent
in the theoretical considerations. This region encoded important information about the
scattering process, in particular the laser-induced dressed states [24,25]. Here, an accurate
numerical description of the three interactions involved in the scattering process in this
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region is necessary in order to produce the experimental findings and to interpret them
properly. Most of the comparisons were based on the application of the Kroll–Watson
approximation [42], in which a disagreement with the experiment at small scattering angles
for elastic and inelastic scattering was found [15–17].

In general, the scattering amplitude describing the electron–atom collisions in the
presence of the laser field was considered to have two contributions: an electronic con-
tribution that corresponded to the interaction of the electron with the laser field and an
atomic contribution that occurred through the atomic wave functions being dressed by the
laser field. At small scattering angles, the two amplitudes might be of the same order of
magnitude, which would leads to interference effects that would manifest in the differential
cross-sections as an oscillatory structure. This structure was found to be sensitive to the
duration of the laser pulse. This sensitivity suggested the build-up of the interference
effects in the time domain.

In the Kroll–Watson treatment, the atomic contribution was neglected, but it has been
shown that, at small scattering angles, this contribution is significant and may lead to inter-
ferences, either constructive or destructive, between the two contributions of the scattering
amplitude [13]. An accurate description of these contributions is therefore a necessity in
order to produce these interference effects. Here, although these contributions were taken
into account in our treatment based on the SBA, our approach failed to reproduce the
structure that emerged at small scattering angles in the experiment.

On the other hand, in order to reproduce the measured signals accurately, the con-
ditions of the overlap between the three beams should be included in the calculations.
It has been shown that improving the accuracy of the calculations requires taking into
consideration the spatial and temporal distributions of the three beams involved in the
scattering process [43,44]. Here, we performed a cubic interpolation of the temporal laser
profile in the KWA calculation to average the signal. The best agreement of the shape of the
signal was found when the laser intensity was averaged, as shown in Figure 3. In a former
paper [31], it was shown that the misalignment in the region of the interaction among the
three beams was responsible for the shift between the theory and experiments. We note
that the temporal averaging of the laser profile was not considered in the SBA calculations.
This was mainly because of the complexity of the S-matrix when it was treated in the
second-order approximation and when the three interactions (i.e., photon, electron, and
target), as well as the atomic structure were taken into account. This however was not the
case in the KWA. On the other hand, the simplicity of the expression of the KWA allowed
us to show this temporal dependence, which we believe provided the necessary insights to
complement the experimental findings.

At this point, we concluded that although our theoretical calculations reproduced the
general shape of the measured signals very well, they failed to reproduce them precisely at
small scattering angles. This calls for new accurate calculations beyond the Born series to
further understand the origin of the structure that emerged. We thus considered our work
as a benchmark study to stimulate other theoretical works to address this issue with more
sophisticated theoretical approaches.

5. Conclusions

We presented a comparative study of an experiment and a theory of the simultaneous
electron–photon excitation (SEPE) of the He1P state. We measured the signals during the
first three microseconds of the laser pulse for a scenario involving the absorption and
emission of one photon and for a monoenergetic electron beam of 45 eV. Our theoretical
approaches were based on the second-order Born and Kroll–Watson approximations. We
found a good agreement with the experiment except at a small scattering angle, for which
our calculations failed to reproduce the structure that emerged in the experiment. In this
region, different contributions of the laser-assisted scattering process may emerge with
comparative magnitudes, which might result in constructive or destructive interferences.
Our suggestion calls for additional accurate calculations to further understand the origin



Atoms 2021, 9, 67 9 of 10

of this structure. Our study, therefore, reveals a hidden aspect in laser-assisted scattering,
which will definitively stimulate further theoretical works to address the SEPE process in
other systems.
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