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Orders of magnitude increases of the cross sections are predicted for laser-assisted low-energy
electron-atom scattering (accompanied by absorption of laser photons) as the laser ellipticity is
increased. These ellipticity-controlled enhancements are manifestations of the field-free electron-
atom scattering dynamics, such as the Ramsauer-Townsend effect in low-energy elastic electron-
atom scattering. The strong sensitivity of laser-assisted scattering cross sections to this dynamics
and the laser ellipticity is illustrated for e-Ne and e-Ar scattering in both mid-infrared (λ = 3.5 µm)
and CO2 (λ = 10.6 µm) laser fields of moderate intensities.
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I. INTRODUCTION

The spectra of processes involving intense laser interac-
tions with atoms and molecules typically involve plateau
features, i.e., nearly constant cross sections versus the
number n of absorbed laser photons over a wide inter-
val of n. These plateaus have been investigated for over
two decades in laser-induced above-threshold ionization
(ATI) and high-order harmonic generation (HHG) pro-
cesses [1–3]. The occurrence of plateaus in laser-assisted
electron scattering (LAES) was predicted in Ref. [4]
(cf. also Ref. [5]), in which it was shown that the LAES
spectrum is characterized by two plateaus, related to
two different regions of the scattered electron energy. A
low-energy plateau is due to “direct” scattering and can
be described by the Kroll-Watson (KW) result [6] for
the differential cross section (DCS) of LAES in the low-
frequency approximation. A second, high-energy plateau
was explained [4] similarly to the rescattering scenario
for ATI and HHG processes [7, 8]: the laser field drives
the scattered electron back to the atom, whereupon the
electron gains additional energy from the laser field dur-
ing the rescattering. Although the occurrence of the
high-energy (rescattering) plateaus originates from laser-
driven electron motion in the continuum and is not de-
pendent on the internal atomic dynamics, the shape of
the plateaus is highly sensitive to this dynamics. More-
over, it was shown numerically [9] and derived analyt-
ically [10, 11] that HHG and ATI yields in the region
of the rescattering plateau cutoff can be factorized as
the product of laser-induced factors and field-free atomic
parameters. Recently these factorized results were used
to image atomic [12] and molecular [13] structures. An
analytic factorized formula for the DCS of LAES in a
linearly-polarized laser field was obtained recently using
time-dependent effective range (TDER) theory [14].

All the aforementioned studies were for the case of lin-
early polarized laser fields, whereas only recently has the
use of the laser ellipticity been explored as a means to

control and provide a deeper understanding of the HHG
process [15–19]. In contrast to ATI or HHG, however,
rescattering effects in LAES do not disappear with in-
creasing ellipticity. In particular, a rescattering plateau
has been predicted for LAES even for circular polariza-
tion [20, 21]. Nevertheless, the use of the laser ellipticity
to illuminate the influence of field-free electron-atom dy-
namics on LAES spectra has not yet been investigated.
In this paper we show that the manifestations of field-

free electron-atom dynamics in LAES can be controlled
by the laser ellipticity. Our study is based on the gen-
eralization of our recent TDER results for LAES in an
elliptically polarized laser field [22] to the case of elec-
tron scattering by neutral atoms. Our results for e-Ne
and e-Ar scattering exhibit the high sensitivity of LAES
spectra to the target atom, resulting in enhancement of
the cross sections for e-Ar scattering by orders of mag-
nitude with increasing laser ellipticity. We show that
this latter enhancement originates from the Ramsauer-
Townsend (RT) effect [23] in low-energy electron scatter-
ing by Ar atoms.

II. ANALYTIC RESULTS FOR THE LAES

AMPLITUDE AND CROSS SECTION

We consider the scattering of an electron with mo-
mentum p and energy E = p2/(2m) by a target atom
in a laser field with intensity I and frequency ω as-
suming that both the electron energy E and the laser
photon energy ~ω are small compared to atomic excita-
tion energies and that laser excitation or ionization of
atomic electrons is negligible. Under these assumptions,
the electron-atom interaction can be approximated by a
short-range potential U(r). Thus, the LAES process can
be described as potential (elastic) electron scattering ac-
companied by absorption or emission of n laser photons
(nmin = −[E/(~ω)], where [x] is the integer part of x),
so that the momentum (or energy) spectra of scattered
electrons (the LAES spectra) are characterized by the
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momentum pn, where pn =
√

2m(E + n~ω).
The electron-laser interaction in the electric dipole ap-

proximation is given by V (r, t) = −er·F(t), where F(t) is
the laser electric field vector, F(t) = FRe

(

ee−iωt
)

. The
complex polarization vector e is parameterized as

e = (ǫ̂+ iη[κ̂× ǫ̂])/
√

1 + η2, −1 ≤ η ≤ 1, (1)

where ǫ̂ is a unit vector along the major axis of the polar-
ization ellipse, the vector κ̂ defines the laser propagation
direction, η is the laser ellipticity, and e · e∗ = 1. With
the definition (1), the laser intensity does not depend on
η: I = cF 2/(8π).
For a non-perturbative treatment of both the electron-

laser and electron-atom interactions, in Refs. [14, 22] we
employed the TDER theory [24], which extends effective
range theory [23] for low-energy electron scattering to
the case of LAES. The main approximation in the TDER
theory is the same as in effective range theory: the inter-
action of the incident electron with the atomic potential
U(r) is taken into account in only a single (e.g., s-wave)
continuum channel by means of the scattering phase
δ0(E), which is parametrized in terms of the scattering
length and the effective range. The advantage of TDER
theory is that the exact TDER equations for the scatter-
ing state of an electron in the field F(t) can be solved
analytically in the limit of a low-frequency field, provid-
ing closed-form expressions for the amplitude, An(p,pn),
and the DCS for n-photon LAES,

dσn(p,pn)/dΩpn
= (pn/p)|An(p,pn)|

2. (2)

The final TDER result for An can be presented as a sum

of the KW-approximation amplitude, A
(KW)
n , and the

rescattering amplitude, A(R): An = A
(KW)
n +A

(R)
n .

The KW-approximation amplitude A
(KW)
n in a low-

frequency field F(t) and its comparison with results for
η 6= 0 [25, 26] are discussed in detail in Ref. [22]. For
a general scattering geometry this amplitude contains a
Bessel function of the first kind, Jn(x), and its derivative,
while for forward scattering along the major axis of the
polarization ellipse (pn‖p‖ǫ̂) it has the same form as the
KW result for η = 0 [6]:

A(KW)
n = ineinχAel[P(tc),Pn(tc)]Jn(ρ), (3)

dσ
(KW)
n (p,pn)

dΩpn

=
pn
p

dσel[P(tc),Pn(tc)]

dΩPn(tc)
J2
n(ρ), (4)

where ρ and χ are related to the complex scalar product
e · ∆p of the polarization vector e and the momentum
transfer, ∆p = pn − p:

ρ = (α0/~)|e ·∆p|, χ = arg(e ·∆p),

where α0 = |e|F/(mω2) is the classical quiver radius for
an electron in the field F(t). The field-free elastic scat-
tering amplitude, Ael, and the DCS, dσel/dΩPn(tc), are
evaluated at instantaneous laser-modified momenta,

P(tc) = p− (e/c)A(tc), Pn(tc) = pn − (e/c)A(tc),

where A(t) is the vector-potential of F(t). The equa-
tion for the moment tc of elastic electron-atom colli-
sion is given by the energy conservation law at t = tc:
P2(tc)/(2m) = P2

n(tc)/(2m). The amplitude (3) loses its
accuracy in the classically-forbidden region of the LAES
spectrum (i.e., for |n| > nmax = [ρ]), where the time tc
becomes complex. In this region, we approximate Ael by
its value at the boundary of the classically-allowed re-

gion, |n| = nmax, and we note that the amplitude A
(KW)
n

decreases exponentially.

The rescattering amplitude A
(R)
n for any scattering ge-

ometry is given by a sum of products of three factors,
two of which are field-free amplitudes Ael [22]:

A(R)
n =

1

α0

∑

s

Ael[P(ts),Q(ts, t
′

s)]D(ts, t
′

s)

×Ael[Q(t′s, ts),Pn(t
′

s)], (5)

where Q(t, t′) = (e/c)
[

(t′ − t)−1
∫ t′

t A(τ)dτ −A(t)
]

and

the summation is taken over the set of closed classical
electron trajectories in the field F(t). The sth trajectory
starts at the time t = ts of the first collision, accompa-
nied by a change of the electron kinetic momentum from
P(ts) to the laser-induced momentum Q(ts, t

′

s) (with
|P(ts)| = |Q(ts, t

′

s)|), where the time t′s of the second
collision (rescattering) ensures the return of the electron
to the atom over the period Ts = t′s − ts with maximum
classical energy, Q2(t′s, ts)/(2m), gained by the electron
from the laser field at the time t′s.
The factors D(ts, t

′

s) in Eq. (5) are propagation am-
plitudes describing laser-driven motion of the electron
between the collision at t = ts and recollision at t = t′s:

D(ts, t
′

s) =

(

~ω

upαs

)1/3
eiφsAi[ζ(ts, t

′

s)]
√

ω3T 3
s βs

, (6)

ζ(ts, t
′

s) =
P2

n(t
′

s)−Q2(t′s, ts)

2mup[(~ω/up)2αs]1/3
, (7)

where Ai(ζ) is an Airy function, up = e2F 2/(4mω2) is
the classical quiver energy, and the dimensionless param-
eters αs, βs and the phase φs can be expressed in terms of
the instantaneous fields F(ts), F(t

′

s) and momenta P(ts),
Pn(t

′

s) [22]. Since the Airy function in D(ts, t
′

s) oscillates
for ζ(ts, t

′

s) < ζ0 = −1.019 and decreases exponentially
for ζ(ts, t

′

s) > ζ0, the sth term in Eq. (5) becomes negli-
gibly small for P2

n(t
′

s) > Q2(t′s, ts) [cf. Eqs. (6) and (7)].

The rescattering plateau cutoff at n = n
(R)
max corre-

sponds to the maximum classical energy, Q2(τ ′, τ)/(2m),
where τ and τ ′ are the times ts and t′s for the shortest

closed trajectory, and n
(R)
max is a solution of the equation

ζ(τ, τ ′) = ζ0. Near the rescattering plateau cutoff, only
a single term in Eq. (5) (with ts = τ and t′s = τ ′) con-
tributes to the LAES amplitude, giving a factorized result
for the LAES cross section with absorption of n photons:

dσ
(R)
n (p,pn)

dΩpn

=
dσel(P,Q)

dΩQ

W (p,pn)
dσel(Q

′,Pn)

dΩPn

,(8)

W (p,pn) = pn/(p α
2
0) |D(τ, τ ′)|2. (9)
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FIG. 1. (Color online) LAES spectra for e-Ne and e-Ar for-
ward scattering (pn‖p‖ǫ̂) in a laser field with ~ω = 0.354 eV
(λ = 3.5 µm), I = 6.2 × 1012 W/cm2 (up = 7.06 eV) for
electron energy E = 2 eV, and ellipticities η = 0, 0.58, 1.
The boundaries nmax of the classically-allowed regions of the

low-energy plateaus and the cutoffs n
(R)
max of the high-energy

(rescattering) plateaus are indicated by the unfilled and filled
arrows respectively.

Owing to its quantum derivation, Eq. (8) gives a quan-
tum expression for the classical three-step scenario for
LAES with η 6= 0. The DCS dσel(P,Q)/dΩQ, with
instantaneous kinetic momenta P = P(τ) and Q =
Q(τ, τ ′), describes elastic scattering at the time τ . The
propagation factor W (p,pn) describes the laser-driven
motion of the electron over the period T = τ ′ − τ and
gives the oscillatory interference pattern of LAES spec-
tra in the high-energy plateau region [14, 22] (cf. also
Figs. 1 and 2). The rescattering at time τ ′ is described
by dσel(Q

′,Pn)/dΩPn
, where Q′ = Q(τ ′, τ) and Pn =

Pn(τ
′). Our numerical analysis shows that the result (8)

agrees well with exact TDER results in the plateau cutoff
region, while the amplitude (5) provides a quantitative
description of the entire rescattering plateau [22].

Since the factorsD(ts, t
′

s) in Eq. (5) [as well asD(τ, τ ′)
in Eq. (9)] do not depend on any parameters of the
potential U(r), all information about atomic dynamics
in LAES is contained entirely in the elastic scattering
amplitudes Ael, which in the TDER theory are consid-
ered in the effective range approximation (cf. Ref. [22]).
Thus, in a way similar to the generalization of factor-
ized TDER results for HHG and ATI to the case of
neutral atoms [10, 11] (which provide results in excel-
lent agreement with results of numerical solutions of the
time-dependent Schrödinger equation), it is reasonable to
generalize the analytic formulas (5) and (8) beyond the
TDER theory, by replacing the effective range results for
Ael and dσel/dΩ (involving only a single phase shift) by
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FIG. 2. (Color online) The same as in Fig. 1, but for E = 5 eV
and η = 0.18, 0.58, 1.

their counterparts for real atoms [involving a full set of
phase shifts δl(E)]. The latter may be taken from either
experiments or precise theoretical calculations. In what
follows, we analyze the manifestation of atomic dynamics
in LAES spectra of Ne and Ar, using phase shifts δl(E)
obtained by a B-spline R-matrix method [27] for electron
scattering by Ne and Ar [28].

III. FEATURES OF ATOMIC DYNAMICS IN

LAES SPECTRA

In Figs. 1 and 2 we compare LAES spectra [obtained
using Eqs. (3) and (5)] for e-Ne and e-Ar scattering for
the particular geometry of forward scattering along the
major axis of the polarization ellipse, i.e. for pn‖p‖ǫ̂. A
very pronounced modification of the shape of the LAES
spectrum with variation of the ellipticity for e-Ar scat-
tering in contrast to that for e-Ne scattering illustrates
the main result of our study. This modification appears
differently in the low-energy and high-energy plateau re-
gions, and is due to the high sensitivity of LAES spectra
to details of electron-atom dynamics, i.e., to the depen-
dence of the amplitudes Ael in Eqs. (3) and (5) on the
laser-modified momenta, which in turn depend on the
laser ellipticity η.

A. The low-energy plateau

The low-energy part of each LAES spectrum in Figs. 1
and 2 is described by the KW cross section (4), which
involves only a single atomic factor dσel/dΩ. This fac-
tor varies slowly with n and modulates the oscillatory
behavior of dσn/dΩ (over the classically-allowed region
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|n| < nmax) stemming from the Bessel function Jn(ρ)
in Eq. (4). Numerical results for the collision time
tc = tc(η,p,pn) show that the electron kinetic energy at
the moment of collision, E(tc) = P2(tc)/(2m), depends
significantly on the ellipticity: for η = 0, E(tc) = 0 for
n = 0 and increases with increasing n [e.g., for param-
eters as in Fig. 1, E(tc) increases from zero at n = 0 to
5.5 eV at n = nmax = 99]; in contrast, for |η| > 0, E(tc)
is non-zero for any n.
A pronounced (up to an order of magnitude) suppres-

sion of the e-Ar LAES DCS in the low-energy plateau
region for η = 0 in Fig. 1(b) as compared to the rel-
atively constant one for e-Ne scattering in Fig. 1(a) is
a manifestation of the well-known Ramsauer-Townsend
(RT) effect [23] in the LAES spectrum for e-Ar scatter-
ing. Specifically, whereas for Ne the oscillatory maxima
of the η = 0 curve in Fig. 1(a) are approximately constant
(except near n ≈ 25), for Ar the corresponding oscilla-
tory maxima first decrease and then rise sharply as n
increases. The RT effect consists in a non-monotonic
energy dependence of dσel/dΩ for low-energy electron
scattering by multielectron atoms and ions due to an in-
terplay of partial scattering amplitudes with different l.
For field-free e-Ar scattering, the RT effect leads to a
minimum in the DCS (“RT minimum”), whose position
(E ≈ ER) depends on the scattering angle θ and is in
the region ER . 1 eV [for the total (angle-integrated)
cross section, ER ≈ 0.3 eV [29]]. Since the RT ef-
fect does not exist for e-Ne scattering, for which only
the s-wave phase shift δ0(E) dominates at small ener-
gies, the aforementioned difference between results for
Ar and Ne originates from the RT effect in the DCS
dσel[P(tc),Pn(tc)]/dΩPn(tc) for e-Ar scattering, in which
case the energy E(tc) (which equals zero for n = 0) passes
through the RT minimum with increasing n.

B. The high-energy plateau

The high-energy (rescattering) part of each LAES
spectrum in Figs. 1 and 2 exhibits the effects of electron-
atom dynamics even more impressively than the low-
energy one. For low incident electron energy (E = 2 eV),
the average enhancement of dσn/dΩ for e-Ar scattering
over the rescattering plateau region reaches more than
three orders of magnitude as η increases from η = 0 to
η = 1. In contrast, the average magnitude of dσn/dΩ
for e-Ne scattering does not depend on the ellipticity.
As explained below, this sensitivity of dσn/dΩ to the
laser ellipticity for different targets originates from dy-
namical features (such as the RT effect) of the DCS
dσel(P,Q)/dΩQ in Eq. (8) that affect the η-dependence
of dσn/dΩ.
We analyze first the η-dependence of the kinetic en-

ergies of the electron at the first collision at time τ ,
E1 = P2/(2m), and at the recollision event at time τ ′,
E2 = (Q′)2/(2m), as well as the angles θ1 between the
instantaneous vectors P and Q and θ2 between Q′ and
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FIG. 3. (Color online) (a) The DCS dσel/dΩ for e-Ar scat-
tering vs. scattering angle and electron energy. The η-
dependences of the instantaneous kinetic energy Ei and scat-
tering angle θi (see text) are shown by thick (thin) lines for
the first (second) collision, i = 1(2), for two incident electron
energies: E = 2 eV (solid lines); E = 5 eV (dashed lines). (b)
The η-dependences of the DCS dσn/dΩ for LAES from Ar for

n = n
(R)
max(η) (thick lines) and of the factor dσel(P,Q)/dΩQ in

Eq. (8) (thin lines). For both panels, the scattering geometry
and laser parameters are the same as in Fig. 1.

Pn. Using the ellipticity-dependent times τ = τ(η,p,pn)
and τ ′ = τ ′(η,p,pn), we find that a linearly polarized
field (η = 0) decreases the energy E1 (thereby facilitating
return of the electron) and significantly accelerates the
electron up to the rescattering event (resulting in an in-
creased energy E2) [e.g., for the parameters in Fig. 1 for
E = 2 eV, E1 = 1.37 eV and E2 = 21.6 eV]. For these
collisions at η = 0, the angles θ1 and θ2 equal 180◦, i.e.,
in both cases the electron backscatters from the atom.
With increasing η, the energies E1, E2 tend toward each
other, becoming equal (E1 = E2 =11.1 eV) for circular
polarization (η = 1), while the angles θ1, θ2 both de-
crease (the angle θ1 decreases much faster than θ2, and
for η = 1, θ1 = 38◦, θ2 = 170◦).

Fig. 3(a) shows the DCS dσel/dΩ obtained using nu-
merical results for Ar [28]. For E = 2 eV the thick
solid line traces the curve (E1(η), θ1(η)) over the interval
0 ≤ η ≤ 1, while (E2(η), θ2(η)) is given by the thin solid
line. One sees that E1 approaches the RT minimum in the
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FIG. 4. (Color online) The LAES angle-integrated cross sec-
tion for e-Ne and e-Ar scattering over the “forward scattering”
cone with an aperture angle of 30◦ [cf. panel (c)] vs. scattered
electron energy, En = E + n~ω. The laser field parameters
and the incident electron energy E are the same as in Figs. 1
(a,b). The solid vertical lines denote n = 0.

DCS as η → 0. Thus, the suppression of dσn/dΩ for Ar
for η = 0 originates from the RT effect, which does not
exist in e-Ne scattering. For E = 5 eV the correspond-
ing curves are given by the thick and thin dashed lines.
One sees that E1 is outside the region of the RT mini-
mum. Nevertheless, suppression (by two orders of mag-
nitude) of the LAES spectrum for e-Ar scattering occurs
for nonzero ellipticity [cf. Fig. 2(b) for η = 0.18]. This
suppression originates from another feature of atomic dy-
namics: the deep minimum in the angular distribution of
e-Ar scattering at θ ≈ 120◦ [cf. Fig. 3(a)] over a broad
interval of electron energies. For e-Ne scattering, such
a minimum in the angular distribution of the field-free
DCS appears for higher energies (E1 & 10 eV). Thus this
minimum does not affect the LAES spectrum in Fig. 2(a).
Fig. 3(b) shows the η-dependences of dσel(P,Q)/dΩQ

and of dσn/dΩ at the cutoff [i.e., n = n
(R)
max(η)]. The

similarity in the shapes of dσel(P,Q)/dΩQ and dσn/dΩ
in Fig. 3(b) confirms that the atomic dynamics features
discussed above stem primarily from the first factor in
Eq. (8) for both E = 2 eV and E = 5 eV. The third factor
in Eq. (8) samples a smaller, more uniform region of the
DCS [cf. the thin solid and dashed lines in Fig. 3(a)].

C. Results for the angle-integrated cross section

Numerical results for the collision time tc [which en-
ters the elastic scattering DCS dσel/dΩ in Eq. (4)] as
well for times τ and τ ′ [which enter the first and third

factors of dσ
(R)
n /dΩpn

in Eq. (8)] show only weak de-
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FIG. 5. (Color online) The same as in Fig. 4, but for ~ω =
0.117 eV (λ = 10.6 µm), I = 3.35 × 1011 W/cm2 (up =
3.5 eV), and E = 1.5 eV.

pendence on the scattering angle Θ within the domain
0 < Θ < 15◦. Thus, the integration of the LAES DCS
over scattering angles within a “forward scattering” cone
having an aperture angle of 30◦ [see Fig. 4(c)] provides
angle-integrated results for LAES spectra that are qual-
itatively similar to those discussed above for the case of
forward scattering. However, since the energy positions
of the oscillatory minima and maxima of the LAES DCSs
depend on Θ (cf. Ref. [22]), the angle-integrated results
have much smoother oscillatory patterns, allowing mani-
festations of electron-atom dynamical features to appear
more clearly. In Fig. 4 we present angle-integrated LAES
spectra for e-Ne and e-Ar scattering for the same incident
electron energy E and mid-infrared laser parameters as
in Fig. 1 (a,b), while in Fig. 5 we present results for
E = 1.5 eV and a CO2 laser field (λ = 10.6 µm) of in-
tensity 3.35 × 1011 W/cm2. Clearly the manifestations
of the RT effect in LAES spectra are similar for both
mid-infrared and CO2 laser fields.

D. Requirements for experimental measurements

The results shown in Figs. 1, 2, and 4 are for an
experimentally-accessible, mid-infrared laser wavelength
(cf., e.g., Refs. [30, 31]) and a moderate intensity
(<1013 W/cm2) at which laser excitation or ionization of
rare gas atom targets is negligible. The same is true for
the results shown in Fig. 5 for a CO2 laser field. Hence,
these results may stimulate improvement of experimental
techniques in order to observe laser-modified electron-
atom collisions with n-photon absorption or emission.
With this in mind, in what follows we discuss the exper-
imental conditions necessary for observing these effects.
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In recent experiments on LAES [32–35] the observa-
tion of n-photon absorption or emission was limited to
n = 2 owing to the very weak LAES signal for high n.
We emphasize that in order to observe higher nonlinear
multiphoton effects in LAES, such as the plateau-like
structures, the following criteria for choosing the laser
field parameters and the values of the incident electron
energy should be satisfied. On the one hand, the condi-
tions up/(~ω) ≫ 1 and E/up . 1 should be fulfilled. The
first condition ensures the requirement that the laser field
must be treated nonperturbatively. This condition can-
not be satisfied using near-infrared lasers (λ . 1 µm)
without having laser intensities that are high enough
(I & 100 TW/cm2) for excitation or ionization of the
target. The second condition ensures that one can ob-
serve both the low-energy and the high-energy plateaus
in LAES spectra. Thus, for example, in the recent ex-
periments of Kanya et al. [32] neither of these two con-
ditions for observing the effects we predict are fulfilled:
up/(~ω) = 6.8 × 10−2 and E/up = 9.4 × 103. On the
other hand, analysis of the analytic results (6) and (9)
shows that over the energy interval 0.2up < E < up the
propagation factor W (p,pn) decreases with increasing λ
and I as W ∼ λ−4.2I−c, where c = 0.75 for η = 0 and
c = 0.45 for |η| = 1 (e.g., cf. Figs. 4 and 5). Thus, one
must balance the aforementioned conditions for up with
the scaling law for the LAES DCS as up ∝ Iλ2 increases.
The major experimental difficulty in observing mul-

tiphoton LAES signals stems from the extremely small
count rate, R, of scattered electrons. This rate is propor-
tional to the product of two crucial factors: the repetition
rate of the data accumulation (i.e., the duty cycle,D) and
the volume (V ) of the overlap of the atomic, electron and
laser beams. Specifically, R ⋍ σnjenaV D, where je is the
flux of incident electrons and na is the density of target
atoms. The typical pulse duration ∆t for currently avail-
able intense mid-infrared lasers is ∆t ∼ 100 fs at a rep-
etition rate Ω ∼ 1 kHz [30], so that D = Ω∆t ∼ 10−10,
while the volume V is governed by the typical diame-
ter (∼ 0.1 mm) of the focal area for a laser field with
I ∼ 1013 W/cm2. However, Ref. [33] notes that a signifi-
cant increase in the count rate of LAES signals by three
orders of magnitude will be achieved in the near future
owing to rapid advances in the technology of high-power
and high-repetition-rate femtosecond fiber lasers (specif-
ically, owing to increased values for D).
With regard to the results for the CO2 laser wave-

length presented in Fig 5, we note that despite the afore-
mentioned λ-scaling of the LAES cross section, the latest
developments in producing high-power (>10 GW) CO2

laser pulses with ∆t ∼3 ps (cf. Refs. [36, 37]) provide
another promising way to observe multiphoton effects

in LAES (at least for values of n corresponding to the
low-energy plateau). Such pulses (separated by 18 ps)
are combined in macropulses having total durations of
∼100 ps and possible repetition rates up to 1 kHz [36].
(Note that the laser intensity in past LAES experiments
with pulsed CO2 lasers was smaller than 109 W/cm2;
cf. Ref. [34] and references therein.) Besides having the
appropriate ratio up/(~ω) ≫ 1 and a higher duty cycle
(up to D ∼ 10−8), the use of such powerful pulses holds
the possibility of increasing the interaction volume V by
orders of magnitude.
Finally, we emphasize that the count rate for the LAES

signal depends crucially on the dynamical features of the
field-free electron-atom interaction, which can result in
pronounced variations of LAES cross sections σn. For
the case of low-energy electron scattering on atoms of
heavy rare gases assisted by linearly polarized or small-
ellipticity (η . 0.2) laser fields, the LAES cross sections
are significantly suppressed due to manifestations of the
RT effect. As discussed above, such suppression may be
eliminated by increasing the ellipticity of the laser field.

IV. CONCLUSION

In this paper, we have predicted manifestations of
electron-atom dynamics in LAES using the present gen-
eralization of our recent TDER results [22] for LAES in
an elliptically polarized laser field to the case of elec-
tron scattering by neutral atoms. As we have shown,
the use of an elliptically polarized laser field provides a
means to control the manifestation of field-free electron-
atom dynamics in LAES. In particular, varying the laser
ellipticity may allow the enhancement (by orders of mag-
nitude) of LAES cross sections for target atoms having
special features (such as the RT minimum) in their field-
free DCS for low-energy elastic scattering. This proposed
mechanism for LAES cross section enhancement should
be considered when planning experiments on multipho-
ton LAES.
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