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ABSTRACT

The aim of this work is to study the scattering dynamics of electrons by helium screening and non-screening
potentials in a mixed circular polarized laser field. For this, we developed a theoretical model using Volkov
wave function of a mixed laser field, S-matrix, Bessel functions and Kroll and Watson approximation of
the differential cross section (DCS). The developed model was numerically simulated using MATLAB
programming language. The results show that DCS generally increases with separation distance and mo-
mentum transfer. For the case N = M = 0, DCS exhibits a sinusoidal variation with scattering angle.
For N = M = 1, DCS increases with distance and momentum transfer, but decreases with scattering
angle due to damping; interference peaks occur at specific phases for small angles, while at larger angles
DCS shows interference behavior with phase-related decrease. For N = M = 2and N = M = 3, DCS
similarly increases with distance and momentum transfer, with scattering angle showing damping followed
by interference beyond certain angles. Higher photon exchanges further lower DCS amplitude and enhance
phase sensitivity. The findings highlight the significant role of laser phase and photon exchange in controlling
electron-helium scattering dynamics.
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RESUMO

O objetivo deste trabalho é estudar a dindmica de espalhamento de elétrons por potenciais de hélio com
blindagem e sem blindagem em um campo laser de polarizacdo circular mista. Para isso, desenvolvemos um
modelo teérico utilizando a fungdo de onda de Volkov para um campo laser misto, a matriz S, funcées de
Bessel e a aproximagdo de Kroll e Watson para a se¢do de choque diferencial (DCS). O modelo desenvolvido
foi simulado numericamente utilizando a linguagem de programacao MATLAB. Os resultados mostram
que a DCS geralmente aumenta com a distancia de separagdo e a transferéncia de momento. Para o caso
N = M = 0, a DCS apresenta uma variacao senoidal com o angulo de espalhamento. Para N = M =1, a
DCS aumenta com a distancia e a transferéncia de momento, mas diminui com o angulo de espalhamento
devido ao amortecimento; picos de interferéncia ocorrem em fases especificas para pequenos angulos,
enquanto em angulos maiores a DCS apresenta comportamento de interferéncia com diminuicao relacionada
afase. Para N = M = 2e N = M = 3, a DCS aumenta de forma semelhante com a distancia e
a transferéncia de momento, sendo que o angulo de espalhamento apresenta amortecimento seguido de
interferéncia além de certos angulos. Trocas de fétons mais elevadas reduzem ainda mais a amplitude da
DCS e aumentam a sensibilidade a fase. Os resultados destacam o papel significativo da fase do laser e da
troca de fotons no controle da dindmica de espalhamento elétron-hélio.
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Introduction

Laser-assisted electron—atom scattering is a fundamental process for understanding how external electromag-
netic fields modify collision dynamics at the quantum level. In such interactions, scattering arises from the
coupling between charged particles and atomic targets. It is quantitatively described using quantum wave
functions together with S-matrix and T-matrix formalisms, which determine transition probabilities between
initial and final states (Bhatia, 2020; Schwartz, 2014).

Under intense laser fields, electron motion is well represented by the Volkov wave function. In addition,
temperature-induced effects are incorporated through the thermal Volkov formalism. This approach allows a
unified description of laser and thermal environments (Dhobi et al., 2024, 2025).

The differential cross section (DCS) remains the key observable. It provides the angular probability
distribution of scattered electrons. Moreover, it reveals interference effects associated with photon absorption
and emission during collisions (Benacquista, 2018).

Earlier investigations of laser-assisted electron scattering predominantly considered linearly polarized
laser fields. These studies often neglected thermal effects. As a consequence, their relevance to realistic
physical conditions is limited (Bhattacharya et al., 2002; Szymanowski & Maquet, 1998; Taj et al., 2010).

Although circular polarization has been explored in isolated cases, a systematic and comparative treatment
remains absent in the literature. Electron-helium scattering under mixed circularly polarized laser fields
has not been comprehensively analyzed. Such a treatment should incorporate screened and non-screened
atomic potentials, laser phase effects, small and large angle regimes, and multi-photon exchanges beyond the
single-photon limit.

The original contribution of this work lies in developing a comprehensive theoretical model. This model
simultaneously accounts for these factors. In particular, photon exchange processes are extended from
N=M=0to N =M =3.

Through detailed numerical simulations, this study demonstrates how screening, photon number, laser
phase, momentum transfer, and scattering geometry collectively govern DCS behavior.These results provide
new predictive insights into controllable laser-assisted electron—helium scattering dynamics.

Materials and methods

To develop the model for the study of scattering dynamics of an electron in mixed circular laser field by helium
atom. First, we consider the electron projected in two-color laser field is treated by Gordon-Volkov wave
function (Volkov, 1935) and the initial states of the projectile electron are given in equation (1) according to:

X,p(R,t) = (2m) "2 exp[—iEpt + ip - R —ip - a1 (t) — ip - (1], 6]

where R represents the position vector, and the quantities cx(t), with & = 1 and m, describe the classical
oscillatory motion of the projectile electron in bicircular electric fields. They are defined in equations (2)
and (3), following in Buica (2017) as presented below:

@01 .
a1 (t) = —= (e; sinw;t + e; coswit) , 2
V2
Qom, .
an(t) = NG (e sinw,,t + € coswpt). 3)

where ag, = VI /wi is the peak amplitude and I}, = Egk is the peak laser intensity. The electronic
Hamiltonian in atomic units for a helium atom is given in equation (4), by Varilla et al. (2019), is given by

: 1 1 2 2 1
H=--V? - -v? - =~ 4+__ - | 4
2" 2" i vy — 11 @

The effective potential experienced by the electron arises from its interaction with the nucleus and the
charge distribution of the second electron. It is mathematically described by equations (5) and (6), according

to Varilla et al. (2019):
Z 2(r', Z
Vir) = -2+ ¢°(r', 22) dr', 5)

r Ir — r'|
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= 8 [0+ Zor) (2250, ©

Vi(r)

where, ¢(1/, Z3) = 4/ Zé exp(—Zar), and Z; is the effective charge that the electron experiment. For the
non-screening potential, Z; = Zs = 2, as shown in equation (7) (Varilla et al., 2019):

V(r) = —% — % [(1+ 2r)exp(—4r)]. @)

For the screening potential, Z; = 2 and Zy = 2 — 1—56, as given in equation (8) (Varilla et al., 2019):

)

Equations (7) and (8) establish the relationship between the reduced potential U(r) and the effective
potential V'(r), given by U(r) = %LTV;(T)

The analysis then proceeds from the scattering matrix defined in equation (9). This matrix is examined
within the framework of high-energy scattering, following (Clarito, 2013):

+oo
S5 =i [ deu OO}V RGO 0608 0), ©)

where W77 (1) is the unperturbed excited state of hydrogen with energy E,,, and x;()(t) is the Gordon—Volkov
wave function representing both the initial and final states of the scattering electron. These states remain
identical due to the free—free transition (Kroll & Watson, 1973):

o0

Sp=1-2miT=1- 2m/ dt(xp, [V (r, R)|Xp,)- (10)

The second term of equation (10) is equivalent to the transition matrix. Accordingly, the transition matrix
is obtained from this term by substituting the expressions for x,, and X, from equations (1)—(3). This
substitution is carried out within the framework of the spherical coordinate system, leading to the following
expression:

T = —i / dt (xp; IV (r, R)|xp,)

00 2 T 00
= fz'/ dtl/ deo | db sm9/ drr? (QW)*3/2eXp(iE,,ft—z‘pf~R+z'pf-a1(t)+ipf-am(t))
0 0

—00 0
x V(r) (2m)~3/% exp (—iEpt+ip; - R—ip; - a1 (t) —ip; - am(t))] . (11)

On solving equation (11) with the assumption q = py — p;, we obtain

1 L , 0 exp{i(Epf — Ep,)t +iglaq(t) + am(t)] cos 9}
Ty = ;(27r) I exp(igR cos 6) /_OC dt o1 (D) £ om(t) — .

For simplicity, we assume 2 cos A cos B = cos(A + B) + cos(A — B) in equation (12). There for, for
the small angle approximation we take 2 cos A cos B = cos(A — B), and for the large angle approximation
we take 2 cos A cos B = cos(A + B). Now from equation (12), for small angles we have exp[iqa(t)] =
expiqR/2 cos(wt + ¢ — 0)], and for large angles expliga(t)] = exp[igR/2 cos(wt + ¢ + 0)]. Also, using
the Jacobi—Anger expansion after the angle approximation, with the involvement of Bessel functions (Dattoli
et al., 1991) of the form

(12)

oo

exp(iz cosf) = Z i"Jn(2) exp(ind), (13)

n=—oo

Solving the integral part of equation (12), for a small angle, we get equation (14) as

/oo exp[i(Ey, — Bp)t] SX_ [z‘NJN( Rg’l) exp(iN (wit + ¢y — 9))}

=] [ () + () — R]
X Z {iMJM(¥) exp(iM (Wit + ¢m — 9))} . (14)
M=—oc0
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Solving the integral in equation (14) using the residue theorem to evaluate the contour integral, we obtain
equation (15) in the form

I - /°° & exp[i(Ep, — Ep, + Nwi + Mwy, )]
K o (R1 cos(wit + ¢1) + Ry cos(wmt + b)) — R)

o Z exp[i(Epf —E,, + Nw + Mwm)zk]
=27
— (R1w1 sin[(w1 + é1)2k] + Rmwm sin[(wpm, + ¢m)zk])

upper poles

; (15)

where the poles z; correspond to the resonant times at which constructive interference of the oscillating
fields occurs. Now, substituting the value of equation (15) into equation (12) and solving, we obtain equation
(16) for the small angle case as,

1 = R — . (R
small __ . —1 N - 19 M - m{
Tsmall — 5z(271') I. E i ]N<2) E i jM(2>

N=—c0 M=—0c0

X exp(iNqbl —i(M 4+ N)b + iM ¢, — igR cos 9)

expli(Ey, — Ep, + Nwi + Mwy,) 2]

X - - . (16)
uppgoles - (lel Sln[(wl + Cbl)zk'] + Rwm Sln[(wm + (Zsm)ZkD
Similarly, for the large angle case, the transition matrix is given in equation (17) as
1 - R,
T = —iem) T Y M ( 2Lq>
q M=—0oc0
X exp(iN¢1 +i(M + N)O + iM ¢y, +iM6O — ichosG)
. Z e>.<p [i(Ep; — Ep, + Nwy + Mwm)zk] . (17)
upper poles (Ryws sinf[(w1 + ¢1)2k] + Rpwp, sinf(wp, + ¢m)2k])
Also have screening potential as expressed in equation (18) as
1 1
V(r)= - [(1+ 22r) exp(—22Lr)]. (18)
In addition, from equation (18), we also have an integral part of equation (16) as expressed by:
L= [ ar2{ -t Liagz 221 19
= rr —;—;[( +1—67’)exp(— E’I‘)] . (19)
Solving the integral in equation (19), we obtain the final result for the screening potential as shown in
equation (20),
r?  16r 128 27 r? 128
Iscreen — _ 0 - - R — 20
r <2+27+729>6Xp( 8T>+2 729 (20)
Also, we have non-screening potential as shown in equation (21)
1 1
V(r) = - [(1+ 2r) exp(—4r)]. (21)

Taking the integration in the same manner as for the screening case, the radial integral for the non-screening
potential is obtained as shown in equation (22),

2 33 5
INon—Screen — L ) _ —4 _— 22
A <2+8+32 exp(—4r) + 3 (22)

Differential cross section
In scattering theory, the differential cross section (DCS) (Kavazovi¢ et al., 2021) is defined by equation (23) as:

do m?2

dQ " (2rh?)2

PI7y 2. (23)
Pi
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Also, with the exchange of photons, equation (23) is modified as shown in equation (24):

pr_ (1 . h(Nw+Mwm>>/ 24

Pi E

Pi

where N and M are the photon exchanges that occur in each laser field, since we consider two laser fields.
On substituting Z—f_ from (24) into equation (23), we have

2 1/2
o __m ( —h(NWrMWm)) Tyl (25)

Q- (2mh?)2 E

Di

Screened and non-screened potentials for M = N = 0

Substituting the screened radial integral given in equation (20) into the small angle transition matrix expression,
equation (16), and inserting the resulting amplitude into equation (25), we obtain the differential cross section
(DCS) for N = M = 0, given by:

do\ ™! 1 { 72 L 16r 128\ 27\, 72 128}
do _ ro 16 128N (27 rT_ 128
A0 ) a2 | W\ 2 T 27 T 729)) TPATS 2 T 729

1
x exp(—igR cosf - -
( L)lppgp:oles - (lel Sln[(wl + ¢1)Zk] + mem, Sln[(wm, + ¢m)zk])

(26)
For the case N = M = 0, the analytical structure of the transition amplitude does not explicitly depend
on the angular regime; consequently, equation (26) also describes the DCS for the screened potential in the
large angle regime.
By substituting the radial integral from equation (22) into the expression for the small angle transition
matrix, given in equation (17), and then inserting the resulting amplitude into equation (25), we obtain the
corresponding differential cross section for N = M = 0, for the non-screened potential, denoted as

(d )S“‘a“ 1 [<r2+3r+ 3)ep( 4T)+r2 5
ao _ T8 e r_ o
A ) ponsaeenca (4722 |L\N2 8 32 2 32

x exp(—iqR cos ) Z
upper poles

1
- (R1w1 sinf(w1 + é1)2k] + Rmwm sin[(w., + d)m)zk])

27

Moreover, the same result as that shown in equation (27) is obtained for larger scattering angles in the
non-screening case.

Screened and non-screened potentials for M = N =1

Substituting equation (20) into equation (16) and inserting the resulting expression into equation (25) yields
the differential cross section for N = M = 1 under the small angle approximation, as given in equation (28):

do\ ™ 1 R 1/2 13{ 72 L 16, 128) 27, 72 128}
do _ _ ro 16r 1280 (27 re 128
dQ screened (64772)2 Epi 2 27 729 P 8 2 729

X RiRpqexp(i¢r — 120 + igy, — iqR cos )

(28)

1
X Z —(R1w1 sin[(w1 + ¢1)2k] + Rmwm sin[(wm, + ¢m)zk])

upper poles

The DCS is obtained for larger angle of the same case (screened), equation (28), but the difference is only
in the exponential term exp(i¢; + 20 + i¢,, — igR cosb).
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Also, for the non-screened potential in the small angle approximation, the DCS is obtained by applying
the above method, that is, by substituting equation (22) into equation (17) and then inserting the resulting
amplitude into equation (25), yielding

dj small _ 1 - (Wl +Wm) 1/2
a9 (6472)2 E,

non-screened

2

2
ST 3y 3 _ Lfi]
z[<2+8+32)exp( 4r)+2 39

X RiRmqexp(i¢r — i20 + i¢,, — igR cos 6)

(29)

1
8 Z —(Rywy sin[(w1 + ¢1)2k] + Rinwnm sin[(wn, + ém)2x])

upper poles

For larger angle approximation and non-screening, the only different is the exponential term exp(i¢y +
120 + i, — iqR cos 0), that is, if we substitute the exponential exponential term of equation (29), we obtain
the expression for the large angle approximation.

Screened and non-screened potentials for M = N = 2

Substituting equation (20) into equation (16) and inserting the resulting expression into equation (25) yields
the differential cross section for N = M = 2 under the small angle approximation, as given in:

A ] G PO 1 B
aQ = (409672)2 E,, 2 " 27 T 720) P\TS 2 729

screened
X (R1 Ry )?q> exp(i2¢1 — 146 + i2¢,, — iqR cos 6)

(30)

1
X
upp;poles - (lel Sin[(wl + ¢1)2k] + Rpwm Sin[(wm + (bm)zk])

For the large angle approximation with screening potential, the result in equation (30) remains the same,
but the difference appears only in the exponential term, which becomes exp(i2¢1 + 9460 + i2¢,,, — igR cos 0).

By substituting equation (22) into equation (17) and using the resulting expression in equation (25), the
DCS for N = M = 2, under the small angle approximation and for the non-screened potential, is obtained
as:

<do_>small B 1 (1_ 2(0}1 +wm))l/2
ds2 non-screened (40967T2)2 Epi

X (R1 R )%q® exp(i2¢p1 — 146 + i2¢,, — iqR cos 6)

2 2

sl 3,3 a5
Z[<z+s+32)e’q’< Nt 32}

< 3 !
f(lel sin[(w1 + ¢1)2k] + Rinwm sinf(wm, + ¢>m)2k])

upper poles

€1V

For the large angle approximation with the non-screening potential, the result obtained in equation (31)
remains unchanged, except for the exponential term, which becomes exp(i2¢, + 146 + i2¢,, — iqR cos 9).

Screened and non-screened potentials for M = N = 3

Similarly, substituting equation (20) into equation (16) and inserting the resulting expression into equation
(25) yields the differential cross section for N = M = 3 under the small angle approximation, as given in:

do \ ™" 1 3wi +wm)\' 2| L[/ 160 128 27\  r? 128
— = — (1- T =+ 5 + =0 Jexp -1 )|+ = — =
Q) reened  (368647212)2 E, 2 27 729 8 2 729

X (R1 Ry )?q> exp(i3¢p1 — 166 + i3¢,, — iqR cos f)

1

X
uppgp:oles - (lel Sin[(wl + ¢1)Zk] + Rpwm Sin[(wm + d)m)zk])

(32)
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Equation (32) is obtained for small angle approximation with screening potential, but the difference for the
large angle approximation appears only in the exponential term, which becomes exp(i3¢1 + 166 + i3y, —
iqR cos ).

Finally, substituting equation (22) into equation (17), and using the resulting in equation (25), the DCS
for N = M = 3, under the small angle approximation and for the non-screened potential, is obtained as:

do small 1 3(0.)1 + Wm) 1/2 . r2 3 3 P 5
(m) _(?,68647r2‘)2<1_Em> i <2+8+32>6Xp(_4”+2_32

non-screened
x (RyRm)%q® exp(i3¢y — 160 + 3¢, — iqR cos )

(33)

1
8 upperzpoles —(Rywy sin[(w1 + ¢1)2k] + Rinwm sin[(wi, + dn)2k])
Also, equation (33) is the same for the large-angle approximation in the non-screening case, but the only
difference appears in the exponential term, which becomes exp(i3¢; + 166 + i3¢,, — igR cos 6).
Specifically, the small angle DCS described by equations (26)— (33), as well as that obtained under the
large angle approximation, were calculated considering photon exchange orders from N = M = 0 (no field
case) to N = M = 3 (three-photon exchange).

Results and Discussions

Computational details

The inter-particle separation (r) and the momentum transfer (¢) were treated as control variables, while
the scattering angle (6) was restricted to a limited range. The laser phases (¢;) and (¢.,) were examined
independently. The oscillation amplitudes (R, R1, and R,,,) were kept constant, and the photon energies (w;
and w,,,) correspond to the two laser modes. The parameter values summarized in Table 1 were consistently
employed in the MATLAB numerical simulations to analyze the dependence of the differential cross section
(DCS) on the photon-exchange order, scattering geometry, and laser phases.

Table 1 - Computational parameters used in the simulations for the calculation of the DCS.

Parameter Value / Range
Inter-particle separation (r) 0-1A
Momentum transfer (¢) 0-1eVv
Scattering angle (6) 0°—6°
Laser phase ¢ 0°-250°
Laser phase ¢,, 0°-250°
Oscillation amplitude (R) 0.4 a.u.
Laser field amplitude (R;) lau

Laser field amplitude (R,,) lau
Photon energy with phase ¢; (w1) 1.17 eV
(

Photon energy with phase ¢,,, (W) 2.17eV

In each result presented, the parameter under consideration assumes the values listed in Table 1, while the
remaining quantities are maintained at their reference values. Unless otherwise specified, the fixed parameters
arer =1,¢q=0.5,0 = 5°, 0, = 22.5° and 0,,, = 20°.

DCS results for the screened and non-screened potentials for N = M =0

The DCS at large angle, as a function of inter-particle separation, momentum transfer, and scattering angle for
the screening and non-screening potentials at N = M = 0, using the parameters listed in Table 1, is shown
in Figure 1. Since the developed equation is the same for both the large and small angle approximations, see
equation (26), the result is the same regardless of the approximation used. In addition, to make clear which
approximation we are using, we explicitly mention the large angle approximation.
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Figure 1 - Large angle DCS with: (a) distance separation, (b) momentum transfer, and (c) scattering angle of
screening and non-screening potential N = M = 0.
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Figure 1(a) illustrates the variation of DCS with separation distance for both screening and non-screening
helium potentials. The results show that the DCS increases with increasing separation distance. For distances
greater than approximately 0.4 A, the screening effect dominates, resulting in higher DCS values compared
to the non-screening case. However, for distances below 0.4 A, the non-screening effect becomes dominant,
indicating a transition point at around 0.4 A, where the nature of interaction shifts. This behavior suggests
that at shorter distances, the bare potential (non-screening) plays a more significant role due to stronger
Coulomb interactions, while at larger distances, the screened potential becomes more influential due to the
weakening of direct interactions and the increasing role of field shielding.

Furthermore, the behavior of the electron—helium interaction under a laser field is consistent with the nature
of the DCS, which is increasing with distance and field influence. Notably, at a separation of around 0.9 A,
the DCS values for both screening and non-screening cases begin to converge, indicating that the projectile
electron field starts to dominate over the potential fields of both the target and the screened interaction. This
convergence implies a region where the differences between the screened and non-screened interactions
diminish due to the dominant role of the incident electron’s field.

Figure 1(b) shows that the DCS decreases with increasing momentum transfer for both screening and non-
screening cases.The DCS for the screening case remains consistently higher than that of the non-screening
case.

This behavior can be explained by the interaction between the projectile electron and the target field.
In the screening case, the field of the target is stronger due to the presence of screening, which prevents the
low-energy projectile electron from penetrating deeply. As the energy of the projectile increases, it gradually
overcomes the screening potential, allowing it to approach the target more closely. However, this increased
energy causes the DCS to decrease, eventually reaching a minimum as the interaction strength diminishes.
In contrast, in the non-screening case, the target field is inherently weaker. Even low-energy projectile
electrons can approach the target more closely, resulting in lower DCS values from the start. As momentum
transfer increases, the interaction remains weaker compared to the screened case. Overall, this trend indicates
that the DCS is inversely related to the interaction strength: lower DCS corresponds to stronger interactions,
while higher DCS reflects weaker interactions. This confirms that the interaction dynamics between particles
are significantly influenced by the nature of the field (screened versus non-screened) and the momentum of
the incident electron.
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Figure 1(c) presents the variation of DCS with scattering angle. The results indicate that, at small scattering
angles, the DCS for the screening case is higher than that for the non-screening case under the same projectile
electron energy. This suggests that scattering angle significantly affects the interaction behavior in both cases,
with the screened potential enhancing the DCS more prominently. The observed peak in DCS is attributed to
resonance effects between the projectile and the target in the presence of a laser field. The resonance amplitude
is greater for the screening case compared to the non-screening case, reflecting a stronger interaction.

DCS results for the screened and non-screened potentials for N = M = 1

By analyzing the development of equation (28), for the case of single photon exchange, it becomes possible
to distinguish the modifications induced by the laser field compared to the field-free case where no photon
exchange occurs. This comparison provides important insights into how screening effects, photon exchange,
and angular dependence govern DCS behaviors in laser-assisted scattering, and is shown in Figure 2 for

small angle.

Figure 2 - Screening and Non-Screening DCS with (a) distance separation, (b) momentum transfer,
(c) scattering angle, (d) phase of first, and (e) phase of second laser for N = M = 1 at small angle.
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Figure 2(a) shows the DCS as a function of separation distance for the single-photon exchange case.
It reveals a similar trend to that seen in the non-photon-exchange case, but with lower DCS values overall.
This reduction occurs because photon exchange reduces the net energy between the projectile and target,
thereby diminishing the interaction amplitude and resulting in lower DCS values.

Figures 2(b) and 2(c) illustrating that for momentum transfer and scattering angle, the DCS for sin-
gle photon exchange is consistently lower than for non-exchanges photons, particularly at small angles.
Notably, Figure 2(c) shows a damping-like behavior in the DCS with respect to the scattering angle,
which arises due to the influence of the Bessel function, a characteristic of photon-exchange processes.

Semin.,, Ciénc. Exatas Tecnol, Londrina, 2026, v. 47, 52838 n



Ghimire, B; Yadav, K; Gupta, S. P; Pokhrel, M;; Oli, S. K;; Dhobi, S. H.

This damping behavior is absent in the non-photon-exchange case, where no photon exchange occurs and
thus Bessel functions are not involved. These observations collectively confirm that single-photon exchange,
screening effects, and scattering angle significantly influence the nature and strength of the electron—atom
interaction in laser-assisted scattering scenarios.

Figure 2(d), illustrates the nature of the e—He interaction in the presence of a laser field, where the phase of
one laser is varied while the other remains fixed. Conversely, Figure 2(e), shows the reverse scenario, where
the second laser phase is varied and the first is held constant. The DCS is observed to vary with the phase
difference, revealing regions where the DCS values remain constant over certain phase intervals and other
regions where distinct phase-dependent variations occur. Notable phase-sensitive changes in the DCS appear
around 50° and between 100° and 150°, particularly at small scattering angles. This behavior highlights the
sensitivity of the DCS to relative phase shifts in the laser-assisted interaction process. Notable phase-sensitive
changes in the DCS appear around 50° and between 100° and 150°, particularly at small scattering angles.
This behavior highlights the sensitivity of the DCS to relative phase shifts in the laser-assisted interaction
process. The larger angle DCS as a function of inter-particle separation, momentum transfer, and scattering
angle for the shielding and non-shielding potentials at N = M = 1, are shown in Figure 3.

Figure 3 - Screening and Non-screening DCS with (a) scattering angle, (b) phase of first laser and, (c) phase
of second laser for N = M =1 at large angle.
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Figure 3(a) presenting the DCS behavior for the single photon exchange case as a function of scattering
angle and phase. The results indicate that, unlike at small angles, the DCS increases with increasing scattering
angle, and the DCS values at large angles are higher than those at small angles. Figures 3(b) and 3(c) further
demonstrate the variation of DCS with phase for large-angle scattering. Interestingly, the DCS shows an
opposite phase-dependent behavior at large angles compared to small angles, suggesting a reversal in the
interaction field amplitude. These findings imply that laser phase effects become more pronounced at larger
angles, altering the DCS in a manner opposite to that observed at small angles. This reversal may be attributed
to the interference patterns induced by phase variation, which influence the constructive and destructive
contributions of the laser-dressed interaction at different angular regimes.

DCS results for the screened and non-screened potentials for N = M = 2

The small angle DCS as a function of inter-particle separation, momentum transfer, and scattering angle
for the screening and non-screening potentials at N = M = 2, using the parameters listed in Table 1.
The investigation of electron—helium scattering in the presence of an external laser field becomes increasingly
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complex when two exchange photons are considered. Unlike the single-photon case, where damping behavior
is mainly governed by Bessel function contributions, at small scattering angles, the DCS shows distinct
features such as damping, peaking, and resonance-like behavior, which are closely linked to the interference of
laser phases and the relative role of screening. These characteristics reveal that the DCS is highly sensitive to
angular variations and phase conditions, making the two-photon exchange regime essential for understanding
how higher-order photon exchange modifies the nature of electron—atom interactions under laser influence,
as can be seen in Figure 4.

Figure 4 - Screening and Non-Screening DCS with (a) distance separation, (b) momentum transfer,
(c) scattering angle, (d) phase of first laser and, (e) phase of second laser for N = M = 2 at small

angle.
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Figure 4(a) presents the DCS behavior for the two exchange photons at small scattering angles under. The
results show that the overall nature of the DCS with respect to distance separation and momentum transfer
remains qualitatively similar to that observed for the single exchanges photon case at small angles. However,
the DCS as a function of scattering angle, reveals some distinct features. For angles below 20°, the DCS
exhibits a damping-like decrease, indicating reduced scattering probability as the angle becomes smaller.
Beyond 20°, the DCS exhibits a damping-like decrease, indicating reduced scattering probability as the angle
becomes smaller. Beyond 20°, the DCS starts to increase, reaching a maximum around 40°, and then follows
a repeating pattern similar to that below 20°. This behavior reflects a resonance condition occurring when
the projectile approaches the target closely under the influence of mixed laser phases, producing a small DCS
peak. The damping and peaking effects are phase-driven and arise due to the interference pattern created by
the superposition of laser fields, as also reflected in Figure 3(c).
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Additionally, the overall amplitude of DCS for two exchanged photons is observed to be lower than that for
single exchanged photons. This reduction is attributed to the fact that two-photon exchange induces stronger
modulation, thereby suppressing the oscillation of the e—He interaction, which reduces the overall scattering
probability. A comparison between the screening and non-screening cases shows minor differences: around
20°, the non-screening DCS is slightly higher, while around 40°, the screening DCS becomes dominant.
This indicates that screening effects are angle-dependent and more pronounced in certain scattering regimes.
Figures 4(d) and 4(e) illustrate the behavior of the DCS with respect to the laser phases ¢; and ¢,,, for
the mixed laser field in the two exchanged photons case. The nature of the DCS variation with phase is
generally similar in both configurations, but a slight shift in the peak positions is observed, indicating that the
relative phase between the laser components can influence the resonance conditions in the scattering process.
Moreover, changes in the laser phase also cause variations in the DCS amplitude, where, at certain phases,
the DCS for the screening case exceeds that of the non-screening case, and at other phases, the reverse occurs.
This confirms that the laser phase plays a significant role in controlling and guiding the e—He scattering
interaction.

The larger angle DCS is presented as a function of inter-particle separation, momentum transfer, and
scattering angle for the screening and non-screening potentials at N = M = 2, using the parameters listed
in Table 1. When extending the analysis of two-photon exchange to larger scattering angles, the DCS reveals
new and contrasting behaviors compared to the small angle regime. While the overall dependence on distance
separation and momentum transfer remains comparable, the angular distribution shifts, with resonance peaks
moving toward higher scattering angles. This shift highlights the role of angular dependence in enhancing
resonance structures. Moreover, the DCS response to laser phase exhibits a striking reversal effect: the phase
dependence at large angles contrasts with that observed at small angles, pointing to a field-driven interference
reversal that alters both the amplitude and direction of the scattering signal. The amplitude variations also
differ between the two regimes, demonstrating that scattering at larger angles is strongly influenced by both
angular position and laser phase, further underlining the sensitivity of laser-assisted scattering to external
field conditions. DCS with scattering angle and phase for screening and non-screening effects was shown in
Figure 5.

Figure 5 - Screening and Non-screening DCS with (a) scattering angle, (b) phase of first laser and, (c) phase
of second laser for N = M = 2 at large angle.
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Figure 5(a) show that the DCS dependence on distance, and similarly, the results in Figure 5(b), show
that the momentum transfer remains similar in nature and amplitude to that observed in the case of small
angles (as in the previous parts of Figure 4). However, at larger angles, the DCS peaks are shifted to higher
scattering angles compared to the peaks in Figure 4(c), indicating an increase in angle-dependent resonance.
Importantly, Figures 5(b) and 5(c), display the DCS variation with laser phase at large angles, which shows
an opposite trend when compared to the small-angle phase behavior in Figures 4(d) and 4(e). This indicates a
phase inversion effect between small and large angles, i.e., the field amplitude and interference structure vary
with the angle, altering the DCS in opposite directions. Furthermore, the DCS amplitudes at larger angles for
two exchanged photons differ from those at small angles, further emphasizing that both the angle and the
laser phase strongly modulate the scattering process in laser-assisted electron—atom interactions.

DCS results for the screened and non-screened potentials for N = M = 3 ———

The small angle DCS is shown in Figure 6 as a function of inter-particle separation, momentum transfer,
and scattering angle for the screening and non-screening potentials at N = M = 3, using the parameters
listed in Table 1, are illustrated in Figure 6. For three-photon exchange, electron—helium scattering under a
laser field shows a lower differential cross section compared to lower photon exchanges, indicating reduced
scattering probability. At small angles, the overall DCS trend resembles the two-photon exchange case but
with suppressed amplitude. Notably, the DCS exhibits a double-peak pattern in response to the laser phase,
highlighting stronger interference effects and enhanced phase sensitivity. These results emphasize that the
scattering behavior is strongly influenced by photon number, laser phase, and scattering angle, offering
potential control over the interaction dynamics.

Figure 6 - Screening and Non-Screening DCS with (a) distance separation, (b) momentum transfer,
(c) scattering angle, (d) phase of first laser and, (e) phase of second laser for N = M = 3 at small
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Figures 6(a)— 6(c) show the DCS behavior at small scattering angles for the three exchange photons case.
The overall trend of DCS remains similar to the two exchange photons case, but with noticeably lower
amplitude, indicating a reduction in scattering probability as the number of exchanged photons increases.
This decreasing amplitude is due to the fact that higher-order photon exchange processes further reduce the
oscillatory strength of the e-He interaction. Figures 6(d) and 6(e) explore the DCS variation with laser phase
for N =M = 3.

At small angles, the overall DCS trend resembles the two-photon exchange case but with suppressed
amplitude. Notably, the DCS exhibits a double-peak pattern in response to the laser phase, highlighting
stronger interference effects and enhanced phase sensitivity. These results emphasize that the scattering
behavior is strongly influenced by photon number, laser phase, and scattering angle, offering potential control
over the interaction dynamics.

The behavior shows a distinct difference compared to the same phase variation patterns observed in the
N = M = 2 case at both small and large angles. Most notably, within the phase interval of 0° to 100°, two
clear DCS peaks are observed in the three-photon exchange case. This double-peak structure is absent in
both the single-exchanges and two-exchange photon cases. These double peaks suggest that multi-photon
interactions N = M = 3 induce stronger interference effects between the laser fields and the scattering
system, enhancing the phase sensitivity of the interaction. This enhanced sensitivity further supports the
conclusion that laser phase, number of exchanged photons, and scattering angle collectively influence the
DCS pattern, offering potential control parameters for tuning e—He interactions in laser-assisted scattering
processes.

The larger angle DCS as a function of inter-particle separation, momentum transfer, and scattering angle
for the screening and non-screening potentials at N = M = 2, using the parameters listed in Table 1.
For three-photon exchange at large scattering angles, the electron—helium differential cross-section slightly
decreases, and the scattering peak shifts due to angular-dependent resonance effects. Laser phase variations
show similar patterns to small angles, indicating that phase sensitivity is largely preserved in higher-order
photon interactions. These results suggest that multi-photon processes dominate the scattering behavior,
while scattering geometry and photon number together shape the DCS trends. The interaction of an electron
and a helium atom in a laser field for screening and non-screening is shown with scattering angle and passes
of two lasers, see Figure 7.

Figure 7 - Screening and Non-screening DCS with (a) scattering angle, (b) phase of first laser and, (c) phase
of second laser for N = M = 3 at large angle.
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Figure 7(a) shows the DCS as a function of the scattering angle, Figure 7(b) shows the DCS with variation
in the laser phase ¢1, and Figure 7(c) shows the DCS with variation in the laser phase ¢,,,. The DCS variation
with distance and momentum transfer follows a similar trend to that of the small-angle case shown in Figure 6,
particularly Figure 6(c).

However, the overall DCS amplitude is slightly lower, suggesting that the scattering probability decreases
at larger angles for the same photon exchange condition. Additionally, a shift in the DCS peak is observed:
the scattering peak moves toward a lower angle compared to the peak in Figure 6(c). This shift indicates
that resonance conditions and angular dependence are affected by the scattering geometry even when the
photon exchange number remains the same (N = M = 3).

Furthermore, when examining the effect of the laser phase for both lasers, the DCS variation with phase is
found to be almost identical to that of the small-angle case for N = M = 3. This consistency implies that
laser phase sensitivity in the three-photon exchange regime is less dependent on the scattering angle than
in lower photon exchange scenarios (N = M = 1 or 2), reinforcing the idea that multi-photon processes
dominate the interaction symmetry.

This study is purely theoretical and is based on model-dependent equations without experimental valida-
tion. The analysis is restricted to circularly polarized laser fields and non-relativistic regimes, limiting the
generalizability of the results. Higher-order photon interactions, as well as the effects of linearly or elliptically
polarized fields, have not been considered in the model. Additionally, quantum electrodynamical corrections,
target recoil effects, and relativistic corrections, which may become significant at high energies, are omitted.
The conclusions drawn from the DCS behavior under various photon exchange conditions (N = M = 0
to 3), laser phases, and angular variations should therefore be interpreted as predictive trends within the
scope of the model rather than as definitive physical outcomes. Further experimental validation and extended
theoretical modeling are necessary to confirm and generalize these findings.

Conclusion

This study explored how laser fields influence electron scattering from helium atoms, comparing two types
of interaction potentials: screening and non-screening. The results show that screening reduces the effective
interaction between the electron and the atom at larger distances, while the non-screening potential dominates
at short range. The scattering behavior depends strongly on parameters such as interparticle distance,
momentum transfer, scattering angle, and laser phase.

The findings indicate that photon exchange with the laser field reduces the overall scattering probability
while increasing sensitivity to the laser phase, thereby enabling control over the interaction process. The
differences observed between the screening and non-screening cases emphasize the importance of including
electron shielding effects in such analyses.

Although this work provides valuable theoretical insights, it is subject to limitations, including the assump-
tion of non-relativistic conditions, the restriction to circular polarization, and the absence of experimental
validation. Future research should extend the model to incorporate more realistic physical conditions and seek
experimental confirmation of the theoretical predictions. Overall, this study contributes to the understanding
of laser-assisted atomic collisions and highlights potential avenues for controlling such interactions through
laser parameter manipulation.
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