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Abstract: This study mvestigates electron-atom scatterimg within lmearly polarized laser field, employing the first-order Bom
spproximation and penu.rbanon theory for target dressing. The Hamiltonizn mtegrates both unbound electron znd atomic targst m
the laser field with the electron's wavefimetions deseribed by Gordon-Velkov waves. Elzstic scattering for hydrogen ztoms m
various states (15, 25, 35) 13 examined to determine differential cross-sections (DCS) and energy shifts. To srudy the nature of
DCS and energy shifting, electric field strengths (1 to 4 an), Bessel fnction orders (1 to 4), scatterimg angles (0 to 30 degrees)
and laser energy (1.17 &V) are used m this research. Results mdicate higher laser field strengths correlate with lower energy shifts,
significantly impacting scattering dynamics, while DCS values decrease with imereased scattermg angles znd higher Bessel
function orders. The transitions mvelving higher orbital states show brozder momentum ranges and smoother DCS decay. These
fmdings elucidate the mterplay between ztomic structurs, ncident energy, and scattering charscteristics, offering valusble
msights for zpplications m plasma physies and materizls science by ziding precise modeling of atomic mtersctions under varying
conditions.
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1. Introduction

The Grawitztional Behaviour of Antthydrogen at Rest experiment, which examines the mfluence of pravity on antimatter,
relies heavily on three-body collisions. A crucial difficulty is mereasing the manufacturing rate, which is normally relativel v low
[1]. Using 2 laser field to impact the collision process, using a permubative technique that blends the Coulomb-Eom
spproximation with first-order permrbations theory [2]. Further research m the field mvolves the development of 2 distorted wave
zpproach for stom structure caleulations as well 23 collizion dynemics i plasma environments [3], advances i femtosecond
lazer-assisted electron scatterng equipment [4], along with theorstical mvestigations thwough electron-light mteractions in
ultrafast electron microscopy, which might further enhance space-time-energy resclution [3].

When particles or waves sncountsr zn ohstruction or interact with other particles or fields, they are phyvsically misdirect=d or
deflected from their initial course, a phenomenon kmown as scattering. Considerable wotk has been devoted to mvestigating
electron-atom scattering i the presence of a powerful laser field, meuding the experiment and the work [6, 7], Mason
summarized the experimental simation of electron-ztom scattering [8]. Prior to Gersten's wotk, the atomic target was described
by 2 static potentizl [9]. However, subsequent studies considered the laser dressing of the tarpet, handling the radistion-ztom
mteraction permrbativel v, This approach was alse adopted m the works [10, 11], znd notzbly [12]. In 2ll these mvestigations, a
lmea.rlw polanzed laser ﬁeld was mnstdered The p]:l.Eﬂ.DmEﬂDﬂ Df energy sh1.ft was ftrst observed by Johannes Stark m 1913 when
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he discoverad that the spectral lines of hydrogen atoms were split by an electric field, kmown as the Stark effect. Later, m 1933,
Alfred Kastler and Jezn Brossel observed that the energy levels of atoms were zlzo shifted by 2 magnetic field [13].

Series of studies imvestipating the cross-sectiona]l mteractions betwsen electrons and protons, as well 23 electrons and
hydrogen atoms, under both laser and non-laser conditions. Their resezrch focuses on understanding the thermedynamics of
thermal electrons, the impact of electron-ion mteractions on output current in proton exchange membrane fuel cell (PEMFCs),
differential cross-sections m melastic scattermg scenzrios with weak laser fields, and the scettering dynamics of free electrons
with hydrogen atoms within proton exchange membrane fuel cell systems. Their recent work has alse explored differential cross-
sections utilizing Volkov-Thermal wave functions in Coulomb potentizls, contributing to 2 comprehensive understanding of these
mteractions around PEMFEC electrodes [14, 13].

Seattering phenomenz occur when particles or waves encounter obstuctions or iteract with other particles or fields,
resulting i deflection from their mitial course. Previous resexrch has extensively mvestigated electron-ztom scattering i the
presence of powerful laser fields, providing both theoretical and experimental msights [6, 7, 8, 13, 16]. While these studies have
predommantly focused on transitions between lower orbits (eg., orbit 1 to 2), there i3 2 gap m understandmg transitions
mvelving highet-ordet orbits, particulaly i the context of a lmeatly polarized laser field. Additionally, the effects of lazer field
strength on energy shifts, mitizlly observed by Johannes Stark m 1913 and further explored by Alfred Eastler and Jean Brossel m
1933, remazin under-explored for higher-order tramsitions. The objective of this work is to study the DCS for electron transitions
between higher-order orbits in 2 limearly polarized laser field and to analyze the corresponding energy shifts due to varying laser
field strengths. Thiz study attempts to close the current gzp by extending transition mvestigations to highet-order orbits,
providing new msights inte scattering processes under the mpact of powerful laser beams. This discovery is significant because
it has the potentizl to improve understanding of electron-ion mteractions slong with enerpy shifts, contributing to developments
m domams like PEMFCs 23 well 23 applications invelving laser-atom intstactions.

2. Methods and Materials
In the event of the existence of alaser field. the permrbed system can be represented as:
H=Hf+H:+Vy (1)

where Vy iz the electrons-ztom mteraction under the direct channel | and Hy as well 25 H represent the Hamiltonians that
represent the unbound electron along with the atomic target respectively, m the presence of an mtense laser field. The
wavefunction generzted by an unbound electron within the laser field is described by the Schrédinger equation [17]:

8 1 :
ih—x(ro €) = Hix(ro.t) = H{P + ;A:} x(ro.t) (2)

Whetre y{rpt) is wavefunction of the electron, which is a function of pesition 1o and time t, p is momentum, e is charge
of electron, ¢ i3 velocity of light and A 13 vector potential.  In the present work, we treat only smgle-mode laser field m the
framework of the dipole approximation, considermg the linearly polarized sinztion. The classical oscillations vector 2(t) can be
expressed 2z a(tF assn(ot), whereas at) reflects the electron’s oscillations i the electric field e(t). Functioning i the case of
the Coulomb gauge, the vector of electromagnetic potential A(f) is given as A(t—Awcoes(ot). Gordon-Volkov waves to describe
both the begmning and the end states of the dispersed electron. The equivalent selution iz given for zn electron possessing kinetic
energy (E;), the electron wave vector k, as well 2z frequency w[18, 19].

1 Eg
;-_'E:G:,t] :—g&xpif[k-v'ﬂ—k-aum{mt —%EJ} (3
(2m)?
Hete, oy = 5:':: % k iz momentum, #, i3 position, E; iz kinetic energy of electron and f bar iz planks constant. We focus

our anzlysis on high scattermg energies where the fust-order Bom approximation provides highly accurate results. The electron-
atom mteraction, described by 2 static potential, is detziled m [20, 21].

1 1
Vir.R)l = — ;+ ml— 4]

Hers, ¥ and Erepreseur the position vectors of the electron and bound electron, respectively. We employ a2 semi-perturbative
zpproach [22] for scattermg. Our analysis commences with the scattermg matrix, 2s discussed m the context of high-energy
scattering [23].
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Where 15y, 15 unpermrbed exeited state of hydrogen of energy £y, and i, 15 the Gordon-Velkov wave equation for mitial

and fmal states of scatterimg electron which are identical due to free-free mmsmun For high-energy projectile electrons (Ej, =

150 V), exchange effects can be safely omitted, and they are excluded from our scattering matrix caleulztions. We utilize a first-
order Tmme-Diependent Perturbation Theory (TDPT) to examine the mteraction of hydrogen atoms m these circumstanees,
zssuming that the laser field strength stays low. Cionga et 2l (2000) [24] uses the Jacob-Anger of the exponential to gzin a
greater understanding of dressing effects.

+3
exp [fxsin{wt)] = Z}N[:ﬁ}&xp (iNVet) =)

Hete J. iz Besszel function, M iz net number of photons that are exchanged (absorbed or released) w is frequency and ¢ iz
time. This equation (6) here zcts 23 mathematical tools which i3 used to solve the complex mtegral part. The exchange of photon
tzke place when a projectile electron collides with 2 hydrogen atom i an environment of 2 monochromatic, smgle-moede, lmear
polzrised laser field Fora process mvelving N photons, the DCS czn be expressed as follows [25]:

dowy
N _ (amyt L -7yl 7

Ty i3 general structure of the S-matrix elem ent equation is followed by the transition matrix element.

Ty =T+ T + ... (8)
And the first term 15 given by Dhankher and Choubisa (2022) [26],

()
JEu’I —hl-’(_‘ d) = ¢n|m|Fm|wmm = 9
The zbove equation corresponds to the Bunkin-Fedorov formula [§], where the laser dressing of the target iz disregarded.

Hete, Ty simplifies to T[m . 2nd ordinary Bessel functions };.,r{E . Tﬁ encompass 2l the field dependencies of the transition matrix.
An additional term arises i_i:nm the atomic state dressing under a linearly pelarized laser field. The form factor opetrator F(g))ca
be expressed as g = k; — k7.

1 —+
F'ﬁj:w[&@(q'ﬁ_ll (1o
For almeatly polarized electromagnetic fisld along the any one axis, the interaction potentizl can be written as:
Vit) = er- E() (11)
E(t) = Ep cos (wt — ¢) &, (12)

Whete E iz field strength of lazer ficld, ¢ iz phaze angle [27]. Now to calculzte the DCS for 13-1s state, the transition matrix
is obtaimed using relation <y gl F(q) [ gp= [28] in presence of laser field where wave fimction Wy gpis being operated with
form factor operator F(q). The DCS cross section from this transition and equation (4) we get,

2

don Ky 1 2| rigagcose,” ing
- kdde (Fgo—) =+ (13)
Where n iz Bessel finction order and energy shift for same state 15 obtamed as:
1 131
—al_ ) = G, E
ﬂ.E_e(ﬂ)E{t][ED) %9 (@ +2r) (14)

Smmilarly, for 25 state the DCS is obtamed 23
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For 2z the energy shift is obtamed as ;
1 3 . Py T
= — - - " - £
AE T E(tle ( 2ag5 — 2agr+1 aﬂ)g (18}

Alzo, for 3z state DCS 15 obtamed as:

Bl &

5 2 . K 2
_ 4y g—ir/3ns 973 | 432r7  TIr? 4r") lgugoo. ins
— (?z-; e s |( ) +1| (17)

For 35 state Energy shift is obtzined as:

AE= — (%jﬁ {“E[:;:B;:’]( B e 4 243ard - 156604 +63agrt - 6r%) (18)

For n=2 and n=3, transition matrix is obtamed usmg <13 g5 |F(q) 3 g o= this represents the DCSfor 3sto 2sor 2sto 3s as
abowe 1z obtzmed as:

e, 51%a, | &7r 43241.;.r LgmgCo, g
o 1Masmr:1uﬂq*g’"° 70 15 ” w) ¢ +1| (19)
Also, the energy shifts with laser field with transition from 3s to the 2s state is obtained as:
_ 447120 T45lagr 2754r  3THT Q204
ﬂE‘az#m{E E'Em{ I T e 125 ' 5, 5aR. (20)
Smilarly, the DCS for 33 to 1s obtamed 23
1 2
dﬁﬁ kg 1 Brig3 2r3 |, qageosd
= % s7aarae ( ag — 157 +E_ﬂ)|(: e +1)| (21)
Also, the energy shifts due to laser field of 33 to 1s state transaction iz obtzined as:
4471303 ?45241.;.r 2754 3Tart 1kt
AE =4 ’E (uo} E(r}( 3125 815 1% zsu.:._i{) (22)
Smmilarly, the DCS for 23 to 1s transition is obtained as
dcs;.,r 2k 1 dag e gagcosd :
_ g da - 5 15
e () (T ) e
Also, the energy shiftz for transition 25 to 1s state iz obtaimed as
1 1 16 15
—_ [
AE = 4*.!1'-.,-'_{!1{].) (r}( agr + 5=af + =1 ) (24)
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3. Results and Discussion

3.1. Computational detail

The computational snalysis was conductsd using the smdent package of MATLAE, focusing on the mteraction of laser
photons with enerpy of 1.17 £V and electrons with ensrgies up to 3 MeV. The eectric field strength was varied from 1 2u to 4
au., while the Bessel function order ranged from 1 to 4. The scattering angle was considered between 0 and 30 degrees, and the
distznce separation was set from 1 to 4 A

3.2. Differential cross section

The DCS for undressed scattering, focusing on elastic scattering tramsifions across various atomic stetes and imecident
energies, shown in Figure 1. The DCS plots for transitions ncluding the 1s-1s, 25-23, and 35-3s states exhibit consistent trends
characterized by exponentizl-like decay. In the 1s-1s state, we observed 2 rapid decrezse m DCS as emergy increassd up to
spproxmmately 0.8 eV followed by 2 more praduzl decline, stzbilizmg after 1.5 MeV. This stebilization suggests that the
coulembic repulsion of the trget in its ground state becomes mcreasingly wezk at higher enerpies. Numerically, the mitizl rapid
drop m DCS for the 1s-1s state up to 0.3 MeV reflects the strong mitial nteraction between the mcident particle and the target
due to coulembic repulsion. As emergy mereases beyond this thresheld, the electron configuration stabilizes, leading to 2 more
gradual decrezze m DCS. This behavior indicates 2 tramsition towzrds a state where the mteraction dynamics are less affected by
mitial repulsive forces and more by the electron’s spatial distribution within the atom. In contrast, transitions mvolving higher
orbitzl states such as 25-25 and 335-35 exhibit smeother, curved decreases m DOS across a wider range of momentum changes than
the 1s-1s state. This broader range suggests that electrons m higher orbitals have larger spatizl extents, mfluencmg mteraction
dynamics over 2 mote varied mementum spectrum. The observed behaviors i these transitions highlight the complexity
mtroduced by electron distribution and interaction ensrgies i determining the scattering characteristics.

Figure 1
DCS with change in momentum for different transition state
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MNotably, transitions mvelving the 35 state, such as 35-25, demonstrate 2 pronounced decrease i DCS with mereasing ensrgy
from 1.3 MeV to 2 MeV. Beyond 2.5 MeV | changes m momentum have mmimal effects on DCS, mdicatmg 2 near aquilibrmmm
state where the coulombic repulsion of the terget iz mereasingly balanead by the electron’s projected mfluence. Similar trends are
observed m transitions like 3s-1s and 2s-1s states, where momentum changes zbove 2.5 eV show minimal mmpact on DCS,
suggesting approzching equilibrium conditions in atomic mteractions. Alse, with inereasing the energy beyond 3 MeV m general
the DCS iz found constant. These fmdmgs provide valusble msights mto the fundamentz] atomic collision processes, highlightmg
the nterplay between ztomic structure, incident energy, and DCS behaviors. Understending these mteractions iz crucial for
zpplications i plasma physics, materizls science, and other fields where precise medsling of ztomic mteractions under varying
conditions is essentizl . Futre resesrch could explore additionz] stomic states and higher ensrpy regimes to further elucidate the
complex dynamics chserved m DCS and their implications for broader scientific mguiries. Jzblonski et 2l (2004) [29]
compared electron elastic scatterng cross sections estimated using two commeonly used atomic potential and discovered that DSC
decreases as energy increases for H, At Ni, Ag, An, and Cm ztoms. Our study has the same nature [29]. Silva et 2l (2024) [30]
2lzo mvestigated the elastic along with electromically melastic scattermg of electrons through 2H-pyran znd 4H-pyran molecules,
dizcovering that the cross section decreases as energy increases.

33. DCS with scattering angle

The findings ndicate that the DCS decreases as the scattering angle decreases, which corresponds to an morease i the
amplitude of the transition. This behavior 15 attributed to the properties of the Bessel fimetion, a3 flustrated m Figure 2. When
uzing 2 Bessel function of order 1, the cscillations are lower, but the amplitude iz higher. Conversely, with 2 Bessel function of
order 4, the escillations merease while the amplitnde decrezses with mcreasing scattering angles. This damping nature of the
amplitude is 2 characteristic of the Bessel function and spreadimg of scattering probability over more directions, faster decay of

6
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higher-order terms, and possible destructive mterference effects. The analysis reveals a distimet variation in DCS values based on
the order of the Bessel functions used. Lower orders of Bessel finctions tend to produce higher DCS values, which mplies 2
significant impact on the anpuler seattering pattens govermned by these functions. As the order of the Bessel fimction imcreases,
the angular dependence of scattering becomes more complex. This complexity reflects the mtricate mterfersnce pattems and
mtensity distributions typical of elastic scattering phenomena.

Figure 2
DCS with scattering angle
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These observations emphasize the crucizl role of Bessel functions m shezpmng scattermp behaviour. The use of Bessel
functions effectively describes and predicts the anguler distributions i atomic and perticle mteractions. This highlights their
utility in understanding and modelling the nuances of scattering processes, where lower-order Bessel functions are associated
with higher zmplitudes and simpler cscillation pattemns, while higher-order functions exhibit mereased oscillatory behaviour but
reduced amplitndes.

3.4. Energy shift with the application of laser field

The graphs presented depict the relationship between momentum change and distance separation, differentiated by the
mtensity of the time-dependent electric field. In these praphs_ representad by black (1 2n), red (2 2u). blue (3 an). and green (4
z2u), higher values of electric field correspond to lower energy shift values, mdicating a pronounced mfluence of the electric
field ntensity on the scattermg dynamics across different atomic states as shown i Figure 3. In the 1s-1s state, the energy shift
exhibits 2 sharp decrease with minimal mereases i distance separation when subjectsd to higher electric field values (4 au),
compared to slower decrezses observed at lower electric field values (1 z2u). This behevior suggests that stronger electric fislds
mduce mote rapid changes i energy shift, reflecting the enhanced mteraction between the projectile electron and the target atom.
Az distance mcrezses, the energy shift mitizlly shifts from negative to positive valuss, converging towards equilibrium zround 3
eV, indicative of the stzbilization of nteraction forces.

In the 25-2s state, higher values of electric field lead to lower energy shift values, mdicating 2 more significant nfluence of
the electric field mtensity on reducing energy shifts across various distances. Similar to the 1s-1s state, a5 distance mereases, the
energy shift transitions graduzlly from negative to pesitive values, showmng a steady decrease m energy shift with mereasmg
distance. In contrast, the 33 state exhibits 2 notsble merezse m energy shift at smaller distnees, partienlarly evident with higher
values of electric field. Thizs suggests that the electric field mtensity amplifies the mitial energy shift at closer distances, while
diminishing effects are observed as distance mcreases towards 3 angstroms, where convergence towards similar energy shift
values ocours.
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Figure

3

Energy shift with distance separated between target and project electron at different transition state
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The transition states like 35-25 and 3s-1s highlight distinet behaviors influenced by electric field. For mstance, n the 35-25
state, higher electric field walues result m rapid mitial decrezses m energy shift compared to slower decrezses at lower electric
field walues. Conversely, i the 3s-1s state higher electric fisld values lead to more pronounced reductions m energy shift. with
converging behaviers observed around 1 angstrom. This 13 because at this distance the destructive mterference tzke place and
result shifting is zero dus larger trensition gap betwesn 33-1s.

4. Conclusion

The computationz] anzlysis of developed theorstical model has demonstrated that the DCS and energy shifis are
significantly mfluenced by various perameters, such as electron distribution, energy, electric field strength and Bessel fimetion
orders. DCS iz primarily affected by electron orbital states and scattering angles, with lower-order Bessel functions producing
simpler pattemms and higher orders mtroducing moers complex oscillations. The DCS decreases mors rapidly in the ground state
and stzbilizes over tme, while higher orbital states exhibit smoother tramsitions due to their lmrger electron distributions.
Conversely, energy shifts are mainly mfluenced by electric field mtensity, with stronger fields cansing rapid shifis at shorter
distances and stebilizing over larger separations. These interactions underscore the critical role of these parameters
understanding atomic collision dynamics.
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