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ABSTRACT

The energy distribution of positrons was investigated during the interaction of ultra-relativistic electrons with a petawatt-scale laser pulse.
This study aims to elucidate the fundamental physics of lepton pair production by examining the interplay between two key mechanisms in
the laser field: nonlinear Compton scattering and the nonlinear Breit-Wheeler process. Critical parameters, including laser intensity, electron
energy, and collision geometry, were systematically analyzed to uncover the underlying principles governing positron production. The results
demonstrate that the positron energy distribution is strongly influenced by the initial electron energy and the collision angle. The energy
spectrum of positrons in the head-on collision scenario (h ¼ p) is an order of magnitude higher than that observed in small-angle collision
(h ¼ 4p=5). This significantly shapes its spectral characteristics. Furthermore, the observed spectra reveal distinct electron dynamics and
cascade effects, providing insights into the complex behavior of particles in ultra-high electromagnetic fields. These findings offer valuable
guidance for optimizing experimental setups to enhance positron production efficiency, with potential applications in advanced high-field
physics research.

VC 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial-
NoDerivs 4.0 International (CC BY-NC-ND) license (https://creativecommons.org/licenses/by-nc-nd/4.0/). https://doi.org/10.1063/5.0254515

I. INTRODUCTION

With the advancement of Chirped Pulse Amplification (CPA)
technology and Optical Parametric CPA (OPCPA), laser power has
reached the multi-PW level,1–3 enabling intensities of up to
1023 W=cm2 in state-of-the-art laser facilities. At such extreme level
intensities, quantum electrodynamics (QED) effects dominate the
interaction between charged particles and the laser electromagnetic
field,4,5 opening new avenues for scientific exploration in plasma phys-
ics, astrophysics, and materials science.6–8 The electric field in polariza-
tion vacuum for electron-positron pair creation is required at the
Schwinger field Es ð1:32� 1018 V=mÞ.9 Strong field methods
utilize the nuclear Coulomb field of high-Z atoms as an alternative
for producing positrons. One such method involves colliding an
electron beam with a solid target, resulting in the Bethe-Heitler (BH)
process and the Trident process.10,11 The primary process predicted
in the fourth-generation synchrotron radiation facility, such as x-ray

free-electron lasers (x-ray FEL),12,13 is the linearly Breit-Wheeler pro-
cess cþ c0 ! eþ þ e�.14 In the regime of ultra-intense, ultra-short
laser pulses, the laser itself acts as a target, enabling the spontaneous
generation of lepton pairs (electrons and positrons) through the non-
linear Breit-Wheeler (nlBW) process cþ nx ! eþ þ e�. Here, high-
energy photons are produced via nonlinear Compton scattering (nlC)
eþ;� þ nx ! eþ;� þ c.15 The nlBW process has been intensively
studied in recent years.8,16–18 The observation and confirmation of
nlBW positrons were achieved using the E144 equipment at Stanford
Linear Accelerator Center (SLAC).19 In this experiment, a laser pulse
with an intensity of 1018 W=cm2 and a colliding electron beam with
an energy up to 46GeV from the linear accelerator was utilized.19 The
laser field provides a strong electromagnetic environment. Zhu et al.
proposed a scheme in which a high-energy electron beam is focused
by a conical target and then collides with a solid target to generate
polarized positrons.20 Additionally, laser-plasma wakefield acceleration
can produce high-charge electron beams. These electron beams scatter
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with counter-propagating laser pulses, generating high-brightness
x-ray pulses.21 An experimental strategy is developed for studying
electron-positron pair production at Multi-PW laser facilities.22

Furthermore, Yuan et al. have simulated the interaction of an ultra-
intense laser with aluminum (Al) targets of varying transverse sizes.23

To calculate pair production probabilities, approximation methods such
as the local constant field approximation (LCFA) are widely employed
in both analytical and numerical studies.24–27 These methods facilitate
the exploration of strong-field QED effects and provide insights into rel-
ativistic quantum plasmas and extreme-condition physics.28,29 Despite
significant progress, research on the energy distribution of lepton pairs
in laser-electron collisions remains in its early stages, with numerous
theoretical and practical challenges yet to be addressed.

The paper is structured as follows. Section II reviews the theoreti-
cal framework, including the differential emission rates for nlC and
nlBW processes under LCFA, as well as the emission probabilities and
optical depths of photons and positrons. Section III investigates the
energy distribution of positrons produced in collisions between ultra-
relativistic electron beams and ultra-intense laser pulses, comparing
our model results with numerical simulations. Finally, Sec. IV summa-
rizes the findings and presents conclusions.

II. NLC PROGRESS AND NLBW PROGRESS

To investigate the details of nonlinear Compton scattering (nlC)
and the nonlinear Breit-Wheeler (nlBW) process, we consider the
interaction of a relativistic electron with a laser field. Throughout this
paper, we employ natural units (�h¼ c¼ 1). and the fine-structure con-
stant is defined as af ¼ e2=4p � 1=137. In momentum representa-
tion, the wave function of relativistic electrons and positrons follows
the Dirac equation,30,31

clpl � eclAl �m
� �

wp;rðxÞ ¼ 0; (1)

where wp;rðxÞ is the four-component electron bi-spinor. The
vector potential of the laser Alð/Þ, with invariant phase / ¼ j � x
¼ klxl, here j ¼ ðx; kÞl, k is the wave vector determines the propa-
gation direction of the laser field. The Volkov solution corresponding
to Dirac equation in plane field takes the following form.30,32 The
action parameter S represents the classical Hamilton-Jacobi function
of an electron moving in an arbitrary electromagnetic field Alð/Þ. The
definition of S indicates that the electron’s motion in the laser field was
treated as classical trajectory.

The probability of gamma photon and pairs production in elec-
tromagnetic field is determined by two Lorentz-invariant parameters:33

g ¼ ðe=m3
e Þ
��Flvpv�� and v ¼ ðe=m3

e Þ
��Flvkv��. Flv ¼ @lAv � @vAl is

the electromagnetic field tensor. For af g2=3 � 1 condition, when
the electron undergoes a single nonlinear Compton scattering, the
transition matrix element takes the lowest order, meaning that the
semi-perturbative expansion of strong-field QED is applicable.32 In
this process, an electron collision with external electromagnetic field
from an initial state wpðxÞ to a final state wp0 ðxÞ in unity volume. In
Furry presentation, the laser photons are treated as classical pulse,
while the high-frequency c photons and high-energy leptons are quan-
tized34 and “dressed” by the low-frequency laser photons. The laser
photons are treated as the external field, and the transition amplitude
MnlCS of nonlinear Compton scattering at the leading order is given by
Di Piazza et al. and Ritus.30,31 In a normalized volume, the number of
photon emitted is given by Ritus,31

dNnlC ¼ Ne
d3k

2ð2pÞ2
d3p

ð2pÞ2
X
l;r;r0

MnlCð Þ2; (2)

where Ne is the number of the seed electrons in the laser electromag-
netic field.

when the formation length ðlf Þ of gamma photon and lepton
pairs is much shorter than the scale on which the external laser
field changes, the field can be considered locally constant.35 The elec-
tron experiences a constant field, which can set as Alð/Þ ¼ al/,
al ¼ ð0; aÞ, is the four-potential vector. Hence, only the instantaneous
momentum pl is necessary to perform the calculation. To evaluate the
photon and pairs spectra, the local values g and v are used at each par-
ticle time step. In the electron’s rest frame, the laser field can still be
treated as a crossed electromagnetic field. This process is derived from
local calculations within the laser pulse envelope over short timescales
and is assumed to be adiabatic. Under the LCFA, the local classical
kinetic momentum pl is a covariant form of momentum and is used
as a the replacement for the asymptotic momentum p, which is given
by Ritus,31

pl ¼ pl � eAl þ kl 2eA � p� e2A � A� �
=ð2k � pÞ: (3)

Using the relation of Airy function with the asymptotic
expression of the Bessel function for the approximation AiðyÞ
¼ 1=p

ffiffiffiffiffiffiffi
y=3

p
K1=3

2y3=2

3

� �
, the local differential radiation rate probability

for an electron to emit one-photon in nonlinear Compton scattering is
given by Refs. 31, 36, and 37,

d2NnlCS

dtdx
¼ afffiffiffi

3
p

pscc2e
2þ 3

2
vd

� 	
K2=3ðdÞ �

ð1
d
K1=3ðsÞds

( )
; (4)

here d ¼ 2v
3gðg�vÞ, sc ¼ 1=m is the Compton wavelength, KvðxÞ is the

modified Bessel function of the second kind. Define snlC ¼ Ð d2NnlC
dtdx dx,

the probability rate of Compton photon emission per unit time.
For a linearly polarization laser with an intensity I ¼ 2:3

� 1021 W=cm2, the corresponding electron energy cem ranging from
100 times the electron rest mass to 10 000 times the rest mass (from
51.1MeV to 51.1GeV). Such an intensity is quite high and is typically
achieved using multi-petawatt (PW) lasers systems. The electron
energy and laser field satisfy the condition ag2=3 � 1, where the pro-
cess located in the regime of perturbative.38 The Lorenz invariant g,
representing the electric intensity in the electron’s rest frame, is
expressed as

g ¼ ð1� cosðhÞÞce
al
as
; (5)

where the strength parameter of the laser al ¼ e
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Ilp=ðce0Þ

p
=ðmx0cÞ

f ð/Þ, as corresponding to Schwinger strength parameter. h is the angle
shown in Fig. 1 between the direction of electronic motion and the
direction of the laser wave vector. As Fig. 2 illustrated, the differential
emission rate d2NnlC=dtdx and the emission spectrum xd2NnlC=dtdx
(normalized by the af =

ffiffiffi
3

p
pscaf =

ffiffiffi
3

p
psc) in the head-on collision

model.
According to the definition of the Lorenz invariant, it derives the

relationship of g=v ¼ cem=x. For ce ¼ 100ðg � 0:02Þ, at this stage
entering to the quantum regime, the emission probability decreases as
the photon energy grows. It is indicated that the photons energy
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becomes much smaller than that of electron x � ce. When the elec-
tron energy reaches a point at ce ¼ 1000, the photon cutoff energy sur-
pass 0.5 cem. This signifies that at this stage, photons are more likely to
be produced in this energy range, and entering to the QED regime
ðg � 0:2Þ. The photon spectrum broadens with increasing electron
energy. For the electron energy reaches ce ¼ 100 000, the emission
probability peaks near x=cem � 1, suggesting a higher likelihood of
producing high-energy photons. However, at this line, the emission
probability at low energy region decreased compared to ce ¼ 10 000
scenario. Yet, the emission spectrum is higher on the right panel in
Fig. 2, indicating that although the low-energy photon emission proba-
bility drops, more electron energy is being converted into high-energy
photons, resulting in photon with higher energy. This behavior sug-
gests the onset of photon recoil effects and potential radiation reaction
“quenching,” where the electron’s energy is entirely converted into
photons. The peak structure implies a higher probability of producing
high-energy ðx � cemÞ or even monochromatic photons.31

In the quantum regime, high-energy photons can interact with
multiple laser photons, leading to electron-positron pair production.
As described in Eq. (4), the production of positrons in a normalized

volume is given by dNnlBW ¼ Nc
d3k

2ð2pÞ2
d3p
ð2pÞ2

P
l;r;r0 ðMnlBWÞ2. However,

there is an energy threshold for pair production. Only photons with
energy greater than twice the electron rest energy me can interact with
the laser field and lead to pair production. When a high-energy photon
decays into lepton pairs ðeþe�Þ, the differential rate probability is
given by Refs. 31 and 39–41,

d2NnlBW

dtdcp
¼ af m3ffiffiffi

3
p

px2

3
2
vq� 2

� 	
K2=3ðqÞ �

ð1
q
K1=3ðsÞds

( )
; (6)

where q ¼ 2v
3gpðv�gpÞ, and gp and cp refer to the Lorenz invariant and

Lorenz factor of the positron created in nlBW process, respectively. In
the furry picture, the nlC and nlBW processes are related by crossing
symmetry, which is confirmed from the formula above.

As shown in Fig. 3, the colliding laser intensity is fixed at
I ¼ 2:3� 1021 W=cm2. The differential emission rate probability
d2NnlBW=dtdcp and power spectrum d2PnlBW=dtdcp (normalized by

the af m3
e=

ffiffiffi
3

p
psc) at different values of electrons energy in Fig. 3. It

displays a symmetric distribution structure, when the photon energy is
x ¼ 500m, the emission rate reaches the maximum at a positron
energy of cp ¼ 250 and then decreases. As the energy photon increases,
a platform structure emerges, which becomes broader as show in Fig. 3,
indicating that the produced positron have a broader energy range.
This trend differs from that observed in Fig. 2. Remarkably, when pho-
ton energy at x ¼ 5000m, the positron energy spans the entire photon
energy range with nearly uniform production probability, contrasting
with the nlC emission behavior in Fig. 2. These results have implica-
tions for pair creation probability rates at v < 10, which can be
approximated as dNnlBW=dt � 3pamve�8=3v=50x.36,42

III. SIMULATION OF PAIR PRODUCTION

In the regime of photon emission, the radiation is directed
forward into a cone with an opening angle � 1=ce, allowing the

FIG. 2. The photon emission probability (a) and radiation power spectrum (b) as a
function of photon energy x, which is normalized by electron energy cem. The
intensity is fixed to 2:3� 1021 W=cm2 for the laser pulse.

FIG. 3. Positron production rate d2NnlBW=dtdcp (a) and power spectrum (b) as a
function of positron energy cpm (scaled by the photon energy x), with the laser
intensity fixed at 2:3� 1021 W=cm2.

FIG. 1. Schematic diagram of pair production in a laser-electron beam collision.
The laser pulse and electron beam collide at a focal point, where nlC and nlBW
processes occur. The colors in the collision zone represent the generation of
high-energy photons (dark red) and lepton pairs, including positrons (yellow) and
electrons (green).

Physics of Plasmas ARTICLE pubs.aip.org/aip/pop

Phys. Plasmas 32, 053302 (2025); doi: 10.1063/5.0254515 32, 053302-3

VC Author(s) 2025

 21 M
ay 2025 09:30:27

pubs.aip.org/aip/php


momenta of the photon and electron to be treated as collinear.
The mean square angle in the quantum limit is given by Blackburn
et al.43 hh2i � 1:76c�2g2=3. In our model, where ag2=3 � 1, we have
hh2i � 1, implying that the photon radiation angle is highly colli-
mated around the particle trajectory. For efficient high-energy photon
emission, the formation length lf must be shorter than the characteris-
tic length scale of the laser field. In the context of nonlinear Compton
scattering, the formation length of photons emitted by electrons is
given by Baier et al.,44

lf x; ce; a0ð Þ ¼ cekc
g

Ex þ gEe
Ex

� 	1=3

; (7)

where Ex ¼ x and Ee ¼ cem are the energy of the photon and elec-
tron respectively. Compton wavelength kc is approximately equal to
3:86� 10�13 m. As shown in Fig. 4, the formation length is signifi-
cantly shorter than the scale of variation of the electromagnetic field
ð� klÞ. The formation length is different from the formula given in
Ref. 45. This observation indicates that the emission process of pho-
tons and pairs production may be treated locally, similar in the con-
stant cross field, when the formation length is much smaller than the
characteristic length of the external field.

Within the laser field, the quantum modified Landau-Lifshitz
(LL) equation governs the motion of electron while considering the
effects of radiation reaction. The LL equation decomposed into time
and space components, with the canonical relation to the evolution of
the energy and momentum of an electron. In our model, the electron
ce � 1, the evolution of the electron energy and momentum can be
described as follows:46,47

m
dc
dt

¼ �eu � E� Pr ;

dp
dt

¼ �eðEþ u�HÞ � Pru=u
2;

(8)

where Pr ¼ 2ma2g2gðgÞ=ð3seÞ is defined as the quantum instanta-
neous power, gðgÞ ¼ ½1þ 4:8ð1þ gÞ ln ð1þ 1:7gÞ þ 2:44g2	�2=3 is
the quantum correction,48 which can also be derived from Eq. (4),
se ¼ e2=m, is the momentum of electron. Eq. (8) conserves the on-
shell condition, similar to the full LL equation. When considering the

electron, in the equation’s right-hand side, the electromagnetic contri-
bution can be ignored. This leads to the equation of electron energy in
the laser field

dc
d/

¼ Pr
1� cosðhÞ cosðuÞ½ 	x0t

: (9)

As we discussed above, we take the laser pulse has a plane
form: aðt; x; y; zÞ ¼ a0 exp½�ðx2 þ y2Þ=r20 � ðz þ z0Þ2=w2	. When
the laser pulse energy El is constant, the peak laser intensity a0 � El=
ðr�1

0 w�1=2Þ. As depicted in Fig. 1, the laser pulse propagating along z-
axis to the left. An ultra-relativistic electron follows a trajectory:
xe ¼ t cosðuÞ sinðhÞ, ye ¼ t sinðuÞ, ze ¼ t cosðuÞ cosðhÞ, where u
and h are electron’s polar angle and radian angle, respectively. This
accounts for the electron’s motion within the laser field. The electron
in the laser pulse experiences an effective laser intensity,

aeff t; xe; ye; zeð Þ ¼ aeff ð/Þ ¼ a0 exp � /2

4p2T2
eff

" #
; (10)

where Teff ¼ wð1þHw2=r20Þ�1=2=k can be treated as the efficient
interaction length or time (in nature unit) between electrons and laser
pulse, and /¼½1�cosðhÞcosðuÞ	x0t,H¼½cosðuÞsinðhÞ2þsinðuÞ2	
½1�cosðhÞcosðuÞ	�2. In our configuration (in Fig. 1), the polar angle
set to be zero; therefore,

Teff ¼ w
k

1þ w2

r20
tan ðp� hÞ=2Þ½ 	2

( )�1=2

: (11)

To quantify the angle dependence of the electron colliding with
the laser pulse, Eq. (11) shows the effective wave number, which
describes the effective time the electron experiences in the laser field.
where R ¼ w=r0 is defined as the radio of the laser pulse width and
spot size. As discussed previously, models have shown that there is a
trade-off between high laser intensity and the size of the interaction
volume. In our model, we set the volume to be constant
ðr0w1=2 ¼ 27k3=2Þ, and therefore, the peak intensity a0 is constant.
Considering the emission of positrons (photons) is a discontinuous
process with the emission rate, and positron (photon) emission events
happen in an interval [0, t]. The production of positrons follows the
Poisson statistics of parameter snlBW :

Pn ¼ snnlBW
n!

exp �snlBWð Þ; (12)

where Pn is the probability of producing positron during high-energy
photon interaction in the field. The total production number of
positrons with the optical depth snlBW defined in Eq. (6) is nnlBW
¼ nxð1� e�snlBW Þ, where is the number of photons produced per unit
time per electron. The production of positrons and photons is a
stochastic process, typically described by its probability distribution
at each point in time. In the Poisson statistics, the expected number
or average number of positrons produced per unit time is hni
¼ P

nPn ¼ snlBW . Therefore, the number of positrons produce per
unit time can be calculated.49 As shown in Fig. 4, the formation length
is much shorter than the laser pulse, and the nlBW and nlC processes
occur in a point-like manner. Thus, we propose an estimation of the
energy distribution of produced positrons by electrons colliding with
the laser pulse. The nlC photons are produced in the pulse, and then

FIG. 4. Formation length of high-energy photons in the head-on collision between
electrons and the laser pulse in this simulation.
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these photons produce positrons through nlBW. The energy distribu-
tion of the positron is given by

dNp

dcp
¼ pneffð Þ2

2x2
0

ðc
cp

dx
d2NnlBW c; cp;xð Þ

dtdcp

d2NnlCðc;xÞ
dtdx

" #
: (13)

Based on experimental parameters from strong-field QED stud-
ies,50,51 we fix the ratio R ¼ 8, corresponding to a relatively long laser
pulse width. Moreover, to protect the optical components, the electron
beam typically collides with the laser pulse at an angle h, for example,
in LUXE the electron beam colliding to the laser pulse at an angle:
p� h � p=10.50,51 Taking into account these considerations and the
state-of-the-art equipment conditions in Eq. (13), incorporating these
considerations, the positron energy spectra are shown in Fig. 5.

As the effective time Teff defined in Eq. (11) decreases with
increasing collision angle (9p=10 to 11p=10), the positron energy spec-
tra shift toward higher energies, as shown in Fig. 5. This shift indicates
a higher probability of producing high-energy positrons, which are
more likely to trigger cascade processes. The colliding angle from 4p=5
to p reveal the estimation of the characteristic spectra of the positron
energy distribution dNp=dcp, which is obtained via a convolution of
nlC process and nlBW process as described in Eq. (13). The structure
is push forward to high energies zone, resulting in an increased proba-
bility of the positrons having high energy. This character of the posi-
tron energy distribution indicates that the produce positrons are more
likely to trigger cascade progress. Notably, the peak structure observed
at a colliding angle of h ¼ p is more than an order of magnitude
higher than that at h ¼ 4p=5. The plateau structure of the positron
energy distribution emerges when the electron energy increases to
100 000m. Furthermore, a pronounced peak structure near the point
cp ¼ ce, where the colliding electron has energy ce ¼ 10 000. The
methodology employed in this paper differs from that in some previ-
ous studies,43,52 as we employ an analytical approach to analyze the
laser-electron collision geometry, contrasting with Blackburn’s analyti-
cal results.

In Fig. 6(a), which reveals that while PIC simulations exhibit an
increasing trend in the high-energy region, they lack the plateau

structure observed in our model. Notably, for electron Lorentz factors
of ce ¼ 1000 and ce ¼ 10000, the PIC simulations agree well with our
results regarding positron yield. However, the Monte Carlo PIC code
employs a random distribution of photon and positron energies in the
nlC and nlbBW processes. In contrast, our coupled model is based on
the assumption that the formation length is significantly shorter than
the characteristic length of the laser field, and the electron Lorentz fac-
tor is much larger than the dimensionless laser parameter (ce � a0).
This discrepancy may lead to an overestimation of high-energy posi-
trons in our model, particularly in the high-energy zone as shown in
Fig. 6(c). The high-energy zone reaching up to 1 is a result of the elec-
tron “quenching” effect, where positrons initiate a cascade process,
progressively transferring the energy of incident electrons, a phenome-
non often referred to as an avalanche cascade. In the low-energy
region, the positron energy spectrum from Epoch simulations shows a
broader energy characteristic compared to our model. In the medium-
energy region, there is a good alignment between the Epoch model
and our model. However, the Monte Carlo PIC code employs a ran-
dom distribution of photon and positron energies in the nlC and
nlBW processes. In contrast, our coupled model is based on the
assumption that the formation length is significantly shorter than the
characteristic length of the laser field, and the electron Lorentz factor is
much larger than the dimensionless laser parameter. This discrepancy
may lead to an overestimation of high-energy positrons in our model.
Our model is better suited for astrophysical simulations, while PIC
codes like Epoch are optimized for ultra-intense laser-solid interac-
tions. In conclusion, the Epoch model separates the two processes and
uses a particle-based approach, while our model provides a coupled
analysis based on density distributions. The choice between these
approaches depends on the specific physical context and parameters of
the simulation.

IV. SUMMARY

In this paper, we present a comprehensive theoretical model to
explore the energy distribution of positrons generated from the inter-
action between ultra-relativistic electrons and multi-petawatt (PW)-
scale laser pulses. By leveraging the Poisson distribution, we provide a

FIG. 5. Positron energy distribution dNp=dcp for R ¼ 8, and electron energy
ce ¼ 1000 (a), 10 000 (b), 100 000 (c), at a different colliding angle of h ¼ p
(black), 19p=20 (red), 9p=10 (red dashed), 4p=5 (green dashed).

FIG. 6. Comparison of positron energy distribution dNp=dcp obtained with Eq. (13)
(black line), and from the simulation using PIC code (blue line). The colliding elec-
trons with ce ¼ 1000 (a), ce ¼ 10 000 (b), and ce ¼ 100 000 (c).
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robust framework for understanding the stochastic nature of positron
production and its correlation with high-energy photon emission. Our
model focuses on the coupled processes of nonlinear Compton scatter-
ing and nonlinear Breit-Wheeler pair production, which are central to
the generation of positrons in high-intensity laser-electron collisions.
Through detailed analysis, we elucidate the interplay between these
processes and their impact on the energy spectra of positrons, offering
new insights into the underlying physical mechanisms.

The interaction between ultra-relativistic electrons and intense
laser fields is governed by strong-field quantum electrodynamics
(QED) effects, where the formation length of photons and positrons is
significantly shorter than the characteristic scale of the laser field. This
allows us to treat the emission processes locally, akin to a constant
crossed field approximation. We derive the differential emission rates
for both nlC and nlBW processes under the local constant field
approximation (LCFA), which is validated by the condition
ag2=3 � 1. Our results reveal that the energy distribution of positrons
is highly sensitive to the initial electron energy, laser intensity, and col-
lision geometry. Specifically, we observe that higher electron energies
and optimal collision angles enhance the production of high-energy
positrons, which are crucial for triggering cascade processes in strong-
field QED. One of the key findings of our study is the emergence of
distinct spectral features in the positron energy distribution, including
characteristic structures and pronounced peaks near the maximum
energy limit (cp ¼ ce). These features are indicative of the photon
recoil effect and the onset of radiation reaction “quenching,” where the
electron’s energy is entirely converted into high-energy photons and
positrons.

In conclusion, our theoretical model provides a detailed and ver-
satile framework for analyzing the energy distribution of positrons in
ultra-intense laser-electron collisions. By coupling the nlC and nlBW
processes and incorporating stochastic effects through Poisson statis-
tics, we offer a deeper understanding of the complex dynamics
involved in positron production. Our findings not only advance the
theoretical understanding of strong-field QED but also pave the way
for innovative experimental designs and applications in various scien-
tific and technological fields. Future work will focus on refining the
model to include multi-photon effects and exploring its applicability to
astrophysical environments, where similar processes may occur under
extreme conditions.
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