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Abstract

This study investigates the influence of quantum stochasticity on the angular
distributions of electrons and positrons generated during the interaction between
a laser wakefield acceleration (LWFA) electron beam and ultra-intense laser
pulses. Distinct features are identified in the angular distributions of both the
electron beam and high-energy photons, offering a crucial diagnostic tool for
probing strong-field QED phenomena. While the kinetics of electrons in the laser
field are typically governed by the deterministic Landau-Lifshitz (LL) equation,
quantum stochastic effects (QSE) substantially affect the angular evolution and
energy spectrum of the electron beam, causing it to exhibit different behaviors.
For high-energy photons, QSE impacts the average divergence evolution due
to lepton pair production. The detection and analysis of these characteristic
signals provide crucial empirical insights for advancing LWFA-driven all-optical
radiation sources and optimizing lepton pair production techniques.
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This study investigates the influence of quantum stochasticity on angular dis-
tributions of electrons and positrons generated during the interaction between
a laser wakefield acceleration (LWFA) electron beam and ultra-intense laser
pulses. Distinct features are identified in the angular distributions of both the
electron beam and high-energy photons, offering a crucial diagnostic tool for
probing strong-field QED phenomena. While the kinetics of electrons in the laser
field are typically governed by the deterministic Landau-Lifshitz (LL) equation,
quantum stochastic effects (QSE) substantially affect the angular evolution and
energy spectrum of the electron beam, causing it to exhibit different behaviors.
For high-energy photons, QSE impacts the average divergence evolution due
to lepton pair production. The detection and analysis of these characteristic
signals provide crucial empirical insights for advancing LWFA-driven all-optical
radiation sources and optimizing lepton-pair production techniques.
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Introduction

Highly energetic laser-plasma interactions have opened unprecedented avenues
for exploring Quantum Electrodynamics (QED) under extreme conditions [1-
3]. These interactions intricately couple the momentum distribution of particles
with electromagnetic fields, leading to a wide range of novel physical phenom-
ena [4-7]. With continuous advancement in electron beam energies and the
achievement of ultra-intense laser fields, it becomes imperative to incorporate
radiation reaction (RR) effects and explore the implications of entering the
QED-dominated regime. This regime is characterized by distinctive quantum
phenomena, including stochastic photon emission, electron-positron pair pro-
duction, spectral hard cutoffs, and quantum straggling effects [8-11].

When an electron beam interacts with an ultra-intense laser pulse, the final
electron energy and deflection angle are determined by the initial electron energy
and laser intensity [12]. The transition between classical radiation reaction and
quantum radiation reaction (QRR) can be realized through the configuration
of a laser wakefield acceleration (LWFA) electron beam colliding with an ultra-
intense laser pulse [13-15]. In the QRR regime, investigation of deflection angles
serves as a crucial diagnostic tool for unraveling the complexities of strong-
field QED effects [16]. Precise measurements of particle angular distributions
provide valuable insights into the intricate interplay between intense laser fields
and charged particles, thereby advancing our understanding of non-linear QED
fundamentals.

The pioneering observation of Breit-Wheeler pair production in SLAC’s E144
experiment, which utilized a laser pulse with intensity 10'® W/cm? interact-
ing with a 46 GeV electron beam from a linear accelerator, marked a significant
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milestone in strong-field QED research [17]. In recent years, laser-driven particle
accelerators have attracted considerable attention due to their potential to rev-
olutionize accelerator physics, particularly through their capability to generate
high-energy electron beams. Among these, LWFA has emerged as a promising
technique for charged particle acceleration, achieving remarkable progress in
experimental demonstrations [18-20]. This technique enables the acceleration
of electron beams to multi-GeV energies over centimeter-scale distances while
maintaining exceptionally small divergence angles [19-21].

The development of all-optical schemes, which utilize LWFA electron beams
colliding with intense lasers to produce high-energy photons, has provided ex-
perimental evidence of quantum effects in these interactions [9, 23]. Notably, an-
gular distributions exhibit distinct features that serve as signatures of QRR and
RR. Comparative studies employing Monte Carlo simulations, classical Landau-
Lifshitz models, and modified Landau-Lifshitz formulations have systematically
investigated the characteristics of electron angular distributions [24, 25].

The investigation of angular distributions in high-intensity laser-electron inter-
actions represents a crucial approach for quantifying and understanding QED
phenomena under extreme laboratory conditions. When electrons interact with
intense laser pulses, where the laser field acts as a target, they undergo quan-
tum photon emissions that significantly alter their trajectories. These trajectory
perturbations, characterized by measurable deflection angles, provide observable
signatures of the intrinsic quantum stochasticity inherent in particle emission
processes during all-optical experiments at modern laboratory laser intensities.

Within the QED regime, electrons exhibit oscillatory motion without substan-
tial energy loss—a phenomenon that cannot be explained by classical electrody-
namics but rather emerges as a direct manifestation of quantum stochasticity
effects (QSE). The configuration of an LWFA electron beam (v, ~ 10® > q,)
colliding with an ultra-intense laser pulse offers distinct advantages over direct
laser-plasma interactions, as illustrated in Fig. 1 [Figure 1: see original paper].
A critical aspect of this study involves the detailed analysis of divergence angles
for both the LWFA electron beam and emitted photons, taking into account the
influence of QSE and the Lorentz force exerted by the laser field.

The structure of this paper is organized as follows. Section 2 examines the ki-
netic evolution of charged particles in the context of strong-field QED, providing
a comprehensive theoretical foundation through the derivation of formulas gov-
erning the differential emission rates for nonlinear Compton scattering (nlCS)
and nonlinear Breit-Wheeler (nIBW) processes. Section 3 focuses on the effects
of quantum stochasticity on the angular distributions of both the LWFA elec-
tron beam and nlCS photons during their interaction with the laser field. This
analysis reveals the complex interplay between particle dynamics and quantum
processes under extreme conditions, highlighting distinctive structural features
of quantum interactions. Finally, Section 4 summarizes the key findings and
presents conclusions drawn from the study.

chinarxiv.org/items/chinaxiv-202502.00151 Machine Translation


https://chinarxiv.org/items/chinaxiv-202502.00151

ChinaRxiv [$X]

QED Emission

Theoretical and numerical investigations of quantum emission processes typi-
cally rely on the assumption that the formation length (time) is significantly
smaller than the characteristic spatial (temporal) scale of the laser field [26, 27].
The mean free path for electrons and photons is on the order of the Compton
wavelength A\, ~ 1/m, for an?® ~ 1 [11]. At this scale, the classical descrip-
tion of particle motion becomes inadequate. Radiative correction calculations
suggest that loop corrections in strong-field QED may increase with the energy
scale. According to the “Ritus-Narozhny conjecture,” the semi-perturbative
expansion of strong-field QED breaks down when an?/3 ~ 1 [28].

In our configuration, the Lorentz quantum invariant remains significant be-
low this critical limit. By incorporating quantum corrections into the Landau-
Lifshitz (LL) equation, the momentum evolution of a relativistic charged particle
can be described by the modified equation:

dp”

i q(F*u,,) + radiation power
-

where P, represents the quantum-corrected radiation power, expressed as P, =
Pyg(n)an?®. Here P, denotes the classical Larmor power and g(n) = [1 +
4.8(14n) In(1+1.7n) +2.44n%)~2/3 is the quantum correction function [29]. The
electric and magnetic fields are represented by E and B, respectively, while u is
the normalized velocity p/(ymc).

Lorentz quantum invariant parameters are defined as:

€ 174
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and

e
X = ﬁ'Fuukq

where F,, = 0,,A,, — 0, A, is the electromagnetic field tensor, p, is the electron
4-momentum (€¢/c,p), and k, is the photon 4-wave vector (w/c, k) [30]. For elec-
trons in the laser field treated as seed electrons, the Lorentz quantum invariant
is given by n;, = vE'sin0/Eg, where Eg is the Schwinger field, v, ~ /1 + a2/2
is the Lorentz factor for electrons accelerated by a linearly polarized laser pulse
in the zero-momentum frame, and 0 represents the angle between the electric
field and electron momentum [31].

In the configuration of an LWFA electron beam head-on collision with an ultra-
intense laser pulse, the invariant becomes 1n; = 2y, wrpaE/FEg. Here viwra
can significantly exceed v; due to the intensity of the driving laser pulse in our
configuration, as illustrated in Fig. 2 [Figure 2: see original paper].
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The local differential radiation rate probability for an electron emitting one
photon through nonlinear Compton scattering is given by [28, 32, 33]:

dQNPh apm [/OOK ()ds+ 22 . (5)]
= s)ds + ————
dtdx — \Brra? Ly P nin—x) 2*

where 6 = 2x/3n(n — x), 7. = 1/m is the Compton wavelength, and K (z)
denotes the modified Bessel function of the second kind.

For the decay of a high-energy photon into lepton pairs (e"e™) in an ultra-intense
laser pulse, the differential rate probability is given by [28, 34-36]:

d?N,; a,m o0 n?
pair f P

- K, o(s)ds + —2 K, .(p

dtdn,  \/3rT,2 l/p o/3(2) X(X = 1) 2/a(0)

where p = 2x/3n,(x—n,), with 1, and v, representing the Lorentz invariant and
Lorentz factor of the positron created in the nonlinear Breit-Wheeler (nIBW)
process, respectively.

The enhancement of Lorentz invariants suggests that, at identical laser inten-
sities, the yield of photons and electron-positron pairs from LWFA electron
beam-laser collisions can surpass that from direct laser-accelerated electrons.
The superior energy and momentum characteristics of LWFA electrons facili-
tate the attainment of threshold conditions for QED processes. Well-collimated
LWFA electron beams further amplify the Lorentz invariant, thereby increasing
the probability of QED processes and potentially generating more high-energy
photons and electron-positron pairs under equivalent laser intensities. This ad-
vantage underscores the potential of ring-like patterns in head-on collisions due
to the interplay between Lorentz forces and radiation reaction [25].

In regimes where quantum stochasticity effects (QSE) dominate, the energy of
the colliding electron beam is primarily converted into photons and positrons.
The Lorentz force of the laser pulse then governs the collective electron behav-
ior, leading to the characteristic ring structure in the angular distribution. In
the Lorentz-force-dominated regime, transverse momentum is amplified within
the laser field, potentially resulting in angular distribution evolution exhibit-
ing laser-frequency-dependent structures. Experimental observations have con-
firmed that electron angular distributions exhibit QSE signatures, confirming
photon production through the nlCS process. The characteristic evolution of
particle divergence angles serves as a diagnostic signature for both nlCS and
nlBW processes.

Evolution of Angular Distribution

Given the inherent symmetry of linear laser fields along the propagation direc-
tion (z-axis), our analysis focuses on the transverse (y-direction) asymmetry in

chinarxiv.org/items/chinaxiv-202502.00151 Machine Translation


https://chinarxiv.org/items/chinaxiv-202502.00151

ChinaRxiv [$X]

deflection angles. In linearly polarized laser fields, the z-component of electron
momentum simplifies our investigation by enabling us to concentrate on trans-
verse dynamics. To effectively examine the influence of quantum stochasticity ef-
fects (QSE) on deflection angles, we employ an optimized two-dimensional (2D)
simulation framework. This dimensional reduction strategy maintains physical
fidelity while significantly reducing computational complexity.

Our simulations investigate the interaction between LWFA electrons and the
laser field in the xy-plane, incorporating only the essential forces and processes
governing transverse dynamics. To enhance electron energy output, we im-
plement a density jump target strategy, which, while reducing beam charge,
facilitates the generation of higher energy electrons. Consequently, the LWFA
electron beam achieves the cut-off energy shown in Fig. 6(d) [Figure 6: see
original paper|, with the corresponding angular distribution illustrated in Fig.
5(a) [Figure 5: see original paper].

The simulation employs particle-in-cell (PIC) numerical techniques, where each
simulated particle represents a ‘macro-particle’ characterized by specific density,
weighting, and momentum parameters to accurately model collective electron be-
havior while maintaining computational efficiency [37-39]. Figure 4(b) [Figure
4: see original paper]| reveals that the photon distribution comprises two distinct
components. The central region consists of highly collimated photons generated
by the LWFA electron beam, which subsequently produce positrons through the
nonlinear Breit-Wheeler (nIBW) process, as shown in Fig. 4(c). The transverse
photon distribution exhibits periodicity corresponding to the laser wavelength.
During the LWFA electron beam-laser collision, longitudinal momentum is trans-
ferred to photons within approximately six laser periods. Subsequently, electron
dynamics become dominated by lateral oscillations in the laser field, producing
photons that rarely generate nIBW positrons. Low-energy electrons primarily
respond to electromagnetic forces, exhibiting collective displacement that can
be described classically.

Figure 2 illustrates the evolution of Lorentz quantum invariants in a single laser
cycle for an electron with v, ,p4 = 2000. The Lorentz quantum invariants 7,
and y, represent the invariants experienced by the photon in the laser field,
7, represents the invariant of the electron accelerated by the linearly polarized
laser pulse, and N, and N, indicate the number of pairs and photons produced
in one laser period by a head-on colliding electron.

Figure 3 [Figure 3: see original paper| compares electron kinetic evolution with-
out QED effects (a,b,c) and with QED effects (d,e,f) during collision with a
planar laser pulse (10! W). The simulation parameters for the LWFA electron
beam are detailed in Section 3. The divergence angle evolution is shown for
the initial state before collision (a,d), after 3 laser cycles (b,e), and after 4 laser
cycles (c,f).

LWFA technology holds significant promise for advanced photon and positron
generation research. Detailed calculations and analyses based on specific ex-
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perimental parameters and theoretical models are required to fully characterize
the physical properties of the produced photons and positrons. To account
for realistic experimental conditions, including the spatial and energy spectrum
structure of the LWFA electron beam and the spatiotemporal characteristics of
the colliding laser, large-scale particle-in-cell (PIC) simulations are essential.

Figure 3(e) demonstrates that the inclusion of QED effects results in relatively
stable divergence angles, contrasting with Figure 3(b). In Figure 3(f), the elec-
tron divergence angle is an order of magnitude smaller than in Figure 3(c).
When the transverse momentum component exceeds the longitudinal momen-
tum, the angular distribution develops a double-peak structure, typically indica-
tive of classical deterministic dynamics. Figure 4 shows the density distribution
of electrons (a), photons (b), and positrons (¢) at t = 5/w;, following the collision
of an LWFA electron beam with a 102> W/cm? linearly polarized (y-direction)
planar laser pulse.

The angular distribution of the LWFA electron beam evolves significantly after
t = 5/w;, demonstrating the laser field’s impact on spatial distribution and
propagation direction, as shown in Fig. 5(a) [Figure 5: see original paper].
Figure 5(b) contrasts the angular distribution of photons at production initia-
tion and after t = 5/w; interaction. As massless gauge bosons, photon angular
momentum changes exclusively through nlCS involving LWFA electron beams
and nlBW processes in the laser field, making QSE effects particularly evident
in photon angular momentum distribution studies. Figure 5(c) illustrates that
positron production in our configuration occurs without significant cascade ef-
fects [40]. Positrons are generated with relatively low energies and undergo
transverse acceleration in the plane-wave laser field, resulting in a characteristic
double-peak structure that reflects classical deterministic dynamics. This be-
havior underscores the importance of considering colliding laser pulse duration
and particle extraction methods in future research.

Electron Beam Angular Divergence Evolution

The energy transfer mechanism from high-energy electrons to photons is gov-
erned by the Lorentz invariant discussed in Section 2. High-energy electrons act
as seeds for additional perpendicular acceleration in the laser field, producing
more photons. However, photons produced immediately after collision typically
lack sufficient energy for direct positron production in the same laser field. In-
stead, positron generation primarily results from high-energy photons produced
during the initial LWFA electron beam-laser interaction. These photons in
the beam-head region possess adequate energy to initiate e™e™ pair production
through the nIBW process, requiring specific photon energy thresholds related
to the invariant x, as illustrated in Fig. 2.

The energy spectrum evolution in Fig. 6(d) [Figure 6: see original paper| re-
veals that after 3/w;, (blue line), the high-energy region nearly coincides with the
pre-collision LWFA electron spectrum (red line), contradicting Landau-Lifshitz
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deterministic predictions and demonstrating QSE signatures. Electron angular
distribution further confirms QSE presence, as evidenced by comparing Fig. 6(a)
and (b). By t = 4/w; (green dotted line), high-energy LWFA electrons have pre-
dominantly converted to photons through nlCS, largely completing subsequent
nlBW processes. While electrons continue interacting with the laser pulse, pro-
ducing additional nlCS photons, these photons do not contribute significantly
to further nIBW processes, as discussed in Section 3.2.

The energy spectrum evolution from ¢ = 4/w; (green dotted line) to 5/w;
(black dotted line) in Fig. 6(d) demonstrates laser field dominance over QSE
effects. This evolution incorporates both diffusion and drift components, re-
flecting spectral shifts and shape changes. Our PIC simulations treat nlCS and
nlBW processes separately, excluding cascade effects [37]. The Fokker-Planck
equation adequately describes electron spectrum evolution, derived by truncat-
ing the Boltzmann equation source term into two components. In natural units,
the electron energy evolution follows:

dv(t) = —=S(n)dt + / R(n,v)dW (t)

where W (t) represents the Wiener stochastic process, S(n) ~ 1.5am?n? is the
drift coefficient, and R(n,7) ~ 1.3am3vyn? is the diffusion coefficient [14, 41].
Figure 6(d) identifies distinct regimes: QSE dominance before 4/w;, and the
S(n) and R(n, ) coefficients determining the evolution of the energy spectrum
thereafter.

Photons Average Divergence Evolution

To accurately identify the characteristic signatures of quantum stochasticity
effects (QSE) on the nonlinear Breit-Wheeler (nIBW) process, we focus on ana-
lyzing the evolution of the average divergence angle of photons in a plane-wave
field, taking advantage of their charge neutrality in the laser field. The ob-
served asymmetry in deflection angles along the y-direction is directly linked to
the complex interplay of QSE.

We define the average divergence angle as follows:

N
) -k
(0) = arctan (Ejvl i y)

i=1 w; km

where w; is the weight factor of the i-th macroparticle among the N macroparti-
cles. In a laser field, the angular distribution of high-energy photons can exhibit
significant modifications due to QSE during the nlBW process. These modifica-
tions manifest as changes in divergence angles, either increasing or decreasing
them. The observed asymmetry in the photon distribution provides a distinc-
tive signature for identifying and quantifying the inherently stochastic nature
of quantum processes governing photon behavior in intense laser fields.
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High-energy photons begin participating in the nIBW process after the LWFA
electron beam interaction time ¢t = 5/w;. Due to QSE, the average divergence
angle exhibits a bias, as shown in Fig. 7(e) [Figure 7: see original paper|. The
degree of photon involvement in the nIBW process can be inferred from changes
in the average divergence angle. After the laser intensity peaks at t = 6/w;,
high-energy photons gradually decrease, a consequence of the stochastic nature
of the process. The stages of high-energy photon participation in the nlBW
process vary. As shown in Fig. 7(e), the average divergence angle of photons
rapidly reaches its maximum within a single laser cycle, displaying a trend of
maximum asymmetry, in contrast to Fig. 7(d). This subset of photons involved
in the nIBW process generates a significant number of electron-positron pairs.

Comparing Fig. 7(d) and Fig. 7(e), when colliding with a laser pulse of intensity
10%2 W/cm?, the peak of the average divergence angle occurs two laser cycles
later than at 10?®> W/cm?. This indicates that as laser intensity increases,
the nIBW process becomes more pronounced, and a longer effective laser pulse
width is required for optimal colliding laser pulse selection. After the average
divergence angle peaks, as photon energy is converted into positrons, the photon
energy decreases, and the asymmetry diminishes due to the stochastic nature of
the nIBW process. The probability of the nIBW process decreases, leading to a
reduction in the slope of the evolution curve after the peak.

At the quantum level, the stochastic nature of the nIBW process implies that
individual photons do not scatter or alter their properties in the presence of
an electromagnetic field unless under extreme conditions, such as energies ap-
proaching the Schwinger limit or encountering exceptionally high field gradients
where nonlinear QED effects dominate. Thus, the average photon angular dis-
tribution in the laser-plasma system, particularly for photons associated with
LWFA electrons and nlBW positrons, reflects not only the initial laser char-
acteristics but also the intricate interplay between the laser field, accelerated
electrons, and the stochastic nature of QED processes.

The stochasticity of photon emission and subsequent pair production introduces
additional complexity to the kinetic description of electrons, making it essential
to account for these effects in deflection angle analysis. Radiation reaction ef-
fects tend to narrow the energy distribution of electrons [42], while stochasticity
broadens the momentum distribution. The combined action of Lorentz forces
and QSE results in complex patterns in deflection angle distributions, which are
crucial for understanding the transition from classical to quantum regimes.

Conclusion

In conclusion, our study investigates the significant role of quantum stochastic-
ity effects (QSE) in the kinetic description of an LWFA electron beam colliding
head-on with a linearly polarized laser pulse. The interplay between Lorentz
forces and QSE gives rise to a rich combination of classical and quantum phe-
nomena. Through detailed analysis of the angular distributions of the electron
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beam and resulting photons, we elucidate the characteristic evolution of both
nonlinear Compton scattering (nlCS) and nonlinear Breit-Wheeler (nIBW) pro-
cesses. This approach provides a practical method for examining a fundamental
quantum property: the stochastic nature associated with the emission of high-
energy photons and positrons.

The angular distribution of photons evolves over time, exhibiting clear signa-
tures of QSE. The average divergence angle of photons shows a biased dis-
tribution, particularly in the high-energy regime, resulting from the complex
interplay between the laser field and the stochastic nature of the nIBW process.
Our findings highlight the importance of optimizing laser intensity and pulse
width parameters, which enable comparative assessments of electron beam and
photon divergence angle evolution. These adjustments are critical for enhancing
the performance of LWFA-driven all-optical radiation sources and lepton pair
production techniques.

By revealing these signals, our research provides empirical evidence essential
for refining strategies in these areas. Such comparisons significantly improve
our understanding and quantification of quantum stochasticity in these complex
interactions, enriching the foundational knowledge of quantum phenomena. The
findings offer valuable insights into the mechanisms governing these processes
and underscore the need for advanced simulation techniques and theoretical
frameworks to accurately model and predict particle behavior under extreme
conditions.

Note: Figure translations are in progress. See original paper for figures.

Source: ChinaXiv — Machine translation. Verify with original.
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