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ABSTRACT

Observing collective effects originating from the interplay between quantum electrodynamics and plasma physics might be achieved in
upcoming experiments. In particular, the generation of electron–positron pairs and the observation of their collective dynamics could be
simultaneously achieved in a collision between an intense laser and a highly relativistic electron beam through a laser frequency shift driven
by an increase in the plasma density increase. In this collision, the radiation of high-energy photons will serve a dual purpose: first, in seeding
the cascade of pair generation; and, second, in decelerating the created pairs for detection. The deceleration results in a detectable shift in the
plasma frequency. This deceleration was previously studied considering only a small sample of individual pair particles. However, the highly
stochastic nature of the quantum radiation reaction in the strong-field regime limits the descriptive power of the average behavior to the
dynamics of pair particles. Here, we examine the full kinetic evolution of generated pairs in order to more accurately model the relativistically
adjusted plasma density. As we show, the most effective pair energy for creating observable signatures occurs at a local minimum, obtained at
finite laser field strength due to the trade-off between pair deceleration and the relativistic particle oscillation at increasing laser intensity. For
a small number of laser cycles, the quantum radiation reaction may re-arrange the generated pairs into anisotropic distributions in momen-
tum space, although, in the one-dimensional simulations considered here, this anisotropy quickly decreases.

VC 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0190673

I. INTRODUCTION
Reaching the regime where quantum electrodynamics (QED)

influences collective plasma behavior is of wide interest.1–3 New inter-
actions between quantum electrodynamics and plasma physics with
relevance to extreme astrophysical environments4–6 might be explored
directly at next-generation laboratory experiments.7 High-field laser
experiments8,9 will probe the strong-field QED regime. This regime
can be characterized by significant nonlinear quantum parameter

v ¼ c
Ec

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jEþ c#1v $ Bj2 # ðc#1v & EÞ2

q
; (1)

for electron velocity v with corresponding Lorentz factor c and electro-
magnetic field E;B scaled to the Schwinger critical field Ec. Achieving
a v ( 1 to probe the strong-field regime requires a combination of a
high-strength electromagnetic field and relativistic electrons. This may
be achieved with an all optical approach using the beat wave of two
intense lasers,10,11 or with the collision between an electron beam and

a single intense laser.12–15 The production of high-energy photons,
through quantum synchrotron radiation, and decay, through the
Breit–Wheeler process, should create a cascade of electron–positron
pairs. With a large enough density and volume of electron–positron
pairs, experiments can reach the so-called QED plasma regime.

Our study aims to characterize the collective behavior of the
QED plasma in new experiments. To experimentally reveal collective
effects, the generated pairs need to be sufficiently dense and slow.
These requirements can be met in the collision between a high-
intensity laser and a high-energy electron beam. In this configuration,
the generation of a QED plasma and the observation of collective
effects are simultaneously accomplished. As electrons and positrons
increase in density and drop in energy, the plasma frequency increases.
This change in the plasma frequency produces a time change in the
index of refraction for the passing electromagnetic wave. A time
change in the index of refraction shifts the frequency, x, of the electro-
magnetic wave, as the wavevector k remains unchanged, but the dis-
persion relation of
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x2 ¼ x2
p þ c2k2 (2)

must remain satisfied as the plasma frequency, xp increases.16

Spatially, as the phase velocity increases with xp, later phase fronts
may catch up, leading to an overall increase in frequency, and chirped
pulse structure. As the wave exits the plasma, the frequency must
remain the same across the boundary so that the driving laser pulse
experiences a frequency shift as the plasma density increases from the
added pairs.17,18 The frequency shift caused by the creation of new
charged particles, analogous to the shift caused by ionization,19–24

could serve as an observable signature of collective QED plasma
effects.

The role of the pair slowdown—and of reflection to magnify the
contribution of the pair particles—to producing the frequency signa-
tures was demonstrated in previous work.25 This occurs through a
combination of two effects. When pairs have high counter-
propagating momenta in the intense laser field such that v ) 10#1, the
radiation reaction may provide a significant average deceleration.
When the particles are reduced to a low enough energy, the effects of
Lorentz force on particle momenta may become significant and pro-
vide a further ponderomotive force in the presence of a laser gradient
to temporarily decelerate and even reflect pair particles. Previous
work25 focused on the expected mean behavior of pair particles experi-
encing a radiation reaction slowdown in a strong electromagnetic
wave and simulated ensembles of pairs within a driving laser.
However, this mean behavior had limited correspondence to observ-
able frequency shifts, as deducing the total changes in density or equiv-
alently xp cannot be done on a per particle basis. Notably, as the
contribution of particles is inversely weighted by their energy, the most
decelerated particles will contribute more significantly. Thus, the
plasma frequency, and thereby the plasma signatures, will be domi-
nated by slow particles. The full spectrum of pair energies must be
resolved to make stronger predictions about changes in the energy
weighted pair density, sampling to accurately find not just hci#1, but
hc#1i. Resolving the pair momentum distribution requires a fuller
kinetic picture, which captures the stochastic effects of the quantum
radiation reaction across the full range of particle momenta.
Furthermore, in the search for observable collective effects, a more
thorough treatment of the pair plasma momentum space could help to
uncover new collective phenomena. The unique dynamics of the pair
distribution function result from the unique ability of the radiation
reaction to re-arrange pair energies in the QED plasma regime.

The quantum radiation reaction’s effect on pair behavior is quali-
tatively different from that of the classical radiation reaction. The
importance of the transition between the two has been demonstrated
in great detail. This occurs as v becomes non-negligible. Theoretical
results anticipate discrepancies in emission spectra between classical
models, which include the Lorentz–Abraham–Dirac and Landau–
Lifshitz, and QED models, which include the local constant field
approximation (LCFA) and the local monochromatic approximation
(LMA).26–28 A number of recent executed and proposed experiments
have sought to distinguish between these models and validate them
within the transition from the classical to the QED regime.29–34 The
common experimental configurations used to examine the radiation
reaction typically features an intense laser set against a counter-
propagating high-energy electron beam. This is a similar configuration,
but at lower v, than envisioned for the proposed pair generation

experiments. We aim to address the relevance of changes in the
momentum distribution to possible collective signatures.

The different models of the radiation reaction have different
implications for plasma kinetics. In particular, previous work
highlighted that, depending on the regime, the radiation reaction may
serve to cluster or disperse particles in momentum space.35–39 The sto-
chastic nature of the radiation reaction can allow for qualitatively dif-
ferent particle dynamics.40,41 In addition to the dynamics of pair
particles in an electromagnetic wave, the effect of the radiation reaction
on particles in a strong static magnetic field may also shift the momen-
tum distribution. This has recently been proposed as a possible driver
of plasma instabilities.42,43 The interplay of the radiation reaction in
the QED regime and collective plasma behavior is a developing field,
and finding correspondence to detectable signatures in the laboratory
would be of great interest.

In this work, we show how signatures of collective effects in the
QED plasma regime are affected by the distribution of pair momenta.
We model pairs experiencing a radiation reaction driven deceleration
as they transition to the Lorentz force-dominated regime. Particles are
initialized at quantum nonlinear parameters higher than previous
work to better capture the relevance to experimental configurations,
which might generate a high-density QED plasma. The full distribu-
tion of initially high-momentum particles rapidly slows down and
clusters at low momenta in numerical simulations. Increasing the laser
power to decrease the pair momenta results in a higher effective
plasma density, until a significant enough intensity is reached, at which
point the high oscillatory momentum in the laser dominates and
reduces the signature. Due to the trade-off between deceleration and
transverse momentum, there is a maximum in signature growth at
finite laser intensity. The distribution of pairs experiences a large initial
increase in the spread of momentum in the parallel direction due to
the stochastic nature of the quantum radiation reaction. However, the
widening is short lived, as pairs rapidly cluster at low momenta when
propagating through the laser pulse. A large difference in parallel and
perpendicular momentum spreads, driven by the radiation reaction,
might serve as a source of kinetic instabilities. In one dimension, for
the parameters considered, the radiation reaction cannot serve as a
source for a long-lived, highly anisotropic distribution. However, dif-
ferent pulse configurations or higher dimensional effects could exhibit
the increase in the spread of parallel particle momenta.

This paper discusses the distributional dynamics for QED signa-
tures. The paper is organized as follows: In Sec. II, we review the
kinetic equation for the radiation reaction in the strong-field regime
with a “collision like” operator. In Sec. III, we detail how this model is
numerically applied to the regime of pair slowdown for increasing sig-
natures. In Sec. IV, we evaluate the evolution for frequency signatures.
In Sec. V and Subsection VA, we examine the relevance of other
moments of the distribution. In Sec. VI, we summarize our findings
and further discuss the implications of our results.

II. DISTRIBUTIONAL DYNAMIC EQUATION
The QED plasma we study is generated in a beam-driven QED

cascade in which an energetic electron beam collides with an intense
laser pulse. The collective effects are determined by both the density
and energy of the created pairs. A scaling law was found by Qu et al.17

to describe how the pair density and pair energy contribute to the spec-
tra signature of plasma effects. What is unknown is how the pair
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distribution changes in the strong laser field and how the dynamics of
the distribution contribute to collective plasma effects.

Pair creation and deceleration are both important for frequency
shifts, but pair deceleration is examined in insolation in this paper. We
seek to maximize the collective effects of given a set number of pair
particles and relate their dynamics to observable phenomena. Our
results should be transferable to the combined problem of pair produc-
tion and deceleration. The combined problem would include the addi-
tion of a photon population and a corresponding source term for pair
dynamical equation as photons decay into pairs across the full
momentum space. For the dynamics of the pairs, this source term
would change both the total number of pairs and their distribution.
When considering for collective effects, we normalize according to the
total pair density so the change in the total number of pairs should not
impact our results. Distributional effects are important, but as we will
demonstrate in Sec. IV, the full distribution of pairs narrows at low
momenta. Thus, any added pairs at new points in momentum space
should collect at the same points, and pairs produced during the pro-
cess should have the same dynamics as the initial population of pairs.

As soon as the pair particles are created in the laser field, they
radiate a significant amount of energy through the radiation reaction.
The pairs are also subject to the laser ponderomotive force, but it
becomes dominant only when the pair Lorentz factor becomes compa-
rable to the laser amplitude a0. To investigate the dynamics of the
pairs, we follow the formalism of Neitz and Di Piazza.36 The kinetic
dynamics are applied to the dynamics of created pairs, where the
dynamics are dominated by a strong externally applied laser field. We
neglect the fields created by the pair plasma, which are comparatively
weak.

For a homogeneous plasma driven by an external laser, the
dynamics are described as a function of the laser phase / ¼ x0ðt # yÞ
for a laser propagating in the y direction. We assume that tþ y deriva-
tives vanish, such that there is no spatial dependence to the distribu-
tion function f, independent of t–y. We note that the distribution of
generated pairs, those of primary interest and at low enough energies
to be significantly slowed or stopped, will be created by the laser, and
thus, their initial distribution should indeed depend primarily on /, as
creation will be primarily a function of the laser phase. The external
driving laser is taken to have a polarization in the z direction such that
the pair c2 ¼ 1þ p2y þ p2z and the distribution f ð/; py; pzÞ evolve
according to the dynamical equation

p#
c
@/f þ eEð/Þ p#

c
@pz f þ

pz
c
@py f

" #
¼ Cðf ; p#;/Þ: (3)

The momentum coordinate p# ¼ c# py is substituted for conve-
nience as it is conserved by the Lorentz force. On the right-hand side,
C is a collision like operator coming from the stochastic emission of
high-energy photons, which changes momentum phase space density
non-locally. Without further approximation, Eq. (3) can be simplified
by transforming all derivatives from the ðpz; pyÞ coordinate system to
the ðpz ; p#Þ coordinate system

@/f þ eEð/Þ@pz f ¼
c
p#

Cðf ; p#;/Þ: (4)

This is written in units where !h ¼ c ¼ me ¼ 1. The transform into the
p# coordinates removes the @py derivative due to the conservation of
p# by the Lorentz force when the electric field is purely a function of

/. The left-hand side strictly conserves p# of particles, and the right-
hand side conserves the pz of the particles as radiation is taken to
strictly occur in the y direction. Performing a separation of variables
on f ð/; py; pzÞ ¼ mð/; pzÞnð/; p#Þ, a normalized version of C taken
to be described by the LCFA36 may be constructed as

c
p#

2pffiffiffi
3

p
ajað/Þj

Cðf ; p#;/Þ
mð/; pzÞ

¼
ð1

0
dl nð/; pbÞ

%
ðb#1 þ b#3K 2=3ðl=bÞ

# b#2
ð1

0
djK 1=3ðjþ l=bÞ

&
# nð/; pÞ

$
ð1

0
dl ðb#1 þ b#3K 2=3ðlÞ # b#2

ð1

0
djK 1=3ðjþ lÞ

% &
(5)

where a normalized vector potential x0að/Þ ¼ eEð/Þ is taken to
assume to follow the slowly varying envelope approximation. Here,
K ! is the !th modified Bessel function of the second kind, and for
convenience, the expression b ¼ 1þ 3

2x0pað/Þ is used.
The kinetic description may be reduced by the separation of vari-

ables as the distribution function vanishes as the momentum goes to
infinity. The dynamics of m may be found by simply integrating over
p#. Given that right-hand side redistributes particles in p# space and
conserves particle number, it follows that

@/mþ eEð/Þ@pzm ¼ 0: (6)

This equation may be solved through the method of characteristics
such that mð/; pzÞ ¼ mð/0; pz þ að/Þ # að/0ÞÞ. Integrating over pz
gives the separate equation for n, which strictly depends on the radia-
tion reaction, to obtain

@/n ¼ c
p#

Cðn; p#;/Þ: (7)

The particular form of C results in a shift toward lower p# as the distri-
bution evolves in /. This operator is non-local in momentum space at
significant v. As the average p# decreases, the dynamics become less
determined by the stochastic emission of high-energy photons, and the
radiation reaction should correspond less to the LCFA. However, the
particular choice of model for small p# (and small v) over a short
duration should not significantly alter the particle dynamics. Over
short times for particles with p# such that v * 1, the change of the
distribution under any model of the radiation reaction should be
minimal.

At small p# when the radiation reaction terminates, the distribu-
tion function over p# will not change significantly, but the distribution
over py can change significantly. This can be seen in the map from p#
and py,

py ¼
1þ p2z # p2#

2p#
; (8)

which picks up a significant nonlinearity when pz is no longer * p#.
As pz scales with a0, this will occur when particles have been deceler-
ated to energy c + a0. At this energy scale, oscillations of pz may be
strong enough to make py go from negative to positive, indicating pair
reflection. For significant p#, reflecting pairs require a strong laser. For
pairs to be reflected for all time in one dimension, p# < 1, which will
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only be true for a small number of pairs. However, in higher dimen-
sional simulations, this need not be the case if pairs are scattered to the
side, such that they never experience the backend of the laser. This
physics is not captured by Eq. (3).

In this paper, we consider the impact of the radiation reaction
not for the purpose of the study of it alone, but for its applicability to
frequency shift signatures. We probe the regime where v ( 1, which
is expected for the pairs that will be generated in proposed next-
generation experiments. Our results differ from those presented in the
study by Neitz and Di Piazza,36 where v is increased up to near unity.
Notably, analytical estimates do not capture the pair behavior, as even
at moderate v large discrepancies emerge between expansions of Eq.
(5) and the full integral expression. To capture the high v regime, the
full integrodifferential equation must thus be solved, which becomes
non-local in momentum space. To handle the complexity of the
expression, this is performed numerically.

III. NUMERICAL IMPLEMENTATION
The dynamics of n as described by Eq. (7) are evolved numeri-

cally using a simple integrodifferential solver. The dynamics are deter-
mined for a time-varying scaled laser field, which is taken purely to
depend on / ¼ xðt # xÞ, such that there is a perpendicularly polar-
ized að/Þ. The non-local collision like operator is pre-evaluated at
varying v using Gauss–Laguerre quadrature. The term during the
dynamical evolution is evaluated over a cubic spline, which is fit to the
precomputed points that span up to the maximum possible v within
the simulation. The time-stepping of n is performed in Julia
DifferentialEquation.jl44 at a thousand inhomogeneously distributed
points in p# space. High-momentum packets with an initially
Gaussian distribution are initialized within the laser pulse to corre-
spond to the generated pairs. Low p# points are sampled at higher
density to resolve the finer features present at low momenta, which
become apparent at the later points in the simulation. The p# space is
resolved to capture particle momenta ranging from the initial condi-
tions down to the regime where the radiation reaction becomes weak,
thresholded numerically by v2 ¼ ðp#a0x0Þ2 ¼ 10#5. Pair–pair inter-
actions and the effects of the pairs upon the driving laser are not con-
sidered beyond the anticipated frequency shift, as both terms are
expected and shown to be of higher order.

IV. DISTRIBUTIONAL DYNAMICS FOR QED
SIGNATURES

To evaluate total pair contributions, we computed the pair
momentum distribution evolution in comparison to earlier results on
particle slowdown and reflection. For comparison, pairs are initialized
with the same momentum peak in a driving laser with the same enve-
lope and intensity. The simulation captures the dynamics of a set of
pairs after creation, where they are still counter-propagating against a
strong laser at high energies. As they radiate in the strong field, their
energy is reduced and their contributions to the plasma frequency
increase. A distribution of pair particles is initialized in the rising edge
of a Gaussian laser pulse with an energy of 10GeV and an energy
spread of 1GeV. The laser pulse has a peak intensity of 6$ 1022

W/cm2, with a duration of 50 fs and a wavelength of 0:8 lm. The
dynamics of the distribution in p# space are shown in Fig. 1, where
particles rapidly slow down and accumulate at low p#. For initially
large v due to the emission of high-energy photons, there is an increase

in the spread of energy; however, as the average v rapidly decreases,
the spread correspondingly decreases.

While changes in the momentum of the particle distribution
function are small compared to the initial energy scale at late times,
they are not small compared to their final energy. This can be seen
through a comparison of early, most intense focus, and late times as
shown in Fig. 2. Mean p# still decreases in the back-half of the laser
pulse, resulting in an increasing contribution to the frequency signa-
ture. While the spread of the distribution in p# drops over the dura-
tion of the interaction, the spread relative to the mean energy of the
particles increases.

Changes in the evolution across the p# axis can be related to the
evolution of pairs in py space through the conservation of the canonical
momentum for a strictly transverse vector potential A. As pairs pro-
gress through the laser field and their energy decreases, eventually
oscillations in py may become significant when að/Þ + c. This

FIG. 1. Evolution of nðp#Þ in momentum space results in particles moving quickly
from high counter-propagating momentum to low counter-propagating momentum.
At short times, the spread in momentum space grows, but as the average particle v
shrinks, particles quickly cluster in momentum space.

FIG. 2. Initial, at focus, and final momentum distributions of particles in the momen-
tum distribution show a significant change in both the spread and the mean particle
energy at late times.
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transverse oscillation can be significant enough to induce reflection for
a large fraction of the pair particles. In py space, over half of the pairs
can be temporarily reflected in the peak of the laser pulse as shown in
Fig. 3. This requires a significant laser a0, as simulations at the lower a0
will not decrease p# to a sufficient enough level for the Lorentz force
to overcome the initial particle momenta. As the laser progresses in
one dimension, the change in the direction of pairs eventually becomes
insignificant as pair particles experience the downramp of the ponder-
omotive force in the tail end of the laser pulse.

V. DYNAMICS OF FREQUENCY SHIFT SIGNATURES
The changing momentum distribution of pairs can be directly

related to the time-varying current in the pair plasma. The change in
the distribution function in p# alters the frequency of the electromag-
netic wave through a time-varying susceptibility. This susceptibility
can be found by examining the response of the plasma as determined
by the kinetic dynamics of Eq. (3), which perturbatively changes the
electromagnetic wave through an oscillating current

wA ¼ 4p
c
J; (9)

J ¼ e
ð
d3p

p
c
f : (10)

The oscillations of the pairs are reduced by a factor of c in the relativis-
tic limit. For a wave polarized in the z direction parallel current, the
corresponding Jz is

Jz ¼ e
ð1

#1

ð1

0
dpzdp#

pz
c
mð/0; pz þ eAð/Þ # eAð/0ÞÞnð/; p#Þ;

(11)

where the distribution function is represented in ðpz; p#Þ space and
the evolution of pz is determined by the conservation of canonical
momentum. We note that, in comparison with previous work, density
is considered here in the lab frame instead of the pair frame. When
considering many pairs, a single consistent frame must be chosen for

pairs of varying momentum. The expression given in Eq. (11) in the
case where the perpendicular momentum spread is small,
mð/0; pzÞ ¼ dðpzÞ, results in an oscillating transverse current of

Jz ¼ e2Að/Þ
ð1

0
dp#

2p#
1þ að/Þ2 þ p2#

nð/; p#Þ; (12)

where c has been substituted by the appropriate relation to p# and pz.
The integral given in Eq. (12) serves as the effective plasma density

neff ¼
ð
n
c
dp ¼

ð1

0
dp#

2p#
1þ að/Þ2 þ p2#

nð/; p#Þ: (13)

The current is suppressed by both a high counter-propagating
momentum and the strong oscillations in the passing wave. These fac-
tors compete depending on the regime. Initially, pairs have p# ( a;
however, p# may be reduced by the radiation reaction down to the
level where they are of similar order. As the average p# decreases faster
with higher a, this results in a balance between which terms dominate
within the integral.

The effective current contribution can be calculated for distribu-
tion evolution shown in Fig. 1. For a 10-GeV electron originating in
the rising edge of an electromagnetic wave at peak intensity of
6$ 1022 W/cm2, this results in a frequency contribution shift changing
with laser phase as shown in Fig. 4. The contributions of pairs rise sev-
eral orders of magnitude as p# rapidly decreases. At low enough p#,
the gains of decreased momentum begin to saturate, and pairs oscillate
around a slowly decreasing average c. After the peak of the laser pulse,
as the laser a decreases, c can continue to decrease as the oscillations
become less significant, and a small amount of further decrease in p#
occurs as in Fig. 2.

The importance of transverse oscillation becomes apparent when
considering which configurations of pairs are most effective for gener-
ating maximal signature. If the product of the laser strength and pair
momentum is kept constant, such that the initial v is constant, pair
oscillation may trade-off against deceleration. This can be seen in
Fig. 5 where a parameter scan is performed across peak laser a0,

FIG. 3. When the pair distribution is scaled from the p# space to instead be repre-
sented in the py space, the peaking of the distribution function is sharpened. A sig-
nificant fraction of particles are reflected at the peak of the laser field, but eventually
pairs settle to small, but primarily counter-propagating momenta.

FIG. 4. Changes in the p# momentum distribution increase the effective plasma
density and corresponding frequency as pairs slowdown in the laser. The density
saturates when oscillations in the transverse momentum become significant enough
to impact the average c.
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keeping v constant by decreasing the initial pair momentum. At low
a0, the laser is not significant enough to decelerate particles to a low
enough p# to increase their impact. At a high a0, transverse oscillations
become significant enough to suppress the signal. The trade-off
between these effects determines the laser power that maximizes the
effective density. A simple model where the radiation reaction is taken
to be decelerate particles up to the point where v ¼ 10#1, such that
p#ð0Þ ¼ ð10x0a0Þ#1, captures the trend of the dynamics. Assuming
that all particles propagate in the laser for enough time to drop to this
level predicts an effective density of the form

neff , n0

2
0:1
x0a0

" #

1þ a20 þ
0:1
x0a0

" #2 : (14)

This curve is plotted in red in Fig. 5, capturing the trend and estimated
peak as found in the full kinetic simulations. This estimate is over-
optimistic with regard to both low and high a0, most likely as the
v ¼ 0:1 estimate does not capture the radiation reaction dynamics in
these limits. We note that this only optimizes for signature strength,
given some initial generated pairs. However, this model captures the
peak behavior well and is completely insensitive to the initial pair dis-
tribution as it is purely determined by laser parameters. Given this fact,
the results extrapolated from pair deceleration in isolation should cor-
respond well to the full frequency signature problem. The efficiency of
pair generation and its dependence on laser strength and the momen-
tum of the electron beam are a separate consideration. As pair creation
will increase with laser field strength, it is expected that the total
weighted density will plateau instead of decline.17 Effective density is of
limited use as a single metric for measuring the impact of generated
pairs on the laser frequency. The precise relation between density

changes and laser frequency changes instead is determined by a more
complicated integral over the time-varying density.17 However, the
effective density should serve as a reasonable, simpler proxy for this
quantity.

A. Distributional dynamics
To look for possible sources of high anisotropy, we characterized

the spread of momentum for pairs originating at different points
within the laser-electron beam collision. An increase and then sudden
decrease in the spread are notable in Fig. 1, and we aim to determine
for what range of pairs this behavior holds. It is known that at signifi-
cant v, the effective temperature of particles may increase as they sto-
chastically emit photons due to the quantum radiation reaction.36 In
the evolution of the pair distribution function, this can be seen in
Fig. 1 where in the rising edge of the laser pulse, the distribution greatly
widens over the duration of several laser cycles. However, in the bulk
of the laser, as the average p#, and correspondingly v, decreases, the
growth in the parallel temperature rapidly turns to effective cooling. A
significant increase in the parallel, py, temperature, with a static per-
pendicular temperature, pz, could serve to create a large temperature
anisotropy. Temperature anisotropy is a well-known source for plasma
instabilities.45–47 We characterized whether the quantum radiation
reaction could serve as a unique source for instabilities.

Significant increases in pair parallel, relative to the laser propaga-
tion direction, temperature cannot be sustained within the peak of the
driving laser. This can be seen in Fig. 6, where the distribution of pairs
is initialized at different phase (times) within the pulse. The second
moment of the distribution is calculated in comparison with the initial
conditions

Tk

T0
¼

n#1
0

ð
p2ynð/Þdp# # n#1

0

ð
pynð/Þdp#

" #2

n#1
0

ð
p2ynð/0Þdp# # n#1

0

ð
pynð/0Þdp#

" #2 ; (15)

FIG. 5. Simulations scanning across varying initial momentum and laser intensity
are performed, keeping the total v ¼ p#ð/0Þa0x0 constant. For each simulation
with varying a0, the effective pair contributions to the plasma frequency are calcu-
lated at the focus of the laser pulse, shown in blue. The red shows the analytical
estimate based on Eq. (14). The simulation results and estimate follow the same
trend, with pair contribution maximized at finite a0. At low a0, increasing a0 provides
larger deceleration, increasing the effective plasma density. However, at high a0, c
decreases due to strong transverse oscillations, resulting in a decreasing effective
density within the laser pulse.

FIG. 6. The pair hðpy # !py Þ2i initially increases regardless of where pairs are
injected in the laser. However, as pairs transition to low momentum and low v, this
quantity rapidly shrinks. Only pairs that originate in the weak tail of the laser pulse
maintain a large spread in py.
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n0 ¼
ð
nð/Þdp#: (16)

Pairs that experience the high-intensity parts of the pulse rapidly slow-
down and cool, as the field strength is high enough that the radiation
dominates. At low enough p#, oscillations in pz begin to impact the
map from p# to py, even though the distribution is still strictly con-
verging in p#. Only pairs that are initialized in the tail end of the laser
pulse experience the growth in the temperature associated with high v,
without the following fall. Pairs will primarily be generated in regions
of high field, so this suggests that in a full simulation coupling both
pair generation and radiation, it would be unlikely for a significant
increase in temperature to be observed across all pairs.

High parallel temperatures, and thus high-temperature anisotro-
pies, could be maintained in the case where particles exit the high-
intensity laser field before settling to low energy. This is present in
pairs with originate in the back half of the laser pulse. Furthermore, if
pairs that originate in the rising edge or peak of the laser are quickly
side scattered, decreasing the high field they experience, then the high
parallel spread in momentum might still remain “imprinted” on the
distribution. This effect would not be captured by the current simula-
tion, which is strictly performed in one dimension. Side scattering into
the perpendicular direction has been noted to be significant.25

Through these two mechanisms, it is possible that the unique proper-
ties of the distribution function at short times could be preserved for
observation, or as a source of collective plasma behavior.

VI. SUMMARY AND DISCUSSION
In conclusion, we provide a full description of pair momentum

evolution, identifying the trade-off between deceleration and trans-
verse oscillation. Radiation reaction-driven pair deceleration is neces-
sary to produce detectable frequency shifts from electron–positron
pair creation. For the parameters considered in previous work,18,25 an
intense laser can raise the relativistic mass weighted plasma density
orders of magnitude. As the average counter-propagating momentum,
p# ¼ c# py , decreases in the driving laser from the radiation reaction,
the Lorentz force begins to significantly impact the effective density.
The effect of the Lorentz force is not primarily the redirection of pair
particles, but instead an increase in the pair transverse momentum, pz.
When pz is on the same order of p#, the effective density is reduced
from transverse oscillations, inducing a form of relativistic transpar-
ency. This creates a trade-off between high laser intensity to achieve a
rapid deceleration of generated pairs and a low laser intensity to reduce
transverse oscillation.

A naive model for the particle energy, which sets a threshold of
v ¼ 0:1 for the radiation reaction, captures the qualitative features of
this trade-off, as shown in Fig. 5. A laser peak of strength a0 + 150
produces a maximal contribution of pairs to the frequency signature,
assuming a constant initial v for the generated pairs. In isolation from
the coupled pair creation problem, this suggests that there is limited
benefit in going to higher intensity if the aim is to produce a more dis-
tinct signature. Our conclusion aligns with the scaling law reported by
Qu et al.,17 which is verified through a series of numerical parameter
scans. Plasma dynamics can be probed through average frequency
shifts of a fraction of a percent across the pulse spectrum and a chirped
pulse structure that varies in frequency several percent, which can be
analyzed through interferometry.18 Moreover, our current paper
proves that the distributional dynamics do not significantly alter the

single-particle analysis for inducing laser frequency upshifts. It elimi-
nates the assumption of a low plasma temperature and generalizes our
results to relativistically hot plasmas, which often require special treat-
ment. The results are thus important for future experiments of QED
plasma in balancing the demands on laser a0 and electron beam
energy. However, it is worth noting that the fully coupled problem of
pair creation and deceleration may benefit from a more significant a0.
The trade-off observed for pair deceleration shows that generation can-
not be considered in isolation and that maximizing signatures will
require solving the fully coupled problem.

Changes in the width of the momentum distribution are large
over short timescales but are quickly quenched in the high v limit.
Thus, the changing momentum distribution alone cannot provide a
new source for collective QED plasma behavior. It is known that the
radiation reaction can seed plasma instabilities by creating unstable
plasma distributions.42,43 In the high v regime, when pairs strictly
propagate in one dimension, the distribution function rapidly
expanded and then contracted in parallel momentum. For pairs that
originate with a narrow spread of perpendicular momentum, it might
be the case that a large spread of parallel momentum could serve as a
source for an anisotropic, and thus unstable, distribution.

However, a highly anisotropic momentum distribution cannot be
maintained for pairs that experience a multi-cycle laser pulse with high
initial v. The initially highly stochastic emission of photons at high v
quickly collapses to low momentum as particles lose energy in the
strong laser field. For strongly anisotropic distributions to exist after
interacting with the driving laser pulse, either a distinctly different
energy and intensity regime must be considered or pairs must be
pulled out of the laser pulse before they evolve to lower and more
tightly clustered momenta. The latter case of brief exposure to high v
cannot be achieved in one dimension as all particles pass through the
entire wave. However, it can occur in a two-dimensional laser pulse
where side scattering becomes significant. In a two- or three-
dimensional simulation, kinetic effects might better correspond to pre-
vious work18,48 and could offer an explanation for the filamentation
therein.

Simulations evolved in laser phase and one momentum dimen-
sion serve as a limited starting point in looking for kinetic features in
QED experiments. The addition of spatial variation as well as non-
separable momentum coordinates could open up new, richer behavior.
This could be directly addressed through immediate extension of cur-
rent work to add additional transverse and longitudinal components
of the distribution function in both space and momentum. A fuller
description might lead to the maintenance of kinetic features for longer
durations or allow qualitatively new behavior to develop. To better
understand the stability of QED plasmas, numerically generated distri-
butions can be analyzed for the presence of unstable modes, and the
direct study of kinetic instabilities could be examined over longer
timescales.
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