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ABSTRACT

A two-beam high-power laser facility is essential for the study of one of the most captivating phenomena predicted by strong-field quantum
electrodynamics (QED) and yet unobserved experimentally: the avalanche-type cascade. In such a cascade, the energy of intense laser light
can be efficiently transformed into high-energy radiation and electron-positron pairs. The future 50-petawatt-scale laser facility NSF OPAL
will provide unique opportunities for studying such strong-field QED effects, as it is designed to deliver two ultra-intense, tightly focused laser
pulses onto the interaction point. In this work, we investigate the potential of such a facility for studying elementary particle and plasma
dynamics deeply in the quantum radiation-dominated (RD) regime, and the generation of QED avalanches. With three-dimensional particle-
in-cell simulations, we demonstrate that QED avalanche precursors can be reliably triggered under realistic laser parameters and layout
(namely, focusing f/2, tilted optical axes, and non-ideal co-pointing) with the anticipated capabilities of NSF OPAL. We demonstrate that
seed electrons can be efficiently injected into the laser focus by using targets of three types: a gas of heavy atoms, an overcritical plasma, and a
thin foil. A strong positron and high-energy photon signal is generated in all cases. The cascade properties can be identified from the final
particle distributions, which have a clear directional pattern. At increasing laser field intensity, such distributions provide signatures of the
transition, first, to the RD interaction regime, and then to a QED avalanche. Our findings can also be used for designing related future
experiments.

© 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/10.1063/5.0283438
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I. INTRODUCTION

The interaction of charged particles and photons with strong
electromagnetic (EM) fields has attracted considerable interest for
almost a century.' * Even before the modern formulation of quantum
electrodynamics (QED), the process of pair production under the
action of a strong EM field, vacuum nonlinearities, and the attainabil-
ity of the maximum possible EM field strength were studied and dis-
cussed.”® At some point, it was understood that the processes of

photon emission by charged particles and electron—positron pair pro-
duction by photons in strong EM fields exhibit properties that were
not encountered in perturbative QED, moreover, the interplay between
these processes and particle dynamics in EM fields gives rise to new
phenomena.” '? The initial studies of strong-field effects were mainly
of theoretical interest, motivated by astrophysical applications.'" "
However, high-intensity lasers, which became available after the intro-
duction of the chirped-pulse-amplification technique," decisively
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changed the landscape of QED studies in the presence of strong EM
fields, which are often referred to as strong field quantum electrody-
namcis (SFQED). The flexibility of the laser EM field configuration
and the ability of lasers to accelerate particles from underdense'” and
solid density'® plasmas and then make them interact with strong EM
fields of that very laser or a second one has paved the way for a pleth-
ora of experimental proposals to study QED in strong EM fields.

Though the interaction of laser pulses with particle beams and
plasma targets allows for a number of relevant experimental configura-
tions, there are three characteristic setups that are discussed in the lit-
erature: laser—particle beam, laser—plasma, and laser-laser.”'” Each of
these setups is characterized by a unique interaction geometry and an
interplay of SFQED effects with single-particle and collective dynam-
ics. The main difference comes from the role of the laser. While in a
laser—particle beam setup, the laser pulse serves as a target for the parti-
cle beam (which is in the spirit of studies at high-energy particle col-
liders), in the laser-plasma and laser-laser setups, the laser field serves
not only as a target but also as an accelerator for charged particles.
Efficient acceleration can be achieved in very different regimes and
geometries,” e.g., in a wake created in laser-plasma interaction or
directly by an electric field at the magnetic nodes of a standing wave
formed in laser-laser head-on collision. The latter configuration is cen-
tral in our work. In the laser—particle beam setup, there are usually no
plasma effects at play, since the particle densities in a beam do not
reach high values. In contrast, the laser-plasma and laser-laser setups
can be tailored to study collective effects. Up to now, only the laser—
particle beam configurations were explored experimentally for moder-
ate laser intensities,'® which means that mostly the photon production
and electron beam depletion were detected, with occasional electron-
positron pair production in conventional accelerator-based experi-
ments.'” *” New experiments within this paradigm are the E320 at
SLAC’® and the LUXE at DESY,”” which will explore previously unac-
cessible regimes of SFQED.

Since SFQED processes such as photon emission and pair pro-
duction depend strongly on the EM field strength, it was repeatedly
shown in theoretical and computer simulation studies (see the
reviews' ™ and references cited therein) that the utilization of high-
power laser facilities™ will pave the way toward new unexplored
regimes of particle interactions with strong EM fields. Novel multi-
petawatt (PW) laser facilities such as ELI-NP,””*" ELI Beamlines,’""*
CoRelLS,™ Apollon,j"l SULFE,” and the future NSF OPAL® can be
used for efficient generation of ultra-bright high-energy radiation and
particle beams by taking advantage of multiple photon emissions, pro-
lific pair production, and re-acceleration of charged particles that have
lost energy due to radiation emission (see, e.g., Refs. 37 and 38).

These interaction regimes can be revealed in QED cascades,
which are arguably one of the most fascinating SFQED phenomena. A
QED cascade is the process of an electron, positron, or photon energy
transformation during their interaction with a strong EM field into
multiple secondary particles (see Refs. 1-4 and references cited
therein) and usually consists of a series of nonlinear Compton and
Breit-Wheeler events following one after another in quick succession.
The two basic cascade types are identified by the interaction mecha-
nism: the shower and the avalanche (or self-sustained).”

A shower is a sequence of SFQED processes triggered by
high-energy charged particles or photons that enter a strong field
region.'” " In such events, the strong field induces elementary
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processes, however, its influence on the particle motion is usually neg-
ligible. Thus, the initial particle energy is transformed into secondary
particles and the total energy of all particles, initial and secondary,
remains roughly constant during the interaction. In QED avalanches,
charged particles (both initial and secondary) are continuously re-
accelerated by the field."* *” As a result, the total particle number and
energy can grow exponentially over time, as the energy is drawn from
the field. Both cascades operate in the so-called radiation-dominated
(RD) regime of interaction. In this regime, the charged particle dynam-
ics in a strong field are dominated by the emitted radiation, and a sig-
nificant fraction of the field energy can be transferred into high-energy
radiation.””** >

It is rather straightforward to relate the cascade types with the
corresponding experimental setups: laser—particle beam interaction is
suitable for showers,”* whereas avalanches can be generated in laser—
laser interaction.” ** It is worth noting that these associations are not
set in stone and different types of cascades can occur either almost
simultaneously or concurrently in different interaction geometries
(e.g., see Refs. 39 and 59-61).

The above-mentioned multi-PW facilities will allow experimental
studies of matter coupled to extreme fields deeply in the classical and
quantum RD regimes. While abundant production of electron—posi-
tron pairs can still be challenging, it seems possible to investigate the
transition from the single-particle motion dominated by strong quan-
tum recoil to avalanche precursors,” marked by the generation of a
measurable amount of e~ e™ pairs during the avalanche onset stage.
We illustrate the accessible interaction regimes in Fig. 1 and discuss
them in more detail in Sec. II.

Experiment-wise, the most limiting factors are brought by the
requirements to reach the highest intensity possible, and the necessity
to synchronize at least two counterpropagating laser pulses at the
interaction point. While simulations predict that cascades can be
potentially triggered at 10 PW scale laser facilities in an ideal sce-
nario,”* the technical constraints on the beam alignment and tight
focusing can raise the peak power requirements. Namely, counterpro-
pagating beams have to be tilted to avoid backpropagation of laser
pulses, and hard focusing to the diffraction limit f/1 can be challeng-
ing for a multi-PW laser beam.

In what follows, we investigate the capabilities of the near-future
multi-PW facilities for studying particle dynamics deeply in the RD
regime and the generation of avalanches within the laser-laser interac-
tion scheme. We focus on the anticipated range of NSF OPAL. The
preliminary design of this facility suggests bringing two synchronized,
tightly focused laser pulses up to 25 PW each to a single interaction
point, as required for triggering QED avalanches. We study the inter-
action of two laser pulses incident on a static target in a realistic config-
uration, investigate the particle dynamics in the RD regime and the
cascade evolution, and identify the final distribution key for designing
future experiments.

We rely on full-3D particle-in-cell (PIC) simulations with the
code SMILEI” and perform simulations with tightly focused short
laser pulses with realistically achievable parameters. We suggest practi-
cal targets for injecting electrons into the laser field focus during the
interaction. This can be achieved with a noble gas,(’"l dense plasma,65 a
solid target,””*°” or a high-energy particle-beam.”” In this work, we
test the first three options and compare the efficiency of each target for
the generation of QED avalanches. Finally, we perform a parametric
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FIG. 1. Landscape of the interaction regimes for electrons injected in an electric
antinode of a standing wave formed by two counterpropagating multi-petawatt laser
pulses. The parameter space is spanned by the total field amplitude (in dimension-
less units, a, = 2ap) and the energy &, = mc?y, that an electron can gain when
accelerated by the electric field of the standing wave. The top horizontal axis shows
the corresponding values of the total laser power delivered by two circularly-
polarized laser beams focused to the diffraction limit (f/1). The arrow at P. = 50
PW indicates the planned capabilities of NSF OPAL. The solid curves show &,
accounting for radiation reaction within the classical LL model (blue) and the
SFQED prediction (magenta), given by Egs. (2) and (4), respectively. The vertical
lines highlight the transition to various interaction regimes. Here, the parameter
€rad = 2re/3c determines the magnitude of the classical RR force [see also
Eq. (2)], and T denotes the avalanche-type cascade growth rate (N ~ exp[I't])
depending on a., see also Eq. (6). The star-shaped marker corresponds to the
point beyond which prolific QED avalanches become accessible. The y lines are
given by y, = (1/2)a,y,hw/mc?, where o corresponds to the laser wavelength,
i.e., 0.91 um. Under this choice, the line y, = 1 matches y.y,(a.) = 1 at the point
Ye & Yem(@s), Where ygn, and v, are given in Eq. (4).

study on laser parameters and investigate the effect of realistic laser
beam alignment on the interaction outcomes. This includes tilting of
the optical axes to avoid backpropagation of light in the optical systems
and non-ideal mutual focusing of two beams on the target.

The paper is organized as follows: we start with a brief review of
the physical interaction regimes accessible with ultrahigh-intensity
lasers in Sec. II: the RD regime in the classical (Sec. I A) and quantum
(Sec. I1 B) pictures, the basic theory of QED avalanches (Sec. II C), and
the NSF OPAL potential for studying the related effects. In Sec. ITI, we
discuss in detail the dynamics of QED cascades triggered by laser
pulses with maximal parameters anticipated at NSF OPAL, interacting
with targets of three types: a noble gas, a plasma, and a foil. In particu-
lar, we first describe the suggested targets (Sec. 111 A), then cover the
simulation setup (Sec. I11 B), discuss the target efficiency for electron
injection into the laser focus (Sec. 11 C), and compare them in terms
of the particle and energy yield in a cascade (Sec. III D). In Sec. IIIE,
we describe final particle distributions for one target type (krypton
gas). In Sec. IV, we perform a parametric study of the total photon and
positron yield with respect to the laser total power, polarization, and
focusing below and above the maximum NSF OPAL capabilities. The
effect of non-ideal alignment and synchronization of the laser beams is
studied in Sec. V. We conclude our work in Sec. VI with a summary
and outlook.

ARTICLE pubs.aip.org/aip/pop

Il. PHYSICAL REGIMES

The dynamics of charged particles in an EM field strongly depend
on the field strength and its geometry. A strongly accelerated charge
can emit a large amount of radiation, causing radiation reaction (RR),
which modifies the particle’s motion. In very strong fields, quantum
effects in radiation become sizable and QED cascades can be triggered.
All these phenomena allow for new interaction regimes. A suitable
field configuration for exploring cascades is a standing EM wave,
which is a reference case.”***>***” Below, we qualitatively describe
the interaction regimes of an electron with such a field at high
intensities.

A. Radiation-dominated regime in the classical picture

Let us consider an electron in a strong EM standing wave formed
by two counterpropagating laser beams. For simplicity, in this section,
we assume that the two laser beams have circular polarization (CP) in
such a way that the magnetic field B vanishes and the electric field vec-
tor E rotates at the E antinodes. The rotating E field admits the solu-
tion of classical equations of motion for an electron injected in the
center of an electric antinode,”’ which is useful for classifying the inter-
action regimes.

Let us denote the dimensionless amplitude of a rotating E field by
a, = 2ag, where

a =2 1)
mee
Here, e > 0 is the elementary charge, m is the electron mass, and E,
and o are the amplitude and frequency of a single laser beam, respec-
tively. Consider an electron injected into the field, initially at rest.
According to the classical equations of motion, the electron’s Lorentz

factor will oscillate with time as y, = /1 + a? sin?(wt/2). Ata. > 1,
the electron will become relativistic within a subcycle of the field. As a.
increases further, the interaction changes qualitatively. Let us briefly
discuss these interaction regimes, which we also illustrate in Fig. 1.
Accelerated charges radiate, and at a, > 1, the electron motion
is modified by RR."* This modification competes with acceleration
and limits the maximum energy that the electron can acquire. RR
starts to dominate the electron’s motion at a, = e;a;/ 3,70 when the radi-
ated energy becomes comparable to the electron’s energy gain from
acceleration. This characterizes the RD regime. Here, €., = 27,0 /3c¢
is the classical dimensionless parameter determining the magnitude of
the RR force, and 7, = e?*/mc® is the classical electron radius.
Precisely, in a rotating electric field, the energy balance condition reads

@ =y, — (1 +eg)d), )

which is plotted in Fig. 1 (see the continuous blue line). Note that the
curve changes slope at a, ~ e;aé/ ?, which marks the transition to the
RD regime.

B. Quantum radiation

In the setup at hand, the electron energy is essentially determined
by a.. As a, increases, the classical picture of RR breaks down. From
the perspective of QED, radiation is a stochastic process with discrete
photon emissions causing recoil. This is described as nonlinear
Compton emission, et + ny, — et + 7, in which electrons exchange
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n > 1 soft photons y; with the background laser field. Furthermore,
in a strong field, the emitted hard photons can create e~ e™ pairs via
the nonlinear Breit~-Wheeler process, y + n'y;, — e~ +e*.

The total probability rates Wycg and Wypw for these elementary
processes are controlled by the energy mc’y,, and the quantum
dynamical parameter %, , of the incident e* or photon, respectively.'
#1213 The latter is defined as

1

where u,, = p,,/(mc), p,, are the electron and photon momenta,
and E and B are the local electric and magnetic field components of
the laser field, respectively. For e, y, corresponds to the rest frame
field strength in units of Es. Here, Es = m*c /eh is the Sauter-
Schwinger field. The amplitude Eg corresponds to an intensity of about
4.6 x 10® W/cm?."” We present the full expressions for W,cg and
Wipw in Appendix A.

Within QED, it is natural to characterize the interaction regimes
by the value of y,. Emission becomes essentially quantum at
%. = 0.1,”" at which point the particle dynamics change. If the field is
well below the Sauter-Schwinger limit (E < Es) and the electron is
ultrarelativistic, the electron motion can still be viewed as semiclassical.
Namely, particles propagate along classical trajectories,'” but the RR is
accounted for in random photon emission events."” These events can
be treated as point-like within the locally constant field approxima-
tion,' which we assume valid for the interaction regimes discussed in
this work, as it generally requires ap > 1 (see also Appendix B for a
more detailed discussion of the approximations in use).

During the electron acceleration, y, varies and can increase with
time, as well as 7,. Hence, the emission probability rate is parametrized
as Wycg(t) = Wacg[7.(t), 2.(t)], and, more importantly, it can contin-
uously grow along an electron’s semiclassical trajectory. As a result, the
field energy can be efficiently converted into radiation. This is a striking
feature of the standing-wave field configuration that defines the interac-
tion. Notably, such restoration of y, is not revealed, for example, in the
interaction of an electron with a single plane wave, as y, is conserved
during semiclassic motion in between quantum emissions.”” The quan-
tum parameter of each particle produced in an elementary QED event
(either photon emission or pair production) is smaller than that of the
particle initiating the event. These two points combined make the plane
wave setup (namely, a weakly or moderately focused single laser), in
principle, unsuited to access the important regimes investigated here.
Notably, at very strong focusing, y, can grow for electrons injected in
the focus.” Furthermore, interaction with a dense plasma can change
the dynamics significantly, opening access to different interaction
regimes, including avalanche-type cascades.””’

Taking this into consideration, we can estimate the timescale f.,
at which the accelerated electron emits as fte"‘ Whcg(t)dt = 1. By tem,
the electron acquires 7o, = 7, (fem) and Je = ¥ (fem)- As a result, the
properties of emission and the interaction regime are defined by these
quantities. ., can be small or large compared to unity, depending on
a, and other field parameters. In particular, in a CP field, we can
approximate the field dependence at y,,, < 1 as”’

\/WOTc [dds
Otey >~ 1.7 X — [—
o Ay
Ay
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where « is the fine-structure constant, ¢ = h/mc*> ~ 1.29 x 1072 s
is the Compton time, and we introduced as = eEs/mcw = 1/w1c.
The approximate identities in Eq. (4) are valid at wte, < 1. AS fem
decreases with a., they are robust at strong fields such that a, > 1.
We plot the full expression of y,,,, i.e., beyond the asymptotic expres-
sions in Eq. (4) (see also Refs. 58 and 69) as a function of a, in Fig. 1
(see the magenta line; the round point denotes the validity limit
Oty = 1 from below). In the crossover region ., = 0.1, 9., matches
the classical expression in Eq. (2) within an order of magnitude.
However, the classical theory overestimates the emission losses as a, is
increased. This is a well-known feature seen in classical synchrotron
radiation, see, e.g., Ref. 13. We also note that the validity of the classical
descri}ﬁigq can be extended by introducing a quantum correction
factor.'"*""

C. QED cascades

When y,,,, approaches 1 (marked by a star in Fig. 1), the proba-
bility of pair creation by the emitted photons becomes high. This signi-
fies the transition from single-electron dynamics in the RD regime to
the onset of QED avalanche-type cascades, which is essentially a
many-body regime. As the initial and secondary charges continuously
experience acceleration and emit hard photons, e~ e" pair yield can
reach a steady exponential growth in time, N ~ exp(I't),"" ">’ where
I' is the so-called cascade growth rate. Estimates show that the field
scale for reaching high-multiplicity cascades is of the order
a, ~ aas " (shown in Fig. 1). However, it was demonstrated with
simulations™**""°*%%"7> and  recent theoretical analysis®**’ that
avalanche-type cascades can onset at significantly lower fields.

The cascade dynamics can be split into two stages: onset and a
(quasi-)steady state. The former is highly nonstationary, as the charac-
teristic quantities (such as the average energy and y,) in the cascade
change rapidly. If the field duration is long enough, the variation of
these characteristics saturates, and the cascade reaches the second
stage, in which the time dependence of Wcg ngw, I', and other quanti-
ties vanish (or they vary adiabatically at a “slow” timescale determined
by the field envelope).

The spatial distribution of the field, e.g,, if laser beams are tightly
focused, also affects the cascade growth rate I'.° As the interaction
area for such fields is small, e*-s and 7-s migrate from the focal area
during the interaction at rates v, o .”” This limits the pair yield in a
cascade at lower fields,”” and imposes a threshold condition for the
steady state formation.”” Overall, I' depends on the field parameters
parametrically via the rates of particle production and migration:”’

=

WnBW+Ve+Vy>< _1+ 1+4WnBW(2WnCE_Ve) _21/6”*,7
2 (Wapw + v, +v3)

®)

where Wicg npw = WicknBw (Vems Zem) are the effective process rates
in a cascade.”® The threshold condition then reads I' = 0, which can
be viewed as an implicit equation for the field strength. In particular,
for the CP Gaussian beams focused to the diffraction limit (f/1), T’
near this threshold can be written explicitly

“) w 1.52n%0a oa
a . * S
Vo~ / - * @ 222 o (—1.92 . 6)
Yem =~ 1.7 X pr— Hem = 1.4 X pl o wicas P< o )
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where we estimated the electron and photon migration as v, ~ 2c/
wo + w/(2m) and vy, ~ 2¢/wy with the beam waist wy ~ 27c/w. In
Fig. 1, we plot the field strength ag,, corresponding to the threshold
condition I'(ag) = 0 (vertical solid green line). At f/1, ay ~ 1400,
which corresponds to P, ~ 42 PW.

We emphasize that for efficient particle production, the cascade
should reach a steady state. In short laser pulses, this is not guaranteed,
especially if the field strength is close to ay,. Still, e"e™ pair yield can
be relatively high already at the onset stage. We denote this subregime
as the avalanche precursor: a transition from the quantum RD regime
to high-multiplicity avalanches. For the sake of an estimate, one may
assume that it extends up to the field strength a. such that
I'(a.) = /2% (shown in Fig. 1 as the vertical green dash-dotted line).
This condition guarantees a high particle yield in one field cycle.

Finally, at very strong fields, a, > oas, the particle production
rate becomes so high that the created e~ e™ pairs can rapidly form a
dense relativistic plasma and even potentially screen the laser field.””**

D. NSF OPAL potential

The anticipated capabilities of NSF OPAL’ will allow for the
exploration of most of the regimes charted in Fig. 1. The relevant
parameters are summarized in Table 1. The maximum total power
P, = 2Py = 50 PW delivered by two laser pulses, called Alpha beams
(each of power Py) is marked by an arrow on the top horizontal axis of
Fig. 1. Based on the estimates discussed above, the electron-laser inter-
action can be studied deep in the RD regime, as well as the quantum
RR regime. At the peak potential, seed electrons can gain y., =1,
therefore, the avalanche precursors are within reach.

Pair production in cascades is sensitive to the peak field strength
a.. At fixed peak power, the maximum g, is higher (by a factor of v/2)
for a linearly polarized (LP) wave as compared to CP. The classical
electron dynamics in LP standing waves is known to be chaotic’’ and
qualitatively changes with growing a.,”’ which complicates analytic
considerations. Still, qualitatively, the regimes of electron-laser interac-
tion and their characteristic scales are similar to the CP case. In partic-
ular, electrons can be accelerated efficiently, so that y, can grow
rapidly. Therefore, the RD interaction regime™ and avalanche-type
cascades’™” are also accessible. For a more general analysis of field
configurations suitable for triggering cascades, see Refs. 58 and 69.

TABLE I. Expected parameters of a single Alpha beam at NSF OPAL. The possibility
of two such beams at the interaction point is included in the facility design. The value
of ag is calculated for the wavelength 4 = 0.91um.

Power P, 25 PW
Intensity 5 x 10% W/ecm?
Energy 500]
Pulse duration 20 fs (FWHM)
Focal spot 2.3 um (f/2, FWHM)
Polarization Linear or circular
Peak ay at f/2 LP 550
Peak g at f/2 CP 389
Pulse co-timing 10 fs (rms)
Co-pointing precision 1.5 um
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Ill. GENERATION OF AVALANCHE-TYPE CASCADES

We first study the possibility of generating QED cascades with
two LP*” laser pulses at the maximal parameters anticipated at NSF
OPAL (see Table I). In this section, we consider the best-case scenario
laser field configuration. Namely, the laser pulses counterpropagate
along the same axis and form a standing wave; their polarization axes
match, and the focal points coincide at r = 0, and the pulses are per-
fectly synchronized in time. This guarantees that the electric field com-
ponents add up constructively and reach a maximum in the focal
center. The effect of the tilted optical axes, misalignment, and pulse
mistiming is discussed in Sec. V.

In this field configuration, we test three realistic options for
injecting seed electrons into the focal center: via ionization of a krypton
gas, a plasma slab, and a thin aluminum foil. The interaction scheme is
illustrated in Fig. 2 for the former case. For each target, we identify the
development of a cascade with high photon and positron yield. We
briefly discuss the temporal evolution of the cascade parameters and
compare the target efficiency in terms of the positron yield.

The analysis is based on 3D PIC simulations with the code
SMILEL" which includes Monte Carlo modules for the strong-field
QED effects and strong-field ionization. This approach allows us to
describe the spacetime evolution of the strongly-focused laser field in
accordance with Maxwell’s equations and treat the plasma dynamics
in the RD regime consistently.

A. Targets

We test three different targets at the interaction point to inject
electrons into the laser focus. First, we consider a heavy-atomic noble
gas. It is subject to strong-field (tunneling) ionization®** and the
threshold field required for ionizing electronic subshells grows with

<

FIG. 2. Scheme of the interaction: two incident LP laser pulses (with the parameters
listed in Table 1) form a standing wave and ionize a krypton gas. Electrons are
injected into the laser focus and trigger an avalanche-type cascade. The generated
e* and y-photons outgoing from the interaction point are depicted with blue and
yellow spheres, respectively. A0 denotes a polar angle opening (see Sec. II| E).
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the ionization potential. When the gas is irradiated by an intense laser
field, the outer shells are instantly ionized, and the corresponding elec-
trons are quickly expelled from the interaction area.”*” However,
deeper subshells of heavy elements can be ionized only by a strong
field. The key idea is to select an atom with inner subshells that can be
ionized only in the focus, where the field is close to its maximum.
Then, the extracted electrons will be exposed to a strong field and trig-
ger the cascade.”*

In Fig. 3, we plot the expected ion populations depending on the
local field intensity for three noble gases. To obtain these curves, we
used the Perelomov-Popov-Terent’ev formula for strong-field ioniza-
tion derived for small values of the Keldysh parameter™ ** (see also
Ref. 89). In the version of SMILEI PIC code used here, this formula is
implemented following the algorithm suggested in Ref. 90. Let us note
that we do not take into account barrier suppression corrections,
which are expected to be important for the dynamics of outer shell ion-
ization by an incident laser pulse.”*”"”* As we suggest below, in the
parameter range of NSF OPAL, it is beneficial to use the 1s-subshell of
krypton as a source of seed electrons triggering a cascade. Ionization of
these atomic states appears insensitive to barrier suppression or other
corrections to the strong-field ionization model.”

For 34Kr, the threshold for ionizing the two last 1s electrons is
below but still close enough to the range of intensities relevant for NSF
OPAL. Therefore, in the event of Kr**" ionization, these electrons will
be injected directly into the focal area. For these reasons, we choose
krypton as a candidate for seeding avalanches in our setup. We set the
gas density to 3.74 x 10" cm ™ in the simulation. Assuming a fully
ionized gas (initially neutral), this would correspond to the density of
~ 0.1n, for electrons, where 1, = gyma?/e* ~ 1.35 x 10> cm > is
the critical plasma density. However, note that this value is not reached
at the interaction point, as the electron density rapidly varies in time
and space during the interaction, see the details below. As we are inter-
ested specifically in the interaction dynamics in the strong-field region,
to optimize the simulation time, we use a small ball-shaped target of
radius » = 0.75wy ~ 1.34 um. We also consider initially charged ions
Kr*®", as outer electrons are extracted at earlier stages and do not par-
ticipate in the interaction in the focal center.”” Let us mention that our
simulations show that, potentially, argon can also be used for trigger-
ing cascades. However, when compared to krypton, the number of
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seed electrons injected in the focal area will be lower for the studied
setup parameters. Using xenon could be efficient at higher intensities.

Next, we consider plasma seeding, and take a small ball-shaped
target of radius r = 0.75w, ~ 1.34 um, and set the plasma density to
10n..”" Note that under the considered parameters, the total laser field
remains unaffected during the interaction with such a plasma target.

Finally, for the aluminum foil, we assume that the target is a thin
disk of thickness d = 0.2wg ~ 0.356 um and r = 0.75wy ~ 1.34 um
in the transverse direction. The laser pulses are normally incident on
the foil surface. The targets’ parameters are summarized in Table II.
Note that the choice of the target thickness satisfies the condition
ay > m(ng/n.)(d/2)/2 = 350, ensuring that two pulses can penetrate
the target from its sides.”” *

To conclude the discussion about targets, let us estimate the rele-
vance of QED showers linking bremsstrahlung and Bethe-Heitler pro-
cesses in the targets. For this, we use a simple estimate of the radiation
length™ Xy = 1/[4ar’noZ(Z + 1) log (183Z7/3)] (see also Ref. 99 for
recent progress on the theory of showers in matter). Under normal
conditions, one obtains for aluminum (Z = 13, np &~ 1.6 x10% cm™>)
Xo ~ 3 cm and orders magnitude larger for krypton. Hence, by using
smaller-sized targets, it is possible to exclude the development of show-
ers generated by the bremsstrahlung and Bethe-Heitler processes,
which is achievable in future experiments.

B. Simulation setup

We perform 3D PIC simulations with the code SMILEL®” Let us
briefly describe the laser field setup. Each laser pulse is strongly focused
at r = 0 and propagates along either the positive or negative x-direc-
tion. The field wavelength is set to 4 = 0.91 um throughout and the
corresponding period is indicated as T = A/c. For each pulse, the tem-
poral envelope is Gaussian with duration Tpwpv = 20 fs (per intensity
profile), so that the components of the field are o aq exp(—t2/7%),
where T = Trwmv/ V2 In 2. The spatial profile in the focal plane is also
Gaussian in the transverse direction with waist wewpm (intensity pro-
file), so that the field components are o ag exp(—r*/w?) in the focal

TABLE II. Comparison of the parameters for three different targets, and the corre-
sponding positron yield and energy transfer in avalanche-type cascades. The krypton
and plasma targets are initially homogeneously distributed in a ball of radius
r = 0.75wp ~ 1.54. The aluminum foil is shaped as a disk of thickness d = 0.2w;
along the laser propagation axis, and of radius r = 0.75w; in the transverse direc-

R 25; —6e” - 2172 —9e” - 21756 tion. N, is the number of seed electrons in the focus calculated at time
:56_ - ls, —de” -~ 2s ) Te” - 2194 —10e” — 2p t = —0.5T. Here, we use easer ~ 1000J to denote the total laser energy, &,—the
] Oe - 17 —bhe” -2p 8e” —2p photon energy, and .+ ;—the total energy of electrons, positrons, and ions.
3, (;g | X 18 Arl Target Kr gas Plasma Al foil
o U1
2 45 X Density 1 374% 10%em™>  10n, 582n,
g 10l 36 Ki size, um r=134 r=134 d=0356
~ 051 > M Nfoe, 2.89 x 10°  6.23 x 10° 1.16 x 10"
0.0 3 | 54 Xd N, 371105 7.44 x 10° 6.88 x 10'°
102 10% 10% N, /NP¢, 1.28 1.19 0.591
] 2 Energy conversion ¢,
Intensity, W /cm Energy ) ~ 10-3 206 25.97
% of Elaser
FIG. 3. Dependence of ion populations of noble gases on the laser intensity as a Energy conversion & j, 10-6 027 441

result of tunneling ionization. For a laser interacting with the gas, these curves map
the field intensity profile to the expected densities of resulting ions.

% of Elaser
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plane x = 0, where wy = wrwmv/V 2 In 2. In this section, we consider
f/2 focusing, so wrpwnm = 2.3 um (wy &~ 1.961). The power is fixed
to Py =25 PW per pulse and the polarization is linear along the
y-direction, so the maximum field amplitude is 4y = 550 and the cor-
responding intensity Iy ~ 5 x 10?> W/cm® (hence, for the total field,
P, =50PW, a. =1100, and intensity I = 2 x 10** W/cm?).
Under these parameters, a single laser pulse has an energy of ~ 500 J.

The field components are calculated by solving Maxwell’s equa-
tions numerically with the method suggested in Ref. 100. We specify
the transverse magnetic field components in the focal plane, so that
B,|,_o = 0 and the B, component for the pulse propagating in the
positive x direction reads (in the dimensionless units):

B, o= 61()@7()'2”2)/“’3ef(’/f)2 cost. 7)

We flip the sign of B,|,_, for the counterpropagating pulse, so that
x = 0 corresponds to the electric antinode center of the total standing-
wave field. Before running a full simulation of the interaction with a
target, the field of each laser pulse is propagated backwards from the
focal plane to the corresponding simulation box boundary. This pro-
vides boundary conditions ensuring the field shape at the focus. Then,
all the field components are evaluated in the PIC loop at all time-space
points during the simulation run. See also the LaserOf fset option
description in the SMILEI code manual.'’" A snapshot of the numeri-
cally calculated E, component distribution before the interaction is
shown in Fig. 4.

The expected contrast at NSF OPAL is at the level of > 10 in
the far field up to 100 ps before the main pulse (the facility design is
based on the optical parametric chirped-pulse amplification tech-
nique). We assume that under these parameters, the target (in particu-
lar, a foil) survives the interaction with the prepulse, namely, it does
not expand significantly before the arrival of the main pulses.
Therefore, in this work, we do not simulate the interaction with the
pedestal and consider only the main femtosecond-scale pulses.
Notably, in the double-pulse geometry, the electrons are compressed
by the ponderomotive pressure from the two sides of the target, which
also helps to keep the target confined before the main pulse arrival.

We set PIC simulation parameters as follows: the simulation box
is sized 204 in the x-direction (along the laser pulse propagation) and
40/ in the y- and z-direction. The laser field focus and the target are
located at the box center at the origin r = 0. The time ¢ = 0 is chosen

550
44 E,
4 367
2 183
,<
~. 0
9 —183
—367
—4
—550

100 =75 =50 —25 0.0 25 50 7.5 10.0
x/A

FIG. 4. Distribution of the E, component of the field of two counterpropagating laser
pulses in a plane z = 0 before the interaction. The green circle shows the initial
shape of the krypton and 10n.-plasma targets used in simulation (see also Table Il).
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as the moment when the laser envelope centers reach r = 0. At the ini-
tial stage of each simulation, the target is not exposed to the laser field.
The laser pulses are injected from the box boundaries and are incident
on the target from the sides during the run as described above.

The spatial and temporal resolutions are set to resx = 4/16 and
rest = T/160, respectively. In simulations with the aluminum foil tar-
get, the spatial resolution in the longitudinal x-direction is set to
resx = 4/200 to resolve the corresponding plasma wavelength, and
rest is increased according to satisfy the Courant condition. We use
Monte Carlo modules to describe radiation and pair creation (via the
nonlinear Compton and Breit-Wheeler processes, respectively), as
well as the ionization process. The value of rest is chosen to resolve the
quantum effects. Finally, the number of particles per cell is varied in
simulations depending on their computational complexity, but is kept
between 8 and 16. We ensured the overall stability of our results under
the variation of these parameters.

C. Injection of electrons and the cascade onset

Let us compare the simulation results for the three targets intro-
duced above. In Fig. 5, we show the temporal evolution of the cascade
parameters for the three cases.

Let us first discuss the interaction dynamics with the krypton gas
target. In Fig. 5(a-1), we show the ion population evolution. The curves
correspond to the instantaneous ion numbers normalized to the total
number of krypton atoms. As the laser field starts interacting with the
gas, all states up to Kr**" get rapidly ionized before the peak field
arrives at the target. Note that the final krypton ion states are popu-
lated by Kr*** and Kr*®". As the last two 1s electrons require a higher
field for jonization, these electrons will appear only in the focal center.
Note that the two 1s electrons have close potentials and therefore in
practice are often ionized together, see also Fig. 3. The outer volume of
the focus, where the field is weaker, is populated by Kr*** and lower
charge states.

For brevity, by seed we call the electrons that are extracted during
the ionization process (for krypton) or are initially contained in the
target (for the plasma and foil) before the interaction with the laser
field. In SMILE], it is possible to track their dynamics independently.
In Fig. 5(a-2), one can see that as the ionization process develops, the
corresponding number of seed electrons Ngeq grows (see the red
dashed line) and saturates after the maximal field is reached.

A cascade can be triggered only by seed electrons located near the
focal center. Let us define the focal volume by a box of volume 4> at
the center and track the number of electrons in it. This number is
shown by the red solid line in Fig. 5(a-2). After a sharp increase, the
number of seed electrons in the focus gradually decreases as they are
pushed by the field. The two bumps near t ~ —4.5T and —0.5T corre-
spond to the ionization of the 1s electrons in the focus. The maximum
and mean y, for electrons in the focus exceed unity [see Fig. 5(a-4)].
Therefore, such electrons can trigger an avalanche-type cascade.

In Figs. 5(b) and 5(c), we show the dynamics of the seed electron
number and y, in the focus for the plasma and foil targets, respectively.
The overall qualitative behavior is similar: as the field impinges on the
target, the electrons in the focus are pushed by the field, and at the
same time, the corresponding maximum and mean values of y, grow
above unity. The main difference from the krypton target is a higher
density of seed electrons.
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FIG. 5. Evolution of the cascade parameters for seeding with: (a) a krypton gas, (b) a plasma of density 10n., and (c) an aluminum foil. For each case, the plots show (from
top to bottom): (1) field strength at the focal center [in (a-1), the field strength is shown in gray in arb. units and we also present ion populations], (2) the number of seed elec-
trons in the simulation box (dashed) and in the focus (solid; the focal volume is defined by —0.54 < x, y, z < 0.5/); the black markers define the number of seed electrons

Se

N, in the focus calculated at time t = —0.5T,

(3) the number of positrons normalized to N

(4) , of seed electrons in the focal spot (the light-blue band shows the 90-

seed’

percentile of the seed electron distribution in %,). In (a), we also show the simulation results for an idealized e~ target with black solid lines (“e~ seed” in the legend), see Sec.
[\VA for more details. The data are obtained from 3D SMILEI PIC simulations, in which two LP laser pulses counterpropagate, and for each pulse: ay = 550, focusing f/2
(peak power is Py = 25 PW per pulse), duration 20 fs. The target parameters and results for all cases are summarized in Table |I.

It is convenient to introduce the number of seed electrons in the
focus stgecd calculated at a fixed time close to the cascade onset. This
allows for a consistent measure of different cascade parameters per
seed electrons. We choose t = —0.5T, as at this moment the laser field
amplitude is close to its maximum, and the conditions are favorable
for the cascade development. We explicitly show
in Figs. 5(a-2), 5(b-2), and 5(c-2) and present the corresponding values
in Table II. Because N, is proportional to the initial target density, a
foil provides the highest value.

D. Positron yield and energy transfer

Nfoc

seed

for

each target

A significant number of e et pairs are created during the
interaction for all targets considered in our simulations. In Figs. 5(a-3),
5(b-3), and 5(c-3), we plot the time dependence of the positron num-

ber N,+, normalized by N foc

seed

for each target. Pair creation approxi-

mately starts when the first seed electrons gain y, ~ 1, which occurs
around t ~ —3T [see the corresponding curves for max () in Figs.
5(a-4), 5(b-4), and 5(c-4)]. We associate this moment with the ava-

lanche onset.

All three targets are suitable for triggering avalanches, and we
find that the number of produced positrons provides a strong signa-
ture of the avalanche precursor. Notably, a steady exponential growth
was still not reached for the chosen parameters. For this, higher fields
or longer pulses are required. As we show in Sec. I'V, one of the options
is using tighter focusing, e.g., f/v/2.

The resulting total number of positrons is presented in Table II.
Our simulations predict the creation of approximately one positron
per seed electron in the focus for the krypton and plasma targets. The

number N, /N, is somewhat lower for the foil target. This is due to
partial screening of the laser field inside the foil due to its high density
[see Fig. 5(c-1)]. On the other hand, among the three targets, the total
positron yield is the highest with the foil, which is due to a high num-
ber of seed electrons.

Let us also compare the energy transfer from the laser field to the
hard photon radiation and charged particles. The corresponding values
estimated at the end of the interaction'’” are presented in Table II. As
one can see, the percentage of the transferred energy strongly depends
on the initial target density. For the foil, the total energy transfer from
the laser field reaches ~30%, and most of it is contained in photons.
Figure 6 shows the evolution of the species energy during the interac-
tion with the aluminum foil. As electrons are accelerated by the field,
they rapidly start losing the gained energy in emission, which domi-
nates the particle dynamics, namely, it takes place deeply in the RD
regime. The radiative, i.e., the high-energy photons, component still
dominates after the cascade onset and its further development.

E. Final particle distributions

The final energy and angular distributions resulting from the
interaction are fundamental quantities of interest for experiments. The
normalized final particle distributions resulting from the three consid-
ered targets share similar features. Therefore, in this subsection, we
provide the simulation data obtained for the krypton gas. The
final particle spectra and angular-energy distributions are presented in
Figs. 7 and 8.

Let us first consider the full spectra of electrons and positrons
[see the black lines in Figs. 7(b) and 7(c)]. The electron spectrum is
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FIG. 6. Time dependence of the energy balance between the laser field, radiation,
and particles. The results are obtained from PIC simulations with an aluminum foil
target (see also Table II). The data are normalized to the total energy of two laser
pulses (= 1000 J). The orange curve is obtained by integrating the spectral data for
photons with energy > 1MeV. The laser field configuration is described in Sec.
[l B. Note that the figure shows the total energy contained in the actual simulation
box. The maximum laser energy (as well as the energy balance) is reached at
t= — 5T, when the pulses fully enter the simulation box.

dominated by lower energies, as compared to the positron distribution.
This is due to the contribution from the initial electrons. As they are
distributed in the volume, a significant fraction of these electrons is
exposed to weaker fields, so they gain less energy during the interac-
tion. The spectrum for the electrons that were created in the cascade
[see the green dashed line in Fig. 7(c)] matches the positron spectrum
perfectly.

The high-energy behavior of the y and e* spectra is linked to the
geometry of the interaction. Most e~ in the focus of the standing wave
are accelerated transverse to the laser propagation axis by the electric
field of the standing wave. However, the pulses can accelerate some of
the charged particles longitudinally, i.e., along the laser propagation
after the crossing.'*'"*

We now consider the angular dependence of the spectra from
this perspective. Figure 8 shows the final angular-resolved distribu-
tions. The angles are chosen with the following convention [illustrated
in Fig. 8(a)]: ¢ is the azimuthal angle, —n < ¢ < 7, counted from the
positive direction of the y-axis in the (yz)-plane, and 0 is the polar
angle, 0 < 0 < 7, counted from the positive direction of the x-axis.
Recall that the laser pulses propagate along the positive or negative x-
direction (0 = 0 or 0 = =, respectively) and the electric field is polar-
ized in the y-axis (0 = 7/2, ¢ = 0 or 7). For brevity, we refer to these
directions as longitudinal and transverse, respectively.

As seen from Figs. 8(a), 8(b), and 8(d), photons are predomi-
nantly emitted transversely in the xy-plane, and the most energetic
photons are distributed around the transverse direction. For illustra-
tion, in Fig. 7(a), we also show the spectra for photons emitted around
a selected direction with the angular spread A0 = 0.157: longitudi-
nally, so that 0 < 6 < Af (the blue curve), and transversely, /2
—Af < 0 < /2 + A6 (the orange curve; see also Fig. 2 for illustra-
tion). Note that the value Af = 0.157 is chosen for illustration, and
variation of A does not affect the overall discussion presented below
as long as the transverse and longitudinal motion can be separated (see
Appendix C and Fig. 12 therein for more details).
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FIG. 7. The final spectra of (a) photons, (b) electrons, and (c) positrons. In all plots,
the black line shows the spectrum calculated for all particles in the simulation box,
the orange line corresponds to particles propagating in the polar angle opening
0.357 < 0 < 0.657, the blue line to particles propagating in 0 < 6 < 0.157
(recall that 0 = 0 corresponds to the laser propagation axis). The green dashed
line in (c) shows the spectrum exclusively for electrons that were created in the cas-
cade. The vertical dark-blue and magenta lines show the maximum e~ energy esti-
mated from Eq. (2) and y,,mc? given by Eq. (4), respectively (see also Fig. 1). All
spectra are normalized to the total number of the corresponding species. The injec-
tion is implemented via a krypton gas (see Table I1), and the laser field configuration
and parameters are presented in Sec. II| B.

The spectra of charged particles carry additional information
about the interaction dynamics. As follows from the ¢-distribution in
Fig. 8(c), charged particle motion happens mostly parallel to the xy-
plane, which also explains the photon emission pattern. The 0-distri-
bution in Fig. 8(e) shows that a fraction of the positrons are accelerated
longitudinally in the fields of the pulses (see the lobes rising near 0 ~ 0
and 0 ~ 7). The longitudinal acceleration explains the extension of the
high-energy tail beyond 1GeV in the electron and positron spectra
shown in Figs. 7(b) and 7(c), respectively. Particles that travel trans-
versely have a cutoff at noticeably smaller energies around
~300-400 MeV.

Let us consider the high-energy tails for the transversely propa-
gating particles in more detail [see the orange curves in Figs. 7(b) and
7(c)]. We can compare the energy of the tails to the estimates based on
the RR models introduced in Secs. IT A and II B. The classical expres-
sion with the LL term, given by Eq. (2)'”” predicts a maximum electron
energy &, = mc*y, ~ 270 MeV for a. = 1100 and 1 = 0.91 um. We
mark this threshold by a blue vertical line in Figs. 7(b) and 7(c). As
one may see, the exponential tails extend beyond the prediction of the
classical theory; hence, as expected, the RR is manifestly quantum. The
exponential cutoff location can be estimated with Eq. (4), which gives
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FIG. 8. (a) Final angular distribution of photons (in arb. units). Note that the electric field is polarized linearly in the y-direction (0 = /2, ¢ = 0 or 7). (b)-(e) Final photon and
positron angular-energy distributions (normalized to unity). The parametrisation of angles is illustrated in (a), which is used throughout. The green curves show the energy-
integrated angular distribution on a linear scale in arb. units. (namely, the 2D plot integrated along the vertical axis). Here, the target is krypton gas (see Table Il), and the laser

field configuration and parameters are presented in Sec. Il B.

YemMc? a2 360 MeV (also shown in the figure with the magenta line).
This is coherent with our simulation results.

In summary, most of the radiation and new particles generated in
the cascade are ejected in the direction of the electric field polarization
axis. The spectra measured at the corresponding angles can be used to
characterize the interaction in the focal center.

IV. PARAMETRIC STUDY

So far, we have considered a fixed laser field setup. Let us now
study how the resulting number of particles and their energy depend
on the field parameters. As we have discussed in Sec. II B, the variation
of the peak field strength a, from lower to higher values allows one to
study the transitions among different interaction regimes. In this sec-
tion, we also study the generation of cascades with a CP field configu-
ration and compare it to the LP case. Finally, we consider the effect of
tighter focusing (in the LP case).

The peak field strength a. is the key parameter, which controls
the interaction. However, in practice, it is varied by changing the total
power P,. Therefore, in our studies, we choose P, as the main parame-
ter. Note that at fixed P,, the values of a, and intensity depend on the
field polarization and focusing. Then, for the cases we consider, the
peak field strengths are related as a,, fINE = V2a,p f/2 and
d.cpfj2 = (1 /V2)a.p /2> where the indices denote the polarization
and focusing degree.

A. Idealized seed electron target

For this study, we use an idealized target for the injection of elec-
trons in the focus. We assume that it consists only of electrons homo-
geneously distributed in a ball of radius 1.34 um. In our simulations,
we build on the setup from Sec. III B and vary its parameters. To speed
up the numerical computation, we start from the time t = —0.5T,
assuming that the laser fields have already arrived at the interaction
point (recall that the maximum electric field reaches the origin r = 0
at t = 0). The electrons are injected into the field at the start of
the simulation. Finally, we set the particle density to n = 3.97
%108 cm ™3, With this density, the number of seed electrons in the
small focal volume 2* matches N, for the krypton target. The total
number of seed electrons contained in the idealized target is
Niwed ~ 4 x 107.

We performed a test simulation at the field parameters that
we used to obtain the results for krypton, shown as black solid
curves in Fig. 5(a). We plot the evolution of the seed electron num-
ber in the focus for the idealized electron target in Fig. 5(a-2) with
the black solid curve. As seen from the figure, the curve follows
the results for krypton. Also, we plot the total number of
positrons produced in the cascade per seed electron in the focus in
Fig. 5(a-3). The resulting pair yield for the realistic and idealized
targets matches, as well as the maximum values of y,, shown in
Fig. 5(a-4). Therefore, we conclude that the idealized target can be
used for the parametric studies.

B. Total particle number and energy dependence on
the laser parameters

Let us consider the dependence of the total number of positrons
and high-energy (> 1 MeV) photons (for brevity, the signal) produced
during the interaction. In Fig. 9, we show its dependence on the total
power P, delivered by two laser pulses. Note that while we reference the
electron density to the krypton gas target, these results can be rescaled
(at least within the range of densities for which collective effects are neg-
ligible); therefore, it is convenient to normalize the signal by N,

As one can see from Fig. 9, avalanche precursors with the yield at
the level of 0.1-1e~e™ pair per seed electron in the focus are accessible
in the range P, = 30-50 PW with f/2 focusing.'”® For higher P,, our
simulation results show a rapid increase in the positron and photon
numbers. The transition to a prolific cascade is marked by the expo-
nential dependence of the particle yield on P, which is seen in the
photon signal.

Tighter focusing allows for higher peak field strengths at the cost
of a smaller interaction volume. We tested the case of f/+/2 focusing
(LP) and found that a higher particle yield is obtained in the full range
of P, that we considered. It exceeds the results for f /2 (LP) by an order
of magnitude. Furthermore, at f/+/2, the exponential increase in the
signal with the field strength is already seen at P, > 20 PW. Thus,
with the capacity of P, = 50 PW, it is potentially feasible to reach not
only an avalanche precursor, but also a prolific cascade and access the
green area in Fig. 1.

As for the polarization, our simulations show that the particle
yield is lower for the CP case at fixed P, and focusing. However, let us
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FIG. 9. The total number of photons and positrons as functions of the total laser
power P, for different focusing and polarization. An empty square in each curve cor-
responds to the signal calculated at peak field strength a. = 1100. The data are
obtained from 3D PIC simulations with a reduced electronic target (see Sec. |V A).
The vertical axis on the L.h.s. shows the total particle numbers assuming the initial
electron density n ~ 3.97 x 10" cm™3; the vertical axis on the r.h.s. corresponds
to the relative particle numbers normalized to the number of seed electrons
N~ 2.9 x 10°. The green vertical line corresponds to P, = 50 PW.

seed ™

emphasize that at fixed field strength a., the conclusion is the opposite:
the CP wave generates a higher signal at the same focusing. We illus-
trate this in Fig. 9 for the case of a, = 1100 by the points marked with
empty squares. In the CP field configuration, the electric field ampli-
tude does not oscillate as in the LP wave, meaning that the particles are
exposed to a strong electric field during the whole duration of the laser
pulses. This allows the interaction to reach the exponential phase of
the cascade faster, which results in a higher multiplicity.

The transitions between the interaction regimes can be clearly dis-
tinguished in the field strength dependence of the total energy carried by
photons and electrons after the interaction. We plot this quantity in
Fig. 10 for the case of LP and f /2 focusing on (i) all particles in the sim-
ulation box and (ii) particles that propagate along the electric field polar-
ization axis in the angle opening m/2 — A0 <0 < /24 A0,
Af = 0.157 (as with the orange curves in the spectral plots in Fig, 7).'"”

Both the energy of photons and electrons grows rapidly with a,.
The first notable feature is the dominance of the photon energy at
a, > arad, as the accelerated electrons emit much radiation. This is a
strong signature of the transition to the RD regime, and it is consistent
with the estimates in the classical picture [see Eq. (2)]. The transition is
clearly seen from P, ~ 8—10 PW both when energy is calculated for all
particles, and for particles moving transversely to the laser propagation
axis. As the field is increased further, the energies grow monotonically.
The transition to the avalanche precursor is better seen in the positrons
signal, which becomes noticeable at = 30 PW (see the purple curves
in Fig. 9). At P, =30 PW, the energies start to grow exponentially
with the field strength, as the cascade becomes prolific and the particle
numbers grow accordingly.
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FIG. 10. Final total energy of photons and electrons as a function of the peak total
power (or the total field strength, shown on the upper horizontal axis) for the case of
LP f/2 The plotted energy is per seed electron (Nseeg ~ 4 X 107).

To summarize, an analysis of the particle numbers, energies, and
spectra as a function of the laser power and intensity can be used to
identify the regime of interaction. Furthermore, a study of the distribu-
tions for particles moving in the direction of the electric field polariza-
tion can be used to analyze the interaction at the focal center. For
example, the spectral cutoff location in this distribution can be
employed to discriminate between the classical and quantum RD
regimes. The dependence of the signal (from particles collected in the
transverse direction) on the field intensity can be used to identify the
transition to an avalanche. Finally, the shape of the spectra can also be
used to deduce the cascade parameters, such as energy and y of par-
ticles, by fitting analytical models.'”*

V. REALISTIC LASER PULSE ALIGNMENT AND
DESYNCHRONIZATION

Finally, let us demonstrate the stability of the signals to the effect
of a more realistic laser setup layout. For example, the axes of the coun-
terpropagating beams should be tilted to avoid possible backpropaga-
tion of intense light in the optical systems after the interaction. Non-
ideal co-pointing and co-timing can reduce the maximum field reached
at the focus, therefore reducing the signal. We study the impact of these
features within the parameter range suggested in Table I.

Recall that in the ideal case, the laser pulses exactly counterpropa-
gate with respect to each other along the x-axis, are polarized linearly
in the y-direction, and focused to f/2 (as in Sec. I1I). Then, the laser
propagation axes are tilted in the (xy)-plane, so that the relative angle
between them amounts to 30° (in simulations, we tilt each beam by
15°, as this angle allows avoiding backpropagation at f /2 focusing). To
account for possible mismatch of the focal centers (for brevity, “misfo-
cus”), we shift their position in the (yz)-plane at x = 0. We tested two
cases, when the focal centers are shifted in the y- or z-direction by
1.5 um. Finally, we assume that one of the pulses can be delayed by
10fs (“mistiming”). Figure 11 illustrates different field configurations
with tilted, delayed, and misfocused laser pulses.

In this set of simulations, to treat the electron injection realisti-
cally, we consider a Kr*®* gas target. It is shaped as a rectangular block
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sized d, = 1.5wy = 2.68 um along the x-axis, and d, = d, = 2d, in
the transverse directions,'”” which is also shown in Fig. 11. As in
Sec. 111, at the start of each simulation, the laser pulses are injected
from the simulation box sides and propagate to the center, ionize the
target, and trigger a cascade. The simulation parameters are also the
same as described in Sec. I11 B.

The results are summarized in Table III. We calculate the total
number of positrons produced and y, reached by seed electrons during
the interaction. For convenience, the results for N, are gauged to the
ideal case. First, we test the three modifications of the setup one by one.
The expected suppression of the positron signal is caused by the reduc-
tion of the field in the focus (e.g., seed electrons get lower average and
maximum values of y,). The exceptional case is mistiming, for which we
find an even higher signal. In this case, the first pulse not only ionizes
the target before the maximum field is reached, but also pre-accelerates
the seed electrons. Hence, a faster onset of the cascade is possible.”” This
suggests some possibility for further optimization of the setup.

NNy
gj_\\\\\\\\\\\\\«—>"‘ ~ sl

\ LR Y

~10.0 =75 —50 —-25 00 25 50 75 100
x/A

FIG. 11. Snapshot of the E, field component distribution in a plane z = 0 before
the interaction for laser pulses that are: (a) tilted at 15° each, (b) tilted and one of
the laser pulses is delayed, and (c) tilted and focused with an offset ==Ay/2 in the
y direction (Ay =~ 1.651 = 1.5um). The dashed lines correspond to the propaga-
tion axes of the laser pulses. The green rectangle shows the initial shape of the
krypton target used in simulations.
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TABLE |lIl. The dependence of the positron yield and y, of seed electrons on the
non-ideality of the laser setup: beam tilting, mismatch of the beams’ focal centers
(misfocus) and a delay between the laser pulse arrival at the interaction point (mis-
timing). The target used in simulations is a flat slab of krypton of width
d = 0.75wy =~ 1.51. For tilting, the laser beams are rotated around the z-axis (paral-
lel to the B field component). The angle of 30° between the laser pulse propagation
axes is chosen to ensure that the laser beams do not back-propagate through the
generating optical systems after the interaction (recall that the lasers are assumed
here to be focused to f/2). The parameters for misfocusing and mistiming are cho-
sen in accordance with Table |. Note that (yseeq) is @ function of time [e.g., see the
dark-blue line in Fig. 5(a-4)], and in the table we present its maximum value.

Tilting ~ Misfocus ~ Mistiming N+ max(Yeeq) MaXYgeed

e 1 0.75 4.2
30° e e 0.81 0.64 3.6

Ay = 1.5um 0.48 0.65 33

Az = 1.5um xx 0.37 0.64 2.8
10fs 1.61 0.75 3.1
30° Ay = 1.5um xx 0.48 0.57 2.8
30° Az = 1.5um xx 0.27 0.53 2.8
30° Az = 1.5um 10fs 0.21 0.45 2.0

The laser beam axes tilting is the most restrictive modification of
the setup, as it is imposed by the facility design requirements.
Fortunately, we find that its effect on the pair yield is minor (at least
for the parameter range that we considered). The signal is more sensi-
tive to misfocusing. However, assuming that it can be caused by the
laser beam shot-to-shot jitter, this issue is mitigated by repeating the
shots and improving the statistics. The same applies to mistiming.
Notably, a gas target is suitable for such repetitive experiments.

VI. CONCLUSIONS

We studied the possibility of generating avalanche-type QED cas-
cades with two counterpropagating laser pulses in the range of the
NSF OPAL parameters (summarized in Table I) and showed that this
future facility is uniquely placed for such experiments. The two-beam
extremely high power laser configuration offers the possibility to study
SEQED phenomena that cannot be accessed by any other existing or
planned laser facility. We employed 3D SMILEI PIC simulations,
which allow for a consistent treatment of strongly-focused laser pulses
and particle dynamics, including collective effects and the relevant
quantum processes of nonlinear Compton emission, Breit-Wheeler
pair production, and tunneling ionization.

We considered several realistic configurations for the injection of
electrons to trigger cascades. We went beyond an ideal laser field con-
figuration by considering an interaction geometry with tilted laser
beams, which prevents backpropagation of light in the optical systems,
and studied the effect of non-ideal focusing. Our simulations show
that QED cascades can be reliably generated under realistic conditions,
which is revealed in strong positron and high-energy photon signals.

The most stringent requirements for the two-pulse configuration
are the alignment of the electric field polarization axes, envelope
co-timing, and co-location of the focus on the target. While there are
potentially other non-ideal effects, such as the pulses having different
carrier-envelope phases or target inhomogeneities, we expect these to
have less impact on the cascade than the effects investigated here.
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The variation of the parameters below and beyond those planned
for NSF OPAL shows that almost all of the matter-radiation interac-
tion regimes charted in Fig. 1 are within reach. This includes the tran-
sition from classical to quantum radiation, the generation of bright
gamma flashes in the RD regime, and, at peak powers P, = 40-50
PW, the production of avalanche precursors. With a stronger focus
(f/\/2), it is feasible to generate prolific cascades with an order-of-
magnitude higher multiplicity. Observation of all these regimes and
transitions between them would be a landmark test of strong-field
QED. Prolific avalanches would also open a path to the creation of a
relativistic electron—positron plasma in a laboratory.””

Our simulation results can be used to guide the design of future
experiments. Electrons can be reliably injected into a strong field using
a static target. This can be a heavy-atomic gas such as krypton, a
plasma slab, or a thin foil. Each target has advantages. For example,
the total positron and photon yield depends on the initial target den-
sity. Therefore, solid thin foils are useful for generating stronger sig-
nals. However, as the foil thickness is comparable to the laser
wavelength, it requires a high-precision placement in the focal region.
This may impose additional restrictions on the setup design.

Heavy-atomic gas does not suffer from this issue, as it can be dis-
tributed in a large volume. In this case, a cascade can be triggered at any
location. Also, a gas target is suitable for high-repetition experiments,
and therefore for collecting large statistics. Another advantage of the gas
target is the possibility of using ions for an in situ measurement of the
laser field intensity.”"''” Combined diagnostics for ions and accelerated
electrons'"" can potentially help reconstruct the intensity profile at focus
in each shot, which is beneficial for experiment interpretation.

The final particle numbers and energy distributions resulting
from the interaction have a strong directional pattern. Particles and
radiation coming from the laser focus propagate predominantly trans-
versely to the laser optical axis. For an LP field, they are spread close to
the electric field polarization axis, forming relativistic jets. This feature
can be used in the detector layout design.

We focused on proof-of-principle simulations, demonstrating the
possibility of producing avalanche-type cascades reliably in realistic
conditions. The considered scheme can be optimized by tuning the
properties of the target and laser parameters. While the generation of
avalanche-type cascades is of fundamental importance by itself, bright
gamma flashes and relativistic electron—positron-photon jets produced
in the process may also have relevance to astrophysical phenomena.
Establishing this link in the context of the experimental potential of
NSF OPAL would be of interest for future work.
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APPENDIX A: THE PROBABILITY RATES
OF THE NONLINEAR COMPTON EMISSION
AND BREIT-WHEELER PAIR PRODUCTION

3,13

Within the locally constant field approximation,” ~ which we
assume to hold with a noticeable margin for the parameters consid-
ered in this work,"'” the differential probability rate for an electron
with the Lorentz factor y, and quantum parameter y, to emit a pho-
ton with energy within the interval me* x (7., 7, + dy,) is given by

deCE(yev Les ’y,) 1 o |:( 1 )
- 1z T A 1-¢+—— K
dé VBT, ¢ 1—¢ 2/3(#)

- J dsKl/a(s>} (A1)

i

where tc =h/(mc?) is the Compton time, and we defined
E=0,/%e = 13/ 2 0 =28/ B, (1 = &)]. K, are the nth order mod-
ified Bessel functions of the second kind. The y-parameter is con-
served in the process, y, = y, + x,, where y, corresponds to the
scattered electron.

The differential probability rate for a photon with y, and y, to
produce a pair of e"e™, so that either e~ or e gets energy within
the interval mc® x (y,,7, + dy,), reads

ﬂ@ﬂﬂﬁﬁ@ﬂﬂz_i_iii( ¢ L:é)
dac V3rtey, [\1-¢ ¢

00
[ a0 (2
W
where { = A))e/yy = Xe/Xy) ﬂ, = 2&/[3}@(1 - C)]’ and Ly = Ze + X;'
Here, y, and j, correspond to the electron and positron.

The total probability rates Wnce(Ve, %) Wasw(%,,7,) are
obtained by integrating out the final particle energies or, equiva-
lently, ¢ and {

! dWﬂ ’ym Xe? 'V

WnCE(VevXe) = J #')di (A3)
0 d¢
! dWﬂ (V7 Xy Ve

Wabw (7 1) = J de—c")dg. (A4)
0

The expressions of the total probability rates simplify in the low-
and high-field asymptotic regions

” Lddy,, 1. <1,
W () y A5
nCE(/ev)Ce) e, { 1.46 Xﬁﬁ’7 Le > 17 ( )
8
o 023 yg.e , z, <1,
Wabw (V) %) & —— X {5/3 " (40
Ty, 0387, 1, >1

The probability rates and the product spectrum width grow
with the y-parameter of the incoming particle (if the Lorentz factor
is fixed). On the other hand, the y-parameter is shared among the
products in each quantum event, so its value decreases for subse-
quent particle generation. This distinguishes the avalanche-type cas-
cades from the “usual” shower-like events. While showers triggered
by high-energy particles eventually saturate when the input energy
of the incident bunch is exhausted,””"’ in avalanches, the field
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restores the particle energy by continuous acceleration. This allows
us to keep the probability rates of the quantum events high and sus-
tain the cascade.

APPENDIX B: APPROXIMATIONS IN USE FOR
MODELING ELEMENTARY SFQED PROCESSES
AND AVALANCHE-TYPE CASCADES

The kinetic approach underlying PIC-MC simulations is based
on the interplay of several approximations.''” As the laboratory-
frame fields that we consider are below the Sauter-Schwinger limit,
E < Eg, we can describe particle dynamics semi-classically. At the
same time, the studied fields are strong in the sense that ay > 1 (for
example, ag =5 x 10> per beam at NSF OPAL). We consider a
standing wave, and the electric field in the magnetic node acts two-
fold: (i) it accelerates charged particles and provides high 7, at a
time < 1/, and (ii) it induces the quantum processes. The most
relevant ones are the photon emission and pair creation, and their
formation scale is typically of the order ~ O(Z/ao) < A. This ena-
bles us to use the locally constant field approximation (LCFA), see
the reviews' * for a detailed discussion, and also Refs. 12 and 13.
Indeed, in the kinetic picture, a particle propagates along a classical
trajectory until it undergoes a quantum process randomly.

Let us discuss the set of used approximations in more detail.
First, recall that a QED cascade is a high-multiplicity process. As
the first major simplification, it is customary to consider it as a
chain of first-order processes, namely, the nonlinear Compton
emission and Breit-Wheeler pair creation. Such factorization is
well-justified for processes in high fields with ag > 1 because the
formation length, which scales as Ir ~ 4 /ag is much smaller than a
laser period and then than the pulse length ct. Thus, a factorized
process made of n elementary processes scales as (ct/lf)"
~ (ctag/2)", whereas a non-factorized process is linear in ct and
thus roughly scales as ctay/A.'” Hence, at high a, the former chan-
nel dominates, which motivates the chain approximation.

Second, let us briefly discuss the LCFA. This is a common
approximation for the emission and pair creation rates when
modeling cascades. Within it, the rates are defined by the local val-
ues of the background field at the position of the incoming particle.
Due to the relativistic effects, the field in the particle’s rest frame is
approximated by a constant crossed field (CCF), E = B, ELB,
which enters the probabilities Wycgnpw only through the depen-
dence on 7, ,, see Egs. (A1) and (A2).

A rigorous formulation of the LCFA applicability conditions is
a challenging problem in SFQED, and we are not aware of a deriva-
tion valid in a general background field. For photon emission
and pair creation, the LCFA rates typically arise in the limit of high
ap and 7y, which was shown for a magnetic field,”” a plane
wave, 7118 4 short laser pulse,1 197122 focused beam, > 1%° crystal
field,"**"*” orin a general time-dependent electric field."">1?% As we
consider the interaction at the magnetic node of a standing wave,
the latter field model is relevant for our case. Following Ref. 112, for
photon emission, the LCFA applicability requires

1. Locality—ao >> 1 and aj > 1,14/ 1,
2. The field is close to crossed in the incoming and outgoing
particles’ frame—y* >> 7./ 1,
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Notably, the LCFA is a general approximation for SFQED
effects not specific to photon emission and pair creation, and
could be used, e.g., to treat Sauter-Schwinger pair creation in
standing waves;'*”" "’ however, the applicability conditions can be
different.

In general, the corrections to the LCFA can be relevant, for
example, at ao ~ 1 — 10, and 7, ~ 102. Such corrections can be
calculated numerically, e.g., for a plane wave background or a single
laser pulse.'>"'""** At higher ay and Ve,;» the LCFA can be consid-
ered universally robust for various background field models.

When modeling the onset stage of avalanche-type cascades, it
is customary to consider the seed electrons initially at rest injected
in the magnetic node of a standing wave. One could argue that for
such initial conditions, the LCFA rates may require corrections
when describing photon emission (see, e.g., Refs. 134 and 135 for
details). At ag >> 1, this applies if y, for the emitting electron is rela-
tively low (see the second condition of the applicability of the
LCFA). Let us compare the time scales of emission and electron
acceleration for the parameters of interest here. During acceleration
by the field, the electron gains energy ~mc* at a timescale
1/wa, <t < 1/w. The characteristic time at which it emits a
photon can be estimated from the LCFA rate: fem ~ W, g (Ve(fem),
Ye(tem)) [see also Eq. (4) and Ref. 69]. Assuming that the emission
takes place at y, =1 (at y, > 1, the LCFA is typically valid), the
low-y, asymptotic of Eq. (A5) gives fem ~ 1//za,w. Hence,
tem/trel ~ \/ax/o > 1 for a, ~ 10°. Therefore, the electron gains
high y, during the phase of semi-classic motion before the instance
of emission, which, in turn, can be safely treated within the LCFA.
We note that the robustness of the LCFA should be verified with a
different approach if wt.,, = 1. However, this case does not fall
within the scope of the current work.

It should also be noted that the LCFA is known to fail in the
infrared part of the radiation spectrum.''* ''® However, soft pho-
tons do not contribute to the formation of cascades, as such photons
do not create pairs and do not cause significant recoil. Hence, the
region of the parameter space where LCFA fails is irrelevant for
modeling avalanche-type cascades.

Finally, when higher-order processes in a cascade (such as tri-
dents) are factorized, the spin states of intermediate particles should
be treated as well. The common approach is taking spin-averaged
probability rates for the first-order processes [given in Egs. (Al)
and (A2)]. A more rigorous approach suggests using spin-resolved
rates.”>'”” Tt is possible to include such rates explicitly in the
kinetic description'*” and simulation codes."*”'*’ The main effect is
the cascade growth rate dampening. However, simulations show
that for background fields of optical frequency, calculations with
spin-averaged rates provide a reliable result for the avalanche
growth rate (we also assume that seed electron states are averaged
over their initial states).'”*"*” In our simulations with SMILEL " we
rely on spin-averaged rates for the quantum processes. Still, it can
be interesting to include spin dynamics in future works to identify
its effect on final particle distributions in the parameter range of
future experiments.

A more rigorous derivation of all the listed approximations to
modeling avalanches within the kinetic approach would be
undoubtedly of great interest and should be done in future, for
example, with the techniques developed in Ref. 141.
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APPENDIX C: DEPENDENCE OF THE FINAL PARTICLE
SPECTRA ON THE ANGULAR SPREAD

In Sec. II1 E, we introduced the angular spread A0 to separate
the dynamics of particles propagating in the transverse direction
n/2—A0 <0 <m/2+ A0 and in the longitudinal direction
0 < 0 < AD. As we discussed, particles propagating transversally
are associated with the avalanche-type cascade, and one can study,
for example, their spectra selectively, as shown in Fig. 7. In Sec. III E
and later in Fig. 10, we set A@ = 0.157, as this value is convenient
for illustration. For example, this can be seen from the green curve
in Fig. 8(e), showing the distribution of positrons in 0. We associate
the pronounced hump centered at 6 = 7/2 to particles propagating
directly from the interaction point, where the cascade is developing.
The smaller peaks near 6 ~ 0 and 0 ~ 1 correspond to particles
accelerated by each of the laser pulses, as they propagate after the
impact. We find the spread Af = 0.157 representative to discrimi-
nate between the longitudinal and transverse motion.

All particles
1, A0 =0.257
1, A0 =0.157
1, A0=0.17r
1, A0 =0.057
I, A0 = 0.257
I, A0 = 0.157
I, A0 = 0.17

(a) Photons Il A0 = 0.057

1079 | BN

3] (b) Electrons

3 6 ] il

1072 4{(c) Positrons

I,
1073 S SN
10—4 ‘!“‘ V\’/WV Ly
107° MM
10° 10! 102 103
Energy, MeV

FIG. 12. The final particle spectra. The black, orange, and darker blue curves, as
well as the vertical lines, are taken from Fig. 7. The spectra of particles propagating
in the transverse direction 7/2 — A0 < 0 < n/2 + A0 (denoted “L" in the leg-
end) are shown in warm colors for different values of the opening angle Ad.
Similarly, curves in cold colors correspond to particles propagating longitudinally
0 < 0 < A0 (denoted “||" in the legend).

Phys. Plasmas 32, 093302 (2025); doi: 10.1063/5.0283438

© Author(s) 2025

32, 093302-15

65:61:90 520 1890120 L0


pubs.aip.org/aip/php

Physics of Plasmas

Here, we show the dependence of the final particle spectra on
AO, which is presented in Fig. 12. As one can see, the overall shape
of the spectra is stable at varied Af. In particular, the position of the
high-energy cutoff for electrons and positrons propagating trans-
versely matches for different A0. At the largest spread, A0 = 0.257,
the longitudinal distribution (the purple line) becomes noticeably
wider at the lower energy. This motivates considering narrower
angular spreads for the extraction of cleaner signals. Overall, our
discussion and conclusions presented above are not sensitive to the
variation of A0 within reasonable limits (namely, not too small so
that there is enough statistics for a measurement, and not too large,
so that the transverse and longitudinal motion are separated).
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