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Electromagnetic cascades have the potential to act as a high-energy photon source of unprecedented
brightness. Such a source would offer new experimental possibilities in fundamental science, but in the
cascade process radiation reaction and rapid electron-positron plasma production seemingly restrict the
efficient production of photons to sub-GeV energies. Here, we show how to overcome these energetic
restrictions and how to create a directed GeV photon source, with unique capabilities as compared to
existing sources. Our new source concept is based on a controlled interplay between the cascade and
anomalous radiative trapping. Using specially designed advanced numerical models supported
with analytical estimates, we demonstrate that the concept becomes feasible at laser powers of
around 7 PW, which is accessible at soon-to-be-available facilities. A higher peak power of 40 PW
can provide 10° photons with GeV energies in a well-collimated 3-fs beam, achieving peak brilliance

9 x 10** phs~! mrad?> mm~2/0.1%BW.
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I. INTRODUCTION

One aim of upcoming high-intensity laser facilities
[1-5] is to provide new high-flux gamma-ray sources.
Electromagnetic cascades [6—11] may serve for this, but
are also known to limit both field strengths and particle
energies [12], restricting efficient production of photons to
sub-GeV energies [13—15]. Here, we show how to create
a directed GeV photon source, enabled by a controlled
interplay between the cascade and anomalous radiative
trapping [16]. Using advanced 3D QED particle-in-cell
(PIC) simulations [17] and analytic estimates, we show
that the concept is feasible for planned [1,2] peak powers of
10-PW level.

Advances in high-intensity laser science offers oppor-
tunities for creating a new kind of high-flux gamma-ray
source, based on the use of strong laser fields to accelerate
particles and stimulate emission within a single optical
cycle [13-15,18,19]. One of the most promising configu-
rations is a standing wave formed by colliding laser pulses
[7,20,21]. However, from a naive dynamical consideration
one would expect particles to be expelled from the temporal
and spatial regions which are optimal for energy gain
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(i.e., the electric field antinodes). Furthermore, for inten-
sities above 10?* W/cm? radiation losses prevent particles
from reaching their potential maximum energy (during a
single phase of acceleration). This limits the effective
generation of photons to sub-GeV energies [12,22].

Our aim here is to find the optimal strategy for source
creation using cascades triggered by several colliding laser
pulses [7,20,21]. To do so we exploit the anomalous
radiative trapping (ART) [16] of electrons and positrons
in a dipole wave [23], the latter being the field configu-
ration which provides the highest possible field strength for
a given peak power of radiation. The dipole wave can be
formed by orienting, timing, and focusing a number of laser
pulses [16], as shown in Fig. 1. In this configuration, ART
traps particles and makes them oscillate in spatiotemporal
regions ideal for gaining a maximal possible energy.
Furthermore, within each oscillation of the field the
particles have, due to significant quantum effects, a high
probability of emitting a large portion of their gained
energy in the form of a single photon.

However, according to the analysis performed for single-
particle motion in a plane standing wave, triggering ART
would require a total power of about 60 PW [16]. Even if
this were available, we see that already for lower powers a
significant number of the generated high-energy photons
can decay into eTe™ pairs, giving rise to a cascade of pair
production. As a result, before the peak intensity of the
field is reached the cascade can generate an ete™ plasma
dense enough to not only restrict the growth of the field
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FIG. 1. Schematic illustration of the concept of anomalous
radiative trapping and photon emission. In the top left we show
how to generate a dipole wave using a set of off-axis parabolic
mirrors (yellow) and 12 laser pulses (dark red). (See Ref. [16] for
details and the reason for the choice of 12 mirrors.) The field
structure of the dipole wave is shown in the left half of the
horizontal plane (there is axial symmetry about the z axis). We
also show a trajectory of one of the seeding electrons taken from a
simulation with P = 200 PW. Photons of energy above 3 GeV are
shown together with their emission events (magenta spheres).
While some of these photons contribute to cascade development
(gray spheres), others form a brilliant source emitted along the z
axis, also shown in the top left.

intensity [8] but also to terminate the favorable ART-regime
dynamics. By assessing these processes with advanced
simulations, we reveal here that for powers of the 10-PW
level a new physical scenario arises in which the cascade
and ART in fact induce and support each other. We
demonstrate that controlling the cascade development by
matching the laser pulse intensity and duration in realistic
ranges makes it possible to create a unique and efficient
photon source in which laser radiation is converted into a
well-collimated flash of GeV photons with unprecedented
brightness.

II. DYNAMICS IN THE ART REGIME

The key to our concept is matching the pulse duration,
peak power, and initial particle density in the target, such
that the maximal field intensity is reached just before
collective plasma effects start to cause a significant reduc-
tion in the energy of generated photons. This requires that
particle growth in the leading half of the laser pulse be
restricted, such that the number of particles remains below a
certain critical value N,,,,, which would cause significant
backreaction on the field. By ensuring that this constraint is
fulfilled, we can arrange for a maximal number of particles
to interact with the most intense part of the laser pulses, and
emit a large number of high-energy photons, as desired. To
perform a theoretical analysis and thus obtain estimates for

the above constraint, we begin by describing how particle
dynamics in the ART regime [16] governs the cascade.

The motion of particles in the ART regime, illustrated in
Fig. 1, is quasiperiodic and consists of two qualitatively
different phases. During the half-cycle when the electric
field does not change sign, a trapped particle is accelerated
and gains a kinetic energy of around amc? before starting to
emit frequently (hereafter, a ~ 800\/1'3 is the electric field
amplitude in relativistic units for a dipole wave of total
incoming power P given hereafter in PW); we refer to this
as the acceleration phase. As the magnetic field strength
rises, the particle loses a majority of its energy, having the
possibility to emit photons with energies of up to amc?, and
then starts gyrating; we refer to this as the turning phase,
and this lasts until the electric field of the next acceleration
phase starts to force the particle back in the opposite
direction. Because of the probabilistic nature of emission in
quantum electrodynamics, it may happen that the particles
do not experience sufficient losses to be forced back, and
hence leave the trapped state, as shown in Fig. 1.

Using estimates for the magnetic field strength in dipole
waves [23], one can obtain that for powers of order P = 10
PW the quantum efficiency parameter [24,25] y attains
values of order unity. This parameter is defined as the ratio
x = vFer/(eEs) of the force acting perpendicular to the
direction of motion of the electron in its rest frame, to that
force which it would experience in a field of Sauter-
Schwinger strength, Egq = m>c3/eh ~10' V/cm (e and
y are the electron charge and gamma factor, respectively).
To calculate the quantum efficiency parameter for photons,
one uses the energy in units of mc? instead of y. The fact
that y 2 1 means that a significant part of an electron’s
energy can be emitted as a single photon, which can then
convert into an electron-positron (ee™) pair. We estimate
the threshold for when this leads to a pair production
cascade as follows.

III. INTERPLAY BETWEEN ART AND CASCADE

A key result of this study is that pair production cascades
and ART support each other, conspiring to lower the
minimal total power required to trigger their mutual,
self-sustained interaction. This effect has the following
origin.

According to the analysis of ART performed in Ref. [16],
for a single particle in a plane standing wave the dominance
of radiation reaction leads to cophased oscillations along
the electric field vector, accompanied by a net migration
towards the electric field antinode. The mechanism of this
migration starts to dominate over the attraction to the
electric field nodes (normal radiative trapping) when the
corresponding effective power exceeds Pl = 60 PW.
Note that in a plane standing wave trapped particles can
drift along the electric field vector while oscillating.
However, in a dipole wave, the electromagnetic field,
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being strongly concentrated near the center, quickly drops
along this direction. Thus, apart from the radial migration
towards the center, the trapping requires confining the
oscillations in the z direction. However, the attraction point
corresponds to the magnetic field node. Thus, in some
vicinity of the z axis the magnetic field is insufficiently
strong to deplete the energy of outgoing particles after
the acceleration phase, so they will inevitably escape.
Moreover, this can happen everywhere due to the prob-
abilistic nature of emission. However, the cascade onset can
compensate for the leakage of particles from the trapped
state. In this context, in a dipole wave and in the presence of
cascades, the threshold for the trapping can be naturally

defined as the power P<: which leads to a self-sustained
cascade; i.e., surpassing the threshold leads to the domi-
nance of particle production in the trapped state over the
leakage of particles from that state.

We now show how the cascade and ART support each
other, leading to P& < P*” ~ ART favors the cascade by

min min*
bringing particles to the electric field antinode, where their
energy gain during each oscillation is maximal. At the same
time, the cascade produces new particles while others leave
the trapped state. Moreover, this predominantly happens
in the vicinity of the attraction point, further enhancing
effective reallocation of particles towards this point. In such
a way, for the multiparticle dynamics accompanied by a
cascade, this effective trapping becomes sustained at a
significantly lower level of power. This effective trapping is
based on the following mechanism. If a particle leaving the
trapped state produces photons that generate at least one
pair on average, one of the produced particles is likely to be
sent back into the trapped state. This is because on average
the photons carry a quarter of the original particle’s energy,
while each of the produced particles carries on average one
eighth. This is sufficiently low for the magnetic field to be
able to deflect particles back into the trapped state, even if
the field amplitude was insufficient to prevent the original
particle from escaping. Hence, the cascade seeded by the
original particle can provide another particle to replace it,
and thus the process becomes self-sustaining. A lower

power threshold PS¢ < P*” is indeed observed in numeri-
cal studies; see Fig. 2(a). We now provide analytic
estimates that demonstrate that the above mechanism can
indeed be responsible for the threshold reduction.

In the considered configuration, particles and emitted
photons propagate mostly almost along the z axis (i.e.,
along the electric field vector). Thus, y and consequently
the rates of photon emission and pair production are
predominantly determined by the magnetic field strength.
The particles are then mostly produced around the instance
when the magnetic field peaks, and in the spatial region
where the particles and generated photons are in this instant
of time; i.e., Zo & £4/4, roe ~ 0.151. [See Fig. 1(b) in the
Supplemental Material for details [26]. As one can see from
Fig. 4 of Ref. [16], ro 4 does not depend strongly on P.]
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FIG. 2. Simulation results. (a) Rate of particle population
growth (red, right-hand scale) and the dependency of the back-
reaction threshold (blue, left-hand scale), both as a function of
power P. The analytical estimate for the backreaction threshold is
shown with a solid blue line, and agrees very well with the
numerical results shown as blue points. The accurate numerical
approximation to the data points obtained from simulation is
shown with a solid red curve, and this is used to derive the
estimate Eq. (4). (b) The expected number of photons with energy
above 2 GeV, as calculated based on Eq. (5) for a Gaussian pulse
of total peak power P and duration z. The analytically obtained
optimal condition Eq. (4) is shown with the black dashed curve:
this clearly runs through the center of the optimal region.

Using analytical expressions for the dipole wave profile
[23], we can estimate that in this spatiotemporal region
the effective magnetic field in relativistic units is
Bess ~ 2.3arqs /A~ 0.3a. For our estimate, we assume that
a magnetic field of this strength acts for 1/8 of the wave
period 7. We also assume that during the acceleration phase
any particle produced during the previous turning phase
gains a maximal possible energy 2mc?a, without signifi-
cant loses, and leaves the trapped state. However,
while passing the turning phase the particle has y =

0.6a*(hw/mc*) ~ P> 1 and thus emits on average n, &
W)lg?l T /8 ~2P'/® photons, where ngl = 1.46am>c*y*3/
(h2amc?) is the emission rate in the limit of y > 1 and
the dipole wave amplitude a ~ 800+/P. We assume that the
particle maintains roughly the same energy and each of the
emitted photons carries a quarter of this energy. As we will
see below, this is reasonable because ny, is of the order of
unity for the values of P around the threshold. Although the
produced photons propagate having y ~ P/4 ~ 1, we can
estimate the average number of pairs produced by the
photons using the small-y approximation for the rate of pair
production (which is known to be reasonably accurate also
for y ~ 1):

32
Npair & 0.6P%/3 exp <— 3_P> . (1)

To obtain the threshold value for triggering the self-
sustained process, we equate the average number of pairs
to unity and obtain
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Pl 10 PW. (2)
As we will see below [Fig. 2(a)], this analytically deter-
mined threshold value is in a good agreement with
numerical results. This demonstrates consistency of our
study and supports our interpretation of the process in
terms of the underlying physics, as given above. However,
the accuracy of this estimate is certainly insufficient for
planning experiments. As we demonstrate in Supplemental
Material, Sec. A [26], cascade evolution in our system is a
highly complex process and a more accurate analysis is
not amenable to simple analytical estimates. Thus, in the
interest of providing accurate predictions, we turn to
simulations.

IV. PULSE DURATION AND CASCADE CONTROL

Pair production cascades are known to be highly com-
plex processes [27-35] that require simulations for their
analysis. In our study we use the 3D PIC code PICADOR
[36,37] with quantum extensions [17] (see Supplemental
Material, Sec. A [26]) to simulate cascade development in a
dipole wave of constant incoming power P, for several
values of P. We calculate the growth rate I' of particle
number averaged over a half-period, using the relative
increase of the number of trapped particles during a single
turning phase. This takes into account both particle
production and particles leaving the trapping state.

On time scales longer than a half-period, the particle
number grows exponentially before backreaction sets in. For
this exponential stage the rate I' depends only on P and,
according to the results shown in Fig. 2(a), may be approx-

imately fitted to the curve T'(P)~ 32177 (P13 — I3y,
where T is the laser period and P, = 7.2 PW is the
numerically determined threshold value required for the
number of particles to grow. We integrate the pair production
rate over the leading half of a laser pulse with Gaussian
profile, FWHM duration 7, and demand that by the instant
that peak power is reached the number of trapped particles
rises from Ny = 10 (taken to guarantee seeding of the
cascade) to N, introduced above. By equating the
Coulomb field of the trapped particles to a/2, we estimate

Npax & 10°V/P. (3)

In Fig. 2(a), we demonstrate that this dependency (blue
curve) is in reasonable agreement with the thresholds (blue
points) determined in particular simulations as the instant
when the growth rate starts to deviate from the initial value
by more than 50%. Using the estimate Eq. (3), we obtain
the following optimal condition on the pulse duration z,
at P > Pn:

T 2.23log[5 x 108P'/?]

T PO 36 ' “)

This simple analytical expression may serve as guidance for
the experimental implementation of the proposed concept.

In Fig. 2(b), we show the dependency Eq. (4) and
demonstrate its agreement with the numerically calculated
number of high-energy (Aw > 2 GeV) photons expected
for different values of z and P. For this calculation we
assume a slow variation of the wave amplitude within the
pulse and describe the discreet evolution of the number of
trapped particles N, and the number of generated photons
Ny, (which escape from the strong-field region having
energy fiw > 2 GeV) at the instances of £ = 0 using the
following equations:

Neet (1+T/2) = Neot ()Y (P(1+T/4), N oo+ (1)),
Non(14+T/2) = Npp() + Neer ()X (P(1+T/4), Nee (1)),
(5)

where the functions X(P, N,,+) and Y(P, N,,+) are defined
as the relative increase in the number of particles and the
number of generated photons within a single half-period
between instances of £ = 0, for the current value of power
P and number of particles N+ at the beginning of the
interval. To determine X(P, N,,+) and Y(P,N,,+) we use
the data obtained in the set of numerical experiments with
constant power P and interpolate the values in other points
(see Fig. 3). Next, we calculate the expected number of
photons using Eq. (5).

As can be seen from Fig. 2(b), a large number of
energetic photons are produced and escape the fields,
despite a rapid cascade process. It is worth explaining
the reason for this in some detail, as it is key to the unique
properties of our source. There are three factors favoring
the escape of the photons. First, within the acceleration
phase particles move mostly linearly without too strong
acceleration across their motion. This reduces the overall
rate of radiation losses prior to reaching high energies.
Second, due to high values of y the interval between
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FIG. 3. The functions (a) X(P,N,.+) and (b) Y(P,Ng.+)

interpolated from the values calculated from the data of simu-
lations with constant power P at the instances of E = 0 (crosses).
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FIG. 4. The results of 3D PIC simulations for a dipole wave
formed by 12 slightly dephased laser pulses of 15-fs duration
(FWHM for intensity) and total peak power of 40 PW. The
electron density > 10?° cm™ and electric field strength in the
plane y = 0 (shifted downward) are shown for several instances:
(a) the initial target, (b) the target affected by the leading edge of
the pulses, (c) ART beginning to trap particles and start the
cascade, (d) the cascade development, and (e) the generation of
GeV photons. The overall angular-resolved spectrum of emitted
photons is shown in (f). Panel (g) shows the temporal evolution of
the field strength in the center (blue line), the total power of
generated photons (green line), and the flux of photons with
energy > 2 GeV (red line).
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FIG. 5. Comparison of the proposed source with existing
sources, in terms of (a) peak brilliance and (b) average flux.
The plots represent schematically summarized properties of
existing (blue) as well as upcoming or planned (solid gray)
facilities. The gray hatched areas show the prospects of our
proposed source, estimated based on the results of 3D PIC
simulations.

emissions can be relatively long, enabling a reasonable
probability for the particle motion without any radiation
losses (especially in the vicinity of the z axis; see Fig. 5),
which is also known as quantum quenching of radiation
reaction [38]. Thus, a particle has a reasonable chance to
gain high energy and emit its significant part in the form
of a single energetic photon instead of being constantly
depleted by the emission of low-energy photons. Third, the
emitted energetic photons have a significant probability to
escape without decaying into pairs. We can estimate this
probability using the large-y approximation for the rate of
pair production and the assumptions used for obtaining the
estimate Eq. (2):
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N €n \~'/3
Pescape X €XP [—0.65 <W> Pl/6], (6)

For P =40 PW and the photon energy e, = amc’~
2.5 GeV, we have Pegpe = 30%. Note that, according to
the obtained expression, photons of higher energy have a
higher chance to escape than those with low energy, which
thus more efficiently sustain the cascade. In such a way, the
considered configuration is favorable for converting laser
energy into high-energy photons.

V. SOURCE PROPERTIES

Having now identified the required pulse parameters,
we provide a concrete example of the possible source
properties using a comprehensive PIC simulation. (For
full simulation details, see Supplemental Material, Sec. B
[26].) The results are shown in Fig. 4 (see also the video in
the Supplemental Material [26]). We form the dipole wave
using 12 laser pulses with a total peak power of 40 PW.
(Using 12 beams efficiently mimics the ideal dipole
wave; see Ref. [16]. With the advent of more powerful
systems, beams could be split into the needed number
to mimic the dipole wave.) Each laser pulse has 15-fs
duration (FWHM for intensity), which is matched to the
initial particle density of the target (a uniform sphere with
diameter 3 ym and density 10*° cm™). Instead of the
considered target, in reality adjusting the density of stray
particles in the chamber can be used to trigger the cascade
starting from an arbitrarily small number of particles.
(This is because the cascade can even be prevented by
choosing high enough vacuum [10,39].) To account for
realistic experimental conditions, and so demonstrate
the robustness of our concept against realistic imperfec-
tions of focusing geometry, the pulses are randomly
dephased within 1/30 of the wave period. The simulation
shows that the concept provides 10° photons with energies

TABLE L.

hw > 2 GeV in a well-collimated beam (< 5°) and of just
3-fs duration, achieving peak flux of 1.9 x 10?} phs~!,
brightness 7.4 x 10?° phs~! mrad~> mm~2, and brilliance
9 x 10** phs~' mrad~> mm—2/0.1%BW.

We can now compare the capabilities of the proposed
source with those of existing sources. As one can see
from Fig. 5(a), the proposed source has the unique
capability of achieving high peak brilliance in an energy
range unachievable for conventional sources. In fact, the
GeV range of photon energies is currently achievable
only with sources based on the inverse Compton scatter-
ing of laser photons from energetic particles produced by
large-scale accelerators. These sources provide the pos-
sibility of accumulating statistics over a large number of
collisions; thus, instead of brilliance they are character-
ized by average flux. Assuming an interval of 1000 s
between laser shots, we provide a comparison in terms of
average flux in Fig. 5(b). One can see that the proposed
source has a wide energy coverage and can exceed the
average flux of existing sources by several orders of
magnitude [40]. Moreover, the considered conventional
characteristics are related to particular types of sources or
applications and do not reflect what is perhaps the most
interesting aspect of the source, namely, that the pro-
duced GeV photons occupy an extremely small volume
of space (~1072 um for each burst), reaching a peak
density of the order of 10> cm™3 [see Fig. 4(e)]. Such a
source, with extraordinary high flux of GeV photons with
a broad spectrum, would be a powerful tool for studying
fundamental electromagnetic [25] processes, and will
open qualitatively new possibilities for studying photo-
nuclear processes [1,41,42], such as triggering multiple
transitions between short-lived states. One could also take
advantage of the even higher photon flux in the focal
region, by placing nuclear targets in or as close as
possible to the focal spot.

Validation of the concept’s feasibility at upcoming facilities. Here, we show the results of 3D PIC simulations for low values

of the total peak power (of all beams forming the dipole wave). The number of photons produced is calculated for different energy
ranges. For these ranges we also express the total radiated energy as a percentage of the initial total energy of the laser radiation.

Number of photons (efficiency)

Total Pulse Target
power (PW)  duration (fs)  density, (cm™)  Focusing model (deviations) All > 1 GeV
8 2 x 10%? Ideal 43 x 10" (19%) 1.1 x 10° (0.07%)
10 1022 1.2 x 10" (4.2%) 6.7 x 108 (3.5 x 107%)
105 12 beams (space and phase) 1.5 x 10" (42%) 4.7 x 107 (2.3 x 107°)
10'° 8.8 x 10° (2.7 x107%) 1.8 x 10° (6.6 x 10719)
30 10% Ideal 1.5 x 10"3 (42%) 1.4 x 1019 (0.49%)
15 10?? 8.2 x 10" (23%) 7.8 x 10° (0.28%)
2 x 102 12 beams (space and phase) 1.3 x 10" (35%) 6.7 x 10° (0.16%)
3 x 102 1.6 x 1013 (41%) 4.6 x 10° (0.16%)
102 12 beams (phase) 1.8 x 103 (37%) 1.5 x 10" (0.39%)
20 12 beams (space and phase) 1.7 x 1013 (33%) 1.2 x 1019 (0.33%)
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TABLE II.

Validation of the concept’s robustness. Here, we show the results of 3D PIC simulations with and without random

deviations in phase and focus location for the 12 beams forming the dipole wave. The results are also compared with those for an ideal

dipole wave. The results are presented as in Table .

Total Pulse Target Number of photons (efficiency)
power  duration  density,
(PW) (fs) (cm™)  Focusing model (deviations) All > 100 MeV > 2 GeV
15 10 Ideal 8.1 x 10" (1.2%) 1.4 x 10" (0.9%) 2.5 x 107 (1.4 x 10~ )
1019 Ideal 4 x 108 (34%) 3.7 x 102 (18%) 7.6 x 108 (4.4 x 10~ )
12 beams (space and phase) 2.3 x 1013 21%) 2.1 x 10'2 (12%) 4.7 x 10® (2.6 x 107%)
40 1020 12 beams (phase) 3.8 x 1013 (30%) 3 x 10" (15%) 3.7 x 108 (2.1 x 10~ )
12 beams (space and phase) 3.3 x 10" (28%) 2.8 x 10" (15%) 3.8 x 10% (2.1 x 107%)
10% 8.7 x 103 (39%) 6.3 x 10'% (18%) 2.9 x 108 (9.7 x 1073)
= jo2t 12 beams (space and phase) 1014 (46%) 75% 102 22%) 13 x 10° (4.4 x 10°5)

A. Experimental prospects

We perform a series of simulations to investigate the
robustness of the proposed concept and the prospects of
performing a proof-of-principle experiment at soon-to-be-
available facilities [1,2]. For these purposes, we consider a
12-beam model mimicking an ideal dipole wave, and
further introduce random deviations within z/15 for the
phase and 4/30 for the position of the focus of each beam.
Additionally, we vary the total peak power of all laser
channels and the initial target density (i.e., the number of
particles delivered in some way to the focal region in order
to seed the cascade). The results are presented in Tables I
and II. For each case, the interplay between the cascade and
ART is triggered. In real experiments it will be possible
to confirm this by detecting a well-collimated emission
of high-energy photons or energetic electrons or positrons
along the symmetry axis. These results demonstrate that the
proposed concept is sufficiently robust and feasible to be
verified in proof-of-principle experiments at those upcom-
ing facilities that aim for a total peak power of 10 PW.
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