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ABSTRACT

Scattering relativistic electrons with optical lasers can result in a significant frequency upshift of photons, potentially producing y-rays. This
is what linear Compton scattering taught us. Ultra-intense lasers offer nowadays a new paradigm where multiphoton absorption effects come
into play. These effects can result in higher harmonics, higher yields, and also electron-positron pairs. This article intends to discriminate the
different laser scenarios that have been proposed over the past few years as well as to give scaling laws for future experiments. The energy
conversion from lasers or particles to high-frequency photons is addressed for both the well-known counter propagating electron beam-laser
interaction and quantum-electrodynamics cascades triggered by various lasers. Constructing bright and energetic gamma-ray sources in con-

trolled conditions is within an ace of seeing the light of day.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5090992

I. INTRODUCTION

Ultra-intense laser-matter interactions can generate 7-rays.
Several recent experiments have obtained hard X-rays in the labora-
tory using counter-propagating electron beams and laser pulses. ~ A
review on laser-wakefield acceleration (LWFA)-based light sources
summarizes other viable configurations for generating energetic pho-
tons and the properties of radiation that could be obtained with a
reflection to prospective applications.”

Multiphoton Thompson scattering was observed in a recent
experiment by Yan et al.” The next goal is to obtain a high conversion
efficiency of the electron energy into high-frequency radiation. This
requires operating the source in a regime of significant radiation recoil,
in the classical or quantum regime of interaction. First evidence of
electron slowdown in a laser field*” is consistent with the classical
radiation reaction predictions for scattering a LWFA electron bunch
and a laser pulse.’ However, there are still many open questions
regarding the transition from the classical to the quantum radiation
reaction dominated regime, which has generated keen interest in the
last few years."" '

The radiation reaction dominated regime (i.e., the regime where
particles lose a substantial amount of energy through radiation emis-
sion) can be reached either by using higher laser intensities or more
energetic electrons. The particles in this regime emit either a few very
energetic photons (quantum radiation reaction) or a large number of
low-energy photons successively (classical radiation reaction).'” The
currently published energy record for LWFA electrons is 4 GeV, and
those electrons are obtained using a 16 ] laser.”’ In the next generation
laser facilities, electron energies on the order of 10 GeV are expected.
Pairing such electron beams with intense lasers can provide access to
more extreme regimes of interaction. It may even be possible to obtain
multiple electron-positron pairs from electron beam-laser collision. In
the two-step approximation, a particle first emits a high-energy pho-
ton, which then decays into an electron-positron pair via the Breit-
Wheeler (BW) process in an intense electromagnetic background. A
milestone experiment was performed at SLAC,”" where BW pairs were
produced in a collision of a 46.6 GeV electron beam from a linear
accelerator with a green laser at the intensity of ~10"* W/cm® The
next generation of laser facilities is expected to deliver a much higher
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pair yield””" even using electrons with lower energies (on the order of
a few giga-electronvolts). Further laser-electron scattering experiments
are planned, relying on both LWFA and conventional accelerators to
provide the electrons.

Another way to generate y-rays and pairs with intense lasers is
QED cascades.'””* One of the most popular configurations is to use
two colliding lasers to create an intense standing wave”” ~’ whose non-
linear evolution in the presence of self-generated plasma can be stud-
ied theoretically resorting to QED-PIC simulations (particle-in-cell
simulations incorporating a Monte Carlo algorithm for quantum pro-
cesses).”””" ¥ New laser facilities will access extreme regimes of inter-
action™** where we can expect an abundance of electron-positron
pairs. This motivated much theoretical effort to improve our under-
standing of QED cascades, considering configurations using multiple
lasers,” " as well as the challenges concerning the cascade seed-
ing.">"” Among the proposed solutions for the seeding problem, it was
proposed to use solid targets.”**” Configurations with nanowires were
also proposed to enhance the laser heating of the target electrons.™

In this manuscript, we focus on the gamma-ray emission. We
revisit the two main configurations: laser-electron beam scattering and
the two-laser QED cascade. The first aim is to connect the hard photon
emission in both these scenarios and bring an intuitive understanding
of why even in a QED cascade, the classical absorption is more impor-
tant than the instantaneous quantum absorption. The ratio of the clas-
sical and quantum absorption has been found previously using QED
calculations”' to be proportional to the square of the local normalized

vector potential ay, where ag = 0.86+/I[10"® W /cm?] 4 [um] for line-

arly polarized lasers and ay = 0.61/I[10"® W /cm?2] A [um] for circular
polarization. In other words, this ratio is proportional to the laser
intensity, and for high laser intensities, the classical absorption domi-
nates. Here, we show how the electron-photon scattering in a QED
cascade can be mapped to a simple laser-electron scattering scenario
for which the quantum vs classical absorption ratio has already been
calculated. The second aim is to estimate how much energy is con-
verted to hard photons in both configurations and identify the relevant
regimes of interaction. We also give a brief summary of the scaling
laws for evolution of the electron energy distribution function in the
laser-electron beam scattering. This is of importance for planning of
experiments because the electron beam properties imprint on the emit-
ted radiation. The ideas and scalings presented in this manuscript are
relevant for the multipetawatt laser projects such as ELL”” Apollon,™
and CoReLS™ that aim to reach unprecedented laser intensities, as well
as FACET-II"* and LUXE ™ that plan to perform laser scattering
experiments using 10 GeV-class high-quality electron beams.

This manuscript is organized as follows. In Sec. II, we discuss the
ratio of classical vs quantum absorption in a scattering of a single elec-
tron with one wave. We mostly discuss the counter-propagating geom-
etry because it provides the highest energy photons. We then extend
the ideas presented for a single wave-electron interaction to a lepton
interacting with a standing wave formed by two colliding lasers. Later
we review the scaling laws and the energy conversion expected for the
electron-laser scattering configuration. We finally discuss the radiative
absorption in a two-laser cascade. We distinguish two regimes: a
regime of controlled radiation emission, when the wave is not severely
affected by the presence of the plasma, and a regime where the plasma
density is high enough to disrupt the wave (this can occur because the
target is dense in the beginning or due to the considerable production
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of electron-positron pairs). We identify the parameters where the pair
production is low enough to operate a controlled y-ray source in a low-
absorption regime with solid hydrogen targets already available in the
laboratory. The results are supported with QED-PIC simulations for a
range of parameters, in both 2D and 3D geometries.

Il. QUANTUM LASER ABSORPTION VS CLASSICAL
LASER ABSORPTION

Quantum vs classical laser absorption by a single electron was
first considered by Meuren et al.”"”” using the QED formalism. Here,
we provide an intuitive picture for the corresponding scaling laws.

A. Laser-electron scattering

The first studies dealing with interaction of electrons with intense
laser beams date back to a few years after the invention of the laser.”*””
It was found that a mass change induced in the electron (considered
initially at rest) by the external field of the laser shifts the wavelength
of the scattered photons by an amount depending on the intensity of
the incident beam. Furthermore, the absorption of multiple laser pho-
tons becomes possible, which facilitates the emission of harmonics. If
the electron is initially relativistic, the scattering with the laser photons
can result in the emission of y-rays.

Effectively, only a finite space-time region is relevant for the pho-
ton emission process. It is characterized by the so-called formation
length Irthat depends on the wave intensity”’

I 1

FRa o
where / is the wavelength of the wave. Equation (1) is valid for y, =<1,
where the definition of the quantum parameter for electrons counter-
propagating with an optical laser (A = 1 um) can be approximated as
Ze ™2 5% 10~ %aq.

According to Eq. (1), the radiation is formed over multiple laser
cycles if ay < 1. In this regime, it is useful to introduce the so-called
“dressed momentum” for the emitting electron, which is obtained by
averaging the classical canonical momentum over a laser period.”* "’
Correspondingly, the classical mass change mentioned above appears.

For ay > 1, we have lf<< /. and the radiation process occurs
almost instantaneously in an effectively constant background field.
The concept of dressed momentum in this regime becomes meaning-
less.”"”"%” Instead, a semiclassical approximation becomes possible,
i.e., the radiating electron follows a classical trajectory between local-
ized emission events.”**

In this regime, we can distinguish two types of energy transfers:
classical and quantum absorption.”””” The term quantum laser
absorption ¢;, is defined as the direct contribution of the laser pho-
tons that scatter with the electrons during the quasi-instantaneous
emission process. Any laser absorption that occurs elsewhere (the laser
energy invested in the electron acceleration) can be described classi-
cally and is incorporated into the instantaneous electron energy contri-
bution €, The analysis of the energy transfer from electrons to
photons allows estimating the importance of quantum laser absorp-
tion during the electron interaction with an intense laser beam.

The scattering process is affected by the presence of the intense
laser field in two ways. One aspect is that there is a temporary momen-
tum transfer from the laser to the electrons: the laser induces electron
oscillations. A relativistic electron counter-propagating toward an
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intense laser with normalized vector potential a, acquires an addi-
tional transverse momentum on the order of ~agmc during the inter-
action, while the effect on the longitudinal momentum is small if g, <
Yo. For circular polarization, the additional electron transverse
momentum is constant in magnitude but periodically changes the
direction revolving around the propagation axis, while for linear polar-
ization, the direction is fixed, but the magnitude changes periodically.
The second effect of the very intense field to the scattering process is
that the local field energy density is high, which means that there can
be many photons within the interaction volume. Such a photon den-
sity allows us to have frequent repeated scatterings as well as to absorb
more than one photon at a time in a single scattering.

The following paragraph illustrates intuitively, by comparing the
typical timescales of acceleration and emission, how the factor a2
between the classical and quantum photon absorption might arise. Let
us assume that a, > 1, and the particle emits a hard photon not more
than once during one full laser cycle. The photon formation time is 75
= Ifc, where c is the speed of light. The laser period is T;. As T;/tf
~ ao, the total work of the laser electric field during one period on one
particle is a, times larger than that during one emission event.
However, at relativistic intensities, an electron can take much more
energy from the wave, on the order of & ~ aZmc? (assuming that the
electron is initially at rest). This is because a relativistic electron can
have a longer effective interaction time, and one oscillation can last
longer than a simple laser period T;, (for example, if an electron copro-
pagating with the wave). From there, we get that T.g ~ agT; and
Tege /17 ~ a(z). One should note that the value of T.g depends on the
initial particle energy and the scattering angle, but it is never smaller
than T;/2. If we have n emissions during one laser cycle, then the aver-
age time between two emissions is Ten/n. The relevant ratio then
becomes T /(n17) ~ af/n. If a particle is counter-propagating with a
wave, then most of the energy of the emitted photons is invested by
the electron. However, the laser has to invest a few photons (even if
not many) into the electron acceleration (classically) and also during
the actual emission event in order to facilitate it (quantum absorption).
One can show that the classical vs quantum absorption of the laser
photons scales as af. As the quantum absorption is negligible for a,
> 1, it is not considered in the QED-PIC algorithms. However, the
classical absorption that occurs due to the laser interaction with the
plasma particles (i.e., particle acceleration) is intrinsically included in
the PIC algorithm.

B. Mapping photon emission in a QED cascade
produced by two colliding lasers with the photon
emission in laser-electron scattering

The ideas presented for a laser-electron scattering do not trivially
port to the standing wave configurations with multiple lasers. Particles
can be initially at rest. The particles first get accelerated, then lose
energy due to radiation emission, and then get re-accelerated”” by the
electric field in the standing wave. All the energy radiated to high-
frequencies comes from the laser field: either through accelerating the
electrons (classical absorption) or by providing photons for scattering
to occur (quantum absorption). The question is: which channel is
dominant?

We can make use of what we know about particle dynamics in a
standing wave to establish a connection between this setup and the
simple laser-electron scattering discussed in Sec. II A. Electrons (and
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positrons) gain momentum on the order of 4y, that is, perpendicular
to the laser propagation axis.”*"”" In the case of circular polarization,
leptons keep rotating, always remaining perpendicular to the laser
propagation. This allows for a simplified consideration as the laser-
photon scattering always occurs at the right angle.

If the particle scatters with photons from only one laser, the
situation is exactly the same as a scattering with one laser at 90°.
However, in principle, we could have a linear combination of m
photons from one wave and # photons for the other participating
in the scattering (not every combination is necessarily allowed, but
here we assume a most general case). As the particle Lorentz factor
is typically on the order of ay, the energy of an individual photon in
the particle rest frame is g”‘;h ~ ay Cpp> regardless of which laser the
photon belongs to. Furthermore, the photons of both waves practi-
cally copropagate in the electron rest frame as the Lorentz boost
gave them a momentum in the same direction. In other words, the
electron sees them almost as one wave, apart from the tiny differ-
ence in the momentum (~1eV for optical photons) perpendicular
to the boost direction [see Fig. 1(d)].

Particle dynamics is slightly different when we have linearly
polarized laser pulses forming the standing wave. The electric field
is perpendicular to the laser propagation axis, but the magnetic field
then rotates the momentum, and the particles can be found
counter-propagating with one of the waves. In the electron rest
frame, counter-propagating photons are upshifted, while the pho-
tons of the copropagating laser are downshifted. The most energetic
photons in the electron rest frame are the counter-propagating
ones. We can then see the analogy with the laser-electron scattering
emerging naturally as one wave becomes more important than the
other. We note here that the normalized vector potential aq is
Lorentz-invariant, which means that the wave with higher energy
individual photons in the electron instantaneous rest frame has a
higher energy density. There is a range of possible angles of inci-
dence, with two limiting cases: particles being perpendicular to the
laser propagation axis or counter-propagating with one of the lasers
[see Fig. 1(e)]. In general, any of these configurations can be
mapped to an electron-laser scattering.

We have not discussed a decay of a hard photon into a pair here
because the number of emission events in a QED cascade surpasses
the number of pair production events by orders of magnitude. They
contribute little to the overall energy balance. Nevertheless, it was
shown in Ref. 51 that the ratio between the classical and quantum laser

absorption for pair production is also ecy /e1q ~ a3

lll. SCALING LAWS FOR LASER-ELECTRON
SCATTERING

In a collision between an intense laser and an electron beam, the
final electron energy after the interaction can be estimated as'’

0
Vo~ 2
/Ffl k7o (2)

for k < 1. The coefficient k depends on the laser duration 7, at FWHM
and peak intensity I, in the following way:

Y

k =3.2 x 107 I, %[fs] (1 — cos 0)?, ®)

where L, = I[10*> W/cm?] and 0 represents the angle of interaction
(for counter-propagation, cos@ ~ —1). The counter-propagating
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configuration, therefore, corresponds to the strongest radiation reac-
tion or losing a largest fraction of the electron energy. The energy con-
verted to photons is then approximately

kv?
émd [mcz] = 0

~ . 4
1+ ky, @

Note that the electron beam energy bandwidth is bound to rise
due to stochasticity in the quantum regime y, = 1."""'” But the high-
energy electrons, on average, radiate more than low-energy electrons.
This tends to reduce the energy bandwidth, even in the quantum
regime of interaction. The electron distribution function either spreads
or shrinks depending on the local conditions. In the limit where the
scattering is still Thompson in the electron rest frame, one can derive
an expression for an instantaneous “turning point.”'® If the standard
deviation of the electron energy distribution function ¢ is larger than
o, then the electron distribution function shrinks. For ¢ < o, sto-
chasticity dominates and the bandwidth of the electron energy distri-
bution rises. The value of ¢ is given by'°

orlm] ~ 1.4 x 1072932 1)*, (5)
where 7 is the average value of the instantaneous electron Lorentz
factor. The validity of Eqgs. (2) and (5) can be extended to the regime
where 7, ~ 1 by adding a correction for the electron Gaunt factor.'”"*
However, the final expression then becomes more complex, and our
aim here is to keep the scaling laws as simple as possible. The simplic-
ity allows us to estimate an asymptotic energy spread'® as a function
of the initial electron energy 7, and the laser intensity and duration

1/2
1.5 x 107002 92 ! ©
(1461 %10 Inwolfs])’)

Equation (6) is useful for planning experiments because it allows for a
quick estimate of the expected final width of the electron energy
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FIG. 1. Geometry of the interaction in lab-
oratory (left-hand side) and boosted
frames (right-hand side). (a) and (b)
Laser-electron head-on configuration; (c)
and (d) two laser standing wave, when
@ interacting particle instantaneous momen-
tum is perpendicular to the laser axis; (e)
and (f) two laser standing wave interacting
with a particle at an oblique angle.

distribution function. One can also predict the final divergence of the
beam. Let us define the divergence as the average deflection angle 0
from the main axis of beam propagation. In this case, one can estimate
this value as

Op ~ /= = oF. (7)
s

Comparisons of Eq. (7) with QED-PIC simulations are given in Fig. 2.
The blue dashed line represents the 0 obtained using values of yr and
0r Egs. (2) and (6). The red line represents the values obtained with
Eq. (7), but using 6 and yr measured in the simulation. The electron
beam initial energy was 0.85GeV, and it interacted with a circularly
polarized laser of ay = 27. All other simulation parameters are given
in the Appendix.

30 Fr rr 1| r 1 1T LI B B T T ]
25 : o
— 20 |- -
5 n ]
s r ]
EsE 3
) E . ]
g F Eq. (7) using ]
< 10 . 3
N estimated values 7
F —— actual values E
5 - A i
r o  Simulations ]
O 1 1 1 1 I 1 1 L 1 | 1 1 L 1 | 1 1 1 1 ]

0 50 100 150 200

Pulse duration [ fs ]

FIG. 2. Electron beam divergence after the shutdown of the interaction with the
laser given in Eq. (7) and from simulations.
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IV. ENERGY CONVERSION TO HIGH-FREQUENCY
LIGHT IN A TWO-LASER STANDING WAVE (LINEAR
POLARIZATION)

The number of photons of a plane wave with the normalized
vector potential g, in a volume of 1) can be estimated as

2 2 252
Ny :f_nzg %%:%:3 x 10'42. (8)

Here, as= mc?/hwy = 4.12 x 10° Jo [um] represents the
Schwinger critical field in units normalized to the laser frequency. In
other words, this defines the dimensionless normalized vector poten-
tial that corresponds to a Schwinger field at a given wave frequency.
For our calculation, the total number of available photons in a volume
of 22 given in Eq. (8) should be multiplied by a factor of 2 as the stand-
ing wave is formed by two counter-propagating traveling waves.

The temporal structure of the standing wave causes a periodic
emission with a period of T;. The constructive interference for the
magnetic and electric field is temporally spaced at T;/4. Periods of par-
ticle acceleration (when E is large) and rotation (when B dominates)
therefore alternate every T;/4. The characteristic cycle of emission is
T;/2 with the second half of the laser period repeating exactly the
same particle dynamics in the opposite direction of motion.

Particle trajectories are chaotic,’*®” and stochastic emission does
not allow for a general analytical estimate of the radiated energy using
the trajectories alone. However, average energy absorbed per particle
during the half-period T7/2 can be approximated using ideal simula-
tions where pair production and current deposition are suppressed
(see Figs. 3 and 4). In such simulations, the wave is not disturbed by
the presence of the plasma. Photons do not decay into pairs, but the
particles do experience quantum radiation reaction due to the hard
photon emission.

The energy emitted by one particle during T;/2 in an undisturbed
linearly polarized standing wave with g = 1 um can be approximated
as

Ay~ 9 x 107*a2 + 0.2a,. 9)

Equation (9), obtained as a best fit to the available data, can then be
used to estimate the importance of radiative laser absorption for

4000F
‘o Eq. (9)
% 3()00;_ * Simulations _
o E ]
g 20002— _
o F ]
o F E
9 1000F E
F E E
w F E
< E E
0 L e R I R R ST S K T S R A R T R R

0 500 1000 1500 2000

do

FIG. 3. Energy emitted per particle in an undisturbed standing wave during half of a
laser period T;/2. The line is given in Eq. (9), and points are obtained from
simulations.
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FIG. 4. Number of photons with energy above 1MeV emitted during one laser
period T, per particle (electron or positron). The numbers are given for the undis-
turbed standing wave.

nonideal scenarios. What we mean by radiative absorption is the
energy that was transferred from the laser to the particles through
classical acceleration and then radiated to hard photons. When the
standing wave interacts with a plasma target, this is one of the possible
depletion channels.

Let us assume that our target is 1 um thick and the density # is
much lower than the relativistic critical density agn.. In that case, we
do not expect the standing wave to be disturbed. Also, by taking a nar-
row plasma slab, all plasma electrons (and eventually positrons) are
located within one laser wavelength. This limits the interaction of each
section of the traveling waves with the plasma to one full laser period.
The radiative laser depletion can therefore be estimated locally in a 4
volume and during one full laser cycle. The percentage of the wave
turned into high-frequency radiation depends on the local plasma
density and the local laser intensity. The density gives an estimate
of the total number of particles in the /; volume, while the emitted
energy per particle depends on the laser intensity and is given in
Eq. (9).

If n = n. and we consider an electron-positron plasma, we have
about 10” electrons and 10° positrons in the /1(3, volume. The fraction
of the laser energy absorbed locally during one laser period is then
given by

A 9x 104 0.2
<_ﬁ) %3,351”10—6(&)%“ (10)
T

€ ne ap

Here, multiplication factor 4 comes from moving from half of T},
to a full Ty and considering two species: electrons and positrons. If we
now follow any point of the individual traveling waves at the speed of
light as they pass the interaction region, we note that any absorption
that occurs to that portion of the waves occurs within one T;. The rest
of the time, the wave propagates freely. Every T;, there is a fresh por-
tion of the wave interacting with the plasma, while the previous
has escaped the interaction region. This means that the ratio given in
Eq. (10) is approximately equal to the global absorption of the wave
after the shutdown of the interaction.

For optical lasers with 4o = 1 um, interacting with a pair plasma,
we observe that in an undisturbed standing wave, the energy converted
to high-frequency radiation can be approximated as
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This estimate is not the whole picture because we neglect the self-
consistent fields in the plasma and pair production. However, Eq. (11)
allows us to estimate how strong is the high-frequency emission as a
depletion channel when considering plasma densities much lower
than the relativistic critical density aon,. Figure 5 illustrates the strong
radiative absorption limit as a function of intensity as predicted by Eq.
(11). The characteristic density is calculated for each laser inten-
sity assuming 10% laser absorption and solving for n. If we would
like to remain in the regime of low absorption (undisturbed
wave), we have to use the density below this limit. It is interesting
to note that one does not need to reach the relativistic critical den-
sity for extreme absorption according to this. For a, = 1000, even
n=160n. is enough for strong absorption. Cryogenic targets
available in experiments have a density on the order of 10 n,,
which means that it is possible to use them for controlled radia-
tion sources, provided that the QED cascade does not increase the
plasma density by an order of magnitude.

To evaluate a parameter range where this is the case, we should
also analyze the pair production. Plasma density in a cascade increases
exponentially: n = ng exp (I't), where I is a growth rate that depends
on the laser intensity. For ay < 500, and circularly polarized lasers, the
growth rate has an approximate expression given by’

I 2ae
~ _ 2.6 x 10 %ag exp (f ﬁ) (12)

(O0) 3(1%
The growth rate predicted using Eq. (12) is in agreement with the
recent calculations by Kostyukov et al.”® for ap=<400. An upper esti-
mate for linear polarization can be estimated by assuming that the
same total energy yields the same growth rate. This is equivalent to
using ay/+/2 instead of a, in Eq. (12)

r 4
LPE 18 %10 %a, exp(fi;>. (13)
(o) 3(10

Another option for Gaussian laser pulses is to insert ay/2 instead of a,
in Eq. (12) to account for the fact that not all particles experience the
instantaneous maximum intensity

046 T T T —T T _32
0.141 ]
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FIG. 5. Target density for strong absorption as a function of laser intensity. The tar-
get density is calculated when Eq. (11) predicts 10% absorption. For controlled con-
ditions, one should aim at least one order of magnitude lower initial target density.
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[20)

-3 8ag

= 1.3 x 10 "ag exp ( Sa(z))‘ (14)
Using ay/2 is also more consistent with the data obtained from cascade
simulations at higher intensities”"” (a, > 1000). Equations (13) and
(14) define a range of values for the expected growth rate at each g, for
linear polarization. We should note here that near-threshold pair pro-
duction is very sensitive to the seeding,">*”*” and so one may not be
always able to reach the given growth rates. When using laser pulses,
the actual growth rate is likely to be closer to I';p_ than to I';p,. For
example, the multiplicity we get for a 24.5 fs laser pulse with a peak
intensity of ap = 500 using Eq. (14) is 1.44, while the simulation data
give 1.69. For the same data, the upper bound I';p, predicts a multi-
plicity of ~100, which is two orders of magnitude higher. Using an
infinite plane wave, the multiplicity in the simulation increases, but
it remains on the same order as predicted by I';p_ in Eq. (14).
The growth rate estimates for ay < 500 given in Eqgs. (12)-(14) are
illustrated in Fig. 6.

As we mentioned before, for designing a radiation source, it may
be favorable to keep the pair production rate low and operate in a
more controlled emission regime. To avoid the uncertainty of seeding,
it is also important to have a reliable estimate regarding how many
particles are contained within the interaction volume. In this sense,
using a gas jet would not be optimal even though it has an advantage
of offering a possibility to start at a low density. A dense solid target
can be manufactured to high precision, but then an undisturbed stand-
ing wave interaction is not possible. The best option available to date
could be to use cryogenic targets, composed of hydrogen ice. They
have recently been used in ion acceleration experiments, and a
micrometer-level thickness was achieved”””" at a density of ~10 ..

In the following paragraphs, we consider the output radiation
generated by interaction of two pulses with one such target, initially
composed of electrons and protons. For completeness, we compare
also the findings with the case when the target is initially composed of
electrons and positrons, as well as the case when the standing wave is
undisturbed. A range of intensities between a, = 100 and ay = 1500
was considered.

Figure 7 displays the angular distribution of radiation for all the
cases, while Fig. 8 shows the conversion efficiency of optical light to
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FIG. 6. Pair production growth rates for circular and linear polarization given in
Egs. (12)—(14).
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FIG. 7. Angular distribution of radiation as a function of intensity. The values of the radius represent a fraction of total energy radiated in a given direction per 1rad (i.e., isotro-
pic radiation would correspond to a circle with a radius of 1/27t). The red curves correspond to the radiation in an undisturbed standing wave. The other two curves correspond
to the radiation pattern obtained using a 10 n, target composed of (green) electrons and positrons or (blue) electrons and protons.

high-frequency radiation. The differences between the electron-proton
and electron-positron target in the typical radiation directions are
almost negligible although there is a difference in the energy conver-
sion efficiency. This is not surprising because in the electron-positron
target, there are twice as many radiating leptons. The angular distribu-
tion in an undisturbed standing wave is quite different at some intensi-
ties compared to that of the 10 #, target. For ay = 100, the 10 , target
represents already 10% of the relativistic critical density for such a
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FIG. 8. Conversion efficiency of laser energy to emitted radiation using a 1 zm-thick
target with an initial density of 10 n.. The results shown are for a target composed
of electrons and positrons (blue dots) or electrons and protons (red diamonds).

wave. Some level of discrepancy is therefore expected for the lower
end of the explored intensities. At higher intensities, the discrepancies
come from the pair production that increases the target density during
the interaction until the density is high enough for wave disruption.
The mid-range intensity of a, ~ 500 seems to be the best choice for
controlled emission because the pair multiplicity is low, and at the
same time, the intensity is high enough not to be too disturbed by the
presence of the target.

Figure 9 shows a 3D simulation using a cryogenic target for a,
=1000. The conversion efficiency obtained in 3D simulations for a,
=100, ap=500, and ao=1000 is displayed together with the 2D
results in Fig. 8. The absorption is somewhat lower in 3D (as the aver-
age laser intensity is lower), but is on the same order of magnitude,
and so the conclusions regarding the different regimes of interaction
are consistent with these results as well.

V. CONCLUSION

We have shown that it is possible to convert most of the energy
from the laser (or interacting electrons in a laser-electron scattering) to
y-rays in near-future laser experiments. To achieve a strong conver-
sion efficiency, one should either use a solid-density thin target or use
intensities that can initiate a QED cascade that produces enough pairs
to increase the plasma density during the interaction (a, ~ 1000). It is
also possible to obtain radiation emission in controlled conditions.
Using cryogenic targets, this is possible for ag ~ 500, where the num-
ber of particles is not expected to increase more than twice due to the
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pair production, and the target density n ~ 10 #, is small enough to
keep the radiative absorption below 10%.

ACKNOWLEDGMENTS

This work was supported by the European Research Council
(ERC-2015-AdG  Grant No. 695088), Portuguese Science
Foundation (FCT) Grant No. SFRH/BPD/119642/2016, and
German Research Foundation (DFG) Grant No. 361969338. We
acknowledge PRACE for awarding access to MareNostrum based in
the Barcelona Supercomputing Center. Simulations were performed
at the IST cluster (Lisbon, Portugal) and MareNostrum (Spain).

APPENDIX: SIMULATION METHODS AND
PARAMETERS

All simulations are performed with the QED module of
OSIRIS.””* The QED module is a Monte Carlo module that accounts
for the photon emission and Breit-Wheeler pair production and is
implemented as an addition to the standard PIC loop of OSIRIS.
Energetic photons are initialized as an additional particle species.
The emission rates are found in Refs. 73-75. OSIRIS QED has been
used previously in Refs. 16, 29, 44, 47, and 76. A similar method for
incorporating BW pair production is used in several other
Codesll&} 1,32,34-38,77

The simulations from Sec. III displayed in Fig. 7 are performed
with parameters as in the work of Vranic et al.'® The electron beam
initial energy is 0.85GeV, and initial beam divergence is p./p
~ 0.2 mrad. The laser is transversely a plane wave with a temporal
envelope. The total pulse duration is given by T = Ty + (Trise
+7f1) /2, where 1q, is the constant amplitude section of the wave
that was varied from 0 to 160 fs. The envelope function has a
smooth rise and fall, the same for all the simulations: T = Tra
=26.6 fs. The simulations are performed in 2D, with a box size of
500 x 20 ¢* /w3 resolved with 5000 x 200 cells and the time step
dt = 0.04 w, ' using 16 particles per cell (ppc).

Section IV has several types of simulations. Ideal simulations
displayed in Figs. 3, 4, and 7 were performed with no current depo-
sition and pair production: the standing wave is undisturbed by the
presence of the plasma and the plasma density does not grow due
to the new particle generation. The transverse boundary conditions

ARTICLE scitation.org/journal/php

FIG. 9. 3D simulation of a two laser cas-
cade produced using a cryogenic ice tar-
get and two lasers of a; = 1000. Half of
the total laser energy is converted to y-
rays.

are periodic. The simulation box size is 200 X 10 ¢?/w}, resolved
with 2000 x 100 cells and 9 ppc. The plasma slab is 1 um thick and
is composed of electrons and positrons. The initial density is
n=0.001n.. The two lasers have a 2-cycle smooth rise and fall and
a 10-cycle flat section. All the measurements in ideal conditions
were taken, while all particles are fully immersed in the flat-top sec-
tion of the standing wave.

The 2D and 3D simulations shown in Figs. 7-9 are performed
including all options of the QED PIC module. In 2D (3D), the box
size was 200 x 192 ¢*/w} (200 x 192 x 1923 /w3}), resolved with
2000 x 1920 (2000 x 960 x 960) cells and 9 ppc (27 ppc). The time
step is dt = 0.005w, ", and boundary conditions are open in all
directions. The two laser pulses have a Gaussian transverse profile,
with a spot size of Wy = 3 um. The temporal envelope slope is
defined by a polynomial function f(t) = 10(t/9)’ — 15(t/70)*
+6(t/10)°, where the pulse duration is o = 25 fs. The plasma slab
is initially 1 um wide, with a density of n=10n,, and composed of
either electrons and positrons or electrons and protons.
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