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Abstract—Formation of hard photons in the process of interaction of high-current ultrarelativistic particle
beams with extended plasma targets is analyzed. Dependence of conversion efficiency of beam energy to
energy of gamma radiation on target parameters (thickness and density) is established using full-3D particle-
in-cell simulation. An analytical estimate obtained within the framework of the approximate model agrees
well with the results of numerical simulation. The studied interaction configuration can be a simple and effi-

cient means of generating high-quality gamma beams.
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Studies in the area of strong-field physics are cur-
rently related mainly to using multi-petawatt laser
facilities, such as ELI [1], SULF [2], Apollon [3], and
100-PW lasers (XCELS [4], SEL [5], etc.) in future.
However, achieving higher and higher values of inten-
sity imposes more and more strict requirements on
contrast, stability, pulse quality, etc. [6]. In this regard,
high-current particle accelerators that are character-
ized by high beam quality and stability can become an
attractive alternative for experiments in the area of
strong-field physics. Currently plasma methods of
acceleration are considered to be a promising direction
for creation of compact linear accelerators [7], e.g.,
the FACET-II project aims at construction of such an
accelerator [8—10]. Charged-particle beams can gen-
erate strong electromagnetic fields in this kind of
accelerators, which makes possible observing strong-
field-physics processes, such as generation of gamma
radiation in the process of nonlinear Compton scatter-
ing [11—13], creation of electron—positron pairs [14,
15], or even effects of nonperturbative quantum elec-
trodynamics [9, 16, 17] upon collision of such beams
with matter (or other beams).

It is expected that beams characterized by density
of electrons exceeding 10% m—3, which corresponds to
characteristic electron density in a solid, will be
obtained at the FACET-II facility. A strongly nonlin-
ear wave, or “bubble”, can be driven in a solid upon
propagation of such a beam, which formation is usu-
ally studied in much less dense media, e.g., gases [18,
19].

In the present work, we investigated the process of
generation of gamma photons upon interaction of an

ultrarelativistic electron beam with a thick plasma tar-
get by means of full-3D Particle-in-Cell (PIC) simu-
lation. We analyzed the dependence of conversion
efficiency of beam energy to energy of gamma rays on
parameters of the target. Numerical simulation was
carried out using the QUILL PIC code [20] in which
formation of secondary particles was taken into
account by using the Monte Carlo method. A hybrid
scheme described in [21] that allows substantially
reducing the growth rate of numerical Cherenkov
instability [22—24] was used for numerical solution of
Maxwell equations. Beam parameters were chosen
close to those expected in the FACET-II facility: beam
charge of 3 nC; average beam diameter and length of
400 nm and 1 um, respectively; particle energy of
10 GeV. Target density was varied from 10?7 to 5 X
10® m~3, while its thickness was varied from 1 to
100 um. Beam interaction with more extended targets
was not simulated in the present work, because various
collisional (nuclear, Coulomb, etc.) processes that are
not included in the QUILL code become essential in
this case.

Results of simulation showed that beam propaga-
tion in the target is accompanied by formation of a
cavity nearly completely free of electrons that propa-
gates synchronously with the beam (Fig. 1). A quasi-
static radial electric field and an azimuthal magnetic
field in which beam particles perform betatron oscilla-

tions with a frequency equal to (s)pl/m, where plasma
frequency ®,, corresponds to unperturbed density of
target electrons, and 7yis the instantaneous value of the
Lorentz factor of the particle, form in such strongly
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Fig. 1. (a) Distribution of electron density, (b) density of gamma photons, and (c) transverse force Ey — B, acting upon beam elec-

trons in simulation of propagation of a high-current beam in a solid target with density n, = 10%° m~3 and thickness of 10 um. The
upper row corresponds to beam penetration into the target to a depth of 4 um, while the lower row corresponds to the moment

when the beam is exiting from the target.

nonlinear wake. In the process, radiation of electrons
is incoherent and has synchrotron nature. Generated
beam of gamma quanta reproduces spatial distribution
of electrons and is characterized by a relatively low
divergence. Gamma radiation has a broad spectrum
with a cutoff at energy of initial electrons equal to 10
GeV that does not change in the process of interaction.
In addition to radiative energy loss, beam electrons are
slowed down by a longitudinal electric field generated
in the plasma cavity. However, the latter effect is sub-
stantially weaker than the radiative energy loss for suf-
ficiently dense targets. It is worth noting that forma-
tion of a “bubble” leads to the generation of a second-
ary electron beam in its trailing part, similar to the case
of a rarified plasma. Electrons of this secondary beam
are subjected to the action of an accelerating longitu-
dinal field and also perform betatron oscillations
thereby emitting radiation. Results of the simulation
reveal that the cutoff energy of the secondary beam
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does not exceed 5 GeV, while the fraction of emitted
energy does not exceed 15% relative to the total energy
of gamma radiation.

Note that a similar scheme for generation of bright
gamma beams based on collision of high-current
ultrarelativistic particle beam with a series of thin
metal films was proposed recently in [25]. In this con-
figuration, an effective field acting upon beam elec-
trons is formed as a result of “reflection” of the Cou-
lomb field of the beam from a thin plasma layer and, in
a sense, represents the field of transient radiation.
Despite differences in physical mechanism of genera-
tion of gamma quanta, generation efficiency and spec-
trum of the output gamma radiation are very similar in
the configuration used in [25] and in the configuration
under consideration. According to the above discus-
sion, beam electrons perform betatron oscillations in
the field of a strongly nonlinear wake the structure of
which is described in, e.g., [26]. Taking into account
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Fig. 2. Time dependence of total energy of electrons (Z,)
and photons (ZY) normalized to total initial energy of elec-

trons. Solid lines represent the results of the QED-PIC
simulation, while circles and squares represent an estimate
obtained using expression (4) and numerical solution of

equations (1) and (2).

radiation reaction in the quasi-classical approxima-
tion [27—31], equations of motion of electrons in such
a wave averaged over a period of betatron oscillations
have the form (detailed derivation of these equations
can be found in, e.g., [32, 33])

2n

dp p1 pI’ .2
+=-=—|P| — do, 1
dt F4n-([ (2(15 |cos¢|jsm b0 ()

dl’ 1 i r

- p
—=——|P| — do, 2
dt 21t-([ (2as|cos¢|j ¢ @

where p is the amplitude of betatron oscillations, I' is
the electron energy, and ag = mecz/h(opl. Normaliza-
tion to plasma frequency ®,, corresponding to unper-
turbed density of target electrons n, is used in the
above equations: time is normalized to 1/®,;, coordi-
nates are normalized to ¢/®,;, momentum is normal-
ized to mc, electromagnetic fields are normalized to
mco,/e, and power is normalized to mc?w,. In the
classical (), < 1) and essentially quantum (¥, > 1)
cases, when power P() of radiative losses is described
by a power-law function of 7y, the equations can be
solved analytically:

T(1)  [(1+0.625P (xo)t/%0)"" 3
Yo o [(1—0.149P (x0) /7)™,
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Fig. 3. Coefficient of conversion of electron-beam energy
to energy of gamma radiation as a function of target density
and thickness: solid lines—results of the QED-PIC simu-

lation, symbols—analytical estimate (4).

where Y, = ryYo/2as, and ry is the initial deviation of an
electron from the beam axis. Taking into account the
number of particles located inside the target, we can
finally find the time dependence of the total beam
energy:

0 7
L0=%- [ [n-vix+enex)
-26,0
X O (x + ct) 2nrdrdx,

where X, = Ny,, N is the number of electrons in the
beam, function n(x, r) = n,(x, r)/N defines charge dis-
tribution in the beam, and ®(x) is the Heaviside step
function. An example of comparison of the latter esti-
mate with the results of the QED-PIC simulation is
presented in Figs. 2 and 3. Note that the discussed
model does not take into account the presence of a
longitudinal field in the plasma cavity that additionally
slows down electrons. This circumstance explains the
difference between an estimate of the beam energy
obtained using expression (4) and its value obtained by
numerical simulation.

Note that, with the beam parameters under consid-
eration, efficiency of generation of electron—positron
pairs from gamma quanta is too low to have an impact
on the collision process even upon collision with a
dense target. Therefore, formation of electron—posi-
tron pairs was not considered in detail in the present
work.

Using full-3D numerical simulation, we thus dis-
covered that two short bunches of gamma photons are
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generated upon collision of a high-current ultrarela-
tivistic electron beam with an extended solid target.
The first bunch is related to radiation by electrons of
the initial beam, while the second is caused by radia-
tion of electrons injected into a plasma cavity created
by the initial beam. In the process, conversion effi-
ciency of electron-beam energy to energy of gamma
photons can reach 90%. The studied scheme of gener-
ating gamma radiation is promising from the point of
view of simplicity of its experimental realization and
ultimately high efficiency.
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