Quantum Electronics 51(9) 807-811 (2021)

©2021 Kvantovaya Elektronika and IOP Publishing Limited

https://doi.org/10.1070/QEL17606

Effect of transverse displacement of charged particle beams
on quantum electrodynamic processes during their collision

M. Filipovic, C. Baumann, A.M. Pukhov, A.S. Samsonov, I.Yu. Kostyukov

Abstract. Collisions of ultrarelativistic electron beams are consid-
ered using full-scale 3D particle-in-cell simulation. In this process,
the particles can be affected by the superintense fields of the coun-
terpropagating beam, and the interaction can pass to the regime of
nonperturbative quantum electrodynamics. In this experimentally
unexplored regime, the emission of photons and the production of
electron—positron pairs are extremely probable processes. It is
shown that due to the transverse displacement of the beams and an
increase in the number of particles located in the region of the field
maximum, it is possible to increase the yield of both photons and
electron—positron pairs.
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In connection with the rapid development of technologies for
constructing high-power lasers, in the foreseeable future, it is
expected to achieve laser radiation intensities exceeding
10> W cm™ [1-5], which will allow the laser radiation—mat-
ter interaction to be experimentally studied at very high ener-
gies. One of the directions of the research is the investigation
of quantum electrodynamic (QED) effects in a strong field.
QED processes can be classified by the quantum parameter
X =+ —(Ewp(”)z/(mecEcr) [6], where E, is the critical field of
vacuum breakdown [7], or the Schwinger limit; F,, is the elec-
tromagnetic field tensor; m1, is the rest mass of an electron; c is
the speed of light in vacuum; and p( is the four-dimensional
momentum. The parameter y allows quantifying the effect of
QED processes on the interaction of radiation with matter,
the most important of which are the emission of hard photons
due to nonlinear Compton scattering and the generation of
electron—positron pairs due to the Breit—Wheeler multipho-
ton process [6, 8]. When the parameter y reaches a value of the
order of unity, the probabilities of these processes become sig-
nificant.
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The regime at y < 1 was implemented in the E-144 experi-
ment at the SLAC facility [9], and it is expected that the
regime at y ~ 1 will be realised in the E-320 experiment at the
SLAC facility [10] and in the LUXE experiment at the DESY
facility [11]. No less important is the study of the so-called
‘supercritical regime’ corresponding to the limit y >> 1 [12].
The theory predicts that if the parameter y becomes large
enough to satisfy the condition ay?? > 1, where « is the fine
structure constant, then the mentioned QED processes are so
significant that the QED theory turns out to be nonperturba-
tive [13]. Not only this regime has not been studied experi-
mentally, but there is also no reliable QED theory, since in
this regime the expansion parameter in the QED perturbation
theory ceases to be small. Nevertheless, possible schemes for
implementing this regime in an experiment have already been
proposed [14—17] and some preliminary analytical studies
have been performed [18-22].

One of the biggest problems to be solved in order to
achieve a fully nonperturbative QED regime is minimising the
energy losses of particles before they enter the strong field
region, in which the condition ay?? > 1 is satisfied. Simple
estimates show that schemes based on collisions of a laser
pulse with an electron beam are not viable, since even for the
parameters of laser radiation that are expected to be obtained
at facilities with a peak power of 10 PW, electron bunches
with a Lorentz factor of y ~ 107 are required. An alternative
configuration using a 100 GeV-class electron collider is more
promising [23]. In this paper, we propose a development of
this scheme of an electron—electron collider. In particular, the
collision of electron beams displaced with respect to each
other in the transverse direction is considered to ensure a
higher yield of secondary particles as a result of QED pro-
cesses. In addition, the energy losses with an increase in the
length of electron bunches are discussed, and the yield of sec-
ondary particles is compared with the previous analytical esti-
mates [24, 25].

To study the collision of beams, we performed a numeri-
cal simulation by the particle-in-cell (PIC) method using the
virtual laser plasma laboratory (VLPL) code [26] in three-
dimensional geometry. The simulation domain was 200,
300, and 300, along the x, y, and z axes, respectively, where
0y = 10 nm is the characteristic spatial size used for normali-
sation in each simulation. The grid steps were 0.0250, 0.10,
and 0.10, along the same axes. The time step was equal to the
step value in the direction of the x axis, which was dictated by
the choice of the rhombi-in-plane (RIP) pattern [27] for the
numerical solution of Maxwell’s equations. The diameter and
length of the beams were 10 nm (unless indicated otherwise),
the peak current was I,,,,, = 1.7MA, the Lorentz factor of the
particles was y = 2.5 X 10°, and a Gaussian ellipsoid was used
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as the density profile. For all the calculations performed, the
transverse boundary conditions were periodic, and the longi-
tudinal ones were absorbing. QED processes in this code are
simulated using the Monte Carlo method [28, 29]. In the cal-
culations performed, two QED processes were taken into
account — the nonlinear Compton scattering and the Breit—
Wheeler process. In this paper, two possible configurations
are considered. In the first configuration, hereinafter called
‘undisplaced’, the transverse positions of the centres of the
two electron beams coincide. The second configuration,
called ‘displaced’, is schematically shown in Fig. 1. In this
case, one of the two electron beams is displaced relative to the
other in the direction of the y axis by a distance d,,. This dis-
tance is chosen such that the density maximum of one elec-
tron beam passes through the electric field maximum of the
counterpropagating beam. The expression for the electric
field strength can be found from the Gauss theorem:
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where g, is the root-mean-square beam radius; o, is the root-
mean-square length of the beam (note that below the results
of modelling with different beam lengths o, will be presented);
v & ¢ is the speed of the beam particles; and n, is the maxi-
mum concentration of beam particles [30]. For the above
simulation parameters, the maximum electric field E,,, =
13.8(2mm c?) X (ecy)™" is achieved at 7, ~ 1.590,. Thus, the
optimal shift for the displaced configuration is dy = rp,, ~
15.9 nm.

Figure 1. (Colour online) Modified collision configuration of electron
bunches: the electron density (purple and yellow) at the beginning of the
simulation, the y-component of the electric field (red-blue colour
scheme).

First of all, we found that, in the simulation, the interac-
tion actually occurs in a nonperturbative QED regime,
realised under the condition ay?? > 1, or x> 1600. Figure 2
shows the maximum values of the parameter y in the yz plane
at complete overlap of both bunches. Large y values are
observed in a ring around the bunch propagation axis for an
undisplaced configuration (Fig. 2a) and in two rings for a dis-
placed configuration (Figs 2b, 2¢). The reason for this distri-
bution of the parameter y is related to its dependence on the
strength of the electric field, which has axial symmetry and
possesses a maximum at some distance from the centre of the
beam [see Eqn (1)]. The maximum value of y is 1695 in both
configurations, which confirms the implementation of a com-
pletely nonperturbative QED regime. An estimate shows that
in an undisplaced configuration, about 34 % of the beam elec-
trons reach this regime. This value is in agreement with the
estimate obtained by Yakimenko et al. [23]. For comparison,
the fraction of electrons reaching the supercritical regime in
the displaced configuration is about 33%. Despite this, in the
displaced configuration, the yield of both photons and elec-
tron—positron pairs is higher (see below). This spatial distri-
bution of the parameter y directly affects the QED processes.
In particular, Fig. 3 shows the energy density distributions of
the emitted photons in both configurations. Since the proba-
bility of photon emission is related to the value of the param-
eter y, in the undisplaced configuration the emitted photons
are located symmetrically around the beam propagation axis
and are almost absent in a small channel along the x axis. In
the displaced configuration, the photons are located near the
axes of propagation of both beams because the centres of the
beams lie in the region of the maximum electric field. Before
further analysis of the simulation results, we present the esti-
mates of the secondary particle yield obtained in [24]. It shows
that the ratio of the total number of photons to the initial
number of electrons in the bunch can be expressed in terms of
the average value of the parameter y, which is analytically
calculated for the Gaussian distribution of the beam concen-
tration as follows:

av 5 Neoal/lé
X = T = E 0,0, ’ (2)

where N is the initial number of electrons in the bunch, and
Ac is the reduced Compton wavelength. With the chosen
interaction parameters and a bunch charge of 0.14 nC, the
parameter 1~ is equal to 990. The average value y*' of the
parameter y, calculated from the results of numerical simula-
tion, was ~790 in the undisplaced configuration and ~787 in
the displaced configuration at the moment of the complete
overlapping of the beams. Since the parameter y*V is deter-
mined by the field of each beam, its values are close in both
configurations. In the limit 77 >> 1, the ratio of the number
of photons to the initial number of electrons in the bunch can
be estimated as

& Oy 2/3)
N, ™ 2.57(y/1ca7" . 3)

Substitution of the value of the parameter y*¥ into this for-
mula gives the ratio N,/Ny ~ 0.193, which is in good agree-
ment with the simulation results, according to which this ratio
is ~0.203 for the undisplaced configuration and ~0.210 for
the displaced one. It is also possible to estimate the energy
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Figure 2. (Colour online) Maximum values of the parameter y in the
simulation domain with complete overlap of bunches in the yz plane for
(a) an undisplaced configuration, as well as for the electron beam mov-
ing (b) to the right and (c) to the left in a displaced configuration. The
crosses show the position of the beam centre, and the black circle with
radius o, is the size of the beam.
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Figure 3. (Colour online) Energy density of emitted photons in the xy
plane after collision of electron bunches in (a) undisplaced and (b) dis-
placed configurations. Arrows indicate the direction of propagation of
photon bunches; W, is the photon energy density in the simulation cell,
ne 1s the critical density calculated for a frequency corresponding to a
wavelength of 1 nm.

losses €., which are directly related to the emission of photons
by electrons [24]:

Ag, Oy 2/3
= N —0.689<ma7‘ ) 4)

According to this estimate, the energy loss is Ae /e, ~ 5.18%
for the parameters used in the numerical simulation. This esti-
mate also agrees well with the results of numerical simula-
tions, in which Ae./e. ~ 5.01% in the undisplaced configura-
tion and ~5.14% in the displaced configuration.

Similar estimates can be made for another QED process
under consideration, namely, the production of electron—
positron pairs from photons emitted by electrons. In Ref.
[25], the ratio of the number of produced electron—positron
pairs to the initial number of electrons in the bunch was esti-
mated as

Npairs 10.4x/§ Oy 2/3 ’
S SMOAB 0y 5)

for 7 >> 1. For the simulation parameters, this estimate
gives the ratio Np,irs/Neo & 0.0089, which is in good agree-
ment with the results of numerical simulations, according to
which Npuir/ Neg = 0.0084 in the undisplaced configuration
and ~0.0087 in the displaced one.

We also studied the effect of the beam length on the appli-
cability of analytical estimates. To this end, a series of numer-
ical simulations was carried out for the beam length varying
with a step of 10 nm. In this case, the maximum concentration
of electrons and bunch size o, were the same as in the simula-
tion described above. Figure 4a shows the ratios of the num-
ber of photons to the initial number of electrons in the bunch,
obtained as a result of numerical simulation and using ana-
lytical estimate (3) under the assumption that y*= 1". It can
be seen that in both configurations the photon yield increases
with increasing beam length, and hence the bunch interaction
time. The energy losses and the yield of electron—positron
pairs shown in Figs 4b and 4c, respectively, reflect the same
regularity. The simulation results show that the simultaneous
displacement of the beam centres and increase in their length
generally increase the yield of secondary particles. Thus, in
the displaced configuration for beams with a length of 10 nm,
the photon yield increases by ~3.3%, and the yield of elec-
tron—positron pairs by ~4.4% compared to the undisplaced
configuration, while for beams with a length of 50 nm, the
increase is ~5.4% for photons and ~4.9% for pairs. It should
be noted that the simulation results and analytical estimates
are in good agreement for short bunches, but slightly differ
for longer bunches. It can be seen from Fig. 4 that, although
analytical estimates still give the correct order of magnitude
for beams with a length greater than 30 nm, the predicted
functional dependence is somewhat different from that
observed in the simulation. This is partly explained by the fact
that with increasing beam lengths the transverse dynamics of
particles becomes important.

The average values of the transverse momentum of the
initial electrons after a complete crossing of the beams are
presented in Table 1, from which follows the direct depen-
dence of this quantity on the beam length. With an increase in
the transverse momentum of the beam particles, the change in
the charge distribution in the beam becomes more significant,
which, in turn, leads to a change in the distribution of the
electromagnetic field. This causes the discrepancy between
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Figure 4. (Colour online) Ratio of the number of emitted photons to
the initial number of electrons (a), the energy losses by electrons (b), and
the ratio of the number of electron—positron pairs to the initial number
of electrons (c) as functions of the beam length. The red curves are
based on estimates (3)—(5) and the value of y*' calculated from the
simulation results.

the analytical estimates, which were obtained under the
assumption that the field distribution remains unchanged,
with the results of modelling the collision of extended beams.
An influence of transverse particle dynamics on collisions of
beams is studied in detail in Ref. [31].

Table 1. The average value of the transverse momentum pi* of the
initial electrons after a complete overlap of the beams in different
configurations for different beam lengths (p, is the initial momentum).

Beam length 1000 1" Ipo
o,/nm undisplaced displaced
configuration configuration

10 0.69 0.72

20 1.36 1.39

30 1.97 2.02

40 2.51 2.59

50 2.97 3.10

In addition, we observed the effect of the displacement of
the beams on the energy of secondary particles. Figure 5
shows the energy spectrum of positrons in both configura-
tions for bunches with a length of o, = 50 nm. One can see
that the displaced configuration contains a greater number of
low-energy positrons than the undisplaced one.
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Figure 5. (Colour online) Double logarithmic spectrum of positrons
after complete interaction of 50 nm bunches in both configurations.

Thus, in this work, we propose an improvement to the
configuration described in [23] aimed at increasing the parti-
cle yield while maintaining the nonperturbative QED regime.
We considered a collision of electron bunches displaced
across their axes so that the maximum density of one bunch
passes through the maximum of the field of the counterpropa-
gating bunch. It was found that in this configuration, a higher
yield of both photons and electron—positron pairs is observed
than in the collision of undisplaced beams. The study was car-
ried out using 3D particle-in-cell simmulation. Comparison
of the results obtained with the results of previous works, in
which analytical estimates of the particle number yield were
obtained, shows that these estimates are in good agreement
with the results of numerical simulation in the case of short
beams, but somewhat differ in the case of long beams, when
the transverse dynamics of particles becomes essential.
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