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Abstract. We consider interaction of multi-GeV electron beam with electromagnetic field
formed by intense focused laser pulses. At intensity ~ 10%* = 10%° VV/(:m2 such a scheme
can be used to produce both S(Shower)-type and A(Avalanche)-type (or “self-sustained”) QED
cascades. The proposed experimental design provides a solution to the problem of injection
of seed particles into the strong field region. Here we are focusing on discussion of some
peculiarities of cascade dynamics and evaluation of such quantities as final angular and spectral
particle distributions, that could be observed in a realistic experiment. It turns out that one can
unambiguously attribute some features of such distributions to either an S- or A-type cascade.
We also discuss the possibility to initiate A-type cascades by collision of GeV electrons with a
single tightly focused laser pulse. As a byproduct, it would be possible to produce in this way
bright collimated ~-ray beams of GeV energies.

1. Introduction

A-type or self-sustained electron-positron-photon (QED) cascades have become a rather widely
discussed phenomena since their first predictions [1-3]. Most authors assume that a slow electron
is somehow placed in a strong field region formed by a few laser pulses [1-12]. Examples of
discussion of more realistic scenarios, like irradiation of solid or gas targets by strong laser
pulses, are also known [13-17], but such studies require rather involved models and simulations.
We discuss another realistic option of injecting seed electrons into the strong field region, which
is based on the effect of collapse and revival of cascades caused by collision of GeV electron
beam with focused laser pulses [18,19]. Though having access to the whole simulation data it
is typicaly evident whether or not an A-type cascade occurs, we are interested in developing
criterions that rely on such features as final distributions, which should be directly observable
in a realistic experimental setup.

2. Two laser pulses setup

Assume that two circularly polarized laser pulses synchronously counter-propagate along the
same axis as shown in Fig. 1, and that laser field satisfies the conditions of A-type cascade
initiation by a slow e~ in the focus. This condition is satisfied e.g. if lasers are optical
(hw ~ 1 eV), and the total intensity is I ~ 10%> W/cm? (corresponding to electric field strength
Ey ~ 1073E,,., where E,. = m?c®/eh). Now suppose that e~-beam with energy g9 ~ 1 + 10
GeV is injected into the focus. We study cascade dynamics using 3D Monte Carlo code, which
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was developed and tested in Refs. [18,19]. We neglect all plasma effects since we study cascades
near their formation threshold when plasma density remains rather low, and assume that each
laser pulse is tightly focused and of finite duration 77, = 10 fs.

Under the above conditions an S-type cascade is initiated first. Assume the cascade is induced
by electrons moving along the focal z-axis towards the focal center, see Fig. 1. As can be seen
from Fig. 2, as they approach the strong field region, the particle creation rate tends to grow.
As S-type cascade develops, the emitted v and secondary e* propagate along z-axis at almost
speed of light. However the charged particles are losing energy and longitudinal momentum
p randomly, hence their distribution after some time is broadened, particle creation rate is
decreased and the S-cascade starts to collapse, as is seen for ¢t 2 —0.177 in Fig. 2. Though
according to Pomeranchuk’s theorem initial electrons cannot reach the focal center, photons
still propagate freely, and by reaching the focus have a chance for creating a pair of slower
et, which further gain large transverse momentum p; > p) from the field. These secondary
particles act as seeds for an A-type cascade which takes place at the central antinode of the
field. Particle creation rate is growing again after ¢t > 0, i.e. cascade revives and continues until
laser field in the focal plane remains strong enough.

Though the assumption that direction of the initial e”-beam is aligned along the optical axis
of laser pulses is not pleasurable from experimental point of view, the mechanism of collapse
and revival does not change qualitatively even if electrons hit the focus at some nonzero tilt
angle. Moreover, when the initial direction of e”-beam is set orthogonal to focal axis, almost all
particles of the initial S-type cascade fall into the central antinode of the field. As the number
of seeds increases, this results in enhancement of the subsequent A-type cascade, see Fig. 3 and
further details in Ref. [19].

Evidence for subdivision of a cascade into S- and A- stages and occurrence of the latter is
clear from evolution of spatial distributions presented in Fig. 2. However it is hard to imagine
that such instant distributions could be ever resolved in a real experiment. Therefore one should
rather study final distributions of v and e* trying to identify signatures of both cascades. For an
S-type cascade, multiplicity depends on both the initial electron energy and laser field intensity,
and its dynamics strongly depends on initial direction of the particles, whereas properties of
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an A-type cascade depend solely on the laser field structure, and in addition for them there
exists some threshold in laser intensity. Bearing all that in mind, let us imagine that we can
vary the intensity from low (when A-cascade does not occur) to higher (when it prevails) values,
looking for those changes in final particle distributions that may allow to identify occurrence of
an A-type cascade as well as to distinguish it from the S-type one.

The simplest quantity to measure is the total number N of e created in a cascade.
Multiplicity of S-type cascade is proportional to o g9Ep [18], while for A-type cascade it
depends exponentially on Ey [4]. This means that when intensity is gradually increased, the
slope of the dependence N(Ej) should change above the threshold Ejp, which is exactly the
case observed in our simulations for both longitudinal and transverse incidence of e~ beam at
By, ~2.5+3.0x1073Eg (or I ~4 x 10* W/cm?), see Fig. 3.

More information can be extracted from the final photon spectra. For example, as discussed
above, for the setup in Fig. 1 almost all the particles of an S-type cascade are propagating along
z-axis, while A-type cascade develops approximately in an orthogonal central antinode plane
z = 0. Hence photons of these cascades are emitted in different directions. Let 8 be the angle
between z-axis and the direction of propagation of ~y. If the detectors measure photons emitted
along directions § = 0 and 6 = 7/2, they count photons from S- and A-type cascade, respectively.
Spectra of photons emitted in these directions is shown in Fig. 4. When the intensity is not
enough for initiation of an A-type cascade, almost all v are emitted along § = 0, but once one
increases Ey openning the A-type “channel”, more photons are detected at § = 7/2. At the same
time spectrum of photons from S-type cascade becomes narrower since less energy is needed for
a photon to create a pair, and hence smaller amount of energetic photons survive up to the
end. Spectrum of photons from A-type cascade behaves in the opposite manner: since e* are
accelerated by the field, as Ey increases, they tend to emit more energetic photons contributing
to the final distribution. Such diverse changes in photon spectra can be considered as another
evidence of collapse and revival of a cascade.
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Figure 7. Normalized final spectra of
photons at intensities I ~ 3 x 10?® W/cm?
(magenta), I ~ 7 x 1026 W/cm? (black-
dashed) and I ~ 1.2 x 10?6 W /cm? (red) for
Eo = 2 GeV.

Figure 6. Pair creation rate in a cascade at
intensities I ~ 3 x 102> W/cm? (blue), I ~
7 x 10?6 W/cm? (green), and I ~ 1.2 x 1026
W /cm? (black) for g9 = 2 GeV.

3. Single pulse setup

Up to now A-type QED cascades have been almost always considered in standing waves formed
by a couple or more of laser pulses, mainly in order to lower the required laser intensity per
single pulse. Nevertheless, it is worth studying whether self-sustained cascades can occur in a
single laser pulse. Obviously, for that laser field should be first of all tightly focused, since a
weakly focused, i.e. plane wave-like pulse is not capable for particle acceleration in the sense of
increasing the key parameter y. Secondly, while in case of several colliding laser pulses there
are some alternative scenarios of injecting seed electrons into the focus, for a single laser pulse
there is no alternative other than head-on collision of GeV e™- or photon beam with the laser
pulse.

Particle distributions at different moments of time and the corresponding pair creation rate
for such a scheme are shown in Fig. 5 and Fig. 6, respectively. We assume that laser pulse
propagates along z-axis, and a bunch of e~ of the same initial position and momentum propagates
in the opposite direction. S-type cascade starts immediately after the electron bunch reaches
the strong field region, as indicated by a drastic increase of particle production rate. The high-
energy v are emitted towards the center of the focus, and create e~ e™ pairs close to the focal
region, which is non-accessible for initial electrons. As particles approach the center of the focus,
they lose their energy. In addition, the field contorts their trajectories and accelerates them in
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opposite directions (at least on average). As a result, the initial S-type cascade starts collapsing
and the particle creation rate reduces substantially. But after that the laser pulse reaccelerates
them in the direction of its own propagation carrying away along z-axis. Since the pulse is
tightly focused, in a proper frame of the focal center it looks as a standing spherical wave, hence
the particles moving along with the pulse are under optimal conditions for seeding an A-type
cascade, and the cascade starts over again. The second long hump on Fig. 6 corresponds to such
a secondary A-type cascade. We note that its occurrence is suppressed for I < 3 x 10%° W /cm?,
while S-cascade has almost the same multiplicity for all the values of I in our simulations. Such
behavior confirms that the mechanism of collapse and revival is the same as in case of two laser
pulses considered above.

The main observed difference with the case of cascades in a two pulses setup is sharper
separation of the S- and A-type cascade stages. This happens since S-type cascade develops
as long as particles are capable for penetration inside the field, while A-type cascade cannot
start until they turn around starting to propagate along with the pulse. Though such a scheme
requires laser intensity I ~ 10%° = 1026 W/cm?, one order of magnitude higher than the two
pulses setup, sharper separation may be useful to study properties of each stage more thoroughly.
As in two pulses setup, it makes sense to study e.g. distributions of photons emitted at different
angles.

The final spectrum of photons in case of single laser pulse, which is presented in Fig. 7,
shares some common features with the spectra of photons from the A-type cascade in Fig. 4.
In particular, the spectrum becomes broader as intensity is growing. But unlike the two-pulse
setup, where the photons are emitted uniformly in all directions orthogonal to the focal axis,
here they form a narrow bunch of collimated y-quanta, of few pum length, propagating along
with the laser pulse. The energies of photons in such a bunch are in GeV range. This implies
that QED cascades produced by a single laser pulse may serve as a source of short collimated
hard v-rays.

4. Conclusion

Collision of high-energy GeV electrons with laser pulses of intensity 10%* <+ 10?6 W/cm?
(depending on laser field configuration) is a realistic experimental scenario for observation of
A-type cascades. Though one could expect A-type cascade to be shaded by a preceding S-
type cascade, according to our results final particle distributions provide enough information to
separate them, in particular to verify occurrence of an A-type cascade. Besides, we demonstrate
that the collapse and revival scenario reveals even with a single laser pulse. Even though such
simplified scheme requires higher laser intensity, it is still favorable in certain aspects, for example
provides sharper separation of the S- and A-type stages. It can also serve as sources of short
collimated bunches of y-rays or high-energy electrons and/or positrons.

Acknowledgments

The work was performed using resources of NRNU MEPAI high-performance computing
center. The research was supported by the MEPhI Academic Excellence Project (Contract
No. 02.a03.21.0005) and the Russian Fund for Basic Research (Grants No. 16-32-00863mol_a
and No. 16-02-00963a).

References
[1] Bell A R and Kirk J G 2008 Phys. Rev. Lett. 101 200403
[2] Kirk J G, Bell A R and Arka I 2009 Plasma Phys. Controlled Fusion 51 085008
[3] Fedotov A M, Narozhny N B, Mourou G and Korn G 2010 Phys. Rev. Lett. 105 080402
[4] Elkina NV, Fedotov A M, Kostyukov I Yu, Legkov M V, Narozhny N B, Nerush E N and Ruhl H 2011 Phys.
Rev. STAB 14 054401
[5] Duclous R, Kirk J G and Bell A R 2011 Plasma Phys. Control. Fusion 53 015009



25th Annual International Laser Physics Workshop (LPHYS'16) IOP Publishing

IOP Conf. Series: Journal of Physics: Conf. Series 826 (2017) 012029 doi:10.1088/1742-6596/826/1/012029

Nerush E N, Bashmakov V F, Kostyukov I Yu 2011 Physics of Plasmas 18 083107

Nerush E N, Kostyukov I Yu, Fedotov A M, Narozhny N B, Elkina N V, and Ruhl H 2011 Phys. Rev. Lett.
106 035001

King B, Elkina N, and Ruhl H 2013 Phys. Rev. A 87 042117

Bashmakov V F, Nerush E N, Kostyukov I Yu, Fedotov A M, Narozhny N B 2014 Phys. of Plasmas 21
013105

Grismayer T, Vranic M, Martins J L, Fonseca R, Silva L. O 2015 Seeded QED cascades in counter propagating
laser pulses Preprint arXiv:1511.07503

Jirka M, Klimo O, Bulanov S V, Esirkepov T Zh, Gelfer E, Bulanov S S, Weber S and Korn G 2016 Phys.
Rev. E 93 023207

Gelfer E G, Mironov A A, Fedotov A M, Bashmakov V F, Nerush E N, Kostyukov I Yu, Narozhny N B 2015
Phys. Rev. A 92 022113

Ridgers C P, Brady C S, Duclous R, Kirk J G, Bennett K, Arber T D, Robinson A P L, and Bell A R 2012
Phys. Rev. Lett. 108 165006

Kirk J, Bell A and Ridgers C 2013 Plasma Phys. Control. Fusion 55 095016

Ji L L, Pukhov A, Nerush E N, Kostyukov I Yu, Shen B F and Akli K U 2014 Physics of Plasmas 21 023109

Brady C S, Ridgers C P, Arber T D and Bell A R 2014 Physics of Plasmas 21 033108

Tamburini M, Di Piazza A and Keitel C H 2015 Laser-Pulse-Shape Control of Seeded QED Cascades Preprint
arXiv:1511.03987

Mironov A A, Narozhny N B and Fedotov A M 2014 Phys. Lett. A 378 3254

Mironov A A, Fedotov A M and Narozhny N B 2016 Quantum Electronics 46 305





