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(Some figures may appear in colour only in the online journal)

The authors apologize that figure 7 was incorrect due to
technical errors made while operating with data of numerical
simulations. The script processing data had programming
errors and confusion of parameters for the test and final
simulations.

First, there was an excessive time shift between the
laser pulse (blue dashed line) and the pulse of GeV photons
(red solid line) in figures 7(a)–(c), coming from test simula-
tions where boundary spheres had a larger radius. Second,
inappropriate division of integer by integer resulted in an
incorrect normalization of the vacuum field envelope (blue
dotted line) and electric field oscillations (blue dashed line).
In figures 7(b) and (c), the envelope did not reach unity
and electric field oscillations were excessively large in com-
parison with the envelope in figures 7(a)–(c). Third, in

figure 7(c) an isolated attosecond gamma-ray burst of photons
with energy greater than 3 GeV was replaced, by mistake, by
the two-peak femtosecond pulse corresponding to photons
with energy greater than 2 GeV. This led to the contradiction
with the conclusion about the generation of an isolated atto-
second gamma ray pulse on page 9. Figure 8 confirms this
incorrect substitution. This figure shows that gamma-ray
pulses corresponding to photons with energy less than
2.2 GeV have femtosecond duration, while isolated attose-
cond pulses are generated at a higher photon energy range.

The authors emphasize that these errors compromised
only the presentation of the results concerning the generation
of attosecond pulses, but not the results themselves. The
corrected figure 7 is shown below. The revised figure does not
affect any other results or conclusions of the article.
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Figure 7. Time distribution of generated gamma radiation for (a)
30 fs, (b) 15 fs laser pulses with peak power 15 PW and (c) 15 fs
laser pulse with peak power 40 PW. Spectral power of gamma
radiation (red solid line) corresponds to photons with energy higher
than (a), (b) 1.5 GeV and (c) 3 GeV. Blue dashed line describes
oscillations of electric field in focus, blue dotted line shows vacuum
pulse envelope.
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Abstract
We consider a possibility of constructing a gamma-ray source based on the multibeam
configuration of a multipetawatt laser system which we simulate using a converging dipole
wave. It is shown that such a configuration of fields allows the generation of gamma radiation
with narrow directivity of about 1 mrad in the form of pulse trains or isolated pulses on the
attosecond timescale. The influence of quantum electrodynamic cascade development on the
parameters of generated gamma bursts is studied.

Keywords: gamma radiation, QED cascade, multipetawatt lasers
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1. Introduction

Recent advances in laser technology have allowed the
development of petawatt-class laser facilities capable of pro-
viding an intensity of more than 1022Wcm−2 [1]. Experi-
ments using the latest generation of high-power laser systems
have led to the observations of many breakthrough effects,
including the advanced achievements such as laser-based
generation of ultrarelativistic electron beams [2] and energetic
protons [3, 4]. Moreover, these systems allow creating beams
of high-energy photons with high brightness and short pulse
duration, e.g. coherent pulses by high-order harmonic gen-
eration [5] and gamma rays by Compton scattering [6, 7].
Bright achievements are also laser induced nuclear reactions
[8, 9] and generation of huge magnetic fields as a result of
laser-plasma interaction [10]. The next generation of multi-
petawatt-class lasers such as ELI [11], Apollon 10 [12],
Vulcan10 [13], XCELS [14], and other projects have stimu-
lated further fundamental and applied studies into the inter-
action of extremely intense laser fields with matter [15]. It
was found that the remarkable feature of these interactions is
the decisive role of the hard photon emission by charged
particles and the efficient conversion of laser energy into

gamma rays during the laser-plasma interactions [16–22].
Gamma radiation has important applications in various fields
of human activities: in medicine, materials science, and
nuclear physics. Moreover, the gamma radiation opens up an
opportunity to understand deep processes taking place in the
Universe, for example, by analyzing signals coming from
compact objects such as pulsars, quasars, and black holes.
New projects such as ELI-NP [23], MEGaRay [24], and HIγS
[25] can contribute significantly to the various fields of
activity ranging from the production of special radioisotopes
to the radioactive waste management [9]. These projects
aimed at a high spectral density of the gamma radiation open
up unique perspectives for a new stage of photonuclear
science.

This work is devoted to the possibility of developing
gamma-ray sources in the GeV energy range based on laser-
plasma interaction when QED cascades are considerable
[26–32]. In the framework of the recent concept [30] pro-
posing to use multipetawatt colliding laser beams tightly
focused in the form of a dipole wave, we show that generated
gamma radiation can have ultrashort duration and narrow
directivity. In such extreme fields, the electron motion chan-
ges drastically due to the impact of photon emission and the
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corresponding radiation reaction effects [33–42]. As a con-
sequence, a new type of particle motion trajectories can be
formed which is referred to as the anomalous radiative trap-
ping (ART) attractor [36, 42]. The peculiarity of this attractor
is that particles move within high field regions, thereby
additionally intensifying gamma-ray emission. Electrons
moving along the attractor can lose a substantial part of their
energy in an act of GeV photon emission, and high energy
photons are generated in the form of short flashes that prop-
agate predominantly along the electric field. However, at such
high intensities the abundant electron–positron pair creation
coupled with gamma-ray emission and gamma photon decay
emerges [43]. On the one hand, the cascade can intensify
gamma radiation, pulling the electron–positron plasma into
the electric field antinode region [28]. But, on the other hand,
it can strongly modify the radiation spectrum due to different
spectral probability densities of photon emission and decay.
These capabilities of the cascade must be studied in order to
understand the possibility of creating a laser-plasma-based
source of gamma radiation. Since the QED effects are very
sensitive to field strength [26, 44], we consider the field
configuration in the form of a dipole wave [45] providing an
utmost field localization and maximizing the field strength in
focus for a given laser power. Such a field configuration can
be well mimicked by a multi-beam configuration of a laser
system, for example, the XCELS project proposes focusing of
12 multipetawatt beams [14]. Another advantage of extreme
focusing for a gamma-ray source is that the generated photons
can quickly leave the interaction region without decaying into
electron–positron pairs. We pay particular attention not only
to the energy spectrum and the time distribution of the gen-
erated gamma rays, but also to the features of the radiation
pattern stipulated by the cylindrical symmetry of the field
configuration.

2. QED cascade and electron–positron plasma
distribution

The properties of radiation generated by a particle during
curvilinear motion in a laser field depend on particle
momentum and its direction relative to electric and magnetic
fields, as well as on field values themselves [46]. In the case
of tight focusing, these factors acquire additional significance,
since the scale of the particle oscillations becomes compar-
able with the scale of the field inhomogeneity. To understand
the spectral properties of plasma radiation, it is necessary to
ascertain its distribution in a laser field. Note that despite
stochastic photon emission in the ART regime, the plasma
motion is more or less synchronized and its dynamics can be
described by the motion of a single particle. In this regime, it
should also be taken into account that the amplitude of
electric field and field structure in the vicinity of the electric
field antinode strongly influence plasma distribution. How-
ever, the development of the QED cascade even in a given
field can greatly change the distribution function of a particle
in spatial and momentum spaces. In the present paper, we
confine ourselves to analysis of the linear stage of the

cascade, when back reaction of the created plasma can be
neglected and the laser field is assumed to have vacuum
distribution. To intensify QED effects, we consider a tightly
focused field in the form of a dipole wave [45] shown in
figures 1(a)–(d). The structure of the wave is symmetric with
respect to the z axis along which the electric field is directed.
The magnetic field has a toroidal structure. For detailed
analysis of plasma-field distributions and the spectra of
plasma radiation in these fields, we used the PIC-code
PICADOR [47]. For simulation of QED cascades, we con-
sider a plasma seed target with density n 10e

15= cm−3

initially having the form of a cylinder with altitude Ll along
the z axis and radius of 0.5 Ll , where Ll is the wavelength of a
dipole wave. For analysis, we used a half infinite dipole wave
with one laser cycle leading edge and the wavelength

0.9 mLl m= . The simulation box had the size 4 μm×
4 μm×4 μm and included 512 × 512 × 512 cells. The time
step was 0.03 L

1w- , where Lw is the laser frequency. To take
into account QED processes within the frame of the local
constant field approximation [48–50], we used a QED adap-
tive event generator [51] which allows switching on/off
photon decays. Simulation results of QED cascades in the
fields of dipole waves with different powers are shown in
figures 1(e)–(l). Because of the field symmetry, the generated
plasma is uniform along the azimuth angle (measured in a
plane perpendicular to the z axis). In a dipole wave, because
of the field inhomogeneity, the particles can not only be
trapped in the ART regime, but can also leave the strong field
region. Generally, particles accelerated by an electric field
escape along the z axis, without losing their energy on
radiation, because the magnetic field in this region is weak
and cannot turn them back into the interaction region. Since
particle escape slows down due to trapping and the pair
creation growth rate increases with increasing wave power,
there is a threshold of cascade development P 7.2th º PW
[30] when the particle escape is balanced by pair creation.

For qualitative analysis, it is convenient to distinguish
two different cases. The first one is when the laser power
slightly exceeds the cascade development threshold, namely

P P P0 th th< -  . In this case, the cascade growth rate Γ is
much smaller than the laser frequency Lw and the particles
have enough time to approach the attractor. Plasma distribu-
tions with (figures 1(e) and (f)) and without (figures 1(g) and
(h)) cascade taken into account are similar: plasma distributed
in the form of letter ‘C’ corresponds to the ART regime and
there are also particles forming a thin ring at the electric field
node in the regime of normal radiative trapping (NRT)
[35, 36]. In the latter regime, particles have much less energy
and their contribution to the radiation spectrum can be
neglected. Nevertheless, one can distinguish the difference in
plasma distribution due to cascade development. There are
more particles close to the z axis, and plasma density has a
local maximum at the point of maximum electric field
amplitude (coordinate origin in figure 1(e)), while without
cascade it has a local minimum at this point (figure 1(g)).

In the second case of appreciable excess of the threshold,
LwG > and the development of the cascade itself mainly

determines the structure of the plasma, since the characteristic
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time of pair creation is much shorter than the characteristic
time of particle motion (figures 1(i) and (j)). Plasma density
has a maximum along the z axis and the distribution profile of
particles in the ART regime is hardly distinguishable. The
ring of NRT particles is completely invisible. On the contrary,
without pair creation (figures 1(k) and (l)) plasma density has
local minimum at the point of the coordinate origin. The blue
line in figure 1(k) and the light green region along x=0 in
figure 1(l) demonstrate this minimum. There is also an
evident pattern of NRT particles. It is important to note
that for higher wave powers ART particles are closer to the
z axis (compare figures 1(g) and (k)). Computer simulations
show that on the average particles are at the distance

P0.27 LART
0.2r l» - from the axis, where P is given in PW.

Summarizing the simulation results, we can conclude that
the QED cascades lead to redistribution of electron–positron
plasma providing evident presence of pair plasma at the
electric field antinode. In case of small excess of the threshold
power, the change of plasma distribution due to the cascade is
not crucial. Plasma dynamics in ART and NRT regimes forms
typical patterns, but in addition there appears the maximum of
plasma density at the point of the electric field antinode. Note
that ART particles are at the distance ARTr from the antinode,
on the average, and are not a cause of this maximum. How-
ever, in case of substantial excess of the threshold power, the
cascade mainly determines the plasma structure which

becomes strongly peaked at the antinode. ART and especially
NRT plasma patterns are evanescent in comparison with
this peak.

3. Energy spectrum

In this section, we consider the radiation spectrum of ART
particles and identify the changes introduced by a QED cas-
cade. In general, ART and newly created particles behave in a
similar manner. They move in the vicinity of electric field
antinode approximately along the field while the electric field
amplitude exceeds the magnetic field amplitude, and after that
they escape from the interaction region or become trapped for
the next half-period. However, there are two important dis-
tinctions between these types of particles related to the life-
time in the focal region and the proximity of the particles to
the symmetry axis z. ART particles remain in the trapped state
longer, while new particles created at random moments of
time, in random positions, with random momenta have more
probability to escape. At the same time a considerable part of
newly created particles are closer to the z axis, and they can
emit photons with higher energy. To get a qualitative
understanding of the spectrum of gamma radiation, we pay
attention to the time interval when the ART particles

Figure 1. Spatial distribution of (a), (b) electric and (c), (d) magnetic fields of dipole wave in planes xy (a), (c) and xz (b), (d). Electron
distribution due to cascade development in dipole wave is depicted in planes xy (e), (i) and xz (f), (j). Similar distributions obtained without
pair creation are shown in (g), (k) and (h), (l), respectively. (e)–(h) Correspond to P=10 PW, while (i)–(l) correspond to P=100 PW. Blue
solid lines in figures (e), (i), (g) and (k) show normalized plasma profile plotted on a linear scale along the line y=0.
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accelerated in the electric field begin to rotate in the magnetic
field (turning phase), emitting a considerable part of their
energy. The importance of this interval is also stipulated by
the fact that the radiation emitted along the electric field can
be rapidly released, while photons propagating in other
directions have a longer path in a strong field and, conse-
quently, a higher probability to decay. A particle accelerated
by the electric field can gain a maximum Lorentz factor

ae
maxg ~ [36], where a is the amplitude of the electric field in

focus normalized to the relativistic field and is related to the
laser power as [45]

a P800 PW . 1» [ ] ( )

Below, we omit the power unit PW. Numerical simulations
give a more accurate estimate of the maximum Lorentz-
factor P a1200 1.5e

maxg » » . However, due to the sto-
chasticity of photon emission, the electron energy is a
random variable. Averaged over many realizations of particle
trajectory or particle ensemble, maximum energy is e

avg »
P a400 0.5» . Along with the particle energy there is an

important quantum parameter determining the radiation
spectrum [52, 53]

e

m c
cE p B p E , 2

3 4
2 2

c e= + ´ -( ) ( · ) ( )

where ÿ is the Planck constant; m and e are the electron mass
and charge; c is the light velocity; ε and p are the energy and
the momentum of a particle (electron, positron, photon); E
and B are electric and magnetic fields. By analogy with the
electron energy, the maximum value of electron quantum
parameter is Pe

maxc » [30], and the ensemble averaged value
is P0.7e

av 0.8c » . The difference in the power law of these
values is caused by the dependence of the average particle
distance from the z axis on P : B Pe e

av av
ART 0

0.8c g rµ µ ,
where B0 is the maximum magnetic field amplitude. In the
ultrarelativistic case after photon emission, a particle retains a
1 d- part of the initial values of energy eg and quantum
parameter ec , while a photon receives ee dg=g , ec dc=g ,
where the photon energy is normalized to the electron rest
energy and 0.1d Î [ ]. In this case, the spectral probability
density of photon radiation W ¢d as a function of δ [54] nor-
malized to the inverse wave period T 2 Lp w= is

W P K y y K y,
2

3
d

1
,

3
e y

5 3

2

2 3 0
0

òd
a
hg

d
d

¢ = +
-d

¥⎛
⎝⎜

⎞
⎠⎟( ) ( )

( )
( )

( )

where α is the fine structure constant; y 2 3 1 ;e0 d c d= -[ ( )]
mcL

2h w= ( ). First, from this function follows that the
maximum photon energy corresponds to 1d » (see also
figure 2) in quantum regime ( 1ec > ), thus maximum expected
photon energy is P1200e

max maxe g» »g . Second, W ¢d has a
singularity at 0d = , and diverges as W 2 3d¢ µd

- , this means
that a particle emits many photons with low energies. Third,
the average photon energy can be estimated as

P W P W P, d , d . 4e
av av

1

ò òe g d d d d d= ¢ ¢g d d

-( )( ) ( ) ( ) ( )

If P  ¥ and consequently ec  ¥, the limit of this value is
P P0.25 e

av ave g»g ( ) ( ). Thus, in the ART regime at P Pth the
electron quantum parameter is 1ec  and the average photon
energy is P100 12av maxe e» »g g .

However, the photon decay during QED cascades can
modify the radiation spectrum. First, pairs created as a result
of photon decays lead to spatial redistribution of the plasma
(see section 2). Greater parts of the plasma appear at the
electric field antinode, which can increase the portion of
highly energetic photons. Second, photon decay depends on
photon momenta and electromagnetic field, which leads to
suppression of different spectral ranges. For determining
these ranges, it is necessary to consider the spectral properties
of the photon decay. The probability of photon decay [55]
normalized to the inverse wave period as a function of photon
energy eg and quantum parameter cg has the following form:

W
u

u
K

u
u

2

3 3

9

1

8 3

1
d , 5d

0

1 2

2 2 3 2ò
a
he

c
=

-
- -g

g⎛
⎝⎜

⎞
⎠⎟

( )
( )

( )

and is shown in figure 2. For a given wave power P, the
photon quantum parameter is proportional to its energy
c eµg g , thus W exp 8 3d cµ - g[ ( )] is exponentially small at

1cg  and decreases at 1cg  as Wd
1 3cµ g

- [55].
Equation (5) shows that Wd is maximized at the photon
quantum parameter 110c » [55], and Wd is half the max-
imum value at 21c » and 3002c » .

The obtained estimates of the radiation spectrum and the
numerical results are compared in figure 3. In numerical
simulations, the radiation spectrum is registered on a sphere
with radius 2 Ll (boundary sphere). This radius is close to the
boundary of the computational box, where the fields are much
weaker in comparison with the fields in focus, so it is assumed
that the photon emission and decay affecting the spectra are
negligible at this distance. Without QED cascades, the ana-
lytical estimate for maximum photon energy is in a good
agreement with the numerical results, but the average energy
(4) is overestimated by approximately a factor of 3 (see
figure 3(a)). This disagreement is caused by the fact that the
estimates are applied to the beginning of the turning phase,

Figure 2. Probability of photon emission W ¢d (solid line) and photon
decay Wd (dashed line) as a function of δ for P=100PW.
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when the most energetic photons are generated, while
figure 3(a) shows the radiation spectrum averaged over laser
half-period. The spectral densities of radiated photons Ed deg
have similar shapes for different powers (see figures 3(b)–(d),
solid lines), thus the maximum and average photon energies
are proportional to each other, which confirms the estimates.
We neglect the influence of particle escape (or particle crea-
tion) considering Ed deg normalized to the number of
registered photons.

However, QED cascades introduce several properties to
the radiation spectrum according to the numerical results
shown in figure 3. At P P Pth th-  , the maximum value of
the photon quantum parameter is 1e

max maxc c~ ~g and

photons in the P3 10.8  d- range have a higher prob-
ability of decay. This range corresponds to e1

avc c c< <g
according to (5) assuming e

avc dc=g and e
ave dg=g . The

cascade is sustained by the most energetic photons at the edge
of the spectrum, thus the growth rate is small. At first sight,
this leads to suppression of the spectrum edge. On the con-
trary, numerical simulations show that a cascade enhances
generation of high energy photons (figures 3(a) and (b)),
because plasma redistribution has a greater influence on the
spectrum (see also figures 1(e)–(h)). In this case, both

maximum and average photon energy, taking into account
QED cascade, are higher than the corresponding values of
ART particles.

If P Pth , then a significant part of the spectrum
P P3 min 1; 4300.8 0.8 d- -( ) corresponding to photons
with quantum parameter min ;e1

av
2c c c c< <g ( ) is mod-

ified. Photons decay rapidly, exerting a greater influence on
the spectrum than plasma redistribution. The spectrum in the
range specified above is strongly suppressed, which is in
agreement with figure 3(d). In this case, the maximum photon
energy is slightly decreased in comparison with the ART
spectrum, while the average energy is saturated at 140ave »g
and even decreases when the power becomes P 70> PW.
However, it is important to note that, like in the previous case,
QED cascade is mainly sustained by photons with P3 0.8d ~ -

or 1c ~g , having relatively low energy in this case. This can
be explained by comparing the probabilities of photon
emission (3) and photon decay (5): at 1d  the number of
photons is proportional to 2 3d- , while the probability of
photon decay drops exponentially as exp 8 3 e

avdc-[ ( )] at

P3 0.8d - and according to the power law 1 3d-
at P3 0.8d - .

Figure 3. (a) Maximum and average photon energy versus dipole wave power. With the cascade taken into account, maximum and average
photon energy are depicted by solid and dashed lines. Curves for maximum and average photon energy obtained without cascade correspond
to triangles and squares. Dotted line shows P mc1200max 2e »g . Dashed–dotted line describes estimated average energy according to (4)
divided by 3 to fit numerical results. Spectral densities of radiated energy Ed deg obtained with (dashed line) and without (solid line) QED
cascade taken into consideration are shown for different powers (b) P=10PW, (c) P=30PW, and (d) P=100PW. The main graphs are
on logarithmic scale while the inserts are on linear scale. The vertical dashed–dotted line corresponds to P3 0.8d = - .
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Thus, a QED cascade has two competitive factors influ-
encing radiation spectrum which clearly manifest themselves
in two limiting cases: (i) the power is close to the cascade
threshold and (ii) the power is much higher than the cascade
threshold. These two qualitatively different cases mean that
there is power at which the effect of photon decay is com-
pensated by plasma redistribution. According to the numerical
simulations, it occurs at P 30» PW (see figure 3(c)).

4. Directivity pattern

Along with the energy spectrum, the angular distribution of
radiation is of great importance. Angular distribution is one of
the factors determining values of brilliance which can be
achieved for utilization. Also, radiation protection strongly
depends on the directivity pattern. During laser-plasma
interaction it is necessary to understand both angular dis-
tribution of radiation of each particle, and how these radia-
tions are combined. The character of particle radiation during
QED cascade in the dipole wave inherits the properties of
radiation in the ART regime, as the newly created and ART
particles have qualitatively similar dynamics. Like in the
ART regime, the newly created particles radiate a significant
part of their energy at the beginning of the turning phase.
During acceleration in the electric field, the particles are
located, on the average, at the distance ARTr and move along
the z axis within z0.25 0.25L Ll l- < < . Before the turning
phase, particles are, on the average, in the vicinity of the
points z 0.25 ;L ARTl r r=  = . By this moment, the magn-
etic field at particle location reaches maximum strength
B a1.9 Lmax ART

1r l= - in relativistic units [45]. By rough
estimate, the gained maximum transverse momentum is
p mc B T a0.5 4 1.5L L

max
max ART

1w r l» »r
-( ) , as the velo-

city along the z axis is approximately c and the deviation from
the axis lasts T 4. Thus, most of the photons are emitted in a
cone with half-angle p mc a1.5e L e

max
ART

1 1q g r l gD = =r
- -( )

measured from the z axis, where eg is Lorentz factor at the
beginning of the turning phase. This polar angle qD depends
on photon energy and wave power. First, an increase of
wave power leads to a decrease of P 0.2qD µ - , because

aeg µ . Second, for highly energetic photons ( e
ave g>g )

generated by pairs with a1.5e e
maxg g» = the angular range is

L
max

ART
1q r lD » - , while for average energy photons

( P3 e e
0.8 av avg e g< <g

- ) generated by pairs with eg »
a0.5e

avg » the angular range is 3 L
av

ART
1q r lD » - . Low

energy photons ( P3 e
0.8 ave g<g

- ) have larger angular spread.
The dependence of the total energy E ¢q of photons emitted at
an angle θ to the z axis during half-period on θ for different
photon energy ranges presented in figure 4 agrees with the
qualitative estimates. In numerical simulations, the radiation
pattern is registered on the boundary sphere with radius 2 Ll .
For example, we considered the radiation pattern of the
generated plasma in the field of the dipole wave with power
P=20PW. In this case, the highly energetic photons
propagate within a cone with angle 0.17 rad, average energy
photons with angle 0.3 rad, and low energy photons with

angle 0.44 rad. Note that plasma configuration does not
influence E ¢q . However, photon energy emitted per solid angle
E ¢W has a distinctive feature related to the cylindrical sym-
metry of the wave and plasma distribution. It is important that
particle motion is plane and can be characterized by azimuth
angle j. During motion each particle emits photons at a
certain j with angular spread 1 e*a g= . Thus, particles emit
most of time in different solid angles and the radiation pattern
is wide-angle. However, when the particles’ momenta are
almost along the z axis, they emit approximately in the same
direction, their radiation patterns overlap and are effectively
combined. Thus, the major part of energy is emitted along the
z axis with angular spread 1 eg~ that is in agreement with E ¢W
retrieved from numerical simulations (figure 5). At a large
angle 1q ~ the properties of E q¢W( ) are similar to the prop-
erties of E q¢q ( ). Low energy photons can be emitted at all
motion phases, at any solid angle, while high energy photons
are more probably emitted only at the beginning of turning
phase at 1q  .

It is important to note that, as electrons and positrons
move in opposite directions along the z axis, they emit gamma
rays in both directions along the axis every half-cycle. In the
case of an electron–ion plasma, gamma rays could be emitted
alternately along and opposite to the positive direction of the
z axis.

5. Time scale of gamma radiation

The time distribution of gamma radiation as well as its
directivity pattern depend on the energies of the emitted
photons. Low energy photons P3 0.8d < - can be emitted at all
phases of motion and have a low decay probability. The flux
of these photons varies slightly over the period, it is like a
gamma ray background. High energy photons are radiated
each half-cycle at the beginning of turning phase, so they can
form pulses with duration τ as short as a quarter of a period.
Moreover, τ can be even shorter than 2 Lp w( ) for photons
having maximum possible energy for a given wave power.
For example, the dependence of gamma-ray bursts duration
on photon energy is retrieved from the numerical calculation
of the QED cascade in a dipole wave with P=20PW and is
shown in figure 6, where generation of gamma-ray bursts with
subfemtosecond duration is confirmed. Although the radiation
intensity of the photons with energy P3 500e

0.8 ave g< »g
- is

weakly modulated over half-period, gamma pulses of high
energy photons can be as short as 5 300 asLp w »( ) . To
describe the generated gamma pulses, we consider the total
power P¢e of gamma radiation in the photon energy range

0.5 0.5e e e e e- D < < + Dg g g g g as a function of eg. In
computer simulations, the modulation of P¢e over half-period
is registered on the boundary sphere and τ is determined as a
full width at the level of P P0.5 max min¢ + ¢e e( ), where P max,min¢e
are the maximum and minimum values of the spectral power,
respectively. The modulation depth of P t¢e ( ) is characterized
by the contrast r P Pc

min max= ¢ ¢e e . According to computer
simulations, the shape of t eg( ) becomes almost stabilized if
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0.05 e
maxe gD g ; in figure 6 the energy range eD g is

100MeV.
Generally, during cascade development, gamma radiation

is generated as a train of pulses. The time evolution of

spectral power P 1.5 GeV¢e> for photons with energy greater than
1.5GeV generated during QED cascade in a dipole wave
with peak power P=15PW and duration 30 fst = , initial
plasma density being n 10e

22= cm−3, is shown in figure 7(a).
Shortening of laser pulse duration decreases the number of
gamma ray bursts. If the pulse duration in this example is

15 fst = , then the number of gamma ray bursts is approxi-
mately halved, figure 7(b). For wave powers close to the
threshold Pth, the intensity of gamma radiation changes
slightly from one half-period to another due to small growth
rate Γ, and to produce an isolated attosecond pulse it is
necessary to operate with few cycle multipetawatt pulses,
filtering a large part of photons and transmitting only the most
energetic ones. But for higher wave powers, particle growth is
fast LwG > and the intensity of gamma ray bursts can
increase appreciably so that the burst at the next half-period
will be much stronger. If the created plasma density reaches
an overcritical value, plasma can significantly influence the
incident laser pulse, decreasing field intensity and conse-
quently quickly terminating the generation of high energy
photons. This allows obtaining an isolated subfemtosecond
narrow-directed gamma ray pulse in the GeV energy range.
Computer simulations show the feasibility of this approach,
for example, for a 15 fs laser pulse with 40PW peak power

Figure 5. E ¢W as a function of θ for different energy fractions of photons (high, average and low energetic) for 20 PW dipole wave in angular
range (a) 0; p and (b) 0; 10 mrad. Angular spread 1 e*a g= is depicted by the black dashed line.

Figure 6. The dependence of gamma ray burst duration, maximum
spectral power and contrast on photon energy is reconstructed from
numerical calculation of QED cascade in a dipole wave with
P=20 PW. Maximum spectral power P¢e (green line), pulse
duration for individual spectral component retrieved from PIC
simulation (blue triangles), smoothed approximation of numerical
results (blue dashed line), contrast of gamma burst for individual
spectral component obtained from PIC simulation (red circles),
smoothed approximation of numerical results (red dashed–dotted
line). 100eD =g MeV.

Figure 4. E ¢q as a function of θ for different energy fractions of photons (high, average and low energetic) for 20 PW dipole wave in angular
range (a) 0; p and (b) 0; 4p . Characteristic angle distribution scale is depicted by dashed line for each fraction of particles.

7

J. Opt. 19 (2017) 114012 A V Bashinov et al



(figure 7(c)), the duration of an isolated gamma-ray pulse is
600 as (FWHM) according to the time evolution of P 3 GeV¢e> .
Moreover, in figure 8, we show that a sub-fs burst as short as
400–500as can be produced for the most energetic photons in
this case 3.3e >g GeV.

6. Conclusion

To conclude, we have considered the properties of gamma
radiation generated during the development of a quantum
electromagnetic cascade in the field of a converging wave of
dipole configuration. Primary attention has been focused on
the linear stage of cascade development, that is, the avalanche
generation of electron–positron plasma in a given field. Such
a study corresponds to the laser pulse durations, when the
emerging plasma is not yet capable of influencing the incident
field, while the resulting plasma is already a sufficiently
effective source of gamma radiation with very unique prop-
erties. It is shown that, along with the analysis of the prop-
erties of the specific trajectories of individual particles
responsible for the generated gamma radiation, it is also
necessary to consider the effect of avalanche generation of
pairs which essentially determines the particle distribution
function over energy states and thus exerts a deterrent influ-
ence on the properties of the gamma source. The use of laser
pulses of multipetawatt power in the field configuration
mimicking a dipole wave makes it possible to generate pulse
trains or isolated pulses of gamma radiation in the GeV
energy range with duration as short as 300as with a high
radiation directivity.
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