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Abstract

It is now accepted that self-trapped electrons in a laser
wakefield accelerator operating in the “bubble” regime un-
dergo strong periodic oscillations about the wakefield axis
because of the focusing force provided by the ions. This be-
tatron motion of the off-axis electrons results in the emis-
sion of x-ray radiation strongly peaked in the forward di-
rection. Even though the x-rays are broadband with a
synchrotron-like spectrum, their brightness can be quite
high because of their short pulse duration and strong col-
limation. We employ particle tracking in particle in cell
simulations with OSIRIS, combined with a post-processing
radiation diagnostic, to evaluate the features of the radia-
tion mechanisms of accelerated electrons in LWFA exper-
iments. We show and discuss results for a 1.5 GeV laser
wakefield accelerator stage. A study of the angular depen-
dence of the radiated power is also presented.

INTRODUCTION

Particle in cell (PIC) codes have been successfully used
for many years in plasma physics to address many differ-
ent scenarios, such as collisionless shocks, laser-wakefield
acceleration (LWFA) [1], fast-ignition, and many funda-
mental and applied plasma processes. However, in some
conditions, the coexistence of spatial scales with different
orders of magnitude raises challenging memory and com-
putational requirements, since the algorithm resolves the
smallest of these scales, usually on the electron time/space.
Recently, the use of “boosted frames” has been suggested
as a solution to this problem, in scenarios where it can re-
duce the gap between different spatial scales in the labora-
tory frame by running the simulation in a suitable relativis-
tic moving frame [2, 3].

In problems where the focus is on the radiation being
generated due to the motion of accelerated charged parti-
cles, other methods have been implemented to address the
specific issue of determining the features of this radiation
when its wavelength is much shorter than the other char-
acteristic spatial scales of the simulation, namely the post-
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processing of particle data (position and momentum over
time) [4, 5]. These methods make use of the particle tra-
jectory in phase-space, determined directly from the PIC
simulations, to calculate the energy spectrum and radiated
energy with well known electrodynamics formulas (see for
eg. [6]). The goal is to obtain the spectral data beyond
the resolution limit imposed by the numerical grid of the
simulation. In this work we describe an implementation of
a post-processing radiation diagnostic which takes advan-
tage of the data mining features available in the OSIRIS
framework [7, 8].

One of the scenarios where the post-processing diagnos-
tic can give significant insight into the radiation being pro-
duced is in laser and plasma wakefield accelerators. Radia-
tion originating from the electron motion inside the ion cav-
ity due to the radial focusing force, the betatron radiation, is
currently attracting great interest [4, 9, 10, 11, 12, 13, 14].
This is due to the short wavelength that can be achieved,
which opens the possibility of reducing the cost and size
of intense X-ray sources, by producing this high-energy
radiation with a single LWFA, or with a LWFA coupled
with an undulator [14]. In many laser wakefield scenar-
ios the laser wavelength, λ0, is on the order of hundreds of
nanometers and the plasma density ne = 1016−1019cm−3,
which gives a plasma wavelength of the order of λp �
10−300 μm. If the betatron radiation in LWFA reaches the
X-ray regime, the wavelength of the emitted radiation can
reach the nanometer or Angstrom scale, orders of magni-
tude below the laser and plasma characteristic scales. In
this context, only a dedicated diagnostic that uses high-
resolution particle trajectories, which are not restricted to
the numerical grid, can capture the information about the
emitted radiation.

POST-PROCESSING RADIATION
DIAGNOSTIC

One of the main advantages of PIC algorithms is the pos-
sibility to access the full information about the particle dy-
namics, namely the position and the momentum as a func-
tion of time. If this information can be retrieved and stored
for a selected number of particles, it is then possible to post-
process the radiation associated with a particular track of a
particle.

Particle tracking in PIC codes usually involves two steps
[8]. In the first step, the simulation is performed and the
information for all the particles at a given time step is
stored (some selection process can already be in place at
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this point). With this information, data mining of the rele-
vant particles to be tracked can be performed, for instance,
by selecting particles in a given region of (phase) space.

The information of the particles to be followed can then
be saved, and is then used as input for a second simula-
tion, identical to the first, where the tracks for the selected
particles are going to be saved. This technique imposes sig-
nificant challenges in terms of the ability to efficiently store
the particle information in a massively parallel simulation.

The radiation diagnostic then uses the information from
the particle trajectories, position and momentum over time,
to determine the energy being radiated by an accelerated
charged particle. Figure 1 shows an example of such trajec-
tories, taken from a simulation of a 1.5 GeV LWFA stage.

A radiation diagnostic should cover two main features:
(i) a spatially resolved diagnostic of the energy deposited
in a “virtual detector”, and (ii) the spatially resolved energy
spectrum in the “virtual detector”. Having these two main
features implemented, a spatially and temporally resolved
diagnostic follows in a straightforward way (even though
the computational requirements of the diagnostic can be-
come quite demanding).

The “virtual detector” mimics an experimental detector
in order to facilitate comparisons with experiments, corre-
sponding to a region of a plane, with a well defined po-
sition and dimensions, and with an associated resolution,
both in space and in frequency (when applicable). Using
this information, a grid of points in space and/or frequency
is defined.

To determine the energy deposited in the detector plane,
we employ the expression for the radiated power per unit
of solid angle [6]:

dP (t′)
dΩ

=
e2

4πc2

|�n × [(�n − �β) × �̇
β]|2

(1 − �n.�β)5
(1)

where �n is a unit vector directed from the particle posi-
tion at the time of radiation emission, t′, to the observa-
tion point, �β is the velocity of the particle (normalized to

c), and �̇β is the acceleration, with all quantities measured
at t′. The energy deposited on the detector is obtained
by integrating Eq. (1) in time and in solid angle. In this
case, and for each t′, it is possible to perform the solid
angle integration approximately by calculating Eq. (1) at
the center of the cell, and multiplying it by the solid an-
gle associated with the cell. This yields the power radiated
through the solid angle defined by the cell. To convert this
quantity to the power radiated into the detector cell it is
only necessary to divide it by R(t′)2, where R(t′) is the
distance from the particle at time t′ to the cell. In order
to obtain the total energy radiated in the interval Δt ′, we
multiply the power by Δt′, and the total energy in each
cell of the virtual detector is then the sum of the con-
tributions from all time steps and from all particles (i.e.
Ecell =

∑
all particles

∑
time ΔΩcellΔt′ dP (t′)

dΩ ). In choos-
ing the detector cell resolution and position relative the tra-
jectory one must take into account the fact that charged rel-

Figure 1: Sample of 1200 trajectories, represented in the
laboratory frame, extracted from the electron bunch self-
injected in the 1.5 GeV LWFA stage simulation. Color
represents energy, from black to red, with the maximum
energy being 3400 mec2 = 1.7 GeV. The box size is
7500 × 60 × 60 μm3.

ativistic particles emit radiation with an angular aperture of
the order of 1/γ, where γ is the velocity relativistic factor.

The energy spectrum of the radiation emitted by an ac-
celerated charged particle is given by [6]:

d2I(ω)
dωdΩ

=
e2

4πc

∣
∣
∣
∣

∫ +∞

−∞

�n × [(�n − �β) × �̇
β]

(1 − �n.�β)2
eiω(t′+R(t′)/c)

∣
∣
∣
∣

2

(2)
where ω is the frequency of the radiation as seen by the
observer. The energy spectrum is expressed as a function
of angle. To calculate the energy spectrum at a given po-
sition of the virtual detector we replace the solid angle by
dS/R(t′)2 in the integration of Eq. (2). This integration
is performed numerically, with the surface area element dS
approximated by the area of the cell, thus yielding the radi-
ated energy distribution.

SIMULATION RESULTS

The post-processing diagnostic has been used to ana-
lyze the radiation emitted from self-injected electrons in
a 1.5 GeV LWFA stage modeled in a three-dimensional
simulation performed in a boosted frame (see [3]). The
setup of our results corresponds to a LWFA stage where
an 800 nm wavelength laser with a duration of 30 fs propa-
gates through approximately 0.75 cm of plasma with a den-
sity of 1.5 × 1018 cm−3, in the laboratory frame. From the
self-injected bunch observed in the simulation, with a to-
tal charge of 0.6 nC, a random sample of 5% of the self-
injected electrons was taken and processed with our radia-
tion diagnostic.

Figure 2 shows the energy radiated into an 139 ×
139 μm2 detector placed ∼ 2 cm away from the end of the
trajectories of the particles. The detector is centered with
respect to the laser waist. The observed radiation pattern
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Figure 2: Energy radiated by the electron sample in the
detector, in units of keV / pixel.
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Figure 3: Spatially resolved energy spectrum for the sam-
ple of the bunch, in arbitrary units, determined in a hori-
zontal lineout of the detector, vertically centered, with the
horizontal axis representing the coordinates in x2 direction,
and the vertical axis indicates the photon energy.

is consistent with the features of the betatron radiation for
relativistic particles, a collimated beam of radiation in the
direction of propagation with a FWHM angle divergence
around ∼ 2 mrad. An estimate for the expected angular
divergence can be obtained from the features of the trajec-
tories. The typical radius of the betatron trajectory at the
end of the simulations is rβ � 1 μm for electrons with a
Lorentz factor γ � 3000 which yields an angular diver-
gence of the emitted radiation beam of aβ/γ ∼ 3 mrad,
where aβ � γrβωp/c

√
2γ is the betatron strength parame-

ter.

The spatially resolved spectrum shows that the energy of
the radiated photon peaked on axis, as predicted by the the-
ory, at energies close to 13 keV; this is due to the combina-
tion of the distribution of energies of the electrons within
the bunch, the interval of radius of betatron motion, and
the change in energy along the trajectories of the electrons
due to the LWFA. The energy of the radiated photons ex-
tends up the full range of the diagnostic employed here
(230 keV), with the energy spectrum in the 200 keV close
to 10% of the peak of the energy spectrum at 13 keV.

CONCLUSIONS

We have presented a massively parallel diagnostic that
post-processes particle tracks to determine the energy ra-
diated by the particles and the spectral features of this ra-
diation. Using this tool, we have analyzed particle trajec-
tores from a 1.5 GeV LWFA simulation, representing 5%
of the self-injected electrons, and obtained photons in the
13 − 200 keV energy range with an angular divergence of
2 mrad. The main results agree with the theoretical predic-
tions when all the features of the electron trajectories are
taken into account.
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