
INVESTIGATING THE TRANSVERSE DYNAMICS OF
ELECTRON BUNCHES IN LASER-PLASMA ACCELERATORS

A. Koehler∗ ,1, German Aerospace Center (DLR e.V.), Fassberg, Germany
1previously at Helmholtz-Zentrum Dresden – Rossendorf, Dresden, Germany

Abstract
The demonstrations of GeV electron beams and FEL ra-

diation driven by a centimeter-scale device illustrate the
tremendous progress of laser-plasma accelerators. In such
applications, beam divergence and size, along with beam
energy and charge, are critical parameters of electron beams.
An insight on the transverse parameters and their dynamics
such as beam decoherence can be obtained by diagnostics
complemented by betatron radiation detectors. This talk
will also provide a brief overview of recent techniques for
accessing the transverse phase space.

INTRODUCTION
Relativistic electron sources represent an important tool

in basic and applied sciences. The best examples are syn-
chrotron light facilities and free-electron lasers (FELs), in
which electrons produce extremely short and bright flashes
of light as they pass through periodic structures. This radi-
ation allows us to study ultrashort processes and nonequi-
librium states in biology, chemistry, and materials science.
However, the radiofrequency technology generally used lim-
its the maximum electron current and thus the available radi-
ation intensity due to its accelerating structures. Ultimately,
this leads to huge, expensive accelerators that can only be
made available to a small group of users. In contrast to con-
ventional accelerators, plasma accelerators produce highly
relativistic electrons of up to several GeV at much shorter
acceleration lengths of only a few millimeters. Because
of the high beam currents enabled by the plasma medium,
they are ideally suited for driving FELs, as demonstrated
recently [1, 2].

Plasma accelerators can be driven by intense laser radia-
tion, e.g. in laser wakefield acceleration (LWFA) schemati-
cally shown in Fig. 1. In LWFA, a high-intensity laser pulse
propagates through an underdense plasma of density 𝑛𝑒,
exciting plasma waves of frequency 𝜔𝑝 = √𝑛𝑒𝑒2/(𝑚𝑒𝜖0).
Here, 𝑒, 𝑚𝑒 and 𝜖0 are the elementary charge, the electron
mass, and the vacuum permittivity, respectively. The waves
are excited by the ponderomotive force of the laser pulse,
which displaces electrons from high intensity regions. At
relativistic laser intensities, the electrons are completely
pushed from the high intensity regions by the laser pulse.
Due to their large mass, the ions remain behind and form
a plasma cavity or a so-called bubble [3]. Electrons in a
plasma cavity experience a longitudinal accelerating elec-
tric field and gain the energy 𝛾. In the transverse plane,
the plasma’s electric and magnetic fields continuously focus
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Figure 1: Schematic of LWFA. The laser pulse moves from
left to right. 𝐹𝑃, 𝐹𝐹 and 𝐹𝐴 are the ponderomotive force of
the laser pulse and the focusing and accelerating forces of
the cavity on injected electrons, respectively.

the electrons and cause them to oscillate at the betatron fre-
quency 𝜔𝛽 = 𝜔𝑝/√2𝛾 and wavelength 𝜆𝛽. The resulting
betatron radiation enables the study of beam dynamics in-
side the plasma as well as it provides a broadband, ultrashort
x-ray source [4].

The characteristics of betatron radiation can be compared
with radiation from undulators and wigglers [5]. The di-
mensionless wiggler parameter for LWFA depends on the
betatron radius 𝑟𝛽 as

𝐾 = 2𝜋𝛾
𝑟𝛽
𝜆𝛽

. (1)

The betatron radius is the amplitude of the electron or-
bit during acceleration. The betatron radiation spectrum
is synchrotron-like and is described by the critical energy
𝐸𝑐 = 3𝛾2𝐾ℎ𝜔𝛽, where ℎ is the Planck constant.

Typical LWFA operating at plasma densities of
1 × 1019 cm−3 possesses plasma wavelengths of 10 µm.
When the accelerated electrons reach energies of about
250 MeV at typical 𝑟𝛽 of 1 µm, then 𝐾 ≈ 10 indicates the
wiggler regime and the emitted spectrum has a critical
energy of about 10 keV.

The paper is structured as follows: First, a basic setup
for LWFA is shown, including commonly utilized betatron
diagnostics. Then, very briefly, betatron decoherence is
introduced. Finally to a short summary, laser-acceleration
methods of other particles are mentioned.
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Figure 2: Schematic example of an LWFA setup. The re-
tractable detector S can be, for example, a scintillation screen
or a current transformer for the electron beam.

SETUP AND BUNCH DIAGNOSTICS
Basic Components of an LWFA Setup

As shown in Fig. 2, a typical LWFA setup consists of
three components: a high-power laser system, a target, and
diagnostics. The laser system, for example, delivers a pulse
energy of several joules at pulse durations in the range of
100 to 30 fs [6]. To achieve high intensities, the laser pulse
is focused down to spot sizes of 10s of µm on the target, that
are comparable with the plasma wavelength. Jets from gas
nozzles and gas-filled capillaries operated with easily ioniz-
able gases such as helium or hydrogen can be used as targets.
Both differ in adjustable plasma densities and lengths and
depend on the deployed injection scheme. The highly ver-
satile diagnostics analyze the properties of electrons that
are accelerated by and copropagate with the laser pulse [7].
Charge can be detected either by fast current transformers
or by charge-calibrated scintillation screens [8]. Typically,
at least an electron spectrometer is utilized for obtaining
an energy-resolved spectrum. The spectrometer’s dipole
magnet deflects the accelerated electrons on a calibrated
screen.

Betatron Diagnostics
The betatron spectrum can be reconstructed by detect-

ing single photons with a CCD X-ray camera [9]. Another
method is to use dispersive elements such as crystals or pow-
ders [10]. Both detection methods have advantages and dis-
advantages. Single photon detection requires a sufficiently
low intensity on the chip, since typically only about 1% to
5% of the detector’s pixels may be hit by a photon to be able
to isolate single photon events. On the other hand, only the
low-energy part of the betatron spectrum can be efficiently
scattered by a Bragg crystal, since the resolution at high
X-ray energies is too low. Therefore, single photon detec-
tors are placed several meters away from the source, while
crystal-based detectors are typically only one meter away to
collect a sufficient amount of photons. Alternatively, when
space is restricted, a set of multiple foils can be assembled
to pass only parts of the spectrum.

Betatron spectroscopy is a non-invasive and indirect diag-
nostic method. Figure 3 shows an example of a measured
betatron spectrum. Single photon detectors may suffer from
the high photon flux. In this case, the number of detected
photons can be reduced by filter foils, which are the main
source of attenuation of the red shaded area. The betatron
radius can be acquired by the spectral shape. The spectrum

Figure 3: Example of a measured betatron spectrum with
single photon detectors. The solid black histogram shows the
photons counted per energy bin. The solid green line is the
best fit for a betatron radius of 0.8 µm. The red shaded area
is the lower detection limit due to beam line transmission
and detector efficiency. From [7].

is dominated by the radiation emitted at the end of the accel-
eration, i.e. still in the plasma.

Figure 4: The typical spatial profile of betatron radiation
depends on the way electrons are injected into the accelerator.
(a) shows two different gas mixtures that can be used to tune
the profile and thus the electron orbits. (b) is the average
signal over 50 consecutive shots using He+N2 as the gas
mixture. From [11].

Beside the spectrum, the spatial profile of the radiation
can provide information about the orientation of the electron
orbits during acceleration [11]. Depending on the type of
injection, the accelerated electrons will perform betatron
oscillations in one prefered plane or in both transverse planes,
resulting in elliptic or circular beam profiles, as presented in
Fig. 4. The spatial profile can be detected by carefully light
shielded scintillators, such as CsI or Lanex [8] that has to be
protected from residual laser light and energetic electrons.
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Complementing Diagnostics
The high beam divergence of electrons from LWFA com-

pared to RF-based accelerators allows short drift distances
to determine the beam divergence 𝜎𝜃 despite high energies.
A very elegant method is to use the non-dispersive plane
of a dipole magnet while the electron energy 𝛾 is detected
simultaneously in the dispersive plane. Then, the beam size
𝜎𝑟 can be deduced from the critical energy, allowing to esti-
mate the normalized emittance by an elaborated model [12].
For LWFA, emittances as low as 0.1 mm · mrad up to several
mm mrad has been reported [7, 13].

BUNCH DECOHERENCE

Figure 5: Transverse phase space (𝑥, 𝑝𝑥) during the deco-
herence process. The color indicates the electron energy 𝛾.
(a)-(c) are taken at different times during acceleration. (a)
is at the beginning of the acceleration (𝛾 ≈ 2), (b) is after
a small energy gain (𝛾 ≈ 7), and (c) after a larger energy
gain (𝛾 ≈ 95). (d) is the phase space trajectory for a single
randomly selected particle. From [14].

One phenomenon that can be studied with LWFA due
to the constant focusing in the plasma channel is the de-
coherence of the bunch [14, 15]. In the transverse phase
space of location and momentum, the electron orbits de-
scribe circular paths that are traversed more slowly with
progressive adiabatic acceleration. Due to the energy de-
pendence of the betatron frequency, it happens that electron
groups with different energies can twist relative to each other
and also overtake each other, as shown in Fig. 5. The result
is a dynamically evolving normalized emittance that can be
minimized under optimal conditions.

CONCLUSION
LWFA has become a reliable source and acceleration

method for relativistic electrons [16, 17]. At the same time,
diagnostics that detect the beam parameters [18] or resolve
the very compact plasma structures [19, 20] have also be-
come more sophisticated. In this paper, only a small part of
this could be described.

Plasma-based accelerators allow colliders and FELs to be
designed much more compactly, making them accessible to
a wider range of users. With the availability of inherently
synchronized laser pulses, laboratories with LWFA sources
also offer unique opportunities for pump-probe setups for
investigation with multiple beam types (electrons, X-rays,
infrared and visible laser radiation) [21].
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