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We report on a novel, non-invasive method applying Thomson scattering to measure the evolution
of the electron beam energy inside a laser-plasma accelerator with high spatial resolution. The
determination of the local electron energy without altering the final beam state enabled the in-situ
detection of the acting acceleration fields, in this Letter demonstrated in a plasma density ramp
varying from (265± 119)GV/m to (9± 4)GV/m. The presented data shows excellent agreement
with particle-in-cell simulations. This method provides new possibilities for detecting dynamics of
plasma-based accelerators and their optimization.

In laser-plasma acceleration (LPA) [1] electric fields on
the order of 100GV/m can be generated for the acceler-
ation of electron bunches to highly relativistic energies
over short distances. As such, plasma-based accelerators
outperform the acceleration gradients achieved in radio-
frequency (RF) devices by orders of magnitude. After
the first demonstration of quasi mono-energetic beams in
2004 [2–4], the energy frontier of LPA has been pushed
continuously [5–7], now reaching more than 8GeV [8],
within range of state-of-the-art RF free-electron lasers
(FELs). While first gain at 27 nm in a plasma-based
FEL was achieved recently [9], the quality of bunches
from LPA needs further improvement to fully compete
with conventional accelerators in FEL applications. To
this end, measuring the beam dynamics during the accel-
eration process is a crucial step towards understanding
and controlling the acceleration mechanism inside plasma
which ultimately governs the beam properties. Currently,
particle-in-cell (PIC) simulations are the primary tool
to determine the electron-beam-parameter evolution as
state-of-the-art diagnostic methods are limited to ob-
serving the final state [10]. Existing schemes to detect
the evolution of electron parameters in a plasma wake-
field therefore require a modification of the final beam
by changing the acceleration length [11–14]. Alternative
noninvasive methods capable of determining electron pa-
rameters during evolution in plasma, such as streaked
betatron radiation, are highly desirable and have been
proposed [15]. However, they have yet to be experimen-
tally demonstrated.
In this Letter, we report on the application of Thom-

son scattering [16] as a non-invasive technique for deter-
mining the energy evolution of an electron bunch during
its acceleration inside a plasma wakefield. The measure-
ments show excellent agreement with PIC simulations
and had no discernible effect on the final state of the
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electron beam. This method enables in-situ characteri-
zation of the development of electron-bunch parameters
with arbitrary wake drivers and injection mechanisms.
Thomson scattering is the elastic scattering of a photon

and an electron, whereby the photon gains energy from
a relativistic electron resulting in an x- or γ-ray in the
direction of the electron. The energy ~ωX of this photon
for a scattering angle θ between electron and incoming
photon is known as the cut-off energy and given by

~ωX = 2~ω0(1− cos θ)γ2, (1)

where γ is the Lorentz factor of the electron and ~ω0

is the initial photon energy. For the scattering of laser
pulses and electron bunches, the Thomson spectrum is
broadened [17–20] and its peak shifted to lower energies
compared to the cut-off energy. The divergence of the
electron bunch and the normalized vector potential a0
of the scattering laser in particular can have a large in-
fluence on the resulting x-ray spectrum as described by
Krämer et al. [19], who investigated this effect experi-
mentally. To account for broadening effects, we introduce
a factor Λ which describes the ratio of the peak of the
produced x-ray spectrum and the cut-off energy, as the
peak of the resulting x-ray spectrum has a lower depen-
dence on broadening effects than e.g. the mean energy.
By including this factor, the Lorentz factor of the elec-
trons can thus be determined by measuring the spectrum
of the scattered x-ray beam and rearranging Eq. 1 to

γ =

√

~ωX

2Λ~ω0 (1− cos θ)
. (2)

The scattered radiation is typically in the hard x-ray
range for highly relativistic electron bunches generated
via LPA [21–27], such that the Thomson beam contain-
ing information about the electron bunch can be trans-
ported through the wakefield without significant plasma
interaction. By overlapping the electron bunch and the
Thomson laser at different locations inside plasma it is
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ment of the electron-bunch-energy evolution during its
acceleration inside a plasma wakefield via Thomson scat-
tering. Individual beam energy measurements over a
400 µm section of the plasma show an increase of the
electron beam energy from (34± 5)MeV up to the final
energy of (61± 1)MeV while the local acceleration gradi-
ent decreases from (265± 119)GV/m to (9± 4)GV/m.
These results agree well with simulations, showing the
capability to accurately measure the local energy and ac-
celerating field experienced by the electron beam. Such
non-invasive measurements will be crucial to understand
the origin of beam-parameter changes, including emit-
tance growth and energy spread in plasma accelerators
and subsequently may play a key role in improving the

quality of electron bunches e.g. for future FEL applica-
tions.
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