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We report on a novel, noninvasive 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 enabled the in-situ detection of the acting acceleration fields without altering the
final beam state. In this Letter we demonstrate that the accelerating fields evolve from (265 + 119) GV/m
to (9 £4) GV/min a plasma density ramp. The presented data show excellent agreement with particle-in-
cell simulations. This method provides new possibilities for detecting the dynamics of plasma-based

accelerators and their optimization.
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In laser-plasma acceleration (LPA) [1] electric fields of
order O(100 GV/m) can be generated to accelerate elec-
tron bunches to highly relativistic energies over short
distances, outperforming 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 8 GeV [8], within range of state-of-the-
art RF free-electron lasers (FELs). While first gain in a
plasma-based FEL was achieved recently [9], the quality of
bunches from LPA needs further improvement to fully
compete with conventional accelerators. Measuring the
beam properties during acceleration is a crucial step toward
understanding and controlling the plasma-acceleration
process. Currently particle-in-cell (PIC) simulations are
the primary tool for determining the evolution of electron-
beam parameters as state-of-the-art diagnostic methods are
limited to observing the final state [10]. Noninvasive
methods, capable of determining electron parameters dur-
ing evolution in plasma, such as streaked betatron radiation,
are highly desirable and have been proposed [11] but have
yet to be experimentally demonstrated. An alternative
approach would be to change the acceleration length,
which is possible [12—15] but invasive and can be complex.
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In this Letter, we report on the application of Thomson
scattering [16] as a noninvasive technique for determining
the energy evolution of an electron bunch during accel-
eration in a plasma wake. The measurements show excel-
lent agreement with PIC simulations and had no discernible
effect on the final state of the electron beam. This method
enables in situ characterization 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 ignoring the recoil effect of the electron,
where the photon gains energy from a relativistic electron
resulting in an x ray or y ray in the direction of the electron.
The energy fiwy of this photon for a scattering angle 6
between electron and incoming photon is known as the cut-
off energy and given by

haoy = 2hwy(1 — cos §)y?, (1)

where y is the Lorentz factor of the electron and A, 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 with
the cut-off energy. The divergence of the electron bunch
and the normalized vector potential a, of the scattering
laser in particular can have a large influence on the resulting
x-ray spectrum as described by Krimer et al. [19], who
investigated this effect experimentally. To account for these
effects, we introduce a factor A which describes the ratio of
the peak of the x-ray spectrum and the cut-off energy. The
Lorentz factor of the electron beam can be determined by

Published by the American Physical Society


https://orcid.org/0000-0001-8927-9009
https://orcid.org/0000-0001-8382-9225
https://orcid.org/0000-0002-0769-0425
https://orcid.org/0000-0001-6658-5775
https://orcid.org/0000-0001-9086-9831
https://orcid.org/0000-0001-5457-4884
https://orcid.org/0000-0003-4413-7044
https://orcid.org/0000-0002-7224-8334
https://orcid.org/0000-0002-0329-3510
https://orcid.org/0000-0002-7684-0140
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevLett.129.244801&domain=pdf&date_stamp=2022-12-06
https://doi.org/10.1103/PhysRevLett.129.244801
https://doi.org/10.1103/PhysRevLett.129.244801
https://doi.org/10.1103/PhysRevLett.129.244801
https://doi.org/10.1103/PhysRevLett.129.244801
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

PHYSICAL REVIEW LETTERS 129, 244801 (2022)

(a) Probe Iaser\

Beam splitter

Overlap screen

Laser in and camera

He/N, gas jet

LPA laser arm

FIG. 1.
the region where the Thomson measurement was performed.

measuring the spectrum of the scattered x-ray beam and
rearranging Eq. (1) to

hw
v = - : (2)
2Ahwy(1 — cos 0)

By overlapping the electron bunch and the Thomson
laser at different locations inside plasma it is possible to
infer electron-beam properties during acceleration. The
information can be transported through the wakefield
without significant plasma interaction as the scattered
radiation is typically in the hard x-ray range for highly
relativistic electrons generated via LPA [21-27].

The experimental setup is schematically depicted in
Fig. 1(a). The laser was operated at a repetition rate of
1.4 Hz, and its energy of (190 £ 3) mJ was split using a
5 mm thick MgF beam splitter, resulting in an energy of
(125 £ 2) mJ in the LPA laser arm and (65 = 1) mJ in the
Thomson path. The LPA laser pulse was focused with an
f/12 off-axis parabola to a 1/e’ intensity radius of
(8.0£0.2) pm. The FWHM pulse duration of the LPA
laser was minimized to (26.9 £ 0.2) fs, measured with self-
referenced spectral interferometry [28], resulting in a peak
vacuum qag of 1.18 4+ 0.04. However, for optimization of
the electron bunches, the pulse was stretched using an
acousto-optic dispersive filter [29]. The plasma source was
a | mm diameter gas jet operated with a gas mix of 99.5%
helium and 0.5% nitrogen by weight and a backing pressure
of (4.7+0.1) bar. Laser interferometry measurements
using a perpendicular probe beam revealed a peak plasma
density of (1.9 £ 0.1) x 10! cm™ as shown in the density
profile in Fig. 1(b). The Thomson laser was focused using a
spherical mirror at an incidence angle of 4 degrees resulting
in a FWHM spot size of 52 pm by 23 pm. For optimum
performance, the scattering laser spot size should be much
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larger than the electron bunch size which is typically on the
order of a few micrometers or less at the used densities [30—
32], and its shot-to-shot positional fluctuations should be
much smaller than the laser spot. The pulse length after the
beam splitter was measured to be (31.1 £ 0.6) fs, leading
to a peak vacuum a; of 0.31 £ 0.01 in the Thomson laser
focus. The Thomson laser crossed the electron beam axis at
an offset angle of 8 degrees to prevent backpropagation and
damage of upstream laser optics and to allow the x-ray
beam to pass.

In order to change the longitudinal focus position of the
Thomson laser the spherical mirror was mounted on a
linear stage with its axis of movement parallel to the
electron beam axis. To resynchronize the electron bunch
and the Thomson laser, a delay stage was placed in the LPA
laser arm. In the experiment LPA and Thomson laser were
inherently synchronized as they were derived from the
same laser source. In general, the temporal jitter between
the two lasers should be well below the pulse duration of
the scattering laser which then determines the longitudinal
resolution of the diagnostic. The two laser beams were
overlapped in space using a screen which could be driven to
a desired overlap plane. The focal plane of the Thomson
laser was adjusted to the overlap plane using the linear
stage of the spherical mirror. For the temporal alignment of
the two laser beams the two generated ionization channels
in the gas plume were imaged using interferometry with an
independently timed probe beam, similarly to Ref. [26].

Electron and x-ray beam diagnostics were installed
downstream of the LPA. The charge of the bunches was
measured using a noninvasive cavity-based resonator
(DaMon) [33,34], placed 1.1 m from the electron source.
The beam profile and pointing stability were measured on a
DRZ-type phosphor screen [35,36], driven into the electron
beam at a distance of 1.3 m from the gas jet. The electron
spectrum was measured using a spectrometer consisting of
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a 50 cm long vertically dispersive dipole magnet with a
field of 0.14 T and a DRZ screen, supporting a bandwidth
of 35 to 250 MeV. This spectrometer did not image the
electron source; consequently the measured spectrum
appears broadened due to the divergence of the electron
beam. The x-ray spectrum was taken using a HEXITEC
detector [37,38] which consists of 80 x 80 CdTe pixels
with a size of 250 x 250 um? and a thickness of 1 mm. To
enable single photon counting, the detector was placed
7.8 m from the Thomson interaction point, resulting in a
measurement of the on axis x-ray spectrum with an opening
angle of +1.25 mrad limited by the chip size.

The measured x-ray spectrum is influenced by absorp-
tion from 1.7 mm aluminum in the x-ray beamline and the
detection cross sections. To extract the source spectrum
from the measurements, a full reconstruction of the x-ray
transport and detector response was performed in GEANT4
[39-41], and the detection of x-ray beams with a peak
energy between 30 keV and 100 keV was simulated in steps
of 1 keV. The resulting simulated detector signal was then
fitted by a sum of two Gaussian distributions with a
separation of 25 keV to account for the escape peak
[42] originating from CdTe fluorescence x rays (23—
27 keV) leaving the detector [37,38]. The spectral region
around the fluorescence peak and events with an energy
< 10 keV, which predominantly originate from detector
noise, were excluded from the fit. An example of a
Gaussian source spectrum with a bandwidth matching that
of our measurements, the simulated detector signal accord-
ing to GEANT4, and the fit are depicted in Fig. 2(a). From
this figure, it is evident that the source spectrum and
detector signal have similar bandwidth, while the peak of
the detector signal is shifted with respect to the source
spectrum. The peaks of the fits of the detector signal for all
simulations are shown in Fig. 2(b). The simulations high-
light that the detector signal overestimates the peak energy
of source spectra with a peak energy of < 50 keV due to
filtering of low-energy x rays in the aluminum. For source
spectra with a peak energy > 55 keV, the detector signal is
underestimated due to the lower quantum efficiency of the
1 mm thick CdTe for high-energy x rays. To compensate for
these effects, the peaks of measured Thomson spectra are
adjusted according to the calibration function shown in
Fig. 2(b) to retrieve the spectral peak energy at the source.

The electron beam was generated via self-truncated
ionization injection using a weakly relativistic laser
[43,44], resulting in spectrally stable and reproducible
electron beams, as demonstrated in previous experiments
using similar injection methods [45—48]. During the experi-
ment, a FWHM electron-beam pointing stability of
1.4 mrad was measured in the nondispersive axis of the
electron spectrometer. It was observed to be equal in both
axes in dedicated pointing measurements using the profile
screen prior to the main experiments. The profile screen
also yielded a beam divergence of (3.9 £ 0.7) mrad
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FIG. 2. Simulation of x-ray transport and detection. (a) An

X-ray source spectrum (green), the detector signal of this x-ray
beam (solid blue), and the double Gaussian fit used to determine
the peak of the deposited energy distribution (dotted blue).
(b) Peak of the detector signal and 68% confidence intervals
from fitting routine as a function of the peak energy of the source
spectrum (blue). The calibration function (red) is used for the
adjustment of measured data.

horizontally and (7.4 +1.6) mrad vertically. Owing to
the specific experimental geometry and to ensure the
x-ray detector occupancy was low enough to enable single
photon counting while also minimizing the background of
bremsstrahlung, the charge of the electron beams was kept
low by reducing the laser energy to the stated values,
limiting the charge to (2.7 &+ 1.2) pC. This is a specific
limit in our experiment due to the experimental geometry
and type of detector. For other shielding geometries or
detectors [49-51], higher charges can be measured and
would increase the signal further to enhance the accu-
racy of the measurement. The electron beam energy was
stable over the scan of more than 7000 shots to within 1%
with a spectral peak of the final electron energy of
(61.3+£0.5) MeV. The normalized, average spectra of
two consecutive sets of 340 shots with and without the
Thomson interaction are depicted in Fig. 3 highlighting the
excellent spectral stability as well as the noninvasive
character of the Thomson interaction.

Using Thomson scattering, the electron beam energy
was then measured at a total of 20 different laser-electron
interaction points, enabling a reconstruction of the electron
beam energy evolution over a distance of 400 pm in the
downramp of the plasma density profile, as shown in Fig. 4.
At each overlap position, the signal of 280 shots was
integrated on the x-ray detector. The bremsstrahlung back-
ground was determined in three dedicated background
measurements for which the Thomson laser was blocked.
The background-subtracted spectra were then fitted to the
sum of two Gaussians as described earlier. Afterward, the
peak of the fit to the measurement was adjusted according
to the calibration function depicted in Fig. 2(b) to obtain the
peak energy of the x-ray spectrum at its source. The peak
energy of the Thomson spectrum was then used to calculate
the peak electron bunch energy using Eq. (2). The A factor
was determined experimentally by comparing the energy of
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FIG. 3. Normalized electron spectrum of 340 shots with

Thomson laser turned on at an overlap position of 1330 pm
(gray line), the standard error from individual normalized shots
(gray area) and the normalized electron spectrum at the same
overlap position without the Thomson laser (orange dashed line).
The error band without the Thomson laser is similar to the
displayed band with the Thomson laser activated. The same level
of agreement between signal and background shots was also
observed at overlap positions of 1190 pm and 1560 pm. The
region around the peak is shown in more detail in the inset. The
spectrum obtained from PIC simulations is depicted as a red
dotted line. All lines are normalized individually.

the electron spectrometer measurement to the Thomson
measurement at the last two interaction points, where the
measurement suggests constant electron energies and the
measured acceleration gradient, likely outside plasma, is
negligible. The found value of A = 0.89 £ 0.02 agrees
well with values shown by Krimer et al. of approximately
0.90 for using similar electron bunch and laser parameters
[19]. In the measurement region, peak electron energies
of (34+5) MeV up to (61 +1) MeV were detected.
The beam energy evolution indicates an acceleration-
gradient decrease in the downramp of the plasma from
(265 £ 119) GV/mto (9 £ 4) GV/m. The relative error of
the acceleration gradient is reduced with more sampling
points, reaching as low as 10% in the middle of the scan, as
depicted in Fig. 4. These results constitute the first
longitudinally resolved in situ detection of the on axis
accelerating field in a plasma wakefield accelerator,
improving on previous integrated results [52-54]. The
measurement of the electron energy via Thomson scattering
at overlap positions further inside the plasma was not
possible, as the energy of the x-ray beam was below the
detection threshold of 30 keV owing to absorption in the
1.7 mm aluminum shield in front of the detector. In
Fig. 4(a), the evolution of the electron beam energy is
compared to the final electron energy measured using the
electron spectrometer. As the absolute position of the
overlap with respect to the density has an uncertainty of
a few hundred pm, the experimental dataset was shifted in
the propagation axis to align with the simulation results by
minimizing the least squares of the difference of measured
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FIG. 4. (a) Electron beam energy measured via Thomson

scattering as function of the overlap position (blue). The final
electron beam energy at each interaction point is shown as the
average peak of Gaussian fits to the single electron spectra with its
standard error (gray). The energy evolution obtained from the PIC
simulation is shown as ared line, for better comparison again using
Gaussian fits. (b). Acceleration gradient as function of the overlap
position. The acceleration gradient was calculated using a linear fit
of +3 data points. At the edges only available data points were
included. The error bars display the 68% confidence interval.

data points and the simulated energy evolution (see below).
The relative distance between the overlap positions was
not affected by this shift and is well defined; the total
uncertainty of the scan distance is less than 0.5%. The
constant value of the final electron energy simultaneously
measured using the spectrometer highlights the noninvasive
nature of the demonstrated technique.

Simulations were performed using FBPIC [55,56] to
understand the energy gain in the plasma in more detail.
In the simulation, laser and plasma parameters similar to
those in the experiments were used. The plasma density
profile depicted in Fig. 1(b) was imported. For the laser, a
pulse duration of 35 fs, a 1/ ¢? intensity radius of 8.0 pm, and
a vacuum q; of 1.15 were chosen under the assumption of a
Gaussian pulse in time and space. The simulation box with a
length of 40 pm and a radius of 30 pm was divided in 2000
longitudinal and 128 radial grid points and 36 particles per
cell. The laser focus position was scanned in the simulations
to match the electron energies of the experiment, and a
vacuum focus at 1025 pm resulted in good agreement of the
electron energy in the simulation and the spectrometer
measurements (cf. Fig. 3). The electron charge in the
simulation was 1.8 pC, well within the standard deviation
of the experiment. The comparison of the electron-beam-
energy evolution and the resulting acceleration gradients of
the in situ Thomson measurements and the PIC simulation
agree well as depicted in Fig. 4.
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Thomson measurements could therefore be used to
directly study the evolution of the electron bunch in
experiments. In combination with control of the longi-
tudinal density, this diagnostic could improve schemes
proposed to overcome the dephasing limit in LPA [57-59].
As it is sufficient to only detect the peak of the x-ray
spectrum, the technique is compatible with the use of a
single-shot x-ray spectrometer, available for a broad range
of x-ray and y-ray energies [49-51]. To improve the signal-
to-noise ratio, this method could also be used with
traveling-wave Thomson scattering [60] at the cost of
spatial resolution while maintaining the noninvasive char-
acter of the measurement that requires the use of moderate
intensities of the scattering laser [61]. The technique may
be extended to diagnose the evolution of other electron
beam parameters such as emittance and energy spread [27],
and angular distribution [19,62,63] or could be employed in
an orthogonal geometry [64] to study the evolution of the
longitudinal profile of the electron bunch. Thus, a complete
picture of the electron bunch during its acceleration in the
wakefield could be obtained to provide the necessary input
to optimize the quality of LPA electron beams.

In summary, we have demonstrated a noninvasive
measurement of the electron-bunch-energy evolution dur-
ing its acceleration inside a plasma wakefield via Thomson
scattering. Individual beam energy measurements over a
400 pm 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. This enabled the first longitudi-
nally resolved measurement of the on axis acceleration
gradient in a plasma wakefield accelerator and showed a
decrease from (265 £ 119) GV/m to (9 £4) GV/m in a
plasma density down-ramp. These results agree well with
simulations, showing the capability to accurately measure
the local energy of and accelerating field experienced by
the electron beam. Such noninvasive measurements will be
crucial to understand the origin of beam-parameter
changes, including emittance growth and energy spread
in plasma accelerators and subsequently play a key role in
improving the quality of electron bunches.
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