In-situ measurement of electron energy evolution in a laser-plasma accelerator
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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 100 GV/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 8 GeV [8],
within range of state-of-the-art RF free-electron lasers
(FELs). While first gain at 27nm 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 v-ray in the
direction of the electron. The energy hwx of this photon
for a scattering angle 6 between electron and incoming
photon is known as the cut-off energy and given by

hwx = 2hwo(1 — cos )72, (1)

where ~ is the Lorentz factor of the electron and hwq
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 ag
of the scattering laser in particular can have a large in-
fluence on the resulting x-ray spectrum as described by
Kramer et al. [19], who investigated this effect experi-
mentally. To account for broadening effects, we introduce
a factor A 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

hw
7= \/QAhwo (1)i cosf)’ @

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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FIG. 1. a) Schematic of the experimental setup. b) Mean measured longitudinal plasma density profile with its standard
deviation and the region where the Thomson measurement was performed.

therefore possible to gain information about the electron
beam during its acceleration.

The experimental setup is schematically depicted in
Fig. la. The laser was operated at a repetition rate of
1.4Hz and its energy of 190 mJ was split using a 5mm
thick MgF beamsplitter, resulting in an energy of 125 mJ
in the LPA laser arm and 65mJ in the Thomson path.
The LPA laser arm was focussed with an /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 minimised
to (26.9 £ 0.2) fs and measured with self-referenced spec-
tral interferometry [28], resulting in a peak vacuum ag
of 1.18. However, for optimisation of the generated elec-
tron bunches, the pulse was stretched using an acousto-
optic dispersive filter [29]. The target was a 1mm di-
ameter 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. Interferometry measurements of the gas
jet using a perpendicular probe beam revealed a peak
plasma density of (1.9 4= 0.1) x 10'? em ™ as shown in the
density profile in Fig. 1b. The Thomson laser arm was
focused using a spherical mirror at an incidence angle
of 4 degrees resulting in a FWHM spot size of 52 pm by
23 num. The pulse length after the beamsplitter was mea-
sured to be (31.1 £ 0.6) fs, leading to a peak vacuum ag of
0.31 for the Thomson focus. The Thomson laser crossed
the electron axis with an offset angle of 8 degrees to pre-
vent backpropagation and damage of upstream laser op-
tics and 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 correspondingly, a delay stage was
placed inside the LPA laser arm. 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 tempo-
ral alignment of the two laser beams the two generated
ionisation 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 non-invasive cavity-based resonator
(DaMon) [30, 31], placed at a distance of 1.1 m from the
electron source. The beam profile and pointing stability
were measured on a DRZ-type phosphor screen [32, 33]
which was driven into the electron beam at a distance of
1.3m from the gas jet. The electron spectrum was mea-
sured using a spectrometer consisting of a 50cm long
vertically-dispersive dipole magnet with a field of 0.14T
and a DRZ screen, allowing for the observation of ener-
gies between 35 MeV and 250 MeV. The x-ray spectrum
was taken using a HEXITEC detector [34, 35] which con-
sists of 80 x 80 CdTe pixels with a size of 250 x 250 pm?
and a thickness of 1 mm. To enable single photon count-
ing, the detector was placed at a distance of 7.8 m from
the Thomson interaction point, resulting in a measure-
ment of the on-axis x-ray spectrum with an opening angle
of £1.25 mrad limited by the chip size.

To account for x-ray absorption from 1.7mm of alu-
minium in the photon path between Thomson interac-
tion point and the detector chip, and to include detection
cross sections of the x-ray detector, a full reconstruction
of the detector and the x-ray transport was performed
in Geant4d [36-38]. In these simulations, x-ray beams
with a mean energy between 30keV and 100keV and
a spectral bandwidth similar to the measured spectra
were simulated in steps of 1keV. The resulting simu-
lated HEXITEC spectra were then fitted to a sum of two
Gaussian distributions with a separation of 25keV to ac-
count for the escape peak shoulder [39] originating from



CdTe fluorescence x-rays (23keV - 27keV) leaving the
detector [34, 35]. The spectral region around the fluores-
cence peak and events with an energy of less than 10keV,
which predominantly originate from detector noise, were
excluded from the fit. An example of a Gaussian input
spectrum, the energy deposited in the detector accord-
ing to the Geant4 simulation, and the fit are depicted in
Fig. 2a. The peaks of the fits of the deposited energy
according to simulation for x-ray beams with initial peak
energies between 30keV and 100keV are shown in Fig.
2b. The simulations show that the distribution of the
deposited energy of the x-ray beams with a peak energy
of less than 55keV overestimates the mean energy of the
incoming x-ray beams due to filtering of low-energy x-
rays in the aluminium. The energy of x-ray beams with
a peak energy above 65keV 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 corrected by the
fit shown in Fig. 2b.
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FIG. 2. (a) Simulation of an x-ray measurement with the

HEXITEC. Shown are the initial spectrum of the x-ray beam
(green line), the deposited energy of the x-ray beam (blue line)
and the double Gaussian fit used to determine the peak of the
deposited energy distribution (light blue line). (b) Peak of the
deposited energy in the x-ray detector and 68% confidence
intervals from fitting routine as a function of the initial peak
input energy (blue dots). The red fit represents a look-up
function used for a correction of the measured data. The
grey dotted line indicates a slope where the input and output
peaks are identical.

The electron beam was generated via self-truncated
ionisation injection using a weakly relativistic laser [40,
41]. This resulted in spectrally stable and reproducible
electron beams, as demonstrated in previous experiments
using this injection method [42—44]. During the experi-
ment, a FWHM pointing stability of the electron beams
of 1.4mrad was measured in the non-dispersive axis of
the electron spectrometer. It was observed to be equal
in both axes in dedicated pointing runs using the profile
screen prior to the main experiments. The profile screen
also yielded a beam divergence of (3.94 0.7)mrad in
the horizontal and (7.4 & 1.6) mrad in the vertical plane.
Owing to the specific experimental geometry and to en-
sure the x-ray detector occupancy was low enough to
enable single photon counting while also minimizing the

background of bremsstrahlung, the charge of the elec-
tron beams was kept low by reducing the laser energy to
the stated values, limiting the charge to (2.7 +1.2) pC
during this experiment. The electron beam energy was
stable over the scan of more than 7000shots to within
1% with a spectral peak of the final electron energy of
(61.3+0.5)MeV. The normalised, average spectra of
two consecutive sets of 340 shots each with and with-
out the Thomson laser present is depicted in Fig. 3 high-
lighting the excellent spectral stability as well as the non-
invasive character of the Thomson interaction.
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FIG. 3. Normalized electron spectrum of 340 shots at an over-
lap position inside the plasma with Thomson laser turned on
(grey line) and the standard error from individual normalized
shots (grey area) and the normalized electron spectrum at
the same overlap position without the Thomson laser (orange
dashed line). The error band of the run without Thomson
laser is similar to the error band with Thomson laser. The
spectrum obtained from PIC simulations is depicted as red
dotted line. All lines are normalized individually. To high-
light the agreement between the two measurements, the re-
gion around the peak is shown in more detail in the inset.

Using Thomson scattering, the electron beam energy
was then measured at a total of 20 different interaction
points of electron beam and Thomson laser, enabling a
reconstruction of the electron beam energy evolution over
a distance of 400 pm in the downramp of the plasma den-
sity profile, as shown in Fig. 4. At each overlap position,
the signal of 280 shots was integrated on the x-ray detec-
tor. The bremsstrahlung background 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 and shown in Fig. 2a. Afterwards, the
peak of the fit was shifted according to the fit depicted
in Fig. 2b to obtain the peak energy of the produced x-
ray spectrum corrected for the absorption properties of
materials in the beam path and quantum efficiency. 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 compar-



ing the mean energy of the spectrometer measurement
to the Thomson measurement at the last two interac-
tion points, where the measurement suggests constant
electron energies and the measured acceleration gradi-
ent is negligible. The found value of A of 0.92 agrees
well with values shown by Krédmer et al. in the range
of 0.90 to 0.95 for using similar electron bunch and laser
parameters [19]. In the measurement region, peak elec-
tron energies of (34 £5)MeV up to (61 £ 1) MeV were
detected, showing the acceleration gradient to decrease
in the downramp of the plasma from (265 £ 119) GV/m
to (9£4)GV/m. The measurement of the electron en-
ergy via Thomson scattering at overlap positions further
inside the plasma was not possible, as the energy of the
produced x-ray beam was below the detection threshold
of 30keV owing to absorption in the 1.7 mm aluminium
shield in front of the detector. In Fig. 4a, 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 den-
sity has an uncertainty of a few hundred um, the exper-
imental data set was shifted in the propagation axis to
align with the simulation results by minimizing the least
squares of the difference of measured 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 us-
ing the spectrometer highlights the non-invasive nature
of the demonstrated technique.

Simulations were performed using FBPIC [45, 46] 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 den-
sity profile depicted in Fig. 1b was imported, for the
laser, a pulse duration of 35fs, a 1/e? intensity radius
of 8.0um and a vacuum ag of 1.15 were chosen under
the assumption of a Gaussian pulse in time and space.
The simulation box with a length of 40pm and a ra-
dius of 30 pm was divided in 2000 longitudinal and 128
radial grid points and 36 particles per cell. The laser fo-
cus 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 measure-
ments as is shown in Fig. 3. The electron charge in the
simulation was 1.8 pC, well within the standard error in
the experiment. The comparison of the electron-beam-
energy evolution and the resulting acceleration gradients
of the in-situ Thomson measurements and the PIC sim-
ulation agree well as depicted in Fig. 4, substantiating
the capability of the technique to accurately determine
these parameters.

Thomson measurements could therefore be used to ex-
perimentally study the evolution of the electron bunch
directly without dependence on a physics model or the
complete and accurate determination of the experimental

(a) T T T T T T
60’------------ -; ; ; L : 4 =
. T.=T
% 55 T T <1 4
é 50 3 7 7
>
PEss
2 450 7 1
3
5 40| |
©
% 351 :|: ¥ Thomson measurement 4
¥ Electron spectrometer
3071 Simulation 1
() — ‘ ‘ ‘ ‘ ‘ ‘ ‘
E 300} 1
=
2
E 200 :[I b
® 100} iz 1
> IIIIIIII
8 I I I L Iw' - e ey X
< 1200 1250 1300 1350 1400 1450 1500 1550 1600

Position ym

FIG. 4. a) Electron beam energy measured via Thomson scat-
tering as function of the Thomson overlap position (blue).
The final electron beam energy at each interaction point is
shown as the average peak of Gaussian fits to the single elec-
tron spectra with its standard error (grey). The energy evo-
lution obtained from the PIC simulation is shown as a red
line, for better comparison again using Gaussian fits. b). Ac-
celeration 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 in-
cluded. The error bar displays the 68% confidence interval of
the fit.

conditions. In combination with control of the longitudi-
nal density, this diagnostic could therefore enable to im-
prove schemes proposed to overcome the dephasing limit
in LPA [47-49]. As it is sufficient to only detect the peak
of the x-ray spectrum as demonstrated here, the measure-
ment technique is compatible with the use of a single-shot
x-ray spectrometer, available for a broad range of x- and
~-ray energies [50-52]. To improve the signal ratio, this
method could also be used with traveling-wave Thomson
scattering [53] while maintaining the non-invasive char-
acter of the measurement that requires the use of mod-
erate intensities of the scattering laser [54]. In such a
configuration, Thomson scattering could be used for a
characterisation of the spectrum throughout the accel-
eration to optimise beam-loading of the beam required
for low energy-spread electron bunches [55-57]. Further-
more, the technique may be extended to other electron
parameters already measured using Thomson scattering
such as emittance [27] or angular shape [19, 58, 59] in or-
der to provide a complete picture of the electron bunch
during its acceleration in the wakefield and consequently
provide the necessary input to optimize the quality of
LPA electron beams.

In summary, we demonstrate a non-invasive measure-



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 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 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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