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We present an all-laser-driven, energy-tunable, and quasimonochromatic x-ray source based on
Thomson scattering from laser-wakefield-accelerated electrons. One part of the laser beam was used to
drive a few-fs bunch of quasimonoenergetic electrons, while the remainder was backscattered off the bunch
at weakly relativistic intensity. When the electron energy was tuned from 17-50 MeV, narrow x-ray spectra
peaking at 542 keV were recorded with high resolution, revealing nonlinear features. We present a large

set of measurements showing the stability and practicality of our source.
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Laser-wakefield-acceleration (LWFA) [1,2] has recently
been shown to produce stable [3] quasimonoenergetic
[4-6], energy tunable [7,8], MeV-GeV-scale [9,10] electron
bunches with some tens of pC charge. Their short duration
[11,12], small transverse bunch size, and low divergence
[13—15], typically of the order of a few fs, yum, and mrad,
respectively, lead to emittance figures rivaling that of the
best conventional state-of-the-art linear accelerators.

These unique properties qualify them as a driver for
compact x-ray sources [16,17] with high peak brilliance,
which might close the gap in performance and price
between large-scale synchrotrons and laboratory x-ray
tubes, while offering inherent synchronization to the laser
and electron beam.

Wiggling these low-emittance electron beams either in
alternating magnetic field structures (undulator radiation
[18,19]), strongly focusing plasma fields (betatron radia-
tion [20,21]), or intense laser fields (Thomson-Compton
scattering [22-25]) produces x-ray beams, in the latter
two cases with extremely high peak brilliance for photon
energies above 10 keV.

For comparison, the ELBE radio frequency (rf) linear
accelerator team at Forschungszentrum Dresden-Rossendorf
recently reported the generation of thirteen 12.3-keV
Thomson-scattering photons/shot in a 1.13 usr solid angle
from a 1.2 pC electron beam at 22.5 MeV with 4 ps duration
[26]. Our LWFA-driven source produces 10 times more
photons/solid angle/pC charge from a less than 3.5 times
smaller spot, in a 1000 times shorter pulse, albeit with an
approximately fourfold energy spread. From these numbers
it becomes clear that LWFA-driven beams surpass current rf
linac-based hard x-ray sources by more than 4 orders of
magnitude in peak brilliance.

These unique properties hold great promise for extend-
ing the scope of applications in many research fields, from
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clinical phase-contrast imaging and material research to
few-fs time-resolved x-ray emission spectroscopy and
ultrafast pump-probe studies of structural dynamics.

Of the three LWFA-based x-ray generation schemes
mentioned above, Thomson scattering offers the most
promising route to well-controlled monochromatic keV
to MeV x-ray beams due to the short wiggling period of the
colliding laser field. Compared to previous work [24,25],
we report the first direct measurement of quasimonochro-
matic LWFA-based Thomson spectra in the nonlinear
regime without reliance on inverse spectral reconstruction
algorithms. Apart from this we show that the shock-front
injection scheme for LWFA appears to be perfectly suited
for future use and further development of the source.

Neglecting higher harmonics, the energy of the emitted
photons for the case of a near head-on collision of the
laser pulse and a bunch of relativistic electrons is given by
[27,28]

2(1 + Bcos0,)y?
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Here, 0,y and oy 44, are the frequencies of the scattered
radiation and colliding pulse, y and f are the relativistic
quantities of the electrons. ay = €E| jior/ Mo @) g€ 18 the
normalized vector potential of the wiggling laser field,
where e, m,, E} ., ¢ are the electron charge, rest mass,
laser electric field, and speed of light, respectively. 8; and
0o are the interaction and observation angles. The emitted
radiation is monochromatic for collimated, monoenergetic
electron and laser beams, ay < 1, and an infinitely small
observation area.
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Here, a = ¢?/hc is the fine structure constant, N,, and
N, the number of laser periods and electrons, respectively,
and (n) denotes the averaged harmonic number, which is
close to unity in our weakly relativistic case.

The duration of the scattered x-ray pulse ATy is given
by the convolution of the electron bunch envelope with a
twice Lorentz-contracted colliding pulse envelope. For
Gaussian laser and electron pulses, one obtains

z I [1-8, 4 (l—ﬂ)} )

ATy~ (ATo) + (ATpe/42?  (3)

Here AT, and ATy, are the FWHM electron bunch
and laser pulse durations. For high electron energies
(y > 1) the x-ray pulse reflects the electron pulse duration
of a few femtoseconds [11,12].

The electron bunches for radiating the x rays were
produced by LWFA in an energy-tunable, quasimonoener-
getic fashion (see Fig. 3, left). When an intense laser pulse
(ag > 1) travels through an underdense plasma, it drives a
plasma wave by repelling electrons from regions of high
intensity by its ponderomotive force. The phase velocity of
this wave equals the laser’s group velocity, which is close to
the speed of light. The wave constitutes a fast-moving
longitudinal field structure that accelerates electrons once
they are trapped [1,2]. In order to avoid large energy-spread
beams due to the stochastic nature of self-trapping, a forced
trapping scheme called shock-front injection [7,29] was
employed. Placing a razor edge into the supersonic flow of
a conical de Laval nozzle creates a shock front with a sharp
density drop over the scale of the molecular mean free path
(1.3 pm inferred from interferometric gas density measure-
ments) in the laser propagation direction [29]. Upon
crossing the drop the plasma wavelength instantaneously
increases. This places the former first wave crest into the
trough of the now elongated wave—a position with a strong
accelerating field, trapping a large number of electrons at a
defined position. They all experience the same acceleration
distance and energy gain. The position of the shock in the
gas target determines the acceleration length and final
energy. If the plasma density is kept below the self-injection
limit (by lowering the density such that without the shock
front no electrons are observed), no further electrons are
injected and the absolute energy spread stays small.

The experimental setup is depicted in Fig. 1, along with
the details of the experiment. It produces electron beams
with an energy peak tunable between 10 and 150 MeV, with
a constant energy bandwidth of 5 MeV FWHM and an
average charge of 20 pC. For a limited energy range the
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FIG. 1 (color). Experimental setup. 0.8 ym-wavelength, 28 fs-
duration pulses from the ATLAS-60 TW Ti:sapphire laser system
at MPQ are split into a driver (1.2 J) and colliding beam (0.3 J).
They are focused to 4.2 x 10" W/ecm?> (ay=4.4) and
1.8 x 10" W/cm? (ay = 0.9), respectively. The driver acceler-
ates electrons from a plasma (n, = 5 x 10" cm™3) in a laser-
ionized supersonic He gas flow from a 300 um conical de Laval
nozzle. A razor blade creates a shock-front electron injector. The
electron beam is analyzed on a scintillator screen behind a
calibrated 1 T-dipole magnet spectrometer [30]. The colliding
beam is focused 1.4 mm behind the electron injection point at a
collision angle of 3.7°. X rays are detected on axis after 30-um
aluminum and 250 ym Kapton windows by either a scintillator-
based or a single-photon counting x-ray CCD camera.

beam divergence was measured during this campaign. It
ranged from 17.5 mrad at 27 MeV to 12 mrad at 45 MeV.
This is comparable with the values reported in Ref. [7],
where the electrons were produced under the same con-
ditions as here.

The 300 mJ, 28 fs colliding pulse is focused to a spot size
of 25 yum FWHM and a peak a; = 0.9 to a point 1.4 mm
behind the shock front on the drive laser axis. This q
allows us to study Thomson scattering in the weakly
nonlinear regime [27,28]. This collision point was chosen
to keep the colliding beam from disturbing the electron
acceleration and to keep the interaction point in vacuum
(cf. nozzle diameter 0.3 mm). The spot size roughly
corresponds to the electron beam diameter at this position
(see Fig 1), as deduced from a few-um size inside the
plasma [8] and the measured electron divergence.

Shadowgraphy was used for temporal alignment of the
colliding pulse with the electron bunch. A small part of the
laser beam, timed by a delay stage, acts as a transverse
probe of the interaction. The ionization fronts of the drive
and colliding pulse leave an imprint in the probe wave front
and lead to intensity modulations reflecting the electron
density gradients. Scanning the delay of the probe beam
allows us to track the progression of the ionization fronts.
By observing both the drive and colliding beam separately,
the collision point relative to the electron injection and
acceleration regions can be precisely determined.

For transverse alignment of both beams a top- and a
side-view imaging system was used which monitors the
Thomson side-scattered light from the background plasma
electrons, allowing us to overlap the beams at the intended
collision position. More details on the alignment procedure
can be found in the Supplemental Material [31].
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FIG. 2. Images of the x-ray beam from the scintillator-
intensified camera. Series (a), (b), and (c) show raw data at an
electron energy of 30, 50, and 70 MeV, corresponding to x-ray
photon energies of 15, 42, and 83 keV, respectively. The four top
images show the CCD signal with the colliding beam on, the two
lower images in each section were taken with a blocked colliding
beam. The gain of the MCP was doubled for image (c) to
compensate for the lower scintillator efficiency at this energy.
Because of enhanced beaming, the brightness of series (a) and
(b) seems to be equal in spite of an eightfold reduction in the
scintillator efficiency at the higher energy in (b).

The x-ray beam is emitted from a source reflecting the
size of the electron bunch at the collision point within
an angle given by the convolution of the electron beam
divergence and a 1/ (yN(l)/ 2) radius cone [27,28] due to
relativistic beaming, where N =~ 10 denotes the number of
laser oscillations.

Figure 2 shows the x rays from 30, 50, and 70 MeV
electrons, peaked at 15, 42, and 83 keV, respectively.
A clear on-off behavior is evident, indicating that the x rays
come from the electron-laser interaction and not from
betatron oscillations during the acceleration process or
bremsstrahlung of electrons hitting the chamber walls.
A 2-in. diameter Proxitronic scintillator-based intensified
x-ray camera with variable gain was used for detection. It
offers spatial resolution and high sensitivity between 2.5 and
100 keV, but no absolute single-photon energy information.

In order to obtain single-shot x-ray spectra, a back-
illuminated x-ray CCD camera (Andor DO432 BN-DD)
with 1250 x 1152 22.5 um-size pixels operating in single-
photon-counting mode was used. This technique exploits
the fact that camera readout counts are directly proportional
to the absorbed x-ray photon energy in each pixel. In
practice, the energy of a single photon is deposited in a
cluster of neighboring pixels. In a post-processing step the
content of all these pixels is added up to yield the photon
energy, provided the clusters represent a single photon.
This sets a limit on the number of detectable photons per
shot, which, in our case, according to Poisson statistics, is
40000 if the double-hit probability is kept below 2%.
Practically, one sets this limit by choosing an appropriate
source-detector distance. The histograms of the postpro-
cessed images corrected by the camera sensitivity and
material absorption (for 30 gm aluminum, 250 ym Kapton,
and 3 cm air) yield the absolute x-ray spectrum of the
source, averaged over the 0.13 msr solid angle of the
28.1 x 25.9 mm? chip at a 2.4 m distance. As the CCD

single shots
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FIG. 3 (color). Electron (left) and corresponding x-ray photon
spectra (right). Each horizontal trace is a single laser shot. Shown
are the best 50% of shots by photon number in each run. Different
horizontal sections correspond to different razor-blade positions
and electron beam energy. X-ray spectra are corrected for filter
and vacuum window transmission (see Fig. 1) and CCD
sensitivity. Run-averaged spectra are shown in red, white lines
show the expected x-ray spectrum for each averaged electron
spectrum. The simulation was performed with SPECTRA 9.0 [42],
assuming an equivalent undulator model with a Gaussian field
envelope and a peak undulator parameter of K = ay; = 0.9.

quantum efficiency almost vanishes above ~40 keV, only
the spectra of runs with lower photon energy are presented
in Fig. 3 along with their respective electron spectra.
Photon numbers are given per solid angle, since the beam
divergence is considerably larger than the detector for lower
energies, making an estimate of total photon yield difficult.

Normalized, run-averaged electron and photon spectra
are plotted as red lineouts on the left and right panel of
Fig. 3, respectively. Their shape seems to be in good
agreement with the expectation (white curve) from the
respective electron spectra and a collision angle of 3.7°.
This angle was chosen to prevent damage to the laser
system by back-propagating light. The simulation was per-
formed using the SPECTRA 9.0 code [42]. Although this
code was designed to simulate a purely magnetic inter-
action of relativistic electrons with an undulator, it delivers
accurate results for our interaction regime of relatively
weak laser and highly relativistic electrons. This accuracy
was verified by comparing its results for single electron
interaction with the results of the RTDX [43] code.

In the experiment, the shock-front injection produced
quasimonochromatic beams in >90% of all laser shots,
with their peak energy stable within 3% rms and a relative
shot-to-shot charge fluctuation of 30% rms. The beam
collision and x-ray production was successful in >76% of
all laser shots, yielding x-ray spectral peaks stable to within
10% rms in energy and 75% rms in photon number.
Apart from possible electron bunch footprint variations,
a prominent reason for the shot-to-shot variations in photon
number is the pointing instability of the laser caused by
building vibrations, which in the chosen geometry did not
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FIG. 4. Single representative x-ray spectrum (multiplied by 3),
corresponding electron spectrum (inset), and Xx-ray spectrum
calculated by SPECTRA 9.0 [42] for an interaction at a, = 0.75.

cancel out for the two beams. We are confident that this
stability can be improved with an optimized setup in the
future.

A representative single-shot spectrum together with its
absolute theoretical expectation is shown in Fig 4. Note the
presence of the 2nd order harmonic emission, which is
clearly visible here due to the finite beam divergence and
detection angle, while the third order is beyond the CCD
sensitivity.

In Fig. 3, the photon energy scales approximately
quadratic with the electron energy as expected from
Eq. (1). This observation is elaborated in Fig. 5, where
the positions of the electron and x-ray spectral peaks and
their corresponding rms spectral widths (in gray) are

50

Number of

* electrons in the beam
O scattered X—Ray photons/msr

40
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0 35
electron energy [MeV]

20

X-ray beam peak energy [keV]
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®
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FIG. 5 (color). Spectral peaks positions, determined by a
Gaussian fit to the measured spectra, whose rms width defines
the error bars. Each color stands for a different shock position,
indicating the reproducibility of each setting. The blue line
labeled ag = 0.83 is a quadratic best fit [according to Eq. (1)]
to the measured x-ray scaling, while the one for ¢, = 0 serves as
a comparison. The inset shows the measured electron and x-ray
photon number/msr for each shot.

plotted for each shot in comparison with the expected
scalings for different electric field strengths.

The best fit to the experimental data, indicating a peak «,
of 0.83 is in good agreement with a, = 0.9 inferred from
the focal spot, laser duration, and energy measurements.
This proves that the a(z) factor in Eq. (1) cannot be
neglected, and confirms the onset of the nonlinear scatter-
ing regime. Therefore, the x-ray spectral widths (vertical
error bars) have to be attributed not only to the energy
bandwidth of the electron bunch and laser pulse, but also
to the Gaussian temporal intensity profile of the collision
pulse. The inset shows the total electron numbers and x-ray
photon numbers/msr. Since the x-ray divergence is larger
than the CCD chip, it is not possible to extract x-ray
divergence figures from the measurement for computing
total photon numbers.

With an estimated electron bunch duration of 5 fs, as
measured under similar experimental conditions [11,12]
and taking into account the duration of the colliding pulse,
Eq. (3) yields an x-ray pulse duration of approximately 5 fs.
We estimate the upper limit for the brilliance of the x-ray
source based on the detected x-ray photon numbers. Since
the electrons come from a 2 ym FWHM source [12]
with the directly measured divergence of 20...12 mrad
FWHM (decreasing with electron energy) this translates to
0.2...7.4 x 10*°[(photons) / (s mm? mrad? 0.1% bandwidth)]
for the case of the interaction at the electron beam waist.
The range is due to the energy dependence of the electron
divergence affecting the brilliance, where 2 x 10'° corre-
sponds to 6 keV photons and 7.4 x 10%° to 42 keV.

In the experiment, the collision point was deliberately
shifted 1.4 mm downstream into the vacuum (see Fig. 1)
to exclude any plasma disturbance by the colliding pulse.
At this position the electron bunch has expanded to a
diameter of 30...13 yum FWHM (cf. energy-dependent
divergence), which leads to a reduced x-ray brilliance of
0.2...15 x 10'¥[(photons) /(s mm? mrad” 0.1%bandwidth)].
We expect that in future experiments this vacuum propa-
gation can be significantly reduced to approach the maxi-
mum brilliance figures.

As detailed in the introduction and the Supplemental
Material [31], our source compares well with other x-ray
sources of comparable photon energy. At 9 orders of
magnitude above bremsstrahlung, 4-5 orders above com-
pact storage ring and enhancement cavity sources, and
3—4 orders above rf-linac and Thomson sources, our peak
brilliance is only bettered by LWFA/betatron sources and
3rd generation 1f storage rings (ESRF, PETRA III) (see
Supplemental Material [31], and references therein). While
the former offer no tunability and a broad, synchrotronlike
spectrum, the latter are large-scale facilities with limited
access. We expect that after an ongoing laser upgrade, an
expected 5—-10x increase in bunch charge [7] and scattering
laser fluence will yield a 50 x —100x improvement over the
current state.
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With better detectors for higher energy photons, the
usable energy range of our source can be easily scaled.
The shock-front acceleration scheme routinely delivers
quasimonoenergetic electron bunches with energies up to
150 MeV [7], extending the photon energy to 400 keV.

The onset of the nonlinear Thomson backscattering
regime has been observed, to our knowledge for the first
time, as a direct manifestation in the x-ray spectrum.

Further developments will center on optimizing the
colliding pulse by tailoring [44] it to a small collision radius,
high colliding flux, but low intensity in order to enhance the
scattered x-ray flux while keeping its spectrum narrow.

By combining this concept with future high-repetition rate
laser systems based on OPCPA as the electron driver and
using a part of their high-repetition rate picosecond pump
lasers [45,460] as a colliding pulse, a resulting Thomson
source could serve a variety of imaging applications in
research, medicine, and industry due to its compactness,
tunability, and unmatched short pulse duration.
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