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Abstract
High-energy and high-intensity lasers are essential for pushing the boundaries of science. Their development has allowed
leaps forward in basic research areas, including laser–plasma interaction, high-energy density science, metrology,
biology and medical technology. The Helmholtz International Beamline for Extreme Fields user consortium contributes
and operates two high-peak-power optical lasers using the high energy density instrument at the European X-ray free
electron laser (EuXFEL) facility. These lasers will be used to generate transient extreme states of density and temperature
to be probed by the X-ray beam. This paper introduces the ReLaX laser, a short-pulse high-intensity Ti:Sa laser
system, and discusses its characteristics as available for user experiments. It will also present the first experimental
commissioning results validating its successful integration into the EuXFEL infrastructure and viability as a relativistic-
intensity laser driver.
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1. Introduction

The objective of the Helmholtz International Beamline for
Extreme Fields (HiBEF) user consortium[1] is to contribute
and operate a variety of experimental setups using the high
energy density (HED) instrument[2] of the European X-ray
free electron laser (EuXFEL) facility. The EuXFEL is an
X-ray free electron laser (FEL) facility providing worldwide
unique ultrashort and extremely bright X-ray flashes[3,4]. The
HiBEF is organized as an international user consortium to
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ensure scientific and technical excellence of the provided
infrastructure, which will serve the whole scientific
community. The field of interest, HED science, includes
plasma physics, planetary science, high-pressure and strong-
field physics, magnetism and correlated electron systems,
as well as material dynamics. The HiBEF contributes
and operates two large laser systems: a high-energy laser,
DIPOLE-100X[5], developed and manufactured by UKRI-
STFC-RAL-CLF, UK, and a high-intensity laser – the
Relativistic Laser at XFEL (ReLaX). The ReLaX laser is
based on a commercial 300 TW titanium sapphire system.
A wide array of high-intensity laser facilities currently exists
around the world, covering a range of power up to multi-PW
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Figure 1. View of the ReLaX laser chain installed in the laser room above the HED hutch; from left to right: optical compressor, TWIN main amplifier with
pump-laser blocks and cryo-cooler, front end.

level[6], with a recent demonstration of the generation of
pulses up to the 10 PW[7] and peak laser intensities[8] above
1023 W/cm2. However, the number of FELs in the hard
X-ray regime is limited[9], which makes the combination
of high-power lasers and FELs a unique platform of
research. In combination with the EuXFEL beam, it
will enable novel investigations in a wide array of
areas: properties of highly excited solids, HED states of
matter[10,11], probing quantum electrodynamics effects[12–14],
ionization dynamics at high intensities[15], relativistic laser
plasma interaction[16], energetic particle propagation in
matter[17–19], the production of secondary high-energy
photon and particle radiation sources[20–22] for material and
biological[23] and medical sciences[24] are some of the main
topics.

This paper is organized as follows. Section 2 describes
the setup and properties of ReLaX. Section 3 follows with
details of the experimental commissioning runs, validating
its properties as an HED driver and the successful integration
in the EuXFEL infrastructure.

2. ReLaX: the Relativistic Laser at EuXFEL

ReLaX is a standalone laser system based on the Pulsar
500 HR product series of Amplitude Technologies France
and similar to other Ti:Sa systems[25–29]. It was delivered and
installed in 2018 on site at the EuXFEL (see Figure 1). The
optical compressor, beam transport and diagnostic package
have been designed and manufactured as contributions to the
HiBEF UC by Helmholtz-Zentrum Dresden – Rossendorf
(HZDR). The commissioning and integration phase into
the HED instrument was successfully finished at the end
of 2019.

2.1. Laser chain setup

The ReLaX amplification scheme is based on a double
chirped pulse amplification (CPA)[30] system, as shown in
Figure 2. As an oscillator, we employ a Spectra Synergy
20 UHP delivering up to 1.2 W of power at an 81.25 MHz
repetition rate in 21 fs pulses at a central wavelength of
795 nm. Half of the power is used for seeding the amplifica-
tion chain. The remaining power is used for providing radio
frequency (RF) and optical signals for the optical locking
and synchronization units of the oscillator, acousto-optical
modulators and timing synchronization system of the laser.
Three different timing systems (controlling the pump-laser
timings, electro-optical elements and diagnostics) lock onto
the RF pulse train of the oscillator; low-frequency dividers
of 10 and 5 Hz and single-shot triggers are provided by
the EuXFEL timing infrastructure. The fine adjustment of
the ReLaX delay compared with the X-ray is done by a
digital phase shifter and optically locking the RF pulse
train to a 260 MHz timing link measured with a balanced
cross-correlation detection scheme[31]. More results of the
synchronization capabilities are shown in Section 2.5.

A first-frequency doubled Nd:YAG laser INLITE II from
Continuum is pumping at 10 Hz both CPA1 and also the
regenerative amplifier of CPA2. CPA1 consists of the fol-
lowing elements: the oscillator seed is temporally stretched
by a bulk glass stretcher and compressed by a transmission
grating compressor. It consists of two high-gain multi-pass
amplification stages with seven passes each. Between the two
stages, a pulse picker Pockels cell reduces the pulse train
from 81.25 MHz to 10 Hz and an acousto-optic modulator
(DAZZLER 800 HR with low jitter operation option) is
used to pre-compensate the spectral phase aberrations. After
compression to 42 fs (spectral bandwidth limited), pulses
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Figure 2. Setup and amplification scheme of the ReLaX laser chain; the pump lasers are shown in green boxes and the extracted infrared energies are given
for maximal configuration.

with more than 150 µJ of energy are spatially filtered by
a baffle and propagated into a cross-polarized wave (XPW)
crystal. This results in an increased bandwidth (as shown in
Figure 1) and 90◦ polarization rotation of the most intense
parts of the laser pulse. The temporal intensity contrast is
increased by filtering the polarization with six bounces on
thin film polarizers, reducing the pulse energy to 30 µJ. The
spectral bandwidth is enlarged by the XPW, resulting in a
bandwidth corresponding to a Gaussian pulse of 28 fs full
width at half maximum (FWHM).

High-temporal-contrast pulses are injected into the
CPA2 amplifier chain. An Oeffner-type stretcher is used
to temporally lengthen the pulses to 12 ps/nm spectral band-
width. In addition, a second DAZZLER 800 HR is used to
pre-compensate the spectral phase aberration of the whole
laser chain. At this point, a few µJ of energy is injected
in a regenerative amplifier boosting the energy to mJ level.
The REGEN (regenerative amplifier) is built as a ring cavity
with a single Pockels cell operated for cavity dumping,
injection of the seed and extraction of the amplified pulse
after 12 round-trips. An additional second Pockels cell is
used to further clean the ns pedestal, resulting in a final
amplified spontaneous emission pedestal of 10−11, starting
to rise –1 ns in front of the main pulse, and 3×10−11 for the
–10 ns REGEN pulse replica. An intra-cavity acousto-optic
modulator (MAZZLER by Fastlite France) is used to control
the spectral bandwidth pre-compensating the gain-narrowing
effects of the REGEN. The typical spectral distributions at
different amplification stages are shown in Figure 3. Flat-
top spectra with 80 nm bandwidth can be compressed to
below τ = 25 fs (FWHM) pulse duration, as depicted
in Figure 4, as measured by a WIZZLER 800 (Fastlite
France). The pulse duration stability has been measured to be
σtau = 2.5%.

Two subsequent multi-pass amplifiers, MP1 and MP2,
with five passes each increase the pulse energy to 30 and
700 mJ, respectively, with increasing beam size. While MP1
uses a second INLITE II laser with 120 mJ energy, MP2 uses
a redundant pumping scheme where two ProPulse+ lasers
with up to 2 J energy each are used to pump the MP2 Ti:Sa
crystal. A pulse picker Pockels cell (CQX25 from Gooch
and Housego, 25 mm hard aperture and 1.1 ns 10%–90%
rise time) in combination with a mechanical iris (Uniblitz)
is used now to down-select the 10 Hz pulse train to 5 Hz
or single-shot operation and block the Pockels cell leakage.
The spatial profiles of the pump pulses in MP2 (a total of
2.6 J energy at the crystal) are smoothed out by employing
diffracting optical elements, resulting in an amplified flat-top
near-field profile. After expansion with a refractive afocal
telescope to 6 cm diameter, the beam is injected into the
main amplifier.

The main amplifier is built in a TWIN configuration oper-
ating with two Ti:Sa crystals of 9 cm diameter. While MP1
and MP2 crystals are water cooled, the TWIN gain medium
is cooled down to –180◦C by a liquid nitrogen closed-loop
cryostat (FMB – Oxford Instruments). The low temperature
of the Ti:Sa facilitates the heat removal by increased thermal
conductivity and subsequently also minimizes the thermal
lens due to radial temperature gradients in the crystal. Up to
eight TITAN6 lasers (Amplitude Technologies) with up to
6 J each are used to pump at 5 Hz the TWIN amplifier. In
the maximal configuration, 17 J of energy can be extracted
from the TWIN using all pump lasers with optimized output
parameters. In the nominal configuration employing six
pump lasers with conservative output parameters, 10 J can be
extracted, and the remaining two pumps are used as spares
for redundancy. With an overall transmission efficiency of
60% for the beam transport from the output of the TWIN
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Figure 3. Evolution of the spectral amplitude throughout the amplifier chain.
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Figure 4. Spectral amplitude and phase and resulting typical pulse at the end of the amplifier chain.

to the target and assuming 30 fs pulses, 300 TW can be
expected to be delivered on target in the maximal config-
uration, and 200 TW in nominal configuration at shot-on-
demand or 5 Hz operation. By temporally interlacing half
of the pump lasers (running at 5 Hz) a 100 TW continuous
mode at 10 Hz can be generated, if requested by users.

A large aperture Pockels cell (TX7595 from Gooch and
Housego, 73.5 mm hard aperture and 5 ns 10%–90% rise
time) is used to protect the amplifier chain from back-
scattered laser energy, for example, back-scattered radia-
tion from the target located in the focal plane of the final
focusing optic. This has been tested to protect from up to
10% back-scattered energy in the nominal configuration.
A variable attenuator consisting of a rotating halfwave plate
in combination with thin film polarizers in conjunction
with the above-mentioned Pockels cell is used to attenuate
from 100% to 10% the transmitted energy while conserving
the spectral-temporal properties of the main laser pulse

(at the expense of degraded temporal contrast). An additional
fixed-value reflective attenuator can be used to reduce the
energy by 104, allowing one to send an alignment beam to
the interaction chamber while operating the amplifiers at
nominal output energy. A final reflective afocal telescope
magnifies the beam by 2.5 times to a final diameter of
approximately 15 cm.

Before injecting the pulses into the optical compressor,
the amplified pulses are reflected on an adaptive deformable
mirror correcting the spatial phase aberrations for the input
of the compressor. A final full beam adaptive deformable
mirror with 52 elements (LASQUA, ISP and Phasics) is
operated after the compressor to correct the spatial phase
for the final focus. Performance of the focal spot quality is
shown in Section 2.4.

The main beam optical compressor uses a four-gratings
arrangement, with a roof top folding mirror, resulting in
two vertically stacked gratings. Low wear of the gold-coated
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gratings (Plymouth Grating Laboratory 1480 lpm on a low
expansion substrate at approximately 53◦ incidence angle
to grating normal) is attained by a fluence of less than
35 mJ/cm2 on the gratings at nominal laser energy. A
diagnostic package complements the optical compressor,
allowing on shot monitoring of beam pointing or pulse dura-
tion and temporal intensity measurements after compression.
More details are given in Section 2.3.

It is worth mentioning that a beam-pointing stabilization
system consisting of far-field monitors coupled to piezo-
driven mirror mounts corrects the injection at various ele-
ments of the amplifier chain, such as seed injection into the
CPA1 high-gain multi-pass 1, injection into the XPW filter,
injection into the CPA2 stretcher and injection into MP1 and
MP2 and the TWIN amplifier. Passive far-field and near-field
monitors are used throughout the system for additional beam
safety and alignment.

2.2. Probe and synchronization beams

We developed three different optical probe beams comple-
menting the main ReLaX beam. After the MP2 amplifier, a
polarizer leakage is used to pick up pulses up to 5 mJ of
energy. This beam is finally separated into three individual
beams: one probe beam can be used for optical imaging in
pump-probe experiments at the HED interaction chamber
1 (IC1) (experimental probe beam – ExProbe), the second
part is routed to the photon arrival monitor (PAM) device
(PAMProbe) approximately 10 m upstream of IC1, which
enables one to determine the relative arrival time between
the ReLaX and X-ray pulses, and a third beam can be
cross-correlated with leakage of the main beam for timing
purposes (XProbe) at IC1. The PAM beam requires a dif-
ferent total path length compared with IC1 probes. At first,
the probe is separated into two beams that pass a vacuum
Herriott Cell (HC), a stable and compact multiple-reflection
imaging optical cell for very long optical paths. It comprises
three concave mirrors with identical radius of curvature
(f = 1 m, two mirrors with 5 cm diameter each, one with
32 cm diameter). Depending on the set angle between these
mirrors, the beam makes several reflections in the cell before
exiting from it. With one pass we introduce a delay of
26.8 ns with an equivalent of an 8 m beam path length. By
increasing the angle one can cover a distance of up to 56 m
(13 reflections) or 185.2 ns time delay. This corresponds to
a path difference between the main ReLaX beam and the
probes at IC1 or PAMProbe. We separate these beams and
inject them in a horizontal and a vertical planes in the HC.
After the HC, both beams are collimated to a beam diameter
of 8 mm and are combined with a spatial separation of 18 mm
propagating in parallel until the exit of an air optical com-
pressor. Here, the ExProbe and XProbe are further split. The
compressor using 1480 lpm gold gratings is able to compress
the beams from a pulse-width (τp) of sub-ns up to Fourier

transform limited (FTL) pulse duration with τp of ~ 30 fs.
In order to avoid high values of the B-integral, the beams
are over-compressed by increasing the gratings distance over
the FTL point and then individually re-compressed via fused
silica (FS) windows as close as possible to their target
interaction points. Each probe beam uses a different amount
of FS glass optimized to each beam propagation history and,
hence, its accumulated dispersion. After the compressor, the
optical delay of each probe beam is adjusted using a four-
pass folded 50 cm long delay line driven by high-precision
piezo actuated linear stages (Smaract SLLA42).

2.3. Online and offline diagnostics package

Careful characterization of the laser properties on target is
essential for correctly interpreting data and understanding
the outcome of an experiment. Users are provided with
both offline and online shot diagnostics information. The
offline diagnostics package consists of single-shot temporal
pulse diagnostics (SHG cross-correlator, a WIZZLER 800
for the spectrally resolved phase and intensity), a scanning
third-order intensity autocorrelator (Sequoia HD) and a spa-
tial phase sensor (SID4) in combination with full beam
adaptive deformable mirror closed-loop optimization of the
final focus. For the temporal diagnostics, we use a central
1 cm sub-apertured beam at the output of the compressor to
perform these diagnostics. A reference trace of the contrast is
shown in Figure 5. This measurement has been performed at
full MP2 energy level, thus approximately 1 mJ/cm2 fluence,
an optimal energy level for the Sequoia HD, minimizing self-
phase modulation in the 1 mm exit FS vacuum window. We
have performed during the onsite acceptance test of the laser
system similar measurements showing that the contrast is
preserved while the TWIN is used as the final amplification
stage due to the low gain of 10×–20×.

The beam transport at full beam aperture is aligned by
overlapping cross-hairs placed at different positions through-
out the beamline (compressor input and output, in front of
each beam-transport folding mirror) using a near-field mon-
itor and crosschecked by a far-field monitor. These near-field
and far-field monitors are sampling the leakage of a folding
mirror at the output of the compressor (COMP OSP) and the
final turning mirror towards IC1 on a dedicated diagnostic
table also accommodating the probe beam compressor and
delay stages (HIDG). The leakage is imaged by downsizing
with telescopes consisting of a 6 m off-axis parabola (OAP)
and short focal length lenses adapting to the size of the
charge-coupled device (CCD). The near-field and far-field
monitors of the final turning mirror towards the interaction
chamber are used for the online diagnostic package. A
second SID-4 sensor can be used to obtain spatial phase
information additional to the near-field intensity monitor.
This sensor can be also used for the final adaptive deformable
mirror feedback loop or focal spot quality predictions.
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As part of this diagnostics package, we additionally monitor
with a single-shot SHG cross-correlator the pulse duration
of the probe beam, and the user can record an energy
calorimeter. At the output of the main beam compressor
we can switch between p- and s-polarization by routing
the beam differently through a periscope. As switching the
polarization necessitates a mechanical intervention to the
vacuum beam transport and has an impact on the total beam
path, and thus the timing of the X-ray arrival, we recommend
fixing the polarization for each experiment.

2.4. Experimental capabilities at IC1

The laser beam is routed within IC1 via a set of folding
mirrors to an f /2 OAP with 300 mm effective focal length
that focuses the beam on the target. IC1 is designed to allow
a flexible beam path to the OAP, depending on the irradiation
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Figure 5. Temporal contrast measured for the main beam sampling the
central sub-aperture at full MP2 energy.

geometries and diagnostics needed for each experiment.
Currently, three standard irradiation geometries are defined:
co-linear with the X-ray beam; at 45◦ incidence with respect
to the X-ray beam; and at 90◦ incidence with respect to the
X-ray beam (see Figure 6).

The laser focus is imaged using the In Line Microscope
(ILM) diagnostics, which consist of a Mitutoyo Plan Apo
near-infrared (NIR) infinity corrected objective with 20×
magnification, routed via a relay-imaging telescope (f1 =
750 mm, f2 = 500 mm) to a window port of the interaction
chamber where an optical breadboard is attached to the
chamber wall. Here, the beam is split into two parts: the
transmitted part passes an f = 250 mm lens and images
the OAP focal plane onto the focal imaging camera (Basler
acA1920-40gm). The reflected part images the plane of the
deformable mirror in the compressor onto the SID4 Phasics
wavefront sensor in order to perform closed-loop wavefront
aberration corrections.

The sample can be characterized using two independent
front surface imaging (FSI) systems, one situated at approx-
imately 5◦ relative to the X-ray beam and one at 90◦. Both
consist of a 5× infinity corrected Mitutoyu objective, a
200 mm field lens and a 2× magnifying telescope trans-
porting the image onto cameras outside IC1. In order to
illuminate the surface of solid foil samples, both FSIs feature
fibre-based white light front surface illumination, which can
be coupled directly into the beam path via 50/50 beamsplitter
cubes. The objective together with the beamsplitter and field
lens is mounted on an XYZ stage both for alignment purposes
and for retracting the assembly to a parking position during
high-power laser shots. The field of view (FoV) is approx-
imately equal to 1 mm and the resolution is approximately
equal to 2 µm.

The focal spot quality has been characterized and investi-
gated using the ILM diagnostic and the SID4 sensor. The
adaptive mirror was employed to optimize the wavefront
at the focus position. The focal spot of 18,500 shots taken
at 5 Hz was measured after this optimization, its size was
determined per shot and the resulting values were averaged

Figure 6. Available experimental configurations allowing 0◦, 90◦ and 45◦crossing angles between the ReLaX and X-ray beams at IC1.
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Figure 7. (a) Focal spot FWHM evolution. (b) Distribution of the calculated Strehl ratio from wavefront measurements.

over the total number of shots. This results in FWHMx =
2.47 ± 0.26 µm, FWHMy = 2.64 ± 0.28 µm and a Strehl
ratio of 0.65.

We analysed the stability of the spatial phase with an SID4
wavefront sensor. The calculated distribution of the Strehl
ratio over 1000 shots is shown to be 0.69 ± 0.07, with 50%
of the shots better than 0.67 and 25% of shots better than
0.72. The results are summarized in Figure 7. For a pulse
energy of 3 J on target, a focus size of 2.6 µm at FWHM
and a pulse duration of 30 fs, the calculated average intensity
on target would reach I = 3.5 × 1020 W/cm2. For user
applications where a larger ReLaX focal spot is desired, we
investigated the focus quality by displacing the OAP along
the focal direction. For an f /2 parabola, the Rayleigh length
is about 25 µm. This result is crosschecked by analysing
the intensity within the focal spot and comparing it with the
expected intensity profile as a function of the defocusing for
a Gaussian beam. This result is shown in Figure 8. At the
same time, three examples of the measured focal intensity
distribution are shown for best focus, –60 and +60 µm, with
respect to the best focus.

The spatial drift of the beam and its jitter have been
measured simultaneously at the focus position via the ILM
system, and at the diagnostic table via the HIDG far-field
diagnostic, over 40 hours. The drift measured by the ILM
is about 5.5 µrad, corresponding to 0.137 µrad/h, or equiv-
alently, 40 nm/h on the focal plane. As shown in Figure 9,
the ILM drift correlates with the far-field HIDG drift and
can therefore be monitored and compensated. The jitter
was averaged over 10-minute slices (Figure 9) in the same
time frame. The measured jitter value is approximately
equal to 2.8 µrad and it remained stable over the whole
period.

2.5. Synchronization and timing capabilities

Synchronization of the optical laser and the X-ray laser
with fs precision is an important capability for time-resolved

Figure 8. Laser focal spot measured with the focal spot diagnostic. A
defocus scan is shown as well as the typical far-field for three positions.
The colour scale at 0 µm has been reduced by 2.3× compared with the
other far-fields for visibility.

pump-probe experiments performed at XFEL facilities. Gen-
erally, the temporal resolution of such experiments is mainly
limited by the relative time-of-arrival jitter between the
optical laser pulses and the XFEL pulses.

In order to achieve sub-100 fs timing precision, it is not
only mandatory to reduce the intrinsic time-of-arrival jitter
between ReLaX and the EuXFEL pulses, but also to monitor
the residual jitter on a shot-to-shot basis.

The ReLaX seed oscillator is synchronized to the ultra-
stable low-noise EuXFEL mode-locked master laser oscil-
lator (MLO), which is again phase-locked to the RF master
oscillator (MO). All devices across the accelerator and end-
stations that require synchronization are connected to the
actively length-stabilized optical fibre distribution network.
The system allows different synchronization methods, a
phase-locked loop (PLL)-type phase-detection scheme at the
16th harmonic (1300 MHz) of the oscillator repetition rate
(RF synchronization) and an all-optical lock based on a
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Figure 9. (a) Measured jitter RMS by the focal diagnostic in IC1 (ILM) and by the diagnostic table via far-field diagnostic (HIDG) in 10-minute slices.
(b) Measured pointing drift by the same diagnostics in 10-minute slices.

two-colour balanced optical cross-correlation scheme (opti-
cal synchronization)[32,33].

RF synchronization has a typical in-loop jitter of 80 fs root
mean square (RMS), while the optical synchronization is
capable of sub-10 fs RMS timing jitter. The main advantage
of RF synchronization is having no limitation on shifting
the delay between optical laser and X-ray arrival. Thus,
timing changes can be done up to 100 ps/s. Using optical
synchronization, delays are limited to ±2 ns and timing
changes take 10 times longer. Thus, RF synchronization
is ideal for experiments requiring long delay scans, while
optical synchronization offers better timing precision.

In order to preserve the synchronization, two acousto-
optical modulators in ReLaX used for spectral dispersion
management (DAZZLER 800 HR) have to be operated in the
low jitter mode, otherwise inducing an additional 5 fs error
each.

The HED end-station at the EuXFEL is equipped with
a PAM permanently placed approximately 10 m upstream
from IC1, to measure the relative arrival time between the
EuXFEL and ReLaX PAMProbe beam. The general idea of
the PAM tool is to measure the time-of-arrival on a shot-
to-shot basis and use this information to more accurately
determine the time-of-arrival at the target position in IC1.

The ReLaX PAMProbe and main beams have a very dif-
ferent beam routing, as described in Section 2.2. This results
in potential jitter between these two beams. Therefore, we
performed a cross-correlation measurement, investigating
the timing jitter at PAM and at IC1 simultaneously. At HED
PAM we use as the arrival time diagnostic the spatially
encoded transient X-ray induced opacity changes in a 4 µm
thick Si3N4 substrate[34,35]. The Si3N4 target was used at
the PAM to maximize the X-ray transmission to 96% at
8 keV photon energy. At IC1 we installed a spatially encoded
timing tool using a 20 µm yttrium aluminium garnet (YAG)
substrate, used also to find the spatial overlap between the

EuXFEL and the ReLaX main beam (full amplification
until MP2). We inserted a 150 µm pinhole in the optical
path of the main beam before compression to generate a
homogeneous flat field illumination in the focal plane of
the final focusing optic. The transient signal was filtered
by a colour filter in order to suppress the X-ray induced
fluorescence of the YAG. The image of the laser beam was
recorded with a CCD camera, which is also used for the focus
diagnostic. A typical PAM image and the extracted PAM
trace are shown in Figure 10(a).

We studied the short-term jitter and long-term drifts
at the IC1 and PAM positions simultaneously. The PAM
supports a timing window of 2 ps with a calibration of
2.35 fs/pixel, while the timing window of IC1 was limited
to 300 fs, with a calibration of 0.416 fs/pixel. We measured
the relative time-of-arrival of the ReLaX beams with respect
to the X-ray at the PAM tPAM = tPAMprobe − tXFEL and at
IC1 tIC1 = tMain − tXFEL. At the PAM, we have determined
a relative time-of-arrival jitter of σPAM = 24.3 fs over
3 minutes. The corresponding measured timing jitter at IC1
was σIC1 = 26.0 fs. A long-term measurement over 6 hours
indicates a timing drift of approximately 100 fs/h, where a
foreseen feedback loop will correct slow drifts in the future.

In Figure 10(b), the correlation between the PAM and
IC1 time-of-arrival jitter is shown and information about
the performance of the PAM as an online monitoring tool
for experiments is given. The difference of arrival time
tPAM-IC1 = tPAMprobe − tMain is independent of the XFEL
arrival. This relative arrival time has an RMS jitter of
σPAM-IC1 = 12.9 fs (Figure 10(c)). The differential jitter can
be explained by temperature changes, air flow and pressure
variations and mechanical vibrations of the different beam
transports between the main and PAMProbe beams. In
conclusion, using a shot-to-shot timing measurement with
the HED PAM tool allows for characterizing the relative
time of arrival of the optical laser and X-ray laser at
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Figure 10. (a) Typical image with absorption edge as measured at the PAM using a 4 µm thick Si3N4 substrate. The white lines indicate the integration area.
Lower, the resulting PAM trace (blue) and its first derivative (red) are shown. The minimum of the derivative defines time zero. (b) The correlated results of
the measured time-of-arrival timing between PAM and IC1 measurements with N = 2000 shots (3 minutes) and the individual histograms. (c) The measured
arrival time traces measured at the PAM and IC1, and the extracted residual difference. The histogram below shows the distribution of the extracted residual
difference, which is the temporal jitter between the ReLaX main and ReLaX PAM beams.

the target with a 12.9 fs RMS accuracy. In experiments
where the PAM tool cannot be employed, for example,
special X-ray focusing schemes or low X-ray flux, one
has to rely on the intrinsic timing jitter between the
X-rays and optical laser of 25 fs.

3. Experimental commissioning results at the 100 TW
level

3.1. Benchmark of laser proton acceleration

The performance of ReLaX as a relativistic plasma driver
was investigated. Due to probationary radiation safety permit
restrictions, the intensity was limited to a 100 TW level.
These restrictions are planned to be lifted in the near future.
We have chosen target normal sheath acceleration (TNSA)
of protons as a benchmark, since this physical mechanism
is well studied in previous experiments (as reviewed by
Ref. [36] and references within). TNSA is sensitive to the
temporal laser contrast and is dependent on the total laser
energy and maximal intensity on the target. The laser was
focused on thin solid metal targets and the secondary emitted
radiation analysed. The depiction of the experimental setup
for these experiments is shown in Figure 6. We tested the
polarization switching (see Section 2.3). For this purpose,
the incidence angle on the target was 45◦ in the case of
s-polarization and 35◦ in the case of p-polarization, both
with respect to target normal.

A Thomson parabola spectrometer (TPS)[37] was used to
measure the proton spectrum located approximately 1.3 m

downstream centred on the X-ray axis. Ram Ion Meter
(Rotem Ind.) radiation detectors were placed outside the
chamber to measure the accumulated dose per shot due to the
radiation generated. Electromagnetic pulses (EMPs) were
measured by two loop antennas inside the chamber. These
loop antennas were previously fielded for the Dresden laser
acceleration source (DRACO) system at Helmholtz-Zentrum
Dresden-Rossendorf (HZDR)[38].

A scan through the focus of the laser was done by dis-
placing the target along the laser axis. The maximum proton
energies for different materials, thicknesses and irradiation
polarization recorded by the TPS are plotted in Figure 11(a).
Maximum proton energies up to 16 MeV for p-polarization
and 13 MeV for s-polarization were recorded, indicating the
good performance of the laser as a proton beam accelerator
via the TNSA mechanism. It is worth mentioning that in the
case of the p-polarization, the proton beam was sampled at
10◦ compared with the target normal. The maximal proton
energy in the normal direction is expected to be 10%–20%
higher than at this angle[39]. The maximum proton energy
recorded peaks at a focus position +25 µm compared with
nominal focus. This can be attributed to the uncertainty
of the target alignment system, more specifically the FSI
depth-of-field. To confirm the alignment of the TPS to the
target normal, we have recorded for a few shots the proton
beam profiles by a stack of radiochromic films (RCFs) of
type EBT3 (Ashland Speciality Ingredients) enveloped by a
30 µm aluminium foil and aligned with a hole on the TPS
axis. The first four layers recording signals corresponding
to protons of 4.8, 7.4, 9.4 and 11.4 MeV are shown in
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Figure 11. (a) Maximum proton energies as a function of defocusing
distance. (b) RCF raw images of the proton beam. (c) Secondary radiation
dose measured by a Ram Ion and integral of the EMP spectrum as a function
of focal distance for a 2 µm Ti target.

Figure 11(b). With a maximal proton energy of 16 MeV for
p-polarization, ReLaX compares well to previously reported
results on laser proton acceleration from thin solid targets[37],
where a maximal proton cut off energy of 10–20 MeV
is typically shown for similar laser and target parameters,
validating ReLaX as a successful laser driver.

We also use the measurement from secondary radiation to
diagnose the performance of the laser. The integrated EMP
spectrum and the dose recorded by the Ram Ion for Ti foil

targets with a thickness of 2 µm are plotted in Figure 11(c).
The ReLaX polarization was s-polarization in this case. As
seen with the proton data, the maximum of the distribution
is found at the focus position of +25 µm (after the focus).

3.2. X-ray diagnostics in harsh laser–plasma environments

The secondary radiation generated in the relativistic inter-
action between the laser and the target poses an enormous
challenge for X-ray diagnostics. Giant EMPs with TV/m
fields can disrupt the electronics on the detectors[38] and the
high energetic electrons[40] and bremsstrahlung photons[41]

can induce backgrounds capable of masking the signal of
the physical process under investigation. In the worst case,
any of these factors, or a combination of them, can even lead
to damage or failure of the detectors. The mitigation of the
EMP effects on the detectors as well as the shielding against
radiation is an ongoing effort.

We have focused on three main X-ray diagnostics and
developed techniques to ensure their function in experiments
with ReLaX: small-angle X-ray scattering (SAXS), phase-
contrast imaging (PCI) and spectroscopy. In this work, we
provide a description of the experimental setup and discuss
the shielding strategies used.

3.2.1. Small-angle X-ray scattering
SAXS has been demonstrated as a novel diagnostic to probe
the ultrafast dynamics of the interaction between a high-
intensity laser and a solid target[42].

To be able to decouple the direct line of sight (primary
unscattered beam) between the detector and the target from
the SAXS signal, a special double crystal geometry capable
of reflecting the SAXS photons was developed and com-
missioned[43]. The reflecting crystals are made of highly
annealed pyrolytic graphite (HAPG) with a radius of cur-
vature of 5.5 m. The highest reflectivity corresponds to
an X-ray energy of 8.15 keV. The SAXS detector is a
Jungfrau module[44] with a 512 × 1024 pixel sensitive area
and 70 µm pixel size. It was placed outside the chamber
approximately 12 cm behind a Kapton vacuum window. The
Kapton window is approximately 10 cm off-axis with respect
to the XFEL axis, allowing the SAXS photons reflected by
the HAPG crystal to go through.

For shielding purposes, the important parameters to
know are the detector location and the required signal-
to-background ratio. In the case of SAXS, the detector is
placed approximately 1.6 m downstream, along the XFEL
beam (Figure 12). The detection system must be sensitive to
single X-rays at around 8.15 keV.

Geant4[45] simulations were used to study the background
radiation generated in the laser plasma interaction and their
effect on the SAXS detector. The chamber geometry and
the SAXS setup were implemented. The primary particle
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Figure 12. Schematic depiction of a pump-probe experiment with ReLaX
and XFEL and the associated diagnostics.

spectrum was electrons with an exponential energy depen-
dence. The temperature for this distribution was calculated
according to scaling laws[46] and set to 2 MeV. The elec-
trons were impinging on the target at 45◦ analogue to the
irradiation geometry with ReLaX. The target was a copper
foil with a thickness of 10 µm. Without any shielding, the
energy deposited per pixel on average was several MeV. This
is three orders of magnitude higher than the energy deposited
by a single 8.15 keV photon.

A design for an in-vacuum lead wall was proposed. The
wall comprises 10 cm × 10 cm × 5 cm blocks of lead
encased in 2 mm of steel to provide high-vacuum compat-
ibility. The total dimensions of the wall are 60 cm in length
(perpendicular to the XFEL beam), 30 cm in height and
10 cm in thickness. The wall has a hole with a diameter of
3 cm to allow the XFEL and SAXS signal to go through. As
an indication, 10 cm of lead will effectively stop all photons
with energies below 100 keV, and transmit 0.01% of photons
with energies of 1 MeV. The expected background signal
on the detector with this shielding was estimated at a few
hundred keV.

The effect of the in-vacuum lead wall was investigated
by shooting the ReLaX laser at 100 TW intensity on 2-µm
thick titanium foil targets. The SAXS detector was displaced
downstream and sideways with respect to the Kapton win-
dow in such a way that the HAPG reflection remained on
the SAXS Jungfrau. Therefore, the only parameter changed
was the shadowing of the SAXS Jungfrau by the in-vacuum
lead wall. The energy deposition due to secondary radiation
was recorded for each of the positions. The results can be
seen in Figure 13. With the detector closest to the Kapton
window, the detector is also closest to the XFEL beam axis
and, thus, it has a direct line of sight to the target. In this
case, the effect of the lead wall is minimal, resulting in an
energy deposition in the MeV range. By moving the detector
as specified before, the shielding of the lead wall becomes
apparent, resulting in an average energy deposition per pixel
of approximately equal to 250 keV (equivalent to 31 X-ray
photons at 8.15 keV).

Figure 13. Energy deposit per pixel in the SAXS Jungfrau as a function of
the distance to the flange.

As a proof-of-concept, a copper wire with a diameter of
10 µm was pumped with ReLaX. The XFEL beam was
delayed 1 ps after the optical beam to probe the generated
plasma. The recorded signal is shown in Figure 14. The
signature of the X-ray scattering on the wire appears as a
straight line at an angle of –45º with respect to the horizontal
axis. This streak can be seen reflected by the crystal, on both
sides of the gap, analogue to the scattering on the edge. A
lineout representing the average intensity per pixel can be
seen in the lower left panel.

There are two main contributions to the background
recorded by the detector. Secondary radiation will leak
through the collimator hole in the in-vacuum lead wall
and scatter in any element located afterwards (flanges,
chamber walls, the HAPG crystal support). This is observed
in the background recorded outside of the crystal projection.
Furthermore, the crystal itself not only reflects the XFEL
scattered photons, but all the photons generated at the
interaction point that fulfil the Bragg condition, that is,
photons with energies E = m×8.15 keV. The bremsstrahlung
spectrum covers the whole range of energies, and therefore
the bremsstrahlung photons are also reflected by the HAPG
crystal. This is seen in the increase of energy deposition per
pixel on the HAPG crystal projection.

3.2.2. Phase-contrast imaging
PCI has been successfully applied at XFEL beamlines in
recent years in a variety of experiments[47–49]. The ability
to probe the electron density state within the target with
femtosecond time scales has great potential when used to
probe the physical interaction of the short-pulse laser with
the target. We have developed the technique to be employed
in conjunction with SAXS in relativistic plasmas.

The PCI detector is an imaging system built by Optique
Peter. It consists of a scintillator (in our case 20 µm thick
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Figure 14. Upper panel: SAXS signal recorded by the Jungfrau detector. The red squares show the areas where the SAXS signal and the backgrounds were
averaged. In the lower right panel, the energy deposition per pixel due to secondary radiation is plotted. In the lower left, the lineout of the SAXS signal and
the corresponding background levels are shown.

YAG) imaged via a 10× Mitutoyo objective, which is opti-
cally coupled to an Andor Zyla CMOS camera. The setup
is placed on the detector bench, which in our case was
5.2 m downstream from the target to provide sufficient
magnification. The magnification of such a system can be
quantified as M=(L+d)/d, where L is the distance from the
target to the detector and d is the XFEL focus to the target
distance. For our application, the X-ray focus was 30 cm
before the target, giving M≈18.

One advantage of the PCI detection system compared
with the SAXS in terms of bremsstrahlung background is
the distance. The SAXS detector was located approximately
1.6 m downstream from target chamber center (TCC), while
the PCI is 5.2 m. A simple assumption of a dependency
of the bremsstrahlung flux as 1/d2 indicates a reduction
of bremsstrahlung flux by a factor 20. Furthermore, PCI is
measured using the full XFEL beam, exploiting a number of
X-ray photons, and is of the order of 1012; therefore, the final

signal-to-background ratio is improved not only by reduced
backgrounds but also by a larger signal. Design estimates
showed S/B=107, and therefore no special shielding was
designed for this case.

The experimental measurement of PCI for the same Cu
wire shot as SAXS is shown in Figure 15. The wire is ori-
ented in the vertical direction. Due to the high coherence of
the XFEL beam, strong diffraction fringes appear. However,
the detailed analysis of this image is outside the scope of
this paper. In terms of background, the design estimates are
confirmed. The hits due to bremsstrahlung appear as single
pixels salt-and-pepper noise.

3.2.3. X-ray spectroscopy
X-ray spectrometers are an integral part of the HED
instrument. They are commissioned by using the XFEL
beam[50]. The challenge in a laser environment is multifold:
on one hand, the detector must be shielded against the EMPs
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Figure 15. Left panel: PCI raw data of a 10 µm Cu wire while pumped
by ReLaX. Right panel: expanded section of 100 × 100 pixels showing the
salt-and-pepper noise.

generated in the laser–target interaction; on the other hand,
the detector must be also shielded against the secondary
radiation flooding the interior of the vacuum chamber.

As a first step in the shielding development, we fielded
an X-ray spectrometer (BSPEC) in a backward geometry.
It consists of an HAPG crystal in von Hámos geometry
aligned to reflect the Kα emission from copper targets onto
a Jungfrau detector. The energy range covered from 7.9 to
8.8 keV with a resolution of about 2 eV. The detector was
placed upstream from the target position facing the front
surface. The energy of the bremsstrahlung background is
expected to be lower in this geometry as compared with the
SAXS geometry. Anisotropy in the bremsstrahlung emission
from the target has been previously reported[51].

The first tests of this detector in the laser environment
showed a large background (10s of MeV per pixel) in some
shots. For the majority of high-power laser shots (75%),
the detector failed to record an image with negative values.
This happened only during the laser shot; the detector could
recover and record a valid image at the next trigger. The
assumption for the reason for this failure was a high flux
of low energetic bremsstrahlung (<100 keV). To reduce this
flux, an aluminium line-of-sight blocker was developed. It
consists of an aluminium blocker with a thickness of 1 cm
placed over the HAPG crystal. With this blocker in place,
the failure rate was decreased down to less than 1%.

The results of this system are shown in Figure 16. Firstly,
the BSPEC was aligned by pumping the Cu target with the
XFEL beam at a photon energy of 9.7 keV (above the Cu
K-edge). The beam was unfocused with an FoV on the target
of a few hundred µm. The pulse energy was about 0.7 mJ.
The upper panel shows the recorded signal by the Jungfrau
detector for a single X-ray pulse. Afterwards, a Cu wire with
a diameter of 10 µm was pumped by ReLaX. The optical
laser was focused on the target with best focus (≈ 2.7 µm)
with a pulse energy of 3 J. The XFEL beam was used to
probe the target, as explained in the SAXS and PCI sections.
The X-ray photon energy was 8.15 keV, with an FoV on
the target of approximately equal to 30 µm and a pulse
energy of 3 mJ. Since the X-ray energy was lower than the
K-edge, there will not be any Kα emission caused by it.

Figure 16. X-ray signal recorded by the backwards X-ray spectrometer.
Upper panel: Cu Kα emission when pumped by the XFEL beam at 9.7 keV.
Lower panel: Cu Kα emission when pumped by ReLaX.

Figure 17. Normalized intensity of the recorded X-ray spectra.

The lower panel of Figure 16 shows the emission from the
hot target. A lineout of both cases is shown in Figure 17.
There the signal was normalized to the total integral for
each case, and the results were plotted. The X-ray-only shot
shows a signal-to-background ratio of almost three orders
of magnitude, while the ReLaX shot shows a signal-to-
background ratio lower than one order of magnitude. From
this result, we conclude that while the detector is no longer
saturated due to bremsstrahlung in the low keV regime,
further improvement of the signal quality can be achieved
via shielding optimization.

4. Summary

We have successfully demonstrated the integration and oper-
ation of a 100-TW class laser on samples combined with
an XFEL beam. A particular development is the quality
of optical synchronization with 25 fs RMS jitter, or the
capability to measure on a single-shot basis the arrival time
of the main beam by 13 fs precision, both numbers increasing
the precision by an order of magnitude compared with
previous facilities. We have successfully used a laser proton
acceleration experiment as base for a benchmark to validate
the expected properties of the laser on the target. We have
investigated the effect of EMP and laser generated secondary
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radiation and particle sources on several X-ray diagnostics,
and have developed successful strategies to reduce their
impacts.
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