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ABSTRACT
The European X-ray Free-Electron Laser Facility in Germany delivers x-ray pulses with femtosecond pulse duration at a repetition rate of up to
4.5 MHz. The free-electron laser radiation is created by the self-amplified spontaneous emission (SASE) process, whose stochastic nature gives
rise to shot-to-shot fluctuations in most beam properties, including spectrum, pulse energy, spatial profile, wavefront, and temporal profile.
Each spectrum consisting of many spikes varies in width and amplitude that appear differently within the envelope of the SASE spectrum.
In order to measure and study the SASE spectrum, the HIgh REsolution hard X-ray single-shot (HIREX) spectrometer was installed in the
photon tunnel of the SASE1 undulator beamline. It is based on diamond gratings, bent crystals as a dispersive element, and a MHz-repetition-
rate strip detector. It covers a photon energy range of 3 keV–25 keV and a bandwidth of 0.5% of the SASE beam. The SASE spikes are resolved
with 0.15 eV separation using the Si 440 reflection, providing a resolving power of 60 000 at a photon energy of 9.3 keV. The measured SASE
bandwidth is 25 eV. In this paper, we discuss the design specifications, installation, and commissioning of the HIREX spectrometer. The
spectral results using Si (110), Si (111), and C (110) crystals are presented.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0019935., s

I. INTRODUCTION

The European X-ray Free-Electron Laser (EuXFEL) is a newly
built user facility that started user operation in fall 2017 in the
metropolitan area of Hamburg, Germany.1–3 The EuXFEL linear
accelerator is based on superconducting technology with the capa-
bility to accelerate electron bunches within 600 μs long radio-
frequency pulses with an electron bunch charge that varies from
20 pC to 1 nC. The x-ray free-electron laser (FEL) is based on the
principle of self-amplified spontaneous emission (SASE).4–7 Up to
2700 pulses per train are delivered at a 10 Hz repetition rate. The
pulses in a train are separated by at least 220 ns, and the trains are
separated by 100 ms. The pulse structure pattern of the EuXFEL is
shown in Fig. 1. This provides the users with ultrashort (femtosec-
ond) and intense (gigawatt) transversely coherent x-ray laser beams
in the soft to hard x-ray domain at a MHz repetition rate.8,9 The
unique time structure provides not only very high peak brilliance
but also the highest average brilliance of all the x-ray FEL facilities
worldwide.10–13 There are in total three SASE undulators that can
produce x-ray FEL radiation: the two hard x-ray undulators, SASE1

and SASE2, generate hard x-ray radiation from 3 to 25 keV, while
the third undulator, SASE3, provides soft x rays up to 3 keV. In May
2017, the first lasing was detected and the SASE1 undulator beam-
line was commissioned with the FEL beam.14 The X-ray Photon
Diagnostics group at the EuXFEL provides photon beam informa-
tion on set up and operation of the accelerator, undulator, and x-ray
optics, as well as diagnostic information to users and instrument
end-station.15–18

SASE x-ray FEL radiation is, by nature, stochastic and, there-
fore, produces not only strong pulse-to-pulse intensity fluctuations
but also strongly fluctuating spectral features. While the mean pho-
ton energy per pulse is correlated with the energy of the electron
bunch, the details of an individual spectrum, consisting of many
spectral modes, cannot be predicted due to its chaotic nature. Inside
the envelope of the SASE beam, a characteristic pattern of spec-
tral spikes is present, depending on the pulse duration and the fine
structure of micro-bunching that develops in the electron beam as it
passes through the undulator section of the beamline. Each single-
shot spectrum is different and consists of many spikes with varying
width and amplitude. The shot-to-shot fluctuations in the spectrum
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FIG. 1. The pulse structure of the EuXFEL. The pulse trains
arrive at a 10 Hz, and the pulses within each train are
separated by 220 ns (4.5 MHz intra-bunch-train repetition
rate).1

are due to the SASE process, which was explained by theory and
simulations.19

Therefore, the EuXFEL has installed the HIgh REsolution Hard
X-ray single-shot (HIREX) spectrometer to measure the spectrum
of individual photon pulses and to provide this information to the
Femtosecond X-ray Experiments (FXE) instrument and the Single
Particles, Clusters, and Biomolecules/Serial Femtosecond Crystal-
lography (SPB/SFX) instrument as a means to improve data anal-
ysis. It is also important to know the spectrum of the source, on a
shot-to-shot basis, for the optimization of the accelerator operation
parameters, for instance, in order to stabilize the FEL radiation out-
put. Due to the shot-to-shot fluctuations, the spectral analysis must
be performed upstream of the experiment stations on the very same
pulse used for the experimental sample interaction, which implies
that the spectral monitor must be non-invasive. Ideally, the monitor
system should cover the entire hard x-ray photon energy range of
3 keV–25 keV, as planned for the SASE1 undulator operation, and
it should operate at an intra-bunch train pulse frequency of up to
4.5 MHz. The HIREX spectrometer is installed in the photon tunnel
XTD9 for the SASE1 beamline at 2798.30 m from the injector gun
location and 360.30 m away from the undulator source point. The
tunnel layout and the location of the HIREX are shown in Fig. 2.
In this paper, we discuss the design specifications, installation, and
commissioning of the HIREX spectrometer.

II. DESIGN SPECIFICATIONS AND IMPLEMENTATION

Several techniques have been implemented at different x-ray
FEL facilities around the world to measure the hard x-ray single-
shot spectrum.20–23 The conceptual design and simulation of the
different crystal reflections and bending radius selections have been
performed using the ray-tracing tool RAY.24,25 The principle of the
bent crystal spectrometer was first implemented at the Linac Coher-
ent Light Source (LCLS) in the USA, and its working principle is
described in Ref. 26. The principle of the grating-based spectrometer
has been described by the Paul Scherrer Institute (PSI) in Switzer-
land.27–29 At EuXFEL, we have implemented the HIREX spectrom-
eter based on a diffraction grating to split off a small fraction of the
photon beam, a bent crystal as a dispersive element, and a MHz-
repetition rate 1D strip detector. The first-order diffracted beam is
used for the spectral measurement. Thus, the HIREX spectrometer
is capable of working with x-ray FEL pulses at a MHz repetition rate
that is not available at other facilities, demonstrating the uniqueness
of the EuXFEL Facility. The schematic of the HIREX spectrome-
ter is shown in Fig. 3. The technical design specifications are as
follows: (a) it covers hard x-ray photon energies in the range of
3 keV–25 keV; (b) it has a resolving power of 40 000 (e.g., 0.2 eV
at 8 keV); (c) it covers up to 1% of the FEL bandwidth; and (d) it is
minimally invasive (95% of the beam energy is transmitted).

FIG. 2. Schematic of the EuXFEL tunnel
layout. The star indicates the location of
the HIREX spectrometer in the SASE1
photon tunnel XTD9, which provides
spectral information to the Femtosec-
ond X-ray Experiments (FXE) instrument
and the Single Particles, Clusters, and
Biomolecules/Serial Femtosecond Crys-
tallography (SPB/SFX) instrument.
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FIG. 3. Schematic of the HIREX spectrometer. The distance
between the linear transmissive diamond grating and the
bent crystal is 10 m. The detector is 1 m away from the bent
crystal. The grating lines were oriented in the vertical direc-
tion normal to the FEL beam so that the diffracted beams
were deflected in the horizontal plane.

The energy resolution at the detector plane is calculated by26

ΔE
E
=

Δx
2 tan θB( R sin θB

2 + L)
, (1)

where L is the distance between crystal and detector, Δx is the detec-
tor pixel size, and θB is the Bragg angle. R is the radius of curvature
of the bent crystal.

The spectral range covered by the bent crystal can be
calculated by26

δE
E
= (

H
R sin θB

)cot θB, (2)

where H is the beam size and R is the bending radius of the crystal.
For the HIREX spectrometer, the spectral range is directly propor-
tional to the beam size in the dispersion plane and is inversely pro-
portional to the bending radius with an assumption of homogenous
spectral distribution across the entire beam profile.

A large number of photons arrive less than 100 fs. The average
power during a train of x-ray pulses can be as high as several kW,
depending on the energy per pulse and the number of pulses per
train. Diamond is chosen for grating fabrication due to its high ther-
mal conductivity (2052 W/mK at 300 K), low absorption for hard
x rays, and the higher single-shot damage threshold as compared to
silicon. The FEL beam, after passing the gratings, is split into differ-
ent orders, and the first order diffracted beam, which contains about
two orders of magnitude less power, is used for measuring the x-ray
spectrum. A CAD model of the HIREX spectrometer of SASE1 is
shown in Fig. 4. A photograph of the HIREX installed in the pho-
ton tunnel XTD9 is shown in Fig. 5. The mechanical and vacuum
system of HIREX is designed by the Axilon AG Hürth, Germany
(www.axilon.de)

The CVD diamond gratings with pitches of 200 nm and 150 nm
were fabricated at the Laboratory for Micro- and Nanotechnology
at PSI. The base material for the grating fabrication, CVD diamond

membranes on silicon support frames, was purchased from Dia-
mond Materials GmbH, Freiburg, Germany. The membrane has a
diameter of 5 mm and a thickness of 10 μm, and it is supported
by a 500 μm thick silicon frame of 10 × 10 mm2. The grating
lines were produced with a line depth of 1 μm over a large area of
2 × 2 mm2, which is large enough to make alignment simple and to
accommodate the different beam sizes at different photon energies
of the EuXFEL. The details of the fabrication process of the grating
structure were already reported in Ref. 30. The grating manipula-
tor CAD drawing in Fig. 6 shows the slots for mounting the 200 nm
and 150 nm pitch gratings (one additional 200 nm pitch grating is
mounted as a spare). The photograph (inset) in this figure shows
the CVD diamond linear transmissive grating on the grating holder
frame. For good heat conduction, we have mounted an indium foil
at the interface between the grating and the holder. In addition to the
gratings on the manipulator, there is also a Ce:YAG screen with 100
μm thickness for imaging the FEL beam. The grating manipulator
rod is mounted on a linear stage that allows motion in the X and Y
directions and on a rotation stage that provides rotation with respect
to the X-axis, as shown in Fig. 6. For blocking higher-order diffrac-
tion from the grating, a boron carbide (B4C) block with an aperture
of 4 mm (horizontal) × 10 mm (vertical) is installed on a horizon-
tal motion stage for insertion at a distance of 1 m downstream of
the gratings. To monitor the temperature, we have installed a PT
100 sensor on the grating and a B4C manipulator rod. The grating
manipulator rod and B4C manipulator rod are connected with a cop-
per braid to a water-cooled copper block for heat removal by con-
duction. In addition to the B4C aperture, there are copper and tung-
sten foils mounted on the manipulator to enable energy calibration
of the HIREX spectrometer crystals. All components (excluding the
support stands and cables) of the grating unit were assembled under
particle-free conditions in a cleanroom of ISO Class 5 level. Prior
to the installation of gratings in the grating chamber, the diffraction
efficiency and homogeneity of the gratings were measured at the P10
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FIG. 4. CAD model of the SASE1 HIREX spectrometer. It
consists of a grating unit and a crystal unit. On each unit, an
ion pump with a speed of 150 l/s is used.

beamline of PETRA III at DESY Hamburg, Germany.31 At a photon
energy of 6 keV, 96% of the incoming intensity is transmitted in the
zeroth order beam, 2% is absorbed by the diamond membrane, and
2% is distributed into the diffraction orders. The distance of 10 m
between the gratings and bent crystals allows transverse spatial sep-
aration between the zeroth and the first order diffracted beam. The
200 nm pitch gratings have been commissioned with the FEL beam,
and spectral data have been acquired. Figure 7 shows the calculated
beam size at the HIREX location in the XTD9 tunnel.32

The crystal unit consists of a vacuum chamber, a detector arm,
and detectors. The crystal chamber is mounted on linear stages for
X and Y directions supported on a granite block, and the complete

FIG. 5. Photograph of the HIREX spectrometer in the tunnel XTD9 with a safety
fence around the crystal unit to protect the beryllium window against damage and
to protect workers against the detector arm motion. The FEL beam direction in the
image is from right to left. Upstream of the crystal unit is a dedicated electronics
rack for motor and vacuum controllers.

crystal unit is fixed on an aluminum plate that is grouted with
the epoxy of 18 mm thickness on the tunnel floor. Crystals with a
fixed bending radius were installed in the vacuum chamber, and a
250 μm thick beryllium foil was brazed on a DN 150 flange (pur-
chased from Materion Company, CA, USA). This beryllium window
flange is the interface between vacuum and air, where the FEL beam
exits the chamber and propagates toward the detector system. A
helium-filled tube is installed between the beryllium window flange
and the detector to eliminate absorption and scattering in air. To
accommodate the EuXFEL photon energy range of 3 keV–25 keV,
we have installed multiple crystals of various orientations and with
several bending radii of 150 mm, 100 mm, 75 mm, and 50 mm.
Depending on the machine operation parameters, we choose the

FIG. 6. CAD drawing of the grating manipulator with four slots for mounting the
gratings with 150 nm and 200 nm pitches (one additional 200 nm grating mounted
as a spare) and one Ce:YAG screen. (Inset) Photograph of the CVD diamond
linear transmissive grating on the holder frame. For good heat conduction, we
have mounted an indium foil at the interface between the grating and the holder.
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FIG. 7. Beam size (FWHM) at the HIREX location for photon energies of 3 keV
–25 keV. The beam size was calculated based on Ref. 32.

combination of crystal orientation and bending radius for measur-
ing the single-shot spectrum. The crystal chamber was equipped
with a crystal holder containing three Si crystals (Norcada Company,
Alberta, Canada) of 10 μm thickness with 110 and 111 orientation.
A Ce:YAG screen is mounted on the same holder for imaging the
beam, which is required for the beam-based alignment of the crys-
tals. In order to allow for small bending radii, we have chosen thin
silicon crystals with transverse dimensions of 4 × 20 mm2. They
are mounted with a 100 μm thick clamp to an aluminum holder

with a fixed bending radius, which attaches to the crystal manipu-
lator support rod. The crystal holders are 30 mm apart in order to
pass the zeroth order beam to downstream instruments and at the
same time to intercept the first order beam for the spectral mea-
surement. The crystal manipulator rod is connected with a copper
braid to a water-cooled copper block, and the temperature is mon-
itored with a PT 100 sensor. In the meantime, we have upgraded
one of the crystal positions (150 mm bending radius silicon crystal)
to a HPHT bent diamond crystal type IIa (Technological Institute
for Superhard and Novel Carbon Materials, Moscow, Russia) with
110 orientation and 125 mm bending radius.33–36 All components
(excluding the granite, detectors, and cables) of the crystal cham-
ber are assembled under particle-free conditions in a cleanroom
of ISO Class 5 level. Table I lists the types of crystals installed in
the crystal chamber. Crystal reflection and orientation is selected
based on the photon energy. Figure 8 shows the CAD drawing
of the crystal manipulator with photographs (inset) of the silicon
crystal holder and the bent diamond crystal holder. The bending
radii of the crystals were measured by white-light interferometry
using a Wyko NT9100 profilometer (Veeco Instruments Inc.) in
the X-ray Optics Laboratory at EuXFEL. The miscut of the Si crys-
tals was measured with a rotating anode x-ray tube source at the
Nano Laboratory and Optics Laboratory at DESY. The Si (111) and
Si (110) have a miscut in the dispersion plane of 0.6○ and 0.8○,
respectively.

We have installed two detection systems on the crystal unit.
These detectors are placed in air on a horizontal linear stage, one
detector for train-to-train observations at a low repetition rate of
10 Hz and the other detector for a high repetition rate to resolve
pulses within trains. Figure 9 shows a photograph of the two detec-
tors. The optical detector system for low repetition rates is composed

TABLE I. Crystals mounted in the crystal chamber covering various photon energy ranges. Between 3 keV and 5 keV photon
energy, Si (111) crystals will be used.

Bender Radius (mm) Bragg angle (deg) Energy (keV) Crystals Crystal reflection

1 50 37.25–22.8 16–25 Si (110) 660
2 75 38.63–21.75 9.5–16 Si (111) 333
3 100 40.22–19.80 5–9.5 Si (110) 220
4 125 44.6–20.55 7–14 C (110) 220
5 Ce:YAG screen

FIG. 8. CAD drawing of the crystal manipulator with pho-
tographs (insets) of the Si and bent diamond crystals
clamped on the holder, which, in turn, is mounted on the
crystal manipulator support rod.
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FIG. 9. Photograph of the HIREX spectrometer detector system. (a) The optical
system on the left consists of an sCMOS optical camera, optical lenses, and
a Ce:YAG screen with a 45○ plane mirror. The YAG screen is covered with a
10 μm thick Kapton foil that is coated with Al to avoid stray visible light entering
the camera. (b) The detector on the right is a GOTTHARD 1D x-ray detector. Both
detector systems are mounted on a breadboard, which, in turn, is mounted on a
linear stage for horizontal motion.

of the following parts: (a) sCMOS optical camera, 2 × 1 k2 pixel array
with 6.5 μm pixel size (Photonic Science and Engineering Ltd., St
Leonards, UK), (b) optical objective (Kowa Company, Japan), and
(c) 50 μm thick Ce:YAG screen (Crytur, Czech Republic) with a 45○

plane mirror. For high repetition rates in the MHz range, we used a
Gain Optimizing microsTrip system witH Analog ReaDout (GOT-
THARD) x-ray detector with a pixel pitch of 50 μm. This detector
was designed and fabricated at PSI.37

The details of the mechanical motion specification for the grat-
ing and crystal unit motors are listed in Table II. The motors
are controlled via the Beckhoff and ELMO motor controller. The
HIREX is located closely upstream of the distribution mirror in the
XTD9 tunnel in a particle-free area of the beamline vacuum system.
To avoid potential contamination, we keep all actuating motions
outside the vacuum system. The in-vacuum rotation and horizon-
tal motion of the gratings and crystals were realized by a mag-
netic rotary feedthrough and a bellow, respectively. An in-vacuum
absolute rotary encoder was utilized.

III. MEASUREMENTS
X-ray FEL pulses have many narrow spikes that originate from

the stochastic nature of the SASE process, and the spike struc-
ture changes shot by shot. The width and number of spikes in
the spectrum are related to the x-ray FEL pulse duration and the

number of longitudinal modes. The bent crystal disperses the inci-
dent x-ray beam since different parts of the incoming beam in
the vertical direction have different incident angles. The wave-
length that satisfies the Bragg condition will diffract, and thus, the
wavelengths in the beam are dispersed along the linear detector,
which is placed 1 m away from the bent crystal in the diffracted
beam.

We have commissioned the HIREX spectrometer at different
x-ray photon energies. Here, we present results at the photon energy
of 9.3 keV, which is the preferred photon energy of the EuXFEL
machine during startup and tuning. The machine was operated with
14 GeV electron beam energy, 0.25 nC bunch charge, and a repe-
tition rate of 1.1 MHz, resulting in 2 mJ average energy per pulse.
The FEL beam size on the HIREX bent crystal at 9.3 keV is 900 μm
FWHM. Here, we present the results using the 220 and 440 reflec-
tions of the Si crystal with a bending radius of 100 mm, using the
330 reflection of the Si crystal with a bending radius of 75 mm, and
using the 220 reflection of the bent diamond crystal with a bending
radius of 125 mm. The spectral range and resolution of the HIREX
spectrometer are determined by the selected Bragg reflection and the
associated energy bandwidth, which are determined by Eqs. (1) and
(2). We have therefore selected two reflections: one that gives a lower
resolution but broader spectral range and the other that allows for a
higher resolution with a spectral range sufficiently wide to cover the
FWHM spectral bandwidth of the FEL beam. In the single-bunch
mode, the spectrum was recorded with a high-resolution 2D sCOMS
camera (Photonic Science camera) at 10 Hz using the Si (220), Si
(440), and Si (333) Bragg reflections. In the multiple-bunch mode,
the recording of the spectrum from C (220) in the direct beam and
Si (220) in the first order diffracted beam with 200 nm grating were
monitored with a high-speed 1D x-ray GOTTHARD detector at a
repetition rate of 0.5 MHz. The 2D spectral images from the Si (220)
and Si (440) crystal reflections in the single-bunch mode are shown
in Figs. 10(a) and 10(d), respectively. Figures 10(b) and 10(e) show
the spectral projections of the 2D spectrograms normal to the dis-
persion direction. The Si (220) reflection allows covering the entire
SASE spectrum with low resolution and a minimum spike separation
of 0.55 eV, as shown in Fig. 10(c). The Si (440) reflection enables high
resolution with a minimum spike separation of 0.15 eV, as shown in
Fig. 10(f). The SASE bandwidth was measured to be 25 eV FWHM.

TABLE II. Specifications for the motors in the grating and crystal unit of the SASE1 HIREX spectrometer, including strokes,
resolutions, and encoders.

Axis Stroke Resolution Repeatability Encoder/resolution

Grating X translation 150 mm 2.5 μm 100 μm Linear absolute encoder/50 nm
Grating Y translation 10 mm 1.875 μm 100 μm
Grating RX rotation (deg) 10 0.002 25 0.05 Incremental/0.001
Absorber X translation 150 mm 50 μm 100 μm Linear absolute encoder/50 nm
Crystal/detector X translation 100 mm 0.5 μm 100 μm
Crystal/detector Y translation 10 mm 0.5 μm 100 μm
Crystal X translation 150 mm 2.5 μm 100 μm
Crystal RX rotation (deg) 45 0.002 25 0.005 Angular absolute encoder/0.002
Detector RX rotation 120 0.001 0.005
Detector X translation 295 mm 5 μm 100 μm Linear encoder/0.5 μm
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FIG. 10. Single-shot spectra using the Si
crystal with a 100 mm bending radius in
the 220 and 440 reflection, respectively,
at 9.3 keV. [(a) and (d)] The 2D spectro-
grams from the optical detector system.
[(b) and (e)] The 1D line profiles of the
2D spectrum from Si (220) and Si (440).
[(c) and (f)] The SASE spikes separated
by 0.55 eV and 0.15 eV when using Si
(220) and Si (440).

The 2D spectral images using the Si (333) and C (220) crystal reflec-
tion in the single-bunch mode are shown in Figs. 11(a) and 11(d),
respectively. Figures 11(b) and 11(e) show the spectral projections
of the 2D spectrograms normal to the dispersion direction. The Si
(333) reflection provides high resolution with a minimum spike sep-
aration of 0.15 eV, as shown in Fig. 11(c), and C (220) yields a spike
separation of 0.25 eV, as shown in the inserted Fig. 11(f). Calibra-
tion of the energy dispersion axis of the detector was performed by
first recording the spectra with HIREX at one machine and detec-
tor setting, then shifted the central photon energy by a known
amount by changing the undulator settings, and then recorded again
HIREX spectra (without changing crystal and detector settings). The

absolute photon energy is known from the electron beam energy
and undulator settings not better than to about ±50 eV at a central
photon energy of 9.3 keV, which is due to the measurement uncer-
tainty of the absolute electron beam energy. However, any relative
photon energy shift is known to be better than 1 eV, largely suffi-
cient to determine the SASE bandwidth and to calibrate the HIREX
detector.

The 1D spectral images from using C (220) and Si (220) in the
multi-bunch mode are shown in Figs. 12 and 13. The data show
all 20 consecutive spectra within one train. Figures 12(a) and 13(a)
shows the X-ray Gas Monitor (XGM)38,39 pulse energies ∼2 mJ with
20 pulses in a train. Figure 12(b) shows the consecutive 20 spectra

FIG. 11. Single-shot spectra using the Si
(333) reflection with a 75 mm bending
radius and from C (220) reflection with
a 125 mm bending radius at 9.3 keV. [(a)
and (d)] The 2D spectrograms from the
optical detector system. [(b) and (e)] The
1D line profiles of the 2D spectrum from
Si (333) and C (220). [(c) and (f)] The
SASE spikes separated by 0.15 eV and
0.25 eV when using Si (333) and C (220).
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FIG. 12. (a) X-ray Gas Monitor (XGM)
measurements showing ∼2 mJ pulse
energy with intra-train pulse-resolution
based on fast ADC signals for 20 pulses
within the train. (b) Single-shot spectra
using the C (220) reflection in the direct
beam for 20 consecutive pulses within a
train measured with the 1D GOTTHARD
detector.

using the C (220) reflection recording with the GOTTHARD detec-
tor at a central photon energy of 9.3 keV, and Fig. 13(b) shows the
consecutive 20 spectra using the Si (220) reflection with a bending
radius of 100 mm in the first order diffracted beam from the grat-
ing with 200 nm pitch recorded by the GOTTHARD detector at a
central photon energy of 9.3 keV. Each spectrum has different peak

amplitudes at different places within the envelope of the SASE spec-
trum. Figure 14 shows the ensemble of single-shot spectra within
a train using the Si (220) reflection. An ensemble of spectra of 600
shots is shown in light gray color, a randomly selected single-shot
spectrum is shown in black color, and an ensemble average spectrum
is shown in dark gray color.

FIG. 13. (a) The X-ray Gas Monitor
(XGM) measurements showing ∼2 mJ
pulse energy with intra-train pulse res-
olution based on fast ADC signals for
20 pulses within the train. (b) Single-
shot spectra using the Si (220) reflection
with a bending radius of 100 mm in the
first order diffraction beam from the grat-
ing with 200 nm pitch for 20 consecutive
pulses within a train measured with the
1D GOTTHARD detector.
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FIG. 14. An ensemble of 600-shot spectra obtained with the Si (220) crystal
(light gray), a randomly picked single-shot spectrum (black line), and an ensemble
average (dark gray line).

IV. CONCLUSION AND OUTLOOK
The HIREX spectrometer can acquire single-shot spectra in

the full EuXFEL photon energy range of 3 keV–25 keV by select-
ing different crystals. The entire SASE spectrum bandwidth at the
central photon energy is recorded with a resolving power of 60 000
to resolve individual spikes with 0.15 eV separation using the Si
440 reflection. The measured SASE bandwidth is 25 eV FWHM
at 9.3 keV. Nearly all mechanical motions and absolute encoders
were chosen to be outside the vacuum chamber to avoid potential
contamination, as the HIREX spectrometer is close to the distribu-
tion mirror in the particle-free area beamline vacuum section in the
XTD9 tunnel. Only the crystal rotation encoder is placed inside the
vacuum system in order to achieve the highest accuracy of the angu-
lar positioning. Depending on the exact operating parameters of
the machine, the best combination of crystal orientation and bend-
ing radius is selected to accommodate the photon energy, spectral
range, and resolution. The required spectral range and resolution are
obtained with silicon and diamond crystals with various reflections
and bending radii. The high-repetition-rate GOTTHARD detec-
tor allows operating the HIREX spectrometer at MHz repetition
rates. The currently installed GOTTHARD detector operates up to
∼1 MHz. At the end of this year, we will upgrade to a next-version
GOTTHARD detector that operates up to 4.5 MHz and will thus
match the maximum EuXFEL repetition rate. We are planning to
automate the HIREX spectrometer with an intuitive simple user
control interface for instrument scientists and machine operators.
Recently, we have installed another HIREX spectrometer in the
SASE2 beamline, and commissioning of that spectrometer is in
progress. It has already been used for self-seeding studies.
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