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Abstract

A cavity based free-electron laser (CBXFEL) is a next
generation X-ray source promising radiation with full three-
dimensional coherence, nearly constant pulse to pulse sta-
bility and more than an order of magnitude higher spec-
tral flux compared to self-amplified spontaneous emission
(SASE) free-electron lasers (FELs). In this contribution,
an R&D project for installation of a CBXFEL demonstra-
tor experiment at the European XFEL facility is conceptu-
ally presented. It is composed of an X-ray cavity design in
backscattering geometry of 133 m round-trip length with
four undulator sections of 20 m total length producing the
FEL radiation. It uses cryocooled diamond crystals and
employs the concept of retroreflection to reduce the sensi-
tivity to vibrations. The current state of the project shall be
presented in this contribution.

INTRODUCTION

Current hard X-ray XFEL machines, such as the Linac
Coherent Light Source (LCLS), the European XFEL (Eu-
XFEL), the Spring-8 Angstrom Compact free-electron
LAser (SACLA), the SwissFEL and the Pohang Accelerator
Laboratory X-ray Free Electron Laser (PAL-XFEL), mainly
use the SASE scheme for operation. However, the SASE
operation suffers from low monochromaticity and poor longi-
tudinal coherence. To improve this, hard x-ray self-seeding
(HXRSS) has been successfully implemented [1, 2], and
Cavity Based X-ray FEL (CBXFEL) schemes like high gain
X-ray Regenerative Amplifier FELs (XRAFEL) [3] and low
gain X-ray Free Electron Laser Oscillators (XFELO) [4]
have been proposed. CBXFELs have received growing in-
terest due to their anticipated ability to deliver outstanding
radiation properties. The European XFEL is developing a
CBXFEL demonstrator to prove the working concept. The
setup has a peak gain of ≤14, and the first results are ex-
pected in 2024 [5]. Here, we will present the current state
of this project.
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Figure 1: Conceptual design for the CBXFEL at the Euro-
pean XFEL. Considering the orientation of the retroreflector
components and the illustrated z-spacing between the KB
mirrors and the diamond crystal, the illustrated transverse
(x-y-plane) position for a desired grazing incidence angle
of 3.1 mrad can be calculated. Using retroreflector proper-
ties, the incoming direction is set to be antiparallel to the
outgoing direction. The diamond Bragg reflector in C400
orientation has a very narrow bandwidth of about 20 meV
around 6.95 keV. The reflected photons in this bandwidth
are used for electron bunch seeding, and the photons outside
the bandwidth are transmitted if not absorbed in the 100 µm
thick crystal.

CONCEPTUAL DESIGN FOR THE CBXFEL
AT EUROPEAN XFEL

In Fig. 1, a sketch of the conceptual design of the CBXFEL
setup is illustrated. The setup is planned to be installed in
the XTD2 tunnel at the end of the SASE1 undulator section
at the European XFEL. The desired round-trip length of the
X-ray cavity is determined by the electron bunch repetition
rate. At the EuXFEL, the repetition rate is most commonly
set to the 576th harmonic 𝑓rep =

𝑓𝑀𝑂

576 ≈ 2.25 MHz of the
𝑓𝑀𝑂 = 1.3 GHz base frequency of the master oscillator
(MO) of the RF-cavities. For the CBXFEL this yields a pho-
ton round-trip time of 443 ns and corresponds to a round-trip
length of 133 m. The exact value of the master oscillator
frequency can be measured so precise that the length of
the cavity can be predefined with µm precision. The FEL
radiation inside the cavity is produced in four undulator seg-
ments of 20 m active length. The cavity employs the concept
of retroreflection to reduce the sensitivity to vibrations and
enhance the angular stability during alignment. Each retrore-
flector consists of a diamond Bragg reflector in backscatting
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orientation and two silicon mirrors with B4C coating in Kirk-
patrick–Baez (KB) geometry. The KB mirrors are also used
for focusing. The choice of the C400 reflection order of the
Bragg reflector sets the seeding photon energy to 6.95 keV.
To ensure high reflectivity (>99%) and low clipping of the
radiation at the finite size KB mirrors, the desired range
for grazing incidence angles at the mirrors is in the range
between 3 mrad to 4 mrad. By defining the exact values for
the incident angles and the orientation of the retroreflector
components in Fig. 1, unique transverse positions of the
photons along their path can be determined.

The position of the vacuum chamber illustrated in Fig. 2
can be pre-aligned in the tunnel with an accuracy of about
300 µm by using a geodetic measuring method. The position
of the holder of the KB mirrors and diamond crystals with
reference to the vacuum chamber can be measured with a
tactile 3D-measurement system. This pre-alignment is ex-
pected to determine the positions of the cavity components
with a tolerance less than 1 mm. To do precise alignment
of the cavity to the desired transverse positions, a stepwise
alignment approach by observing the beam position on scin-
tillators as illustrated in Fig. 2 can be used. To achieve this
alignment, the diamond crystals and the KB mirrors can be
rotated around and translated along the x-axis and y-axis
(using the axis definition of Fig. 1), using positioning stages
based on the concept of parallel kinematics [6]. Since no
remote alignment involving rotations around the z-axis is
planned, possible differences between both retroreflectors
and the KB mirrors inside each retroreflector are set by the
pre-alignment. The pre-alignment between the KB mirrors
is planned to be adjusted with sub-mrad precision with an
autocollimator. The rotation between both retroreflectors is
set by the before mentioned pre-alignment method in combi-
nation with a tactile 3D-measurement system and might be
in the range of a few mrad. However, the errors introduced
by differences in this range can be compensated by proper
choice of grazing incidence angles, so that the retroreflecting
properties are preserved.

Applying this alignment scheme, a closed trajectory for
the reflected X-ray photons can be achieved. The transverse
position can be aligned with µm precision of. Following
simulations, this yields a transverse overlap between electron
bunch and reflected photon pulse (in the x-y-plane referred
to the coordinate system shown in Fig. 1) to reach sufficient
gain in the cavity to overcome the losses.

After successful transverse alignment, a grating in the
diagnostic chamber can be inserted into the beam instead
of the scintillator, as illustrated in Fig. 3. The pulse energy
of the first diffraction order beam will be measured with a
photodiode. Monitoring the decrease of the pulse energy
with each round-trip will give important insights to the cav-
ity losses, and, hence, to the quality of the X-ray optics
components. This ring-down measurement will yield an ex-
perimental demonstration of a large-scale x-ray laser cavity,
similar to the experiment recently done at LCLS [7] and can
be seen as an important milestone for the commissioning of
the CBXFEL demonstrator project.

Figure 2: Sketch of diagnostics to measure the beam posi-
tions. In the cavity, the beam positions can be measured at
six different positions using YAG scintillators in combina-
tion with cameras to achieve µm spatial resolution. The gray
boxes in this sketch indicate which components are placed
in the same vacuum chamber. In the upstream retroreflector
vacuum chamber also a scintillator is present, whereas for
the downstream retroreflector a separate diagnostic vacuum
chamber is placed 5 m apart to measure the beam direction
after reflection. The beam position can also be monitored at
the yellow marked side face of the KB mirrors. Additionally,
the diamond crystals can be replaced by a scintillator during
operation for alignment purposes.

The next step is to achieve longitudinal overlap. To achieve
a well-defined overlap between the photon pulse and the
electron bunch, the repetition rate of the electron bunch
should match the photon round-trip time within a range of
40 fs. This corresponds to an alignment tolerance of 5 µm
of the distance between the retroreflectors. To achieve this
alignment, the complete downstream retroreflector vacuum
chamber illustrated in Fig. 2 can be translated in z-direction
to the desired position. The retroreflecting scheme of the
optical elements compensates for any parasitic motion of
this travel and should allow maintaining the transversal align-
ment while adjusting the cavity length. If there is both trans-
verse and longitudinal overlap, with the prior being ensured
by the transverse alignment and the ringdown measurement,
an exponential increase in the pulse energy is expected, as
illustrated in Fig. 4. Observing an exponential increase of
the pulse energy will confirm that the CBXFEL principle is
working, and, hence, is the main goal of this demonstrator
project. For monitoring this seeding process, two different
options are available. The first is the grating in combination
with a photodiode as illustrated in Fig. 3 and the second is
the pulse resolved HIgh REsolution hard X-ray single-shot
(HIREX) spectrometer installed further downstream in the
SASE1 beamline [8].

Another promising method for the longitudinal alignment
is the use of a pulse arrival time chirp [9, 10]. Introducing
an arrival time chirp on the order of about 1 ps over a pulse
train enables the longitudinal scanning for seeding with a
much relaxed tolerance of hundreds of µm per mechanical
translation of the downstream chamber.

Using cryogenic cooling for the diamond Bragg reflectors
is a common attempt to improve the cavity’s stability by
better distributing the pulsed heat load given by the interac-
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Figure 3: A diamond grating fabricated on a 80 µm thick
diamond substate can be used to diffract a part of the pulse
energy after the reflection at the downstream retroreflector
on to a photodiode. The grating is placed on a remotely
controllable linear manipulator, which is also used for the
scintillator inside the diagnostic chamber illustrated in Fig. 2.

tion of the Bragg reflector with the powerful X-ray pulses.
Pulsed cryogenic coolers are also planned to be installed for
the CBXFEL demonstrator. Our simulations [5] revealed
that due to cryogenic cooling, a significant increase of the
out coupled pulse energy by about a factor of 30 is expected.
Monitoring the significant increase of pulse energy due to
cryogenic cooling is another important milestone for the
demonstrator project. Nevertheless, due to the high heat
load on the 100 µm thin crystals, stable operation under sat-
uration is not expected for our current demonstrator project.

Figure 4: Results of start to end simulations, which take
account of realistic electron bunch distributions, inter RF-
pulse bunch fluctuations and various possible errors of the X-
ray optics. Heat load effects were excluded in this simulation.
For further details, see Ref. [5].

Detailed information regarding the simulation framework
used to calculate the results in Fig. 4 can be found in one
of our recent publications [5]. Figure 4 indicates that even
for a simulation considering realistic roughness of the X-ray
optics and jitter of the electron beam, stable operation of a

CBXFEL seems to be feasible, which enables out-coupling
of X-ray pulses with a very narrow bandwidth of hundreds
of meV. However, as mentioned before, due to heat load
effects, stable operation is not expected for the demonstra-
tor CBXFEL. After the successful commissioning of the
CBXFEL, which is planned for summer 2024, the next step
may be an upgrade of the demonstrator with thick diamond
crystals and out-coupling via a grating. Thicker crystals
could improve the stability of the diamond Bragg reflectors
under dynamic heat load [11] and may be considered as an
interesting pathway towards finally reaching stable operation
under saturation.
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