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Abstract 

The concept behind the cavity-based X-ray FELs 
(CBXFELs) such as the X-ray free-electron laser oscillator 
(XFELO) and the X-ray regenerative amplifier free-elec-
tron laser (XRAFEL) is to form an X-ray cavity with a set 
of narrow bandwidth diamond Bragg crystals. Storing and 
recirculating the output of an amplifier in an X- ray cavity 
so that the X-ray pulse can interact with following fresh 
electron bunches over many passes enables the develop-
ment of full temporal coherence [1, 2]. One of the key chal-
lenges to forming the X-ray cavity is the precision of the 
cavity mechanical system design and construction. In this 
paper, we present conceptual design of the cavity mechan-
ical system that is currently under development for use in 
a proof-of-principle cavity-based X-ray free electron laser 
experiment at the LCLS-II at SLAC. 

INTRODUCTION 
X-ray free electron lasers (XFELs) based on Self-Am-

plified Spontaneous Emission (SASE) [3] are demon-
strated extremely bright, transversely coherent, ultrashort 
X-ray pulses for the investigation of ultrafast chemical and 
physical processes at the LCLS and other XFEL user facil-
ities around world [4-6]. However, the single-pass SASE 
FEL amplifiers have poor longitudinal coherence. 

Since 2019, collaboration between Argonne National 
Laboratory (ANL) and SLAC National Accelerator La-
boratory has been established to design and construct a 
cavity mechanical system for use in a proof-of-principle 
cavity-based X-ray free electron laser experiment at the 
LCLS-II at SLAC. The experiment aim is to obtain tem-
porally-coherent XFEL pulses by storing and recirculating 
the output of an amplifier in an X- ray cavity so that the X-
ray pulse can interact with the following fresh electron 
bunches over many passes [1, 2]. 

A set of four diamond crystals with narrow Bragg band-
width will provide high reflectivity and mono-chromatiza-
tion to form a rectangular X-ray cavity around the first 
seven LCLS-II undulator units. The rectangular shape is 
chosen because of the constraints of the available space in 
the undulator hall. Two aspects of the cavity-based X-ray 
FELs (CBXFELs) are planned for this experiment: the X-
ray free-electron laser oscillator (XFELO) [7] relies on a 

low-loss cavity supporting a low-gain free- electron laser, 
and the X-ray regenerative amplifier free-electron laser 
(XRAFEL) [8, 9] leverages a high-gain FEL interaction. 
During the initial experiment, the LCLS-II Cu-linac will 
produce a pair of electron bunches separated by the cavity- 
round-trip distance during each linac cycle with a mean en-
ergy of 10.3 GeV. Figure 1 shows a schematic diagram of 
the CBXFEL experiment setup at the LCLS-II at SLAC. 

 
Figure 1: Schematic diagram of the CBXFEL experiment 
setup at the LCLS-II at SLAC. 

EXPERIMENT STATIONS 
The mechanical system for the rectangular x-ray cavity 

of the CBXFEL at LCLS-II includes four sets of diamond 
crystal holders (C1, C2, C3, and C4) with nanopositioning 
stages in UHV chambers, see Fig. 2. These nanoposition-
ing stages and vacuum chambers are grouped into two 
crystal stations (stations A and B), and five diagnostic sta-
tions (stations C, D, E, F, and G). Each of the crystal sta-
tions shall be integrated with their associated chicane mag-
nets and vacuum systems on the same girder to meet the 
requirement for LCLS-II e-beam-based alignment opera-
tion.  

 
Figure 2: General layout of the cavity mechanical system 
for the CBXFEL at LCLS-II at SLAC. 

The CBXFEL mechanical system also includes a vac-
uum pipe system as the cavity’s X-ray return path. The X-
ray diagnostic stations C, D, and E are located in the X-ray 
return path and its extension line. The X-ray diagnostic sta-
tion G is located in the LCLS-II experimental station. Since 
it may not be in the same cavity vacuum system, the X-ray 
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diagnostic station E and G will be designed separately. Fig-
ure 2 shows the general layout of the cavity mechanical 
system for the ~ 32 m x ~0.65 m rectangular x-ray cavity 
of the CBXFEL experiment at LCLS-II. 

UHV NANOPOSITIONING DESIGN 
One of the key challenges to forming the X-ray cavity is 

the precision of the cavity mechanical system design and 
construction. Nanopositioning techniques present a signif-
icant opportunity to support this state-of-the-art design 
with ultra-high-vacuum (UHV) compatibility. 

Vacuum System Requirement 
The LCLS-II undulator segment vacuum chamber needs 

to be operated at a pressure better than 10−6 torr in order to 
minimize bremsstrahlung and emittance growth. However, 
the design of vacuum system shall have highest priority on 
the operation reliability and maintainability to minimize 
any possible interference to the operations of the LCLS-II 
XFEL user facility. Similar to the design of the LCLS-I and 
LCLS-II self-seeding monochromators, the vacuum sys-
tem of the CBXFEL optomechanical system need to meet 
typical UHV level cleanness. Ion pumps are integrated 
with the CBXFEL vacuum chambers. All-metal manual 
isolation valves and welded bellows are the vacuum inter-
faces for the CBXFEL to the LCLS-II vacuum system. 

Support and Metrology Reference Systems for 
Crystal Stations 

 Support System Based on the LCLS-II beam-based-
alignment requirement, each of the diamond crystal station 
and its associated chicane dipole magnets are supported by 
a steel girder. As shown in Fig.  3, a special stiffener struc-
ture is designed to provide a stable interface between the 
girder and crystal station Invar base. 

 
Figure 3: Rear view of the girder and stiffener structure for 
the CBXFEL diamond crystal station A. 

Metrology Reference Base  Each of the crystal stations 
has an Invar base with global survey/alignment fiducial 
holes outside the vacuum. Metrology reference frames are 
established inside the vacuum enclosure to mount the laser 
interferometer’s fiber-optics frontends and the capacitive 
sensor’s sensing heads.  

To mount both C1 and C2 in-vacuum Invar metrology 
frames directly to a common Invar base in air with limited 

space available for CBXFEL, a special flexure UHV inter-
face has been developed for an Invar base near-zero-length 
feedthrough as shown in Fig. 4 [10]. The flexure interface 
structure is strong enough to hold the vacuum force and 
flexible enough to survive the thermal expansion stresses 
incurred during an 80 – 100 degree Celsius bakeout process 
for UHV preparation. 

 
Figure 4: Invar base near-zero-length feedthrough for 
CBXFEL diamond crystal UHV Invar metrology frames. 

Long Range Laser Interferometer 
A customized commercial multichannel laser interfer-

ometer system is integrated as a part of the opto-mechani-
cal system to monitor the cavity total length and XBPM 
locations during the system installation, commissioning 
and operation processes. With the laser interferometer’s 
real-time measurements, the nanopositioning stages are 
able to compensate the thermal drifting of the mechanical 
system with a closed-loop feedback control.  

The customized HexagonTM EtalonTM absolute multiline 
laser interferometer system has a maximum measuring 
range larger than 32 meters with measurement uncertainty 
better than 0.4 micron/m [11, 12]. 

Capacitive Sensor 
Commercial miniaturized capacitive sensors are applied 

in the CBXFEL mechanical system to provide repeatable 
absolute measurement in a short distance to ensure the 
traceability of the metrology structure during the CBXFEL 
mechanical system assembly, installation, commissioning 
and operation processes. A typical sensor has a measuring 
range ~ 2.0 mm with measurement resolution 5 - 10 nm. 

Stages for Diamond Crystal Manipulation 
As shown in Fig. 5, the nanopositioning stages group for 

diamond crystal manipulation includes four precision flex-
ure stages and three commercial miniaturized PZT-motor-
driven precision bearing stages [13].  

The flexure linear and tip-tilting stages were designed 
based on the weak-link mechanism technique developed 
by Advanced Photon Source (APS) for synchrotron radia-
tion applications [14-19]. The newly designed UHV-com-
patible tip-tilting weak-link stages for CBXFEL aim to 
have extended travel range up to 1.5 degree with 10 – 30 
nrad resolution. With an end-target positioning closed-loop 
dynamic correction, the new linear flexure stages are de-
signed to have maximum angular crosstalk below 100 nrad 
over ±300 µm travel range. Design specifications are listed 
in Table 1. 

A diamond crystal holder is mounted on the top of the 
stage group. The holder is similar to the APS designed 
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diamond crystal holder for European-XFEL self-seeding 
monochromator. A heater with thermostat is installed on 
the holder to keep an even temperature for all the diamond 
crystals in the cavity system. 

To minimize the heat consumption of the stages in a vac-
uum environment, all of the nanopositioning stages are 
driven by PZT-based motors or actuators. 

 
Figure 5: Nanopositioning stages group for diamond crys-
tal manipulation with in-vacuum Invar reference frame 

Table 1: Design Specifications for Crystal Stages 

 

Stages for XBPMs and CRLs 
The nanopositioning stages group for X-ray beam posi-

tion monitors (XBPMs) and compound refractive lenses 
(CRLs) includes two miniaturized PZT-motor-driven pre-
cision bearing stages.  

Survey and Alignment of Stages 
The home position of all stage groups is measured by 

CMM during the final assembly process with 3 µm uncer-
tainty with respect to the reference base global sur-
vey/alignment fiducials. Positions are traceable using ca-
pacitive sensors for flexure stages and grating encoders for 
bearing stages. 

Interface to the CBXFEL Control System 
An integrated cavity optics dynamic positioning data-

base (ICO-DPD) will be established as one of the interface 
between the CBXFEL mechanical and control system. The 
detailed ICO-DPD documentation will ensure uniformity 
and reduce system errors on the units, coordinates, names, 
tooling ball standards and etc. for cavity crystal motion 
control and beam diagnostics use.  

The ICO-DPD will integrate the measurement results, 
including environment condition of the measurement, from 
digital measuring machine and digital microscope during 
the component manufacturing and sub-assembly process. 
With absolute and relative encoders mounted on the invar 
base and reference frame, the ICO-DPD will also record 
every movement of the cavity optical components 

positions related to system fiducial positions on the invar 
base during the final assembly, installation, and sur-
vey/alignment process. The ICO-DPD could also be linked 
to the SLAC beam based alignment system. 

SUMMARY 
 A cavity mechanical system that is currently under de-

velopment for use in a proof-of-principle CBXFEL exper-
iment at the LCLS-II is presented in this paper. As a part of 
the first article development activities, pilot flexure stages 
are designed, constructed, and started preliminary testing 
at the APS. Figure 6 shows a photograph of the pilot flex-
ure stages group for diamond crystal manipulating. Figure 
7 shows a preliminary test result for the tip-tilt flexure 
stage for the angular adjustment around the diamond crys-
tal surface horizontal Axis Ds, which shows a 3-up and 3-
down open-loop steps with resolution ~ 20 nrad. Further 
test is planned to demonstrate the stages’ closed-loop dy-
namic correction capability with end-target laser interfer-
ometer and capacitive sensors. A final design review for the 
CBXFEL cavity mechanical system is scheduled at the end 
of August 2021. 

 
Figure 6: A photograph of the pilot nanopositioning stages 
for CBXFEL diamond crystal manipulation.  

 
Figure 7: A preliminary open-loop test result for the tip-tilt 
flexure stage for the angular adjustment around the dia-
mond crystal surface horizontal Axis Ds. 
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