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Abstract

The Cavity-Based Free Electron Laser (CBXFEL) pro-
ject is proposing to produce a recirculating X-ray cavity
and deploy it to the SLAC LCLS (Linac Coherent Light
Source) Hard X-ray (HXR) undulator line. The shape of
the cavity is defined by four diamond crystals which must
be positioned with nanometer-level accuracy in four De-
grees-Of-Freedom (DOF). Additionally, several electron
and X-ray beam diagnostic components need to be pre-
cisely positioned to achieve, monitor, and maintain the cav-
ity alignment. These functions are accomplished by a total
of sixty-nine motion axes, eight of which are actuated by
lead-screw stages operated by stepper motors, thirty-seven
by Ultra High Vacuum (UHV) SmarAct piezo stages, and
twenty-four by custom designed flexure stages actuated by
UHYV piezo linear actuators. The flexure stages are driven
by UHYV piezo actuators and real-time position feedback is
provided by capacitive sensors and optical interferometers.
A motion control system based on the CK3M PMAC ar-
chitecture was developed to drive the different motion
stages. This paper describes the main requirements to be
met, how the technologies were integrated into the acceler-
ator control system, and the main lessons learned.

INTRODUCTION

The Cavity-Based Free Electron Laser (CBXFEL) pro-
ject is proposing to produce a recirculating X-ray cavity
and deploy it to the SLAC LCLS (Linac Coherent Light
Source) Hard X-ray (HXR) undulator line [1, 2]. Figure 1
shows the experimental layout where the optical cavity, de-
fined by four Bragg-reflecting crystal mirrors (C1, C2, C3,
C4), encloses the first seven HXR undulator segments. Di-
pole magnets in a chicane configuration divert the incom-
ing electron beam around C4 and re-insert it in the first un-
dulator segment to generate x-rays. Another chicane di-
verts the electron beam exiting the seventh undulator seg-
ment, around C1, and re-inserts it in the eighth undulator
segment just downstream of C1.

Beyond the C1-C4 crystals, the CBXFEL system is com-
posed of several in-vacuum and in-air beam diagnostics
and movers organized in six stations: A, B, C, D, E, and F
as shown in Fig. 1. Design for an additional station, G,
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planned for the experimental hutches, will be finalized
once Station B installation is completed.
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Figure 1: CBXFEL experimental layout.

Station A

Station A, located in HXR cell 21, hosts the C1 and C2
diamond crystals, three X-ray Beam Position/Profile Mon-
itors (X11, X10, and X21), and one Compound Reflective
Lens (CRL1)

Station B

Station B, located in HXR cell 13, hosts the C3 and C4
diamond crystals, three X-ray Beam Position/Profile Mon-
itors (X31, X41, and X42), and one Compound Reflective
Lens (CRL2)

Station C

Station C, located along the return line, hosts three X-
ray Beam Position and Profile Monitors (X23E, X23G, and
X23) as well as a beam sampling diffraction grating.
Station D

Station D, located along the return line, hosts one X-ray
Beam Profile Monitor (X24).

Station E

Station E, located along the return line, hosts a Beam Po-
sition/Profile monitor and two photodiodes.
Station F

Station F, located downstream of Station B in HXR
cell 13, hosts a Beam Overlap Diagnostic (BOD).
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MOTION CONTROL ARCHITECTURE

The four diamond crystals and all the other beam diag-
nostic elements described in the previous section can be
positioned in space to shape the X-ray cavity and to adjust
the interaction point between the diagnostic elements and
the X-ray beam path. Ultra-High Vacuum (UHV) compat-
ible SmarAct [3] piezo stages are used to position the X11,
X10, X21, CRLI1, X31, X41, X42, CRL2, X23, X23G,
X23E, and X24 diagnostic components as seen, for exam-
ple, in Fig. 2. To achieve the positioning accuracy needed
to position the four diamond crystals and shape the x-ray
optical cavity (1000 pm range, 50 nm resolution for the
linear stages, 15 mrad range, 20 nrad resolution for the an-
gular stages), flexure stages based on the weak-link mech-
anism technique [4] were developed. Because of lower po-
sitioning accuracy requirements (100 mm travel range, 1
um resolution), the station E detectors and station F BOD
were designed to be actuated by stepper motors and com-
mercially available lead-screw linear stages.

Figure 2: CBXFEL Station C diagnostic components and
SmarAct piezo stages.

Diamond Crystal Positioning

Each diamond crystal shaping the CBXFEL optical cav-
ity can be positioned in four degrees of freedom (two trans-
lations and two rotations) with sub-micron and sub-milli-
radian precision using in-vacuum flexure stages actuated
by Ultra High Vacuum (UHV) compatible piezo linear ac-
tuators [5, 6] with position feedback provided by in-vac-
uum capacitive sensors and optical interferometers [7, 8].
The position of the roll and pitch flexure stages can be set
using two different actuators: a coarse actuator whose feed-
back comes from the on-stage capacitive sensor and a fine
actuator using as feedback the position of the end target
calculated from two independent interferometer readings.
The purpose of the roll and pitch fine actuators is to com-
pensate angular crosstalk originating when the flexure
stages in the stack are actuated. Each diamond crystal can
also be inserted into the X-ray beam path and the interac-
tion point adjusted by a stack of three UHV compatible
SmarAct [3] stages (Dp, Ds, Dy) as shown in Fig. 3 and
Fig. 4.

Before the CBXFEL project, no equivalent motion con-
trol applications had been deployed to the SLAC accelera-
tor motion control system. Different motion control

TUPD: TUPD Posters

MCO08: Diverse Device Control and Integration

JACoW Publishing
doi: 10.18429/JACoW-ICALEPCS2025-TUPD094

architectures were thus evaluated to select the most suita-
ble in terms of flexibility, ability to handle complex kine-
matics, and reliability. The Omron Automation CK3M Pro-
grammable Multi-Axis Motion Controller (PMAC) [9] was
selected for its proven motion control performance, its abil-
ity to interface with different feedback and actuator types,
and established EPICS integration. The CK3M-based mo-
tion control architecture shown in Fig. 4 was then devel-
oped to control the C1-C4 diamond crystals.
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Figure 3: CAD view of C1 with motion stages and diamond
crystal highlighted.
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Figure 4: Schematic representation of the CBXFEL dia-
mond crystal positioning stack motion control architecture.
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Figure 5 shows the software configuration developed to
allow the CK3M PMAC controlling each stage to interface
with the six piezo actuators, the four on-stage capacitive
sensors, the two end-target capacitive sensors, and the four
end-target interferometers (Fig. 4). The Z, X, coarse roll,
and coarse pitch actuators are controlled using Pulse-Fre-
quency Modulated (PFM) signals and the PMAC was con-
figured with two motor structures for each physical actua-
tor. One motor structure, normally disabled, for open-loop
PFM control, and one for closed-loop control. A PLC pro-
gram reacting to user inputs allows switching between
closed and open loop. A cascade control loop was imple-
mented to interface with the fine roll and pitch actuators
since they are controlled by a DC voltage that needs to be
maintained constant to keep the actuator in position. Other
PLC programs were implemented to kill a motor once the
target position is reached and to dynamically set the soft
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Figure 5: CBXFEL PMAC motion control software architecture.

limit of the fine actuators based on the coarse stage posi-
tion.

The ability of the fine roll and pitch actuators to maintain
the angular position of the end-target and thus of the dia-
mond mirror was determined by performing scan tests.
During such tests, one of the linear stages was repetitively
moved through its motion range while the position of the
end-target was monitored. Figure 6 shows the data col-
lected during a scan of the Z axis with the fine roll motor
disabled, thus not compensating for any angular crosstalk.
Figure 7 shows the data collected with the fine roll motor
compensating. The tests determined that crosstalk compen-
sation can maintain the angle of the end-target, and thus of
the diamond crystal, stable within +/- 0.0005 milliradians
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Figure 6: Z flexure stage scan with fine roll actuator not
compensating angular crosstalk.
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Figure 7: Z flexure stage scan with fine roll actuator com-
pensating angular crosstalk.
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Led Screw Actuated Linear Stages

Due to less stringent positioning requirements and larger
design motion range, the actuation mechanism for the sta-
tion E and F diagnostic devices is based on stepper motors,
linear optical or magnetic encoders, and linear stages
driven by lead screws. Six axes of motion are required for
station E, a three DOF linear stage stack to position the
beam diagnostics and a three DOF stage stack to position a
camera. The beam diagnostics stages are controlled in
closed loop using magnetic linear BiSS-C encoders while
the camera stages are controlled in open loop. Two axes are
required for station F, one to insert and retract the BOD and
one to position a diagnostic camera, both operating in
closed loop using optical linear BiSS-C encoders. A single
eight-axis PMAC CK3M motor controller with serial en-
coder modules was selected for this application. The con-
troller handles closed-loop motion control and open loop
motion control. It also handles reaction to two motion limit
switches for each axis, homing for the open loop stages,
and fault detection from the stepper amplifiers and encod-
ers. Figure 8 is a schematic representation of the Stations
E and F motion control architecture.

EPICS Integration

All the PMAC and SmarAct motor controllers can inter-
face with the EPICS-based accelerator control network
over Ethernet/IP using drivers available from the commu-
nity [10, 11]. The CBXFEL EPICS motion control inter-
face was designed to be modular, and, except for a few ex-
ceptions, the IOCs are tied to individual vacuum chambers
to simplify deployment and maintenance. The lower-level
interface to each controllable axis is through a motor record
instance and, in addition, a higher-level interface was cre-
ated to allow users to save operationally relevant setpoints
and directly drive the axes to those setpoints. Records and
user interfaces to collect and display system status and
faults were also created to simplify operation. The main
CBXFEL motion control user interface, shown in Fig. 9,
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was designed to provide access to all relevant parameters
including vacuum levels, Machine Protection System
(MPS) status, IOC status, Asyn interfaces, and remotely
operated Power Distribution Units (PDU) control.
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Figure 8: CBXFEL Station E and F motion control archi-
tecture.

INSTALLATION STATUS

Since all the actuators in Stations A, B, C, and D are pi-
ezo-based, limitations on the maximum length of the cables
meant that all controls electronics and infrastructure had to
be designed to be installed locally in the undulator hall. The
motion control electronics for stations E and F were instead
installed in the support buildings as the selected stepper ac-
tuators and linear encoders allow for longer cable runs.
Three new racks were installed in HXR cell 13 to support
the Station B motion control electronics and three in cell
21 to support Station A. Station C and D motion controllers
were installed locally on specially designed fixtures an-
chored to the stations support stands. Figure 10 shows the
station C fixture, the station E and F motion control rack in
the support building, and one of the station A racks in the
undulator hall. Given the large (42) number of new motor
controllers and related electronics the CBXFEL project is
planning to install in the SLAC undulator hall, the control
system infrastructure designed and deployed for the LCLS-
II project had to be expanded. New cable trays and long-
haul cables were installed together with new network
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cables, patch panels and switches. A staged installation
plan was devised to install components as they became
available. Station E was the first to be installed in the Sum-
mer of 2024, followed by stations C, D, F, and finally C1
and CRL1 in the summer of 2025. C2 and Station B are
planned to be installed in the Fall of 2025 and winter of

Figure 10: Clockwise from top left: station C fixture to
hold the motor controller, station E and F motion control
rack, and one of the C1 motion control racks.

CONCLUSION

The CBXFEL project introduced new advanced technol-
ogies to the LCLS accelerator motion control system. A
new PMAC-based motion control architecture was de-
signed, implemented, and deployed to interface with the
diamond crystal nanopositioning stage stack. Mechanical
installation is reaching the final stages, and most of the mo-
tion control systems have already been deployed. Physics
commissioning started in early 2025 and is expected to
continue throughout 2026.
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Figure 9: CBXFEL main motion control user interface.
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