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Poster Session II (Measurement and calibration) / 9

SRF Cavity Resonance Control by Machine Learning
Author: Faya Wang1

Co-author: Jorge Cruz 2

1 University of Science and Technology of China
2 SLAC

Corresponding Author: fayawang@ustc.edu.cn

For advanced high-Q SRF linacs like LCLS-II, achieving precise control of cavity resonance is crucial
to ensuring stable operations. Inadequate control can lead to a substantial increase in RF power
demands, thereby escalating both operational and capital expenses due to the need for additional
RF power sources. To tackle this challenge, we have developed an innovative cavity resonance
controller that leverages a data-driven approach, incorporating a highly efficient surrogate model
designed to manage the complex dynamics of cavities under the influence of microphonics and non-
linear Lorentz forces. This model’s efficacy has been thoroughly validated with real SRF cavities
at SLAC. We are currently integrating this controller into the hardware, specifically the existing
LLRF system of LCLS-II. This foundational work paves the way for expanding the model to broader
motion control applications where extremely low-tolerance vibration control is essential. In this
presentation, we will showcase the model and share the latest test results.

Poster Session II (Measurement and calibration) / 10

Development of aCavityResonanceMonitoring System forRAON
SCL3
Author: Hyojae JangNone

Co-author: Youngkwon Kim 1

1 IBS

Corresponding Author: lkcom@ibs.re.kr

Recently the accelerator operation for user beam service are planned in 2024. The SCL3 RF operating
frequency are 81.25 MHz and 162.5 MHz. All cavities are controlled independently for the accelera-
tion of the various A/q ions. Because all RAON SCL3 cavities are the superconducting cavities and
the planned beam current is not so high, the control bandwidth which is defined by the loaded Q
of the power coupler are not so wide and the suppression of the mocriphonics is one of the impor-
tant topics for the stable operation. There are a slow cavity resonance frequency drift caused by
the long-term LHe pressure drift, fast cavity resonance frequency fluctuation caused by short-term
LHe pressure variation or mechanical vibration transferred through the ground. It is required to
measure the shifted cavity resonance frequency and to suppress such microphonics which affects
the stable RF operation. We developed a cavity resonance monitoring system for RAON SCL3. The
shifted cavity resonance frequency is measured and stored by the LLRF. Also a python based tool to
transfer and to analyze this data is developed. In this presentation the status and test result of cavity
resonance monitoring system for RAON SCL3 will be described.

Synchronization / 11

Phase distribution system of HEPS
Author: Xinpeng Ma1
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Co-authors: Hao Zeng 2; Jingyi Li 2; Nan Gan 2; Yongyi Peng 2

1 Institute of High Energy Physics
2 IHEP

CorrespondingAuthors: pengyy@ihep.ac.cn, gann@ihep.ac.cn, zengh@ihep.ac.cn, maxp@ihep.ac.cn, jingyili@ihep.ac.cn

HEPS is a new built 6GeV 4th-gen synchrotron radiation light source and under beam commissioning
right now. The phase distribution system includes master oscillator system and phase reference line
system. TheDDS-basedMO generates 499.8MHz and 166.6MHz, then distributes to Linac, booster RF
and storage ring RF, beam station, as well as BI electronics clock around the facility. The 499.8MHz
reference signals are transfered >400m by phase stablized optical fiber and CW lasers. The 499.8MHz
jitter at end point is <36fs(10Hz-1MHz), the phase drift is <120fs(peak-to-peak). The whole reference
frequency/phase generation and distribution system will be introduced.

Timing / 12

Relative Timing Issues and Mitigations in SwissFEL RF System

Author: Zheqiao Geng1

Co-authors: Mario Jurcevic 1; Roger Kalt 1; Waldemar Koprek 1

1 Paul Scherrer Institut

CorrespondingAuthors: zheqiao.geng@psi.ch, waldemar.koprek@psi.ch, mario.jurcevic@psi.ch, roger.kalt@psi.ch

The relative timing between different subsystems of SwissFEL is critical for a fast recovery of oper-
ation after a machine shutdown or a restart of any subsystem. For the LLRF system, deterministic
phase measurements and stable macro-pulse timing w.r.t the trigger are critical for stable beam ac-
celeration with pulsed RF stations. The phase and macro-pulse timing uncertainties are introduced
either by the frequency dividers in the local oscillator and clock generator or the racing conditions
between the trigger and clock. The relative timing between the RF and the Gun laser is another
issue affecting the beam performance. Re-locking the Gun laser to the RF reference may cause the
electron-bunch timing to jump to a different RF bucket, resulting in errors in the RF fields seen by the
beam. Multiple measures have been developed to mitigate these issues, including reference tracking,
trigger-clock race handling, Gun laser bucket detection and correction, and beam-based feedback.
The issues, mitigations, and test results at SwissFEL will be reported in this contribution.

Measurements and Calibration / 13

Beam-based Stability Evaluation in the LINAC of European XFEL

Author: Marie Kristin Czwalinna1

Co-authors: Björn Lautenschlager 1; Holger Schlarb 1; Julien Branlard

1 DESY

CorrespondingAuthors: marie.kristin.czwalinna@desy.de, julien.branlard@desy.de, holger.schlarb@desy.de

The linear accelerator of European XFEL exhibits an outstanding phase and amplitude stability using
state-of-the-art low-Level RF (LLRF) controls in combination with an optical synchroniation system.
The achieved RF field regulation precision is well within design criteria, chosen to reach an electron
bunch arrival time stability on the 10fs rms level. However, the high complexitiy of the vector sumRF
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field regulation and involved subsytems requires a careful monitoring and optimisation of regulation
parameters to keep an optimal operation point. To reach ultra-low arrival time stability to the level
better than 5fs rms, beam-based error signals are integrated into the LLRF control loops for a beam-
based RF field control with >10kHz regulation bandwidth, acting mainly on the amplitude.
We present latest record timing stability values and discuss which external and in-loop disturbances
deteriorate this performance, in order to identify further means of improvement.

Timing / 14

IETS:ThenewAPS Injection-Extraction Timing and Synchroniza-
tion System
Author: H.-Ulrich (Uli) Wienands1

Co-authors: Daniel Paskvan 1; Sharon Farrell 1; Thomas Fors 1; Tim Berenc 1; Timothy Madden 1

1 Argonne National Laboratory

Corresponding Authors: fors@anl.gov, dpaskvan@anl.gov, farrell@anl.gov, berenc@anl.gov, tmadden@anl.gov,
wienands@anl.gov

The new APS storage ring has about 40 cm smaller circumference than the ring it replaced. Con-
sequently, the 6-GeV Booster synchrotron is no longer able to operate at the same rf frequency as
the storage ring. Rather than rebuilding the Booster, a novel synchronization system (IETS) was
developed that dynamically modifies the Booster rf frequency using a cosine-like frequency pro-
gram, thus aiming the bunch in the Booster into any desired rf bucket in the storage ring. While
the storage-ring frequency was raised by about 140 kHz, the PAR accumulator ring remains at its
previous frequency, and the Booster starts synchronous to the PAR but then ramps following the
pre-calculated frequeny program. The IETS system allows to change the Booster rf frequency at
extraction, moving the beam off-momentum and thus allowing reduction of the momentum spread
of the extracted beam. A considerable complication arises from the existing line synchronization of
of the Booster magnet ramp, which causes Booster injection to occur at seemingly random times
relative to the rf. The whole system includes triggering and rf-reference generation. The presenta-
tion will cover theory, development and commissioning of the system that is now in operation at
the APS.

Synchronization / 15

Timing and Synchronization in the LLRF systems of the Fermilab
PIP-II Linac
Author: Philip Varghese1

Co-author: Jeremiah Holzbauer 1

1 Fermi National Accelerator Laboratory

Corresponding Authors: varghese@fnal.gov, jeremiah@fnal.gov

The PIP-II Accelerator is an 800 MeV superconducting Linac in the injection chain of the Fermilab
accelerator complex. The LLRF systems for the 125 cavities which include a few normal conducting
cavities in the warm front-end section, use a variety of LLRF hardware components and sub-systems
that are part of the timing and synchronization system. This includes a master oscillator and phase
averaging reference line, a beam pattern generator to enable beam transfer between non-harmonic
RF systems and beam loading compensation systems synchronized to a start of beam trigger. The
timing signals are based on a 650 MHz clock with manchester encoded event information and data
provided over optical fiber. The timing and synchronization systems and their performance param-
eters will be described here.
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Poster Session II (Measurement and calibration) / 16

Calibration andMeasurement techniques in the LLRF systems of
the Fermilab PIP-II Linac

Author: Philip Varghese1

Co-author: Jeremiah Holzbauer 1

1 Fermi National Accelerator Laboratory

Corresponding Authors: varghese@fnal.gov, jeremiah@fnal.gov

The PIP-II Accelerator is an 800 MeV superconducting Linac in the injection chain of the Fermilab
accelerator complex. The LLRF systems are a based on two different hardware platforms controlling
a variety of cavity types and resonance control systems including temperature, pneumatic and piezzo
tuners. The various calibrations required prior to beam operation include, signal power, gradient,
amplifier characterization, cavity Q measurement and detune constants. Measurements such as
piezzo capacitance, cavity piezo transfer function help in determining tuner health and in devising
microphonics control strategies. These measurement and calibration methods of the PIP-II LLRF
system are discussed here.

Poster Session II (Measurement and calibration) / 17

Phase Noise Cancellation Impact on IQ Measurement Accuracy
in LLRF Systems with Frequency Downconversion

Author: Michel Luong1

Co-authors: Edouard Chazel 1; Fernand Ribeiro 2; Lu Zhao ; Luc Maurice 3; Massamba Diop 2; Olivier Piquet 1;
Rajesh Sreedharan 2

1 Université Paris-Saclay, CEA, Irfu
2 Synchrotron Soleil
3 Unversité Paris-Saclay, CEA, Irfu

CorrespondingAuthors: massamba.diop@synchrotron-soleil.fr, olivier.piquet@cea.fr, edouard.chazel@cea.fr, rajesh.sreedharan@synchrotron-
soleil.fr, lu.zhao@synchrotron-soleil.fr, fernand.ribeiro@synchrotron-soleil.fr, michel.luong@cea.fr, luc.maurice@cea.fr

High performance synchrotron light sources like Soleil2 or Lunex5 require LLRF systems with high
IQ accuracy: typically 0.01° RMS in phase and 1e-4 relative error in amplitude. This accuracy may
be ultimately limited by the phase noise of the reference signal. In most LLRF systems, frequency
downconversion to an IF signal of10 MHz is used before the digital IQ-demodulation. It can be
shown experimentally or based on numerical simulation that the phase noise information is largely
lost when the local signal is produced by mixing the reference RF signal with a spectrally ultrapure
10 MHz-signal. In that usual case, the RF and local signals have almost the same phase noise, which
will cancel out in the downconversion process. Phase noisemeasurements for frequency offsets from
carrier in the range of 3Hz to 1MHz, with a signal analyzer showed up to a factor 4 of reduction in the
phase jitter for the IF signal as compared to the RF signal. Meanwhile, the IQ-demodulation followed
by phase rotations is subjected to other noise or error sources, which lead to an overestimation
of the phase error. The impact of those uncertainties on the operation of an accelerator will be
discussed.

Synchronization / 18
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Timing and synchronization experience and future plans at LNF

Authors: Alessandro Gallo1; Angelo Stella1; Beatrice Serenellini1; Giovanni Franzini1; Luca Piersanti1; Marco
Bellaveglia1; Simone Tocci1

1 Istituto Nazionale di Fisica Nucleare

CorrespondingAuthors: angelo.stella@lnf.infn.it, marco.bellaveglia@lnf.infn.it, alessandro.gallo@lnf.infn.it, luca.piersanti@lnf.infn.it,
giovanni.franzini@lnf.infn.it, beatrice.serenellini@lnf.infn.it, simone.tocci@lnf.infn.it

New experiments and particle accelerator R&D programs at LNF are pushing the requests on beam
stability and reliability towards the limit of the present technology. This drives the study on tim-
ing (event management and trigger distribution, down to ps scale) and synchronization (high fre-
quency reference signal generation and distribution, down to fs scale). This presentation will give
an overview on the challenges that we are facing and on the techniques and methods that we are
adopting to meet the experiments demands. Future plans for new developments and installations
are also reported.

Synchronization / 19

Toward ultra-low timing-jitters for beam-driven plasma acceler-
ators
Author: Riccardo Pompili1

1 Istituto Nazionale di Fisica Nucleare

Corresponding Author: riccardo.pompili@lnf.infn.it

Recent advances of plasma-based accelerators showed the feasibility to generate multi GV/m gra-
dients for ultra-short electron bunches to be used for user-oriented applications. The shot-to-shot
stability of the plasma-accelerated beam is of fundamental importance and represents the last gap
to fill to fully compete with state-of-the-art radio-frequency accelerators. In this context we dis-
cuss the required stability in terms of timing-jitter that is foreseen for the development of a plasma
accelerator facility.

Measurements and Calibration / 20

Recent results and future perspective in the search forAxiondark
matter at LNF
Author: Alessandro D’Elia1

Co-authors: Alessio Rettaroli 1; Alex Stephane Piedjou Komnang 1; Carlo Ligi 1; Claudio Gatti 1; Daniele Di
Gioacchino 1; Giovanni Maccarrone 1; Simone Tocci 1

1 Istituto Nazionale di Fisica Nucleare

CorrespondingAuthors: carlo.ligi@lnf.infn.it, simone.tocci@lnf.infn.it, alex.stephane.piedjoukomnang@lnf.infn.it,
alessio.rettaroli@lnf.infn.it, alessandro.delia@lnf.infn.it, giovanni.maccarrone@lnf.infn.it, daniele.digioacchino@lnf.infn.it,
claudio.gatti@lnf.infn.it

In recent years, we witnessed an increasing interest in the search of light Dark Matter (DM), address-
ing in particular axions. Axion existence would untie the long-standing DM problem. Its cosmolog-
ical evolution and astrophysical constraints indicate a favorable mass range between 1 μeV < ma <
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10 meV.
The axion observation technique is based upon its inverse Primakoff conversion into one photon,
stimulated by a static magnetic field. The elements required to run a haloscope are a strong mag-
netic field, a microwave resonant cavity, an ultra-low noise receiver, a tuning mechanism to control
the frequency of the cavity and dilution cryostat.
We report on the first operation of the new QUAX haloscope located at LNF. The experiment is
conducted using a resonant cavity equipped with a tuning rod mechanism allowing to exclude the
existence of dark matter axions with coupling ga down to 0.861 × 10−13 GeV−1 in the mass window
(36.5241 − 36.5510) μeV [1]. We also report on future development in the haunt for axions showcasing
the features of FLASH, a future experiment that will be host at LNF [2].

[1] A. Rettaroli et al. PRD 2024
[2] D. Alesini et al. Physics of the Dark Universe 2023.

Poster Session I (Synchronization and Timing) / 21

The CEBAF Accelerator MO System Upgrade
Author: Tomasz Plawski1

Co-authors: Brad Cumbia 1; Joshua Settle 1

1 Jefferson Lab

Corresponding Authors: plawski@jlab.org, cumbia@jlab.org, settle@jlab.org

TheCEBAF accelerator at Jefferson Lab relies on precise frequency references distributed throughout
the site. CEBAF’s infrastructure has aged from decades of successful operation, and grounding issues
have made the system susceptible to electromagnetic interference. This weakness is particularly
noticeable during lightning storms. To address this, theMaster Oscillator (MO) systemwas upgraded
by replacing some coaxial lines with modern RF over fiber (RFoF) systems. These fiber-optic links
provide noise immunity and reliability, helping to preserve the integrity of its frequency references
for the accelerator’s LLRF systems. The posterwill explain the specificmodifications to the frequency
distribution system, including the adoption of RF over fiber technology and the implementation
process.

Synchronization / 22

LCLS II precision timing system
Authors: Bo Hong1; Chengcheng Xu1; Junyang Xiang1; Tyler Johnson1; Weaver Matthew1

1 SLAC National Accelerator Lab

CorrespondingAuthors: charliex@slac.stanford.edu, hongbo@slac.stanford.edu, tjohnson@slac.stanford.edu, jun-
yangx@slac.stanford.edu, weaver@slac.stanford.edu

In 2023, LINAC Coherent Light Source II achieved first light, spanning over 5 km from injector to the
experiment hall. The goal of achieving 10fs relative jitter between the experiment laser and the x-ray
led to the development of new systems. We will present the timing system design, architecture, key
commission results and challenges along the way.
The challenge of reference distribution in the harsh environment of the klystron gallery was ad-
dressed by using a multi-drop coaxial cable for the superconducting LINAC and stabilized radio
frequency over fiber systems for the experimental hall. An in-house laser locker synchronizes the
experiment laser to the reference signal, and an S-band beam arrival monitor determines the elec-
tron beam’s correlation against the reference. A star topology optical timing reference is distributed
throughout the soft x-ray experiment hall for synchronization and detection.
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Commission results show a laser-to-x-ray jitter of ~60 fs, a significant improvement over the ~200 fs
jitter of LCLS. Optical phase synchronization is expected to further enhance jitter performance. As
LCLS-II HE progresses, a plan is proposed to enhance the SLAC global timing system to meet the
demands of four new hard x-ray instrument hutches.

Poster Session I (Synchronization and Timing) / 23

LINAC Locking Commissioning and Operation for the Phase Ref-
erence Line Synchronization betweenLCLS-I andLCLS-II at SLAC*

Authors: Bo Hong1; Chengcheng Xu2; Junyang Xiang2; Kukhee Kim1; Larry Ruckman1; Stephanie Fung1; Weaver
Matthew2

1 SLAC National Accelerator Laboratory
2 SLAC National Accelerator Lab

CorrespondingAuthors: charliex@slac.stanford.edu, ruckman@slac.stanford.edu, weaver@slac.stanford.edu, khkim@slac.stanford.edu,
hongbo@slac.stanford.edu, junyangx@slac.stanford.edu, sfung@slac.stanford.edu

Abstract
Since June 2024, LCLS-II has been providing users with an X-ray laser that features a higher repeti-
tion rate and more intensity compared to LCLS-I. This advancement offers users a broader range of
X-ray free electron laser (FEL) options and significantly reduces data collection time. Existing pho-
ton instruments and beam diagnostic systems for LCLS-I must be able to detect the X-rays or electron
beams from both LCLS-I and LCLS-II LINAC, which has different reference systems. Synchroniza-
tion of the phase reference systems between the two machines is essential to achieve this goal. The
LINAC Locking System at SLAC has replaced the LCLS-I stand-alone 476MHzmaster oscillator with
an ultra-low noise frequency synthesis system derived from the LCLS-II 1300 MHz phase reference
signal. Phase initiation is achieved by aligning the timing of the LCLS-I LINAC event generator
(EVG) with the LCLS-II timing pattern generator (TPG) using a common subharmonic frequency.
The new low-noise 476 MHz phase reference is distributed to FACET and the LCLS-I LINAC via the
existing Main Drive Line (MDL). This paper presents the system design architecture and operational
experience of the LINAC Locking System.

Synchronization / 24

All-fiber optical-microwave phase detector for laser-RF synchro-
nization
Author: Hao Zeng1

Co-authors: Jingyi Li 2; Xinpeng Ma 2; Nan Gan 2

1 Institute of high energy physics, Chinese Academy of sciences
2 Institute of High Energy Physics, Chinese Academy of Science

Corresponding Authors: maxp@ihep.ac.cn, jingyili@ihep.ac.cn, gann@ihep.ac.cn, zengh@ihep.ac.cn

To explore the implementation of laser-RF synchronization with femtosecond-level precision and
stability, we proposed and demonstrated a Sagnac loop-based all-fiber optical-microwave phase de-
tector (AFOM-PD). The repetition rate of the reference laser is 29.134 MHz, and its RIN has been
suppressed by 40 dB at 1 Hz offset frequency. A 1.311010 GHz (2.855132 GHz) RF signal was syn-
chronized with integrated RMS timing jitter from 1 Hz to 1 MHz of 18.6 fs (6.0 fs) and long-term
timing drift of 15.8 fs (12.5 fs) over 6 h. The experiments were conducted in a standard laboratory en-
vironment with temperatures ranging from 23℃ to 28℃ and humidity varying between 28% and 33%,
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demonstrating the feasibility and stability of this laser-RF synchronization system under non-ideal
conditions.

Synchronization / 25

Femtosecond Synchronization System for Free ElectronLaser
Authors: Zhichao Chen1; Guorong Wu1; Weiqing Zhang1; Xueming Yang1

1 Dalian Institute of Chemical Physics

CorrespondingAuthors: wugr@dicp.ac.cn, weiqingzhang@dicp.ac.cn, czc@dicp.ac.cn, xmyang@dicp.ac.cn

Free electron laser has the characteristics of extremely high peak brightness, ultra-short pulse and
high coherence, providing unprecedented research opportunity for physics, chemistry, biomedicine,
materials science and energy science.
Large-scale free electron laser and its time-resolved pump-probe experiment requires femtosecond-
level synchronization. Optical and RF synchronization technologies play important roles for large
facilities.
The tasks of the femtosecond synchronization system: To produce a clock reference source with fem-
tosecond level accuracy; 10 fs-level synchronize several hundred clients for Laser, LLRF, Diagnostic,
and Timing system with different requirements (optical/RF reference, frequency, power, accuracy,
etc.). Femtosecond synchronization system is the core system to ensure the free electron laser facil-
ity can work and run stable for a long time.
We built two systems for Dalian Coherent Light Source (DCLS) and Dalian Advanced Light Source
(DALS). Both of them are optical system and work well.
Shenzhen Superconducting Soft-X-ray Free Electron Laser (S³FEL) is a high repetition rate soft-X-ray
super-conducting free-electron laser facility that consists of a 2.5 GeV CW superconducting linear
accelerator and three initial undulator lines, which aims at generating X-Rays between 40 eV and
1 keV at rates up to 1MHz. An optical and RF combined synchronization system is under design-
ing.

Measurements and Calibration / 26

On-lineBeamSynchronousPhaseMeasurementUsingDeepLearn-
ing Models
Author: Lijuan Yang1

Co-authors: Feng Qiu 1; Yuan He 1; rihua zeng 2

1 Institute of Modern Physics, Chinese Academy of Sciences
2 European Spallation Source

CorrespondingAuthors: rihua.zeng@ess.eu, hey@impcas.ac.cn, qiufeng@impcas.ac.cn, yanglijuan@impcas.ac.cn

The traditional method for determining the synchronous phase (SP) of beam typically relies on
“phase scan method”. Despite its high precision and reliability, this method requires a significant
amount of runtime. Processes such as phase drift caused by environmental disturbances or rapid
recovery after cavity faults (such as Quench) necessitate repeated execution of the phase scan pro-
cedure. In modern large-scale accelerator facilities, which often contain dozens or even hundreds
of radio-frequency (RF) cavities, the time-consuming nature of phase scanning severely reduces ma-
chine availability. This fact highlights the necessity of developing online beam information measure-
ment algorithms. Recently, we introduced an AI-based beam information measure model that uses
transient beam loading information as input while simultaneously predicting beam intensity and SP.
This method employs Long Short-TermMemory (LSTM) to extract multi-dimensional RF time-series
signal features and incorporates an attention mechanism to evaluate the weights of RF waveforms
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at different times. The method can work in complex operating conditions such as open-loop, closed-
loop, and with or without cavity detuning, and has higher precision and stronger generalization
capabilities compared to other online calibration method of SP (such as those based on cavity differ-
ential equations or RF beam vector).

Measurements and Calibration / 27

Measurement of Cavity-Loaded Quality Factor in Superconduct-
ingRadio-Frequency SystemswithMismatched Source Impedance

Authors: jinying ma1; Feng Qiu2; Yuan He3; muyuan wang4

1 Institute of Modern Physics, Chinese Academy of Sciences.
2 Institute of Modern Physics, Chinese Academy of Sciences
3 IMP
4 European Spallation Source ERIC

CorrespondingAuthors: muyuan.wang@ess.eu, qiufeng@impcas.ac.cn, majinying@impcas.ac.cn, hey@impcas.ac.cn

Precise measurements of the cavity-loaded quality factor (QL) is crucial for monitoring the perfor-
mance of superconducting radio-frequency (SRF) cavities. The conventional “field decay method”
cannot be used to measure QL accurately when the impedance is mismatched. This can lead to
nonzero forward signals (Vf), which significantly affect the measurement accuracy. To address this
limitation, we developed a modified “field decay method” based on the cavity differential equation,
enabling precise calibration of QL even with impedance mismatch conditions. This method was val-
idated on the SRF cavities of the Chinese ADS Front-End Demo Linac (CAFe) and further tested at
the European Spallation Source (ESS) TS2 facility. TS2 facility which is equipped with a high-power
circulator having an adjustable reflection coefficient, provides increased experimental flexibility for
validating the proposed algorithm. The results confirmed the effectiveness of our approach in accu-
rately calibrating QL under mismatched conditions, demonstrating the practicality and reliability of
the proposed algorithm.

28

The LNF flagship project EuPRAXIA@SPARC_LAB: a novel FEL
radiation source based on a plasma accelerator
Author: Fabio Villa1

1 Istituto Nazionale di Fisica Nucleare

Corresponding Author: fabio.villa@lnf.infn.it

Plasma acceleration is paving the way for new compact accelerators aiming at reducing the scale of
the facilities needed by free electron laser (FEL) or high energy physics by employing accelerating
gradients much larger than conventional RF structures. The EuPRAXIA Design Study is dedicated
to realizing a distributed FEL facility powered by plasma acceleration in the European framework
(it is included in the ESFRI roadmap).

As part of the EuPRAXIA project, Frascati National Laboratories propose hosting a cutting-edge
facility named EuPRAXIA@SPARC_LAB, tailored to meet these specific requirements with a unique
combination of a high-brightness X-band RF linac driving a plasma-accelerator-based FEL. We plan
to realize a FEL in the XUV (3-15 nm) and we are studying the possibility to have a second beamline
beamlines in the VUV (50-150 nm). We are preparing a Technical Design Report, while the building
is in the executive drawing phase.
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We present the status of the new LNF flagship project EuPRAXIA@SPARC_LAB, that will be chal-
lenging for timing and synchronization both on the electron part (for the beam driven plasma accel-
eration) and on the FEL photon part (for the time resolved user experiments).

Poster Session I (Synchronization and Timing) / 30

RFPhaseReferenceDistribution System forRAONHeavy-ionAc-
celerator
Author: Kyungtae Seol1

Co-authors: Doyoon Lee ; Hyungjin Kim ; Kitaek Son ; Sangyoon Bae

1 Institute for Basic Science

CorrespondingAuthors: dylee@ibs.re.kr, hjkim@ibs.re.kr, sybae83@ibs.re.kr, skt1385@ibs.re.kr, ktseol@ibs.re.kr

The heavy-ion accelerator of the Institute for Rare Isotope Science (IRIS) has been developed and
beam commissioning for the low energy superconducting linear accelerator has been performed.
There are three types of SRF cavity, which are 81.25 MHz quarterwave resonator (QWR), 162.5 MHz
half-wave resonator (HWR), 325 MHz single-spoke resonator (SSR). There are 22 QWRs and 102
HWRs in the low-energy superconducting linac (SCL3), and 69 SSR1s and 144 SSR2s in the high-
energy superconducting linac (SCL2). The RF reference distribution system must deliver a phase
reference signals to all low-level RF (LLRF) systems and BPM systems with low phase noise and low
phase drift. The frequencies of RISP linac are 81.25MHz, 162.5MHz and 325MHz, and there are 130
LLRF systems and 60 BPMs respectively for SCL3, and 240 LLRF systems and 70 BPMs for SCL2.
81.25 MHz signal is chosen to the reference frequency, and 1-5/8“rigid coaxial line is installed with
temperature control. This paper describes the design, test results and operation during the beam
commissioning of the low-energy superconducting linac.

Poster Session I (Synchronization and Timing) / 31

Novel phase-averaging reference system for the CiADS facility

Author: Xinghao Ding1

Co-authors: Guirong Huang 1; Zheng Gao 1

1 Institute of Modern Physics, Chinese Academy of Sciences

CorrespondingAuthors: huangguirong@impcas.ac.cn, dingxinghao@impcas.ac.cn, gaozheng@impcas.ac.cn

The China initiative Accelerator Driven System (CiADS) requires a stable phase reference distribu-
tion system (PRDS) to provide low-drift reference signals for over 300 radio-frequency (RF) clients
on its superconducting linac and beam transport lines. PRDS is realized using a coaxial cable that
transmits 162.5 MHz reference signals, and the phase averaging technique will be employed to coun-
teract phase drift caused by changes in the cable length due to temperature variations. To address
the limitations of the traditional phase-averaging solutions due to the presence of reflected signals,
such as standing wave effects, demanding directivity requirements of directional coupler, and diffi-
culties in phase reference line expansion, we propose an improvement based on a bi-line structure
with unidirectional transmission of the reference signal and front-end phase locking. The design of
the PRDS for the CiADS and signal processing in the low level RF system are detailed. The feasibility
of the new scheme is verified by testing a prototype PRDS.
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Timing / 32

RF synchronization and phase recovery using aWhite Rabbit net-
work for the Large Hadron Collider (LHC) at CERN
Author: Arthur Spierer1

Co-authors: Gregoire Hagmann 1; Tristan Gingold 1

1 CERN

Corresponding Author: arthur.spierer@cern.ch

During LHC operations, RF signals are crucial not only for accelerating cavities but also as a clock
for experiments, beam instrumentation and the new Crab cavities. We propose a highly scalable
method for synchronizing RF generation across the LHC complex, enabling automatic phase recov-
ery.
In the upcoming long shutdown (LS3), scheduled in the period 2026-2028, the analog RF distribution
will be replaced by a White Rabbit (WR) network. This network will provide sub-nanosecond clock
synchronization, temperature compensation and the RF over Ethernet (RoE) protocol, which facili-
tates the transmission of Frequency Tuning Words (FTW) and phase information.
In this presentation, we will explore the system architecture and the mechanism used for generating
and recovering the RF phase in distributed nodes.

Timing / 35

High-precision clocks and triggers for longitudinal beam mea-
surements in high energy synchrotrons
Author: Giulia Papotti1

Co-authors: Gregoire Hagmann 1; Heiko Damerau 1

1 CERN

Corresponding Authors: heiko.damerau@cern.ch, giulia.papotti@cern.ch

High energy synchrotrons, like the Super-Proton Synchrotron (SPS) and the Large Hadron Collider
(LHC) at CERN, require high-precision beam synchronous triggers for longitudinal measurements,
e.g. to acquire bunch profiles from awall currentmonitor pickup. The observation triggering scheme
is based on the General Machine Timing (GMT) followed by dedicated trigger units counting the
revolution and RF frequency clocks to allow synchronisation to the exact RF bucket. Combined
with a programmable fine delay, accurate triggers can be placed at any azimuthal position with a
resolution of about 20 ps. The SPS installation is described in detail, including its additional flexibility
for measurements at injection, extraction and bunch rotation. The performance and limitations of
such an implementation are analysed in terms of jitter with respect to the beam, delay variation due
to cable lengths between the clock generation and acquisition with a sweeping revolution frequency.
Such varying delays can be compensated with the White Rabbit (WR) technology, and highlights
from the recent upgrade in the SPS are presented.

Poster Session I (Synchronization and Timing) / 37

HL-LHCRFdistribution overWhite-Rabbit, theWR2RFand eRTM
modules
Author: Gregoire Hagmann1
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Co-authors: Arthur Spierer 1; Audrey Goujon 1; Philippa Hazell 1

1 CERN

CorrespondingAuthors: audrey.goujon@cern.ch, philippa.kay.hazell@cern.ch, arthur.spierer@cern.ch, gregoire.hagmann@cern.ch

The Hi-luminosity Large Hadron Synchrotron (HL-LHC) is an upgrade of the LHC which aims to
increase the instantaneous luminosity by 5 to 7.5-fold with respect to the LHC nominal value. During
LS3 (2026-2028), Super-conducting crab-cavities will be installed around the ATLAS (point1) and
CMS (point 5) experiments which are located several kilometres away from the existing main RF
system (point 4). The RF signal distribution for RF users (Experiments, Beam-Instrumentation) will
also be upgraded, with use of WR2RF modules, on the RF user side. The crab-cavities LLRF and
WR2RF module are synchronized to the main RF system through a White-Rabbit (WR) network.
The WR network is used for both clocks and RF synchronization between RF stations. The LLRF
electronics is using fixed frequency sampling and processing clocks, and the clocks are reconstructed
locally from the WR data stream and a low noise PLL.
The plans of the RF distribution, clock generation and the main hardware modules involved will be
presented with results from prototype tests.

Measurements and Calibration / 38

Beam-based gradient calibration at FLASH and EuXFEL
Author: Julien BranlardNone

Co-authors: Christian Schmidt 1; Holger Schlarb 1; Marco Diomede 1; Mariusz Grecki 1; Nicholas John Walker 1;
Sven Pfeiffer 1; Valeri Ayvazyan 1

1 DESY

CorrespondingAuthors: julien.branlard@desy.de, holger.schlarb@desy.de, sven.pfeiffer@desy.de, marco.diomede@desy.de,
mariusz.grecki@desy.de

Based on beam-induced transients observed in open loop, cavity gradients are routinely calibrated
at the FLASH and European XFEL accelerators. The method used to perform this beam-based cali-
bration, its accuracy and limitation are presented. The tools developed over the years to support and
automate this task are also presented.

Poster Session I (Synchronization and Timing) / 39

Picosecond Timing System Based on White Rabbit for Scientific
Facilities
Authors: Javier Benavides Caro1; Juan Salvador Fernández Prat2

1 Safran Electronic & Defense S.L.
2 Safran Electronic & Defense Spain S. L.

CorrespondingAuthors: javier.benavides@nav-timing.safrangroup.com, juan.fernandez@nav-timing.safrangroup.com

The timing system is a crucial component in scientific facilities like particle accelerators and laser
ignition installations. It ensures that all subsystems within these facilities share a common time
reference, enabling coherent operation and accurate tracking of events throughout the machine’s
operation. Additionally, the timing system generates discrete triggering events and periodic sig-
nals required by various subsystems and can also be used for radiofrequency distribution across the
facility.
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This work presents the architecture of a timing system under development by Safran Electronic &
Defense Spain SLU, which is based on White Rabbit technology for the distribution of synchronized
triggers. The design and implementation of the hardware, which is FPGA-based, will be discussed
in detail.

The timing system offers complete configurability of triggering parameters, including direction,
pulse count, pulse rate, pulse period, and delay, with a resolution on the order of 5 picoseconds.
White Rabbit technology provides sub-nanosecond accuracy and picosecond precision, along with
features such as automatic link calibration. The performance metrics achieved by this system will
be highlighted in this work.

Poster Session II (Measurement and calibration) / 40

Status of the development of the new digital LLRF for ALBA Syn-
chrotron Light facility
Authors: Javier Benavides Caro1; Juan Salvador Fernández Prat2

1 Safran Electronic & Defense S.L.
2 Safran Electronic & Defense Spain S. L.

CorrespondingAuthors: juan.fernandez@nav-timing.safrangroup.com, javier.benavides@nav-timing.safrangroup.com

The Low-Level Radio Frequency (LLRF) system is a critical component in the control infrastructure
of any synchrotron, responsible for generating and maintaining a stable electric field within the
accelerator cavities by precisely controlling both amplitude and phase.

Safran Electronic & Defense Spain S.L.U. is currently engaged in the development of a new digi-
tal LLRF system to upgrade the existing infrastructure at the ALBA Synchrotron Light Source in
Barcelona. This project is being executed in accordance with ALBA’s technical specifications and
will integrate with the ALBA LLRF firmware. On-site testing of the 500 MHz version is anticipated
by end of 2024, with the 1.5 GHz third harmonic version scheduled for testing in the first quarter of
2025.

This work will cover the architecture, design, development, and performance evaluation of the LLRF
system.

Poster Session II (Measurement and calibration) / 41

Integration of aDigital PLL in LLRF Systems forAdvancedCavity
Characterization
Authors: Juan Salvador Fernández Prat1; Javier Benavides Caro2

1 Safran Electronic & Defense Spain S. L.
2 Safran Electronic & Defense S.L.

CorrespondingAuthors: juan.fernandez@nav-timing.safrangroup.com, javier.benavides@nav-timing.safrangroup.com

The Low-Level Radio Frequency (LLRF) system is a vital subsystem in particle accelerator facilities,
tasked with generating and maintaining a stable electric field within accelerator cavities by precisely
controlling both amplitude and phase. As facilities transition from legacy analogue LLRF systems
to modern digital counterparts, the enhanced computational power of current Field-Programmable
Gate Arrays (FPGAs) presents opportunities to introduce new, sophisticated functionalities.
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In this work, we explore the design and implementation of a fully digital Phase-Locked Loop (PLL)
integrated within the LLRF system. This digital PLL is capable of automatically tracking the res-
onant frequency of the accelerator cavities, ensuring that the system continuously adapts to any
deviations from the nominal resonant frequency. Moreover, this feature extends beyond simple fre-
quency monitoring; it can also be leveraged for detailed characterization of the magnitude response
of the cavity.

The implementation details and performance evaluation of this digital PLL feature will be thoroughly
discussed in this work.

Poster Session I (Synchronization and Timing) / 42

Beam Synchronous for the Rest of Us!
Author: Evan Milton1

1 Fermilab

Corresponding Author: emilton@fnal.gov

Fermilab’s Tevatron Clock (TCLK) infrastructure has been an integral part of the accelerator control
network since the 1980’s. This 10MHz Manchester encoded protocol has enabled flexible, real-time
event distribution for thousands of devices connected to the timing network with a high degree of
reliability.

Forthcoming upgrades to the Fermilab complex (PIP-II, LBNF, ACORN) necessitate higher levels of
precision to maintain inter-bunch timing for Instrumentation and Control purposes. This presents
as an opportunity to refine the event distribution protocol for tighter synchronization between ma-
chines, experiments, and eventually far-site operations.

This paper outlines a method by which beam-synchronous events may be distributed through asyn-
chronous serial protocols via integration with local LLRF and global PPS reference signals. This
method is ideal for synchrotron machines with aggressive frequency sweeps (such as Fermilab’s
38~53MHz Booster) and allows for precision timing to be maintained across machines without spe-
cialized hardware.

Timing / 43

White Rabbit application at KEK
Author: Hiroshi Kaji1

Co-authors: Antoine BACK 2; Aurélien Martens 2; Daniel Charlet 2; Takaaki Yamaguchi 1; Tetsuya Kobayashi
1

1 KEK
2 IJCLab

Corresponding Author: hiroshi.kaji@kek.jp

White Rabbit is one of the major timing systems for large-scale accelerators. It precisely synchro-
nizes the FPGA clock of distant hardware modules by its deterministic network protocol. In addition
to the timing signal delivery, the fruitful functions that enhance the accelerator operation are pro-
vided by this function. The R&D and
application of White Rabbit is an important issue for future accelerator
projects.
We report on the activities of White Rabbit R&D at KEK.The distributed TDC system was developed
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and applied to the SuperKEKB accelerator. This system is configured with the SPEC (Simple PCIe
Carrier) board which is commercially available. Besides, the feasibility test of the IDROGEN board
which has been recently developed at IJCLab is reported. After briefly introducing the IDROGEN
specification, the sideband noise level and the accuracy of synchronization of the FPGA clock be-
tween the optically connected
distant modules are shown.

44

Phase and Amplitude Noise Measurements: Fundamentals and
Best Practices
Author: Maximilian Schütte1

Co-authors: Matthias Hoffmann 1; Uros Mavric 1; Heinrich Pryschelski 1; Frank Ludwig 1; Sebastian Schulz 1;
Holger Schlarb 2

1 Deutsches Elektronen-Synchrotron (DESY)
2 DESY

CorrespondingAuthors: uros.mavric@desy.de, maximilian.schuette@desy.de, sebastian.schulz@desy.de, holger.schlarb@desy.de,
frank.ludwig@desy.de, heinrich.pryschelski@desy.de, matthias.hoffmann@desy.de

Accurate phase and amplitude noise measurements are substantial for the advancement of, and aca-
demic exchange on low-level RF, (laser) timing synchronization and timing diagnostic systems. How-
ever, the notion of phase, timing and amplitude noise, and their various representations can be quite
overwhelming for scientists and newcomers to the field without a deep background in electrical
engineering and statistics. This, in turn, easily can lead to misunderstandings and can also quickly
cause falsification of gathered results due to incorrect measurement setups or inaccurate mathemati-
cal processing of collected data. We aim to aid good scientific practice by providing an essential and
concise introduction to the art of PM and AM noise measurements, introducing the mathematical
foundations that link time domain data and power spectral density estimations, the units involved,
as well as standard representation of noise plots. We discuss the operation, settings, and limitations
of industry standard phase noise analyzers and common pitfalls in measurement setups for RF and
optical systems, covering oscillator stability as well as timing link stability. The discussion also ex-
tends to baseband measurements using custom, external timing detectors such as balanced optical
cross-correlators.

Poster Session II (Measurement and calibration) / 45

Beam-Based Voltage Calibration for Double-Harmonic RF Sys-
tems in the CERN Super Proton Synchrotron
Author: Leandro Intelisano1

Co-authors: DaniloQuartullo ; Giulia Papotti 1; Heiko Damerau 1

1 CERN

CorrespondingAuthors: heiko.damerau@cern.ch, giulia.papotti@cern.ch, quartuld@lnf.infn.it, leandro.intelisano@cern.ch

Accurate knowledge of the voltage and phase in an RF cavity gap is essential to preserve beam
quality and to achieve efficient, precise real-time correction with LLRF feedback. Voltage calibra-
tion using longitudinal phase-space tomography is a well-established beam-based technique that
has demonstrated remarkable precision in determining the RF voltage experienced by a particle
bunch. In a double-harmonic RF system, beam-based voltage calibration involves minimizing a four-
dimensional parameter space that depends on the phase-voltage parameters of both RF systems. This
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process can be computationally challenging, and it is often more practical to perform a sequence of
two-parameter voltage measurements, referencing the higher-order cavity system with respect to
the main one. The Super Proton Synchrotron (SPS) at CERN is equipped with 200 MHz and 800 MHz
cavity systems, that operate in phase at the bunch position for a non-accelerating bucket. In this
context, the latest beam-based voltage calibration campaign conducted in the SPS will be presented,
comparing different approaches.

Poster Session I (Synchronization and Timing) / 46

Control &Monitoring Software for Fibre Optic Link Stabilization

Author: Patrick Sterling1

Co-authors: Alexander Aiken 1; Edward Snedden 2; James Henderson 1

1 STFC UKRI
2 STFC Daresbury Laboratory

CorrespondingAuthors: alexander.aiken@stfc.ac.uk, patrick.sterling@stfc.ac.uk, edward.snedden@stfc.ac.uk

The CLARA Accelerator at Daresbury Laboratory requires timing information to be distributed to
locations up to 100m apart with femtosecond accuracy. This information is delivered as laser pulses
via 6 stabilized fibre optic links. Each link uses 3 main subsystems which condition and modify the
laser pulses: a piezoelectric fibre stretcher provides closed loop length stabilization to compensate for
timing jitter (up to ~5kHz) and drift produced along the transmission fibre; a motorized optical delay
stage is used for calibration and to prevent saturation of the fibre stretcher; and an amplification stage
is used to maintain sufficient signal strength (~10mW) through the link. Each of these components
requires software control, however code that was previously used was fragmented, basic and not
suited to use for multiple links simultaneously.
We have developed a new single piece of software to control andmonitor these systems concurrently.
As CLARA is transitioning to user operations, this software needs to have high reliability, operating
24/7 with minimal intervention. To facilitate commissioning of the systems, it will also automate
calibration procedures. This poster presents an outline of the requirements; tools and techniques
used to develop the software; and discussion of testing performed to date.

Synchronization / 47

Optical Synchronisation Systems for the CLARA facility
Authors: Alexander Aiken1; Edward Snedden2; James Henderson1; Patrick Sterling3

1 STFC UKRI
2 STFC Daresbury Laboratory
3 Science & Technology Facilities Council

CorrespondingAuthors: patrick.sterling@stfc.ac.uk, alexander.aiken@stfc.ac.uk, edward.snedden@stfc.ac.uk

The Compact Linear Accelerator for Research and Applications (CLARA) is a 250 MeV ultrabright
beam test facility at STFC Daresbury Laboratory. Originally conceived as a free electron laser test
facility, timing is based on an actively stabilised optical timing architecture, incorporating opto-
electronic systems for beam arrival diagnostics and laser/RF client synchronisation. The facility is
undergoing commissioning in preparation for user exploitation, scheduled to begin mid-2025, which
includes plans for combined laser-electron beam experiments with strict demands on synchronisa-
tion. We report the status of the CLARA facility, focussing on the development and installation of
systems for timing and synchronisation, and provide an outlook towards the start of user opera-
tions.
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Poster Session I (Synchronization and Timing) / 48

Coherent Electron Cooling (CeC) - Timing and Synchronization

Author: Samson Mai1

Co-authors: Freddy Severino 1; Geetha Narayan 1; Kevin Mernick 1; Michael McCooey 1

1 Brookhaven National Laboratory

CorrespondingAuthors: mmccooey@bnl.gov, kmernick@bnl.gov, smai@bnl.gov, gnarayan@bnl.gov, severino@bnl.gov

Coherent Electron Cooling Proof-of-Principle (CeC PoP) is an experimental accelerator system cur-
rently commissioned at Brookhaven National Laboratory (BNL). The purpose is to demonstrate
cooling of a single hadron bunch circulating in the relativistic heavy ion collider (RHIC) with co-
propagating electron beam. To support CeC operation, FPGA based LLRFControllers provide system
controls, monitoring, RF references and instrumentation timing signals. Synchronization between
the Laser source, photocathode electron gun, buncher and SRF accelerator cavity is achieved by
broadcasting revolution frequency and resets to each LLRF controller through a high-speed fiber
link. CeC is one of the essential techniques being studied for high energy strong hadron cooling, to
increase the integrated luminosity goal of the future Electron-Ion Collider (EIC) at BNL.

Poster Session II (Measurement and calibration) / 49

Mitigation for a shorted cavity probe at EuXFEL
Author: Marco Diomede1

Co-authors: Björn Lautenschlager 1; Christian Schmidt 1; Denis Kostin 1; Julien Branlard 1; Mariusz Grecki 1;
Nicholas John Walker 1; Uros Mavric 1; Valeri Ayvazyan 1

1 DESY

Corresponding Authors: julien.branlard@desy.de, mariusz.grecki@desy.de, marco.diomede@desy.de

Since the commissioning of the EuXFEL free electron laser, one of the 784 superconducting cavities of
the linac has a short circuit at the probe connector. For this reason, its signal cannot be used for field
regulation. Instead, the signal coming from a high order mode (HOM) coupler antenna is included in
the vector sum regulation. This cavity shows a direct impact on the beam arrival time profile along
the bunch train. In this work, limitations and operational solutions are described.

Synchronization / 50

Reliable, Optically Augmented RF Reference Distribution with
Femtosecond Stability
Authors: Maximilian Schütte1; Thorsten Lamb1

Co-authors: Frank Ludwig 1; Heinrich Pryschelski 1; Holger Schlarb 2; Sebastian Schulz 1

1 Deutsches Elektronen-Synchrotron (DESY)
2 DESY

Corresponding Authors: maximilian.schuette@desy.de, frank.ludwig@desy.de, sebastian.schulz@desy.de, hein-
rich.pryschelski@desy.de, thorsten.lamb@desy.de, holger.schlarb@desy.de
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State of the art Free Electron Lasers have rigorous electron beam stability requirements. To fulfill
these requirements the low-level RF systems rely on a phase stable RF reference. Classical coaxial
RF distribution systems have low complexity and thus offer excellent reliability and also a good
short-term performance. However, their long-term stability does not meet today’s requirements
of large-scale FELs. Optical reference distribution methods offer significantly superior long-term
stability but are also more expensive and complex to implement and maintain. Our optically aug-
mented RF distribution system features drift compensation of the RF signal at the client with respect
to a drift-free optical reference signal. The key component of the RF re-synchronization module is
an opto-electrical phase detector based on a commercial Mach-Zehnder based amplitude modula-
tor - for which we show few femtosecond long-term stability. Our augmented system offers the
advantages of a coaxial RF distribution system while providing the femtosecond stability of a pulsed
optical synchronization system to those clients with a high stability requirement. We present the
topological advantages of an augmented RF distribution in terms of reliability, scalability, costs, and
performance.

Poster Session II (Measurement and calibration) / 51

Influence of environmental parameters on calibration drift in su-
perconducting RF cavities
Author: Yue Sun1

Co-authors: Andrea Bellandi 1; Annika Eichler 2; Bozo Richter ; Christian Schmidt 3; Holger Schlarb 3; Julien
Branlard

1 Deutsches Elektronen-Synchrotron DESY
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holger.schlarb@desy.de, bozo.richter@desy.de

Precisely calibrating RF superconducting radio-frequency linear accelerators is crucial for accurately
assessing cavity bandwidth and detuning, which provides valuable insights into cavity performance,
facilitates optimal accelerator operation, and enables effective fault detection and diagnosis. In prac-
tice, however, calibration of RF signals can present several challenges, with calibration drift being a
significant issue, especially in settings prone to humidity and temperature fluctuations. In this study,
we delve into the effect of environmental factors on the calibration drift of superconducting RF cavi-
ties. Specifically, we examine long-term calibration drifts and explore how environmental variables
such as humidity, temperature, and environmental noise affect this phenomenon. The results show
that environmental factors, particularly relative humidity, significantly influence calibration drifts.
We also examine the distribution of temperature and humidity throughout the linear accelerator and
their correlations with specific locations, providing both a global and localized understanding of en-
vironmental impacts. This insight aids in developing targeted solutions for specific segments of the
accelerator. Finally, by analyzing the correlation between the environmental factors and calibration
drift, appropriate compensation algorithms can be designed to mitigate and eliminate these effects,
thus optimizing calibration accuracy and stability.

Poster Session I (Synchronization and Timing) / 52

Characterization and Improvement of Phase Noise in the RHIC
197 MHz RF System
Authors: Freddy Severino1; Geetha Narayan1; Kevin Mernick1; Michael McCooey1; Samson Mai1

1 Brookhaven National Laboratory
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TheRelativistic Heavy IonCollider (RHIC) is a high energy collider currently in operation at Brookhaven
National Lab that collides both proton beams and heavy ion beams at energies of up to 250 GeV. The
use of a low phase noise RF system is important to the operation of the collider, as phase noise will
cause beam emittance growth as beam is circulated and collisions occur. In an effort to reduce the
phase noise seen by the beam, an ultra-low phase noise source consisting of a DAC being clocked
by an ultra-quiet 2 GHz clock was developed and tested for RHIC’s 197 MHz RF systems. Using this
source, the current High Level RF system’s phase noise performance was characterized. This source
optimized noise performance at high frequency offsets, while the current RF system is optimized for
low frequency offsets. It will have applications in the future Electron-Ion Collider Crab Cavities, as
wideband noise is critical in limiting the transverse emittance growth of the beam.

Measurements and Calibration / 53

Measurements of the PSB LLRF multi-harmonic beam loading
compensation system.

Author: Mariangela MarchiNone

Co-authors: Diego Barrientos ; Marco Niccolini ; Simon Albright

CorrespondingAuthors: diego.barrientos@cern.ch, simon.albright@cern.ch, mariangela.marchi@cern.ch, marco.niccolini@cern.ch

The Proton Synchrotron Booster (PSB) produces a variety of proton beams covering a very large
longitudinal parameter space, which are accelerated up to 2 GeV. This low-energy regime requires a
significant frequency sweep of the RF system. Finemet-based cavities provide this large frequency
range without the need of a tuning loop, but they introduce a significant longitudinal broadband
impedance. An ensemble of digital feedback loops therefore compensates the beam-induced voltage
at the revolution frequency harmonics. This contribution focuses on measurement techniques used
to precisely characterise the signal processing of these loops. First comparisons with beam-based
measurements of the transient and steady-state response of the full system are presented. These
measurements contribute to a detailed understanding of the LLRF system, necessary to accurately
model its behaviour. Moreover possible improvements to the cavity voltage amplitude and phase
calibrations in the presence of strong beam loading are highlighted.

Poster Session I (Synchronization and Timing) / 54

PIP-II Clock and Timing
Author: Mark Austin1

Co-authors: Daniel Mcarthur 1; Gregory Vogel 1

1 Fermi National Accelerator Laboratory

Corresponding Authors: mcarthur@fnal.gov, maustin@fnal.gov

The PIP-II timing system is planned to be a two part system consisting of a global timing system
(referred to as ACLK) that provides high level, event based timing for the whole Fermilab accelerator
complex while the second part is a RF synchronized clock system unique to the PIP-II Linac itself
(referred to as LCLK). The ACLK System will make use of an external 10 MHz GPS based signal
source as a reference for its 650 MHz phase lock as it is the reference frequency for the TCLK output
of the system (needed to support legacy hardware around complex). The LCLK System will use a
PIP-II Linac RF reference (162.5 MHz) from the Linac LLRF system to allow beam synchronized event
placement. Both the ACLK and LCLK systems will have a clock output with a data frame of 16 event
bits + 32 data bits with frames broadcast at 650 MHz, phase locked to the 10MHz reference in the
case of ACLK and the PIP-II LLRF sourced 162.5 MHz reference in the case of LCLK.
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APS-Upgrade Storage Ring RF Noise Reduction for Beam Stabil-
ity
Author: Tim Berenc1
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1 Argonne National Laboratory
2 Cutting Edge Communications, LLC

Corresponding Authors: borland@anl.gov, berenc@anl.gov, yaweiyang@anl.gov, breeding356@gmail.com, sa-
jaev@anl.gov, tmadden@anl.gov

The new Advanced Photon Source Upgrade (APS-U) storage ring is now operating and x-ray beam-
lines are coming back online. Targeted suppression of 60-Hz-harmonic-related rf amplitude and
phase noise from megawatt-class klystrons has played a role in achieving orbit stability at the mi-
cron level and reducing beam energy fluctuations. Measurements of beam stability are made from an
analysis of synchronous beam position monitor data available from the APS-U fast data acquisition
(DAQ) system. The design and tuning of the noise suppression system is presented along with its
improvement to beam stability.

• Work supported by U. S. Department of Energy, Office of Science, under Contract No. DE-AC02-
06CH11357
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An Overview: Reference Distribution and Synchronization Sys-
tems, from Sub-picoseconds to Sub-femtoseconds Stability
Authors: Frank Ludwig1; Holger Schlarb2; Marie Kristin Czwalinna2; Sebastian Schulz1

1 Deutsches Elektronen-Synchrotron (DESY)
2 DESY

Corresponding Authors: holger.schlarb@desy.de, sebastian.schulz@desy.de, marie.kristin.czwalinna@desy.de,
frank.ludwig@desy.de

Distribution systems are used to provide reference frequencies from a common source to all phase-
critical clients at an accelerator. To precisely synchronize remote RF and optical oscillators to the
common clock, a combination of phase-stabilized links and phase-locked loops with optimized band-
width and locking parameters are implemented. A pre-requisite to reach the required phase-stability,
is the availability of drift-free phase-detectors with sufficient resolution.
When selecting for a type of reference distribution and synchronization systems, various aspects
need to be considered; among those the ultimately required time stability, the scale of the facility
and the predominant sources of disturbances. Phase-critical sub-systems at an accelerator are sus-
ceptible for noise occurring in various frequency bands from megahertz to millihertz, from sources
such as intrinsic noise of electronics and materials, vibrations and environmental conditions.
We present an overview of selected developments for RF and optical synchronization systems, suited
for stability requirements in the several 10 fs to sub-fs regime.
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Recent Experience in theOperation of FLASH2020+RFReference
Generation System
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The redesigned RF reference generation and distribution system at FLASH was installed in 2022.
The upgrade is based on a European-XFEL-based Main Oscillator (FL-MO1300), Frequency Conver-
sion (FL-FCM), and RF Distribution (FL-DISM) modules. The main 1.3 GHz RF reference signal is
synthesized in FL-MO1300, and the remaining signal frequencies are synthesized in FL-FCM and
synchronized to the main 1.3 GHz reference. All reference signals are distributed via the FL-DISM.
All the modules provide live monitoring of most RF signals and diagnostic information via the DESY
DOOCS system. The contribution presents the recent operation experience of the upgraded RF ref-
erence system at FLASH, including long-term logged parameters, like main oscillator stability, dis-
tribution output power level, and the system modules’temperature stability.
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Data-drivenModel PredictiveController for SRFCavityResonance
Control
Authors: Faya Wang1; Jorge Diaz2

1 University of Science and Technology of China
2 SLAC

Corresponding Authors: fayawang@ustc.edu.cn, dejorge@slac.stanford.edu

For advanced high-Q SRF linacs like LCLS-II, precise cavity resonance control is crucial for ensur-
ing stable operations. Inadequate control can lead to a significant increase in RF power demands,
escalating both operational and capital expenses due to the need for additional RF power sources.
To address this challenge, we have developed an innovative data-driven model predictive controller
that incorporates a highly efficient surrogate model. This model is designed to manage the complex
dynamics of cavities affected by microphonics and nonlinear Lorentz forces. Its efficacy has been
thoroughly validated with real SRF cavities at SLAC. The MPC is implemented in a soft processor
and is currently being integrated into the resonance control of an LCLS-II LLRF-like system. This
foundational work paves the way for extending the model to broader motion control applications
where extremely low-tolerance vibration control is essential. In this paper, we will showcase the
model and share the latest test results

Poster Session I (Synchronization and Timing) / 59

Report on the Development of a Real-time Redundancy Subsys-
tem for the Master Oscillator of the European XFEL
Author: Bartosz Gąsowski1
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We present recent advancements in the development of the real-time redundancy subsystem for the
Master Oscillator of the European XFEL. This system improves upon the usual method of manually
switching to a hot-spare in the event of a failure in the main source. Its primary objective is to main-
tain uninterrupted operation of the facility by minimizing the impact of potential Master Oscillator
failures. By combining continuous monitoring, low-latency switching, and synchronization, the sys-
tem ensures that failures result in only a brief and minor disturbance instead of a complete loss of a
usable signal. As a result, little influence on the downstream systems is expected. We provide exam-
ples of the system’s operation under laboratory conditions, summarize the achieved performance,
discuss encountered issues, and outline further plans.

Synchronization / 60

Performance Evaluation of the ESS Phase Reference Line
Author: Krzysztof Czuba1

Co-authors: Anirban Krishna Bhattacharyya 2; Dominik Sikora 3; Morten Jensen 2; Paweł Jatczak 3

1 Warsaw University of Technology
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The Phase Reference Line (PRL) of the European Spallation Source (ESS) is a passive system based on
a single 1-5/8”coaxial rigid line installed at the tunnel ceiling above the beamline. It is supported by
temperature and gas pressure control systems with active electronics installed in the ESS Klystron
Gallery Hall. The length of the PRL is around 580 meters. The system is temperature stabilized (+/-
0.1 deg C) and includes an inner-line gas pressure stabilization to assure synchronization accuracy.
The PRL was designed to distribute 352 MHz and 704 MHz reference frequencies from a Master
Oscillator to 56 tap points in the tunnel. Each tap point has several (3 or 6) signal outputs, giving 294
of the total output number. The systemwas installed, and the long-term phase drift performance was
tested. This contribution covers the summary of the PRL project, including the recent performance
test results.

Timing / 61

White Rabbit: status and plans of the technology and the com-
munity around it
Author: Javier Serrano1

1 CERN

Corresponding Author: javier.serrano@cern.ch

White Rabbit (WR) is an open-source (hardware, gateware, firmware and software) technology de-
veloped by a community of contributors including laboratories, universities, national metrology in-
stitutes and companies. After its standardisation as part of IEEE-1588 (PTP, Precision Time Protocol),
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it has seen significant uptake well beyond its initial scope of big scientific facilities. WR is now used
in domains as diverse as particle accelerators, telescopes, financial institutions, national time dissem-
ination and telecom.
After a short introduction to the technology and the WR community, we will describe the newly-
created WR Collaboration, which aims at ensuring the sustainability of the project and providing
good guaranteed support to users and developers of the fundamental building blocks of WR: theWR
switch and theWR PTP core, as well as maintaining these two key open-source components in good
health.
We will also describe the technological evolution of WR, including future plans, and fundamental
performance limits arising from the use of Field-Programmable Gate Array (FPGA) technology for
I/O and phase measurement.
We will conclude with a list of topics for further discussion, where potential collaboration with LLRF
teams could result in making WR more useful in accelerators and beyond.
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Preliminary Design of Low Noise and High-Gain Feedback for
EIC Crab Cavities
Author: Freddy Severino1
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The Electron-Ion Collider (EIC), a decade-long project at Brookhaven National Laboratory (BNL)
funded by the Department of Energy (DOE), aims to design and build a facility for colliding polar-
ized high-energy electron beams with polarized proton and heavy ion beams. The EICwill operate at
center-of-mass energies between 20 GeV and 140 GeV and achieve luminosities up to 1034 cm-2s-1.
This collaborative effort between BNL and theThomas Jefferson National Accelerator Facility (Jeffer-
son Lab, JLAB) will use crab cavities to compensate for a 25 mrad crossing angle, therebymaximizing
luminosity. These crab cavities require ultra-low noise RF field control to prevent transverse emit-
tance growth. Additionally, the low-level RF (LLRF) system must integrate very low noise perfor-
mance with high-gain feedback to effectively reduce cavity impedance. We will present preliminary
design work on an ultra-low noise LLRF system with high-gain feedback, specifically developed for
the EIC crab cavities.
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Improving long-term stability and 1/f amplitudenoise using pilot-
tone compensation technique in Beam Position Monitors
Author: Gabriele Brajnik1
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In this contribution, we describe the advantages of the pilot tone compensation technique that we
have implemented in a new BPM system for Elettra 2.0. The injection of a fixed reference tone up-
stream of the cables allows for a continuous calibration of the system, compensating for the different
behaviour of each channel due to thermal drifts, variations in cable characteristics, mismatches and
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components tolerances. Moreover, this approach also reduces the 1/f amplitude noise introduced
by the ADCs. Our results show a dramatic improvement over calculated positions, both in terms of
long-term stability (slow data with low bandwidth), and noise performance on fast data (10 kHz to
1 MHz data rate), reaching sub-micrometer accuracy over a 24-hour time window, and RMS noise
below 100 nm, on a scale factor of 10 mm with 10 kHz data rate.

69

The Einstein Telescope Timing issues: picosecond resolution for
a billion years journey back in time
Author: Riccardo Travaglini1

1 Istituto Nazionale di Fisica Nucleare

Corresponding Author: riccardo.travaglini@bo.infn.it

The Einstein Telescope (ET) project is the research infrastructure to host the future European gravi-
tational wave detector and Italy is a candidate to host it in Sardinia. It is a large underground facility
for a third-generation gravitational wave detector, which will be able to observe a volume of the uni-
verse about one thousand times larger than current instruments. It is considered a flagship project
at the international level and it was included in the Roadmap 2021developed by ESFRI.

Italy’s candidacy is supported by the Italian government and it is scientifically coordinated by the
INFN (the Italian National Institute for Nuclear Physics) through the ETIC project, funded by the
Next Generation EU, with two main objectives: carry out a feasibility and analysis study of the
Italian candidate site and establish a national network of R&D laboratories.

The ET will face peculiar challenges for data acquisition, synchronization and control systems; sev-
eral R&D projects are already started in order to identify and test solutions and technologies.
This presentation will give an overview of the ET project, highlighting both scientific goals and tech-
nological aspects, thenwill focus on timing and synchronization aspects, exploring possible common
points or interests with the community of this workshop.
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Welcome of the LNF Director
Corresponding Author: paola.gianotti@lnf.infn.it
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LOC Announcements
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Round Table Discussion
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Closing Remarks
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Basics of RF Reference Signal Generation and Synchronization
Systems
Author: Krzysztof Czuba1

1 Warsaw University of Technology

Corresponding Author: krzysztof.czuba@pw.edu.pl

This contribution, planned as a sort of short summary/tutorial, will cover the basics of RF synchro-
nization, starting with theoretical definitions and an attempt to put together and organize concepts
and names frequently confused by various people. Items such as the definition of synchroniza-
tion systems and their accuracy measures will be discussed, followed by sources of instabilities and
methods of achieving required precision. The concept of phase drifts and noise will be introduced,
followed by basic phenomena influencing these measures in practical systems. Various methods of
signal generation and distribution will be shown, including representative examples of passive and
active, as well as RF cable and optical fiber-based systems.

Synchronization / 78

Optical technologies for generatingmicrowaves, time and frequency
distribution and synchronization
Author: Ronald Holzwarth1

1 Menlo Systems GmbH

Corresponding Author: r.holzwarth@menlosystems.com

With the invention of the frequency comb two decades ago it became possible to easily (and phase
coherently) switch between radio and microwave frequencies in the GHz to 10s of GHz range and
optical frequencies in the range of several 100 THz.
The much faster oscillations of optical frequencies give us a few orders of magnitude advantage
whenever it comes to interferometric stabilization.

Frequency combs also enable the use of optical references in the GHz domain by optical down con-
version, i.e. dividing the very stable output of optical cavities with relative stabilities in the 10−15

or even 10−16 range into the GHz range. With this technique we have generated a world record
breaking 10 GHz signal with -173 dBc at 10 kHz from the carrier.

By using the phase information of an optical wave we have transmitted a frequency reference with
better than 10−19 relative accurcay over a distance of 1920km. Using the same technique of optical
carrier phase comparision, it is possible to sychronize two lasers to attosecond precision even over
large distances.
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By combining these techniques one can envision an optical control system of large accelerator and
free electron laser facilities far supperior to any RF only system.
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