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and John Byrd2
1Department of Engineering Physics, Tsinghua University, Beijing 100084, China
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The precise timing and synchronization system is an essential part for the ultra-fast electron and X-ray
sources based on the photocathode injector where strict synchronization among RF, laser, and beams
are required. In this paper, we present an integrated sub-100 femtosecond timing and synchronization
system developed and demonstrated recently in Tsinghua University based on the collaboration with
Lawrence Berkeley National Lab. The timing and synchronization system includes the fiber-based CW
carrier phase reference distribution system for delivering stabilized RF phase reference to multiple
receiver clients, the Low Level RF (LLRF) control system to monitor and generate the phase and
amplitude controllable pulse RF signal, and the laser-RF synchronization system for high precision
synchronization between optical and RF signals. Each subsystem is characterized by its blocking
structure and is also expansible. A novel asymmetric calibration sideband signal method was proposed
for eliminating the non-linear distortion in the optical synchronization process. According to offline
and online tests, the system can deliver a stable signal to each client and suppress the drift and jitter of
the RF signal for the accelerator and the laser oscillator to less than 100 fs RMS (∼0.1◦ in 2856 MHz
frequency). Moreover, a demo system with a LLRF client and a laser-RF synchronization client is
deployed and operated successfully at the Tsinghua Thomson scattering X-ray source. The beam-based
jitter measurement experiments have been conducted to evaluate the overall performance of the system,
and the jitter sources are discussed. Published by AIP Publishing. https://doi.org/10.1063/1.5001768

I. INTRODUCTION

High precision, long-term, and long-distance transfer syn-
chronization among RF, laser, and beams plays an impor-
tant role in the photocathode injector based applications such
as MeV ultrafast electron diffractions,1–4 x-ray free electron
laser,5–7 and Thomson scattering x-ray source.8–11 The jit-
ter of the RF-RF, RF-laser, or laser-beams should be seri-
ously controlled to sub-100 femtosecond level to generate
low jitter high-quality X-ray or electron pulses and to achieve
high time resolution with pump-probe experiments in these
facilities.

In general, the timing and synchronization system con-
sists of the phase reference distribution system (PRDS) and
other subsystems for related clients such as the laser oscil-
lator (laser-RF synchronization) and the accelerator RF [low
level RF (LLRF)]. Although waveguide or coaxial cable solu-
tion is simple, it is sensitive to the environment temperature
leading to its difficulty in achieving sub-picosecond stability
in long-term operation.12,13 Over the last decade, the opti-
cal fiber based solutions including the balanced optical pulse
laser cross-correlator method from MIT14,15 and the contin-
uous laser carrier based method from Lawrence Berkeley
National Lab (LBNL)16,17 have been quickly developed. The
optical fiber based solution can achieve femtosecond to sev-
eral hundred attoseconds level synchronization in kilometer

a)huangwh@mail.tsinghua.edu.cn
b)GHuang@lbl.gov

scale facilities.14–16,21–23 Based on the different phase refer-
ence distribution systems, the corresponding scheme of the
clients can be selected. The digital LLRF system has been
developed over a decade with wide application in most accel-
erator facilities. It is more flexible and convenient in algorithm
implementation and timing control in comparison with analog
signal processing.17–20 In addition, there are also two main
laser-RF synchronization schemes in modern accelerator sys-
tems depending on the type of the timing system (pulse or
CW).15–20

To provide precise timing and synchronization for
Tsinghua high-brightness beam research, the Tsinghua Accel-
erator Lab, cooperating with LBNL, has been investigating on
the integrated timing and synchronization system for several
years. The PRDS, LLRF system, and laser-RF synchroniza-
tion system are integrated, and the whole femtosecond timing
and synchronization system has been established, which was
successfully demonstrated at the Tsinghua Thomson scatter-
ing X-ray (TTX) source.24–27 The preliminary testing results
show that the LLRF system with the PRDS can achieve typ-
ically 46 fs RMS phase jitter under the closed loop (in 24 h,
2856 MHz RF frequency) and the typical absolute integral
phase jitter of the laser-RF synchronization system with the
PRDS is 83.2 fs RMS (10 Hz–100 kHz).

In this paper, we will present the details of the system
and the preliminary testing results at the TTX. Together with
the basic theory of the three subsystems in Sec. III, Sec. II
mainly presents the scheme of the Tsinghua femtosecond tim-
ing and synchronization system. Sections IV A and IV B
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present the long-term experiment of the subsystems and its
application at the TTX and discusses the phase jitter sources
and the improvement methods of subsystems in detail. Besides,
Sec. IV C introduces the beam-based jitter measurement exper-
iment to make the whole performance assessment of the whole
deployed timing and synchronization system.

II. THE SCHEME OF TSINGHUA TIMING
AND SYNCHRONIZATION SYSTEM

The Tsinghua timing and synchronization system has
an integrated hardware construction which includes a refer-
ence RF oscillator, a timing laser source module, a sync-
head chassis, a receiver chassis, an event distribution mod-
ule, and related connection cables and fibers, as shown in
Fig. 1. The reference RF oscillator generates a low noise
signal from a high-performance phase-locked 119 MHz oscil-
lator by frequency multipliers including the 2856 MHz ref-
erence signal and 79.3 MHz signal for event distribution and
laser phase locking and the 404.6 MHz signal for Field Pro-
grammable Gate Array (FPGA) clock. To meet the 100 fs
level timing requirements for multi-clients, the timing laser
source module provides the modulated reference laser sig-
nal and is mainly consisted of the fiber-based CW carrier
source (Koheras ADJUSTIK E15), modulator, Rb-lock mod-
ule (under deploying), erbium-doped fiber amplifier (EDFA),
and sender parts. The linewidth of the CW laser is less than
0.1 kHz (Lorentzian), and the coherence length is several hun-
dred kilometers. It is enough for the km level accelerator,
and the linewidth influence is negligible. The stability of

the laser wavelength is ∼0.1 pm/◦C, and the temperature is
controlled by electrical temperature controllers (∼0.1 ◦C),
where ∆λ

λ
= 0.01×10−12

1550×10−9 == 6.5 × 10−9. For the scale of the TTX
is less than 100 m, the estimated additional jitter from it is
2.2 fs (dt = dλ/λ × t = 6.5 × 10�9 * 100/3 × 108 = 2.2 fs), which
can be ignored.16 The rest of the signal processing parts are
physically divided into the sync-head chassis and the receiver
chassis for different working environment. The receiver chas-
sis consists of the core RF phase detector and corrector based
on the LLRF4.6 board and should be far away from the acceler-
ator hall to avoid strong radiation.24–26 The feedback signal is
generated from the receiver chassis to the devices under control
for closed loop phase locking. The sync-head chassis locates
close to the signal pickup point to minimize uncontrolled cable
delay and does the photoelectric signal demodulation and pre-
liminary signal processing. Moreover, we configure the event
distribution module from Micro-Research Finland (MRF) to
distribute the 10 Hz timing events, which includes the mas-
ter time base and Event Generator (EVG) and Event Receiver
(EVR).

The standard modules and chassis of the THU timing and
synchronization system characterizes by its integrated struc-
ture, and they are suitable for manufacture, debugging, and
expansion. As illustrated in Fig. 1, the PRDS contains all
three parts: timing laser source module, the sync-head chassis,
and the receiver chassis. The LLRF system and the laser-RF
synchronization system have the same hardware configura-
tion which includes the sync-head chassis and the receiver
chassis. Such a design is convenient for deployment and later
maintenance in large scale facilities.

FIG. 1. The scheme of the timing and synchronization system in THU.
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The system phase noise is still an important issue in tim-
ing and synchronization system evaluation. The noise is mostly
from broadband electronic noise, flicker noise, thermal pickup,
and acoustic pickup. Besides, feedback loops can suppress low
frequency noise up to a point determined by the gain-BW of
the system. The broadband electronic noise is a white noise
that can be minimized by a choice of lower noise compo-
nents. The LLRF system bandwidth is limited by the pulse
repetition rate, and the laser control loop bandwidth is lim-
ited by the piezoelectric ceramic transducer (PZT) response
time and the whole control loop delay. As a result, the phase
noise from different subsystems and their combination will be
a critical evaluation criterion of the timing and synchronization
system.

III. THE SUBSYSTEMS OF THE TIMING
AND SYNCHRONIZATION SYSTEM

In the timing and synchronization system, the LLRF
system and laser-RF synchronization system are integrated
together with the PRDS in the sync-head chassis and the
receiver chassis, which adopts the similar hardware. Each
subsystem is charged with specific responsibilities and coor-
dinates mutually.

A. CW laser modulated phase reference
distribution system

The phase reference distribution system (PRDS) aims at
keeping the phase error of different remote-clients less than
dozens of femtoseconds all the time. According to Fig. 1, the
RF signal is loaded on a continuous laser by the intensity mod-
ulation. The modulated optical signal (Ref fiber) is sent to the
far end of the fiber and the light intensity is detected by a pho-
todiode, which is set in the sync-head chassis. The phase error
of the RF signal distribution can be obtained precisely by mea-
suring the optical phase delay based on the beat signal on the
fiber using heterodyne interferometry.

The sync-head chassis is designed as an enclosed alu-
minum box thermally isolated from the environment. The
internal temperature is controlled by the Peltier cooler with
0.01 ◦C temperature drift to suppress its influence on the
fibers of interferometers out of the feedback loop. The beat
signal of the interferometer carries this delay variation infor-
mation, and it is also sent to the receiver side over another fiber.
At the receiver side, the modulated RF signal is detected from
the laser by a photodiode, and the phase of the detected RF
Ødet is16

Ødet =−2ωoptref − 2ωFS

(
tref + tbeat

)
+ 2ØFS , (1)

where tref is the delay time of an optical wave propagat-
ing through the reference fiber, tbeat is the delay time of
an optical wave propagating through fiber beat, ωop is the
optical frequency (2π * 200 THz), ωFS is the frequency
shifter RF frequency (2π * 55 MHz), and ØFS is gener-
ated by the frequency shifter for control. With the applica-
tion of a local phase control loop (LLRF or mode-locked
laser controller), the propagation delay drift can be compen-
sated so that all controlled client devices can be synchronized
together.

The sync-head chassis and the receiver chassis are placed
in different areas as mentioned before. They are connected
with cables which should be the same length and go through
the same path to ensure the constant phase difference between
reference and RF signals. However, the phase difference is sen-
sitive to the slight distinction of the two cables caused by the
temperature and shakiness under S-band frequency. Therefore,
a calibration signal (CAL) is applied to measure and compen-
sate the phase difference drift caused by the connection cables
variation between the sync-head chassis and the receiver chas-
sis. If the length of any cable on the signal processing link
changes, it is possible to simultaneously monitor the phase
difference change between the reference and RF signals by
the calibration signal in the reference cable (Calref) and the
calibration signal in the RF cable (Calrf). The signal error is
accurately corrected in the signal process algorithm.17,24–26

B. Low level RF control system

Low level RF systems close the feedback loop around the
high-power RF system and the cavity, stabilizing the acceler-
ating field observed by the beam. The pulse-to-pulse feedback
control mode is a common way to be chosen for the LLRF
system, where the amplitude and phase information of the pre-
vious pulse signal is used to feed back the next pulse signal.
In the case of short-pulse RF systems, such feedback can-
not depress jitter but the long-term errors are categorized as
drift.

According to Fig. 2, the Tsinghua LLRF system includes
the sync-head chassis and the receiver chassis. The receiver
chassis is placed outside of the accelerator hall with the solid-
state amplifier, modulator, and klystrons. The coupling RF
signal from the electron gun is sent into the sync-head chassis.
Besides, this part of cable should be as short as possible since
it is out of the control loop. The cavity RF signal was sent
back to the LLRF receiver chassis through the coaxial cable
along with the reference signal. Moreover, the LLRF system
measures the RF signals from the accelerator electron gun,
compares it with the phase reference received from the PRDS,
calculates the phase error, and provides the driving RF signal to
the high-power RF system (solid state amplifier and klystron).
Then, the RF signal is fed into the electron gun and the
accelerator tube to provide synchronized RF for the electron
beam.

The system closed-loop phase error of the cables between
the sync-head and the receiver is obtained from the coupling
probe through the calibration signal (CAL), the calibration
signal in the reference cable (Calref), and the calibration signal
in the RF cable (Calrf). The CAL signal is generated from the
receiver, which is a time-delay pulse signal in the time domain
in comparison with the pickup RF signal from the accelerator.
In the pulse signal chain, the mixed CAL signal with the RF
pulse signal in the time domain can be easily separated by
reasonable timing control to calculate the CAL signal phase
ϕcal rf. However, for the reference signal channel, the reference
signal is superimposed with the CAL signal in the time domain.
In the I/Q plane, the reference signal and the CAL signal vector
are added. The phase value of the calibration signal in the
reference signal ϕcal ref can be obtained with the I/Q value of
the CAL signal by recording the I/Q value of the mixed signal
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FIG. 2. The configuration of the LLRF system.

and the pure reference signal,

Ical ref =
(
Iref +cal − Iref

)
,

Qcal ref =
(
Qref +cal − Qref

)
.

(2)

Then, we can obtain the phase error after the compensa-
tion,

∇ϕ=
(
ϕrf − ϕref

)
−

(
ϕCal rf − ϕCal rf

)
. (3)

The frequency of the accelerator RF signal is 2856.00
MHz. In terms of the signal down-convert, the LO signal
frequency is 2832.20 MHz, and the RF signal frequency
is down converted from 2856.00 MHz to 23.80 MHz and
then sent to the LLRF4.6 board. The output signal frequency
of the LLRF4.6 board is 158.67 MHz, and its frequency
is up-converted from 158.67 MHz to 2856.00 MHz with
2697.33 MHz LO signal. Both the signal down-convert and up-
convert processes are conducted in the discrete devices, respec-
tively, before and after the signal DSP in the LLRF receiver
chassis. The signal core processing module are integrated into
the FPGA board including the timing control module, ampli-
tude and phase detector module, feedback calculation module,
and output module. The LLRF DSP scheme is shown in Fig. 3.
The two ADC channels are used to measure the reference,

RF signal (24 MHz), and their mixture with CAL signals sep-
arately. The signals go through the digital demodulator with the
Look-up-Table-based frequency mixer, Cascade Integrator-
Comb (CIC) filter, and Non-in-phase and quadrature (IQ)28

sample to get the IQ values. The IQ packets are split to obtain
the amplitude and phase information of REF, RF, and CAL
with precise timing control, and the errors can be derived
under the error compensation algorithm. Proportional-integer
controller is applied to complete the feedback calculation and
CORDIC-based Direct Digital Synthesis (DDS) for phase and
amplitude calculation to get the driver signal DAC output
(158.67 MHz). The receiver side of the PRDS shares the
same hardware and firmware with the LLRF system, so the
receiver chassis uses two LLRF4.6 boards as an integrated
timing receiver and LLRF controller.24–26

C. Laser-RF synchronization system

Laser-to-RF conversion and synchronization are cru-
cial for further implementation after the fiber-based PRDS
distributing the optical timing reference. The Tsinghua
accelerator lab has conducted on the harmonic phase noise
measurement method where the research was proceeded by

FIG. 3. The DSP scheme of the
LLRF system.
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applying phase mixing and filtering technology to measure
the phase error.27 However, the DC bias output of the phase
detector leads to aliasing between signal amplitude and the
phase noise, which affects the efficiency of the phase detec-
tor to discriminate the phase error and carries the amplitude
modulation-phase modulation (AM-PM) phase distortion.
In addition, a new digital phase detector with the heterodyne
method is applied to eliminate such conversion errors and is
flexible to configure different algorithms with the digital phase
identification method.24,25

The typical laser-RF synchronization system in THU con-
tains laser the sync-head chassis, the receiver chassis, and the
feedback control module, as shown in Fig. 4. The laser oscilla-
tor output optical pulse signal goes through an optical splitter
and feeds into the photodiode detection. The laser oscillator
repetition rate is 79.33 MHz with 36 periods S-band harmonic
(2856.00 MHz) in each fundamental period. The laser oscilla-
tor is locked to both S-band (2856.00 MHz) harmonic and the
fundamental frequency (79.33 MHz) of the laser signal for high
precision phase-locked of laser oscillators. If the laser pulse is
just locked to a specific phase of one of the harmonic periods,
there is no determination of which one it is. Therefore, a funda-
mental sub-harmonic frequency is required to help resolve this
bucket ambiguity, which can be derived from a separate sub-
harmonic distribution line (from the PRDS) to synchronize all
receiver chassis. As for the jitter measurement principle, the
jitter of a certain harmonic frequency laser (σE) consists of
the amplitude noise (σE) and phase noise (σJ) contributions.
The selection of a high harmonic carrier frequency would be
highly benefited from a low amplitude noise contribution. Con-
sequently, in the following measurements, the 36th harmonic
(2856.00 MHz) is also chosen to represent the phase jitter, so
the contribution of amplitude noise can be ignored.27

The fundamental frequency and harmonic frequency of
the laser signal are, respectively, filtered out in the laser-RF
synchronization sync-head. Besides, the harmonic frequency

(2856.00 MHz) signal is combined with the double sideband
suppressed carrier calibration signal (Cal) coming from the
receiver chassis as well as the phase reference signal.17 The
corresponding signal was sent to the receiver chassis to extract
relative phase information with the application of the hetero-
dyne method. The core signal processing board calculates the
final phase deviation through the PI feedback algorithm to con-
trol the amount of feedback as the LLRF system. According
to different laser oscillators, the output port has self-adaptive
adjustment. The two typical control ports are the laser oscilla-
tor piezoelectric ceramic transducer (PZT) for the slow DAC
to change the length of the laser oscillator optical resonant cav-
ity and the stepper motor for coarse adjustment if the cavity
length changes acutely.

1. The solution of the third-order intercept point (IP3)
with CAL signal in laser-RF synchronization system

Compared with the LLRF system, the calibration signal
in the laser-RF synchronization system is in different forms
since the RF signal is continuously detected from the photo-
diode. The double sideband suppressed carrier CAL signal is
applied to be added on the Ref and RF signals in the laser-RF
synchronization system. There will be 3 spectrum lines after
combining the RF and double sideband suppressed carrier Cal
signals for the intermodulation among them by the nonlinear
effects of components. Such a third-order intercept point will
introduce significant distortion to the corrected signal.17 As
shown in Fig. 5(a), the red line is the reference fiber signal with
external interference, about 217 ps peak-peak phase distortion
caused by heating. The black line is the corrected reference
signal phase with the CAL signals in the PRDS. Besides,
the periodic fluctuation of the black line brings remarkable
2.37 ps peak-peak phase error, which is different from the
expectation to be a linear curve. For the fluctuation keeps
pace with the changing reference signal, the IP3 is the main
origination which leads to the signal distortion.

FIG. 4. The configuration of the laser-
RF synchronization system.
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FIG. 5. The IP3 phenomenon and its suppression between laser sync-head and receiver in the laser-RF synchronization system. (a) The ref signal has about
217 ps peak-peak phase distortion caused by external interference, and the corrected ref signal notable distortion caused by IP3 has reached 2.37 ps peak-peak
by heating. (b) The IP3 is repressed with the asymmetric sideband CAL signal method, and the phase distortion has been reduced to 36.82 fs RMS.

Therefore, to eliminate the non-linear distortion in the pro-
cess, an asymmetric calibration sideband signal was proposed
and applied. The double sideband of the Cal signal is adjusted
to f0 � ∆f1 and f0 + ∆f2, where the ∆f1 is 1.19 MHz and ∆f2 is
the 3.57 MHz. Besides, we change the coefficient of the phase
error equation

∇ϕ=
(
ϕrf − ϕref

)
−

(
ϕCal up,rf − ϕCal dw,rf

)
/2

−
(
ϕCal up,ref − ϕCal dw,ref

)
/2 (4)

to

∇ϕ=
(
ϕrf − ϕref

)
−

(
ϕCal up,rf *a − ϕCaldw ,rf ∗ b

)
/2

−
(
ϕCal up,ref *a − ϕCaldw ,ref ∗ b

)
/2, (5)

where a + b = 1. For the symmetric system, the weight of Cal up
and Cal dw is the same and a = b = 0.5 by linear interpolation.
However, in the asymmetric system, the coefficient should be
calculated based on practical tests and measurements.

According to Fig. 5(b), the asymmetric calibration side-
band method works effectively to correct the phase distortion
of the ref signal to 36.82 fs RMS (a = 0.65, the algorithm
of dichotomy was applied to find the optimum value of a),
indicating that the reference signal phase can be distributed
precisely from the sender to laser LLRF receiver chassis with
the interferometer.

IV. EXPERIMENTS OF THE TIMING AND
SYNCHRONIZATION SYSTEM AT TTX

The primary timing and synchronization system was
deployed for the two clients in the Tsinghua Thomson scatter-
ing X-ray (TTX) source,24–26 which includes the LLRF system
for accelerating RF stabilization and the laser-RF synchroniza-
tion system for photocathode drive laser phase locking, which
can be found in Fig. 6.

The laser-RF synchronization sync-head and receiver are
closely put in the clean room with the laser oscillator, while the
pickup laser sample from the oscillator are sent into the laser

sync-head for feedback. The mode-locked laser oscillators are
locked to the distributed reference signal. The laser amplifiers
are not included in the control loop because the repetition rate
(10 Hz) is too low. The LLRF sync-head is set near the electron
gun signal pickup as closely as possible with a short cable,
and the LLRF receiver is put in the klystron room. The RF
driver signal from the receiver goes through the solid-state
amplifier (SSA) and klystron to feed into the gun and tube via
the waveguide.

Series performance tests have been carried out to evalu-
ate the performance of the system including a mutual mon-
itoring and detecting between two LLRF subsystems before
commissioning and the tests of each subsystem after the
deployment.

A. LLRF subsystems’ mutual monitoring
and detecting experiments

The RF signal generated by the LLRF subsystem signal
is in a pulse form, which is not easy to be measured by a
traditional signal source analyzer. As a result, a mutual mon-
itoring and detecting between two LLRF subsystems method
is proposed where an independent LLRF system is applied to
measure the other one before the system commissioning at the
TTX.

FIG. 6. The deployed timing and synchronization system at the TTX.
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FIG. 7. Mutual monitoring and detecting of two LLRF
subsystems.

After the deployment of the whole system, since the
PRDS is combined with the laser-RF synchronization or
LLRF clients, we evaluate the PRDS with Laser-RF synchro-
nization or LLRF system together instead of measuring the
PRDS alone. The test configuration is presented in Fig. 7.
Besides, the LLRF chassis 1 and sync-head chassis 1 are the
working system which had been deployed in the TTX and run
at the closed loop mode; the LLRF chassis 2 and sync-head
chassis 2, which are connected with short cables and been
set near the sync-head chassis 1, is the monitoring system to
estimate the performance of the working system. The reference
signals of the two LLRF systems are from the same PRDS.

The phase error results detected by the two LLRF systems can
be mutually confirmed. Moreover, the two systems’ mutual
monitoring and detecting experiments will be a convenient
and efficient method to evaluate the deployed LLRF system.

In general, the experiment result shows that the LLRF
subsystems can effetely reduce the phase jitter in closed loop
mode for a long term. The 24-h test result is shown in Fig. 8(a),
and the phase error of the working system run at the closed
loop mode and the phase error measured by itself is 45.5 fs
RMS under 10 Hz sampling speed. By taking the arithmetic
mean of subsequences of 100 terms, the moving average (MA)
is used to smooth out the drift of the phase error by filtering

FIG. 8. The test result of the 24-h mutual monitoring and
detecting experiment (∼8 Hz sampling speed). (a) The
working system is running at closed loop mode. (b) The
monitoring system is running at open loop and detecting
the phase error between the reference and driver RF from
the working system.
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out the jitter “noise” from random phase error fluctuations.
According to the blue line, the drift of the detecting LLRF
system is 4.5 fs RMS, which is suppressed to a very low level.
After the removal of the slow drift, the jitter noise is 45.3 fs
RMS which is the width of the red line and represents the
system hardware noise that cannot be reduced by the closed
loop correction algorithm.

According to Fig. 8(b), the phase error between the ref-
erence and the RF signals generated by the working system
is 112 fs RMS, which is detected by the monitoring system.
Since LLRF system 2 is run at open loop as a monitor, its
phase drift error (the blue line) involves both of the two LLRF
systems. The slow drift error is 84.3 fs RMS, which rep-
resents the long-term drift between the two LLRF systems.
It is mainly caused by the environment temperature drift on
the LLRF system chassis and the uncontrolled short cable after
the splitter, which has also been observed and proved by lots
of daily tests and maintenances. Once the system runs at the
closed loop mode, such a drift can be repressed. Therefore,
the slow drift can be removed when evaluating the LLRF sys-
tem performance. The LLRF system phase jitter is 73.5 fs
RMS after the removal of the slow drift. Since the phase error
of the monitoring system is the sum of the two independent
systems, the real phase jitter of one LLRF system should be
73.5/

√
2= 52.0 fs RMS, which is almost equal to that of the

working LLRF system (45.3 fs). Besides, both systems’ test
results can be a mutual validation that the phase jitter of the
LLRF system is near 50 fs RMS.

In addition, the mutual monitoring and detecting exper-
iments can also be applied to the laser-RF synchronization
system. However, the receiver chassis and sync-head chassis
is quite near, and both of them have been put in the room with
constant temperature and humidity with the PRDS, the tem-
perature drift is limited, and the signal source analyzer can
adequately take the system performance assessment because
it is a CW signal, and the Laser-RF synchronization test will
be shown in Sec. IV B.

B. The test results of the PRDS combined with
laser-RF synchronization and LLRF system

The mutual monitoring and detecting experiments are
suitable for the system self-test after the system chassis manu-
facturing. After the deployment, the online tests of the subsys-
tems of timing and synchronization system along with the other
system on the accelerator (high power system, laser oscillator,
etc.) are also needed.

Before the laser-RF synchronization system is deployed at
the real oscillator, a laser oscillator emulator has been made for
control loop evaluation. The final laser oscillator close phase
noise is 48.2 fs RMS (10 Hz–100 kHz) with the emulator,
which represents the ideal working situation of the system.
The laser oscillator emulator test proved that the phase locking
algorithm of laser-RF synchronization can work properly.25

After the system deployment on the mode-locked Ti:sapphire
oscillator (central wavelength at 800 nm, manufactured by
Coherent, Inc.), the working performance on the real laser
oscillator is measured with the E5052B signal source analyzer.
We measured the harmonic frequency (2856 MHz) signal that

FIG. 9. Laser-RF synchronization result measured by Agilent E5052B signal
source analyzer.

is coupled from the photodiode in the sync-head chassis. The
absolute integral phase noise of the signal is among 80–100 fs
RMS, and the typical result is shown in Fig. 9, whose jitter
is 83.2 fs RMS (10 Hz–100 kHz) in the closed-loop mode.
Under the open-loop mode, the laser oscillator could integrate
several picoseconds of phase noise RMS.

As shown in Fig. 9, the phase noise of the low frequency
parts has been suppressed significantly. For the feedback loop
bandwidth in tens kHz, we cannot detect and deal with the
high-frequency noise (higher than 100 kHz) of the oscilla-
tor. The most part of measured noise above 100 kHz might
come from the shot noise of the photodiode, the thermal noise
of the RC electronic components, and the flicker noise of
MOSFETs. Regarding the approximately �140 dBc/Hz line
in Fig. 9, the shot noise can be lowered by increasing the
light power shooting the photodiode. Although the AM-PM
conversion influence has been reduced evidently in our digi-
tal phase detector scheme system,25 the AM-PM effect in the
E5052B signal source analyzer may also make a contribution
to the measured phase noise above 100 kHz during detection.
In addition, the oscillator should be preheating to be working
stabilized after system boot to reduce its high-frequency noises
in order to achieve high-precision phase-locked. According to
the closed loop mode line in Fig. 9, there is a crest near 10 kHz-
20 kHz in the noise spectrum of the closed loop laser oscillator,
which is limited by the bandwidth of the PZT and the high-
voltage amplifier, and the circuit will also be improved in the
subsequent revision.

After the LLRF system deployment on the TTX, the same
set of the LLRF system was used to measure the phase jitter
of the deployed LLRF system with the related high-power
system (the solid-state amplifier and the high voltage modula-
tor) by comparing the signals from different pickup points of
the system with the reference signal from the same PRDS.
Suppose the LLRF system and the high-power system are
independent of each other, we can obtain the impact of noise
of each section by a separate test. We can yield 46 fs RMS
phase jitter under closed loop of the LLRF sync-head and
receiver chassis self-test by careful circuit optimization. By
using the same measurement method, the phase jitter test



014701-9 Lin et al. Rev. Sci. Instrum. 89, 014701 (2018)

result of the LLRF sync-head and receiver chassis plus SSA
is 126 fs RMS. Therefore, the impact of the SSA can be cal-

culated by
√

1262 − 462 = 118 fs RMS. The online test of the
whole system result shows that the signal RMS jitter is about
225 fs. Similarly, it can be calculated that the noise from the

high-voltage modulator and klystron is
√

2252 − 1182 = 190 fs
RMS. To achieve better performance of the LLRF system,
the solid-state amplifier and high-voltage modulator are con-
sidered to upgrade in the future.

C. Beam-based phase jitter measurement experiment

The tests in Secs. IV A and IV B are the system self-
assessment to characterize the timing and synchronization
system performance. Besides, a beam-based method29 is also
applied to measure the jitter between the photocathode driv-
ing laser and the RF phase in the photocathode RF gun,
which are close loop controlled by the laser synchronization
client and LLRF client, respectively. These measurements
help us to evaluate the performance of the synchroniza-
tion system and find the possible jitter source in the whole
facility.

The typical experimental result is shown in Fig. 10. The
experiment’s duration is about 80 min. The measured RF-to-
laser phase error in the photocathode RF gun is about 728 fs
RMS, which includes a slow-drift phase error, shown by
the blue line [Fig. 10(a)]. The fast Fourier transformation of
the total phase error jitter is shown in Fig. 11(a) to indicate the
phase errors each time scale contributes. The peak frequency
is f1 = 2.29 × 10�4 Hz. It illustrates that the phase error of the
total phase error jitter mostly comes from the slow drift. After

FIG. 10. The phase error jitter between microwave and laser in the experi-
ments (∼8 Hz sampling speed). (a) The total phase error and slow drift, and the
slow drift is shown in the solid blue line. (b) The phase jitter after removing
the slow drift is 277 fs RMS, which indicates the optimal performance status
of the timing and synchronization system.

FIG. 11. The fast Fourier transformation of the phase error jitter and the
environment temperature in the experiments. (a) The Fourier transform of
the total phase error, and the peak frequency is f1 = 0.229 mHz. (b) The
Fourier transform of the accelerator hall and the laser room temperature, and
the frequencies of the two peaks are f2 = 0.232 mHz and f3 = 0.116 mHz,
respectively; f3 is less than f2 for the temperature stability requirement in the
laser room are much stricter than that in the accelerator room.

subtracting the slow drift, the remaining phase jitter is 277 fs
RMS [Fig. 10(b)].

The large slow drift effect may be attributed to the tem-
perature change of the lab environment (∼1 ◦C peak to peak)
that includes the accelerator hall and the laser clean room. The
RF source pickup point and the LLRF sync-head chassis is
connected by a ∼10 cm RG316 RF coaxial cable (as a port
adapter) and a ∼100 cm FSJ2 phase stabilized cable, which
is out of the control loop. Hence, the temperature variation of
the cables will directly lead to phase error drift. The Fourier
transformation of the total phase error and the environment
temperature are presented in Fig. 11(b). The peak temperature
frequency of the experiment hall (f2 = 0.232 mHz) is quite near
the phase error jitter peak frequency (f1 = 0.229 mHz), which
indicates that the phase error slow drift mainly results from
the temperature variation in the accelerator room. The cycle
time of the hall temperature is ∼72 min, being consistent with
the phase error drifts (∼73 min). For a common solid Poly-
tetrafluoroethylene (PTFE) dielectric cable, the temperature
coefficient is over 150 ppm/◦C (25–35 ◦C), and the temper-
ature coefficient of the FSJ2 phase stabilized cable is about
10 ppm/◦C (20–40 ◦C). Therefore, the phase change of the two
cables caused by 1 ◦C is about 200 fs, making a contribution
to the slow drift (±1000 fs scale) in Fig. 10.

Another phase error drift source comes from the laser
amplifier and the follow-up long optical path and its trans-
mission, which are also out of the control loop in the laser-
RF synchronization system. Although the mode-locked laser
oscillator is in the high-precision phase locked mode, the tem-
perature change will lead to a certain degree of phase shift
at last. According to Fig. 11(b), the peak frequency of the
laser clean room temperature (f3 = 0.116 mHz) is also close
to the peak frequency of the slow phase error drift that will
affect the experimental result. However, it is difficult to esti-
mate the exact effect with the current method since the laser
power is too high. Moreover, the laser sample fiber (∼1 m)
between the pickup point and the laser sync-head chassis is
also out of the control loop of the system. The typical fiber
temperature coefficient is 5 ppm/◦C, so the phase change of
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the pickup fiber caused by 0.5 ◦C is about 10 fs, which can
be ignored due to its little impact on the whole system phase
jitter.

In general, the slow drift mainly origins from the effect
of temperature drift on the out of control loop parts in the
TTX timing and synchronization system. The drift can be sup-
pressed and eliminated with an appropriate slow feedback loop
added for the actual accurate feedback needs. We have used
the electro-optic (EO) based technique to implement as a beam
arrival time detection and timing jitter recoding to do the feed-
back to get rid of the phase error drift, and it will be reported
in another journal paper soon. Besides, the cable between the
RF pickup points will also be replaced with a shorter phase
stabilized cable to reduce its effect on the slow drift caused
by temperature variation. Therefore, after the removal of the
slow drift for the current system evaluation, the phase jitter is
277 fs RMS, mostly representing the optimal overall system
performance.

During the beam-based experiment, the phase jitter of
the subsystems is also simultaneously measured, and the
LLRF control loop phase jitter after the klystron is 245 fs
RMS including the ∼50 fs RMS LLRF system chassis jitter,
∼230 fs RMS SSA, and modulator’s jitter. The laser-RF syn-
chronization measured 106 fs RMS (10 Hz–100 kHz) by using
the signal source analyzer. The different noises are consid-
ered to be independent. Therefore, the total noise contribution

of the two synchronized clients is
√

2452 + 1062 = 267 fs,
which is consistent with the phase jitter (277 fs RMS) in the
experiment.

V. SUMMARY AND DISCUSSION

The integrated high-precision timing and synchronization
system is realized in the Tsinghua University, and the CW
laser based PRDS has achieved a good accuracy of reference
distribution. Besides, two typical client’s systems, the LLRF
system and the laser-RF synchronization system, are also built
and work properly for the phase control of the RF and laser.
An asymmetric calibration sideband CAL signal method is
proposed to eliminate the non-linear distortion during the long
cable signal transmission. The phase jitter under closed loop
of the LLRF system with the PRDS is nearly 46 fs RMS for
24-h test. The digital phase detector is applied to make the
phase measurement in the laser-RF synchronization and both
fundamental and harmonic signals are used to achieve the high
precision of the system. In addition, the absolute integral phase
jitter of laser-RF synchronization system with the PRDS is
typically 83.2 fs RMS (10 Hz–100 kHz) by the Agilent E5052B
signal source analyzer.

After the system deployment in the TTX, the main sources
of the phase error noise of the subsystems are measured care-
fully and analyzed clearly, which will be conductive to the
future system upgrade. Regarding the LLRF system, a major-
ity percent of jitter comes from the noise of the high-voltage
modulator, which needs to be upgraded later for the system bet-
ter performance. A LLRF subsystem’s mutual monitoring and
detecting test is proposed and applied on the deployed LLRF
system, which is proved to be a convenient and efficient way
to evaluate the LLRF subsystem. The beam-based experiment

based on a high time resolution method evaluates the whole
timing and synchronization system in another view, showing
the total system phase jitter is 277 fs RMS after subtracting
the slow drift. Meanwhile, 277 fs RMS phase jitter matches
with the sum of the subsystems’ phase jitter 267 fs RMS
measured. The experiment provides a performance evaluation
method for the high-precision timing and synchronization sys-
tem. The scheme of the timing and synchronization system in
the THU can be expanded to synchronize tightly dozens of RF
and optical sources for future requirements on the km-scale
facilities.

In the future system design, a feed forward module is
under construction to treat the predictable distortion such as
the slow drift. It will include the beam arrival time detection
device (BAM) and the modulator high-voltage feed forward
submodule. By adjusting the phase parameters of other control
clients, the feed forward module can compensate the influence
of predictable phase error sources, such as the klystron high
voltage jitter and the temperature drift effect on the out-of-loop
parts of the system.
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