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In order to improve the precision of the laser–radio-frequency (RF) synchronization system from sub-picosecond
to femtosecond (fs), a synchronization system between a picosecond laser and a 1.3 GHz RF generator has been
developed based on a fiber-loop optical-microwave phase detector (FLOM-PD). Synchronization with fs-level
(3.8 fs) rms jitter, integrated from 10 Hz to 1 MHz, is achieved for the first time, to the best of our knowledge, in
this kind of configuration. This system will be used for the superconducting RF accelerator at Peking University.
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High-precision laser radio frequency (RF)/microwave syn-
chronization has become one of the key techniques in the
accelerator field, especially for the fourth-generation light
sources and ultrafast pump–probe experiments, such as
free electron lasers (FELs) and ultrafast electron diffrac-
tion (UED)[1–4]. For these facilities/experiments, high-
quality electron bunches with low emittance, low energy
spread, and short bunch length are required. The electron
bunches are generated from a photocathode with a photo-
electric effect, followed by electron bunch shaping,
manipulation, and acceleration with RF accelerators.
To produce high-quality electron bunches in accelera-
tion[5] and to achieve femtosecond (fs)-level temporal
resolutions in pump–probe experiments[6], fs-level synchro-
nization should be achieved between photocathode driven
lasers and accelerator RF signals.
Through more than a half century’s development,

laser–RF synchronization systems based on an electronic
phase detector have been achieved with typical residual
timing jitter of ∼80 fs, integrated from 10 Hz to
100 kHz, between the laser and RF signal[7]. It cannot meet
the demands of accelerators nowadays. To solve the prob-
lem, a variety of laser–RF synchronization systems based
on optical phase detectors have been developed with
fs-level residual timing instabilities, which can be character-
ized by jitter and drift[8–15]. Most of these demonstrations
were based on low-noise mode-locked Er-fiber lasers[8–13,15].
Mode-locked solid-state lasers (Nd:YAG[16], Yb:YAG[17],
Nd:YVO4[18], Nd:YLF[19,20], and Ti:sapphire[21]), however,
are widely used in small-to-middle-scale accelerators.
Therefore, high-precision synchronization of the RF signal
to the mode-locked solid-state laser is highly desirable. In
early 2017, 10-fs-level synchronization was achieved
between a fs Ti:sapphire laser and anRF signal[14]. However,
fs-level synchronization between a picosecond laser and
RF signal, which is very important for a superconducting
RF accelerator, has not yet been reported. In this Letter, we
design a modular phase-locked loop (PLL) based on the

fiber-loop optical-microwave phase detector (FLOM-PD)
to synchronize a picosecond laser to a 1.3 GHz RF
signal. The out-of-loop phase noise is −130 dBc∕Hz
(−154 dBc∕Hz) at 10 Hz (1 MHz) offset frequency and
the integrated rms timing jitter is 3.8 fs (10 Hz–1 MHz),
which is limited by the AM-to-PM noise in the PLL band-
width and the shot noise above the PLL bandwidth.

For high-precision synchronization between the RF and
mode-locked picosecond laser, we develop two identical
FLOM-PDs to detect and compensate for the phase error.
Figure 1 shows a schematic of the FLOM-PD, which is
based on a fiber Sagnac loop. All fibers used herein are
polarization-maintaining single-mode fiber (PM-SMF) in
order to improve the signal-to-noise ratio (SNR) of the
FLOM-PD. As illustrated in the figure, an optical pulse
train (in red) with a repetition rate of f r ¼ 81.25 MHz
is coupled into fibers and propagates through a circulator.
The pulse train is then split into two equal-power subpulses
via a 50/50 coupler and interferes upon arrival back at the
coupler. The intensities of the two outputs from the
Sagnac loop are given by P1 ¼ P incos2 ðΔΦ2 Þ, and
P2 ¼ P insin2 ðΔΦ2 Þ, where P in is the Sagnac-loop input

Fig. 1. Sketch of FLOM-PD. (MLL, mode-locked laser; OSC,
oscilloscope; LPF, low-pass filter; VOA, variable optical attenu-
ator; LNA, low noise amplifier; BOMPD, balanced optical-
microwave phase detector).
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optical power, and ΔΦ is the phase difference between
counter-propagating pulses in the loop. An RF signal
(in blue) with the frequency f m ¼ 1.3 GHz, which is
sixteen times f r , copropagates with the clockwise optical
pulse train. It results in either a retard or an advance in
a traveling-wave phase modulator due to the electro-optic
(EO) effect. The phase error between the laser pulse train
and RF signal is then encoded in the relative phase differ-
ence between the counter-propagating laser in the loop.
In the FLOM-PD, a bias unit is employed to provide a

phase shift of π∕2 between the clockwise and counter-
clockwise pulses to maximize its phase sensitivity. The
output signal from the fiber Sagnac loop is detected by
a balanced photodetector, which is used for precise
optical-RF phase detection. The phase sensitivity of the
FLOM-PD, proportional to the phase error between
the optical pulses and the RF signal, can be expressed
as Kd ¼ GRPavgΦ0 ½V∕rad�, where G is the transimpe-
dance gain of the balanced photodetector, R is the respon-
sivity of the photodiodes, Pavg is the average optical power
at either output port of the Sagnac loop, and Φ0 is the
modulation depth of the phase modulator.
To evaluate the residual phase noise and long-term

timing drift of the laser–RF synchronization system, we
set up an out-of-loop phase noise and timing drift
measurement system together with a PLL. The experi-
mental configuration is sketched in Fig. 2. As shown in
the figure, two FLOM-PDs are used. One of them is
combined with a loop filter and a proportional-integral
controller (PIC) to form the PLL. Through the PLL,
the 1.3 GHz RF signal from a voltage-controlled oscillator
(VCO, E8663D, Agilent Technologies) is synchronized
to the 81.25 MHz optical pulse trains from a commercial
solid-state mode-locked laser (Time-Bandwidth GE-
100-XHP). The other FLOM-PD is used for measurement.
The output of this FLOM-PD is input into the signal
spectrum analyzer (N9020, KEYSIGHT) and the data
acquisition system to measure the residual phase noise
and long-term timing drift, respectively.

Figure 3 shows the single sideband (SSB) phase noise
measurement results at 1.3 GHz carrier frequency and
the corresponding integrated timing jitter, which
represent the short-term instability of the synchronization
system. The free-running absolute phase noise spectrum of
the VCO was reproduced from the product manual[22]. The
residual phase noise was measured by the in-loop and
out-of-loop FLOM-PDs when the VCO was locked to
the mode-locked laser. The measured out-of-loop phase
noise is only ∼0.7 fs higher than the in-loop phase noise.
We attribute this to the different noise floor of the two
FLOM-PDs that cannot be suppressed by the PLL loop.
The out-of-loop integrated jitter from the 10 Hz to the
1 MHz loop bandwidth is about 3.8 fs rms. The noise floor
is used to characterize the FLOM-PD’s limitations for
phase detection, which is independent of the PLL’s
limitations for the overall laser–RF synchronization.

Note that the out-of-loop phase noise is close to the
noise floor of the FLOM-PD, which means the short-term
jitter of the synchronization is dominated by the FLOM-
PD’s noise performance in our experiments. Thus, it is
important to analyze and improve the noise performance
of the FLOM-PD. Figure 4 shows the noise source
measurement/analysis results for the FLOM-PD. As
shown in the figure, the noise floor of the FLOM-PD is
almost 30 dB higher than the photodetector noise deter-
mined by the thermal noise. Therefore, the photodetector
noise can be ignored. The FLOM-PD noise floor involves
two dominant power-law noise processes: shot noise and
AM-to-PM conversion noise. The shot noise, which is
above PLL bandwidth (100 kHz) herein (see Fig. 4),
can be suppressed by increasing the signal power. The
AM-to-PM conversion noise is determined by the laser rel-
ative intensity noise (RIN) and the phase bias unit.
In order to suppress the AM-to-PM conversion noise, a
RIN controller[14] can be employed to improve the power
stability of the laser. Replacing the free-space unit with
fiber components can also be helpful, which contributes
to improving the stability of the Sagnac loop[15].

Fig. 2. Sketch of out-of-loop phase noise and timing drift
measurement system. (SSA, signal spectrum analyzer; DAS,
data acquisition system; LNA, low noise amplifier; PS, power
splitter).

Fig. 3. (Color online) SSB phase noise (above) and integrated
timing jitter (below).
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Figure 5 shows the out-of-loop timing drift measure-
ment results, which represent the long-term instability
of the synchronization system. The measured rms timing
drift is maintained at 126 fs (1 mrad at 1.3 GHz) within
5 h, which is equivalent to that achieved by electronics
phase detectors most recently[7]. The drift is mainly caused
by temperature drift and optical asymmetry in the phase
bias unit. When the phase bias unit was removed, the
measured timing drift was reduced to ∼7.5 fs rms, close
to the drift floor of the balanced photodetector.
In conclusion, we synchronize a 1.3 GHz RF generator

to a commercial picosecond laser with fs-level (3.8 fs) rms
jitter, integrated from 10 Hz to 1MHz, for the first time, to
the best of our knowledge, by employing an FLOM-PD.
The measured out-of-loop long-term timing drift is
126 fs rms within 5 h due to the temperature drift and

optical asymmetry in the phase bias unit. In the near
future, we will integrate the phase bias unit into a fiber
component. With this improvement, we can expect a tim-
ing drift of several fs. This synchronization system can
now fulfill the requirements of the operation of the super-
conducting RF accelerator at Peking University. Further
improvement of the synchronization will promote the ac-
celerator performance greatly for applications such as
FELs, UED, etc.

This work was supported by National Key Research
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