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Abstract 
In order to synchronize precisely between accelerator 

components in the x-ray free-electron laser facility, 
SACLA, an optical fiber length stabilization system for a 
reference rf signal transmitter was developed and 
installed. A tolerance of timing drift is set to be 50 fs. In 
order to achieve this stability, we employed an optical 
interferometer to measure the optical path-length 
variation. A frequency-stabilized laser with a wavelength 
of 1.5 μm is transmitted to a receiver together with an rf 
signal and it is reflected back to the interferometer. The 
fiber length drift is compensated with a piezo-electric 
fiber stretcher according to the optical length variation 
detected by the interferometer. By using this system, the 
timing drift of a reference rf signal transferred through a 
several-100m-long optical fiber was confirmed to be 
suppressed within 50 fs. Consequently, the optical fiber 
length stabilization system has sufficient accuracy for 
SACLA. 

INTRODUCTION 
The accelerator components of the x-ray free electron 

laser (XFEL) facility, SACLA, must be precisely 
synchronized with a master clock for stable generation of 
x-ray laser pulses. For some user experiments, such as a 
pump-and-probe experiment, synchronization between the 
accelerator and experimental apparatus is also needed. 
The timing stability of such synchronization is required to 
be 50 fs for SACLA [1] throughout the 700m-long 
facility. In order to achieve this timing stability, we 
developed a stable optical rf distribution system [2] by 
using optical communication technologies around the 
wavelength of 1550 nm. 

In the optical rf distribution system, following 
techniques are employed in order to reduce timing drift. 
1. A phase-stabilized optical fiber having a temperature 

coefficient of 5 ps/km/K is used for optical signal 
transmission. 

2. Optical fiber cables are inserted into a temperature-
regulated duct with a temperature stability of 0.4 K 
peak-to-peak. 

3. All the electronics are enclosed in water-cooled 19-
inch racks with a temperature stability of 0.4 K 
peak-to-peak. 

Even in this case, a timing drift of more than 1 ps can be 
anticipated for a 1km-long optical fiber. In fact, a timing 
drift of more than 100 fs has been observed by many 
instruments in SACLA [3]. Since one of the reasons of 
this timing drift can be optical fiber length variation, we 

developed an optical fiber length stabilization system and 
installed into SACLA. 

In this article, we describe the design and performance 
of the fiber length stabilization system for SACLA. Some 
of the performance data taken during actual accelerator 
operation are also reported. 

SYSTEM OVERVIEW 
A schematic diagram of the optical fiber length 

stabilization system is shown in Fig. 1 together with the 
optical rf distribution system. There are two optical fibers 
connected to a destination. One is for the optical fiber 
length stabilization system (OptRef) and the other is for 
transmission of rf signals used by accelerator components 
(RfRef). Since the optical fiber for OptRef is separated 
with that of RfRef, a flexible design for the OptRef 
system can be enabled and a failure in the OptRef system 
does not affect the RfRef system. By using the two fiber 
links, moreover, we can compensate the length variation 
of not only the transmission fiber, but also optical 
components in the RfRef system, such as an erbium-
doped fiber amplifier (EDFA). 

In an OptRef fiber, frequency-stabilized laser light is 
transmitted to a receiver as a length standard. This laser 
light is reflected back to a transmitter side. The optical 
path length variation is detected by an interferometer and 
fed back to a piezo-electric fiber stretcher in order to 
compensate the length variation. In addition, an optical 
5712 MHz rf signal is transmitted together in this OptRef 
fiber. This rf signal is utilized for the phase reference of 
the rf signal transferred by the RfRef system. 

For the RfRef system, rf signals of 5712 MHz and its 
sub-harmonics are generated by a master oscillator and 
converted to optical signals with electric-to-optical (E/O) 
converters. These signals are combined into one optical 
fiber by using the wavelength-division multiplexing 
(WDM) technology. These optical signals are amplified 
by an EDFA and distributed to accelerator components. 
Each optical signal is converted back to the electric rf 
signal with an optical-to-electric (O/E) converter in a 
receiver and used for an accelerator unit, beam 
diagnostics etc. One of the 5712 MHz signals is sent to a 
phase detector and the optical length drift is monitored as 
a phase difference with the 5712 MHz signal from the 
OptRef system. The detected phase is utilized for driving 
a piezo-electric fiber stretcher for the RfRef system 
inserted before the receiver and the optical length drift is 
compensated with the stretcher. 

 ___________________________________________  
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SETUP OF OPTICAL FIBER LENGTH 
STABILIZATION SYSTEM 

A block diagram of the OptRef system is illustrated in 
Fig. 2. We use two length standards for optical fiber 
length measurements. One is a frequency-stabilized laser 
and the optical path length is detected as the phase of an 
optical frequency (f0 ~193 THz). The dynamic range of 
the length measurement is 1.5 μm, corresponding to 5 fs. 
The other is a pair of optical signals, f+ and f-, where the 
frequency difference between them is 91.4 GHz 
(millimeter wave). The path length is measured by 
detecting a phase of this millimeter-wave signal. The 
measurement dynamic range by using this signal is 11 ps. 

Since there are two length standards, two feedback 
control loops for the length stabilization are constructed. 
In order to distinguish these two loops, we call the 
feedback loop of the frequency-stabilized laser “fine 
loop”, and that of the millimeter wave “coarse loop”. One 
of the advantages of this dual loop configuration is that 
we can cross-check control accuracy by comparing the 
detected lengths between the two loops. Moreover, since 
the dynamic range of the coarse loop is sufficiently large, 
the absolute length of the optical fiber can be restored 
even after the power off of the system. Thus, when the 
system is tuned on, the coarse loop recalls the absolute 
length and then the fine loop is activated for precise 
control. 

In the interferometer, the optical signal passes through 
a polarization beam splitter (PBS) and fiber stretchers. 
The optical signal is reflected by a Faraday rotating 

mirror (FRM) at the destination and an optical signal 
having an orthogonal polarization with respect to the 
forward light is returned. By using the FRM, only the 
returned light from the FRM can be obtained by the PBS 
and the other scattered light from a connector, an optical 
coupler, etc. is eliminated. 

A portion of the optical signal is extracted for the 
reference light of the interferometer and the frequency of 
the reference light is shifted by a 238 MHz signal with an 
acousto-optic modulator (AOM). The reference light and 
the returned one are mixed by an optical coupler. The 
optical signal for each length standard is separated by a 
band-pass filter and detected with a photo-diode (PD). 
Since the frequency of the reference light is 238 MHz 
different from the returned light, a 238 MHz beat signal is 
obtained from the PD as an interferometry signal. The 
optical phase of the fine loop is reproduced as the phase 
difference of the beat signal with respect to the AOM 
input signal. The phase of the millimeter-wave signal in 
the coarse loop is detected by comparing the phases of the 
PD signals from the two optical signals, f+ and f-. The 
phase of the 238 MHz beat signal is detected by a phase-
frequency discriminator (PFD). The detected phase is 
processed by a loop filter and fed into the fiber stretcher 
in order to regulate the optical fiber length. 

As described in the previous section, the optical 
5712 MHz rf signal is also generated in the OptRef 
system as the phase reference for the RfRef system. This 
optical rf signal is combined to the main optical fiber just 
after the PBS and detected with an O/E converter at the 
receiver side. 

 
Figure 1: Schematic diagram of the optical rf distribution (RfRef) system in SACLA, including the optical fiber 
length stabilization (OptRef) system. 

 
Figure 2: Block diagram of the optical fiber length stabilization (OptRef) system. 
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The wavelength of the frequency-stabilized laser for the 
fine loop is locked to 1548.955 nm by using the P9 
absorption line of H13C14N (hydrogen cyanide). The 
frequency stability of the stabilized laser is better than 
1x10-9, corresponding to 1 μm accuracy for 1km-long 
distance measurement. 

The optical signal for the coarse loop is generated by an 
external cavity laser diode (ECLD) followed by a LiNbO3 
modulator (LN-MOD) driven by a 45.7 GHz signal (8 x 
5712 MHz). The LN-MOD produces two sidebands (f+ 
and f-) around an input light frequency and the frequency 
difference of these sidebands is 91.4 GHz (= f+ – f-). A 
band-reject filter after the LN-MOD removes the input 
light and only the two sidebands, f+ and f-, are utilized for 
the length measurement. This light source is carefully 
designed to create a stable frequency interval of 91.4 GHz 
with almost the same stability as the 5712 MHz signal, 
which is better than 1x10-9. Therefore, the length 
measurement stability is almost same as the fine loop. 

A piezo-electric fiber stretcher is used as a phase shifter 
of this system and it has a dynamic range of 3 mm. An 
optical fiber is coiled around a piezo-electric actuator and 
the actuator controls the path length by expanding the 
fiber. The frequency response of this fiber stretcher is flat 
up to 3 kHz and it has a mechanical resonance at 15 kHz. 

For the feedback loop response, the corner frequencies 
of the fine and coarse loops are set to 1 kHz and 0.01 Hz, 
respectively. Since the fine loop is sensitive to nano-meter 
level perturbation, the bandwidth of the fine loop is 
designed to be wide for robust control under high 
frequency vibration. On the other hand, the bandwidth of 
the coarse loop is narrow, because of the low sensitivity to 
the small perturbation and the wide dynamic range of 
length measurement. 

PERFORMANCE DATA 
The optical fiber length stabilization system is installed 

into SACLA and the lengths of 8 channels of the optical 
fibers are stabilized at this moment. Figure 3 shows the 
trend graphs of fiber length control data for one channel 
having a 400m-long optical fiber. Only the fine loop was 
turned on for this data and the coarse loop just measured 
the fiber length variation. 

In the upper figure, the detected length variation is 
demonstrated to be suppressed within 2 fs by the fine loop 
for two weeks. The detected length variation by the 
coarse loop is shown to be within 50 fs peak-to-peak. 
This means that the length detection data between the fine 
and the coarse loops are consistent within 50 fs. 
Consequently, it can be concluded that the optical fiber 
length is regulated with 50 fs accuracy. 

The lower figure shows that the control signal of the 
fiber stretcher varied approximately 1 ps peak-to-peak. 
This means that the 1 ps drift of the optical fiber length 
was properly compensated. The fiber length drift of the 
RfRef system is also plotted in the lower figure. The 
length drift is 1.2 ps peak-to-peak, which is consistent 
with the fiber stretcher control data of the OptRef fiber. 

The length of the RfRef fiber could be regulated by a 
fiber stretcher at the receiver side. This regulation 
function was also tested and a sufficient control precision 
was confirmed. 

SUMMARY 
We developed an optical fiber length stabilization 

system for SACLA in order to suppress the length drift of 
the rf signal distribution system within 50 fs. In this 
stabilization system, two feedback control loops were 
equipped: a fine loop utilizing a frequency-stabilized laser 
for the length standard and a coarse loop using a 
91.4 GHz millimeter wave. Performance data showed that 
a length of several 100m-long optical fiber was 
appropriately regulated and that the observed length 
difference between the fine loop and the coarse loop was 
within 50 fs. Thus, the required performance for the 
optical rf distribution system was obtained by the optical 
fiber length stabilization system. 
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Figure 3: Trend graph of fiber length control data for a 
400m-long optical fiber. The upper figure shows length 
measurement data of the fine loop (red) and the coarse 
loop (navy). The lower figure shows the adjusted length 
with the fiber stretcher (green) and length drift of the 
optical fiber for the RfRef system (purple). 
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