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Abstract: We present the design and progress towards implementation of a femtosecond fiber 
timing distribution system for the Linac Coherent Light Source at SLAC enabling machine 
diagnostic at the 10 fs level. 
OCIS codes: (060.2360) Fiber optics links and subsystems; (140.7240) UV, EUV, and X-ray lasers 

 
The Linac Coherent Light Source (LCLS) at Stanford Linear Accelerator Center (SLAC) is the first hard x-ray free-
electron laser (FEL) of the world; it produces x-rays at wavelengths from 22 to 1.2 Å with peak brightness ten orders 
of magnitude higher than traditional synchrotron sources [1]. Recent experiments have reported generation of 
approximately 3 fs x-ray pulses [2, 3]. This opens the era of exploring the ultrafast dynamics of atoms, molecules, 
proteins and condensed matter [4-8] with time-resolved optical/x-ray pump-probe techniques. The temporal 
resolution of current experiments is limited by the timing jitter between optical and x-ray pulses [9] generated from 
self-amplified spontaneous emission (SASE) process. An intrinsic timing jitter of approximately 120 fs root-mean-
square (rms) with respect to the electron bunch arrival time at the end of the undulator has been reported [7]. Several 
approaches have been proposed to improve the timing of x-ray pulses. Recently, an x-ray/optical cross-correlator 
was implemented at LCLS that measures the relative jitter between the conventional and FEL x-ray pulses and 
reduces the jitter to sub-25 fs rms in post analysis [10]. Furthermore, external seeding is expected to reduce the 
intrinsic timing jitter since the timing of the x-rays would be governed by the timing of the seed within the electron 
bunch [11, 12], which would enable full synchronization of the optical and x-ray pulses with sub-10 fs precision. Of 
such a technique, synchronization between seed and pump lasers would be implemented [13-16]. Preliminary test 
results of the key components for a 4 link system will be presented. Currently, the system is geared towards 
diagnostics to study the various sources of jitter at LCLS. 

 

 
Fig.1. The layout of the femtosecond fiber timing distribution system for LCLS. OMO, optical master oscillator; EDFA, Erbium-doped fiber 
amplifier; FLS, fiber link stabilizer; TC-BOC, two-color balanced optical cross-correlator; PFS, piezo-driven fiber stretcher; MDL, motorized 
delay line; BOM-PD, balanced-optical-microwave phase-detector. 



    Figure. 1 shows the layout of the proposed femtosecond fiber-laser based timing system for LCLS. In the design, 
a 68 MHz Er-doped fiber laser (Toptica FErb 1560) located in the laser hall is used as an optical master oscillator 
(OMO) synchronized to the rf-clock signal at 476MHz [13]. Since the rf pick-up cavity is located at the end of the 
undulator, where access is highly restricted, the pulse train from the OMO is delivered to the rf pick-up location by a 
dispersion-compensated optical fiber link stabilized with a single-crystal PPKTP balanced optical cross-correlator 
(BOC) which provides a timing sensitivity of 4.8 mV/fs with a ~500 fs linear region as shown in Fig. 2(a). 
Preliminary results show a rms timing jitter of 13-fs after stabilization. The performance is currently limited by the 
resonance of piezo fiber stretcher at around 18 kHz which can be further reduced by improved feedback electronics. 
The optical and rf timing is achieved with a balanced optical-microwave phase detector [13], and the baseband 
phase error signal synchronizes the OMO to the rf reference (RMO). Figure 2(b) shows the phase noise spectrum of 
the OMO when free-running and locked to the RMO measured with the same photodetector, which shows tight 
synchronization within the locking bandwidth of around 1 kHz. The pulses from the synchronized OMO are then 
distributed via stabilized optical fiber links to provide the timing reference for the Ti:sapphire oscillator and 
amplifier in the laser room. Optical-optical synchronization between the delivered synchronization pulses by the 
fiber link and the Ti:Sapphire laser is achieved by a two-color balanced optical cross-correlator (TC-BOC) based on 
type I sum-frequency generation between 800 nm and 1560 nm pulses [16]. Fig. 2(c) shows the obtained S-curve 
generated with a Ti:sapphire oscillator and OMO, which shows a timing sensitivity of  ~50 mV/fs (Fig. 2(c)). The 
Ti:sapphire oscillator was pre-synchronized to the RMO with a traditional rf lock and achieved a typical rms timing 
jitter of ~150 fs, which is beyond the current capture range of the TC-BOC (~120 fs). Work on improving the 
capturing range of the TC-BOC as well as optimizing the rf pre-locking of the Ti:sapphire laser to make the 
transition from rf locking to TC-BOC locking and achieve better optical-optical synchronization is in progress. 

 
Fig.2. The timing system measurements. a) S-curve from the balanced optical cross-correlator in stabilized fiber timing link; b) phase noise 
spectrum of OMO when free-running and locked to the rf reference; c) the S-curve of the TC-BOC. 
 
In conclusion, we report on progress towards a femtosecond fiber-laser based timing distribution system at LCLS. 
The performance of major components for optical-microwave, optical-optical synchronization modules, and optical 
timing distribution in a fully operating x-ray FEL is presented. 
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