
TIMING SYNCHRONIZATION ACTIVITIES FOR DRIFT-FREE OPERA-
TION OF ULTRAFAST ELECTRON DIFFRACTION SYSTEM AT 

KAERI 
J. Shin, J. Kim†, Korea Advanced Institute of Science and Technology, Daejeon, Republic of Korea, 
I. H. Baek, H. W. Kim, K. Y. Oang, S. Park, Y. U. Jeong, Korea Atomic Energy Research Institute, 

Daejeon, Republic of Korea 

Abstract 
Precise timing synchronization of an ultrafast electron 

diffraction facility is essential requirement for femtosec-
ond resolution structure analysis. Recent studies of THz-
based electron deflectors have enabled the timing drift 
measurement between ultrafast electrons and an optical 
pump beam with few femtosecond resolution. In this work, 
we will introduce timing synchronization activities to sup-
press the drift of an electron beam. As timing drift of the 
electron beam originates from every sub-element, each 
timing drift contribution from RF transfer, RF-to-optical 
synchronization, and optical amplification is measured. 
Timing drift of RF transfer through coaxial cable, which 
exposed to temperature fluctuation, is actively stabilized 
from 2 ps to 50 fs by active feedback loop. Further additive 
drift from RF-to-optical synchronization is maintained be-
low 100 fs. Also optical drift due to the regenerative am-
plifier, measured by optical correlator, is maintained below 
20 fs over an hour. This work allows ultrafast electron dif-
fraction system to operate with less drift correction proce-
dure and increased user availability. 

INTRODUCTION 
Ultrafast electron diffraction allows time-resolved struc-

ture analysis at atomic scale [1,2], which enables many po-
tential applications on material science. Note that ultrafast 
electron offers unique opportunities as a matter, and it takes 
complementary role with light-based method such as free 
electron lasers. To further pave the way for ultrafast elec-
tron diffraction, it is of importance to optimize the temporal 
stability of electron sources. High temporal stability of 
electron sources will flourish not only ultrafast electron 
diffraction, but also ultrafast electron microscopy [3], and 
free electron lasers [4]. To generate low noise ultrafast 
electrons with MeV energy, DC photoguns and RF pho-
toguns could be utilized. DC photogun itself is inherently 
synchronized with optical gating pulses, while further ac-
celerating stages should be managed properly [5]. RF pho-
togun could provide MeV energy electrons without further 
acceleration stages due to its intrinsically high electric field 
strength. Unfortunately, synchronizing RF field with in-
jected optical pulses train could be a challenge [6]. With 
the recent advancement of THz-driven streak camera [7], 
jitter-free operation of RF photogun is enabled by optimiz-
ing laser injection phase. To fully exploit the jitter-free ul-
trafast electron sources, suppressing timing drift and main-
taining performance over long time are essential. In this 

paper, we optimize the timing drift of the ultrafast electron 
diffraction facility in KAERI, which already achieved jit-
ter-free condition with a RF photogun. To stabilize the tim-
ing drift of entire system, all timing contribution from sub-
systems are investigated. Subsystems are classified into RF 
distribution, RF-to-optical synchronization, and optical 
amplification as depicted in Fig. 1. Optimization of each 
subsystem is described in following sections. 

 
Figure 1: Subsystems contributing timing drift of electron 
pulses. 

RF DISTRIBUTION 
To distribute RF carrier from RF oscillator to laser, co-

axial cable is installed across the facility. Due to the dis-
tance between two locations, cable length of 30 m is re-
quired. Note that longer length of coaxial cable is more vul-
nerable to thermal fluctuation. To mitigate the impact of 
thermal fluctuation, many previous researches such as sta-
bilizing the cable temperature and measuring thermal sen-
sitivity of cable are reported [4]. In our system, 
SUCOFLEX404 (H&S) cable is installed for high stability 
against temperature. Furthermore, active drift compensa-
tion system is introduced as shown in Fig. 2. The proposed 
scheme compares phase between original RF signal and 
round-trip signal, which reflected from the end of coaxial 
cable. Detected phase error is feedback controlled by volt-
age-controlled phase shifter.  

 
Figure 2: Active drift compensation scheme for the 30-m 
coaxial cable. 

Timing drift of the coaxial cable is stabilized for 60,000 s 
and recorded with 10 s sampling time. All of stabilization 
performance, compensated drift amount, and temperature 
change of cable are recorded and plotted in Fig. 3. Note  ___________________________________________  
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that compensated drift amount implies the timing perfor-
mance without feedback control. The compensated drift 
shows close relation with temperature. Sharp temperature 
change near 42,000 s is due to warming up of the entire 
facility. Large phase shift due to temperature change is 
about 2 ps. After active stabilization, timing is stabilized in 
sub-100 fs even under drastic temperature change.  

 

 
Figure 3: Measurement result of timing drift at coaxial ca-
ble after active stabilization. 

RF-TO-OPTICAL SYNCHRONIZATION 
Synchronization between the optical pulse train and RF 

carrier has been actively researched over decades. Tradi-
tional approach utilizes photodiodes and frequency mixers 
to compare phase in electrical domain. To overcome the 
unwanted nonlinearities of mixers and photodiodes, phase 
detection by electro optic sampling method is actively re-
searched [8]. Electro-optic sampling method is based on 
the optical interferometer and an electro-optic phase mod-
ulator for high precision. In our system, fiber Sagnac loop 
based interferometer is implemented for RF-to-optical syn-
chronization as shown in Fig. 4. Repetition rate of optical 
oscillator is 79.3 MHz, and its 36th harmonic is 2.856 GHz. 
Note that 2.856 GHz is also the operating frequency of RF 
oscillator. Phase-locked loop is established via modulating 
repetition rate of optical oscillator. 

 
Figure 4: Schematic of fiber Sagnac loop based RF-to-op-
tical phase synchronization. EOM : electro-optic modula-
tor. 

To verify the performance of the phase locked loop, ad-
ditional out-of-loop performance is measured with a sec-
ondary phase detector. The measured phase noise by a in-
loop phase detector only represents loop performance, 
while the resolution of the phase detector is not observed. 
Both in-loop and out-of-loop phase noise are plotted in Fig. 
5. In-loop and out-of-loop phase noise follows closely from 
100 Hz to 100 kHz offset frequency range. Below 100 Hz 
offset frequency shows difference due to resolution of the 
phase detectors. As feedback bandwidth is limited to 2 kHz 
due to finite bandwidth of the laser actuator, phase noise of 
the optical oscillator above 2 kHz is not suppressed. This 
could be mitigated by improvement of the optical oscillator 
and optimization of the feedback loop with a lead compen-
sator. Integrated timing jitter from 100 kHz to 1 Hz is 
17.9 fs (23.14 fs) at in-loop (out-of-loop). 

 
Figure 5: Measured relative phase noise between RF and 
optical pulse train after synchronization. IL : in-loop, OOL 
: out-of-loop. 

OPTICAL AMPLIFICATION 
For optical amplification, a regenerative optical ampli-

fier which operates up to 1 kHz repetition rate is installed. 
As optical pulses travel repeatedly in the amplifier to build 
up pulse energy, timing jitter of the regenerative amplifier 
could be affected by thermal fluctuation. To measure the 
timing drift between the optical oscillator and the regener-
ative amplifier, optical correlation method [9] based on 
second harmonic generation is applied as shown in Fig. 6. 
By controlling the temporal overlap between optical 
pulses, second harmonic optical power will be proportional 
to timing fluctuation.  

 
Figure 6: Schematic of optical correlation method to meas-
ure timing jitter of the regenerative amplifier. FFT : Fourier 
Frequency Transform. 
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Measured timing jitter by optical correlation method and 
background noise due to instrument is plotted in Fig. 7. 
Both the background noise and measured timing jitter 
show strong electrical noise at 60 Hz. The electrical insta-
bility is due to the high gain (>1000) applied on baseband. 
The used photodetector has 100 MHz bandwidth. Note that 
huge discrepancy between detector bandwidth (100 MHz) 
and pulse repetition rate (1 kHz) requires very high electri-
cal gain to make signal observable. Regenerative amplifier 
shows strong fluctuation near 80 Hz. As a future work, 
measurement of timing drift and improvement of resolu-
tion is required. 

 
Figure 7: Measured relative timing jitter of optical regen-
erative amplifier with respect to optical oscillator. 

CONCLUSION 
In this work, we have implemented timing systems to 

optimize long-term temporal drift at ultrafast electron dif-
fraction facility in KAERI. To further enhance the long 
term stability of the electron beam, timing drift of RF sig-
nal after Klystron should be handled. Note that optimiza-
tion of RF drive is within the reach of current technology 
such as low level RF. This work will could be a foot step to 
operate the jitter-free ultrafast electron sources over very 
long time scale. As future work, timing drift of ultrafast 
electron pulses will be examined by THz-driven streak 
camera.  
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