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Abstract 
The planned Shanghai high repetition rate XFEL and ex-

treme light facility (SHINE) generate X-ray light pulses in 
femtosecond range. For photoinjector drive laser, seed la-
ser, and time resolved pump-probe experiments it is crucial 
to synchronize various slave laser oscillator to the master 
reference laser with a long term stability of better than 10 fs. 
For this purpose two color balanced optical cross correlator 
for locking slave laser to master laser is under developing. 

In this paper, we report on the progress of the develop-
ment of a background free two color balanced cross corre-
lator (TCBOC) to synchronize 800 nm slave laser to 
1550 nm master laser. The synchronization system is being 
tested by linking a commercial Ti:sapphire oscillator to a 
locally installed timing reference source.  

INTRODUCTION 
At present, FELs are the only facilities that can generate 

bright, coherent hard X-ray pulse with temporal durations 
below 100 fs and up to 1013photon per pulse [1]. High pre-
cision timing synchronization systems are critical for FELs 
because X-ray temporal duration is highly sensitive to the 
overall synchronization between the injector laser, the Lin-
acs, and the bunch compressors. Moreover, for the seeded 
FELs, timing jitter between the seed laser and the electron 
bunch must be minimized. Finally, the relative timing jitter 
between the FEL output and the pump laser must be con-
trolled with a precision better than the FEL pulse duration 
for pump probe experiments aiming high temporal resolu-
tion [2].  

The optical synchronization system for SXFEL and un-
der consideration for the SHINE is based on an ultra-stable 
mode locked master laser locked to a low noise RF oscilla-
tor generating hundreds of fs light pulse of 1550 nm. The 
master laser is phase locked to the low noise RF master 
oscillator of the accelerator to ensure stable operation and 
small jitter. The timing information is contained in the pre-
cise repetition frequency of 238 MHz of the pulse train and 
distributed via actively length stabilized fiber links to re-
moted locations. 

Recently, one scheme has been demonstrated that 
pulsed-optical timing stability distribution system using 
polarization maintaining fibers can deliver sub femtosec-
ond timing stability over kilometer-scale distances [2].  
One of the key components of the synchronization system 
is the two color balanced cross correlator (TCBOC) which 
provides a method to lock slave laser systems to the timing 
reference with less than 10 fs accuracy [3]. This balanced 

optical cross correlation scheme was firstly suggested by 
Franz X. Kärtner group to perform pure timing measure-
ments in the optical domain [4], and have been developed 
to achieve sub femtosecond precision [5-7]. 

PRINCIPLE OF TWO COLOR BAL-
ANCED CROSS CORRELATOR 

FH: Fundamental harmonics of input pulses; DM: Di-
chroic mirror; HM: high reflective mirror; GVD: Silica 
slab for group velocity delay.V1 and V2: output voltage 
from photodetector. 

The principle of two color balanced cross correlator is 
shown in Fig. 1. Two optical pulses with different central 
wavelength are input to a BBO crystal in a forward pass 
and reverse pass configuration, where one pulse is from the 
master laser and the other pulse is from slave laser. A third 
light pulse of their sum frequency will be created when 
they overlap spatially and temporally. As they propagate 
through the BBO crystal, they walk through each other due 
to different group velocity. Therefore, different amount of 
sum frequency light is generated depending on their tem-
poral overlap in the forward and reverse pass. The gener-
ated sum frequency pulses are separated from input pulses 
by dichroic mirror and measured by two identical channels 
of a balanced photodetector. Therefore, the difference of 
the sum frequency pulse cancels the intensity fluctuations 
of input pulses, and the generated voltage signal is only 
proportional to the time separation of input pulses. Base on 
this principle, one can detect timing fluctuations signifi-
cantly smaller than the pulse duration itself. Another ad-
vantage it that this method is immune to temperature vari-
ations due to the timing detection is performed directly in 
the optical domain. 

 
Figure 1: Principle of timing detection using TCBOC. 
Supposing two Gaussian-shaped input pulses with their 

intensities 𝐼ଵሺ𝑡ሻ and 𝐼ଶሺ𝑡ሻ, the intensity of generated sum 
frequency light is expressed by the convolution of the two 
input pulses: 𝐼௦௨௠ሺ𝑡ሻ ∝ ׬ 𝐼ଵሺ𝜏ሻ𝐼ଶሺ𝑡 െ 𝜏ሻ𝑑𝜏ஶିஶ                     (1) 

 ___________________________________________  

* Work supported by Shanghai Municipal Science and Technology Major
Project (Grant No. 2017SHZDZX02)  
† email address liubo@zjlab.org.cn 

10th Int. Beam Instrum. Conf. IBIC2021, Pohang, Rep. of Korea JACoW Publishing
ISBN: 978-3-95450-230-1 ISSN: 2673-5350 doi:10.18429/JACoW-IBIC2021-WEPP05

WEPP05C
on

te
nt

fr
om

th
is

w
or

k
m

ay
be

us
ed

un
de

rt
he

te
rm

s
of

th
e

C
C

B
Y

3.
0

lic
en

ce
(©

20
21

).
A

ny
di

st
ri

bu
tio

n
of

th
is

w
or

k
m

us
tm

ai
nt

ai
n

at
tr

ib
ut

io
n

to
th

e
au

th
or

(s
),

tit
le

of
th

e
w

or
k,

pu
bl

is
he

r,
an

d
D

O
I

370 05 Longitudinal Diagnostics and Synchronization



Where 𝜏  is the time delay between the two input pulses. 
Eq. (1) can be described by 𝐼௦௨௠ሺ𝑡ሻ ൌ ଵටଶగሺఙభమାఙమమሻ 𝑒𝑥𝑝 ቄെ ሺ௧ି∆௧ሻమଶሺఙభమାఙమమሻቅ,             (2) 

where 𝐼௦௨௠ሺ𝑡ሻ  is highly sensitive to variation of relative 
timing ∆𝑡 between the two input pulses. Therefore, inten-
sity changes of sum frequency pulse is a measure for the 
timing changes. 

 
Figure 2: Schematic of TCBOC feedback control system to 
synchronize the pulse trains of two ultrafast laser at differ-
ent wavelength. 

In order to synchronize Ti:sapphire laser oscillator to the 
master laser, an feedback control loop is developed  as de-
scribed in Fig. 2. The TCBOC is used as high precision 
timing detectors. The voltage signal generated from the 
TCBOC is used as a feedback signal to control the fre-
quency of the slave laser oscillator via its step motor and 
intra-cavity PZT shown in Fig. 3. Once the feedback con-
trol is running, it will pull the frequency of the slave laser 𝑓ௌ oscillator closer to that of the master laser 𝑓ெ which will 
stretch the period response curve in time. As shown in 
Fig. 3, once frequency difference ∆𝑓 is sufficiently small 
(∆𝑓 ≪ 𝑓ெ ), the phase lock loop will operate in the linear 
region of the detector output and lock the slave oscillator’s 
frequency by suppressing the error voltage as tightly as 
possible to zero. Once a stable locking is achieved, the 
TCBOC output will be a DC voltage. 

 
Figure 3: Operating principle of frequency synchronization 
using TCBOC. 

As shown in Fig. 3, pulse trains from the master laser and 
slave laser with small repetition rate difference (∆𝑓 ≪ 𝑓ெ) 
are sent to the TCBOC to measure their relative timing er-
ror. The repetition period difference ∆𝑇 between the two 
pulse trains can be expressed as ∆𝑇 ൌ ଵ௙ಾ െ ଵ௙ಾା∆௙ ൌ ∆௙௙ಾమା௙ಾ∆௙ ൎ ∆௙௙ಾమ              (3) 

Eq. (3) shows that the pulse trains temporally move with 
respect to each other by ∆𝑇  in every time period 𝑇ெ  of 

Master pulse [2]. As a result of this temporal pulse “slid-
ing”, the TCBOC generates a cross correlation signal every 
time the pulses coincide. Therefore, the output signal of 
TCBOC can be recorded by an oscilloscope and measure 
the slope of the cross correlation at the zero crossing point 
with unit mV/s. However, the recorded time scale has to be 
converted to the relative time scale between the pulses, 
which can be expressed as ξ ൌ ∆௙௙ಾ                                        (4) 

EXPERIMENT SETUP 
As shown in Fig. 4, the 1550 nm േ 10 nm pulses with a 

repetition rate of 238 MHz and power of 17.7 mW is from 
a stabilized polarization maintaining fiber link, which is 
provided by Cycle company. The 800 nm േ 40 nm pulse is 
from Ti:sapphire laser oscillator(Micra, Coherent) which 
has a repetition rate of 79.33 MHz and 45 mW power. In 
order to reduce the fiber dispersion influence, 800 nm 
pulses is reflected into the TCBOC system through free 
space. Beta barium borate (BBO) with a thickness 5 mm 
was chosen for the generation of 527 nm sum frequency 
signal. The phase match angle is calculated to be 22.2°
according to Sellmeier equation for the used collinear type-
Ⅰ configuration(ooe) [8]. A free space balanced amplified 
photodetector (PDB210A/M, Thorlabs) with gain of 500×
103 V/A was chosen for measure the sum frequency signal 
and corresponding signal difference. This detector acts as 
balanced receivers by subtracting the two optical input sig-
nals from each other, resulting in the cancellation of com-
mon mode noise, which allows small changes in the signal 
path to be extracted from the interfering noise floor. 

 

 
Figure 4: Experimental setup of two color balanced cross 
correlator. 

MEASUREMENT RESULTS AND 
DISCUSSIONS 

When two input pulses are combined and propagate 
through the BBO crystal in forward direction, 527 nm sum 
frequency signal is produced shown in Fig. 5 red curve. As 
the two pulses are reflected back and propagate through the 
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BBO crystal again, 527 nm sum frequency signal is gener-
ated shown in Fig. 5 blue curve. The real time scale in 
Fig. 5 is obtained by multiplying the time scale of the os-
cilloscope by a ratio of the repetition rate difference 3.3 Hz 
to the repetition rate of the master laser 238 MHz. 

 
Figure 5: Measured 527 nm sum frequency signal intensity 
on a balanced detector. 

 
Figure 6: Measured difference signal by two color balanced 
optical cross correlator. The slope of red part curve is 
6.31 mV/fs around zero crossing. 

Figure 6 shows the difference signal generated from 
TCBOC. The sensitivity of the curve is calculated by se-
lecting the red part of the curve, which given a voltage dif-
ference 0.4 V and time difference 63.3 fs. Therefore, we 
extract a slope around the zero crossing of 6.31 mV/fs, 
which is sufficient for the feedback control loop.  

Further investigation of this will include careful charac-
terization of all the input pulse length in the setup and 
changing the group delay glass accordingly. 

CONCLUSION 
An two color balanced cross correlator was developed 

and tested, which will be used to phase lock two individual 
laser systems operating at different center wavelength and 
different repetition rates. The repetition rate between the 
master laser and the slave laser has to be a harmonic of the 
other’s. At present, difference signal of sum frequency 
have been obtained, which shows a sufficient slope around 
zero crossing for phase locking. The next step is to make 
short and long term stability measurements with an identi-
cal out of loop TCBOC. 

In the future, this TCBOC system will be reassembled 
and upgraded from breadboard setups to a professionally 
engineered version, which promises long term stability, 
user friendly operation and low maintenance. 

The same type of two color balanced cross correlator can 
be used for laser system of SHINE project, such as drive 
laser, seed laser as well as pump probe laser, which pre-
sumably only requires BBO crystal with different cutting 
angle.  
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