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Abstract

The free-electron laser FLASH and the planned Euro-
pean XFEL generate X-ray light pulses with durations that
are below 30 fs. The feasibility of time-resolved pump-
probe experiments, special diagnostic measurements and
future operation modes by means of laser seeding [1] de-
pends crucially on the long-term stability of the synchro-
nization of various laser systems within the facility. For
this purpose, an optical synchronization system is being in-
stalled and tested at FLASH.
In this paper, we report on the development and the per-
formance of a background-free optical cross-correlation
scheme to synchronize two individual mode-locked lasers
of different center wavelengths and repetition rates with an
accuracy of better than 10 fs. The scheme was tested by
linking a Ti:sapphire oscillator, used for electro-optical di-
agnostics at FLASH, to a locally installed erbium-doped
fiber laser and it will be used at the end-point of an actively
length-stabilized fiber link which distributes the pulses
from a master laser oscillator, after this has been commis-
sioned. Then the diagnostic laser can be synchronized to
the electron beam and first accelerator-based measurements
on the performance of the system will be carried out.

THE OPTICAL SYNCHRONIZATION
SYSTEM OF FLASH

The optical synchronization system for FLASH [2, 3]
and for the European XFEL is based on an ultra-stable,
mode-locked erbium-doped fiber laser generating sub-
ps light pulses at the telecommunication wavelength of
1550 nm. This master laser (MLO) is phase-locked to the
low-noise RF master oscillator of the accelerator to en-
sure stable operation and small jitter at low frequencies.
The timing information is contained in the precise repeti-
tion rate of 216.66 MHz of the optical pulse train, which
is the 6th sub-harmonic of FLASH’s 1.3 GHz reference
frequency. The pulses are distributed via actively length-
stabilized fiber links to the remote locations along the ac-
celerator. At these locations, low-level RF signals can be
extracted using photo diodes and bandpass filters, Sagnac
loops or interferometric methods to pick a harmonic of the
MLO’s repetition rate [4]. Other types of end-stations in-
clude bunch arrival-time monitors (BAM) or large hori-
zontal aperture beam position monitors, and possibly di-

rect seeding of Ti:sapphire amplifiers. Another key com-
ponent of the synchronization system is the optical cross-
correlator, providing a mechanism to lock various laser sys-
tems to the optical reference with femtosecond accuracy.
The laser systems include those used for electron beam
generation, diagnostics and pump-probe experiments, as
well as the laser system, which will be used to seed the
FEL in the sFLASH experiment.

TWO-COLOR BALANCED OPTICAL
CROSS-CORRELATOR

The operation of the balanced optical cross-correlator is
based on the sum frequency generation (SFG) in a type-
I phase-matched nonlinear crystal and, using a dispersive
material, the generation of a group-delay difference be-
tween the two input pulses with the same polarization but
different center wavelength. In this way, it is similiar to the
scheme described in [5]. A schematic view of the optical

Figure 1: Schematic setup of a balanced optical cross-
correlator and sketched propagation of the optical pulses
inside the device. See text for details.

setup is given in figure 1. The pulses from both lasers enter
the cross-correlator through a first dichroic mirror, which
is transmissive for these fundamental pulses, but reflective
at the wavelength λ3 = (λ−1

1 + λ−1
2 )−1 corresponding to

the sum frequency. Then the pulses are focussed onto the
phase-matched BBO crystal and collimated by a second
lens. The resulting sum frequency is transmitted through a
second dichroic mirror and an optical bandpass filter onto
the first photo detector. Assuming Gaussian-shaped input
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pulses with the intensities I1(t) and I2(t), the intensity
I+(t) of the SFG component is given by the correlation
function

I+,I(t) ∝
∞∫

−∞
I1(τ)I2(t − τ) dτ

=
1√

2π(σ2
1 + σ2

2)
exp

{
− (t − Δt)2

2(σ2
1 + σ2

2)

}
,

which is highly sensitive to the relative time delay Δt be-
tween the input pulses. In this way the amplitude change
is a direct measure for a timing change. In the cross-
correlator, the fundamental pulses are reflected by the sec-
ond dichroic mirror and pass a small silica slab (depicted
as GDD in 1). This results in a group delay because of
the different indices of refraction for the different center
wavelengths. The now swapped pulses are focussed again
onto the BBO crystal, generating another SFG component,
which is reflected by the first dichroic mirror into the sec-
ond detector arm, filtered and measured by the second
photo detector. With this balanced detection, the measured
difference signal I+,II − I+,I at the detector’s output is, on
the slope around the zero-crossing, proportional to the rel-
ative timing Δt and almost background free, i. e. if there is
no temporal overlap, the also generated second harmonic is
strongly suppressed. Furthermore, this detection scheme is
insensitive to amplitude noise of the laser systems.
In order to keep the lasers synchronized to each other, the
balanced detector’s output signal is fed back into an digital
control loop, whose operating point is the zero-crossing of
slope mentioned above. In this way, the repetition rate of
the experiment’s laser is stabilized with a piezo transducer
and a motorized translation stage inside the cavity relative
to the optical reference.

MEASUREMENT RESULTS

For prototype research and development, we use a com-
mercial ultra-short pulse 81.25 MHz Ti:sapphire oscillator
with a center wavelength of 800 nm, which is also used for

Figure 2: Schematic of the experimental setup for jitter and
drift measurements. The second cross-correlator enables
out-of-loop measurements.

electro-optic diagnostic measurements. The timing refer-
ence is a self-built 40.625 MHz erbium-doped fiber laser

(EDFL) at the telecommunication wavelength of 1550 nm,
resulting in a wavelength of 527.7 nm of the correspond-
ing sum frequency. This local, free-running fiber laser is
installed to be independent of the master laser during de-
velopment, but after completion of the MLO and fiber link
system it will be replaced by the optical reference pulse
train. It emits 20 mW average power, which is moderately
amplified in the already installed link-end to about 30 mW,
split in the ratio of 1:2 and guided to both cross-correlators.
A fraction of the Ti:sapphire’s average power of 600 mW
is tapped off by a beam splitter and also distributed to the
cross-correlators after chirping the pulse to about 100 fs,
providing approximately 50 mW at their input mirrors.
The Ti:sapphire laser can be phase-locked to the EDFL
with a digital control loop based on a traditional RF phase
detection scheme, which is an important prerequisite to ini-
tially find temporal overlap inside the nonlinear crystal,
thus generating the sum frequency components and the er-
ror signal, respectively. Only then can the SFG based con-
trol loop supersede the RF-lock.

Out-of-Loop Measurements

Figure 3 shows the measured error signal of the out-
of-loop cross-correlator, while the Ti:sapphire oscillator
is optically locked to the reference laser with the first
cross-correlator. The relative timing Δt of the input laser
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Figure 3: Measured difference signal of the out-of-loop op-
tical cross correlator by varying the relative timing Δt.

pulses is changed with a motorized translation stage in the
Ti:sapphire laser’s beam path. The slope of 29.5 mV is cal-
culated from the Gaussian fit in the range from -0.3 V to
0.3 V. The following measurements were performed after
adjusting the delay Δt to zero and measuring the differ-
ence signal of the second cross-correlator. Figure 4 shows
a drift measurement over 400 s (red curve). The timing jit-
ter on that time-scale amounts to 7.9 fs (rms), and there is
practically no drift observable. For comparision, the blue
curve in the background shows the timing jitter of the RF
phase-lock, which is a factor of 2.4 worse. It was mea-
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Figure 4: Out-of-loop drift measurement over 400 s of the
optically locked (red), and the RF-locked Ti:sapphire laser
(blue).

sured with the out-of-loop cross-correlator, right before the
optical lock had been closed. We also measured the base-
band noise with an Agilent E5052B signal source analyzer
and figure 5 shows the calculated spectral density and inte-
grated timing jitter of the out-of-loop signal. The decrease
above 100 kHz corresponds to the bandwidth of the used
differential amplifier. The largest contribution to the tim-
ing jitter arises from the peak at 9 kHz, indicating imper-
fect parameters of the control loop, especially a too high
proportional gain. Curing the already above mentioned ob-
vious deficiencies and detailed analysis of additional noise
sources promises to reach the 1 fs (rms) jitter level, at least
on short time-scales, and it should be emphasized, that the
results presented here are obtained very recently and are
not yet optimized for best performance.
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Figure 5: Baseband noise and integrated timing jitter of the
out-of-loop error signal measured with an Agilent E5052B
signal source analyzer and a 100 kHz bandwidth differen-
tial amplifier.

SUMMARY AND OUTLOOK

The optical synchronization system of FLASH is be-
ing reassembled and upgraded from breadboard setups to
an extensible, professionally engineered version, which
promises long-term stable, user-friendly operation and low
maintenance. After the required infrastructure had been
completed, the master laser oscillator was commissioned,
together with its RF phase-lock and various online diagnos-
tics. Then the first non-prototype fiber link with a recom-
missioned BAM [6] as end-station could be set up. Based
on the BAM data, we were able to implement a slow am-
plitude feedback for the first acceleration module. This
present state allows us to debug the complete system and
identify possible design issues, while we simultaneously
setup and commission the next components, including the
fiber link to the laboratory, where the Ti:sapphire laser is
located.
We managed to lock this Ti:sapphire oscillator to a local
fiber laser already with an accuracy of less than 10 fs over
a time-scale of 400 s. Recently we were able to close the
control loop over 13 hours, which opens the possibility to
carry out first accelerator-based measurements such as a
comparision of the BAM data versus the EO-spectral de-
coding arrival time (see [7] for RF-lock based results).
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