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Abstract
RF photo-injectors are used in various large, mid and

small-scale accelerator facilities such as X-ray Free Elec-
tron Lasers (XFELs), external injection-based laser-driven
plasma accelerators (LPAs) and ultrafast electron diffraction
(UED) sources. Many of these facilities require a high pre-
cision synchronization of the photo-injector laser system, ei-
ther because of beam dynamics reasons or the photo-injector
directly impacting pump-probe experiments carried out to
study physical processes on femtosecond timescales. It is
thus crucial to achieve synchronization in the order of 10 fs
rms or below between the photocathode laser and the RF
source driving the RF gun. In this paper, we present the
laser-to-RF synchronization setup employed to lock a com-
mercial near-infrared (NIR) photocathode laser oscillator
to a 2.998 GHz RF source. Together with the first results
achieving ∼ 10 fs rms timing jitter in the measurement band-
width from 10 Hz up to 1 MHz, we describe an advanced
synchronization setup as a future upgrade, promising even
lower timing jitter and most importantly long-term timing
drift stability.

INTRODUCTION
The (short and innovative bunches and accelerators at

DESY) SINBAD facility will host several accelerator re-
search and development experiments like ARES [1] and
AXSIS [2]. These experiments will mainly focus on the
production of ultra-short electron bunches (0.2 fs to 10 fs)
and testing novel high gradient acceleration techniques. The
(accelerator research experiment at sinbad) ARES is a con-
ventional S-band linear RF accelerator (linac) which is cur-
rently in the construction and commissioning phase [3]. It
consists of S-band (𝑓RF = 2.998 GHz) normal conducting
accelerating structures: 1.5 cell RF gun [4] and two trav-
elling wave structures (TWS1, TWS2) [5]. The electron
bunches are produced by impinging ultrashort laser pulses
on a photocathode inside the RF gun.The ARES linac is
schematically shown in Fig. 1. The final electron beam pa-
rameters at ARES are defined in [3] and require an arrival
time jitter of < 10 fs rms. In order to meet this requirement
it is crucial to achieve a precise laser-to-RF synchroniza-
tion between the pulsed injector laser and the 2.998 GHz RF
reference signal from the RF master oscillator (MO). The in-
jector laser is a commercial system from Light Conversion1

with a fundamental wavelength of 1030 nm and variable
pulse duration of 0.16 ps to 10 ps. The laser oscillator of
∗ mikheil.titberidze@desy.de
1 Pharos SP-06-200-PP

this system is designed such that the repetition rate of the
optical pulses 𝑓rep = 83.28 MHz is the 36th sub-harmonic of
the RF reference frequency 𝑓RF = 2.998 GHz.

DIRECT CONVERSION BASED
LASER-TO-RF SYNCHRONIZATION

General Concept
One of the most common techniques to synchronize a

mode-locked laser to an RF signal is using a fast photode-
tector [6–9]. The pulsed optical signals are converted to
electrical pulses which are composed of high spectral purity
harmonics of the laser repetition rate. The cutoff frequency
of the RF comb is given by the bandwidth of the photodetec-
tor. The desired frequency component of the RF comb can
be filtered out using an RF band-pass filter (BPF) and am-
plified until the signal level is sufficient for downconvertion.
The downconverted signal is digitized using an analog-to-
digital converter (ADC) employing so called non-IQ sam-
pling [6, 10, 11]. The amplitude and phase information is
extracted in the digital domain. The obtained phase error
information is fed back to the piezo actuator of the laser
oscillator using a piezo driver to establish the phase locked
loop (PLL).

There are several advantages of downconverting the pho-
todetected signal to an intermediate frequency (IF) instead
of baseband. Baseband signals are often degraded by unde-
sired DC offsets due to imperfections of the electronics and
they are highly susceptible to electromagnetic interference
(EMI). Both effects limit the overall PLL performance poten-
tially leading to a poor synchronization performance. These
problems are mitigated by direct sampling the IF signal and
using digital phase detection.

However, there are still fundamental limitations related
to the photodetection process, such as the AM-PM effect,
where optical power fluctuations are converted to phase fluc-
tuations of each frequency component of the generated fre-
quency comb [12, 13] while low signal levels from the pho-
todetector together with the intrinsic thermal and shot noise
sources lead to a limited signal-to-noise ratio (SNR).

One can estimate the thermal noise limited timing jitter
for a 50 Ω terminated photodetector using the following
expression [14]:

𝑇rms = 1
2𝜋𝑓c

√𝑃th
𝑃c

Δ𝑓. (1)

Here, 𝑃th = −174 dBm/Hz is the thermal noise power at
room temperature in a 1 Hz bandwidth. 𝑃c and 𝑓c are the
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Figure 1: Layout of ARES linac.

carrier power and frequency respectively. Δ𝑓 is the noise
bandwidth. Using a commercial fast photodetector, a car-
rier power of −25 dBm at 2.998 GHz can be extracted for an
average optical power of 5 mW and applied reverse bias volt-
age of 12 V. This leads to approximately 2 fs thermal noise
limited timing jitter in a 1 MHz bandwidth. In addition, the
long-term timing drift performance is a major problem in
the direct conversion based laser-to-RF synchronization se-
tups. Many RF components involved in the synchronization
setup are susceptible to temperature and humidity changes,
leading to an unavoidable timing drifts and poor long-term
timing stability [15].

Technical Implementation
In this section, technical details of the injector laser syn-

chronization together with the measurement setup (Fig. 2)
are discussed. The optical pulse train from the laser oscilla-
tor is split by a polarizing beam splitter into two paths. The
first path provides the optical pulse train to the direct con-
version based laser-to-RF synchronization setup, while the
second optical path is reserved for a future upgrade discussed
in the next section.

The optical pulse train with an average optical power of
≈ 5 mW is guided to a commercial InGaAs photodetector2

via a fiber coupled collimator. The photodetected signal is
split by the RF splitter (SPL) providing the signals to in-loop
and out-of-loop RF chains. The 37th and 36th harmonics
(3.081 GHz, 2.998 GHz) of the laser oscillator repetition rate
are filtered using custom built RF bandpass filters for in-loop
and out-of-loop setups respectively. The in-loop setup is
dedicated to lock the laser oscillator, while the out-of-loop
signal is used for performance evaluation.
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Figure 2: Schematic diagram of the laser oscillator synchro-
nization and out-of-loop measurement setup.

The 3.081 GHz signal is downconverted using the
2.998 GHz RF reference signal resulting in an IF = 𝑓rep =

2 https://www.eotech.com/, ET3500F

83.28 MHz. The obtained IF is digitized with a sampling
rate of 𝑓s = 𝑓c/24 = 124.92 MHz. The signal downcon-
version, digitization and phase feedback is carried out on
the MicroTCA.4 electronics platform [16], offering extremly
large flexibility for controls compared to conventional analog
controllers.

Measurement Results
After successfully locking the laser oscillator to the RF

reference signal, the out-of-loop absolute and residual phase-
noise measurements have been carried out using a phase-
noise analyzer3 with a measurement bandwidth of 10 Hz to
1 MHz. The phase-noise power spectral densities (PSDs)
and corresponding integrated jitters are summarized in Fig. 3
and Fig. 4. Here the green curves depict the absolute phase-
noise PSD and the corresponding timing jitter of the RF
reference signal. The orange curves show the absolute phase-
noise PSD and timing jitter of the locked laser oscillator
measured at the 36th harmonic (2.998 GHz) of the repetition
rate.

Figure 3: Measured absolute and residual phase-noise power
spectral densities.

The overlap of the phase-noise PSD curves (green, or-
ange), indicate that the locking bandwidth of the laser os-
cillator is about a few kHz. The out-of-loop residual phase-
noise measurement between the RF reference and the laser
oscillator is depicted by the blue curves in Figs. 3,4. The
total integrated timing jitter amounts about 10 fs rms, domi-
nated by the so called ”waterbed effect” in the range from
1 kHz to 40 kHz. Beyond 40 kHz the integrated timing jitter
is governed by the noise floor of the RF reference. The noise
floor of the phase-noise analyzer was measured when both

3 R&S FSWP26
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Figure 4: Integrated timing jitter calculated from the phase-
noise PSD in Fig 3.

the signal and the external reference were derived from the
same source (RF MO). The red curve in Fig. 3 shows the
measured noise floor of the phase-noise analyzer amounting
300 as rms in the full measurement bandwidth. The timing
jitter contribution added by the measurement device itself is
negligible compared to the high frequency noise floors of
the RF reference and the laser oscillator.

FUTURE UPGRADE
In order to mitigate the problems associated with the direct

conversion based laser-to-RF synchronization setup, it is
planned to build a Mach-Zehnder Modulator (MZM) based
laser-to-RF synchronization setup [9]. It has been shown in a
pilot study that the MZM based laser-to-RF synchronization
scheme for S-band frequencies can suppress the AM-PM
effect and offer timing jitter and especially drift performance
in the order of 10 fs rms [9, 15].

This approach is based on sampling the RF reference sig-
nal zero crossings with optical pulses within the integrated
MZM. This allows to convert the relative timing error be-
tween these two sources into an amplitude modulation of
the optical pulses. A sketch for the simplified case is shown
in Fig. 5. When the relative timing between the laser os-
cillator pulse train and the RF reference is zero (Δ𝜑 = 0),
optical pulses arrive at the zero crossings of the RF refer-
ence. Hence, an amplitude modulation of the optical pulses
does not take place. When the relative timing between the
two sources is not zero (Δ𝜑 ≠ 0), the amplitude modula-
tion of the laser pulses will occur. For any Δ𝜑 ≠ 0, each
subsequent pair of optical pulses samples opposite slopes
of the RF signal. This translates to an amplitude mismatch
of the individual laser pulse since they experience positive
and negative voltages of the RF signal respectively. The
amplitude modulation of the optical pulses in the time do-
main transfers to the RF spectrum as additional frequency
components (orange comb lines in Fig. 5). One can detect
the amplitude of one of these modulation frequencies and
build a feedback loop in order to establish a PLL between the

laser oscillator and the RF reference signal. For more details
about the principle of operation of the scheme see [8, 9, 15].

Figure 5: Concept for Mach-Zehnder modulator based laser-
to-RF synchronization scheme. Blue pulses indicate the
unmodulated optical pulses in time domain, red and green
pulses depict the modulated optical pulses in time domain.
Orange comb lines show the frequency spectra for both mod-
ulated and unmodulated optical pulses.

CONCLUSION
In this paper we have shown the first results of the recently

commissioned direct conversion based photo-injector laser-
to-RF synchronization setup at the SINBAD facility. The
measured timing jitter performance is ≈ 10 fs rms in the
bandwidth of 10 Hz to 1 MHz which is sufficient for the ini-
tial phase of the experiments planned at ARES and satisfies
its design requirements. The MZM based laser-to-RF setup
is currently in preperation and commissioning will start in
the near future as an upgrade.
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