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Abstract: We report on an active synchronization between two independent
mode-locked lasers using a combined electronic-optical feedback. With this
scheme, seed pulses at MHz repetition rate were amplified in a non-
collinear optical parametric chirped pulse amplifier (OPCPA). The
amplifier was seeded with stretched 1.5 nJ pulses from a femtosecond
Ti:Sapphire oscillator, while pumped with the 1 ps, 2.9 uJ frequency-
doubled output of an Yb:YAG thin-disk oscillator. The residual timing jitter
between the two oscillators was suppressed to 120 fs (RMS), allowing for
an efficient and broadband amplification at 11.5 MHz to a pulse energy of
700 nJ and an average power of 8 W. First compression experiment with
240 nJ amplified pulse energy resulted in a pulse duration of ~10 fs.
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1. Introduction

Ultrashort laser pulses with high average power at high repetition rates are highly demanded
in many ultrafast experiments in order to decrease the measurement time and to increase the
signal-to-noise ratio [1, 2]. Considering the scalability limitations of the Ti:Sapphire (Ti:Sa)
technology in terms of pulse energy and repetition rate [3], optical parametric chirped pulse
amplification (OPCPA) is a powerful alternative method for creating broadband few-cycle
pulses [4]. The latest development of thin-disk oscillators resulted in 30 pJ, sub-ps, MW peak
power pulses at MHz repetition rates [5] making them suitable for pumping OPCPAs. Short-
pulse-pumped OPCPA allows the use of thinner amplifier crystals resulting in a large
amplification bandwidth, while keeping the same gain level due to the higher possible pump
intensity. 3 pJ pulses at 143 kHz have been demonstrated by using an optically synchronized
regenerative amplifier and a Ti:Sa oscillator (two-laser approach) [6]. At a higher repetition
rate of 1 MHz, sub-10 fs pulses with 420 nJ pulse energy and 0.4 W of average power have
been shown [7]. In this one-laser approach a supercontinuum generated in bulk material
provides the OPCPA seed. However, this scheme has the following drawbacks: i) the
continuum is always centered at the wavelength of the pump laser and cannot be shifted to
other spectral ranges and ii) it does not provide carrier-envelope-phase (CEP) stabilization.
Therefore combining a Ti:Sa seed oscillator and an electronically synchronized pump
oscillator would permit the generation of CEP-stabilized, few-cycle pulses at high repetition
rates. Moreover, electronic synchronization between two independent mode-locked lasers is a
universal approach and can be implemented for lasers operating in substantially different
spectral ranges.

To maintain stable operation of the parametric amplifier and to avoid fluctuations of the
amplified spectrum, pulse energy and pulse duration, the maximum timing jitter between the
pump and seed sources needs to be less than 10% of the pump-pulse duration [8], imposing
strict constraints on the pump-seed synchronization when picoseconds-scale pump pulses are
used. In order to achieve this goal, several synchronization schemes have been reported. In
passive synchronization [9—-11], the OPCPA pump sources such as regenerative amplifiers or
fiber lasers are seeded with the OPCPA seed oscillator. Synchronization can be achieved also
by quasi-synchronously pumping of the seed oscillator [12]. Although in the above mentioned
cases the pump and seed pulses are intrinsically synchronized, further synchronization of the
seed and pump pulse trains at the OPCPA stage is required due to additional jitter introduced
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by air turbulences, mechanical vibrations of optical components, temperature drifts and the
finite stability of the frontend. In an active synchronization scheme, an electronic feedback
loop controls the cavity length of one of the oscillators in order to control the timing jitter at
the OPCPA stage. The feedback signal can be measured by electronic or optical detection. For
the case of electronic detection the electronic phase measurement is done by comparing the
repetition rates of two lasers, while the optical method uses a nonlinear interaction to measure
directly the timing offset. Designing a control loop based on both electronic and an optical
detection would allow the combination of the large dynamic range of electronic phase-locked
loops (PLLs) with the timing precision of the optical detection. Using this principle, a jitter as
low as 80 as has already been demonstrated for low-energy Ti:Sa and Cr:Forsterite oscillators
[13]. Obviously such timing precision would be unnecessary for parametric amplifiers driven
by 1-ps pump pulses. So far, active synchronization of lasers is mostly realized for mode-
locked oscillators, with a typical output power of a few hundred milliwatt, which are
intrinsically very stable. In this work, we developed a synchronization scheme combining an
electronic loop based on a PLL and an optical control loop using balanced cross-correlation as
the optical nonlinear interaction to synchronize a narrowband thin-disk oscillator with an
average output power of tens of watts and a low-power Ti:Sa oscillator with 300 nm
bandwidth. To our best knowledge, this is the first successful attempt of such type.

2. Mode-locked thin-disk oscillator

The pump source is based on an Yb:YAG thin-disk and long-cavity oscillator. The resonator,
shown in Fig. 1, contains the Yb:YAG thin-disk (7%-doped, 200 pm-thick) used as a turning
mirror. The thin-disk laser module from Dausinger & Giesen GmbH is pumped by fiber-
coupled diodes at 940 nm wavelength. The pump spot diameter on the disk is 2.8 mm.

HR SESAM
HR D
"

HR Thin-Diskl
D HR

HR

HR

DM
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Fig. 1. Schematic of the Yb:YAG oscillator. HR, high reflector; DM, dispersive mirror; OC,
output coupler; BP, Brewster plate; SESAM, Semiconductor Saturable Absorber Mirror.

A 1 mm thick fused silica Brewster plate is inserted to enforce linear polarisation. The
oscillator is operating with a 12% output coupler. Passive mode-locking of the oscillator is
achieved by using a commercially available Semiconductor Saturable Absorber Mirror
(SESAM, BATOP, SAM-1040-1-500fs) as an end mirror of the cavity. The SESAM with a
modulation depth of 0.5% is impinged by pulses with a peak intensity exceeding 4 GW/cm®.
With a pump power of 260 W, 70 W of average power is obtained resulting in an optical-to-
optical efficiency of 27%. In contrast to [14], the laser operates in air and delivers up to 6 pJ
pulse energy at 11.5 MHz repetition rate with near-diffraction limited beam quality of M* <
1.1 (Fig. 2). Stable single-pulse operation was obtained with —18000 fs> of negative group
delay dispersion (GDD) per round-trip. The dispersion was introduced by two highly
dispersive mirrors [15] with —4500 fs*> GDD per bounce. At 60 W output power, the oscillator
exhibits a pulse duration of 1 ps and a bandwidth of 1.4 nm (FWHM) at a center wavelength
of 1030 nm (Fig. 2). The RF-spectrum indicates strong sideband suppression above 60 dB
(Fig. 2) around the repetition rate frequency.
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Fig. 2. The autocorrelation trace (left), optical spectrum (middle), the RF spectrum (right) and
the beam profile (inset) of the Yb:YAG thin-disk oscillator.

3. Synchronization scheme

In order to synchronize the two independent lasers, we use an electronic synchronization with
a feedback loop to correct the timing jitter. To increase the precision of the measured error
signal, we developed a scheme combining an electronic and an optical control loop (Fig. 3)
similar to that presented in [13].

Elec. Loop||||Opt. Loop [l Monitoring OPCPA
YDYAG—, N
Ti:Sa ?
I_F"Z\ll A Y
Phase
Comparator Ié:G
Feedback Y P @ I
signal Z Analysis I

Fig. 3. Block diagram of the system; CM, chirped mirror.

In the system, the 7 fs Ti:Sa oscillator with 69 MHz repetition rate [16] is locked to the
11.5 MHz Yb:YAG laser. One of the folding mirrors in the Ti:Sa oscillator is mounted on a
piezoelectric transducer (PZT). This configuration was chosen to avoid Q-switching
instabilities in the Yb:YAG laser arising from sudden changes in the cavity. The PZT
(PiezoJena P 25/10) has a response time of ms and a travel range of 50 pm. The locking
proceeds in two steps. First, the electronic phase loop locks the pulse trains of the two
oscillators. This is done by comparing the phase of the 36" harmonic of the repetition rate of
the Yb:YAG and the 6™ harmonic of the repetition rate of Ti:Sa oscillator at 414 MHz. The
loop employs two standard 1-GHz-bandwidth photodiodes to detect the two pulse trains. After
electronic locking, the sum frequency signal (SFG) of the optical loop can already be
observed and traced (Fig. 4) although unstable at this point due to the high remaining timing
jitter. In the second step, a balanced cross-correlator provides the feedback signal for the
optical loop. As shown in Fig. 3, a fraction of the two laser pulses is directed onto two
identical 2-mm thick BBO crystals for SFG. In one of the SFG setups, a 2 ps delay between
the Ti:Sa and Yb:YAG pulses is introduced in order to determine the direction of the temporal
offset. To produce the optical feedback signal, the two signals are recorded by two
photodiodes and subtracted. When the temporal overlap between the two pulses at the
position of the BBO crystals drifts, an asymmetric error signal is generated to readjust the
position of the PZT (Fig. 5). This optical error signal adds a further correction to the
electronic loop.
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To investigate the locking performance of the synchronization, we set up a monitoring
stage and measured the cross-correlation between the pulses of the lasers (Fig. 4). The timing
jitter between the two lasers can be estimated from the width of the cross-correlation trace and
the pulse durations of the two lasers. The monitoring stage (Fig. 3) consists of a 1-mm-thick
BBO crystal and a photomultiplier for detecting the SFG. Assuming that the temporal shape
of both laser pulses and the probability distribution of the timing jitter have a Gaussian
distribution, the cross-correlation function is given by:

_ [ 2 2
TL' - z-Ti:Sa + TYI):YAG +T/' (1)

where 7, is the full width at half maximum (FWHM) of the timing jitter and 7z, is the

FWHM of the cross-correlation. 7, and 7,,,.. are the pulse durations (FWHM) of the

Ti:Sa and Yb:YAG oscillators, respectively. Due to the beam path in air and the transmission
optics, the duration of the Ti:Sa pulses at the monitoring stage is elongated to 150 fs. From
Eq. (1), the FWHM of the timing jitter between the two mode-locked oscillators can be
estimated to an RMS value of 120 fs. For further characterization of the timing jitter, the
pulse-to-pulse fluctuations of the SFG signal were analyzed at a delay of approximately half
of the pump pulse duration. In this configuration, the timing jitter At is directly proportional to
the measured intensity fluctuations Al (Fig. 6) and the RMS timing jitter c; can be retrieved
from the RMS intensity fluctuations and the calibrated slope of the correlation curve. The
coupling of intensity noise into timing noise has been thoroughly investigated in the case of
passively mode-locked lasers [17]. To suppress the discrete nature of the pulse train at 11.5
MHz, a photomultiplier with a bandwidth below 500 kHz is used to measure the SFG. Figure
7 shows the recorded signal over 2 s. By calculating the Allan variance [17] of the recorded
intensity noise, the frequency distribution of the timing jitter and thereby the time scale on
which the timing jitter mostly occurs can be identified. From these data, the timing jitter is
quantified in the range between 2 ps and 1 s as shown in Fig. 6. It can be seen that the main
contribution of the timing jitter is located near 100 ps. The relaxation oscillation frequencies
of the Ti:Sa and Yb:YAG lasers are estimated to be 140 kHz and 6.5 kHz, respectively [18].
The second value is very close to the highest component of the timing jitter located around 5
kHz. Therefore, it is most likely that the relaxation oscillations of the Yb:YAG are the main
jitter source in our system.
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Fig. 4. The cross-correlation trace at the monitoring stage with only the electronic loop (left)
and after activating the optical loop (right).
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Fig. 5. Calculated error signal of the optical loop for =50 fs (left), O fs (middle) and + 50 fs
(right) timing offset between the two pulse trains.
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Fig. 6. Schematic representation of the timing jitter. Solid blue line, Yb:YAG pulse. Red and
purple filled areas: SFG signal for different relative timing (left). The Allan variance of the
measured timing jitter (right).
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Fig. 7. The measured SFG at the monitoring stage: at the peak of the SFG signal (left), at the
half of the SFG peak (right).

The quality of synchronization would certainly benefit from an optimization of the
SESAM parameters and the cavity design to improve the stability performances of the
oscillator. Another improvement of the timing jitter could be obtained by using a faster PZT
thus increasing the feedback bandwidth of the active control loop. The residual jitter after the
electronic and optical control loops is still within approximately 10% of the pump pulse
width. These results allow for stable parametric amplification of the Ti:Sa seed pulses by
using the frequency-doubled output of the Yb:YAG oscillator as a pump.

4. MHz OPCPA

The amplifier system consists of a single-stage non-collinear OPCPA and a chirped mirror
compressor. To pump the parametric amplifier, the Yb:YAG pulses are frequency doubled in
a 4 mm critically-phase-matched type-I LBO crystal, generating 43.5 W of 515 nm radiation
with excellent beam quality. This corresponds to an optical efficiency of 65%. Due to strong
saturation in the frequency conversion process, the pulse-to-pulse energy fluctuations at 515
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nm are similar to that of the fundamental. The seed energy in front of the OPCPA crystal
amounts to 1.4 nJ. The pump is focused to a beam diameter of 200 um, slightly larger than the
seed. Pump and seed are crossed at an internal angle o = 2.5° inside a 4-mm BBO crystal cut
at © = 24° for type-I phase-matching. In this geometric configuration, the interaction length is
longer than the crystal, ensuring good conversion efficiency and uniform amplification.
Pumping the crystal with 34 W of average power and an intensity of 18 GW/cm” results in 5.6
W of amplified output power and a pump-to-signal conversion efficiency of 17% (Fig. 8). To
improve the temporal overlap between pump and seed pulses, 16 mm uncoated fused silica
was used to stretch the seed pulses to 500 fs resulting in 8 W of the amplified average power.
This corresponds to a pulse energy of 700 nJ and a conversion efficiency of 24%. In this case,
the amplified spectral bandwidth narrows, as shown in Fig. 8 but still supports a sub-7-fs
Fourier-transform-limited pulse duration.

Signal (a.u.)
Phase (rad)

wWaveIeEr;Elh (nm)h—w -100 -DuTimé (fs) ou

Fig. 8. Left: The seed spectrum (gray) and the amplified spectra at 490 nJ (black) and 700 nJ
(red). Insert: retrieved FROG trace for 240 nJ. Right: FROG retrieval in the time domain.
Insert: the transformed-limited pulse.

The superfluorescence background could not be measured with the power meter available
to us. The superfluorescence ring was only visible by using a CCD camera and by removing
the neutral density filter in front of it. The superfluorescence-to-signal ratio could be
estimated to be on the order of 0.1%. On a time scale of 10 ms, the fluctuations of the
amplified pulse train were similar to the fluctuations of the pump pulses. The preliminary
compression was carried out by using a double-angle chirped-mirror compressor [19]. Since
the only mirrors available to us had a relatively low GDD (=30 fs* per bounce), we minimised
the introduced dispersion to the seed in order to reduce the amount of necessary bounces in
the compressor. For this purpose the seed pulse duration was again decreased, by removing
the stretcher and by using a thinner crystal in the OPCPA stage. Amplifying the seed in a 3
mm BBO crystal, we obtained 240 nJ pulse energy and a compressed pulse duration of 9.8 fs.
The FROG trace (Fig. 8) shows satellite pulses which are caused by uncompensated higher-
order dispersion. The quality of the compression can be improved further by using specially
designed chirped mirrors.

5. Conclusion

In conclusion, we have realised a synchronization scheme with < 120 fs (RMS) timing jitter
suitable for OPCPA systems pumped by a 1-ps laser source. Using this approach the 300 nm
broadband spectrum of a Ti:Sa oscillator was amplified in a 4 mm BBO crystal to 700 nJ and
8 W of average power at 11.5 MHz repetition rate. 10 fs, 240 nJ pulses were realized with a 3
mm BBO crystal. Among others, this approach promises to reach CEP-stable pJ-level pulses
at MHz repetition rate in the mid-infrared region [20], representing an attractive source e.g.
for gas spectroscopy and gas analysis [21]. On the other hand, recent progress in generating
even shorter pulses with high-power Yb-based oscillators [22] requires further improvement
of the two-laser synchronization approach when short-pulse-pumped OPCPA is considered.
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