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Abstract: Two diode pumped Cr:LiSAF lasers are synchronized using a balanced nonlinear optical cross
correlator. An integrated timing jitter of less than 156 as in the 10 kHz to 10 MHz range is measured.
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Accurate measurement of timing jitter noise of optical pulse trains from mode-locked lasers is a challenging task, due to
their inherent ultralow noise characteristics. For typical solid-sate mode-locked lasers, theoretical analysis estimates a
timing jitter in the attosecond regime at high frequencies (= ~10 kHz) [1, 2]; whereas, it is quite challenging to achieve
sub-10-fs resolution in a timing jitter measurement. The most common measurement method uses a high-speed
photodetector to generate a microwave signal, which is then bandpass filtered at higher harmonics, and a microwave
mixer measures the phase noise of the selected harmonic [3]. Although this method is often employed, excess phase
noise may be generated in the photodetection process and the measurement accuracy is inherently limited by the
resolution of the microwave mixer [4]. Another method for measuring timing jitter noise is interferometric cross
correlation [5], which allows higher sensitivity measurements. However, this method has a limited measurement range
(less than an optical cycle), making it hard to use for free running mode-locked lasers. Moreover, this method measures
optical phase noise rather than the timing jitter noise. Balanced nonlinear optical intensity cross correlation is an all
optical domain technique which can precisely measure the timing jitter noise of mode-locked lasers in a simple and
direct way [4, 6]. Balanced nonlinear cross correlation has high sensitivity, sufficient detection range, and does not
suffer from excess photodetection noise. Furthermore, balanced photodetection of the cross-correlation signal greatly
reduces coupling of laser intensity noise to the measured timing jitter.

In this work, we present attosecond resolution timing jitter characterization of femtosecond diode pumped
Cr:LiSAF lasers by using a single crystal balanced optical intensity cross correlator. Cr:LiSAF lasers are low-cost,
compact, efficient, enable turn-key operation and are expected to show ultra-low timing jitter [7]. Two home-built,
diode-pumped, saturable absorber mirror mode-locked, 100 MHz repetition rate Cr:LiSAF lasers, were synchronized
using a nonlinear optical cross correlator in a low-bandwidth (~1 kHz) phase-locked loop (PLL) configuration. The
resulting timing jitter noise spectral density between the two lasers was observed. Since the two lasers where identically
constructed, the timing jitter measured outside the locking bandwidth reflects 2 times the timing jitter of an individual
laser. The balanced nonlinear optical cross correlator provides a measurement resolution of ~2x10"° fs>/Hz at 100 kHz
(-195 dBc at 1 GHz carrier). The upper limit for the integrated timing jitter of the Cr:LiSAF lasers was measured to be
156 as in [10 kHz-10 MHz] . To the best of our knowledge, this is the lowest reported value of timing jitter for any
mode-locked solid-state laser, and demonstrates the inherently low noise character of mode-locked lasers at high
frequencies. This study shows the potential of low-cost fs Cr:LiSAF laser systems as ultra-low timing jitter sources [7],
and the advantage of the balanced optical cross correlation for timing jitter meg)surements [4, 6].
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Fig. 1. (a) Schematic of the timing detector method. (b) Implementation of single crystal balanced optical cross correlator.

Fig. 1 shows the schematic of the timing jitter noise measurement using balanced optical cross correlation. Two
home-built, diode pumped, saturable absorber mode-locked, 100 MHz Cr:LiSAF lasers provided about ~100-fs long ~1-
nJ pulses around 850 nm. The output beams are combined using a half-wave plate (HWP) and a polarizing beam splitter
cube (PBS). The combined laser output is sent to the first dichroic mirror of the cross correlator, which focuses the
beams inside a 400 wm thick type-II phase matching optimized BBO crystal for 850nm. The second harmonic (SH)
generated in the forward pass is transmitted through the second dichroic mirror and then directed to the first photodiode
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of the balanced detector (New Focus 2107-FS). The nonlinear crystal also provides group delay (T,~100 fs) between the
orthogonal polarizations. The returning beams (at the fundamental) are focused back in to the nonlinear crystal, where
the SH is generated and detected by the second photodiode of the balanced detector. The signal from the balanced
detector is proportional to the timing delay between the two pulses. The cross correlator signal at low frequencies is also
used as the error signal for the PLL, which synchronizes the lasers by actuating a small PZT in one of the lasers. Once
the lasers are synchronized with the low-bandwidth PLL, the signal in the high frequency range is directly proportional
to the relative timing jitter of the free running lasers, which is uncorrelated [4, 6].
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Fig. 2. Timing jitter spectral density measurement between two Cr:LiSAF lasers. Secondary axis shows the corresponding phase noise referenced to a
1 GHz carrier. (i)-(ii): Measured jitter density of laser 1 and 2 using the signal source analyzer. (iii): Measured jitter density between laser 1 and 2
using the balanced cross correlator setup. (iv): Background noise level of the balanced cross correlator measurement. (v): Theoretically estimated
timing jitter spectral density (for one laser). Inset: Measured cross correlation curve when the lasers are not synchronized.

Fig. 2 summarizes the timing jitter measurement results. Curves (i) and (ii) show the jitter density measurement of
laser 1 and 2 using a commercial signal source analyzer (Agilent E5052B) and using the 10™ harmonic at 1GHz. The
result indicates an integrated timing jitter of ~10 fs from 10 kHz to 10 MHz, which is limited by the signal source
analyzer. The measured noise level is orders of magnitude higher then the theoretically estimated noise level (curve (v)).
Curve (iii) shows the measured timing jitter spectral density between both lasers using the balanced nonlinear optical
cross correlator. Curve (iv) shows the background level for this measurement, which is dominated by the resonance
around ~2.5 MHz that is due to the non-ideal frequency response of the balanced detector. The estimated theoretical
jitter density level due to quantum noise for the Cr:LiSAF lasers is also plotted in Fig. 2 (curve (v)), where the
integrated timing jitter from 10 kHz to 10 MHz is about 1.3 as. The measured integrated timing jitter from 10 kHz to 10
MHz is 156 as. From the background measurement (iv), we can conclude, that only a few tens of attoseconds maybe
due to the actual timing jitter of the laser in the range from 1-10 kHz. The rest of the measurement is due to the detector
background. This measurement clearly demonstrates, that the quantum limited timing jitter of short pulse solid-state
lasers beyond 10 kHz is in the sub-100 as and potentially even below 10 as. Further studies will focus on improving the
sensitivity by optimizing the SH generation efficiency and by using an improved balanced detector to truly detect
quantum limited performance.
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