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Abstract: We characterize the timing jitter and intensity noise of an 80-
MHz soliton Er-fiber laser mode-locked by a fiber taper carbon nanotube
saturable absorber (ft-CNT-SA) up to the Nyquist frequency. The
measured rms timing jitter is 3.0 fs (11.0 fs) integrated from 10 kHz (1
kHz) to 40 MHz offset frequency. The measured rms relative intensity
noise (RIN) is 0.069% (0.021%) integrated from 10 Hz to 40 MHz (1
MHz) offset frequency. We identify that the resulting timing jitter is
dominated by the Gordon-Haus jitter originated from the negative
dispersion necessary for soliton mode-locking with a slow saturable
absorber.
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1. Introduction

In recent years femtosecond mode-locked fiber lasers have been intensively developed and
employed due to their compactness, stability, and ease of operation compared to solid-state
crystal lasers. In addition, their excellent intensity, timing, phase and frequency noise
characteristics have enabled mode-locked fiber laser-based applications such as low-noise
frequency combs [1,2], optical sampling and photonic analog-to-digital converters [3,4],
high-precision remote synchronization [5,6], precision laser spectroscopy [7], and low-noise
microwave signal generation [8,9]. The optimization of noise properties in mode-locked fiber
lasers will allow further advances in these high-precision applications. In particular,
reduction of timing jitter enables better synchronization performance, higher optical
sampling resolution, and lower microwave phase noise, to name a few. Recently sub-100-
attosecond-level timing jitter has been demonstrated from stretched-pulse, nonlinear
polarization evolution (NPE)-based Er- and Yb-fiber lasers by setting the intra-cavity
dispersion close to zero [10,11]. This operation regime is desirable for jitter reduction
because it reduces both the amplified spontaneous emission (ASE) noise-induced timing
jitter and the center frequency fluctuation-induced timing jitter coupled by intra-cavity
dispersion (which is also called the Gordon-Haus timing jitter) [11].

Although the standard NPE-based fiber lasers can achieve extremely low timing jitter
below 1 fs, the long-term continuous operation of such lasers is often limited by the
birefringence drift and polarization state sensitivity in the laser oscillator. In order to build
self-starting, robust, and continuous-operating mode-locked fiber lasers, it is highly desirable
to employ real saturable absorber devices in the laser, such as semiconductor saturable
absorber mirrors (SESAMs), carbon nanotubes (CNTs) or graphene. In particular, CNT-
based saturable absorbers have been extensively studied and actively used in mode-locked
fiber lasers in recent years [12—14]. It has been shown that CNT-based saturable absorbers
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can have short recovery time in the sub-ps-level, wide and controllable operation bandwidth,
and high damage threshold [15-17]. These properties are favorable for achieving lower
timing jitter in fiber lasers because shorter recovery time enables less Gordon-Haus jitter (by
reducing the necessary negative dispersion magnitude [18]); wider bandwidth enables shorter
pulsewidth; higher damage threshold enables higher pulse energy in the laser cavity.
Although the timing jitter of CNT-mode-locked fiber lasers was previously measured by
direct photodetection and a signal source analyzer [19,20], the measurement resolution over 3
MHz integration bandwidth was limited to ~30 fs due to the excess noise in the
photodetection as well as the dynamic range of the signal source analyzer. Thus, the real
timing jitter performance of such CNT-mode-locked fiber lasers has not yet been accurately
characterized.

In this paper, we characterize the timing jitter spectral density of an 80-MHz repetition
rate soliton Er-fiber laser mode-locked by a fiber taper CNT saturable absorber (ft-CNT-SA)
up to the Nyquist frequency (40 MHz) using a 220-as-resolution balanced optical cross-
correlator (BOC) [21]. The measured rms timing jitter integrated from 10 kHz (1 kHz) to 40
MHz offset frequency is 3.0 fs (11.0 fs). We further identified the impact of the slow
saturable absorber (ft-CNT-SA in this work) on the timing jitter: the resulting jitter is
dominated by the Gordon-Haus jitter originated from the negative dispersion necessary for
soliton mode-locking by a slow saturable absorber, not by other possible slow saturable
absorber-induced effects such as intensity noise coupling through a slow saturable absorber
[22,23]. We also measured the relative intensity noise (RIN) of the ft-CNT-SA-mode-locked
fiber laser, which shows excellent rms RIN of 0.069% (0.021%) integrated from 10 Hz to 40
MHz (1 MHz) offset frequency. Also note that the ft-CNT-SA is a distributed absorption
device, and the laser noise performance with a distributed real SA has not been investigated
thoroughly up to date. It was not clear whether this form of SA would provide better or worse
noise performance compared to the other traditional types of SA (such as SESAM or NPE).
The result of our work shows for the first time that the timing jitter and RIN of a fiber laser
mode-locked by a distributed SA can be excellent.

2. Experimental setup

A schematic diagram of the experimental setup is shown in Fig. 1. The measurement setup is
based on a similar principle as our previous work shown in [10]. Based on a similar design as
shown in [24], the laser under test (LUT), an 80.3-MHz soliton Er-fiber laser mode-locked
by an evanescent-field ft-CNT-SA, was manufactured by K-Photonics LLC with a compact
case size of 10 cm x 14 cm x 3 cm. The total absorption of the ft-CNT-SA is ~70%
distributed over ~30 mm fiber taper length. The net intra-cavity dispersion is set to —0.055
ps® at 1560 nm for stable soliton mode-locking, which is also experimentally confirmed by
the Kelly sideband locations in the measured optical spectrum (shown in the inset of Fig. 2).
The measured full width half maximum (FWHM) optical bandwidth is 8.4 nm, which
corresponds to 304 fs transform-limited pulsewidth. The output power from the 50% output
coupler is 5.4 mW. To obtain enough optical pulse energy for attosecond-resolution optical
cross-correlation, the output power is amplified to 80 mW (1 nJ pulse energy) by an extra-
cavity Er-doped fiber amplifier (EDFA). In order to accurately evaluate the timing jitter of
the LUT (ft-CNT-SA-mode-locked soliton Er-fiber laser in this work), a reference laser with
timing jitter equal to or lower than that of the LUT is required. For this we built an 80.3-MHz
NPE-based stretched-pulse Er-fiber laser with 0.8 fs timing jitter (when integrated from 10
kHz to 40 MHz offset frequency), which has a G-cavity structure with a piezo-electric
transducer (PZT)-mounted mirror for the repetition rate locking [25]. Table 1 summarizes
major laser parameters for the LUT (ft-CNT-SA-based fiber laser) and the reference laser
(NPE-based fiber laser).

#178904 - $15.00 USD  Received 31 Oct 2012; revised 11 Dec 2012; accepted 11 Dec 2012; published 19 Dec 2012
(C) 2012 OSA 31 December 2012 / Vol. 20, No. 28 / OPTICS EXPRESS 29526



Er-fiber(gain) | Er-fiber(gain) | ¢

HWP
Er ﬁo * PBS
== Y

™) S &G :
< 004 i 1.1-GHz ¥ <1 kHz-bandwidth
o ] . idth %
_8 054 BPFs rep rate lock
o H . :

> 104 AMPs HWP

FFT analyzer [<-«-- ¢ 4sl | H
4 2 0 2 4 @ PS
Delays (ps) %ee

"7"7777'777>77‘|PBS’ 2 Mixer

PPKTP : JERRSIOIIN I — — :
1 Balanced optical

| cross-correlator (BOC)

RF analyzer [«

Oscilloscope  [aeeee- H

Fig. 1. Experimental setup for the BOC-based timing jitter measurement of soliton Er-fiber
laser mode-locked by a CNT-SA. WDM, 980/1550 wavelength-division multiplexing coupler;
OC, output coupler; PD, photodetector; BPF, 1.1-GHz bandpass filter; AMP, microwave
amplifier; PS, microwave phase shifter; PBS, polarization beam splitter; HWP, half-wave
plate. Solid and dotted lines indicate the optical and electrical paths, respectively. The inset
shows the measured cross-correlation trace of two lasers when locking control is not applied.

Table 1. Summary of Major Laser Parameters of the LUT (ft-CNT-SA-based Fiber
Laser) and the Reference Laser (NPE-based Fiber Laser)

LUT Reference laser
Output power (mW) 5.4 50
FWHM spectral bandwidth (nm) 8.4 68
Measured FWHM pulse duration at the ~400 (after the extra-cavity EDFA) 75
BOC position (fs)
Intracavity dispersion (psz) —0.055 +0.004
Repetition rate (MHz) 80.3 80.3
Cavity structure Ring cavity Sigma cavity with PZT

The amplified output from the LUT and the output from the reference laser are combined
by a polarization beam splitter (PBS) and applied to a PPKTP-based BOC [21] for jitter
measurement. The inset in Fig. 1 shows the output from the BOC when the repetition rates of
two lasers are not locked. In order to measure the timing jitter of LUT in the linear detection
range of the BOC output (the blue line indicated in the inset of Fig. 1), repetition rates of two
lasers are locked by electronic locking technique [10] using the photodetected microwave
signals (the 14th harmonic (1.1 GHz) of the repetition rate) generated by ~10% tapped
outputs from the two lasers. In order to measure the timing jitter over wider offset frequency
range, it is desirable to lower the locking bandwidth as much as possible because the timing
jitter of free-running lasers can be measured only outside the locking bandwidth. On the
other hand, if the locking bandwidth is too low, the total peak-to-peak integrated jitter
between the two lasers can be larger than the linear detection range of the BOC (~1 ps in this
work), which hinders the accurate jitter measurement. As will be also discussed in Section 3,
we found that the electronic locking bandwidth of ~200 Hz allows a faithful BOC-based
timing jitter spectrum measurement down to ~1 kHz offset frequency.

The output from the BOC is the sum of the timing jitter from two lasers assuming they
are independent and uncorrelated. Thus the measured BOC result represents the upper limit
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of timing jitter of the laser with worse performance. As will be shown in Section 3, the
measured jitter from the BOC is about 4 times larger than the known jitter of the reference
laser, which indicates that the measured timing jitter is mostly contributed by the LUT. For
measuring the jitter spectral density, a fast Fourier transform (FFT) analyzer and a radio-
frequency (RF) analyzer are used for 1 Hz — 100 kHz and 100 kHz — 40 MHz offset
frequency ranges, respectively.

3. Measurement results and discussion

Curve (a) in Fig. 2 shows the measured timing jitter spectral density from the BOC output. It
is ~10 dB higher than the jitter spectrum obtained for the reference laser shown in [25],
which indicates that curve (a) represents the timing jitter of the LUT, i.e., the ft-CNT-SA-
mode-locked Er-fiber laser. The actual timing jitter spectrum of LUT starts from ~1 kHz
offset frequency because the jitter spectrum around the repetition rate locking bandwidth of
~200 Hz is distorted by the resonant peak caused by the electronic control loop. The timing

jitter spectrum follows 1/f > slope at low offset frequency ranging from 1 kHz to 300 kHz
and 1/f* slope at high offset frequency ranging from 600 kHz to 3MHz. Between 300 kHz

and 600 kHz, it shows a slope transition region from 1/f* to 1/f*. The flat noise floor
above 3 MHz is caused by the shot noise in the photodetection process in the BOC. The
equivalent shot noise-limited measurement resolution is 220 as for 40 MHz integration
bandwidth. The rms timing jitter of the ft-CNT-SA-mode-locked Er-fiber laser is 3.0 fs (11.0
fs) when integrated from 10 kHz (1 kHz) to 40 MHz offset frequency.
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Fig. 2. (a) The measured timing jitter spectral density of CNT-SA-mode-locked Er-fiber laser.
The rms timing jitter is 3.0 fs (11.0 fs) when integrated from 10 kHz (1 kHz) to 40 MHz offset
frequency. (b) Predicted quantum-limited timing jitter directly originated from the ASE noise.
(c) Predicted timing jitter originated from center frequency fluctuation coupled by dispersion
when assuming the excess noise factor of three. (d) Predicted RIN-coupled timing jitter by the
Kramers-Kronig relation. (¢) Predicted RIN-coupled timing jitter by the CNT-SA. Inset:
Optical spectrum of the CNT-SA-mode-locked Er-fiber laser.

In order to identify the physical mechanisms for the measured timing jitter, we used laser
noise analytic models [22,23,26] and the measured and known laser parameters. Major
parameters that we used in the analysis are following: total cavity loss /i,; = 0.8, intensity gain
g = 1.6, gain bandwidth Av, = 7 x 10'* Hz, pulse bandwidth Av, =1 % 10'* Hz, and pulse
energy E, = 0.14 nJ. Curve (b) shows the calculated quantum-limited timing jitter directly
originated from the ASE noise, which is ~20 dB lower than the measured result. When we
add the theoretical timing jitter originated from the ASE-noise-induced center frequency
fluctuation coupled via intra-cavity dispersion (the Gordon-Haus jitter) assuming the excess
noise factor of three, the measured data (curve (a)) fits fairly well with the analytic model
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(curve (c)) based on equations in [23]. Note that excess noise factor of three is chosen here to
best fit the analytic model jitter level (in the 1 kHz — 100 kHz offset frequency region) with
that of the measurement. The measured jitter spectrum result is also consistent with the
previous timing jitter measurement of soliton and self-similar NPE Yb-fiber lasers, where the
timing jitter spectra are limited by the Gordon-Haus jitter as well [27]. Below the shot noise
limited measurement floor at ~107° fs*/Hz for >3 MHz offset frequency, the jitter spectrum
will eventually reach the intensity noise-coupled jitter originated from the Kramers-Kronig
relation (curve (d)).

We examined the influence of other possible slow saturable absorber-induced timing
jitter effects such as intensity noise coupling by a slow saturable absorber. It is known that a
slow saturable absorber with a recovery time longer than the pulse duration can translate
intensity noise into timing noise [22]. In order to evaluate the impact of the intensity noise
coupling via the ft-CNT-SA, we measured important characteristics of the ft-CNT-SA
sample which is similar to the one used in the LUT, such as modulation depth (6%), loss
(77%) and saturation fluence (150 uJ/cmz). By using the measured RIN spectrum (curve (i)
in Fig. 3) and the measured ft-CNT-SA parameters, the estimated timing jitter spectrum
originated from intensity noise coupled by the ft-CNT-SA is obtained (curve (e) in Fig. 2),
which is far lower than the measured jitter (curve (a)). Therefore we can conclude that the
resulting jitter of the tested ft-CNT-SA-mode-locked fiber lasers is dominated by the
Gordon-Haus jitter originated from the negative dispersion necessary for soliton mode-
locking, not by other possible slow saturable absorber effects such as intensity noise coupling
via the ft-CNT-SA. Note that the absolute accuracy of modeled spectra (curves (b)-(e) in Fig.
2) is inevitably limited because not all laser parameters can be exactly measured inside the
all-fiber laser cavity (excess noise factor, for example) and we had to make some reasonable
assumptions when setting the parameters. Despite some limitations, as shown above,
comparison to the analytic models still provides useful insight to the observed noise
properties.
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Fig. 3. Measured relative intensity noise (RIN) spectra of the CNT-SA-mode-locked fiber
laser (curve (1)) and the NPE-based stretched-pulse reference laser (curve (ii)). The integration
bandwidth is from 10 Hz to 40 MHz (Nyquist frequency).

We also characterize the RIN of the ft-CNT-SA-mode-locked soliton fiber laser (shown
by curve (i) in Fig. 3). It shows excellent rms RIN of 0.069% (0.021%) integrated from 10
Hz to 40 MHz (1 MHz) offset frequency. For comparison, the RIN of the NPE-based
reference laser is also shown by curve (ii), which has 0.047% (0.008%) integrated rms RIN
from 10 Hz to 40 MHz (1 MHz). Note that the RIN of the CNT-SA-mode-locked fiber laser
is already comparable (within 10 dB) to that of the stretched-pulse NPE fiber laser near zero
dispersion, which is generally known to have the lowest intensity noise operation condition
[11,28].
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4. Conclusion

In this paper, we presented the first attosecond-resolution timing jitter characterization of an
ft-CNT-SA-mode-locked soliton fiber laser. The measured rms timing jitter is 3.0 fs (11.0 fs)
integrated from 10 kHz (1 kHz) to 40 MHz offset frequency. We also measured the RIN of
the laser, which shows excellent rms RIN of 0.069% (0.021%) integrated from 10 Hz to 40
MHz (1 MHz) offset frequency. Note that, although the laser under test is a standard soliton
Er-fiber laser and further noise optimization has not yet been performed, the demonstrated 3-
fs-level jitter can already satisfy some of the most stringent timing requirements such as
clocking X-ray free-electron lasers (XFELs) [5]. We further identified the impact of the ft-
CNT-SA on the timing jitter that the resulting jitter is simply dominated by the Gordon-Haus
jitter from the negative dispersion necessary for soliton mode-locking, not by other effects
such as RIN coupling through a slow saturable absorber. This result shows that, by using a
standard telecommunication 980-nm diode laser as a pump source, employing real saturable
absorber devices such as SESAM or CNT in fiber lasers may not add additional jitter by the
absorbers themselves. We expect that the development and employment of CNT or graphene
saturable absorbers with shorter recovery time, which in turn reduces the necessary
dispersion magnitude and resulting pulsewidth, will enable long-term stable, robust, and self-
starting fiber lasers with attosecond-level timing jitter suitable for various high-precision
applications outside laboratory environments.
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