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An all-polarization-maintaining repetition-tunable erbium-doped
passively mode-locked fiber laser
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An environmentally stable, repetition rate tunable, all-polarization-maintaining, Er-doped pulse fiber laser with a
single-wall carbon nanotubes saturated absorber is demonstrated. The ring laser cavity includes a delay line enabling a
tunable repetition rate to vary from 35.52 MHz to 35.64 MHz with continuous mode-locked operation. The laser output
parameters confirm that the tunable mode-locked operations are stable. High environmental stability is also confirmed by
the —130 dBc/Hz low phase noise, a 70-dB signal-to-noise ratio of radio frequency signals, a low amplitude fluctuation of
5.76 x 10~%, and a low fluctuation of repetition rate of 12 Hz. The laser shows a high degree of polarization of 93%.
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1. Introduction

Compact and environmentally stable femtosecond (fs)
pulse laser sources have many applications such as opti-
cal frequency combs, optical metrology, and supercontinuum
generation.!!3! Single-wall carbon nanotubes (SWNTs) have
been used as mode-lockers in order to obtain femtosecond
ultra-short pulse.*! Compared with the nonlinear polarization
rotation (NPR) mode-locked mechanism, which is sensitive to
polarization change, the SWNT saturated absorber has advan-
tages of self-starting. In addition, the SWNT-based saturable
absorber has other advantages such as wide absorption band-
width from 1 um to 2 um and potential to be integrated with
micro-chip lasers due to its small footprint and simplified de-
vice preparation. !

Environmental stability is one of the key issues for fiber
lasers. A laser can drop out of mode-locking because it is
sensitive to environmental fluctuations or significant tempera-
ture changes. These instabilities can be largely eliminated by
the use of polarization maintaining (PM) fibers in fiber lasers.
Environmentally robust fs mode-locked pulse lasers based
on PM fibers and a semiconductor saturable absorber mirror
(SEAM) have been demonstrated.[®! All PM fiber wavelength-
tunable or ultralow-repetition-rate Er-doped ultrashort pulse
fiber lasers with SWNT film have also been investigated.!-8!
The radio frequency (RF) signal phase noise of the PM ultra-
short pulse fiber laser emerges to have an excellent level as low
as that of a commercially available ultrashort-pulse solid state
laser, (8] indicating that the PM ultrashort pulse fiber laser is
environmentally stable. A new PM fiber laser based on Nd3*-
doped gain fiber was investigated.”! Recently, a PM ultrashort
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pulse fiber laser based on a graphene saturable absorber was
reported.['%!11 Some reports also focused on Q-switched or
high power PM fiber laser.[!>13] A stable fiber laser with a
low phase noise is significant for some applications like optical
frequency combs, optical metrology, and all-optical sampling

s.[14] The tenability of the repetition rate for an fs op-

system
tical pulse source is highly demanded for all-optical sampling
applications, fs spectroscopy or precision metrology, and fre-

[2,3,14

quency combs. | Repetition-rate tunable fiber lasers with

ring, sigma, and nonlinear amplifying loop mirror (NALM)
cavity configurations have been reported respectively.[?314]
The ring cavity configuration is simple, however, its operation

(151 A sigma

stability suffers from polarization-APM bias drift.
cavity configuration with free-space section increases both the
cavity complexity and phase noise.*! By using an NALM, an
SESAM and a delay line (DL) as reported in Ref. [14], the
tunable passively mode-locked fiber laser shows good stabil-
ity. However, the alignment between the SESAM and the DL
and the 40% reflection of the SESAM require maintenance and
a high pump threshold.

In this paper, we report on a stable all-PM-fiber SWNT
low noise MHz repetition rate tunable erbium-doped passively
mode-locked laser. The ring cavity configuration is simple,
free maintaining, and has a low pump threshold. Besides, the
laser shows good stable features in continuously tunable un-
interrupted mode-locked operations. The laser repetition rate
can be tuned from 35.52 MHz to 35.64 MHz continuously.
Other parameters of the laser output, e.g., 3-dB optical spec-
trum width, full width of half maximum (FWHM) of pulse,
signal-to-noise ratio (SNR) of ratio frequency (RF) signals,
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almost keep constant with repetition rate tuning, confirming
stable continuously mode-locked operation during the change
of cavity length by the DL. The ~70 dB SNR of RF signals,
low phase noise, low repetition rate fluctuation (12 Hz), and
low amplitude fluctuation of 5.76 x 10~ show the robust en-
vironmental stability of PM fiber laser.

2. Experimental setup

Figure 1 shows the setup of an all-fiber PM tunable
erbium-doped SWNT passively mode-locked laser. A maxi-
mum output 450-mW laser diode (LD) of 980 nm was used
as a pump, which was coupled into the cavity through a PM
980/1550 wavelength division multiplexer (WDM). A polar-
ization dependent isolator was used to ensure unidirectional
operation and single polarization operation, with the polar-
ization orientation being along the slow axis. A 1.2-m long
Nufern ESF-7/125 (peak absorption is 55 dB/m at 1530 nm)
PM Er-doped fiber was used as gain medium to amplify pulses.
The 70% port of a 30/70 PM-coupler (PM-CO) was used to re-
cycle laser back to ring cavity, the output was through a 30%
port. The SWNT saturable absorber film was easily inserted
between a pair of angled-polished FC/APC fiber connectors so
that the ring laser was simple and compact. The total length
of the cavity was ~ 5.8 m. A spectrum analyzer (Agilent
86142B) and a sort of 10-GHz fast photo-detector and a 2-
GHz oscilloscope (Agilent infiniium, DSO80204B) were used
to the monitor pulse spectrum and the pulse repletion rate, re-
spectively. The pulse duration and stable property were moni-
tored by an autocorrelator (FR-103XL) and a 13.2-GHz signal
source analyzer. A PM DL which was well packaged and had
two PM pigtail fibers at its input and output ports, and 2.5-cm
tuning range was used to continuously change repetition rate.
The insert loss of the delay line was less 0.6 dB in the whole
tuning range.

<[>
PM-PDISO SWNT
980 nm
pump
PM-OC
PM-WDM 70/30
PM-EDF PM-delay

@ line
1
I

Fig. 1. The setup of the all-fiber, repetition rate tunable, polarization-
maintaining erbium-doped SWNT-PI saturable absorber passively
mode-locked laser.

3. Experimental results

The well self-started passive mode-locking is achieved
stably by SWNT saturable absorber without any polarization
control. The SWNT saturable absorber is fabricated by chem-
ical vapor deposition (CVD) method with an SWNT concen-

tration of 2 wt%, and its properties were reported in Ref. [16].
The laser pump threshold is 80.3 mW, which is comparable to
that of the laser started at a lower pump threshold.>'*! This
is due to the low insert loss (0.6 dB) of the DL. For a pump
power of 86.3 mW, the laser works in a single soliton regime
with the output pulse as shown in Fig. 2(a), pulse fundamental
repetition rate is 35.58 MHz, the pulse degree of polarization
(DOP) is 93.5%, which is detected by a polarization measure-
ment system (General Photonics, PSGA-101-A). In the ex-
periment, there is 2.5-m non-polarization-maintaining single
mode fiber used for leading pulse signal to polarization mea-
surement system, which would degenerate pulse DOP. How-
ever, the pulse has already shown a high DOP (93.5%). When
pump power is increased to 93.34 mW, the laser operates in
a multisoliton regime as reported in Ref. [17], and then there
appears a new unstable soliton as shown in Figs. 2(b) and 2(c)
The soliton pulses exchange their energies when they propa-
gate in the cavity. As can be seen from Figs. 2(b) and 2(c), the
relative intensities of pulses are changed. When pump power
is 99.6 mW, two stable solitons are detected in one pulse pe-
riod time of the laser cavity as shown in Fig. 2(d) and the
multisoliton operation is due to soliton shaping of dispersive
waves,!!”! which is different from the multisoliton generation
in the ultralong fiber laser which is due to soliton energy quan-
tization effect.['8] The DL length can be tuned in a high ac-
curacy (minimum resolution is 10 microns, ODL-200) in our
laser, which confirms an accurate change of the laser cavity
length and a high stability of fundamental repetition rate. By
changing the DL length, a tunable pulse repetition rate is con-
tinuously varied from 35.52 MHz to 35.64 MHz, thus no in-
terrupted mode-locked operation is obtained. To confirm the
robust environmental stability of the laser, we measure stable
parameters of the laser at different repetition rates. The mea-
surement results show that the tunable laser operated in a high
stable state. In our experiment, we continuously change the
repetition rate through tuning the DL, and mode-locked oper-
ations with equal 0.02-MHz repetition rate interval are inves-
tigated.

Figure 3(a) shows the output spectra of mode-locked op-
erations with the DL continuously tuned when pump power
is 86.3 mW, all of the 3-dB spectrum widths are almost the
same (around 6.2 nm); the obvious soliton band indicates that
the laser works in the soliton regime. Figure 3(b) shows the
pulse autocorrelator profiles, which are also almost the same,
whose pulse FWHM are around 460 fs. These results in turn
show that the time-bandwidth products are ~0.35, indicating
the pulses are transformed within the tuning process. In order
to indicate that the laser can be continuously tuned and work
in stable operations between the minimum and the maximum
delay-line length, the repetition rate RF signal spectra of the
laser are monitored by a signal source analyzer with resolution
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Fig. 2. (a) The 35.58-MHz pulse output of laser operated in a single soiton regime, (b) and (c) unstable two-soliton operation at a pump power of 93.34 mW,

(d) stable two-soliton operation at a pump power of 96.6 mW.
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Fig. 3. (a) Output spectra and (b) output pulse autocorrelator profiles of the mode-locked laser with different repetition rates.

width 300 Hz as shown in Fig. 4(a), the SNRs of all mode-
locked operations are almost equal. Figure 4(b) shows that
in the whole tuning process the RF signal SNR is ~ 77 dB
with resolution bandwidth 30 Hz, the high SNR indicates
that the stability of the laser is excellent. The output pulse

amplitude fluctuation of the laser is AE/E = /AP * Af/ fres,
where Af and fies are frequency jitter bandwidth and resolu-

tion respectively.!'” They are 500 Hz and 30 Hz respectively
in our experiment (Fig. 4(b)). The amplitude fluctuation is
as low as AE/E =~ 5.76 x 107*. The 3-dB spectrum width
and pulse time-bandwidth product versus repetition rate are
shown in Fig. 5(a), and the fluctuations of 3-dB spectrum
width and pulse time-bandwidth product versus repetition rate
are 0.04 nm and 0.003 nm, respectively. Figure 5(b) shows
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Fig. 4. (a) RF signal spectra for mode-locked operations with resolution bandwidth of 300 Hz, and (b) RF signal spectrum at a repetition rate of 35.61 MHz,

with resolution bandwidth fi.s = 30 Hz, and Af = 500 Hz.
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Fig. 5. (color online) (a) 3-dB spectrum width and time-bandwidth product of mode-locked operations versus repetition rate, and (b) peak power of RF

signal and pulse energy of mode-locked operations versus repetition rate.

the variations of peak intensity of RF signals and pulse en-
ergy with repetition rate, and the variations of the peak inten-
sity of RF signals and pulse energy with repetition rate are
0.14 dB and 1 pJ. The pulse DOP of these mode-locked op-
erations are detected to be 93.21%, 93.42%, 93.45%, 93.5%,
93.37%, 93.56%, and 93.42% respectively. The timing jitter
is an important optical pulse stable parameter, and low tim-
ing jitter pulse is useful in all-optical sampling systems and
communication networks.!'#] Timing jitter can be evaluated
by measuring the phase noise of the mode-locked pulse train.
The relationship between the phase noise and the timing jitter
is

1 high

low

where the L(f) is phase noise power spectral density and is
expressed in dBc in a 1-Hz resolution bandwidth, f is the oft-
set frequency, and fp is the pulse repetition rate. We exam-
ine the RF signal phase noise of the fiber laser using the sin-
gle sideband method. A fast 10-GHz photodetector and sig-
nal source analyzer are used for the measurement. RF signal

phase noise at repetition rate 35.64 MHz is shown in Fig. 6(a).
The result in Ref. [14] shows that the phase noise at the off-
set frequency 100 kHz is ~ 115 dBc/Hz. Our laser shows low
phase noise ~ 117 dBc/Hz at the offset frequency 100 kHz and
130 dBc/Hz at the offset frequency 1 MHz, which indicates
that though the PM laser is made of all anomalous dispersion
single mode fibers and emits soliton pulse, it also shows low
timing jitter as reported in Ref. [14] without needing the dis-
persion adjustment, indicating that PM fibers enforce the laser
stability. Meanwhile, we measure the phase noise of the inter-
nal 50-MHz signal of an Agilent N5181A MXG and denote it
as the dashed line in Fig. 6(a), indicating that the stability of
the PM fiber laser is excellent. The stability of the laser is also
tested by monitoring the output pulse repetition rate using a
frequency counter. The laser is just placed on the base plate
without any temperature and feedback circuit control. Fig-
ure 6(b) shows the measured results of pulse repetition rate at
35.64 MHz in a time range of 0-5000 s (the gate time is 1 s),

and the frequency fluctuation is found to be only 12 Hz.
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Fig. 6. (a) The RF phase noise of the fiber laser using the single side-

band method at a repetition rate of 35.64 MHz, and (b) pulse repetition
rate measured at 35.64 MHz in 5000 s.

4. Discussion and conclusion

In the large linear birefringence PM mode-locked fiber
laser, linearly polarized pulse light along the slow axis is ro-
bust against perturbation. ") The propagation of the slow vari-
able pulse envelope in the PM mode-locked fiber laser can be
described by a nonlinear Schrédinger equation.>! The differ-
ence is that in the weakly birefringent mode-locked fiber laser,
the two pulsed linearly-polarized light beams propagate in the
fiber as a vector solution, the propagation of the envelope of
two slowly varying orthogonally polarized pulses is described
by the coupled complex nonlinear Schrédinger equations. [>!]
In the weakly birefringent mode-locked fiber laser, the pulse
envelope amplitude, position, carrier frequency, polarization
angle, and phases of two normalized slowly varying pulse en-
velope parameters evolve slowly with distance z in the pres-
ence of perturbations.>!! The pulse repetition rates of the en-
velopes of two slowly varying orthogonally polarized pulses
are firep = ¢/ (L*n;), i =U,V, U and V are envelopes of
two slowly varying orthogonally polarized pulses, the L is
laser cavity length, n; = ng; + no;l;, where ng;, ny;, and I; are
the linear index, nonlinear index, peak intensity of two lin-
ear polarized pulses respectively, hence the f;p is power-
dependent.[*?! Following polarization angle evolution, the
two linear polarized amplitudes change, thus f; ., fluctuates
with perturbation. Besides, the f;rp is also spectral shift-
dependent,*?! the phase parameter evolution in the weakly

birefringent mode-locked fiber laser also affects the stability of
firep- On the contrary, in the all-PM-fiber laser, equation (45)
in Ref. [21] shows that the polarization angle and phase evo-
lution influenced factors can be neglected completely.[?!-23]
As our experimental results show that the laser can sustain in
low frequency fluctuation and low timing jitter, meanwhile,
the linear beat length is short compared with the nonlinear
self-phase-modulation length in our experiment, the fi, of a
linearly polarized pulse along the slow axis is stable.!?’! Be-
sides, in the all-PM-fiber laser, the effects of perturbations and
cross phase modulation can be neglected; there is no orthog-
onally polarized pulses that power exchange and pass through
each other, hence the laser output time domain and spectrum
domain parameters are stable.!”?! The PM laser eliminates
the environmental effect on the mode-locked laser-like cavity
length and birefringence change, so the environmentally in-
duced noise can be reduced.?*?"1 The PM mode-locked fiber
laser shows excellent environmental stability, and it is a reli-
able pulse source for sampling and frequency combs.?%27] Tn
our experiment, the repetition rate tunable range is limited by
the length change range of the DL, and we achieve 0.12-MHz
tunable repetition rate output. A fiber frequency comb based
on this repetition rate tunable mode-locked fiber laser can be
used for precision metrology or tests of the stability of other
frequency combs.?!

In conclusion, a stable all fiber SWTN tunable polar-
ization — maintaining erbium-doped passively mode-locked
laser is reported. The laser shows well stable features in con-
tinuously tunable uninterrupted mode-locked operation. The
tunable range of repetition rate is 0.12 MHz (from 35.52 MHz
to 35.64 MHz) with continuous, uninterrupted mode-locked
operation. Little changes are observed in the 3-dB optical
spectrum width, the FWHM, RF signal peak value, and time-
bandwidth product with DL tuned confirming stable mode-
locked operation during the introduced cavity length changes.
The ~70-dB SNR of RF signals, low phase noise, low am-
plitude fluctuation, and low frequency fluctuation also show
robust environmental stability.
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