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We experimentally demonstrated a wavelength-tunable passively mode-locked Erbium-doped figure-eight fiber laser. Wide tunability is
achieved using a high-birefringence (hi-bi) fiber Sagnac loop. The filter transmission pass wavelength is controlled by thermally adjusting
the hi-bi fiber loop length. The output pulses are wavelength tunable over a range from 1525 nm to 1555 nm. The FWHM of the autocorrelation
trace is about 3.1 ps and the pulse spectrum has a FWHM of 1.5 nm. The pulse temporal and spectral widths remain constant over the

tunable range. [DOI: 10.2971/je0s.2008.08036]
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1 INTRODUCTION

Wavelength-tunable sources are important for application
such as fiber optics sensing, instrumentation, medicine, and
optical communication. Recent papers considering a Sagnac
fiber filter with high-birefringence (hi-bi) fiber in the loop
have reported tunable wavelength operation [1]-[11]. All of
these papers have demonstrated tunability for continuous
wave (cw) operation, and some of them report multiple
wavelength emission.

A passive mode-locked fiber laser is a simple and effective
setup to generate ultrashort pulses. Many mode-locking tech-
niques have been reported to implement a passive mode-
locked laser including semiconductor saturable absorber, non-
linear amplifier loop mirror (NALM), nonlinear optical loop
mirror (NOLM) and nonlinear polarization rotation with a
polarizer. Configurations that include a NOLM or a NALM
are called figure-eight fiber lasers (F8L) [12]-[15]. The NOLM
is usually formed by an asymmetrical coupler whose output
ports are connected to form a loop [16]. The nonlinear phase
shift of these beams is due to self phase modulation effect [17].
If a symmetrical coupler is used in the loop, the switching
can be obtained through the dispersion effects or dependence
of the nonlinear phase shift on polarization. In previous pa-
pers we reported the operation of a NOLM with a symmet-
rical coupler, a highly twisted fiber and a Quarter-Wave Re-
tarder (QWR) in the loop to break the polarization symme-
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try of the counter-propagating beams [18]-[20]. For low in-
put power the NOLM transmission is adjustable as well as
the slope of the nonlinear dependence by a simple rotation
of the QWR. High twist reduces the fiber residual linear bire-
fringence and makes it immune to changes of environmental
conditions. It was shown in [21], that twisted fiber operates
as an ideal fiber without linear birefringence. A symmetrical
NOLM with a QWR was developed as a mode-locker and in-
vestigated in a F8L design [22]-[24].

Pulses whose duration is few tens of picoseconds have not
been widely reported in the literature. However the use of
pulses whose duration is picoseconds or longer can be use-
ful for many applications, for example even supercontinuum
generation. The physical mechanisms of supercontinuum gen-
eration are quite distinct for femto- and picosecond pulses. To
the best of our knowledge, no papers report on the genera-
tion of broadly wavelength-tunable picosecond pulses using
a passively mode-locked F8L.

In this paper we experimentally demonstrate the wavelength
tunability of a novel F8L by inserting a hi-bi fiber Sagnac loop
into the cavity. Our mode-locked laser is based on a symmetri-
cal NOLM with high-twist low-birefringence fiber and a QWR
in the loop. The signal at the NOLM output is amplified by
1 m of Erbium-doped fiber. The output pulses are wavelength
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tunable over a range from 1525 nm to 1555 nm. This tuning
range is less than that demonstrated with other techniques us-
ing active elements and free space filters. The filter transmis-
sion function can be changed by selecting the hi-bi fiber loop
length. The wavelength of the transmission maximum of the
Sagnac loop is adjusted by changing the temperature of the
hi-bi fiber, which in turn changes the optical path length of
the fiber cavity. The FWHM of the pulse autocorrelation trace
is about 3.1 ps and the spectrum FWHM is 1.5 nm. The pulse
temporal and spectral widths remain constant over the tun-
able range.

2 EXPERIMENTAL SETUP AND RESULTS

Figure 1 is a sketch of the experimental setup. The NOLM is
formed by a symmetrical Coupler 1, whose output ports were
fusion-spliced with a 220 m loop of low-birefringence, highly
twisted Corning SMF-28 fiber. A twist rate of 7 turns/m was
imposed on the fiber in the NOLM loop. Prior to the NOLM
input, we inserted the QWR?2 to circularly polarize the clock-
wise (CW) beam. QWR1 was inserted in the loop to transform
the counter-clockwise beam (CCW) from circular to linear po-
larization just after the Coupler 1. To form the QWR the cou-
pler fiber arm is wrapped around a cylinder. Special atten-
tion was given to the proper choice for the cylinder diame-
ter, which was experimentally determined to be 38 mm. To
calibrate the retarder we introduced circularly polarized light
and measured the ellipticity at the output. We found that the
transmitted power extinction ratio P, / Puax Was always less
than 5 x 1073. A 980 nm pump laser with a 100 mW maximum
power was used. Pump power was injected into the ampli-
fier through a WDM coupler. The signal at the NOLM output
was amplified by 1 m of Erbium-doped fiber (with an Erbium
concentration of 9.92 x 10** m~2%) and passed through a polar-
ization dependent circulator (C1), which served as polarizer
and isolator. The polarization controller (PC1) was adjusted
for maximal transmission through C1. The QWR2 transforms

Output 1

. . Hi-bifiber

FIG. 1 Experimental setup with a Sagnac filter at the NOLM output. EDF = 1 m
(15.35 dB/m of peak absorption near 1530 nm). The Sagnac filter (inside the dot-
ted rectangle) central wavelength is adjusted by changing the fiber temperature with
a TEC.

linear polarization to circular polarization at the NOLM input.
We used a polarizer beam-splitter cube (PBSQ) at the NOLM
output to adjust the best quality of output pulses from the
laser. The PC2 is adjusted to have minimal signal at the laser
Output 2 in cw operation. This means at the same time that we
adjusted the maximum transmission through the PBSQ to the
circulator C1. In the linear regime the NOLM operates as a half
wave plate and therefore the output polarization is orthogonal
to the input one. So with this adjustment the orthogonal po-
larization component at the NOLM output passes through the
PBSQ and the parallel polarization component is monitored at
Output 2. The parallel component is zero for low input power;
it is nonzero only at high power.

The hi-bi Sagnac fiber filter in Figure 1 is formed by a symmet-
rical Coupler 2 and a 12 cm segment of a hi-bi fiber (Fibercore
F-SPS with a beat length < 1.5 mm). The detailed descrip-
tion of the Sagnac filter used here can be found in [25]. The
Sagnac fiber filter provides a periodic transmission that can be
used as a band-pass filter by carefully selecting the hi-bi fiber
length. For the laser configuration, we chose 12 cm of a hi-bi
fiber, which provides a half period of the transmission depen-
dence on the wavelength equal to 15 nm that allows only one
transmission maximum in the range between 1525 nm and
1555 nm. The maximal transmission wavelength is adjusted
by changing the fiber’s temperature using a thermo-electric
cooler (TEC). Figure 2 shows five experimental spectra mea-
sured at Output 2 with different TEC settings for cw operation
of the laser. With this system, we can shift the wavelength in
the range from 1525 nm to 1555 nm; the rate of wavelength
shift with temperature is 1 nm/°C.
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FIG. 2 Experimental continuous wave spectra from the laser at Output 2. Within exper-

imental uncertainty the widths of the spectra are the same across the entire range.

In a previous paper we reported conditions for self-starting
operation of a F8L based on a power-balanced NOLM with
a twisted low-birefringence fiber and a QWR in the loop
[23, 24]. Self-starting passive mode-locking operation of a FSL
can be obtained through a simple and repeatable adjustment
of NOLM by using the QWR1. The rotation of the QWRI ad-
justs desirable low power transmission and nonlinearity. Self-
starting mode-locking appear at specific and always the same
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low-power transmission of the NOLM. In this new config-
uration, mode-locked pulses are generated by adjusting the
QWRI (in Figure 1) to the orientation for which we get self-
starting in [23, 24], but in this case we need to apply an exter-
nal stimulation, these pulses are generated for pump power
higher than 50 mW. Above this power multiple pulses coex-
ist in the laser cavity. The number of pulses in the cavity is
reduced to one by decreasing the pump power to 15 mW. At
this pump power only one high quality pulse circulates in the
cavity. The repetition period of the pulses is 1.15 pis which cor-
responds to a 0.87 MHz repetition frequency.

Figure 3 shows five experimental spectra of mode-locked op-
eration measured at Output 2 with five different values of
TEC current. In this figure, the FWHM bandwidth is the same
at each one of the wavelengths, and is equal to 1.5 nm. We
note that once mode-locking operation is achieved for a given
wavelength, then the cavity remains modelocked as the cur-
rent of the TEC is changed to tune the pulse wavelength.
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FIG. 3 Experimental mode-locked spectra from the laser at Output 2. Within experi-

mental uncertainty the widths of the spectra are the same across the entire range.
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FIG. 4 Autocorrelation trace measured at Output 2. The autocorrelations are plotted
for different wavelengths and the results are practically indistinguishable from one

another.

Figure 4 shows the autocorrelation traces measured at Out-
put 2 for different wavelengths. We found that the curves are
nearly the same for all wavelengths. The FWHM of the auto-
correlation trace is about 3.1 ps in all cases, corresponding to
a FWHM pulse duration At = 2.2 ps, if a Gaussian profile is
assumed.

The FWHM bandwidth of the output pulse spectrum mea-
sured at Output 2 is AA = 1.5 nm, which corresponds to
the time-bandwidth product AvAT = 0.418, where Av is the
FWHM of the frequency spectrum. For a Gaussian profile the
Fourier transform limit is 0.441, which is slightly larger and
suggests a pulse that is more complex than a Gaussian.

3 CONCLUSIONS

We demonstrate the operation of a broadly wavelength-
tunable passive figure-eight fiber laser including a Sagnac
fiber filter with high-birefringence (hi-bi) fiber loop into the
cavity. The signal at the NOLM output was amplified by 1 m
of Erbium-doped fiber. The output pulses are wavelength-
tunable over a range from 1525 nm to 1555 nm by inserting a
Sagnac fiber filter at the NOLM output. The maximal trans-
mission wavelength is adjusted by changing the temperature
of the hi-bi fiber. Mode-locked laser operation was achieved at
a specific position of the QWR for pump powers higher than
50 mW yielding multiple pulses in the laser cavity. The pump
power is reduced to 15 mW so that only one high quality
pulse remains in the cavity. The FWHM of the autocorrelation
trace is about 3.1 ps and the pulse spectrum has a FWHM
of 1.5 nm. The pulse temporal and spectral widths remain
constant over the tunable range.
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