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Mode-Locked Ho**-Doped ZBLAN Fiber Laser
at 1.2 ym

Xuezong Yang, Lei Zhang, Yan Feng, Xiushan Zhu, R. A. Norwood, and N. Peyghambarian

Abstract—A mode-locked Ho*t -doped ZBLAN fiber laser at
1.2 pm was demonstrated for the first time employing a nonlin-
ear polarization rotation technique for mode-locking. The laser
waspumped at 1137 nm by the Raman fiber laser. Stable dissipa-
tive soliton mode-locking was achieved with an intracavity Lyot
filter formed from a length of polarization maintaining fiber and
a polarization dependent optical isolator. 1.3-nJ pulses with pulse
durationof 47 ps at a repetition rate of 1.77 MHz were produced.
Multiple pulse operation with burst energy up to 6.7 nJ was ob-
served at higher pump power.

Index Terms—Fiber laser, Holmium doped ZBLAN fiber, Lyot
filter, mode locked, nonlinear polarization rotation (NPR).

I. INTRODUCTION

OBUST and compact fiber lasers operating in the 1.2 ym
Rregion have found a variety of applications in molecu-
lar spectroscopy, photodynamic therapy, biomedical diagnos-
tics, oxygen atmospheric sensing, laser guide star adaptive
optics, etc. [1]-[S]. Raman fiber lasers and Bismuth doped
fiber lasers have been used to produce laser emissions in
this wavelength region [4]-[8]. However, their unit gains
are small and very long gain fibers are required. Holmium
(Ho**)-doped ZrF,-BaF,-LaF;-AlF;-NaF (ZBLAN) fibers
have been demonstrated as a high-efficiency gain medium for
1.2 pm lasers owing to the low phonon energy and long ra-
diative lifetimes of rare-earth-doped ZBLAN [9], [10]. Because
of the high unit gain of Ho*"-doped ZBLAN fiber, a single-
frequency all-fiber laser at 1200 nm with a linewidth less than
100 kHz has been demonstrated with a distributed Bragg re-
flector configuration [11]. Moreover, a 2.4 W 1190 nm all-fiber
laser with a slope efficiency of 42% was recently achieved with
just a 10 cm long Ho®*-doped ZBLAN fiber [12]. Most re-
cently, Liu et al. reported a graphene Q-switched Ho®*-doped
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ZBLAN fiber laser at 1190 nm with a pulse duration of 0.8 us
and pulse energy of 0.44 nJ at a repetition rate of 111 kHz [9].
Compared to Q-switched lasers, mode-locked lasers usually can
provide much shorter pulses with much higher peak powers at
higher repetition rates, which are in great demand for various
applications. However, to the best of our knowledge, there has
been no reported mode-locked Ho** -doped ZBLAN fiber laser
at 1.2 ym.

In this letter, we report a mode-locked Ho** -doped ZBLAN
fiber laser at 1.2 pm for the first time. The nonlinear polariza-
tion rotation (NPR) technique was used to provide an artificial
saturable absorption effect and mode lock the ring fiber laser.
An all-fiber intra-cavity Lyot filter based on a length of po-
larization maintaining (PM) fiber and a polarization dependent
isolator (ISO) was inserted into the all-normal-dispersion cavity
to shape the mode-locked pulses and stabilize the dissipative
solitons. Stable single-pulse mode-locking with a pulse energy
of 1 nJ was obtained for various cavity lengths. Multi-pulse
mode-locked operation was also observed at high pump power.

II. EXPERIMENTAL SETUP

Besides absorption lines in the visible wavelength region,
Ho?": ZBLAN has an absorption band around 1150 nm, corre-
sponding to the transition from the ground state to the >I level.
Transition from the I level to the ground state generates the
1.2 pm emission [11]. Pumping directly into the upper laser
level has the advantage of a low quantum defect and therefore
reduced thermal load. In our experiment, the gain fiber was a
12.5 cm long 3 mol% Ho**-doped ZBLAN fiber, which has
a core diameter of 5.3 pm, core numerical aperture (NA) of
0.14, and a cladding diameter of 125 um. The active fiber is
a custom-designed fiber that was fabricated by IR Photonics.
HI1060 silica fibers were spliced with the ZBLAN fiber at both
ends with splice losses less than 0.5 dB, which was accom-
plished by Vytran FFS-2000 using the NP Photonics propri-
etary splicing technique [13]. A home-made linearly polarized
Raman fiber laser at 1137 nm was used as the pump source. The
configuration of the mode-locked ring fiber laser is depicted
in Fig. 1. The pump laser was coupled into the ring resonator
through a fused-type wavelength division multiplexer (WDM).
Unidirectional operation of the ring laser was implemented by a
polarization dependent isolator with the fast axis blocked, which
also acts as an in-line polarizer. The propagation directions of
the pump and signal light are opposite. A PM fiber coupler,
which was designed as an 1120/1178 nm WDM, was utilized to
extract most of the residual pump (>90%) and deliver 20% of
the mode-locked laser out at 1190 nm as well. A short length of
PMO80 fiber was spliced with the PM fiber coupler at an angle of
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Fig. 1. Experimental configuration of the mode-locked Ho** -doped ZBLAN

fiber laser.

45° to form an all-fiber artificial Lyot filter, in which the polar-
ization dependent isolator works as a polarizer and the PM980
fiber works as a waveplate [14]. A polarization controller (PC)
was used to adjust the polarization state inside the ring cav-
ity to tune the center wavelength of the Lyot filter and achieve
mode-locked performance of the ring laser as well. The Ho>* -
doped ZBLAN fiber was sandwiched between the PC and a long
length of HI1060 fiber, which was used to adjust the total cavity
length. The fiber cavity is all-normal dispersion at 1.2 ym and
the total dispersion is determined by the long piece of HI1060
fiber, whose dispersion parameter D is about —10 ps/(km-nm)
at 1.2 pm. In the experiment, the output power was measured
with a power meter (THORLABS, S145C). The pulse train
was recorded (THORLABS, DETO1CFC) and analyzed with a
1-GHz digital phosphor oscilloscope. The frequency spectrum
of the mode-locked laser was recorded by a radio-frequency
(RF) spectrum analyzer (KEYSIGHT, N9020A). The pulse
width was measured with a background free autocorrelator
(PulseCheck, SM1200, Scan range 2.1-1200 ps) and the op-
tical spectrum of the laser was measured with an optical spec-
trum analyzer (YOKOGAWA, AQ6370B) having a resolution of
0.02 nm.

It is known that spectral filtering is required for pulse shaping
and to achieve dissipative soliton mode-locking in an all nor-
mal dispersion cavity [15], [16]. Fiber-based Lyot filter with the
advantages of high flexibility, easy implementation, and robust
operation has been used in several all-normal-dispersion mode-
locked fiber lasers [14], [17]-[19]. In our experimental setup,
the light transmitted through the PM isolator is linearly polar-
ized and propagates along the slow axis of the output PM fiber
and the PM fiber coupler. Because the output fiber of the PM
fiber coupler is spliced with the short length PM fiber segment at
45°, the linearly polarized light is coupled into two polarization
states along the fast and slow axes of the PM fiber with equal
amplitude. Due to the birefringence of the PM fiber, the accu-
mulated phase difference between the two polarization states,
A, is given by Ap = (27/A)LAn [14], where L is the length
of the PM fiber segment, A is the wavelength of the light, and
An is the birefringence of the PM fiber. The combination of the
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Fig. 2. (a) Single wavelength operation of the fiber ring laser. (b) Typical
optical spectrum (solid blue curve) of dual wavelength operation of the fiber
ring laser and the simulated transmission of the Lyot filter (dotted red curve).
(c) Measured FSR of the Lyot filter for 17, 21, and 27 cm PM fibers and the
calculated FSR of the Lyot filter as a function of PM fiber length.

PM isolator and the PM fiber segment forms an all-fiber Lyot
filter and its transmission, T, is cos?(A¢/2) = cos” (7LAn/A)
[20], showing that the transmission of a Lyot fiter is quasi-
periodic in wavelength with a free spectral range (FSR) given
by A) ~ A% /LAn [14]. Thus, the bandwidth of a Lyot filter can
be tailored by changing the length of the PM fiber segment. In
the experiment, the polarization controller, the gain fiber, and
the long piece of HI1060 fiber were spliced in serial between the
PM fiber segment and the PM WDM. These non-PM fibers and
fiber components contribute to the polarization rotation and the
center wavelength of the Lyot filter can be tuned by changing
the state of the polarization controller. Therefore, a wavelength
tunable Lyot filter is formed in the fiber ring laser.

III. RESULTS AND DISCUSSION

Tunable filtering of the artifical Lyot filter was confirmed
by the continous wave (CW) operation of the fiber ring laser
at different wavelengths. Fig. 2(a) shows a single wavelength
operation of the laser at 1193 nm, which is the transmission peak
of the Lyot filter. When the polarizaiton controller was tuned,
dual wavelength operation of the laser was obtained as shown in
Fig. 2(b), indicating that the transmission peaks of the Lyot filter
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Fig. 3. (a) Pulse train, (b) output spectrum, and (c) autocorrelation trace of
the mode-locked laser at a pump power of 900 mW.

can be shifted by changing the polarization state of the laser in
the non-PM fibers. The wavelength separation between the two
peaks is the FSR of the Lyot filter, which can be changed by
using PM fibers with different lengths. When the HI1060 fiber
was 100 m, for three different PM fiber lengths, namely 17, 21,
and 27 cm, the peak to peak separation was measued to be 12.5,
10, and 7.4 nm, which are very close to the theoretical values
of 12.8, 10.4, and 8 nm, respectively, as shown in Fig. 2(c). The
slight deviation may be caused by uncertainties in the PM fiber
length or the birefringence An(6.5 x 10~).

The laser was mode-locked using NPR technique, which
transforms intensity dependent polarization rotation into inten-
sity modulation through the polarizing function of the PM isola-
tor. When the total fiber cavity length was about 120 m and the
PM fiber segment length was 17 cm, stable mode-locked opera-
tion began at a pump power of 820 mW by properly adjusting the
angle of the PC and maintained until the pump power reached
900 mW. The pulse train was recorded by the oscillscope and is
shown in Fig. 3(a). The optical spectrum is shown in Fig. 3(b).
The central wavelength is 1193 nm and the 10-dB bandwidth is
about 8.9 nm. The square-shaped optical spectrum is typical of
dissipative soliton mode-locking [21], [22]. The pulse width of
the mode-locked laser was measured by an autocorrelator and
is shown in Fig. 3(c). A full-width at half-maximum (FWHM)
of 65 ps is obtained by fitting the autocorrelation trace with a
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Fig. 4. RF spectrum of the mode-locked fiber laser at 1.2 pm measured (a)
around the fundamental repetition frequency and (b) in a range of 0-100 MHz.

Gaussian function and the pulse width is estimated to be 65/1.4
= 47 ps. The pulse energy is 1.3 nJ.

The radio-frequency spectrum around the fundamental repe-
tition rate was measured with a resolution of 10 Hz and is shown
in Fig. 4(a). The fundamental repetition frequency is 1.77 MHz,
which agrees well with the fiber cavity length of 120 m. The
signal-to-noise ratio of 63 dB indicates excellent stability of the
dissipative soliton mode-locking. The RF spectrum measured in
arange of 0—-100 MHz is shown in Fig. 4(b).

When the pump power was increased beyond 900 mW, pulse
breaking occurred and multi-pulse mode-locking was observed.
The pulse number within a burst increased from 2 to 9 as the
pump power was increased from 900 mW to 1190 mW. Pulse
trains of the multi-pulse mode-locking with 2, 3, and 9 pulses
within a burst are shown in Fig. 5(a), 5(b) and 5(c), respectively.
The evolution of the multi-pulse mode-locking is depicted in
Fig. 5(d), where different colors represent the operation regions
with different pulse numbers. The output power of the 1.2 ym
mode-locked fiber laser as a function of pump power is also
shown in Fig. 5(d). An output power of 11.8 mW was obtained at
a pump power of 1190 mW and the energy of the 9-pulse burst is
about 6.7 nJ. Further increase of pump power will result in more
pulses, which however can not be resolved in our experimental
condition. Multi-pulse mode-locked operation, also called burst
mode operation, has been commonly observed in NPR mode
locked fiber lasers operating in the normal dispersion regime
due to overdriven nonlinear polarization evolution [23], [24].
Burst mode operation is an effective way to increase the output
power of a mode locked fiber laser [25]. In our experiment, the
output power of the 9-pulse mode-locking is about 5 times that
of single-pulse operation. The low optical efficiency of the laser
is resulted from the high intracavity loss, which is obvious from
the high laser threshold, and the fact that the laser works at just
slightly over the threshold.
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Fig. 5. Typical pulse trains of mode locking states with 2(a), 3(b), and
9(c) pulses. (d) Output power and states of the mode locking as a function
of pump power.

Dissipative soliton mode-locking based on NPR is an effec-
tive way to achieve low repetiton-rate high energy pulses be-
cause stable mode-locked operation can be achieved even with
avery long fiber cavity. However, in order to balance the interac-
tion of nonlinearity, disperision, gain, and loss, the intra-cavity
filter bandwidth had to be adjusted accordingly. Nevertheless,
the bandwidth of an all-fiber Lyot filter can be modified con-
veniently by changing the length of the PM fiber segment. In
order to demonstrate the capability to achieve dissipative so-
lition mode-locking with lower repetition rates, we increased
the cavity length to 170 and 210 m. Stable mode-locked oper-
ation was obtained in both cases with PM fiber lengths of 21
and 27 cm, respectively. The pulse widths for the two cases
are 52 ps and 164 ps as calculated from the autocorrelation
traces shown in Fig. 6(a) and (b), respectively. The experimen-
tal results show that the pulse duration increases with increased
fiber cavity length. However, the pulse energy for single-pulse
mode-locking in both cases remained at 1 nJ level.
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IV. CONCLUSION

In conclusion, dissipative soliton mode-locking of a Ho®" -
doped ZBLAN fiber laser at 1.2 ym was successfully demon-
strated for the first time with the NPR technique and an all-fiber
intra-cavity Lyot filter. Single-pulse operation with pulse energy
of 1nJ level and pulse widths of 47 ps, 52 ps, and 164 ps has
been obtained with different fiber cavity lengths. Pulse breaking
at higher pump powers was observed. At 9-pulse operation, a
burst energy of 6.7 nJ was obtained.
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