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Compact CNT Mode-Locked Ho3+-Doped Fluoride
Fiber Laser at 1.2 µm
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Abstract—A diode laser pumped carbon nanotube mode-locked
Ho3+ -doped fluoride fiber laser at 1.2 µm was demonstrated for
the first time. Stable mode-locked pulses with an average power
of 1 mW at a repetition rate of 18.47 MHz were obtained at a
pump power of 348 mW. The pulse energy and peak power of
this mode-locked laser oscillator were about 54 pJ and 12.6 W,
and were increased to 2.41 nJ and 0.54 kW, respectively, by using a
15-cm Ho3+ -doped fluoride fiber amplifier. The pulse duration was
measured to be 4.3 ps by an autocorrelator. Because the operation
wavelength is close to the zero-dispersion wavelength of 1.3 µm,
this mode-locked fiber laser exhibits unique features.

Index Terms—Carbon nanotube, fiber lasers, holmium, laser
mode locking, optical pulses, ultrafast optics.

I. INTRODUCTION

LASER sources operating in the 1.2 µm wavelength region
have attracted increasing interest for a variety of appli-

cations including molecular spectroscopy, medical treatment,
oxygen remote sensing, noninvasive medicine and biomedical
diagnostics [1]–[4]. In recent years, fiber lasers have become
excellent laser platforms due to their advantages including low
manufacturing and maintenance cost, high reliability and com-
pactness, excellent beam quality, high power scalability and
heat dissipation capability. Several fiber lasers in this wave-
length region have been demonstrated by use of the Raman
scattering of silica fiber and radiative emission of bismuth ions
[5]–[8]. However, long fibers (10 s–100 s meter) had to be
used in these demonstrations due to the small unit gains of
Raman fibers and bismuth-doped fibers. It is well known that
ZBLAN (ZrF4-BaF2-LaF3-AlF3-NaF) glass is the most stable
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heavy metal fluoride glass allowing high concentration dop-
ing of rare-earth ions and thus high unit gains can be obtained
with highly doped ZBLAN fibers. On the other hand, rare-earth
ions doped in ZBLAN allow a number of laser transitions that
are non-radiative in silica glass because of the low phonon en-
ergy of ZBLAN and their long radiative lifetimes [9]. Holmium
(Ho3+ ) doped ZBLAN can emit efficiently at 1.2 µm through
the transition from the upper level 5I6 to the lower level 5I8 be-
sides other radiative transitions yielding mid-infrared emissions
at 2 µm and 3 µm [10]. Most recently, several Ho3+ -doped
ZBLAN fiber lasers at 1.2 µm have been demonstrated with
either continuous-wave (CW) or Q-switched laser output [9],
[11]–[14].

Owing to the high unit gain of highly Ho3+ -doped ZBLAN
fiber, single frequency distributed Bragg reflector all-fiber laser
at 1.2 µm with a spectral line width less than 100 kHz has been
demonstrated [11] and a 2.4-W CW fiber laser with a slope
efficiency of 42% at 1.19 µm has been recently achieved with
only a 10 cm gain fiber [12]. Q-switched operation of Ho3+ -
doped fiber lasers has also been successfully demonstrated with
graphene and semiconductor saturable absorbers [13], [14], but
the shortest pulse obtained with Q-switching techniques so far
is 800 ns. Much shorter pulses and higher peak power are in
great demand for various applications. Therefore, mode-locked
Ho3+ -doped ZBLAN fiber lasers become attractive for achiev-
ing ultrashort pulses at 1.2 µm. Mode-locked operation of a
Ho3+ -doped ZBLAN fiber laser at 1.2 µm was first demon-
strated with a nonlinear polarization rotation (NPR) technique
[15] and 47 ps pulses at a repetition rate of 1.77 MHz was
obtained. However, NPR technique is generally sensitive to en-
vironments and perturbations. In contrast, a saturable absorber
exhibiting high transmission at high power density can usually
provide a reliable and robust mode-locked laser performance.
Carbon nanotubes (CNTs) have been used as excellent saturable
absorbers for the mode-locked operation of a variety of lasers
[16]–[19] due to their advantages including ultrafast recovery
time (∼100 fs), broaden absorption bandwidth, chemical sta-
bility and ease of integrating with fibers. Various CNT mode-
locked fiber lasers at the 1.55 µm and 2 µm region have also
been reported [17], [22]–[25]. In this letter, we report a CNT
mode-locked Ho3+ -doped ZBLAN fiber laser at 1.2 µm. Sub-5
ps pulses in the 1.2 µm region were obtained for the first time,
to the best of our knowledge. This laser provides an excellent
platform for studying the mode-locking of a fiber laser oper-
ating close to the zero-dispersion wavelength with small net
dispersion in the normal region.
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Fig. 1. Schematic of the experimental setup for a CNT mode-locked
Ho3+ -doped ZBLAN fiber laser at 1.2 m.

II. EXPERIMENT SETUP

The schematic of the experimental setup for the CNT mode-
locked fiber ring-cavity laser is shown in Fig. 1. A 10-cm long
3 mol.% Ho3+ -doped ZBLAN fiber was used as the gain fiber,
which has a core diameter of 5.3 µm and cladding diameter of
125 µm. The numerical aperture of the fiber core is 0.14. A
Vytran splicer was used to fabricate the gain chain by splic-
ing a Ho3+ -doped ZBLAN fiber to two pieces of Hi1060 silica
fiber. The Ho3+ -doped ZBLAN fiber chain was pumped by two
polarization-combined 1150 nm diode lasers via a filter-based
wavelength division multiplexer (WDM1). A fused-taper-based
WDM (WDM2) was used to remove the residual 1150 nm pump
laser and served as a spectral filter for the mode-locked oper-
ation in the normal dispersion region as well. The 1190 nm
port of WDM2 was spliced to a fiber-optic carbon nanotube
(CNT) saturable absorber, which has a linear transmission of
about 40%. A fused fiber coupler with a coupling ratio of 30/70
was used as the output coupler. An optical isolator (Isolator 2)
was connected to the 30% output port of the 30/70 coupler to
avoid any reflection back into the ring cavity. Another isolator
(Isolator1) was connected to the 70% port of the 30/70 coupler
and the signal port of WDM1 to form the ring cavity and en-
sure the unidirectional propagation of the laser. Pulse trains of
the mode-locked laser were detected by an InGaAs avalanche
photodetector (Thorlabs, APD130C) and measured with an os-
cilloscope (Tektronix, TDS1012) and a radio-frequency (RF)
spectrum analyzer (ADVANTEST, R3131A). The output spec-
trum was measured with an optical spectrum analyzer (ANDO,
AQ6317).

Saturable absorbers with proper absorption and modulation
are crucial for the self-starting and stable mode-locked opera-
tion of a laser system. We have selected the single-walled CNT
particles with a diameter of 1.4 nm ± 0.1 nm and length of
0.5–0.6 µm to make the saturable absorbers. Firstly, 5 mil-
ligrams of CNTs powder were poured into 10 ml 0.1% sodium
dodecyl sulfate aqueous solution. After ultrasonic processing,
the 5 ml upper strata of the CNT solutions were extracted. Then
the upper strata CNT solution was mixed with poly vinyle al-
cohol (PVA) aqueous solution (2 mg/10 ml) in different propor-
tions. The CNTs/PVA solutions with different proportions were
poured into cuvettes to form films. The CNTs/PVA films were
cut into 1 mm × 1 mm pieces and put between two surfaces of

Fig. 2. (a) Linear transmission of a CNT saturable absorber vs wavelength.
(b) Nonlinear transmission of a CNT saturable absorber measured at 1190 nm.

fiber connectors to make fiber-based CNT saturable absorbers.
CNT saturable absorbers with linear transmissions from 20% to
80% were fabricated. Fig. 2(a) shows the transmission of a CNT
with a linear transmission of about 40% at 1190 nm, which was
selected for the development of a mode-locked laser system in
the 1.2 µm region. The nonlinear transmission of this CNT sat-
urable absorber was tested with the mode-locked Ho3+ -doped
ZBLAN fiber laser at 1.2 µm reported here. Fig. 2(b) shows the
measured transmission of this CNT saturable absorber as a func-
tion of the laser fluence. The saturated transmission of the CNT
saturable absorber is about 73% at a laser fluence of 1.8 mJ/cm2.
The modulation depth of the CNT saturable absorber is 33%,
which was found to be able to mode-lock the Ho3+ -doped fiber
laser very easily.

III. RESULTS

Stable mode-locked operation of the ring cavity fiber laser was
started at a pump power of 335 mW and was maintained until
the pump power reached 440 mW; stable pulses disappeared
when the pump power was higher than that. The threshold of
the ring cavity fiber laser is much larger than that of the linear
cavity laser [12] because the ring cavity loss is larger due to the
insertion losses of the WDMs, isolator, coupler, and CNT sat-
urable absorber. Because the operation wavelength of 1.19 µm
is close to the zero-dispersion wavelength of silica fiber and
the ZBLAN fiber length is only 10 cm, the total dispersion of
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Fig. 3. Pulse trains of a CNT mode-locked Ho3+ -doped ZBLAN fiber laser.

Fig. 4. Optical spectrum of a CNT mode-locked Ho3+ -doped ZBLAN fiber
laser.

this Ho3+ -doped fiber laser cavity is about 0.12 ps2. Therefore,
the performance of mode-locked Ho3+ -doped ZBLAN fiber is
different from mode-locked Yb3+ -doped fiber lasers at 1 µm
in many ways. The pump power range of stable mode-locking
of this fiber laser is much smaller than that of mode-locked
Yb3+ -doped fiber lasers in the 1 µm region. Moreover, fun-
damental mode-locking of this fiber laser maintained only till
a pump power of 350 mW and multiple pulse mode-locking
started at a higher pump power. When the pump power was
348 mW, the output power of fundamental mode-locking op-
eration was 1 mW. The pulse train of the CNT mode-locked
Ho3+ -doped ZBLAN fiber laser was measured with an oscil-
loscope and is shown in Fig. 3. The output spectrum of the
laser is shown in Fig. 4. The central wavelength of the laser
is 1192 nm. The 3-dB spectral bandwidth of the laser is about
0.48 nm. The spectrum of this normal dispersion mode-locked
laser also exhibits different features from the mode-locked Yb
fiber lasers at 1 µm region. There are two side peaks beside the
main laser peak, which doesn’t have a flat top but is more simi-
lar to that of an anomalous dispersion mode-locked fiber laser.
The two sharp peaks at the edge of the optical spectrum caused
by the accumulated nonlinear phase shift is a typical feature of
normal dispersion mode-locked. The RF spectra of this laser
were measured in a frequency range of 300 MHz and 40 kHz
and are shown in Fig. 5(a) and (b), respectively. The repetition
rate of the mode-locked laser is 18.47 MHz, which is consistent
with a ring cavity length of 10.8 m. Over 50 dB signal-to-noise

Fig. 5. Radio-frequency spectra of a CNT mode-locked Ho3+ -doped ZBLAN
fiber laser meassured over (a) a frequency range of 300 MHz and (b) a small
frequency range of 40 kHz.

Fig. 6. Autocorrelation trace of the CNT mode-locked Ho3+ -doped ZBLAN
fiber laser.

ratio and very narrow bandwidth of the RF spectrum confirms
the stable mode-locked operation of this fiber laser. The pulse
energy of the mode-locked laser is about 54 pJ.

An autocorrelator (Femtochrome, FR-103XL) was employed
to measure the pulse width of this mode-locked fiber laser. In
order to measure the pulse width with high signal-to-noise ra-
tio, a 15-cm Ho3+ -doped ZBLAN fiber amplifier pumped by
a 1150 nm Raman fiber laser was used to increase the average
power of the mode-locked laser to 44.5 mW. The peak power
of the amplified pulses is about 540 W. The nonlinear distor-
tion of the mode-locked pulse was assumed to be negligible
due to the short-length fiber amplifier. The autocorrelator trace
was recorded by an oscilloscope and is shown in Fig. 6. The
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full-width at half maximum (FWHM) of the autocorrelator trace
is 6.72 ps, corresponding to a pulse width of 4.3 ps when the
pulse is assumed to be Gaussian. The time-bandwidth product
(TBP) of this laser is 0.4358, which is very close to that of a
transform limited pulse. This is due to the operation wavelength
of 1.19 µm and the small net dispersion of this fiber laser cavity.

IV. CONCLUSION

In conclusion, we have successfully developed a diode-
pumped CNT mode-locked Ho3+ -doped ZBLAN fiber laser at
1192 nm. Fundamental mode-locking of this laser was obtained
at a pump power of 348 mW. The pulse width was measured to
be 4.3 ps, which is the shortest pulse width ever obtained in the
1.2 µm region. Due to the small positive dispersion of the cavity,
this mode-locked fiber laser exhibit several unique features.
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