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Generation of 131 fs mode-locked pulses
from 2.8 pm Er:ZBLAN fiber laser
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We demonstrated a femtosecond mode-locked Er:ZrF,-BaF,-LaF;-AlF;-NaF (Er:ZBLAN) fiber laser at 2.8 pm
based on the nonlinear polarization rotation technique. The laser generated an average output power of 317 mW
with a repetition rate of 107 MHz and pulse duration as short as 131 fs. To the best of our knowledge, this
is the shortest pulse generated directly from a mid-infrared mode-locked Er:ZBLAN fiber laser to date.
Numerical simulation and experimental results confirm that reducing the gain fiber length is an effective
way to shorten the mode-locked pulse duration in the Er:ZBLAN fiber laser. The work takes an important step
towards sub-100-fs mid-infrared pulse generation from mode-locked Er:ZBLAN fiber lasers.
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Mid-infrared (mid-IR) ultrafast laser sources are of par-
ticular interest for applications such as molecular spec-
troscopy, material processing, remote sensing, LIDAR,
laser electron interaction, and high harmonics genera-
tion¥. In the past, mid-IR ultrafast laser sources were
mainly produced by nonlinear frequency conversion ap-
proaches such as an optical parametric oscillator (OPO)
and an optical parametric amplifier (OPA)2. However,
these nonlinear approaches are generally expensive and
complex and require precise optical synchronization,
which prevents their widespread application. In recent
years, the mode-locked fluoride fiber laser (MLFFL) has
emerged as a simple and economic way to directly gener-
ate ultrashort pulses in the mid-IR range®2¥. Compared
with OPO and OPA, diode-pumped MLFFL is more ap-
pealing to practical applications because of its compact
structure, high efficiency, and excellent beam quality.
Among rare-earth-doped (Er**, Ho**, and Dy**) fluo-
ride fiber lasers, an Er’*-doped ZrF,—BaF,—LaF;—AlF;—
NaF (ZBLAN) fiber laser around 2.8 pm attracts more
attention due to its large stimulated emission cross
section?| compatibility with 970 nm diode pumping, and
high laser efficiency2Z. Picosecond mode-locked Er:ZBLAN
fiber lasers have been achieved using real saturable ab-
sorbers such as semiconductor saturable absorber mirrors
(SESAMs), two-dimensional materials, and nonlinear
mirrorsZ2). Until 2015, the femtosecond mode-locked
Er:ZBLAN fiber laser was reported using the nonlinear
polarization rotation (NPR) technique, in which a 207 fs
soliton pulse was produced?. The ultrashort pulse gener-
ation can be attributed to the combination of an ultrafast
response of NPR action and the soliton shaping
effect. Although several passively MLFFLs were demon-
strated later using NPRZ2, the pulse durations were
remarkably beyond 200 fs. A shorter mode-locked pulse
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of 180 fs was obtained with a Ho—Pr co-doped ZBLAN
fiber at 2.9 pm due to a broader gain linewidth and lower
loss in atmosphere’. For some applications, such as
supercontinuum generation, soliton self-frequency shift,
pump-probe experiment, and chirped pulse amplification,
an ultrashort mid-IR pulse with shorter duration is
desired222Y,

In this Letter, we demonstrated 131 fs mid-IR pulse gen-
eration from an NPR mode-locked Er:ZBLAN fiber laser by
optimizing the gain fiber length. Comparison experiments
show that reducing the gain fiber length helps to achieve
shorter mode-locked pulses. By using a 1.61 m Er:ZBLAN
fiber as the gain medium, we achieved stable mode-locked
pulses with an average output power of 317 mW and a pulse
duration of 131 fs at 2.8 um. To the best of our knowledge,
this is the shortest mode-locked pulse generated directly
from a mid-IR Er:ZBLAN fiber laser. Numerical simulation
also confirms that reducing the gain fiber length is an effec-
tive way to shorten pulse duration of MLFFL.

The passively mode-locked Er:ZBLAN fiber laser
(Fig. 1) was pumped by a 970 nm laser diode (LD), which
outputs through a pigtail fiber with a numerical aperture
(NA) of 0.15 and core diameter of 105 pm. A set of lenses
consisting of plano-convex lens L, and aspheric lens L,
was used to couple the pump beam into the gain fiber.
The gain fiber was a double-cladding 6 mol.% Er:ZBLAN
fiber (FiberLabs) with a 20 pm core diameter (NA = 0.12)
and a 200 pm cladding diameter. The absorption coeffi-
cient of the Er:ZBLAN fiber was measured to be
5.96 dB/m using the cut-back method. Both ends of
the fiber were angle-cleaved to suppress the parasitic os-
cillation. Mode locking was achieved using the NPR tech-
nique. This artificial saturable absorber consisted of a
half-wave plate, a quarter-wave plate (Altechna), and a
polarization-dependent isolator (Thorlabs). To reduce
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Fig. 1. Experimental setup of an NPR mode-locked Er:ZBLAN
fiber laser. LD, laser diode; Ly, plano-convex lens (f = 10 mm);
L, and Lg, aspheric ZnSe lenses (f = 12.7 mm); DM, dichroic
mirror; Ge, germanium plate; OC, output coupler (7 = 40%);
4/2, half-wave plate; 1/4, quarter-wave plate; ISO, polariza-
tion-dependent optical isolator.

the mode-locking threshold, an intracavity pulse propa-
gated along the pump light direction. The pulses were
extracted from a 40% output coupler (OC) after the gain
fiber. We filtered the residual pump light using a germa-
nium plate. Output pulses were captured by a mid-IR
photodetector (VIGO System, PCI-2TE-12) with a re-
sponse time of ~7 ns around 2.8 pm and displayed on a
1 GHz digital oscilloscope (Tektronix, MDO3102). The
output pulse spectrum was measured by a mid-IR optical
spectrum analyzer (Ocean Optics, STR5000) with a reso-
lution of 0.22 nm. Pulse duration was measured by a com-
mercial intensity autocorrelator (APE, PulseCheck150).

In the experiment, we performed the mode-locking
experiments with three different gain fiber lengths
(L =247, 192, and 1.61 m). Experimental results are
summarized in Table 1. In these cases, mode-locking
operations could be self-started, but it had a higher
mode-locking threshold for shorter fibers due to a higher
pulse repetition rate and less nonlinear phase accumula-
tion. It is worth noting that the propagation direction
of the intracavity pulse will influence the mode-locking
threshold. The intracavity pulse along the pump direction
will grow rapidly and more easily accumulate the required
nonlinear phase shift for initiating mode-locking opera-
tion. Compared with a previously reported mode-locking
threshold of 17 W (L = 1.6 m and OC of 37%)%, where
the intracavity pulse propagated in the opposite direction
of pump light, here, the mode-locking threshold was only
6.79 W with a 1.61 m gain fiber. The maximum average
output power was obtained by increasing the pump power

until pulse splitting occurred. Although the maximum
average output power was higher (317 mW) with a
1.61 m fiber, the pulse energies were comparable (~3 nJ)
for three fiber lengths, owing to different repetition rates.
For three fiber lengths, stable continuous-wave mode lock-
ing was obtained, and the fluctuation of average output
power was ~1%. Figure 2(a) shows the pulse trains of
the mode-locked laser using a 1.61 m Er:ZBLAN fiber.
Despite a slow response of the mid-IR photodetector,
stable mode-locked pulse trains in nanosecond and milli-
second time scales were observed. Using an RF spectrum
analyzer, we observed the fundamental beat signal with
a signal-to-noise ratio (SNR) of 71 dB at 106.7 MHz
[Fig. 2(b)], indicating very stable mode locking. The inset
of Fig. 2(b) shows the harmonic beats with a reduced in-
tensity profile due to the finite photodetector bandwidth.

We investigated the mode-locked pulse duration varia-
tion with gain fiber length. Since soliton pulse duration
is inversely proportional to pulse energy according to
the soliton area theorem, in each case we recorded the
mode-locked pulse duration at the highest pulse energy.
In the meantime, we carefully optimized the waveplates
for obtaining the shortest pulses in each case, and inten-
sity autocorrelation traces fitted by sech?-shaped profiles
are shown in Figs. 3(a)-3(c) with three different gain fiber
lengths.

The main pulses are fitted perfectly, while some secon-
dary peaks are located at two wings, which originate from
a resonant dispersive wave?. From Figs. 3(a)-3(c), it can
be clearly seen that mode-locked pulse duration decreases
significantly with shortening of the gain fiber. Using a
1.61 m gain fiber, the shortest pulse of 131 fs was achieved
from the NPR mode-locked Er:ZBLAN fiber laser. The
mode-locking spectra are presented in Figs. 3(d)-3(f),
featuring typical Kelly sidebands. The spectral profiles
show asymmetric sidebands, which are different from
the typical shape of conventional solitons22. The asym-
metric sidebands could be mainly attributed to the
absorption of water vapor around 2.8 pm. The mode-
locking spectrum is remarkably wider in the case of the
1.61 m gain fiber. In the experiment, we could not achieve
mode-locking while the gain fiber length was below 1.61 m
due to insufficient gain. By increasing the Er-doping con-
centration in the fiber, it should be possible to mode lock
with shorter gain fiber.

Since a fluoride fiber has an anomalous dispersion in the
mid-IR band, femtosecond mode-locked Er:ZBLAN fiber
lasers usually work in the soliton regime. The peak power

Table 1. Mode-Locking Experimental Results with Three Different Gain Fiber Lengths (L = 2.47, 1.92, and 1.61 m)

Length ~ Threshold  Pump Power  Average Power  Rep. Rate  Pulse Energy = Duration  Peak Power
(m) (W) (W) (mW) (MHz) (nJ) (fs) (kW)
2.47 5.28 6.42 245 69.97 3.06 202 15.15
1.92 5.45 7.45 289 91.93 3.15 180 17.50
1.61 6.79 9.36 317 106.67 2.97 131 22.68

031402-2



COL 18(3), 031402(2020)

CHINESE OPTICS LETTERS

March 2020

(a)

Intensity (a.u.)
n

-40 0 40
Time (ns)

-~
E
o~

E
>

&
]
o

=

=

0
Time (ms)
(b) 0 RBW: 1 MHz S ¢
Center: 106.67 MHz 5 20
-20 1 E 0
% £ %0
2 40 i1ide 8050 250 a0 400
[72] Frequency (MHz)
3
E -60 -
-80
-100 r . . :
106.4 106.6 106.8 107.0

Frequency (MHz)

Fig. 2. (a) Measured mode-locked pulse trains using a 1.61 m
Er:ZBLAN fiber. (b) Fundamental beat RF spectrum. Inset: har-
monic beats RF spectrum. RBW, resolution bandwidth.

of the soliton is clamped by the nonlinear phase shift ac-
cumulation in the cavity. Because the accumulated non-
linear phase shift is proportional to the product of the
fiber length and peak power, a shorter gain fiber mode-
locked laser is used to produce a higher peak power. As
expected, the pulse peak power increased significantly
from 15.15 kW to 22.68 kW by reducing the gain fiber
length (Table 1). We measured the beam quality of the
output laser with the knife-edge method. The M? factor
is 1.5, as shown in Fig. 4.

The pulse shortening with the decrease of fiber length is
attributed to the dispersion condition. The intracavity net
anomalous dispersion will be reduced with a shorter fiber
length, which helps to obtain shorter mode-locked pulses,
as shown in solid-state and fiber soliton mode-locked
lasers®24. In fact, 724, 883, and ~1000 fs pulses were gen-
erated from the Dy:ZBLAN fibers with lengths of 3, 4.5,
and 5.5 m, respectively2.

In order to confirm the dependence of pulse width on
gain fiber length in the mode-locked Er:ZBLAN fiber
laser, we numerically simulated the evolution of pulse
duration with gain fiber length by solving the modified

nonlinear Schrodinger equation24:

9
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where E is the slowly varying amplitude of the pulse,
z is the propagation coordinate, and 7 is the time-delay
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Fig. 3. (a)—(c) Pulse durations and (d)—(f) spectra obtained from
mode-locked Er:ZBLAN fiber lasers with different gain fiber
lengths of 2.47 m, 1.92 m, and 1.61 m, respectively.
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Fig. 4. Measurement results of beam quality.

parameter. B, = —83fs?/mm and B = 467fs3/mm are
the group velocity dispersion and third-order dispersion

of the

Er:ZBLAN fiber,

respectively™. y = 1.45 x

10*W~!-m™! is the nonlinearity parameter of the
Er:ZBLAN fiber?. The gain is given by

Yo

1

9(®)

1+ % 1+ 4(_(»;2)0)2 ’

(2)

where gy = 8! m is the small signal gain coefficient2,
E,= / ’E|2d‘[ is the intracavity pulse energy, w, is
the central angular frequency, and Aw = 29.2 THz is
the gain bandwidth. The saturation energy E i = Eq . ¢ -
exp(—a,, - z) is proportional to the launched pump power
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Fig. 5. (a) Calculated pulse profile and (b) spectrum with a fiber
length of 1.6 m. (c¢) Pulse duration variation with the length of
Er:ZBLAN gain fiber.

and decreases along the propagation distance. a, =
—1.373 m™! is the absorption coefficient of fiber at the
pump wavelength. The saturable absorber is modeled

by a transmission function:

T=1—q0/(1+%|)2), (3)

where the saturable loss ¢y and the saturation power P,
are fixed to be 0.8 and 1 kW, respectively.

For each gain fiber length, we optimized the value of
E,: o for achieving the shortest pulse duration. Numerical
simulation shows that stable solitons can be obtained with
typical Kelly sidebands, as shown in Figs. 5(a) and 5(b).
Limited by the soliton area theorem, intracavity pulse en-
ergy is finite. Soliton splitting and multi-pulse operation
are observed when F,; q is beyond a certain value. Before
soliton splitting, we recorded the shortest pulse duration
for each gain fiber length, as shown in Fig. 5(c). It can be
clearly seen that the mode-locked pulse duration decreases
with the reducing Er:ZBLAN fiber length, which coincides
with the experimental results. The decrease of pulse dura-
tion with gain fiber length may be attributed to less net
intracavity dispersion for shorter fibers. Anyway, reducing
the gain fiber length is an effective way to shorten the
pulse duration in mode-locked Er:ZBLAN fiber lasers.
Sub-100-fs pulse generation is also expected from mode-
locked Er:ZBLAN fiber lasers by adopting high-doping
fibers and further reducing gain fiber length. Besides,
dispersion management is also a promising way to achieve
sub-100-fs mode-locked pulsesiid.

Up to now, many low-dimension materials have been
successfully demonstrated as effective saturable absorbers
in the fiber lasers®242, In fact, we also tried mode-locking
of Er:ZBLAN fiber laser with black phosphorus, however,
we can only obtain picosecond mode-locked pulses?. In
the future, we will investigate other low-dimension mate-
rials as mode-lockers in the mid-IR spectral band where a
saturable absorber is scarce.

In conclusion, we demonstrated a mode-locked Er:ZBLAN
fiber laser at 2.8 pm. By optimizing the gain fiber length, the
mode-locked pulse as short as 131 fs was directly generated

from the Er:ZBLAN fiber laser with an average output
power of 317 mW and a repetition rate of 107 MHz, corre-
sponding to a pulse energy of 3 nJ and a peak power of
23 kW. To the best of our knowledge, this is the shortest
mode-locked pulse reported on mid-IR MLFFLs. Our re-
search results demonstrate that reducing the gain fiber
length is an effective way to shorten pulse duration in
MLFFLs. Such femtosecond mode-locked pulse sources
are very appealing for applications of mid-IR supercontin-
uum generation, soliton self-frequency shift, and pump-probe
experiments.
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