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We report a continuous-wave Er:ZBLAN fiber laser with the operation wavelength reaching 3.68 pm. The mid-
infrared Er:ZBLAN fiber laser is pumped with the dual-wavelength sources consisting of a commercial laser
diode at 970 nm and a homemade Tm-doped fiber laser at 1973 nm. By increasing the launched pump power at
1973 nm, the laser wavelength can be switched from 3.52 to 3.68 pm. The maximum output power of 0.85 W is
obtained with a slope efficiency of 25.14% with respect to the 1973 nm pump power. In the experiment, the
laser emission at 3.68 pm is obtained with a significant power of 0.62 W, which is the longest emission wave-

length in free-running Er:ZBLAN fiber lasers.
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There is an increasing interest to mid-infrared (2-20 pm)
coherent sources in the last decade due to the potential
applications in spectroscopy, defense, and sensing for
trace gas detection and greenhouse gases monitoring¥.
Moreover, significant progresses have been made with
high-power mid-infrared coherent sources, such as optical
parametric oscillators (OPOs), quantum cascade lasers
(QCLs), and rare-earth-doped fiber lasers>Z. While OPOs
are capable of emitting high output power and good beam
quality, they have a complex setup and large volume.
QCLs can cover a wide range of mid-infrared wavelengths,
however, the output powers are limited below the watt
level at the 3.5 pm band¥. Fiber lasers possess the merits
of high power, compactness, low cost, and good beam
quality. Currently, fiber lasers become an important route
to exploit high-power mid-infrared coherent sources.

So far, continuous-wave (CW) and pulsed laser sources
at the 2.8 pm wavelength have been widely investigated
based on Er-doped and Ho-doped fluoride glass fiber
lasers®2Y. However, limited by the available mid-infrared
optical devices, fiber lasers beyond 3 pm are still underde-
veloped. In the past decades, only a few groups carried out
relevant research work, mainly focusing on CW Er-doped
fluoride glass fiber lasers. The first CW laser at 3.45 pm
was reported in 1991 at a 77 K temperature. In the next
year, a room-temperature Er:ZBLAN fiber laser was dem-
onstrated at 3.48 um with a low slope efficiency of 2.8%,
pumped with a dicyanomethylene (DCM) dye laser at
655 nmt¥. For visible light pumping, the large quantum
defect between mid-infrared and visible photons inher-
ently results in low Stokes efficiency (~19%). However,
this limit was broken, and Stokes efficiency was improved
up to 56% with the advent of the dual-wavelength
pumping (DWP) scheme, proposed by Henderson-Sapir
et al. in 2013, Accompanied by the advances in fluoride
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fiber fabrication and high-power pump source technolo-
gies, CW output power and optical-to-optical efficiency
of a fluoride fiber laser are enhanced up to 260 mW
and 16%, respectively?. Recently, 5.6 W of CW power
was achieved by using fiber Bragg gratings (FBGs) in-
stead of bulk reflectors operating at 3.55 pmZ. In free-
running Er-doped fluoride fiber lasers, multiple emission
wavelengths were realized, and the longest emission
wavelength reached 3.60 pm. Er-doped fluoride glass fi-
bers usually have broad fluorescence spectra around
3.50 pm, originating from Starks splitting in the upper
and lower energy levels?. The actual operation wave-
length is influenced by the Er-doping concentration and
glass composition??). For longer wavelength operation, a
widely tunable Er:ZBLAN fiber laser was exploited.
However, the excess loss in the collimating optics resulted
in a low output power of 50 mW. Up to now, there has
been no report on a free-running Er-doped fluoride fiber
laser beyond 3.60 pm wavelength.

In this Letter, we report a mid-infrared Er:ZBLAN fiber
laser with the operation wavelength reaching 3.68 pm,
which is the longest wavelength emitted from free-running
Er:ZBLAN fiber lasers, to the best of our knowledge. The
laser wavelength is switchable between 3.52 and 3.68 pm
by varying the launched pump power of 1973 nm. The
maximum output power of 0.85 W is obtained with a slope
efficiency of 25.14% with respect to 1973 nm of pump
power, and a significant power of 0.62 W is achieved at
the 3.68 pm wavelength.

A simple linear cavity structure was adopted in the
Er:ZBLAN fiber laser, as shown in Fig. 1. One end of
the fiber was butted against an output coupler (OC).
The OC had a transmission of 30% from 3300 to
4000 nm. Besides, it was anti-reflectively coated for pump
wavelengths at 970 and 1973 nm. The other end of the
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Fig. 1. Experimental setup of the dual-wavelength pumped
Er:ZBLAN fiber laser. Fy, CaF, lens with f = 18 mm; F,, ZnSe
aspheric lens with f = 12.7 mm; ESA, excited state absorption.
Inset: the energy level diagram of Er:ZBLAN.

fiber was butted against an Au coated mirror, which
had high reflectivity for pump and laser wavelengths.
For the Er-doped fluoride glass fibers, there is generally
a difference in their fluorescence spectra induced by the
different glass composition and Er-doping concentration.
A gain peak redshift with the increase of Er-doping con-
centration was clearly shown in Ref. [23]. Compared with
previous reports where 1.0 mol.% Er:ZBLAN fibers were
usually used 2222420 , here, we adopted a higher-doping
Er:ZBLAN fiber (1.5 mol.%, Le Verre Fluoré) for longer
wavelength operation. The gain fiber was 2.5 m long. The
core diameter of the fiber was 16.5 pm with a numerical
aperture (NA) of 0.15. The first cladding had a diameter
of 260 pm with two parallel flats separated by 240 pm. The
second cladding was a low-index fluoroacrylate polymer
with a diameter of 290 pm. The DWP scheme in the
Er:ZBLAN fiber laser could significantly increase the
efficiency compared with visible light pumping. Here,
the DWP scheme was adopted in our experiment (Inset
of Fig. 1), which consisted of a commercial laser diode
(LD) at 970 nm and a homemade Tm-doped fiber laser
at 1973 nm. Since the excited state of 4111/2 has a long life-
time, a mass of electrons can populate here and form the
so-called “virtual ground state” under the pumping of the
LD at 970 nm. Then, these electrons cycle in the closed
loop formed by the “virtual ground state”, the upper laser
level, and the lower laser levels, involving population in-
version, laser emission, and multi-phonon decay. Once the
electrons escape from the closed loop, they will be re-
excited back to the “virtual ground state” by pumping
at 970 nm. The coupling fiber of the LD at 970 nm had
an NA of 0.2 and a core diameter of 105 pm. The coupling
efficiency of the Er:ZBLAN fiber was measured to be 89%
for pump light at 970 nm, and the fiber had an absorption
of about 0.68 dB/m for cladding pumping at 970 nm. The
pump light of 1973 nm was generated from a Tm-doped
dual-cladding single-mode fiber (10/130 pm, 0.15 NA) la-
ser with a pair of FBGs, which emitted a maximum power
of 10 W. The mode-matching of each pump was
designed individually for efficient coupling. The two pump

sources were combined together by a dichroic mirror (DM)
M, and then focused into the Er:ZBLAN fiber by an anti-
reflectively coated ZnSe aspheric lens (f = 12.7 mm,
Edmund #64-124). The generated mid-infrared laser
was separated from pump beams by coated mirror M.

Figure 2 shows the absorption of pump light at 1973 nm
versus launched pump power of 970 nm. We measured the
fiber transmission of 1973 nm pump light to be ~76% with-
out the 970 nm pump. As the launched pump light at
970 nm increases, more electrons in the ground state are
excited to the “virtual ground state”; thus, the absorption
of pump light at 1973 nm becomes stronger, and residual
pump power at 1973 nm remarkably decreases. In order
to measure the residual pump power of 1973 nm, we filtered
the 970 nm pump power with a same DM as M;. Figure 2
shows that the residual 1973 nm pump power is ~ 7%. The
residual pump light of 1973 nm may be attibuted to a small
part of pump light coupled into the fiber cladding. In the
experiment, we found that if the pump light was coupled
into fiber cladding (remove the pump focal spot from fiber
core), the absoprtion of pump light at 1973 nm would
sharply decrease. According to the residual pump power
of 1973 nm, we estimated that 93% of the 1973 nm pump
was coupled into the fiber core.

Because the OC had a reflectivity of 40% at 2.8 um, the
Er:ZBLAN fiber laser emitted the 2.8 pm laser, while only
the 970 nm pump light was employed. When we adopted
the two pump lights of 970 and 1973 nm and increased the
pump power of 1973 nm, the 2.8 pm laser emission gradu-
ally weakened and eventually disappeared. In order to
measure the output power beyond 3.5 pm, we filtered
the 2.8 pm laser with a DM before the power meter. Out-
put powers of the Er:ZBLAN fiber laser as a function of
the 1973 nm pump power are shown in Fig. 3 under differ-
ent launched pump powers at 970 nm. Under the pump
power of 1.16 W at 970 nm, the output power roll-over
was observed as the launched pump power of 1973 nm
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Fig. 2. (Color online) Residual pump power of 1973 nm as a
function of 970 nm launched pump power for different launched
powers at 1973 nm.
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Fig. 3. (Color online) Output power as a function of the

launched pump power at 1973 nm for different 970 nm pump
powers of 1.16, 1.29, and 1.76 W, respectively.

was beyond 2.4 W. By slightly improving the pump power
of 970 nm to 1.29 W, we could significantly delay the
arrival of the power roll-over. This power roll-over phe-
nomenon originates from the excited state absorption
(ESA) of 1973 nm, which results in the population de-
crease of the upper laser level2Y. This problem can be over-
come by increasing the pump power at 970 nm, which
increases the population of the “virtual ground state”
and makes more 1973 nm pump light be absorbed, thus,
the ESA of 1973 nm becomes weak. When the pump power
at 970 nm was set to 1.76 W, the laser output power in-
creased linearly with a slope efficiency of 25.14% with re-
spect to the 1973 nm pump light, and, finally, a maximum
output power of 0.85 W was obtained under the 1973 nm
pump power of 4.89 W. For the maximum output power
of 0.85 W, the optical-to-optical efficiency was 12.72%.
When the pump power at 1973 nm was beyond 4.89 W,
a sharp decrease of output power was observed in the
experiment. Meanwhile, we found the laser wavelength
switched from 3.52 to 3.68 pm at this pump power, as
shown in Fig. 4. The wavelength switching might be
attributed to the excess population of the lower laser
sublevel of I, s> that is not emptied fast enough in
high-power operation, thus longer-wavelength lasing will
arise by transiting to higher sublevel of *I, /2- According to
the gain spectrum of Er:ZBLAN and the wavelength tun-
ing result®2! the gain at 3.68 pm is significantly lower
than that at 3.52 pm, which explains the reason why
the output power has a dramatical drop after wavelength
switching from 3.52 to 3.68 pm in our laser. Compared
with the previous reports on 3.44-3.48, 3.55, and
3.60 pm operation of Er:ZBLAN fiber lasers!™2:2 here,
we report two new operation wavelengths at 3.52 and
3.68 pm in the Er:ZBLAN fiber laser. The operation wave-
length of the laser could be switched by changing the
launched pump power of 1973 nm. Under the low pump
power of 1973 nm, the Er:ZBLAN fiber laser operated near
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Fig. 4. (Color online) Laser spectrum evolution with output
power.

3520 nm with a bandwidth of ~5 nm and switched to
3680 nm with a bandwidth of ~4 nm beyond the pump
power of 4.89 W. In order to protect the fiber facet from
damage, we did not further increase the launched pump
power. In order to observe the time-domain characteristics
of the Er:ZBLAN fiber laser, we monitered the output
laser with a mid-infrared photodetector (VIGO system,
PCI-9) and a digital oscillator. No self-pulsing phonome-
non was observed in the total pump power range.

We measured the beam quality of the output laser with
the knife-edge method, as shown in Fig. 5. The measured
M? value was 1.01, indicating that the laser output beam
was diffraction-limited. We also captured the output
beam profile with a thermosensitive card (VRC6S,
Thorlabs). The inset of Fig. 5 shows that the laser beam
has a round beam profile.

In order to test the power stability of the Er:ZBLAN
fiber laser, we monitored the output power fluctuation
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Fig. 5. Measurement of laser beam quality. Inset: beam profile.
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Fig. 6. Power stability of the Er:ZBLAN fiber laser.

for an hour at the launched 1973 nm pump power of
3.5 W, as shown in Fig. 6. The output power fluctuation
(Agyg) is ~2.45%. The slight power fluctuation could be
attributed to the mechanical vibration of the pump source
and Er:ZBLAN fiber, which will change the coupling
efficiency between the 1973 nm pump light and the
Er:ZBLAN fiber. Besides, mechanical vibration of the
bulk reflectors also had an influence on the stability of
the laser, since it changed the feedback of the laser. By
splicing the fiber of the pump light and Er:ZBLAN fiber
or substituting the bulk reflectors with FBGs, the power
stability can be improved in the future22,

In conclusion, we report on a mid-infrared Er:ZBLAN
fiber laser reaching 3.68 pm wavelength based on the
DWP scheme. The laser emission wavelength can be
switched between 3.52 and 3.68 pm by changing the
launched pump power at 1973 nm. The maximum output
power of 0.85 W is obtained with a slope efficiency of
25.14% with respect to the 1973 nm pump power at
3.52 pm, and a significant power of 0.62 W is generated
at 3.68 pm. To the best of our knowledge, the wavelength
of 3.68 pm is the longest operation wavelength in free-
running Er:ZBLAN fiber lasers so far.
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