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Abstract. We demonstrate a linearly polarized Er3+: ZBLAN fiber laser in the dual wavelength pumping
scheme for laser emission in the 3400–3700 nm spectral band. The laser is based on a polarization-maintaining
heavily erbium-doped ZBLAN fiber dually pumped at 976 nm and 1975 nm. Continuously tunable lasing is
obtained from 3380 nm to 3717 nm by using a diffraction grating in combination with a high reflectivity output
coupler. Using a low reflectivity output coupler, watt-level output powers are achieved for the first time from a
PM-fiber laser in the 3400–3600 nm wavelength range. The polarization extinction ratio (PER) of the output
beam is greater than 21 dB over the whole tuning range.
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1 Introduction

Broadly tunable lasers operating in the mid-infrared (MIR)
spectral region, particularly between 3000 and 4000 nm,
have attracted significant attention due to their wide range
of applications. These include remote sensing of greenhouse
gases such as methane [1] and polymer materials processing
owing to the strong absorption by C–H bonds in this region,
medical diagnostics via breath analysis, laser surgery, and
molecular fingerprinting in spectroscopy [2–6]. While
various platforms – such as optical parametric oscillators/
amplifiers, quantum cascade lasers, and supercontinuum
sources – can access this spectral region [7–9], their com-
plexity, high cost, and limited power scalability restrict
their practical implementation. Rare-earth-doped fluoride
fiber lasers, such as zirconium fluoride (ZrF4), offer a com-
pelling alternative, combining excellent beam quality with
high power scalability. Among rare-earth dopants, Erbium
(Er3+) ions are especially attractive due to their broad
emission centered around 3500 nm from the 4F9/2 ?

4I9/2
transition as shown in Figure 1a. Direct pumping of this
transition at 650 nm yielded low efficiencies due to a low
Stokes efficiency of only 18% [11]. However, the approach
of dual-wavelength pumping (DWP), introduced by

Henderson-Sapir et al. [12], has significantly enhanced the
development MIR Er3+ fiber lasers, enabling multi-watt
continuous-wave (CW) operation with high efficiency
[13, 14]. In this scheme, ground-state absorption at
976 nm populates the 4I11/2 level, which is further excited
by a second pump at 1975 nm to reach the 4F9/2 upper laser
level, enabling laser emission from 3500 to 3800 nm. Follow-
ing this progress, considerable research has focused on scal-
ing CW output power and pushing the laser wavelength to
the edge of the gain spectrum. First tunable laser operation
on the 4F9/2 ? 4I9/2 transition across the 3330–3780 nm
wavelength range was demonstrated by Henderson-Sapir
et al. using diffraction gratings [15]. Further extension of
the laser emission to long wavelengths beyond 3800 nm
was achieved by Zhang et al., reaching 3810 nm with
45 mW output power [16]. On the other hand, single-
frequency operation in the 3370–3720 nm range was
achieved using a germanium-based etalon [17]. Besides the
diffraction gratings, wavelength selection can also be
achieved using high-transmission bandpass filters (BPF)
or fiber Bragg gratings (FBG) [10, 18]. For instance, Zhang
et al. demonstrated a 4.5W CW laser at 3780 nm with 6.5%
overall efficiency using a low-Er3+-doped fiber and a high
transmission BPF [18], which was superior to the 2 W
reported previously using FBG [10]. Low-Erbium doped
fibers minimize the thermal load, enabling integration into
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monolithic architectures with FBG and eliminating the
need for active cooling [19]. Conversely, Maes et al. [20]
demonstrated a 28% efficiency and 3.4 W output at
3420 nm using heavily Er3+-doped fibers, surpassing the
overall optical efficiency achieved with lower dopant levels.
Consistent with Ref. [20], under insufficient 976 nm pump-
ing, low-Erbium-doped fibers undergo rapid quenching
driven by Excited State Absorption (ESA) from 4F9/2 to
4F7/2. By contrast, heavily doped fibers exhibit higher lasing
thresholds but maintain larger slope efficiencies. The miti-
gated quenching at high Er3+ concentration is attributed
to strengthened energy-transfer pathways from the 2H11/2
and 4S3/2 manifolds, which suppress ESA into 4F7/2 and
enhance the quantum efficiency of the 3500 nm transition.
Despite tremendous advances in terms of output power
and slope efficiency, 3500 nm lasers based on standard dou-
ble-clad fibers suffer from strong environmental instability
due to their sensitivity to mechanical vibrations and
temperature variations that induce changes in the fiber
birefringence. The use of Polarization Maintaining (PM)-
fibers is the most efficient approach to build environmen-
tally-stable laser systems with linearly polarized output
beams which are very suitable for several applications such
as material processing and spectroscopy [21, 22]. While
tunable operation in PM fibers has been demonstrated at
2800 nm [23, 24], and linear polarized CW lasing at
3,460 nm has been achieved with PM Er3+: ZrF4 fibers
[25], high-power laser operation beyond 3500 nm has not
yet been reported. In this work, we explore for the first-time
laser emission beyond 3500 nm from a polarization main-
taining heavily erbium-doped fiber laser. We thereby
demonstrate a linearly polarized watt-level fiber laser
widely tunable from 3400 nm to 3700 nm. The DWP-based
laser delivers a maximum power of 1.61 W at 3500 nm in a
single-mode beam with a PER of 21 dB.

2 Material and methods

The experimental setup of our DWP Er3+-doped fiber laser
is shown in Figure 1c. The gain medium, a 4 m long double-
clad (double D-shaped) 7 mol% Er3+: ZrF4 PM fiber (Le
Verre Fluoré, 15/240 � 260 lm), is used in a bidirectional

dual-wavelength pumping scheme. It has a core/clad
numerical aperture (NA) of 0.125 allowing single mode
operation over the whole spectral band 3300–3800 nm
(cut-off wavelength at 2600 nm). The birefringence of the
fiber is ensured by two air gaps around the core (LB =
38 mm at 2880 nm), see Figure 1b. Both facets of the fiber
have AlF3 based end-caps with a length of 600 lm and were
cleaved at an angle of 14� to avoid parasitic lasing due to
Fresnel reflections. The 976 nm pump is a 30 W laser diode
(976LD-4-0-0, Aerodiode, France) pigtailed with a
multimode fiber featuring a core diameter of 105 lm and
a NA of 0.22, collimated using an achromatic lens (L1,
f = 10 mm).

The 1975 nm pump is a commercial Tm3+ single-mode
(NA = 0.15) fiber laser (IFL30, Futonics GmbH, Germany)
delivering up to 30W and is guided using a highly reflective
mirror (Layertec, R > 95% at 1975 nm). The 976 nm pump
is coupled into the fiber’s cladding using a ZnSe lens (L2,
f = 25 mm) while the 1975 nm pump is launched into the
core of the fiber using a second ZnSe lens (L3, f =
12 mm) to ensure high pump absorption. The laser cavity
is built using two dichroic mirrors placed at 22� (Optoman,
95% transmission for 976 nm and 1975 nm, more than 99%
reflectivity for 3300–4000 nm). The first arm of the cavity
contains a diffraction grating (Thorlabs GR1325-30035,
grating diffraction efficiency of 85% at 3500 nm with less
than 2% variations in the 3300–3750 nm range) mounted
in Littrow configuration and allowing wavelength selection
by reinjecting the first order of diffraction into the fiber.
A half waveplate (Thorlabs WPLH05M-3500) is used to
tailor the polarization orientation angle of the laser beam
in order to minimize the losses through the grating’ zero-
order diffraction (Output 2). The second arm of the cavity
contains a linear polarizer in which its polarization axis is
carefully aligned to the slow polarization axis of the PM
fiber to ensure polarization state preservation. The cavity
is closed by an output coupler (Optoman, TOC = 30%,
TOC = 50% and TOC = 70%, transmission for 3300–
4000 nm). The output of the laser is then collected after a
3000 nm long-pass filter (Spectrogon – LP-3000 nm) to en-
sure that no residual pump or laser emission at 2800 nm is
considered during measurements (Output 1). It is worth
noting that the 2800 nm colasing emission, arising from

Figure 1. (a) Er3+ ion energy levels in ZBLAN, energy transfers and lifetimes (values extracted from [10]). VGSA: Virtual Ground
State Absorption; VESA: Virtual Excited State Absorption; CR: Cross Relaxation; ETU: Energy Transfer Upconversion.
(b) Microscopic image showcasing the double clad design and the presence of two air holes. (c) Experimental scheme of the
bidirectional DWP laser. DM: Dichroic mirror. HRM: Highly reflective mirror. L1: Achromatic lens. L2, L3: ZnSe lenses. LPF: Long
pass filter. HWP: Half wave plate. OC: Output coupler.
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parasitic reflections on the fiber facets, only appears near la-
ser threshold and it is totally inhibited for 1975 nm pump-
ing levels higher than 1.2 times the pumping threshold. The
laser spectra were acquired using a Fourier transform opti-
cal spectrum analyzer (Thorlabs OSA 205C) with a spectral
resolution of 0.5 nm at 3500 nm. The laser power was mea-
sured using a sensitive thermal power-meter (Thorlabs
S405C, 100 lW – 5 W power range).

3 Results and discussion

3.1 Cavity alignment and fiber length optimization

The alignment starts by optimizing the 1975 nm pump cou-
pling into the fiber core in an open-cavity configuration
(without feedback mirrors). The fiber length was then
selected to yield more than 90% absorption at 1975 nm
under approximately 5W of 976 nm pump power. Next,
the cavity was closed with reflective mirrors, and alignment
was refined by maximizing the 3500 nm emission. After
optimization, a slight decrease in 1975 nm pump absorption
was observed, due to decreasing of injection efficiency from
90% to 78%. An initial length of 2.5 m was implemented
based on Ref. [20] predictions for optimal fiber length/dop-
ing for 3500 nm emission in a 7 mol% standard Er3+-doped
fiber, but attempts to achieve lasing with our PM fiber were
unsuccessful. Increasing the fiber length to 4 m enabled
stable 3500 nm lasing with residual 1975 nm pump of below
10%. The longer optimum is likely due to higher linear
losses in the PM fiber, which reduce the effective gain rela-
tive to the standard-fiber case.

3.2 Laser tuning

Our initial study focused on the wavelength tunability of
the ZBLAN fiber laser obtained by adjusting the diffraction
grating, for different output couplers. Figure 2a summarizes
the tuning range for the three output couplers used in this
study and the corresponding output power. Pump powers
were fixed at 7.4 W and 20 W for the 976 nm pump and

1975 nm pump, respectively in order to observe the laser
tuning in each case. As expected for the 4F9/2 ?

4I9/2 four
level transition of Er3+ ions in ZBLAN, a broad tuning
range of 337 nm (260 nm at FWHM) around 3550 nm is
obtained in the case of TOC = 30%. However, the tuning
bandwidth is narrower than that obtained with non-PM
fibers [15, 16]. It is worth noting that although the
4F9/2 ? 4I9/2 transition exhibits a broadband emission
around 3550 nm, its low emission cross section calls for
low cavity losses and high fiber’s optical transmission to
achieve high efficiency from this transition. Experimental
measurements show that our Erbium-doped PM fiber
exhibits higher losses (~43 dB/km [24]) than the standard
double-clad version (~30 dB/km [26]) thus making it diffi-
cult to achieve lasing below 3380 nm and beyond
3720 nm. Moreover, the lower efficiency of the diffraction
grating combined with the increasing ZBLAN losses for
wavelengths beyond 3700 nm (compared to 3500 nm) poses
further limitations to achieve stable lasing at longer wave-
lengths. Figure 2b highlights the normalized emission spec-
tra of the laser showing excellent continuous tuning
between 3380 nm and 3717 nm, in the case of TOC =
30%. Using lower-cavity losses (lower output coupling) pro-
vides broader tuning range but at the cost of lower effi-
ciency. The output coupling value of 30% is found to be a
good compromise enabling high efficiency on a broad wave-
length range. Implementing an output coupler with TOC =
70% enabled the emission of linearly-polarized laser light
with watt-level output powers in the 3400–3600 nm wave-
length range, more than five times higher than the perfor-
mance previously demonstrated at 3500 nm [25]. While
tuning the laser, a beam profiler (Pyrocam IIIHR) was used
to observe the output beam spot shape in the far field as
showcased in Figure 3b inset. Along with laser stability, a
good quality single mode beam corresponding to a gaussian
distribution is observed on the output for all wavelengths of
interest. To confirm the power stability and beam charac-
teristics, we monitored the output power, and performed
M 2 measurements at a fixed wavelength of 3500 nm for
an output coupling ratio of 70%. The average output power
of about 1W is measured over almost 5 h, see Figure 3a.

Figure 2. (a) Laser wavelength tunability for the three output couplers and corresponding output power for fixed powers of 7.4 W
and 20 W for the 976 nm and 1975 nm pumps, respectively. (b) Normalized laser emission spectra over the tuning range. Insets: Beam
profile of the laser output at selected wavelengths in the case of TOC = 30%. (c) Output power curves and optical efficiencies versus
launched 1975 nm pump power for different laser emission wavelengths at fixed 976 pump power P976.
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After a slight initial decrease due to thermal stabilization,
the power remained stable throughout the experiment with
an overall rms deviation of 0.81%. The M 2 measurement
was performed using a 200 mm focal length CaF2 lens
and our Pyrocam. Figure 3b shows the results which high-
light the excellent beam quality, with an M 2 of 1.09 (resp.
1.05) on the x-axis (resp. y-axis). This slight astigmatism is
most likely due to the PM operation of the fiber. The air
holes surrounding the core deconfine the mode on one axis,
resulting in a slightly elliptical mode.

3.3 Output power scaling

Figure 2c shows the evolutions of the output powers at key
wavelength points with respect to the launched pump
power at 1975 nm for fixed 976 nm pump power. Increasing
the 976 nm pump power allows to supply sufficient popula-
tion on the 4I11/2 and thus more gain for lasing at long
wavelengths. The pumping power at this wavelength is rel-
atively low compared to the pumping needed for low doped
Erbium fluoride fibers as they exhibit rapid quenching ef-
fects when increasing the 1975 nm pump power [19, 20].
At the central wavelength of 3500 nm, a maximum output
power of 1.61 W of polarized laser light was achieved for a
pump power of 20 W at 1975 nm, which corresponds to an

efficiency of 11% (with respect to the 1975 nm pump
power). We note that the calculated slope efficiency with re-
spect to the 1975 nm pump power injected into the fiber is
about 14%. This watt-level power was achieved for the
whole range of 3400–3600 nm although with varying effi-
ciencies. Beyond this wavelength range, high output powers
were also achieved, for instance at 3670 nm with 830 mW,
which corresponds to an efficiency of 6.7%. Note that even if
heavily doped Erbium fluoride fibers do not exhibit rapid
quenching effects, the heavy doping induces rapid heating
compared to low doped fibers. This effect combined with
the high thermal expansion coefficient of fluoride glass
(200�10�7 K�1) puts the fiber facets at risk of damage
limiting further power scaling. This also induces a mechan-
ical “shift” of the fiber core making it necessary to adjust the
injection of the 1975 nm pump when increasing the pump
power. This explains the small fluctuations that can be seen
on the experimental measurements when increasing the
1975 nm pump power. For pump powers higher than
21 W, strong output power fluctuations are observed which
is usually an indication that the fiber facet is starting to get
damaged. To avoid any fiber damage, we explored the
pump power range below 21 W where the laser exhibited
an excellent output power stability over the whole wave-
length range.

Figure 4. PER measurements as a function of wavelength in the case of TOC = 30% (a) and TOC = 70% (b). Insets: Typical linear
polarization measurement results with theoretical fit (Malus’ law) for laser emission at 3414 nm with TOC = 30% (a) and for laser
emission at 3500 nm with TOC = 70% (b).

Figure 3. Laser performances at 3500 nm for 70% output coupling ratio: (a) Laser power stability over 5 h for 1W output power.
(b) M 2 measurements of the output laser beam.
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3.4 Polarization extinction ratio (PER)

The output beam PER monitoring was done using a second
polarizer mounted on a rotation stage. Figure 4a shows
PER measurements at points of interest of the tunable fiber
laser in the case of TOC = 30%. A typical measurement of
the power transmission through the polarizer versus its ori-
entation angle for laser emission at 3414 nm is presented as
well (inset). The experimental curve is well fitted with a
Malus law indicating that laser emission is linearly polarized
with a PER of 21 dB. The measured PER was not the same
for the entire tuning range and this could be attributed to
the fact that the polarization components as well as the
PM-fiber did not exhibit the same polarization behavior
for all wavelengths. While the polarization components
exhibit different efficiencies for each wavelength, the PM
fiber is more sensitive to heat loads on the fiber tips. This
heating contributes to thermal expansion of the fiber facet
mentioned before that could induce a shifting of not only
the core, but of the slow and fast polarization axis. Ruffin
et al. observed such an effect while working with highly
birefringent silica fibers under different temperature condi-
tions [27]. It is then possible that the higher thermal expan-
sion of fluoride fibers exhibits the same behavior just at
lower temperatures due to rapid expansion. Thus, inducing
different measurement results as reaching stability for each
wavelength requires different pump powers and by conse-
quence different expansions of the fiber facet. Consequently,
the lowest measured PER is 21 dB at 3500 nm and the
highest is 25 dB measured at 3394 nm, thus giving an aver-
age of approximately 22.8 dB over the tuning range. Mea-
surements performed at high output coupling (TOC =
70%) yield excellent results, with PER values exceeding
25.5 dB across the 3.4–3.6 lm wavelength range, see Fig-
ure 4b. This improvement in PER can be attributed to a
reduced intracavity thermal load resulting from a higher
power extraction from the cavity compared to the low out-
put coupling case.

4 Conclusion and prospects

In summary, we have demonstrated a widely tunable lin-
early-polarized fiber laser based on a highly-birefringent
heavily Erbium-doped fluoride fiber. The maximum tuning
range achieved in a low losses’ cavity was 337 nm around
3550 nm. By increasing the output coupling, watt-levels
of continuous wave powers were achieved in the 3400–
3600 nm wavelength range with linearly polarized laser
emission. A polarization extinction ratio of more than
25 dB is achieved over the whole tuning range. The laser
delivers a high-quality single mode beam and is stable for
hours in a laboratory environment. Given the growing
interest of these fibered devices in the MIR, integrating
the proposed setup into a monolithic structure by the use
of femtosecond written fiber Bragg gratings, pump combin-
ers and ZBLAN fibre-based components could serve to
make the setup more compact and facilitate handling by
users, these design choices are currently under investigation
for future improvements. Moreover, the development of
lightly-erbium doped PM fibers will open the path for

power scaling by limiting the thermal effects. Nevertheless,
this wide tunability combined with watt-level powers of
polarized laser emission in the mid-infrared is a first
demonstration of the capability of these sources to be imple-
mented in various applications such as dual-comb
spectroscopy.
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