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Design of a Broadband Erbium-Doped Fluoroindate
Fiber Laser Emitting Up to 3.91 µm
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and Francesco Prudenzano , Member, IEEE

Abstract—In this paper, for the first time, an erbium-doped
fluoroindate fiber laser emitting up to 3.91 µm is designed and
optimized by means of a numerical investigation performed via
a home-made computer code. It is cladding pumped with red
light at 635 nm. The employed fiber is commercially available
from Le Verre Fluoré and exhibits a double D-shaped geometry.
Continuous-wave laser emission is obtained thanks to the popu-
lation inversion between the 4F9/2 and 4I9/2 energy levels. The
model takes into account measured spectroscopic parameters for
the absorption, stimulated emission and spontaneous decay pro-
cesses. The device performance is investigated by varying several
parameters, such as the input pump power, the fiber length, the
dopant concentration, the output mirror reflectivity and the signal
wavelength. The proposed device is very versatile and is optimized
for different scenarios, including: the shortest fiber, the highest out-
put power and the lowest threshold. Simulation results show that
the best performance in terms of emission bandwidth is obtained
for the laser with the lowest threshold, i.e., only 25 mW, predicting
a broadband coherent emission in the 3.25–3.91 µm wavelength
range and paving the way to the fabrication of a low-cost and
easy-to-pump middle infrared fiber laser.

Index Terms—Double D-shaped fiber, erbium, fiber laser,
fluoroindate glass, middle infrared.

I. INTRODUCTION

IN RECENT years, rare-earth-doped fluoroindate glass (IFG)
has been the subject of numerous spectroscopic studies,
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Fig. 1. Schematic of the device.

aimed to explore middle infrared (Mid-IR) emission at wave-
lengths as high as λ = 5.5 μm [1], [2], [3], [4], [5], [6], [7],
[8], [9], [10], [11], [12], [13], [14], [15], [16], [17], [18], [19].
Its typical chemical composition is InF3-ZnF2-SrF2-BaF2 and
it offers better thermal stability with respect to fluorozirconate
glass and a broad optical transmission window going from the
ultraviolet to the middle infrared. The main advantages which
make its employment as active medium feasible are the low
phonon energy (≈510 cm−1) and the ability to accommodate
high dopant concentrations (up to 10 mol%).

In the literature, both continuous-wave (CW) and pulsed fluo-
roindate fiber lasers were proposed. In [4], a CW holmium-doped
fluoroindate fiber laser was successfully demonstrated. It was
cladding pumped at λp = 888 nm and emitted almost 200 mW of
optical power at λs = 3.92 μm. The related slope efficiency was
close to 10%. In [6], a gain-switched heavily-holmium-doped
fluoroindate fiber laser emitting at the same wavelength was
proposed and optimized. Pulses with a duration τFWHM = 72.55
ns and an energy E = 1.21 μJ were predicted. The related
optical-to-optical conversion efficiency was about ηc = 4%.
Stable single pulse operation up to a repetition rate fR = 200 kHz
was simulated. In [12], a CW fiber laser exploiting a fluoroindate
glass co-doped with holmium and neodymium was investigated.
It was pumped at λp = 808 nm and emitted at λs = 3.92 μm. By
tailoring the length of the fiber and the concentrations of both
dopants, a threshold power as low as Pth = 200 mW and a slope
efficiency close to ηs = 16.67% were predicted.

In this paper, for the first time to the best of our knowledge,
a widely tunable erbium-doped fluoroindate CW fiber laser
providing a bandwidth of almost BW = 659 nm, from λs =
3.25 μm up to λs = 3.91 μm, is proposed and optimized.
The geometry of the fiber laser section corresponds, with the
exception of the employed rare earth, to that of a commercially
available fluoroindate fiber produced by Le Verre Fluoré, having
a double D-shaped geometry. The laser is cladding pumped with
red light at λp = 635 nm (see Fig. 1), which makes it very at-
tractive since low-cost red laser diodes (e.g., Thorlabs L637G1)
can be employed. Moreover, a fluoroindate fiber combiner [20]
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Fig. 2. Energy levels scheme for the Er3+: IFG system.

could be used if a higher pump power is desired, maintaining
a low cost. Potential applications include, but are not limited
to, environmental monitoring (e.g., by exploiting the absorption
peaks of air pollutants in the middle infrared), remote sensing,
biomedicine, optical communications and polymer processing
[21], [22], [23].

II. THEORY

The pumping scheme for the Er3+:IFG system exploits an
optical beam at λp = 635 nm to promote electrons from the
ground state 4I15/2 to the upper laser level 4F9/2, as shown
in Fig. 2. The complete model consists of 5 energy levels
[16], including the lower laser level 4I9/2 and two intermediate
levels (4I13/2 and 4I11/2). The considered optical transitions are
the following: pump absorption (upward solid arrow), pump
stimulated emission (downward solid arrow), signal absorption
(upward dashed arrow), signal stimulated emission (downward
dashed arrow), radiative decays (downward dotted arrows). The
employment of a laser transition that does not involve the ground
state helps to avoid the phenomenon of signal reabsorption, once
the pump is exhausted. Pump excited state absorption (ESA)
occurring between the 4I13/2 and the (4F3/2, 4F5/2) energy
levels is neglected since, according to spectroscopic studies [24],
the lifetime of the (4F3/2, 4F5/2) level is rather short and the
branching ratio between it and the ground state is over 61%.
This implies that the majority of electrons promoted by pump
ESA decay to the ground state and are available again for exciting
the upper laser level. Furthermore, potential non-radiative decay
from the (4F3/2, 4F5/2) energy level might have a positive effect
on the population of the 4F9/2 level, leading to an improvement
in the laser efficiency.

In order to study the population inversion with the aim of
obtaining laser emission around λs = 3.5 μm, the following
rate equations for the energy levels populations N1, …, N5 are
written:

∂N5

∂t
= W15N1 −W51N5 +W45N4 −W54N5

− (A51 +A52 +A53 +A54)N5 (1a)

∂N4

∂t
= −W45N4 +W54N5 +A54N5

− (A43 +A42 +A41)N4 (1b)

∂N3

∂t
= − (A32 +A31)N3 +A43N4 +A53N5 (1c)

∂N2

∂t
= −A21N2 +A32N3 +A42N4 +A52N5 (1d)

∂N1

∂t
= −W15N1 +W51N5 +A21N2 +A31N3

+A41N4 +A51N5 (1e)

The system (1a)–(1e) is solved under stationary conditions,
i.e., all time derivatives vanish, and by imposing that the sum of
the populations is equal to the erbium concentration NEr:

N1 +N2 +N3 +N4 + N5 = NEr (2)

The pump and signal transition rates are calculated as follows:

W15 =
σ15 (λp)

hc0
λp

[
P+
p (z) + P−

p (z)
]
ip (3)

W51 =
σ51 (λp)

hc0
λp

[
P+
p (z) + P−

p (z)
]
ip (4)

W45 =
σ45 (λs)

hc0
λs

6∑
k = 1

[
P+
s,k (z) + P−

s,k (z)
]
is,k (x, y) (5)

W54 =
σ54 (λs)

hc0
λs

6∑
k = 1

[
P+
s,k (z) + P−

s,k (z)
]
is,k (x, y) (6)

where c0 is the speed of light in vacuum, h the is Planck constant,
λp is the pump wavelength, λs is the signal wavelength, the cross
section at the wavelength λ for the i → j transition is denoted
by σij(λ), P±

p is the forward (plus sign) and backward (minus
sign) pump power, P±

s,k is the forward (plus sign) and backward
(minus sign) signal power of the k-th guided mode, is,k is the
normalized intensity distribution of the signal for the k-th guided
mode. The normalized intensity distribution ip of the pump is
calculated by considering the inner cladding shape of the double
D-shaped fiber and assuming that the pump power is uniformly
distributed in both the core and the inner cladding:

ip =
1

Ap
=

[
dcut
2

√
d2icl − d2cut +

d2icl
2

sin−1

(
dcut
dicl

)]−1

(7)
where dicl is the diameter of the inner cladding, which is cut by
two parallel lines at a distance dcut, and Ap is the sum of the core
and the inner cladding areas. The radiative decay rate Aij for the
i → j transition is given by the ratio between the branching ratio
βij of the transition and the lifetime τ i of the starting energy
level:

Aij =
βij

τi
(8)

The dependence of the pump and signals powers on the longi-
tudinal position along the fiber is given by the power propagation
equations [25], [26]. For k guided modes propagating at the
signal wavelength, 2 × k equations are needed, taking into
account both propagation directions:

dP+
p

dz
= [gp (z)− α (λp)] P

+
p (z) (9a)
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dP−
p

dz
= − [gp (z)− α (λp)]P

−
p (z) (9b)

dP+
s,k

dz
= [gs,k (z)− α (λs)] P

+
s,k (z) (9c)

dP−
s,k

dz
= − [gs,k (z)− α (λs)]P

−
s,k (z) (9d)

where α(λ) is the wavelength-dependent background loss and
the gain coefficients are given by the overlap integrals, over
the doped core region Ωd, between the populations and the
normalized intensity distributions:

gp (z) = −σ15 (λp)

∫
Ωd

N1ipdxdy

+σ51 (λp)

∫
Ωd

N5ipdxdy (10)

gs,k (z) = −σ45 (λs)

∫
Ωd

N4is,k (x, y) dxdy

+σ54 (λs)

∫
Ωd

N5is,k (x, y) dxdy (11)

The boundary conditions for the differential equations system
(9a)–(9d) are related to the forward/backward input pump power
injected into the fiber and the two fiber Bragg gratings (FBGs)
employed as mirrors:

P+
p (0) = P+

p0 (12a)

P−
p (L) = P−

p0 (12b)

P+
s,k (0) = R1 P

−
s,k (0) (12c)

P−
s,k (L) = R2 P

+
s,k (L) (12d)

where L is the fiber length, Pp0± is the forward (plus sign)
and backward (minus sign) input pump power, R1 is input FBG
reflectivity and R2 is the output FBG reflectivity. The output
signal power Pout of the laser is given by sum of the transmitted
powers of each forward signal mode:

Pout = (1−R2)
∑
k

P+
s,k (L) (13)

By exploiting (13), it is also possible to evaluate the slope
efficiency ηs and the threshold power Pth. The developed model
is very versatile and can be potentially adapted to simulate
amplifiers [27] and pulsed lasers [28], [29], [30], [31] or to be
employed in machine learning systems [32] by appropriately
modifying the equations and the boundary conditions.

III. LASER DESIGN

The employed active fluoroindate fiber is commercially avail-
able from Le Verre Fluoré. Its section has a double D-shaped
geometry. In particular, the core diameter is dco = 16 μm and
the inner cladding diameter is dicl = 100 μm. The distance at
which the inner cladding is cut is dcut = 90 μm. The total area
calculated via (7) is Ap = 7560 μm2, leading to a normalized
pump intensity distribution ip = 132.3 μW/μm2. The glass re-
fractive index is close to nIFG(λs)= 1.5 at the signal wavelength

TABLE I
SPECTROSCOPIC PARAMETERS FOR THE ERBIUM-DOPED FLUOROINDATE GLASS

λs = 3.5 μm and nIFG(λp) = 1.51 at the pump wavelength λp

= 635 nm [20]. The core/inner cladding and the inner/outer
claddings numerical apertures are NA1 = 0.2 and NA2 = 0.5,
respectively. The background losses at the pump and signal
wavelengths are α(λp) = 0.25 dB/m and α(λs) = 0.0045 dB/m,
respectively. Fig. 3 shows the longitudinal field components
and the effective mode indices for the guided modes inside the
core of the fluoroindate fiber at the signal wavelength λs = 3.5
μm, obtained through a finite element method (FEM) analysis.
Table I reports the spectroscopic parameters for the erbium ions
in the fluoroindate glass, extracted from the literature [16], [24],
[33]. The pump absorption cross section is assumed equal to the
emission cross section. The design of the laser is performed by
studying the output signal power, when the dopant concentration
increases from a low to a high value in the range NEr = 2
× 1025-8 × 1025 ions/m3 (see Figs. 4–6). The input mirror
reflectivity is kept fixed to R1 = 99%, in agreement with the
recent advances on inscription of FBGs in fluoroindate fibers
[34]. Co-directional pumping is considered with an input pump
power equal toP+

p0=Pp0= 1 W. It is worth noting that a positive
optical gain was achieved only for the fundamental mode HE11,
even with input pump powers up to Pp0 = 10 W, thanks to its
higher overlap coefficient compared with those of the higher
order modes. In the following, step sizes equal to ΔL = 10 cm
and ΔR2 = 2% are assumed for discretizing the fiber length L
and the output mirror reflectivity R2, respectively.

Fig. 4 shows the output signal power Pout as a function of
the fiber length L and the output mirror reflectivity R2, for a low
dopant concentration NEr = 2× 1025 ions/m3. Output powers of
at least Pout = 1 mW are obtained for L = 0.5 m and R2 = 97%.
Increasing the fiber length and reducing the reflectivity yields
similar output powers. Better results are obtained by increasing
both L and R2. The maximum output power Pout = 10 mW is
achieved only for very long fibers, i.e., L > 4.6 m, requiring an
output mirror reflectivity around R2 ≈ 90%.
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Fig. 3. Longitudinal components Ez/Hz and effective mode indices for the six guided optical modes of the double D-shaped fluoroindate fiber at the signal
wavelength λs = 3500 nm. The fiber core is represented by the white circle.

Fig. 4. Output signal power Pout as a function of the fiber length L and
the output mirror reflectivity R2. Input pump power Pp0 = 1 W, dopant
concentration NEr = 2 × 1025 ions/m3, input mirror reflectivity R1 = 99%.

Fig. 5 shows the output signal power Pout as a function of
the fiber length L and the output mirror reflectivity R2, for an
intermediate dopant concentration NEr = 5 × 1025 ions/m3.
In this case, thanks to the higher optical gain, similar output
powers are obtained with shorter fibers and smaller reflectivities.
It is also apparent that, for lengths greater than L = 4 m, the
signal power is almost independent of the fiber length value.
The shortest fiber length providing at least Pout = 1 mW is
close to L = 0.2 m, again with R2 = 97%. The maximum output

Fig. 5. Output signal power Pout as a function of the fiber length L and
the output mirror reflectivity R2. Input pump power Pp0 = 1 W, dopant
concentration NEr = 5 × 1025 ions/m3, input mirror reflectivity R1 = 99%.

power Pout = 14 mW is achieved for the fiber length L = 3.2
m, with an output mirror reflectivity around R2 ≈ 88%.

Fig. 6 shows the output signal power Pout as a function of the
fiber length L and the output mirror reflectivity R2, for a high
dopant concentration NEr = 8× 1025 ions/m3. Although an even
higher concentration improves the overall efficiency, the benefit
is marginal. In fact, the achievable power levels are very close
to the previous case and saturation already occurs for lengths
greater than L = 2.5 m. The maximum output power increases
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Fig. 6. Output signal power Pout as a function of the fiber length L and
the output mirror reflectivity R2. Input pump power Pp0 = 1 W, dopant
concentration NEr = 8 × 1025 ions/m3, input mirror reflectivity R1 = 99%.

by only one mW, reaching Pout = 15 mW when the fiber length
is L = 2.4 m and the output reflectivity is R2 = 89%. In view
of this, it was decided to keep the dopant concentration from
now on at the intermediate value of NEr = 5 × 1025 ions/m3

≈ 0.26 mol%, also to avoid the occurrence of concentration
quenching phenomena and detrimental nonlinear effects. It is
worth noting that in [16] no quenching in the λ = 3.5 μm
emission spectrum was observed for Er3+ concentrations up to
9 mol%.

Another important feature for a laser is the threshold power
Pth, here defined as the input pump power value required to
obtain a signal power of at least Pout = 10 μW. Fig. 7 shows the
threshold power Pth as a function of the fiber length L and the
output mirror reflectivity R2. The threshold power strongly de-
pends on the output reflectivity, but becomes almost insensitive
to the length for fibers longer than L = 2.5 m. Similar thresholds
are obtained by simultaneously increasing the fiber length and
reducing the output reflectivity. The mirror reflectivity must be
kept higher than R2 = 86% if threshold powers less than Pth =
100 mW are desired. On the other hand, if the mirror reflectivity
is less than R2 = 49%, at least half a watt of pump is needed to
achieve lasing.

IV. REFINEMENT

According to the results reported in Section III, it is apparent
that identifying a unique configuration that simultaneously pro-
vides the highest output power and the lowest threshold power is
not possible. Moreover, no information regarding the laser band-
width can be inferred. To overcome these issues, three different
scenarios are considered for optimizing the device: (I) shortest
fiber, (II) highest output power and (III) lowest threshold. In
the first scenario, the goal is to shorten the fiber as much as
possible in order to obtain a coherent light source in the middle

Fig. 7. Threshold power Pth as a function of the fiber length L and the output
mirror reflectivity R2. Dopant concentration NEr = 5 × 1025 ions/m3, input
mirror reflectivity R1 = 99%.

infrared which is very compact and, hence, affordable. It was
accomplished by selecting, in Fig. 5, the curve corresponding
to the shortest fiber, i.e., L = 19.3 cm, still proving an output
power of Pout = 1 mW. The required mirror reflectivity is R2 =
97%. In the second scenario, the goal is to increase the signal
power, for the same input pump power, as much as possible in
order to obtain the laser with the highest output power, exploiting
most of the pump power. It was accomplished by selecting, in
Fig. 5, the point at the center of the region bounded by the yellow
contour line, having coordinates L = 4.3 m and R2 = 88.5% and
yielding the maximum signal power Pout = 14.25 mW. In the
last scenario, the goal is to decrease the threshold power as much
as possible in order to obtain a device which is easy to pump with
low-cost red laser diodes. It was accomplished by selecting, in
Fig. 7, the curve corresponding to the lowest threshold power,
i.e., Pth = 25 mW, with a decent trade-off between the fiber
length, equal to L = 2.1 m, and the mirror reflectivity, equal to
R2 = 98.2%.

Fig. 8 shows the output signal power Pout as a function of the
input pump power Pp0 for the three aforementioned optimization
scenarios. It allows for evaluating the slope efficiency ηs and the
threshold power Pth for each configuration. In particular, the
slope efficiencies for the optimization scenarios (I), (II) and (III)
are rather low, respectively ηs = 0.2%, ηs = 1.6% and ηs = 1%.
On the other hand, the threshold powers are Pth = 127 mW, Pth

= 97 mW and Pth = 25 mW, respectively.
The carried out final investigation concerns the laser band-

width, which was studied by varying the signal wavelength. The
dependence of the background loss on the wavelength is taken
into account even if it is typically lower than α(λs) = 0.009
dB/m and could be neglected. Fig. 9 shows the output signal
power Pout as a function of the signal wavelength λs, again
for the three optimization scenarios. The device optimized for
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TABLE II
PARAMETERS OF THE FIBER LASER OPTIMIZED FOR DIFFERENT SCENARIOS

Fig. 8. Output signal power Pout as a function of the input pump power Pp0

for three optimization scenarios: (I) shortest fiber, (II) highest output power and
(III) lowest threshold. Dopant concentration NEr = 5 × 1025 ions/m3, input
mirror reflectivity R1 = 99%.

the scenario (I) exhibits the lowest output power Pout = 1.1
mW at the wavelength λs = 3.62 µm. This was to be expected,
since a short fiber limits the overall optical gain. However,
this configuration provides the flattest spectral response, with
a 10-dB bandwidth of BW = 440 nm. The device optimized
for the scenario (II) exhibits the highest output power Pout =
22.5 mW at the wavelength λs = 3.73 µm, with an apparent
benefit. The 10-dB bandwidth increases to BW = 545 nm.
Lastly, the device optimized for the scenario (III) exhibits an
intermediate output power Pout = 15.5 mW at the wavelength
λs = 3.8 µm. This is the configuration which provides the widest
10-dB bandwidth BW= 659 nm, covering the spectral range λ=
3255-3913 nm. This is because a lower threshold power makes
it easier to obtain a positive net gain at wavelengths far from
the central wavelength. It is also worth noting that single-mode
operation still occurred for all three optimization scenarios in the
entire wavelength range. Table II summarizes in a compact form
the results exposed in this Section. For a comparison, in [35] a
CW erbium-doped ZBLAN fiber laser pumped at λp = 658 nm
emitted up to Pout = 203 mW at λs = 3462 nm by employing a
much higher input pump power Pp0 = 8.6 W. The fiber was L =
2.15 m long, with a pretty high erbium concentration NEr = 7
mol%. The measured slope efficiency was about ηs = 3.8%, with

Fig. 9. Output signal power Pout as a function of the signal wavelength λs
for three optimization scenarios: (I) shortest fiber, (II) highest output power and
(III) lowest threshold. Input pump power Pp0 = 1 W, dopant concentration
NEr = 5 × 1025 ions/m3, input mirror reflectivity R1 = 99%.

a threshold power of about Pth = 3.4 W. Even though the device
here proposed exhibits a slightly worse slope efficiency (ηs =
1.6% for the Optimization Scenario II), numerical simulations
predict much better threshold powers (only Pth = 25 mW for
the Optimization Scenario III) with very low doping levels (NEr

= 5 × 1025 ions/m3 ≈ 0.26 mol%).

V. CONCLUSION

For the first time, a CW erbium-doped fluoroindate fiber
laser emitting in the middle infrared is accurately designed and
optimized for different scenarios. Its performance was deeply
investigated by studying the output signal power, the threshold
power, the slope efficiency and the emission bandwidth. Among
the three optimized configurations, the one with the lowest
threshold power offers the widest 10-dB bandwidth of 659 nm,
emitting 15.5 mW of optical power at 3800 nm and covering the
spectral range from 3255 nm to 3913 nm. Despite the low slope
efficiency, the obtained results are promising and encourage the
fabrication of the proposed fiber laser, which could find applica-
tions in environmental monitoring, remote sensing, biomedicine
and optical communications. The designed laser is attractive
since it exploits an optical fiber available on the market from Le
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Verre Fluoré and can be easily pumped at 635 nm with low-cost
red laser diodes.
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