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Design of a Mid-IR Laser Based on a
Ho:Nd-codoped Fluoroindate Fiber

Antonella Maria Loconsole

Abstract—In this work, a novel mid-infrared continuous wave
laser, based on a fluoroindate fiber co-doped with holmium and
neodymium, is designed to emit at A, = 3.92 pm, when pumped
atA, = 808 nm. Thelaser is modeled considering a nine-level sys-
tem, by taking into account experimental spectroscopical parame-
ters. Since the energy transfer coefficients are unknown, they have
been evaluated starting from the measured emission spectra of the
bulk glass, reported in literature, and comparing their ratio with re-
spect to the ratio between the simulated signal gain coefficients. The
designed laser promises higher slope efficiency and power thresh-
old lower than those obtainable with a holmium-heavily-doped
fiber, having same fiber section geometry, same refractive indices
and pumped at 1, = 888 nm. Slope efficiency n = 16.67%
and input power threshold P;;, = 0.2 W are obtained for the
fiber length L¢;p.,- = 0.4 m, dopants concentrations Ny, =
8 x 102° ions/m?® and Nng = 1 X 10%% jons/m?3, and out-
put mirror reflectivity R,,; = 60%. This result encourages the
fabrication of a continuous wave laser based on a Ho:Nd-codoped
fluoroindate fiber.

Index Terms—Electromagnetic design, fluoroindate glass,
holmium, middle infrared (Mid-IR), neodymium, optical fiber
lasers.

I. INTRODUCTION

ID-INFRARED (MIR) emitting sources have attracted
much interest during the last years, especially thanks to
their multiple potential application such as fast communications,
medical diagnostics and therapy, environmental monitoring, and
sensing [1], [2], [3], [4], [5], [6], [7], [8], [9], [10]. These
lasers can be designed and fabricated considering different fiber
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glasses, including chalcogenide and fluoride ones, doped or co-
doped with different rare-earth ions, as thulium, holmium, dys-
prosium, erbium, neodymium, and praseodymium, for emission
at different wavelengths [11], [12], [13], [14], [15], [16], [17],
[18], [19], [20]. In particular, fluoroindate fibers exhibit high
transparency in the 3—5 pm range, where many air pollutants
and biomolecules exhibit light absorption peaks. The reduced
optical attenuation o ~ 0.2 dB/m from about 2 = 500 nm to
about . = 4500 nm, and the low phonon energy of fluoroindate
glasses make them good candidates for laser construction and
exploitation [1], [15], [21]. In addition, they are good rare earth
hosts, it is possible to incorporate also 10 mol.% of rare earth
ions, similarly to fluorozirconate glasses. Erbium-, dysprosium-,
and holmium-doped fluoroindate fibers have attracted particular
attention for their emission at A = 3.5 pym, A = 4.2 um,
and A = 3.9 um, respectively [13], [22], [23], [24], [25], [26],
[27], [28]. Spectroscopical investigations on fluoroindate glasses
co-doped with holmium-neodymium, holmium-europium, and
praseodymium-ytterbium have shown that co-doping can lead
to an improvement of the emission efficiency if compared to
the employment of a single dopant. In particular, holmium-
neodymium co-doping could allow better performance than
those of heavily-holmium-doped, Nz, = 2 x 10?7 ions/m?,
fluoroindate fiber lasers [29], [30], [31], [32].

In this work, for the first time to the best of our knowledge,
the design of a novel continuous wave (CW) laser, pumped
at A, = 808 nm and emitting at A, = 3.92 pm, based on a
fluoroindate fiber co-doped with holmium and neodymium, is
proposed. A model based on a nine-level system and taking
into account the experimental spectroscopic parameters of the
rare earth doped bulk glass, is developed [29], [33], [34], [35],
[36], [37], [38]. The unknown energy transfer coefficients al-
lowing to match the model with measured emission spectra are
identified. The laser behavior is optimized by using a homemade
numerical solver. The designed laser is very interesting, allowing
simulated slope efficiency and input power threshold improved
with respect to those obtained with a holmium-heavily-doped
fiber, having the same fiber section geometry, same refractive
indices, with a cavity length optimized at the pump wavelength
Ap = 888 nm.

II. RATE-EQUATION MODEL

The Ho:Nd-codoped fluoroindate fiber stimulated emission
at s = 3.92 pum can be modeled by considering a nine-levels
system, pumped at A, = 808 nm. The complete level scheme,

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/


https://orcid.org/0000-0003-1207-0359
https://orcid.org/0000-0002-8112-5037
https://orcid.org/0000-0001-9347-3218
mailto:antonellamaria.loconsole@poliba.it
mailto:mariochristian.falconi@poliba.it
mailto:andrea.annunziato@poliba.it
mailto:francesco.prudenzano@poliba.it
mailto:solenn.cozic@leverrefluore.eu
mailto:samuel.poulain@leverrefluore.eu
https://doi.org/10.1109/JLT.2022.3218190

LOCONSOLE et al.: DESIGN OF A MID-IR LASER BASED ON A HO:ND-CODOPED FLUOROINDATE FIBER

703

Nd**
4
F5/2 5 q 3+
o Wik 2o Asy 0
Fyn \/\‘ i e | 9
FE e SR 4 se
Wsi f A“ §A5’3 ETI I le . W&gi éiAg’g 8
e I
¥ ETI i Ag7 Ay
) NR 517 V " 7
L1312 s :: . : :
FPA4 A ) ot : :
4I11/2 T X . > v l ) ET2 §A7,65A8,6 EA9,6
EAZ,I tAy fAs, .
419/2 L\ A4 y 1 Iy v v v v 6

Fig. 1.

Energy level scheme for the 9-level laser, pumped at A, = 808 nm, including pump absorption (transition 1-5, bold blue line) stimulated emission at

As = 3920 nm (transition 9-8, bold red line), radiative decays (dotted lines), nonradiative decays (transition 5-4 and transition 3-2, brown lines), and energy

transfers (ET) (green and orange solid lines).

including all the significant ion interactions, is reported in Fig. 1.
These are the pump absorption, the stimulated emission, the
radiative and nonradiative decays, and the energy transfers (ET)
between Ho’™ and Nd>* ions [29].

By following the rate equations approach [12], [14], [24],
the energy level populations Ny, ..., N5 of neodymium can be
written by the nonlinear system (1a)—(1j) below:

ON-
87751 = — WisNy + W51 N5 + As1 N5 + Ay Ny
+ As1 Ny + Kpri Ne Ny — Kpra NNy (1a)
ON- 1
=2 = — Ny + As53N5 + AsaNy + WigNs (1b)
8t TR2
ONj3
5 = As3sNs + AysNy + KppaNsN1 — WygrNs  (Ic)
ON, 1
574 = — —Ny+ As4Ny — Kpri NNy + W rNs
t TRA4
(1d)
ON. 1
875 = WisN1 — W51 N5 — — N5 — WnRrN5 (le)
t TR5

whereas the energy level populations Ng, . .
can be written as

., Ng of holmium

ON,
87756 = AggNg + AggNg + A7 N7 — K11 NgNy
+ KpraNg Ny (1)
ON 1
877: = — — N7+ Ag7Ng + Ag7Ng (1)
TRT
ON; 1
8—: = WogNg — WggNg— —— Ng+ AgsNg — KpraNg Ny
TRS

(1h)

ONy

1 .
. = — WosNo + WigNo — — Ny + KpriNeNa (1))

R9

where A4, ; = ’f =L are the radiative decay rates; 3; ; are the

branching ratios;l Tri are the i-th level lifetimes; K g1 and
K pro are the ET coefficients; Wy i are the non-radiative decay
rates. The emission/absorption transition rate W; ; forthe 7 — j
transition is defined as

Ji,' A s
Wi (2,1) = %p/) [P;/s (zj)} Tye ()
Ap/s

where o j(A,/5) is the emission/absorption cross section at the
wavelength A,/ for the ¢ — j (1-5, 5-1 and 8-9, 9-8) transitions;
Ap/s 1s the pump/signal wavelength; % is the Plank constant; co
is the light speed in vacuum; Pj is the forward/backward pump
power; P is the forward/backward signal power; I',/T's are
the overlap coefficients between the pump/signal beam and the
doped area A,. The conditions Ny + Ny + N3 + Ny + Ny =
Npyg and Ng + N7 4+ Ng + Ny = Ny, are imposed, where
Ny, and N4 are the dopant concentrations.

The power propagation for pump and signal beams is gov-
erned by the following partial differential equations

2 gy (2) o] By(2) Ga)
L = k(g (2) 0] PE (2 3
where
9p (2) = [—o15 (1p) N1 (2) + 051 (1) N5 (2)] T,
s (2) = [~0s9 (vs) Ns (2) + 09s (vs) No (2)] T,

are the gain coefficients for the pump and the signal, respectively,
and « is the glass optical background loss.



704

Fig. 2. Transverse section of the employed double cladding fiber.

To solve (3), the following boundary conditions are imposed.

P, (0) =P (4a)
PS(0) = Rin Py (0) (4b)
Py (L) = Rou P (L) (4c)

where z = Oand z = L represent the ends of the laser cavity,
P, is the input pump power, R, and Ryt are the input and
output mirror reflectivity, respectively. Initial conditions for level
populations are also imposed as follows:

N; (0) = Nyg (4d)

Ns (0) = Np, (4e)

N2 (0) = N3 (0) = Ny (0) = N5 (0) = N7 (0) = N3 (0)
=Ny (0)=0 (4f)

III. ENERGY TRANSFER COEFFICIENTS RECOVERING

The considered fiber is a step-index double-cladding fluo-
roindate (InF3) glass fiber, doped with Ho’* and Nd** ions.
Its transverse section is shown in Fig. 2. The core diameter is
deo = 16 pm. The cladding is 2-D shaped, obtained with circu-
lar diameter d.;; = 100 pm truncated by two parallel planes at
a distance d = 90 pm, to enhance cladding pump absorption.
The second cladding, made of low index resin, has diameter
dci2 = 155 pm. The inner and outer numerical apertures are
N A; = 0.2and N A, = 0.5, respectively. The optical losses
are conservatively considered « = 0.2 dB/m for both pump
and signal wavelengths, according to the measurement reported
in [21]. This kind of double cladding fiber doped with holmium
is produced by Le Verre Fluoré [21], [22]. In the following, the
co-doping with Ho’* and Nd3 ions is supposed. The pump
and signal wavelengths are 1, = 808 nm and A, = 3920 nm,
respectively. The pump wavelength is feasible, since obtainable
with commercial pigtailed semiconductor lasers.

The electromagnetic investigation, performed with acommer-
cial Finite Element Method (FEM) solver, has shown that the
fiber is slightly multimode at the normalized frequency number
V' = 2.56 of the signal wavelength. However, the second order
mode can be neglected in the laser operation since its overlapping
coefficient I'; is less than a half of the one of the fundamental
mode; its contribution in the laser operation is not considered
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TABLE I
SPECTROSCOPIC PARAMETERS OF CO-DOPED Ho:Nd FLUOROINDATE
GLASS FIBER

Symbol Value Description
0,5(1,) 3.51x107*m?[33]  Absorption cross section Nd: Iy, —
Fsp
051(2,) 3.51x1072*m?[33]  Emission cross section Nd: Fs/, —
e
Oo5(As) 3.4 x 10725 m? [34] Absorption cross section Ho: I = I
Ogo(As) 3.4 x10725m? [34] Emission cross section Ho: I — I,
Tra ~ 0.01 ms [35] Nd: I, , radiative lifetime
Tra 0.943 ms [33] Nd: F;, radiative lifetime
Trs 0.315 ms [33] Nd: Fs, radiative lifetime
Ty 9.09 ms [36] Ho: I, radiative lifetime
Trs 3.66 ms [29] Ho: I, radiative lifetime
Tro 0.29 ms [29] Ho: I; radiative lifetime
P21 100% [33] Nd: 11, = Iy, branching ratio
Bar 63.7% [33] Nd: F3;, — I, branching ratio
Baz 36.3% [33] Nd: F3,, — I, branching ratio
Basz ~ 0% [33] Nd: F3,, = I;5,, branching ratio
Bs1 62.6% [33] Nd: F5;, — Iy, branching ratio
Bs2 37.4% [33] Nd: F5;, = I, branching ratio
Bs3 ~ 0% [33] Nd: Fs;, = I, branching ratio
Bsa ~ 0% [33] Nd: F5;, — F; ), branching ratio
Bre 100% [34] Ho: I, — Ig branching ratio
Bse 94.0% [34] Ho: Iy — Ig branching ratio
Bs7 6.00% [34] Ho: Iy — I, branching ratio
Boe 55.7% [34] Ho: I5 — Ig branching ratio
Bo7 43.0% [34] Ho: I5 — I, branching ratio
Bog 1.30% [34] Ho: I5 — I branching ratio
Wyr ~ 108 s71 [37][38] Non-radiative rates Nd: Fs;, = F3/,

and Nd: Fi5,, = Fi1),

without significant error, as confirmed by preliminary simulation
performed without any approximation [24].

The spectroscopic parameters used in the simulations are
listed in Table I. They are taken from [29], [33], [34], [35], [36],
[37], [38]. The ion rate equations and the power propagation
equations are implemented in a home-made computer code to
simulate the optical gain and the laser behavior. Since ET coef-
ficients Kpr1 and K pro are not available from literature, they
have been evaluated starting from measured emission spectra
from [29] of the bulk glass and comparing their ratio with respect
to the gain coefficient ratio simulated for the fiber laser, as
reported below. This approach was proposed in a previous work
[39]. The aforesaid comparison is feasible in the linear region
of the laser characteristic.

Fig. 3 shows the measured emission spectra intensities s, (1)
for different Ho’>t concentrations [29], normalized with re-
spect to sg1(A) for a better reading; the Nd** concentration
is set to Nyg= 2 x 10%® ions/m? (1 mol.%). In particu-
lar, ss1(A) is the normalized emission spectrum intensity for
Ngo = 2 x 10% ions/m? (1 mol.%) (blue curve), sgo (1) for
Ngo = 1 x 10%% ions/m? (0.5 mol.%) (red curve), and s,43(1)
for N, = 4 x 10?5 ions/m? (0.2 mol.%) (yellow curve). The
ratios R,, between measured emission spectraat A, = 3920 nm
are defined as in Table II. The signal gains coefficients g1 (1),
gs2(Xs), and gs3(As) refer to Ng, = 2 x 1026 ions/m? (1
mol.%), Nz, = 1 x 10?5 ions/m? (0.5 mol.%), and Nz, =
4 x 10?5 ions/m? (0.2 mol.%), respectively.



LOCONSOLE et al.: DESIGN OF A MID-IR LASER BASED ON A HO:ND-CODOPED FLUOROINDATE FIBER 705

sn

1.6

——N,,_ =2x10% ions/m?
o

1.4r ——N,,, = 1x10% ions/m® 7
o

Ny, = 0.4x10% ions/m®
12f E

0
3700 3800 3900
Wavelength A (nm)

4000 4100 4200

Normalized measured emission spectrum intensity s

Fig. 3. Normalized measured emission spectra intensities ss, as a function
of the wavelength A, for different Ho3t concentrations; Nd3%1 concentration is
setto Nyg = 2 x 1026 ions/m? (1 mol.%) [29].

TABLE II
EMISSION SPECTRA RATIOS

Symbol

Ry Ss1(As)/Ss3(As)

Expression Description

Ratio between the normalized emis-
sion spectra at signal wavelength for
Ny, = 2 x 10%¢ ions/m? and
Ny, = 4 x 10%5 jons/m®

Ratio between the normalized emis-
sion spectra at signal wavelength for
Ny, = 2 x 10%° jons/m® and
Ny, = 1 x 10%¢ ions/m?

RZ Ss1 (/15)/552 (As)

Ratio between the normalized emis-
sion spectra at signal wavelength for
Ny, = 1 x 10%¢ ions/m? and
Ny, = 4 x 10%5 jons/m®

R Ss2(As)/Ss3(As)

TABLE III
EMISSION SPECTRA AND SIGNAL GAIN COEFFICIENT RATIOS COMPARISON

Emission spectra ratio R, Signal gain coefficient ratio RG,

R, = 2.63 RG, = 2.42
R, = 1.54 RG, = 1.51
Ry =162 RG, =161

The ratios RG, are defined as follows R G =

Js1 ()\s)/gs?)()\s); R G = Js1
gs2 (As)/gs3(As).

Fig. 4(a)—(c) show the colormaps of the percentage dif-
ference between the ratios (R, — RG,)/R, as a function
of the trial energy transfer coefficients Kgp; and Kpgrps.
These three percentage differences must be contemporar-
ily minimized. This condition is obtained for Kpr = 4 X
10722 m® ions™' s ! and Kggo = 6 x 1072 m? jons™* 571,
for which (R1 — RG1)/R1 = 8%, (Rg - RGQ)/RQ = 1%,
and (R3 — RG3)/Rs = 0.7%. Table III reports the sim-
ulated signal gain coefficient ratios RG,, for the recov-
ered Kpr1 = 4 X 10722 m? ions™' s ! and Kgro = 6 X
compared to the measured emission

()‘S)/QSQ()”sﬁ R G3

1072 m?3 jons ! st

spectra ratios R,,. The signal gain coefficient ratios RG,, are
obtained considering the same average pump energy of [29],
ie, P, = 0.4 W, neodymium concentration Nyg = 2 X
10?6 ions/m? (1 mol.%), and holmium concentrations Ny, =
2 x 1025 ions/m? (1 mol.%), Nz, = 1 x 10?5 ions/m? (0.5
mol.%), and Ny, = 0.4 x 10%° ions/m® (0.2 mol.%). This
allows a proper comparison with R,,.

To validate these results, the global Ho : I level lifetime 75,
and the global Ho : I level lifetime 754 have been simulated
and compared with the experimental ones taken from literature
[29], for different holmium concentrations Ng,. The lifetimes
have been simulated solving the rate equations (la)-(1j) as a
function of time, pumping the system until the ion populations
steady-state condition. Then, the pump power is turned off,
setting P, = 0 W, and the simulated population exponential
decays are observed. The level lifetimes are calculated as the
time constants of the obtained exponential curves.

Fig. 5 shows the Ho : I5 level lifetime 754 and the Ho : I
level lifetime 77, simulated (blue) and measured (red) [29] as
a function of the holmium concentration N;,. The good accor-
dance confirms that the recovered energy transfer coefficients
K g7, and K gro are correct.

IV. LASER DESIGN

In the design, a deep investigation of the laser output signal
power P, versus: i) the laser fiber length L f;.,; ii) the dopants
concentration N4 and Np,; iii) the output mirror reflectivity
R is carried out, in order to identify the configuration allowing
the maximum slope efficiency n and the minimum threshold
power Pyp,.

Fig. 6 shows the output power P as a function of the input
pump power P, for different values of the fiber length L f;p.c,..
The characteristics show a discontinuity with a sawtooth shape
in all cases. The reason behind this behavior will be deeply in-
vestigated in Section V. The discontinuity shifts towards higher
pump power as the fiber length L y;;., increases. Moreover,
the slope efficiency 7 slightly decreases, while the input pump
threshold is close to Py, = 0.5 W in all cases. It is worthy to
observe that experiments in literature suggest avoiding input
power larger than P, = 6 W in typical fluoroindate fibers
[22]. In a lightly doped fiber higher pumping levels could be
potentially employed. Therefore, a different cavity optimization
could be required. A good trade-off length is L f;pe, = 0.4 m,
for which the discontinuity occurs beyond the realistic range
of power, i.e., for P, = 8 W, and for which the efficiency
n = 8.47% is obtained. The slope efficiency is calculated after
the threshold, between P, = 1 W and P, = 1.5 W.

Fig. 7 shows the output power P; as a function of the input
pump power F,, for different values of the holmium concentra-
tion N,. As the concentration increases, the slope efficiency
also increases and the discontinuity shifts to higher input pump
powers. The input pump threshold decreases to Py, = 0.1 W.
The optimal holmium concentration is the maximum consid-
ered in the simulations Ny, = 8 x 1026 ions/m3 (4 mol.%)
(purple curve). Generally, higher holmium concentrations are
not used in practice to avoid second order phenomena, such as
cross-relaxation or up-conversion.



706

Percentage difference (RG -R )IR (%)
10° -19

100

1020 80 ~ 1072

A K
< ! -21
o 60 @ 10"
o L
- -

3 20 E qo2
i o

X ¥

102

-24
1024

102

1024 1022 1020

I I | (m
KE.I,2 (m”ions™ s7) ETZ

(2)

Fig. 4.
of energy transfer coefficients K g1 and Kgpo.

mol.%
15 1 2 3 4
° »x Simulated T‘RS
x (] o Experimental -r'R9 [29]
. ° ® Slmulz.iled T‘RS
— % o Experimental 7', [29]
[
£ 3
0
Q
E R
=
2 * ®
-1 05 9
? L] [ ] Y 2
0
0 2 4 6 8 10

Holmium concentration N, | (><102° ions/m3)

Fig. 5. Ho: I level lifetime 75,4 and the Ho : Ig level lifetime 77,5 as a
function of the holmium concentration N, , comparing simulated (blue) and
measured [29] (red) values; Ny g4 = 2 x 1026 ions/m3 (1 mol.%).

0.6
=——Liiper =03 M
05 —Liiper =04 M
3 e L 0.5m

—L

fiber = 0-6 M

0.4

s

0.3

0.2

Output power P_ (W)

0.1

4 6 8
Pump power Pp w)

Fig. 6. Output power Ps as a function of the input pump power P,
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Nio =2 x 1026 ions/m3 (1 mol.%), neodymium concentration Ny 4 =
2 x 1029 ions/m?3 (1 mol.%), input mirror reflectivity Ri, = 99%, output
mirror reflectivity Rout = 70%.

Fig. 8 shows the output power P; as a function of the input
pump power P, for different values of neodymium concentra-
tion N 4. As the concentration increases, the slope efficiency n
slightly increases until Nyg = 1 x 10% ions/m? (0.5 mol.%)
(yellow curve), while the input pump threshold P, always
decreases. The value Nyg = 1 x 10%° ions/m? (0.5 mol.%)
can be considered as optimized, allowing the highest efficiency
and a good input pump threshold P, = 0.15 W.
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reflectivity R, = 99%, output mirror reflectivity Rout = 70%.

Fig. 9 shows the output power P; as a function of the input
pump power P, for different values of output mirror reflectivity
Ry The slope efficiency i increases as the output mirror reflec-
tivity Ry decreases until Ry, = 60%, while the input pump
threshold P;j, decreases from Py, = 0.3 W to Py, = 0.05 W.

The optimal laser configuration is obtained for fiber
length Lyper = 0.4 m, holmium concentration Ng, =
8 x 10?6 ions/m®, neodymium concentration Nyg = 1 x
10% ions/m3, and output mirror reflectivity Rou = 60%,
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Rin = 99%.
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Fig. 10. Output power Ps (blue curve) and output residual pump power
Py.cs (red curve) as a function of the input pump power P,. Fiber length
Lyiper = 0.4 m, holmium concentration Ng, = 2 X 1026 jons/m? (1
mol.%), neodymium concentration Nyg = 2 x 1026 ions/m? (I mol.%),
input mirror reflectivity R, = 99 %, output mirror reflectivity Royut = 70 %.

allowing the slope efficiency n = 16.67% and the input pump
threshold P, = 0.2 W. These simulated performances are
better than those typical of CW lasers obtained with heavily-
holmium-doped fiber with the same geometry, pumped at A, =
888 nm, showing = 10.2% and input pump threshold P;;, =
4.3 W [22].

V. RESULTS DISCUSSION

By the inspection of the energy level diagram of Fig. 1,
for each ion couple involved in the ET2 transition an energy
loss equal to the energy difference AE = 1.7 x 10 cm™!
[29] between level 8 and level 3 occurs, due to the 1-3 and
8-6 transitions. This energy leakage could be the cause of the
sawtooth. Indeed, simulating the system without ET2 effect, by
putting null K g7, the laser shows the typical characteristic with
a pump threshold P, = 0.6 W, a slope efficiency = 0.2%,
and a saturation power Py, = 4.3 W, without any sawtooth.

Fig. 10 shows the output power P (blue curve) and the output
residual pump power P,.., at the end of the fiber (red curve) as a

function of the input pump power P,. The output residual pump
power P, steeply increases when the output signal P, shows
the discontinuity, close to P, = 7.5 W. For larger values of the
input pump power P, a large amount is not absorbed, reaching
about the 50% for P, = 12 W. This is plausibly caused by a
too large depopulation of level 1 (Nd: Iy/3), reducing ET2
effect. By simulation, the N ion population at the end of the
fiber steeply decreases for pump power higher than P, = 7.5W.
Therefore, few ions can be promoted from level 1 tolevel 3 (Nd :
I15/2) and the related transition 8-6 does not occur efficiently.
Accordingly with this phenomenon, for pump power larger than
P, = 7.5 W, the Ng ion population steeply increases affecting
the laser population inversion. This could be a further cause of
the sawtooth.

VI. CONCLUSION

For the first time, a CW laser emitting at A; = 3.92 pm based
on a holmium and neodymium co-doped fluoroindate glass
fiber is accurately designed, by using measured and recovered
spectroscopic parameters. By employing an input pump power at
the wavelength A, = 808 nm, a fiberlength L ;4c,, = 0.4 m, an
holmium concentration Nz, = 8 x 102% ions/m?® (4 mol.%),
a neodymium concentration Nyg = 1 x 10%® ions/m? (0.5
mol.%), and an output mirror reflectivity Ry,y = 60%, a slope
efficiency n = 16.67% and an input pump threshold P, =
0.2 W can be obtained. This result is interesting if compared
with the efficiency obtainable with holmium doped fiber.
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