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Abstract—In this work, a novel continuous wave fiber laser, 

pumped at 𝝀𝒑 = 𝟏𝟓𝟓𝟎 𝒏𝒎 and emitting at 𝝀𝒔 = 𝟒 𝝁𝒎, has been 

designed and optimized. It is based on a step-index, double-

cladding, praseodymium-doped fluoroindate glass fiber, available 

on market, having dopant concentration 𝑵𝑷𝒓 = 𝟖𝟎𝟎𝟎 𝒑𝒑𝒎. For a 

realistic design, measured spectroscopical parameters have been 

taken into account, writing a five-level rate equation model. The 

design is carried out by employing a homemade code solver. The 

best predicted slope efficiency of about 𝜼 = 𝟑𝟑 % and pump power 

threshold 𝑷𝒕𝒉 = 𝟎. 𝟎𝟎𝟕 𝑾 have been obtained for a fiber length 

𝑳𝒇𝒊𝒃𝒆𝒓 = 𝟎. 𝟒 𝒎 and output mirror reflectivity 𝑹𝒐𝒖𝒕 = 𝟑𝟎 %. These 

values are very interesting with reference to the state of the art and 

promise the fabrication of high beam quality optical sources in the 

middle infrared range, by employing conventional erbium-doped 

fiber pumping lasers, with a potentially easy all-in-fiber 

integration. 

 
Index Terms—electromagnetic design, fiber laser, fluoroindate, 

middle infrared, praseodymium 

 

I. INTRODUCTION 

URING the recent years, middle-infrared (Mid-IR) sources 

have been intensely investigated, paving the way of faster 

communications, novel imaging, medical and environmental 

applications, thanks to the absorption peaks shown by many 

compounds in this wavelength range [1-2]. They can be 

integrated in all-in-fiber systems, by employing couplers, 

combiners, and Fiber Bragg Gratings (FBG), to obtain compact 

and low-loss architectures [3-4]. Fiber lasers and amplifiers can 

be fabricated with several glasses, depending on their operation 

wavelength range, including silicate, tellurite, chalcogenide, 

and fluoride, doped or co-doped with different rare-earth ions, 

such as erbium, ytterbium, holmium, praseodymium, 

neodymium, or europium [5-16]. Fluoroindate glasses are 

promising hosts thanks to their low phonon energy (≈
510 cm−1), high transparency from UV till 5 μm wavelength 

(𝛼 < 1 𝑑𝐵/𝑚), and high rare-earth ions solubility [6]. Typical 
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background losses, measured via cut-back method are α <
10 dB/km at 3670 nm [17]. Recently, the design of continuous 

wave (CW) and pulsed lasers operating in the Mid-IR range 

have shown promising results. Erbium-doped fluoroindate fiber 

lasers have been widely investigated to operate around 𝜆𝑠 =
3.4 𝜇𝑚, by employing a dual-wavelength pumping at 𝜆𝑝 =

974 𝑛𝑚 and 𝜆𝑝 = 1976 𝑛𝑚, showing slope efficiency of 𝜂 =

19 % [7-8]. Also emission till 𝜆𝑠 = 3.91 𝜇𝑚 has been predicted 

with erbium-doped fluoroindate fiber lasers, considering 

pumping at 𝜆𝑝 = 635 𝑛𝑚, with a maximum slope efficiency 

𝜂 = 1.6 % and pump power threshold 𝑃𝑡ℎ = 25 𝑚𝑊 [9]. 

Holmium-heavily-doped fluoroindate fibers have been 

employed to design CW and gain-switching pulsed lasers 

emitting at 𝜆𝑠 = 3.92 𝜇𝑚, when pumped at 𝜆𝑝 = 888 𝑛𝑚, with 

a slope efficiency around 𝜂 = 10% for the CW laser [10-11]. 

The low value of the slope efficiency is due to holmium 

transition 𝐼5 →  𝐼6, which is self-terminating. This 

inconvenience can be reduced by considering a second 

pumping at 𝜆𝑝 = 976 𝑛𝑚 or 𝜆𝑝 = 1660 𝑛𝑚, or co-doping with 

neodymium or europium ions [12-15]. The simulation of dual-

wavelength pumping promises a slightly higher slope efficiency 

of 𝜂 = 12.1 % [13] while co-doping holmium with neodymium 

has been proposed to obtain a slope efficiency 𝜂 = 16.67 %, 

and pump power threshold 𝑃𝑡ℎ = 0.2 𝑊. Lastly, dysprosium-

doped fluoroindate fiber lasers have been designed for emitting 

at 𝜆𝑠 = 4.4 𝜇𝑚, when pumped at 𝜆𝑝 = 1.7 𝜇𝑚 [18-19], 

showing slope efficiency 𝜂 ≈ 27 % and high pump power 

threshold 𝑃𝑡ℎ ≈ 30 𝑊, for the CW laser with cascade emission 

at 𝜆𝑠 = 3.3 𝜇𝑚 and 𝜆𝑠 = 4.4 𝜇𝑚. Recent spectroscopical 

studies include the activation of fluoroindate fibers with ions of 

dysprosium and terbium [20], praseodymium, praseodymium 

and ytterbium [21]. They have exhibited emission at 𝜆𝑠 = 4 𝜇𝑚 

by pumping at 𝜆𝑝 = 1550 𝑛𝑚, in the case of praseodymium-

doped fluoroindate fibers, and by pumping at 𝜆𝑝 = 980 𝑛𝑚, in 

the case of praseodymium/ytterbium co-doped fluoroindate 

fibers [20].  
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In this work, for the first time to the best of our knowledge, 

a continuous wave laser based on a Pr3+-doped fluoroindate 

fiber, emitting at 𝜆𝑠 = 4 𝜇𝑚 when pumped at 𝜆𝑝 = 1550 𝑛𝑚, 

has been designed and optimized, starting from experimental 

spectroscopical parameters taken from literature [20-25] and 

employing a home-made computer code solver [14]. 

II. RECALL OF THEORY 

The praseodymium-doped glass emitting at 𝜆𝑠 = 4 𝜇𝑚 when 

pumped at 𝜆𝑝 = 1550 𝑛𝑚 is modeled with a 5-level scheme, as 

reported in Fig. 1. It takes into account pumping (bold black 

arrow), stimulated emission (bold red arrow), radiative and 

non-radiative emissions, Excited State Absorption (ESA), and 

cross-relaxation (CR) phenomena. 

By considering a rate equation approach, the following non-

linear system (1a)-(1e) can be written to evaluate the ion 

populations 𝑁1, … , 𝑁5.  

 
𝜕𝑁1

𝜕𝑡
= −𝑊14𝑁1 + 𝑊41𝑁4 + 𝐴51𝑁5 + 𝐴41𝑁4 + 𝐴31𝑁3

+ 𝐴21𝑁2 + 𝑊𝑁𝑅21𝑁2 − 𝑊𝐶𝑅𝑁1𝑁5

+ 𝑊𝑁𝑅51𝑁5 

(1a) 

𝜕𝑁2

𝜕𝑡
= −𝑊25𝑁2 + 𝑊52𝑁5 −

1

𝜏𝑅2

𝑁2 + 𝐴52𝑁5 + 𝐴42𝑁4

+ 𝐴32𝑁3 + 𝑊𝐶𝑅𝑁1𝑁5 + 𝑊𝑁𝑅32𝑁3

− 𝑊𝑁𝑅21𝑁2 

(1b) 

𝜕𝑁3

𝜕𝑡
= −𝑊34𝑁3 + 𝑊43𝑁4 −

1

𝜏𝑅3

𝑁3 + 𝐴53𝑁5 + 𝐴43𝑁4

− 𝑊𝑁𝑅32𝑁3 

(1c) 

𝜕𝑁4

𝜕𝑡
= 𝑊14𝑁1 − 𝑊41𝑁4 − 𝑊43𝑁4 + 𝑊34𝑁3 −

1

𝜏𝑅4

𝑁4

+ 𝐴54𝑁5 + 𝑊𝐶𝑅𝑁1𝑁5 

(1d) 

𝜕𝑁5

𝜕𝑡
= 𝑊25𝑁2 − 𝑊52𝑁5 −

1

𝜏𝑅5

𝑁5 − 𝑊𝐶𝑅𝑁1𝑁5

− 𝑊𝑁𝑅51𝑁5 

(1e) 

 

where 𝐴𝑖,𝑗 =
𝛽𝑖,𝑗

𝜏𝑖
 are the radiative decays, 𝛽𝑖,𝑗 are the branching 

ratios, 𝜏𝑖 are the 𝑖-th level lifetimes, 𝑊𝐶𝑅 is the cross relaxation 

rate, and 𝑊𝑁𝑅,𝑖𝑗  are the non-radiative decay rates. The ion 

population condition 𝑁𝑃𝑟 = 𝑁1 + 𝑁2 + 𝑁3 + 𝑁4 + 𝑁5 is 

considered. The coefficients 𝑊𝑖𝑗 are the transition rates for 𝑖 →

𝑗 transition defined as 

 

𝑊𝑖,𝑗 =
𝜎𝑖,𝑗(𝜆𝑝/𝑠)

ℎ𝜈𝑝/𝑠𝐴𝑑

𝑃𝑝/𝑠Γ𝑝/𝑠 (2) 

 

where 𝜎𝑖,𝑗(𝜆𝑝/𝑠) is the emission/absorption cross section at the 

wavelength 𝜆𝑝/𝑠 for the 𝑖 → 𝑗 transition, ℎ is the Planck 

constant, 𝜈𝑝/𝑠 is the pump/signal frequency, 𝑃𝑝 is the pump 

power, 𝑃𝑠 is the forward signal power, Γ𝑝 and Γ𝑠 are the overlap 

coefficients of pump and signal beams with the doped area 𝐴𝑑, 

respectively. 

The power propagation along the fiber, for the pump 𝑃𝑝 and 

for the signal 𝑃𝑠, is modeled by considering the following 

equations: 

 
𝜕𝑃𝑝

𝜕𝑧
 = [𝑔𝑝(𝑧) − 𝛼]𝑃𝑝(𝑧) (3a) 

𝜕𝑃𝑠
±

𝜕𝑧
= ±[𝑔𝑠(𝑧) − 𝛼]𝑃𝑠

±(𝑧) (3b) 

 

where 𝛼 is the glass attenuation, and 𝑔𝑝 and 𝑔𝑠 are the pump 

and signal gains, respectively, defined as: 

 

𝑔
𝑝
(𝑧) = [−𝜎14(𝜈𝑝)𝑁1(𝑧) + 𝜎41(𝜈𝑝)𝑁4(𝑧)]Γ𝑝

+ [−𝜎25(𝜈𝑝)𝑁2(𝑧) + 𝜎52(𝜈𝑝)𝑁5(𝑧)]Γ𝑝, 

𝑔
𝑠
(𝑧) = [−𝜎34(𝜈𝑠)𝑁3(𝑧) + 𝜎43(𝜈𝑠)𝑁4(𝑧)]Γ𝑠. 

 

The following boundaries conditions are imposed: 

 

𝑃𝑝(0) = 𝑃𝑝 (4a) 

𝑃𝑠
+(0) = 𝑅𝑖𝑛𝑃𝑠

−(0) (4b) 

𝑃𝑠
−(𝐿) = 𝑅𝑜𝑢𝑡𝑃𝑠

+(𝐿) (4c) 

 

where 𝑧 = 0 and 𝑧 = 𝐿 represent the ends of the laser cavity, 

𝑃𝑝 is the input pump power, 𝑅𝑖𝑛 and 𝑅𝑜𝑢𝑡 are the input and 

output mirror reflectivity, respectively. Initial conditions for 

level populations are also imposed as follows: 

 

𝑁1(0) = 𝑁𝑃𝑟 (4d) 

𝑁2(0) = 𝑁3(0) = 𝑁4(0) = 𝑁5(0) = 0 (4e) 

 

III. LASER DESIGN 

The laser has been designed considering a step-index double-

cladding fluoroindate fiber doped with praseodymium 

concentration 𝑁𝑃𝑟 = 1.6 × 1026 𝑖𝑜𝑛𝑠/𝑚3 = 8000 𝑝𝑝𝑚, by 

Le Verre Fluoré [17]. Fig. 2 shows the fiber cross-section 

geometry and the HE11 mode at the signal wavelength. It has 

core diameter 𝑑𝑐𝑜 = 7.5 𝜇𝑚, inner cladding of diameter 𝑑𝑐𝑙1 =
125 𝜇𝑚 shaped with a 2-D cut at distance 𝑑 = 115 𝜇𝑚, and 

 
 
Fig. 1.  Energy levels scheme, including pumping (bold black arrow), 

stimulated emission (bold red arrow), radiative (dotted arrows) and non-

radiative (lightning arrows) emissions, Excited State Absorption (ESA) (blue 

bold arrow), and cross-relaxation (CR) (green dashed arrows) phenomena.  
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second cladding diameter 𝑑𝑐𝑙2 = 180 𝜇𝑚. The parameters 

employed for modeling are reported in Table I. The fiber has 

been investigated via a Finite Element Method (FEM) software, 

in order to calculate the pump and the signal overlap 

coefficients Γ𝑝 = 0.899 and Γ𝑠 = 0.312, respectively. The fiber 

is monomodal at signal wavelength. Table II reports the 

experimental spectroscopical parameters employed in the 

design, taken from literature. 

 

 

 

 

 
 

The design is carried out via a home-made solver code, the 

structure of which is based on the rate-equations approach, well 

validated in a number of cases [9,11,14]. In the design, several 

simulations have been carried out to investigate the behavior of 

the laser output power 𝑃𝑠 as a function of the input pump power, 

for different values of: (i) the fiber length 𝐿𝑓𝑖𝑏𝑒𝑟 , and (ii) the 

output mirror reflectivity 𝑅𝑜𝑢𝑡. Moreover, also the behavior of 

the laser output power 𝑃𝑠 as a function of (iii) the fiber length 

𝐿𝑓𝑖𝑏𝑒𝑟 , and (iv) the output mirror reflectivity 𝑅𝑜𝑢𝑡, for different 

values of the input pump power has been investigated. The 

input mirror reflectivity is kept fixed to 𝑅𝑖𝑛 = 95%, as a 

cautionary value to simulate a Fiber Bragg Grating (FBG) in an 

all-in-fiber set-up.  

Fig. 3(a) shows the laser output power 𝑃𝑠 as a function of the 

input pump power, for different values of the fiber length 𝐿𝑓𝑖𝑏𝑒𝑟 , 

i.e., laser cavity. The slope efficiency tends to slightly reduce 

for longer fibers, whereas the saturation pump power 𝑃𝑠𝑎𝑡  

increases. Fig. 3(b) shows an enlarged view to better observe 

the threshold 𝑃𝑡ℎ. The pump power threshold 𝑃𝑡ℎ slightly 

increases as the fiber length 𝐿𝑓𝑖𝑏𝑒𝑟  increases. The best value is 

obtained for 𝐿𝑓𝑖𝑏𝑒𝑟 = 0.4 𝑚, 𝑃𝑡ℎ = 0.003 𝑊, while the 

saturation pump power is 𝑃𝑠𝑎𝑡 = 1.3 𝑊, corresponding to the 

laser output power 𝑃𝑠 = 0.34 𝑊. The slope efficiency is 𝜂 =
28%. 

Fig. 4(a) shows the laser output power 𝑃𝑠 as a function of the 

input pump power, for different values of the output mirror 

reflectivity 𝑅𝑜𝑢𝑡. As the reflectivity decreases, the slope 

efficiency asymptotically increases reaching 𝜂 = 32.5%, for 

𝑅𝑜𝑢𝑡 = 30%, while the saturation pump power 𝑃𝑠𝑎𝑡  remains 

almost the same in all cases. The maximum laser output power 

is 𝑃𝑠 = 0.42 𝑊. The pump power threshold 𝑃𝑡ℎ slightly 

increases as the output mirror reflectivity decreases, but it is 

always below 𝑃𝑡ℎ < 10 𝑚𝑊, as better illustrated in Fig. 4(b). 

TABLE I 
MODELING PARAMETERS 

Symbol Value Description 

𝜆𝑝 1550 𝑛𝑚 Pump wavelength 

𝜆𝑠 4000 𝑛𝑚 Signal wavelength 

𝑑𝑐𝑜 7.5 𝜇𝑚 Core diameter 

𝑑 115 𝜇𝑚 2-D cut distance 

𝑑𝑐𝑙1 125 𝜇𝑚 Inner cladding diameter 

𝑑𝑐𝑙2 180 𝜇𝑚 Outer cladding diameter 

𝑁𝑃𝑟 8000 𝑝𝑝𝑚 Dopant concentration 

𝑅𝑖𝑛 95 % Input mirror reflectivity 

𝑅𝑜𝑢𝑡 30 ÷ 80 % Output mirror reflectivity 

𝐿𝑓𝑖𝑏𝑒𝑟 0.3 ÷ 0.7 𝑚 Fiber length 

𝛼(𝜆𝑝) 0.1 𝑑𝐵/𝑚 Glass attenuation at pump wavelength 

𝛼(𝜆𝑠) 0.01 𝑑𝐵/𝑚 Glass attenuation at signal wavelength 

𝑛𝑐𝑜(𝜆𝑝) 1.4881 Core refractive index at pump 
wavelength 

𝑛𝑐𝑜(𝜆𝑠) 1.4721 Core refractive index at signal 

wavelength 

𝑛𝑐𝑙1(𝜆𝑝) 1.4746 Inner cladding refractive index at 

pump wavelength 

𝑛𝑐𝑙1(𝜆𝑠) 1.4585 Inner cladding refractive index at 
signal wavelength 

𝑛𝑐𝑙2(𝜆𝑝) 1.3872 Outer cladding refractive index at 

pump wavelength 

𝑛𝑐𝑙2(𝜆𝑠) 1.3785 Outer cladding refractive index at 

signal wavelength 

 

TABLE II 

SPECTROSCOPIC PARAMETERS OF PR
3+-DOPED FLUOROINDATE GLASS FIBER 

Symbol Value Description 

𝜎14(𝜆𝑝) 1.2 × 10−24 𝑚2 [22] Absorption cross section 𝐻4 → 𝐻5 

𝜎41(𝜆𝑝) 1.2 × 10−24 𝑚2 [22] Emission cross section 𝐻5 → 𝐻4
 

𝜎25(𝜆𝑝) 2.0 × 10−25 𝑚2 [26] Absorption cross section 𝐻5 → 𝐺4 

𝜎52(𝜆𝑝) 4.8 × 10−25 𝑚2 [26] Emission cross section 𝐺4 → 𝐻5 

𝜎34(𝜆𝑠) 6.5 × 10−25 𝑚2 [21] Absorption cross section 𝐹2, 𝐻6 → 𝐹4,3 

𝜎43(𝜆𝑠) 1.44 × 10−24 𝑚2 [21] Emission cross section 𝐹4,3 → 𝐹2, 𝐻6 

𝜏5 2.35 𝑚𝑠 [21] 𝐺4 radiative lifetime 

𝜏4 2.28 𝑚𝑠 [21] 𝐹4,3 radiative lifetime 

𝜏3 57 𝑚𝑠 [23] 𝐻6 radiative lifetime 

𝜏2 79 𝑚𝑠 [23] 𝐻5 radiative lifetime 

𝛽21 100%  𝐻5 → 𝐻4 branching ratio 

𝛽31 62.23% [25] 𝐻6 → 𝐻4 branching ratio 

𝛽32 37.77% [25] 𝐻6 → 𝐻5 branching ratio 

𝛽41 63.06% [21] 𝐹4,3 → 𝐻4 branching ratio 

𝛽42 27.71% [21] 𝐹4,3 → 𝐻5 branching ratio 

𝛽43 9.24% [21] 𝐹4,3 → 𝐹2, 𝐻6 branching ratio 

𝛽51 5.81% [21] 𝐺4 → 𝐻4 branching ratio 

𝛽52 61.26% [21] 𝐺4 → 𝐻5 branching ratio 

𝛽53 28.34% [21] 𝐺4 → 𝐹2, 𝐻6 branching ratio 

𝛽54 4.57% [21] 𝐺4 → 𝐹4,3 branching ratio 

𝑊𝑁𝑅51 14514 𝑠−1 [24] Non-radiative rate 𝐺4 → 𝐻4 

𝑊𝑁𝑅32 6664 𝑠−1 [25] Non-radiative rate 𝐻6 → 𝐻5 

𝑊𝑁𝑅21 499987 𝑠−1 [23] Non-radiative rate 𝐻5 → 𝐻4 

𝑊𝐶𝑅 1.5 × 104 𝑠−1 [23] Cross relaxation rate 

 

 
Fig. 2.  Fiber cross-section geometry and E-field modulus of the fundamental 

mode HE11 at signal wavelength 𝜆𝑠. 

V/m
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Fig. 5 shows the laser output power 𝑃𝑠 as a function of the 

output mirror reflectivity 𝑅𝑜𝑢𝑡, for different values of the input 

pump power 𝑃𝑝. The laser output power 𝑃𝑠 slowly increases for 

lower values of the output mirror reflectivity 𝑅𝑜𝑢𝑡, as also 

shown in Fig. 4. As the input pump power 𝑃𝑝 increases, the 

variation of the output power becomes more evident. 

Fig. 6 shows the laser output power 𝑃𝑠 as a function of the 

fiber length 𝐿𝑓𝑖𝑏𝑒𝑟 , for different values of the input pump power 

𝑃𝑝. For each value of the input pump power, a saturation of the 

laser output power can be observed. 

Table III reports a comparison among the Pr3+-doped 

fluoroindate fiber laser proposed in this work and other 

fluoroindate fiber lasers emitting in Mid-IR [8-10,12-14,18]. In 

particular, the comparison with literature is performed in terms 

of doping ion, emission wavelength 𝜆𝑠, pump wavelength 𝜆𝑝,  

 
pump power threshold 𝑃𝑡ℎ, and slope efficiency 𝜂. All the 

considered lasers emit between 𝜆𝑠 = 3.4 𝜇𝑚 and 𝜆𝑠 = 4.4 𝜇𝑚, 

and are pumped in the visible or near-infrared (NIR) range. It is 

worth noting that in [8,12-13], dual-wavelength pumping 

schemes are proposed to increase the slope efficiency and to 

reduce the pump power threshold. The proposed laser exhibits 

the highest slope efficiency and the lowest pump power 

threshold, with one of the longest emitting wavelengths. 

Moreover, it can be pumped by employing a commercial 

erbium-doped fiber laser, to be spliced with the praseodymium-

doped fiber, available on the market, thus obtaining an all-in-

fiber device, with FGBs employed as cavity mirrors [4]. The 

possibility to employ a single pumping wavelength simplifies 

the construction scheme of the laser system.  Fluoride erbium-

doped fiber lasers could be taken into account [7-9] with a 

proper design to emit at 1.5 μm. 

 
(a) 

 
(b) 

 

Fig. 3.  Laser output power 𝑃𝑠 as a function of the input pump power 𝑃𝑝, for 

different values of the fiber length 𝐿𝑓𝑖𝑏𝑒𝑟, input mirror reflectivity 𝑅𝑖𝑛 = 95%, 

output mirror reflectivity 𝑅𝑜𝑢𝑡 = 80%; (b) Enlarged view of the pump power 

threshold. 

 
(a) 

 
(b) 

 

Fig. 4. Laser output power 𝑃𝑠 as a function of the input pump power 𝑃𝑝, for 

different values of the output mirror reflectivity 𝑅𝑜𝑢𝑡, input mirror reflectivity 

𝑅𝑖𝑛 = 95%, fiber length 𝐿𝑓𝑖𝑏𝑒𝑟 = 0.4 𝑚; (b) Enlarged view of the pump power 

threshold. 
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IV. CONCLUSION 

For the first time to the best of our knowledge, a fiber laser 

based on a praseodymium-doped fluoroindate glass, emitting at 

𝜆𝑠 = 4 𝜇𝑚, when pumped at 𝜆𝑝 = 1550 𝑛𝑚, has been 

designed and optimized, by considering spectroscopical 

parameters taken from literature. The predicted slope efficiency 

𝜂 = 33% is promising, along with the low input pump 

threshold. NIR pumping could be implemented by employing 

an erbium-doped fiber laser, spliced with the praseodymium 

fluoroindate fiber cavity. Future developments may consider 

co-doping with ytterbium, to obtain multi-wavelength emission 

at both 𝜆𝑠 = 3.6 𝜇𝑚 and 𝜆𝑠 = 4 𝜇𝑚. 
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