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ABSTRACT 

We discuss the numerical modelling of lanthanide-ion doped chalcogenide glass fibre lasers for operation in the 

mid-infrared wavelength region. We extract the modelling parameters from emission and absorption 

measurements using Judd-Ofelt and McCumber theory. Numerical algorithms are developed based on the 

experimentally extracted fibre parameters. The simulation results predict lasing with slope efficiency of at least 

20 % provided, that the fibre loss can be kept at the level of 1 dB/m or less. 
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1. INTRODUCTION 

Mid-infrared (MIR) coherent light sources are relevant to many potential markets that include medicine, 
environmental monitoring, pharmaceutical industry, etc. Currently available MIR lasers include quantum cascade 
lasers (QCLs), optical parametric oscillators (OPOs), difference frequency generation (DFG) sources, solid state, 
fibre and gas lasers. MIR fibre lasers potentially offer good quality of the output beam, large wavelength tuning 
ability, pulsed operation, relatively large pumping efficiency and contained beam delivery. The longest lasing 

wavelength that has so far been achieved by a lanthanide ion doped fibre laser is 3.9 m [1]. A Ho
3+

 doped 
fluoride (ZBLAN) fibre was used for this purpose and there was a need to apply liquid nitrogen cooling. For many 
applications liquid nitrogen cooling would impose a severe impediment. Hence, considerable effort has been 
invested into developing MIR fibre lasers for room temperature operation [2-4]. In 2014 an Er

3+
 ion doped 

ZBLAN fibre laser was demonstrated, which operates at room temperature at 3.604 m [3], while in [4] 

successfully development of a ZBLAN fibre laser with output power in excess of 1 W at 3.44 m was presented. 
Further, increase of the ZBLAN fibre laser room temperature operating wavelength is impeded by the relatively 
high glass matrix maximum phonon energy. Therefore, in order to access longer fibre lasing wavelengths, fibres 
with a lower maximum phonon energy must be developed. One of the promising candidates for achieving this is 
the chalcogenide glass family. There is a large body of literature reporting strong MIR photoluminescence (PL), 

extending up to nearly 6 m, from lanthanide ion doped chalcogenide glass fibre and bulk samples [5-10]. 
Chalcogenide fibres are chemically stable, mechanically robust and can attain a low attenuation within the MIR 
wavelength range [11, 12]. Moreover, Raman lasers based on chalcogenide glass fibres with operating 

wavelengths up to 3.77 m have been demonstrated [13, 14]. Finally, recently in [15], chalcogenide fibre has been 
reported to be successfully thermally spliced with silica fibre thus facilitating the coupling of pump power from a 
commercially available pig-tailed laser diode [15]. All of these achievements show the potential of the lanthanide 
ion doped chalcogenide glass fibre technology for the realisation of MIR lasers. The theoretical studies carried out 
to date show that lanthanide ion doped chalcogenide glass fibre lasers could potentially achieve a wall plug 
efficiency of up to 20 % when using a cascade pumping scheme [16-18]. Here, we present numerical modelling of 
alternative pumping schemes for chalcogenide glass lanthanide doped fibre lasers. We studied the properties of a 
Pr

3+
 doped chalcogenide glass fibre laser that is resonantly pumped using a quantum cascade laser (QCL) and a 3 

level lasing system realised by doping selenide based chalcogenide glass with Tb
3+

 ions. Numerical modelling 
results confirmed the advantages of both pumping schemes when compared with the cascade pumping schemes of 
[16-18]. 

2. MODEL DESCRIPTION 

For the Tb
3+

 doped glass fibre laser pumped at 2.013 m or 2.95 m (Fig.1 and Fig.2, respectively), the energy 

level populations are obtained from: 

  01
3133323   NNWNW pepa  (1a) 

  01
3232211   NNWNW sesa  (1b) 
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TbNNNN  321  (1c) 

while for the Pr
3+

 doped glass fibre laser (Fig.3) the energy level populations are calculated by solving: 

  011 332312  NWNW eseesa   (2a) 

      011 1322211  NWNWWWNWW eseesapesepasa   (2b) 

Pr321 NNNN   (2c) 

where NTb and NPr is the Tb
3+

 and Pr
3+

 dopant ion concentration, respectively. The symbols i denote level i 

lifetime. The excited state absorption rate and the stimulated emission rate are calculated from: 
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The evolution of the pump and signal powers (Pp and Ps respectively) is described by the equations: 

    







 pppesaeseppapep

p
PPNNPNN

z

P
 2312  (4a) 

  






 sssaes

s PPNN
z

P
 121221  (4b) 

The partial differential equations (4) are solved subject to the following boundary conditions: 

        
pumppppp PzRzPzRzP 01000  

 (5a) 

     LzPLzRLzP ppp  
 (5b) 

     000   zPzRzP sss  (5c) 
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 (5d) 

where L is the cavity length, Rp and Rs are the facet power reflectivity for the pump and signal waves, 

respectively, while Ppump stands for the pump power launched into the fibre at z = 0 (Fig.4). We solved equations 

(1-4) using the relaxation method (RM) [19] due to its robustness.  

3. NUMERICAL RESULTS 

In Tables 1-3 we list the modelling parameters. The values of emission and absorption cross sections were 

obtained from experimental Fourier Transform Infrared (FTIR) spectroscopy measurements of bulk 

chalcogenide glass samples doped with terbium and praseodymium ions which were prepared in house. The 

respective emission cross-sections were obtained from the absorption cross-section spectra using McCumber 

theory and were verified by experimentally measuring PL spectra. The radiative lifetimes were obtained by 

applying Judd-Ofelt theory to FTIR results and verified by PL lifetime measurements. The excited state 

absorption spectrum was extracted using McCumber theory from  PL spectra measured in [6]. The non-radiative 

lifetimes resulting from phonon assisted transitions were extracted by fitting the experimental results taken from 

[6-8].  

The modelled example fibre laser structure consisted of a length of a fibre pumped at one side (Fig.4). In the 

model, fibre gratings trapped the signal and pump light within the fibre cavity. Figure 5 shows the dependence of 

the MIR signal wave power on the pump power that was calculated using the developed model. These numerical 

results predicted that when using all three pumping methods an achievement of slope efficiency of at least 20 % 

is possible. 
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Table 1. Modelling parameters for Tb
3+

.  

parameter Unit value 

31(p=2.013 m) ms 0.012  

21(p=2.013 m) ms 10.18  

32(p=2.013 m) ms 0.0119  

31(p=2.95 m) ms 0.012  

21(p=2. 95 m) ms 10.18  

32(p=2. 95 m) ms 0.012 

pa(p=2.013 m) m
2
 0.73×10-24 

pe(p=2.013 m) m
2
 0.7×10-24 

pa(p=2.95 m) m
2
 1.03×10-24 

pe(p=2.95 m) m
2
 0.53×10-24 

sa m
2
 1.47×10-24 

se m
2
 1.00×10-24 

s m 4.7x10
-6

 

 

Table 2. Modelling parameters for Pr
3+

. 

Parameter Unit value 

31 ms 3.53  

21 ms 10.1 

32 ms 8.027 

esa m
2
 0.306×10-24 

ese m
2
 0.896×10-24 

pa m
2
 0.622×10-24 

pe m
2
 1.711×10-24 

sa m
2
 0.376×10-24 

se m
2
 0.849×10-24 

p m 4.15x10
-6

 

s m 4.9x10
-6

 

 

Table 3. Fiber laser modelling parameters.  

Parameter Unit value 

NTb 

NPr 

1/ m
3
 0.825×10

25 

0.96x10
25

 

L m 1.0 

p  0.9 

s  0.9 

p 1/m 0.23 

s 1/m 0.23 

Rp(z=0)  0.05 

Rp(z=L)  0.95 

Rs(z=0)  0.05 

Rs(z=L)  0.95 

 

 
 

Fig.1. Schematic diagram of energy levels of Tb
3+

 

pumped at 2.95 m. 

 

 
 

Fig.2. Schematic diagram of energy levels of Tb
3+

 

pumped at 2.013 m. 

 

 

 
 

Fig.3. Schematic diagram of energy levels of Pr
3+

 

pumped resonantly at 4.15 m. 

 

 
 

Fig.4. Modelled fibre laser structure; Fibre gratings 

FG1 and FG2 trap the signal and the pump, 

respectively, within the cavity. 

 
 

Fig.5. Dependence of the MIR signal power on the 

pump power for the fibre laser structure from 

Fig.4. 
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