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Abstract A model is developed of a terbium (III) ion doped selenide chalcogenide glass

fibre source that provides spontaneous emission within the mid-infrared (MIR) wavelength

range. Three numerical algorithms are used to calculate the solution and compare their

properties.
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1 Introduction

There are many applications for mid-infrared (MIR) light sources in medicine, biology,

environment monitoring, food security and defense. There are many types of light sources

potentially available for MIR wavelength range, which include fibre lasers. A large effort

has been invested into the development of MIR lanthanide doped fibre lasers. Many

pumping schemes have been proposed for this purpose. So far, the success in this field of

research is limited to operating wavelengths less than 4 lm. However, the spontaneous

emission MIR light fibre sources recently realised using lanthanide ion doped multimode

fibres have exceeded the 4 lm barrier and found applications in sensor technology

(Starecki et al. 2015; Chahal et al. 2016). Such sources are potentially highly reliable, low

cost, and robust. In this contribution using a numerical model we study the luminescence

properties of selenide-chalcogenide glass fibres doped with terbium (III) ions applied as

wide spectrum spontaneous emission MIR light sources covering the wavelength range
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stretching from 4 to 5.5 lm. Such a system was shown recently to offer a very simple

pumping mechanism (Sojka et al. 2017).

For this purpose we fabricated selenide chalcogenide glass terbium doped multimode

fibre and bulk samples and performed absorption and photoluminescence spectrum mea-

surements. From the experimental results using Judd–Ofelt theory and McCumber and

Fuchtbauer–Ladenburg theory we extracted the absorption and emission cross section

spectra for the relevant transitions and the photoluminescence lifetimes. The details of this

procedure are provided in (Sojka et al. 2017). Using an experimentally derived set of

parameters we realised a lanthanide doped multimode fibre numerical model based on the

rate equations’ approach. Using the model, numerical analysis was performed of the MIR

spontaneous emission fibre source, whereby three methods were compared, which calcu-

late numerically a solution of the set of ordinary differential equations. One of them

consists in calculating the solution rigorously subject to the given boundary conditions

while the other two are based upon an approximate approach, which relies on the

assumption of the low intensity of the signal flux. The results show the limitations of the

approximate approach.

2 Theory

In the case of a pump laser operating at approximately 3.0 lm wavelength and a low Tb3?

doping level a three-level rate equations model of the Tb3? ion doped into the chalco-

genide glass host may be used to calculate the level populations (Fig. 1) (Sojka et al.

2017). Thus in steady state, we obtain a set of three algebraic equations that describe the

system (Sojka et al. 2017):
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where N is the total dopant ion concentration while the coefficients a21, a22, a23, a31 and a33

are obtained using the rate equations approach (Sojka et al. 2017):
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The spatial evolution of the pump and signal photon flux are obtained from a solution of

the following equations for the pump (Pele et al. 2016):

Fig. 1 Simplified energy level diagram for Tb3?
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and the signal:
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where ‘?’ and ‘-’ refer to forward and backward travelling waves, respectively while

rxxa, e are the relevant values of emission ‘e’ and absorption ‘a’ cross sections, ax gives the

attenuation coefficient, which for the signal wave was calculated by weighing it with

respect to the signal spectrum (Pele et al. 2016). The weighting operation is marked with an

overstrike symbol and was also applied consistently to the signal emission and absorption

cross-section. g is the spontaneous emission coupling factor (Pele et al. 2016), sxr and sxnr

are the relevant life times for radiative and non-radiative transitions, respectively. The

pump and signal flux /p and /s are related to the respective power values via: Pp = /-

p*h*tp*A and Ps = /s*h*ts*A where A is the fibre cross sectional area, h—Planck’s

constant, tp and ts pump and signal frequency, respectively. Equations (1) and (3a, b) are

coupled and can be solved numerically in a rigorous manner subject to the relevant

boundary conditions imposed at both fibre ends (Sujecki et al. 2010). Alternatively, one

can assume that the signal photon flux is negligibly small in (1) and hence a21 ¼ 0 and

a22 ¼ �1=s21r � 1=s21nr . This assumption allows decoupling of Eqs. (3b) from (1). Thus

only Eqs. (1) and (3a) have to be solved in a coupled way whilst Eq. (3b) is solved

separately. We consider two techniques in which Eq. (3b) is solved separately from (3a)

(in a decoupled way) once the level populations and pump flux distribution are known. In

the first technique, the signal wave distribution was calculated separately, in an iterative

manner, until the boundary conditions are fulfilled. In the second case, the signal wave

distribution carrying out only one pass, like in the case of an amplifier, was calculated

whilst assuming zero light intensity for the backward signal wave. Obviously, such a

solution does not fulfill the boundary conditions but it leads to a significant simplification

of the numerical algorithm at the expense of the calculation accuracy. Therefore the main

objective of this paper was to study the limitations of the approximate algorithms and their

applicability for the analysis of MIR spontaneous emission light sources.

3 Results

A setup was considered whereby a Tb3? doped fibre is pumped at one side while the MIR

light is collected at the other one (Fig. 2). The values of relevant lifetimes and cross

sections were taken from (Sojka et al. 2017). The fibre was unstructured, of 200 lm

Fig. 2 Schematic diagram of Tb3? doped fibre pumped by a laser diode
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outside diameter and doped with 0.95 9 1025/m3 Tb3? ions, i.e. circa 500 ppmw (parts per

million by weight). The pump wavelength was 2.95 lm. The attenuation coefficient at the

pump wavelength (due to the presence of the OH impurities) is 2 m-1, and the weighted

attenuation coefficient calculated according to (Pele et al. 2016) for the signal wave (due to

SeH impurities) is 2.7 m-1. The weighted signal emission and absorption cross sections are

6.3 9 10-25 and 6.7 9 10-25 m2, respectively. The reflectivity at the fibre end for

chalcogenide selenide glass is assumed to be 0.2 (Sujecki et al. 2010) while g = 0.3. The

lifetime of level 3 and 2 (Fig. 1) is 5.8 and 13.1 ms, respectively while the branching ratio

of level 3–2 transition is 0.11. The multiphoton transition lifetime for 3–2 and 2–1 tran-

sitions is 0.012 and 845 ms, respectively. The confinement factor for pump and cladding

was assumed to be equal to 1.

Figure 3 shows the dependence of the threshold gain on the fibre length and of the

material gain at the mid infrared wavelength corresponding to the maximum value of

emission cross section for the Tb3? doped fibre on the pump light intensity. These Fig-

ures show that for fibre lengths less than 100 mm, the lasing threshold cannot be reached

even for very large pump powers. This confirms that for all parameters used in this study

the MIR spontaneous emission source cannot reach a lasing threshold, which is consistent

with the intended mode of operation of this device.

Figure 4 shows the dependence of the output power (a) and the error of decoupled

solution (b) on the pump power for a Tb3? doped chalcogenide-selenide fibre. The fibre

length assumed in these simulations is 100 mm whilst the fibre end reflectivity equals 0.2.

The pump wavelength is 2950 nm. Figure 4a shows that all three techniques predict

qualitatively the same dependence of the output MIR power on the pump power. In fact it

is quite difficult to distinguish between al three curves. Further, there are two distinct

regions, which can be identified in the dependence of the MIR output power on the pump

power presented in Fig. 4a. For low values of the pump power the MIR output power

depends approximately linearly on the pump power (a linear region) while for large values

of the pump power the MIR output power saturates to a constant value (a saturation

region). Counter intuitively, within the linear region the relative error for both approximate

techniques is approximately constant and does not decrease to zero for small pumping

powers (Fig. 4b). However, within the saturation region the relative error decreases to zero

at large pump powers for the approximate technique, which calculates the solution ful-

filling the boundary conditions.

Figure 5 shows the dependence of the calculated relative error of the approximate

methods: relative error = |Pexact - Pappr|/Pexact where Pexact is the MIR output power

Fig. 3 Threshold gain dependence on fibre length (a) and gain dependence on pump intensity for
Tb3?doped fibre (b)
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calculated using the rigorous algorithm while Pappr is the value of the output power cal-

culated using the approximate methods. We focus only on the pump powers between 5 and

100 mW, which are most likely to occur in practice. The length of the fibre is 20 mm,

which is significantly less than the value required to reach the lasing threshold (Fig. 3). The

fibre end-face reflectivity was increased from 0.0002 to 0.2 to study the effect of the

feedback on the predicted output power and hence also the calculation error. Figure 5

shows that in accordance with the expectations the error is reduced for low values of the

fibre end reflectivity. This effect is particularly pronounced for the single pass approximate

approach (Fig. 5b). However, the error for both approximate methods stops decreasing and

does not reach zero at low values of the fibre end reflectivity.

Figure 6 shows the dependence of the calculated relative error of the approximate

methods on the pump power for selected values of the fibre length. The fibre reflectivity is

0.2 while the pump wavelength is 2950 nm. Figure 6 shows that the error is significantly

reduced for short fibres for the approximate technique, which calculates the solution ful-

filling the boundary conditions. For the single pass approach however, the error values

remain at a relatively constant level of approximately 20%.

Fig. 4 The dependence of the output power (a) and the error of decoupled solution (b) on the pump power
for a Tb3? doped chalcogenide-selenide fibre. The fibre length is 10 cm whilst the fibre end reflectivity is
0.2. The pump wavelength is 2950 nm

Fig. 5 The dependence of error of decoupled solution on the pump power calculated at selected values of
the fibre end reflectivity R for a Tb3? doped chalcogenide-selenide fibre for the approximate algorithm
calcuating a solution fulfilling the boundary conditions (a) the single pass version of the approximate
algorithm (b). The fibre length is 20 mm and the pump wavelength is 2950 nm
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4 Conclusions

Two approximate algorithms have been compared for analysis of spontaneous emission

fibre sources based on decoupling the solution of the equation for the pump wave from the

one for the signal wave. As a reference, a method was used that rigorously solves the

boundary value problem using a numerical method. The results show that approximate

methods predict correctly the shape of the dependence of the MIR output power on the

pump power. Thus using the approximate techniques below lasing threshold results in a

small but non-negligible calculation errors. Counter intuitively, the values of the relative

error do not tend to zero at low pump power values but do so at large values of the pump

power for the technique, which calculates an approximate solution fulfilling the boundary

conditions.
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