-

View metadata, citation and similar papers at core.ac.uk brought to you by .{ CORE

provided by Repository@Nottingham

Opt Quant Electron (2017) 49:21 @ CrossMark
DOI 10.1007/s11082-016-0827-0

Numerical and experimental investigation of mid-
infrared laser action in resonantly pumped Pr**
doped chalcogenide fibre

L. Séjka'? - Z. Tang' - D. Furniss' -+ H. Sakr' -
E. Beres-Pawlik® - A. B. Seddon' - T. M. Benson" -
S. Sujecki'

Received: 10 October 2016/ Accepted: 21 November 2016/ Published online: 29 December 2016
© The Author(s) 2016. This article is published with open access at Springerlink.com

Abstract Numerical modelling of a Pr’*-doped chalcogenide glass fibre laser is presented
in this paper. The spectroscopic parameters are extracted from in-house prepared Pr*™*
doped selenide-chalcogenide glass samples and used in the modelling. In this contribution,
particular attention is paid to a novel resonant pumping scheme. The modelled laser
performance is tested as a function of pump wavelength, fibre length, signal wavelength,
fibre background loss and output coupler reflectivity. The modelling results show that the
proposed resonant pumping scheme, which might be achieved in practice using a high
power QCL pump, allows for a significant reduction in the laser threshold and an increase
in the laser efficiency. A slope efficiency of 54% is calculated when the fibre losses are
brought down to 1 dB/m.

Keywords Mid-infrared fibre laser - Chalcogenide glass - Mid-infrared - Rare earth doped
glass

1 Introduction

High power mid-infrared fibre laser sources with emitting wavelengths covering the range
stretching from 4 to 5.5 pwm offer many applications in remote sensing, medicine and
defence (Seddon 2011, 2013; Pollnau and Jackson 2008; Jackson 2012). However, in order

This article is part of the Topical Collection on Optical Wave and Waveguide Theory and Numerical
Modelling 2016

Guest edited by Krzysztof Anders, Xuesong Meng, Gregory Morozov, Sendy Phang, and Mariusz
Zdanowicz.

D4 S. Sujecki
slawomir.sujecki @nottingham.ac.uk

Mid-Infrared Photonics Group, George Green Institute for Electromagnetics Research, University
of Nottingham, University Park, Nottingham NG7 2RD, UK

Telecommunications and Teleinformatics Department, Wroclaw University of Technology,
Wybrzeze Wyspianskiego 27, 50-370 Wroclaw, Poland

@ Springer


https://core.ac.uk/display/162672179?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://crossmark.crossref.org/dialog/?doi=10.1007/s11082-016-0827-0&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s11082-016-0827-0&amp;domain=pdf

21 Page 2 of 15 L. S¢jka et al.

to access these wavelengths, low phonon energy host materials are needed. Among the
most promising host materials for this wavelength region are chalcogenide glasses (Seddon
et al. 2010; Tao et al. 2015). Chalcogenide glasses possess good rare earth ion solubility,
high refractive index and can be drawn into fibre. These characteristics make chalcogenide
glasses an attractive host material for rare-earth ions (Seddon et al. 2010; Tao et al. 2015).
Recent publications show that there is a particularly large interest in mid-infrared fluo-
rescence from the (3F2,3H(,) — 3H5 (3.7-4.2 pm), and 3H5—>3H4 (4.3-5.0 wm) transitions
of Pr’* doped selenide glass (Sakr et al. 2014; Séjka et al. 2014; Karaksina et al. 2016a, b;
Shpotyuk et al. 2015; Chahal et al. 2016; Shaw et al. 2001). This is because Pr** ions in
chalcogenide glass have a high pump absorption cross-section, and also because Pr** can
be pumped with commercially available laser diodes. Despite this, a prit doped selenide
chalcogenide glass fibre laser has not yet been realized. The first problem that stops this
technology is the difficulty of manufacturing high purity rare earth doped chalcogenide
glasses. Secondly, both the upper and lower laser manifolds possess long lifetimes in
comparison to that of the ground state. This tends to cause self-terminating laser operation
and makes achieving population inversion difficult. One possible solution to this latter
obstacle can be cascading two laser transitions (Quimby et al. 2008). However, the
practical realization of cascading is challenging, since it requires the fabrication of two
pairs of wavelength-matched fibre gratings in the Pr’" doped chalcogenide glass fibre.
Additionally, significant pump power is required in order to achieve laser action for both
transitions. Thus, a potentially better solution is to pump the laser resonantly using a QCL
(quantum cascade laser). The low quantum defect of the resonantly pumped praseodymium
ions potentially enables the fibre laser to achieve high wall-plug efficiency. Further, the
resonant pumping reduces the thermal load due to a low quantum defect. This feature is
particularly important for fibres fabricated from low glass transition temperatures like
chalcogenide glasses. Currently, high power QCLs operating around 4.1 pm are com-
mercially available (http://www.pranalytica.com; Rauter et al. 2013). Resonant pumping of
the Pr’* ions in low phonon laser crystals using QCLs was suggested in (Ferrier et al.
2009). However, in that study excited state absorption (ESA) was not included in the
model which, as the authors themselves note, is a significant shortcoming.

In this contribution, we therefore have paid particular attention to the ESA processes,
the inclusion of which is, as we show, essential for predictive modelling. Hence, we
extract the ESA spectrum of the 3Hs—(*F,, H) transition. Then using a complete set of
experimentally extracted modelling parameters, including ESA emission and absorption
cross-sections, we developed a numerical model of a resonantly pumped Pr’" selenide
fibre laser. Using the model, we study the influence of the ESA on the Pr3* selenide fibre
laser performance and identify the best pumping wavelength for obtaining mid-infrared
lasing in a resonantly pumped Pr’*, doped selenide chalcogenide glass fibre laser.
Finally, we comprehensively study the laser performance as a function of pump wave-
length, fibre length, signal wavelength, fibre background loss, and output coupler
reflectivity.

The paper is divided into five sections. After this introduction, Sect. 2 describes the
experimental results, which confirm the presence of ESA when pumping resonantly. The
procedure used to calculate the ESA cross-section is presented in Sect. 3. In Sect. 4, we
develop a numerical model of the resonantly pumped prit doped chalcogenide glass fibre
laser and perform a numerical study of the resonantly pumped fibre laser characteristics.
Finally, some conclusions are drawn in Sect. 5.
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2 Experimental proof of the presence of ESA
A schematic diagram of the Pr’" energy level structure in a selenide glass host, and
relevant transitions, when pumping with a QCL, are presented in Fig. 1. The details about
chalcogenide glass and fibre fabrication are described elsewhere (Sakr et al. 2014; Séjka
et al. 2012, 2014; Sujecki et al. 2015; Tang et al. 2015a, b). The ESA describes the
absorption from a populated excited state of a system to a higher energy state (Kozak et al.
2006; Gomes et al. 2010; Koepke et al. 1998; Caspary 2003; Quimby and Aitken 2003). In
this section, the experimental measurements that were carried out in order to prove the
presence of ESA are described. The basic experimental setup for ESA measurement is
shown in Fig. 2. The measurements were carried out within the 1.8-2.6 pm spectral range.
The detection system consisted of a lock-in amplifier (Model 7270, Signal recovery) room
temperature extended InGaAs detector with preamplifier (PDA10D-EC, Thorlabs), a data
acquisition card (NI USB-6008 National Instruments) and a computer. The monochromator
and data acquisition systems were controlled using in-house developed software based on
LabView. A 115 mm long unstructured fibre, of 250 wm diameter, was used in the
experiment. A mid-infrared pump at 4.15 pm from a QCL (Model 1101-4150-CW-1500,
Pranalytica) was launched into one end of the Pr>" doped selenide fibre using a Black
Diamond lens of focal length f = 5.95 mm. The photoluminescence was collected from the
opposite fibre end.

The presence of the ESA process was proven in the prit doped selenide fibre by
observation of emission centred at a wavelength of 2.4 pm, from the level (°F,,’Hy)-
>3H,, whilst pumping at a wavelength of 4.15 wm. The measured shape of the 2.4 um
emission is shown in Fig. 3. Therefore the observed emission at around 2.4 wm from the
level (3F2,3H6)- > 3H4 demonstrates that level (3F2,3H6) is populated by the 4.15 pm pump.
The photoluminescence shape at 2.4 pm was measured from the fibre end opposite to the
launch end, thus it can be affected by photon trapping (diffusion) and reabsoprtion. A
115 mm long fibre was used in the experiment. Additionally, a sharp cut-off of the
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Fig. 1 Simplified energy level diagram of Pr’" in a selenide chalcogenide glass host. The *Hs level can be
populated using optical pumping at a wavelength around 4.15 pm. The ESA from *Hs to the (°F»,’H) level
is indicated (W.,). The transition rates depicted in Fig. 1 are defined as follows: the absorption and emission
rates Wpa, Wpe, Wea, W of the pump and signal, respectively, We,, the ESA of the pump from
3Hs — (°Fa, Hg), Wese the emission of the pump from (’F»,°Hg) — °Hs, W53 = W3, + W3, the spontaneous
decay rate of level 3, W5, the spontaneous decay rate of level 2
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Fig. 2 Experimental setup used for ESA measurement

spectrum for wavelengths above 2.5 um can be attributed to the extended InGaAs detector
cut-off. These results directly confirm ESA in the Pr’* doped selenide fibre when pumped
at 4.15 pm. Therefore, the ESA should be included in the laser model. To the best of our
knowledge this is the first time that experimental evidence has been presented for ESA in a
Pr’" doped selenide fibre whilst resonant pumping at around 4 pm.

3 Calculation of ESA cross section

To evaluate numerically the effect of the ESA on the laser efficiency of the prit doped
selenide fibre, the absorption cross-section related to the 3Hs—(F,, Hy) transition must be
known. In this contribution, we estimated the ESA cross-sections using the Judd-Ofelt (J—
0) theory, the McCumber method, and the Fuchtbauer—Ladenburg (F-L) equation (Gomes
et al. 2010). The rates of spontaneous emission for (3F2,3H6) — 3H5, and 3H5—>3H4
transitions were calculated using our Judd—Ofelt parameters for prit doped selenide glass:
Q, = 8.156*102%m?, Q, = 8.08%102%m?, Q¢ = 5.70¥10"*°cm?, which were recalculated
after removing Se-H contribution at 4.5 pm from absorption spectra. Taking into con-
sideration the small energy difference between the levels 3F, and *Hg it may be assumed
that both levels are in thermal equilibrium. Thus, using Boltzmann statistics, the total
radiative rate from the combined pair of levels is given by (Caspary 2003; Quimby and
Aitken 2003).

— pump 4150 nm 150 mW 3 3,Hs 5 —]
04/ |
_ | 4
2 93] 4150 nm ESA —
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> |r 2400 nm -
% 021 IIuorescences g
£ 2 Hs &
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1 J—
0.0 . . : : . |
2.0 22 24 2.6 2.8
wavelength/um 1 i *H, o —

(a) (b)

Fig. 3 a Emission spectrum from (°F,, *Hs)—H, when Pr’" -doped selenide fibre is pumped at a
wavelength around 4.15 pm confirming the presence of ESA and b shows simplified energy level diagram of
Pr*" in a selenide chalcogenide glass host. The 2.4 wm fluorescence is indicated by the dashed line
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13A +5- Ay - ()
A= - (1)
13 + 5e(-i7)

where A; = 166.7 s ' and A, = 3131.4 s ! are the Judd-Ofelt calculated rates from levels
3E, (fivefold degenerate level) and *Hg (13-fold degenerate level) and E is the spacing
between the levels. E = 600 cm ' was used in the calculations (Shaw et al. 2001). Values
of radiative rates (electronic (A.q), and magnetic (A,,q) dipole contribution) and radiative
branching ratios obtained from J-O calculations for other transitions in Pr’" selenide
chalcogenide bulk glass are listed in Table 1. Calculated radiative lifetimes, non-radiative
lifetimes and total lifetimes for the (°F,,*Hg) — *Hs and *Hs—>H, transitions are given in
Table 2. The multi-phonon non-radiative lifetimes were estimated based upon the data
presented in (Shaw et al. 2001). The total fluorescence lifetime is given by a sum of
radiative and non-radiative lifetimes. The total fluorescence lifetime is calculated using the
following formula:

1 1 1
Ttot Trad * Tnr (2)
where t.,q and T, are radiative and non-radiative lifetimes, respectively.

According to the results presented in Tables 1 and 2, the (3F2,3H6) — 3H5, and
3Hs—>H, transitions have a similar strength. Thus, for 2 pm pumping, these transitions are
self-terminating. This causes population bottlenecking as a result of the comparatively long
lifetime of the (°F,,*Hg) — *H transition, and saturation of the laser output. The calcu-
lated ESA absorption cross-section is presented in Fig. 3. The maximum cross-section for
ESA is equal to 0.90 x 10 2* m* at A = 3.76 um.

ESA cross section was derived using McCumber theory and based on the emission
spectrum for the (’°F,,*Hg) — °H; transition that has been reported in (Shaw et al. 2001)
and scaled by us using the Fuchtbauer-Ladenburg equation to match the spontaneous
emission rate for the (CF,,>Hg) — *Hs transition. This method of extracting ESA from
emission measurements using McCumber theory was described by Quimby and Zheng in
(Quimby and Zheng 1992). The result of this calculation is shown in Fig. 4a. In Fig. 4b we
present both the absorption and emission cross sections of this ESA. Figure 4b shows the
characteristic redshift between absorption and emission cross section, which agrees with
expectations (Quimby and Zheng 1992).

Table 1 Radiative rates (electronic (A.q), and magnetic (A,q) dipole contribution) and radiative branching
ratios (B) for 3F,—Hs, F,— Hs,’Hg — °Hs, *F,—°H,, "Hg — °H, and Hs — >H, transitions in Pr’"
selenide chalcogenide bulk glass as calculated using Judd—Ofelt theory

Transition Ad/(s™h Apdl(s™ B
3F,—%H, 1.97 6.29¢—4
3F,—H; 370.2 0.118
3F,—%H, 2759.2 0.881
*H¢—>Hs 72.76 2.14 0.44
*H¢—>H, 91.81 0.56
*Hs—>H, 79.50 1.85 1
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Table 2 Calculated radiative lifetimes (t,q), non-radiative lifetime (t,,) (multi-phonon relaxations) and
total lifetimes (t,). The non-radiative lifetimes are estimated upon results presented in (Shaw et al. 2001)

Transition Calculated radiative Estimated non- Calculated total Tio/ B/(MS)
lifetime t,,4/(ms) radiative lifetime lifetime T, /(ms)
Ty,/(mS)
(F»,Hg) — Hs 4.56 3226 4.49 10.2
*Hs—>H, 12.2 60.0 10.0 10.0
absorption cross section based —— absoprtion cross section *H.->(F,,’H,)
10- Oonmeasured emission from (°F, ’H)->’H, 1.0, — —emission cross section (F,°H,)-> °H,
[Shaw et al. 2001]
0.8 0.84
o~ NE
£
S o6 S 064
S 2
G @
b 0.4- o 0.4+
$ 0
s §
© 02 0.2
0.0 T T T T d 0.0 T T T T d
25 3.0 3.5 4.0 4.5 5.0 3.0 3.5 4.0 4.5 5.0
Wavelength/um Wavelength/um

(a) (b)

Fig. 4 a ESA cross-section calculated for the transition *Hs—(*F,,Hg) using McCumber theory from the
emission spectrum of the (°F»,°Hg) — >Hj transition reported in (Shaw et al. 2001) and b calculated
absorption and emission cross-sections for the transition 3Hs—(3F., He)

The ground state absorption (GSA) and the ESA absorption of Pr’* doped selenide
glass are compared in Fig. 5. GSA absorption was measured for a 500 ppmw prit doped
selenide bulk sample (Sakr et al. 2014; Séjka et al. 2014). The estimated contribution of the
Se—H impurity band to the GSA was removed using Gaussian fitting (Seddon et al. 2016).
The cross section values for ESA and GSA are very similar. These results are in reasonable
agreement with Judd-Ofelt theory which predicts that both transitions have a similar
strength. This further confirms the accuracy of the calculation procedure of ESA that was
used in this contribution. The spectral distributions of ESA and GSA cross sections have a
significant overlap. As a consequence, both transitions can simultaneously absorb the pump
energy at wavelengths between approximately 3.7 and 4.3 wm. Thus, the pump energy
populates also the level (*F»,°He) and significantly depletes the upper laser level 3Hs. This
behaviour hampers the possibility of establishing population inversion for the *Hs—>H,
transition when pumping resonantly between 3.7 and 4.3 pum. Additionally the presence of
ESA can result in higher laser thresholds and lower slope efficiencies.

4 Results and discussion

In order to study the properties of a resonantly pumped Pr>" doped chalcogenide glass fibre
laser, we developed a numerical model. We formulated the rate equations according to the
energy-level diagram presented in Fig. 1:
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absorption cross section 3H4—>3H5—GSA (Ground state absoprtion)

- — absorption cross section °H.->(°F,°H,)-ESA (Excited state absoprtion)

o o o =
N o [e) o
1 1 1 1

Cross section/pm2

o
N
1

0.0 T T 5 T i
3.0 35 4.0 4.5 5.0 55

Wavelength/um

Fig. 5 Absorption cross sections for the SHs—(F.,>Hg) ESA transition (dashed curve, calculated using
McCumber theory) and the 3H4ﬂ3H5 GSA transition (solid curve, measured but with removal of the
contribution of the Se—-H impurity band)

dN.

7; = WesaNZ - (Wese + W3l + W32)N3 (3)
dN,
7 - (an + Wpa)Nl - (er + Wpe + W21 + Wesa)NZ + (Wese + W32)N3 (4)

N =N +N, + N3 (5)

where N;, i = 1,2,3 are the ion populations of energy levels and the transition rates Wy, are
defined in Fig. 1.

In the steady state (‘Z\;" = 0), the Egs. (3-5) reduce to three algebraic equations. The
power evolution along the fibre of the pump light P, and the signal light P, can be obtained
by:

op:

azl =T, (0peN> — apaNl)Pj + (GeseN3 — amNz)Pj — acpppi (6)
dar*
d_zs = +I'(621.N2 — 621,N, ) PE F o, PF (7)

where ‘4’ and ‘—’refer to forward and backward travelling waves, respectively,
Ppi = P; + P[j ;Psi = Pj + P and a,, as represent the background loss coefficient at
pump and signal wavelengths, respectively.
In Egs. (3-5), the stimulated emission or absorption rates are expressed by:
I'0,,P
W.. = xUxy/xd x 8
v Ahc ®)

where I'y is the confinement factor, which defines the fraction of energy that propagates in
the core to the total energy that propagates in the fibre (in the core and the cladding), o,y is
the absorption or emission cross-section for the xy transition, Py denotes the propagating
signal and pump powers, respectively, A is the doping cross section area, h is Planck’s
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constant, A is the wavelength of signal or pump and c is the speed of light in free space.
Amplified Spontaneous Emission (ASE) was not included in the laser model. According to
Quimby ASE can be neglected in the laser model due to fact that for a laser operation the
gain is clamped (Quimby et al. 2008). Further model details can be found elsewhere (S6jka
et al. 2012; Sujecki et al. 2015).

Figure 6 shows the calculated population inversion for the 3Hs—>H, transition (in ions/
m?) as a function of the pump intensity for a Pr*™ ion density equal to 9.46 x 10** ions/m*
which corresponds to a 500-ppmw Pr’* doped GeAsGaSe glass. This concentration in a
rare earth doped chalcogenide glass does not induce glass crystallisation (Seddon et al.
2010). The pump wavelength is 4.0 wm, while the laser emission takes place at 4.8 pm. In
order to explore the ESA contribution, the following two cases were considered: (1)
including ESA and (2) with ESA switched off. The results from Fig. 6 show that the pump
intensity necessary to render the material transparent without including ESA is 34.9 MW/
mz, while, when the ESA is included, it changes to 57.1 MW/m?. We note that the
experimentally estimated power damage threshold at 2 um for Pr** doped selenide fibre is
in the range of 250 MW/m?; the power damage threshold should increase significantly for
longer wavelengths due to better glass transparency (Gattass et al. 2015). Also, it can be
seen that the ESA process introduces a large decrease in the value of the population
inversion for the *Hs—>H, transition. For instance, at the pump intensity of 1000 MW/m?,
the population inversion is approximately halved. These results show clearly that the ESA
should be included in the laser model. The main reason for the strong influence of ESA is
the long lifetime of the level (*Fa, *H), thus a large population builds up easily in this level
and does not contribute to the amplification process for the *Hs—>H, transition.

Figure 7a shows the calculated population inversion (in ions/m®) as a function of the
pump intensity for a Pr’" ion density equal to 9.46 x 10** ions/m>, for different pump
wavelengths. The results from Fig. 7a clearly show that detuning the pump wavelength
towards longer wavelengths helps reduce the threshold and increase the population
inversion for the *Hs—>H, transition. Additionally, these results show that the maximum
population inversion is achieved at a laser pump wavelength of 4.1-4.15 m. Therefore the
pump wavelength should be selected so that 6gsa > Ogsa between 3.7 and 4.2 pm (see

6—— ——ESAon
4_— - — ESAoff -
4 rd
7

pump: 4 um
laser signal: 4.8 um

Population inversion/ 10°* (ions/m®)

T AL | T AL | T ML |
1 10 100 1000
Pump intensity/ MW/m?

Fig. 6 Calculated population inversion for the 3Hs—>H, transition AN = N, — N in ions/m” as a function
of the pump intensity for pumping at 4.0 um and laser emission at 4.8 pm. Two cases are considered:
(i) without ESA (ESA off) (dashed curve) and (ii) with ESA (ESA on) (continuous curve)

@ Springer



Numerical and experimental investigation of mid-infrared... Page 9 of 15 21

Fig. 4). Note that above 4.2 pm there is strong atmospheric absorption band due to CO,.
Thus, pumping above 4.2 wm is not impossible but impractical. Figure 7b shows the
calculated material gain at 4.8 um as a function of the pump intensity and wavelength. The
results show that the highest gain can be achieved for pumping at 4.1-4.15 pm. Hence the
highest values of gain might be obtained by pumping using an appropriate mid-infrared
QCL, and this also should help to overcome the experimentally observed loss of chalco-
genide glasses in the range of 4.5 pum due to the Se-H impurity absorption band (Tang
et al. 2015a, b).

In order to find optimum laser performance, important parameters such as fibre length,
output coupling, signal and pumping wavelength were thoroughly investigated. Firstly, the
influence of ESA on the laser performance was investigated. The step index fibre (SIF)
structure assumed was a single core, with a radius of 15 um and numerical aperture equal
to 0.4. A fibre with a similar a structure has already been reported in the literature (Tang
et al. 2015a, b). This fibre structure should enable efficient optical coupling of the QCL
pump laser. The fibre modelled (see Table 3) was multi-moded at 5 pm; in practice a few
modes will be guided at 5 pm but through good coupling the number of excited modes can
be significantly reduced (Stutzki et al. 2014). The Fundamental Mode (FM) should have
the highest confinement factor, i.e. the largest optical overlap with the doping region,
therefore in the case of lasing this mode should dominate (Stutzki et al. 2014). The fibre
laser resonator structure considered uses fibre Bragg gratings (FBGs). The reflectivity of
the input FBG for the pump wavelength was assumed to be 0.05 while the reflectivity of
this FBG was assumed to be 0.95 for the signal. The output reflectivity is 0.05 for the
signal and for the pump it is 0.95. The level of losses assumed for all the wavelengths
considered (i.e. at the pump and emission wavelengths) is 1 dB/m. The parameters used in
the modelling are listed in Tables 1, 2, 3 and Figs. 4, 5. These parameters were used in all
simulations, unless otherwise stated (Sakr et al. 2014; So6jka et al. 2014; Sujecki et al.
2015).

Figure 8 illustrates the calculated signal output power as a function of fibre length for
different pump wavelengths. The pump power was set to 1 W. The laser signal wavelength
was set to 4.8 pm. According to numerical simulation this laser emission wavelength
(4.8 pm) corresponds to operation at high power. The results presented in Fig. 8 are
consistent with the results presented in Fig. 7. Both results prove that by detuning the pump
wavelength from the ESA band the laser output power is increased. It can be observed that

6 6
4] e =
i T 4 T
[ e . R -
L Re -7 £ 2l s i
b 0 . s £ 7. Ve
=) / ——39um T, S s
N 7 ‘® O
5 7 T 40pm 5 / —39um
2 4 e 7 o4t um s R V __4‘,-::
< ®7 PR laser signal:4.8 um 3 s s .
c R gnali4.c = 417 i —-=415um
_% sk e laser signal:4.8 um
5 L L
§. -10+ 6
T T ] T T T
1 10 100 1000 10 100 1000
Pump intensity/ MW/m? Pump intenisty/ MW/m?

(a) (b)

Fig. 7 a Calculated population inversion AN = N, — N; (in ions/m>) for the *Hs—>H, transition and
b calculated material gain AN = 6.N;, — 6,N; both as a function of the pump intensity for different pumping
wavelengths and for laser emission at 4.8 pm
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Table 3 Pr3+ doped chalco-

genide glass fibre laser modelling Quantity Value Unit

parameters Ion concentration 9.46 x 10** ions/m’
Fibre length 1 m
Fibre core diameter 30 pm
Fibre clad diameter 200 pm
Fibre numerical aperture 0.4 -
Confinement factor for pump wavelength 0.9 -
Confinement factor for signal wavelength 0.9 -
Signal emission cross-section at 4.8 pm 1.14 x 10 m?

when fibre length increases the output power steadily decreases. This phenomenon can be
attributed to the signal photon flux reabsorption by *H,—>Hs ground state transition and
pump power depletion. Additionally, the laser signal propagating along the fibre is
attenuated by the fibre background loss. This causes a reduction in the output power with a
further increase in the fibre length. The optical-to-optical efficiencies for 4.8 pm emission
with pump wavelengths of 3.9, 4.0, 4.1 and 4.15 pum are 22, 37, 51 and 55% respectively.
Note that the Stokes efficiency limit for a pump wavelength of 4.15 pm is 86% (Quimby
2006). Moreover, from the results presented in Fig. 8, the optimum fibre length can be
estimated. It can be observed that the position of maximum output power shifts to a shorter
fibre length for longer pump wavelengths. This difference is due to the larger pump cross
section for longer pump wavelengths and the weaker ESA contribution which results in a
shorter fibre length and correspondingly smaller attenuation loss. The calculated optical-to-
optical efficiencies reported in the literature for chalcogenide fibre lasers doped with Pr*™,
Dy*" and Tb*" were below 45% (Quimby et al. 2008; Séjka et al. 2012; Hu et al. 2015;
Falconi et al. 2015, 2016). Therefore resonantly pumping shows a clear advantage in
comparison to these previously reported results.

Figure 9 shows the calculated threshold pump power as a function of fibre length for
different pump wavelengths. The thresholds for all cases decreases sharply with an

Pump power=1 W

Qutput power/W

0.60-
0.554
0.504
0.45
0.40
0.354
0.30
0.25 1
0.204
0.154
0.10 1
0.05
0.00

fibre loss=1dB/m
Signal wavelength=4.8 um
7S
T - '\~
/. R
1 ™l
"' e ~ N
L7 ~ U
Loy ~ U~
Fl ~ <
P
e/
b
h

0.0 o

fibre length/m

—— 3.9 um pump
= = 4.0 um pump
-+ - 4.1 umpump

—-=4.15 uym pump

10 15 20 25 30 35 40

Fig. 8 Calculated signal power (A, = 4.8 um) as a function of fibre length with different pump
wavelengths. The result were obtained with input pump power P, = 1 W and background loss of 1 dB/m
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increase in the fibre length; they reach the minimum values of 130, 60, 35 and 30 mW for
pumping at wavelengths of 3.9, 4.0, 4.1 and 4.15 pm respectively, and then steadily
increase with further increasing fibre length. The high pump power threshold for short fibre
length can be attributed to insufficient pump power absorption. For longer fibre lengths the
ground state absorption of the *H,—’Hs transition and a background loss in the fibre
increases the total cavity loss; thus as a consequence the pump power threshold increases.
According to results presented in Figs. 8 and 9 it can concluded that increasing the pump
wavelength away from resonance with ESA has a positive effect on the slope efficiency
and reduces laser threshold.

In order to estimate the optimum lasing wavelength the output power was calculated as
a function of lasing wavelength for various levels of loss (see Fig. 10). The input pump
power was 1 W at 4.15 pm, and the fibre length was set to 1 m. It can be observed from
Fig. 10 that high output power can be generated by the fibre laser for a spectra region
between 4.8 and 5.2 wm. Therefore a prit doped selenide fibre can be considered as a good
candidate for the future construction of a tuneable mid-infrared fibre laser.

In order to illustrate the influence of the output coupling (mirror placed at the opposite
end of fibre to the pump launch end) on the laser performance the output power was
calculated as a function of output coupler reflectivity. Results are presented in Fig. 11.
The optimum fibre length of 1 m deduced from the results shown in Figs. 8 and 9 was
used in this simulation, and a 3 dB/m fibre background loss was assumed for all wave-
lengths. It can be seen that on decreasing the output mirror reflectivity the signal output
power increases. The results presented in Fig. 11 show that the highest output power can
be achieved for an output mirror reflectivity of 0.05 at 4.8 um. However, a laser cavity
based solely on Fresnel reflection at one of the fibre ends (output coupling around 20%)
can ensure a relatively high output power of around 270 mW. Therefore a simple cavity
design, that relies on a highly reflective input mirror and the output reflectivity of 20%
provided by Fresnel reflection, can also be used in order to achieve efficient laser
operation.

To make a more comprehensive analysis of the proposed fibre laser, the influence of
background loss on laser performance is investigated. The background loss is a limiting
factor that hampers the possibility of achieving mid-infrared laser action from selenide

Pump power=1 W
0.30 1 fibre loss=1dB/m

Signal wavelength=4.8 um . u
0.25 -
% .
2 0.201 = .
9] u L] °
o n . )
£ 0.15- . . o s %
3 nm ° 4 4
ke L A X
o 0.10 * o® *’ ® 3.9 um pump
a ° e ® 2 7'y ® 4.0 pm pump
g 0.054 :‘0 '* 4 A 4.1 um pump
= LIV * 4.15um pump
0.00 T

0.0 O. 10 15 20 25 30 35 40
fibre length/m

Fig. 9 Calculated threshold pump powers as a function of fibre length with different pump wavelengths.
The results were obtained with an input pump power P, = 1 W and a background loss of 1 dB/m

@ Springer



21 Page 12 of 15

L. Sojka et al.

fibre length=1 meter
0.6+

o
w
I

Output power/W
o
N
[ ]

©
=
1

0.0 \

pump power Pp=1 W at4.15um

= fibre loss 1dB/m
o fibre loss 3dB/m

4.4 4.6 4.8

5.0 5.2 54

Wavelength/um

Fig. 10 Calculated output power as a function of lasing wavelength. Results are plotted for a fibre with a

background loss of 1 dB/m and 3 dB/m, respectively
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Fig. 11 Calculated signal output power as a function of output mirror reflectivity at 4.8 pm

doped fibres. Selenide glass possesses high optical absorption loss at wavelengths around
4.5 pm due to Se-H glass impurities. However, recently it has been proven that the loss in
this spectral region can be reduced to 1.6 dB/m in the host glass by using sophisticated
glass purification techniques (Tang et al. 2015a, b). Calculated output power and threshold
pump power as a function of fibre background loss are presented in Fig. 12. The fibre
length and pump power are set to 1 m and 1 W, respectively. It can be observed that the
output power and threshold pump power decrease and increase respectively as the fibre
background loss increases. Output power above 100 mW is expected for a fibre loss
<5 dB/m. Therefore, in order to obtain efficient laser operation, the fibre loss should be

reduced below 5 dB/m.
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Fig. 12 Calculated output power and threshold pump power as a function of fibre background loss; all other
parameters (fibre core size etc.) are given in Table 3

5 Conclusions

The performance of resonantly pumped selenide chalcogenide glass fibre lasers doped with
Pr*t was comprehensively studied. Particular attention was paid to the role of excited state
absorption (ESA), which has not been considered previously in the literature on mid-
infrared transitions of Pr°* in selenide chalcogenide glasses. ESA absorption cross section
spectra were extracted using McCumber theory. The experimentally extracted parameters
formed the basis for the numerical model used in this study. The numerical results showed
that ESA had a major influence on the laser performance and that its effect could be
reduced by selecting the pump wavelength so that 6gss > Ogsa. It was also shown that a
resonant pumping scheme using a high power QCL is a better solution when compared
with the best pumping scheme reported so far. The results obtained showed that resonant
pumping allowed for a significant reduction in the laser threshold, and an increase of the
laser efficiency. Furthermore, we showed that knowledge of the ESA spectral distribution
is indispensable when selecting the optimal wavelength for resonant pumping.
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