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Gallium lanthanum sulphide basedglassesare proposedas high quality hosts for rareearth
doped, mid-infrared fike lasers,that would offer compact and rugged sources for gas
sensing, atmepheric transmission, and medical applicaonThe infrared emission
spectroscopyf emium dopedglassesand fibres shows the potential of this glass host for
the above applications. Mid-infrared transitions at 2.0,.25, 3.6, and 4.5um have keen
detected and characterized.

1. Introduction

There is considerableinternational interestin develging mid-infrared (MIR) laser sourcesfor gas
sensing, atmospheric transmission, and medical apgications. Many characteristic absorpion
‘fingerprints’ of gasesand vapours lie inthe 2-5um wavelength range, as do the atmospheric
transmission windows. Our work targets specific wavelengths for these applicatiols such as
4.3um emission from Dy for CO, detection,4.7um from PP* and 4.8umfrom Tb** for CO and O;
detection, 3.4um from Pr* for CH, detection, and 3.9um emission from HY for atmospheric
trarsmission. Diode pungul rare-earth gued fibre lasers wald offer compact ancefficient

alternatives to the either relatively weak, or very complex MIR sources currently availebswch as
thermal emitters, gas lasers, OPO’ssemiconductor lasers.

A fibre laser geanetry is advantagea as the waveguiding gives good overlap of pump and
laser modes, and the pumpintensity is high, reducing the treshold, andincreasingefficiency. A
prerequisite foithe rare-earth host material idaav phona energy leading toMIR trans@rencyand low
non-radiative decay rates and therefore high quantum efficiency of radiative transitions. Conventional
silica fibres do not fulfill theserequirementdeading to a need for new host materials with lower
phonon energieshat mustalso be suitable for fibre drawing. Mid-infrared transmitting fibres
are currently either fluorozirconate based, witthe disadvantages of beimggroscopic,and havilg a
relatively small transmissiomvindow (~1-3um), 0 As,X3 (X= S, Se etd.based withthe disadantageof
toxicity shouldthe fibre burn or degra@, and low rare-earthsolukility. Our approachto MIR lasers is
based on stable, non-toxiand non-tygroscopicchalcogenideglassesbasedon gallium and lanthanum
sulphideswith the molar composition70GaS::30L&S; (GLS), and 70GaS;:30La0; (GLSO), both of
which have beendrawn into fibre successfully[1] They havea low phononenergy(425cm® for GLS)
and a wide transmission wiog that extends to beyond 8um with an absolagsminimum around 4um.

2. Glass properties.

Starting materials of Gg5;, La,S;, or LaOs; powders are batchedand mixed, before transferrimy
to a vitreous carboncrucible in a silica tube. Melting is done at 1150F°C for sever-al hours to give a
homogenous glass ingot upon quenching. For thermal analysis 30g test melts are produced, which also give
enough glass for small bulk glass samples to be cut and polished from. These are used for spectroscopic
measurements. Fibre drawing is done by a rod-in-tube method, for which 220g ingots of glass are produced,
cut, and optically polished into rods and tubes. Fig. 1 shows a glass ingot, some polished tubes, and a tube
that has been stretched into a cane for insertion into a tube.



Fig. 1. A photograph of GLS glass; a 220g ingot, some polished rods (110mm x 8mm), and a drawn ‘cane’.

Thermal analysis iperformed using a Perkin-Elmer DTAGr transition temperaturesand for
viscosity measurements a Perkin Elmer TMA7 is used, whiels been adapted forparallel plate
rheometry. It idest to perform fibrelrawing at temperaturagell belowthe crystallisation temperature of
the glass. To this end a simple test of the thequality of a glass with respect to fibre drawimgy be
measuredy the separation of thérawing temperature (T the temperature at which téscosity~10°
poise)andthe peak crystallisation temperature (T A large valuefor T,- T,, would give a glasshat is
moresuitable for fibredrawing. FOrGLS T, T,=46°C, andfor GLSO T,-T,=13CC. ThismakesGLSO
an easier glass to dramto fibre without crystallisation. A typical cross section al@ubleclad uncoated
GLSO fibre is shown in Fig. 2.

Fig. 2 Cross secton of adouble clad uncoaied GLSOfibre.



Minimum losses of about 4dBmat 4um have been achieved in unclad GLSO fibfés
attenuation spectrum is largely flat over a wide wavelerapige. Thdoss inthe 1-3ym region of the
spectrum hasa complex dependence owavelengththat is acombination ofabsorptions from
transition metal impuritiesand scattering effects. Transition metal absorptionsin GLS based
glasses have been measurediftgntionally doping the glassvith transistion metals, toidentify
individual contributions oftransition metal ions to thematerials loss. Irthe 3-5um region the
absorption comegrimarily from scatteringfrom inclusions, crystallitesand bubbles,and from OH
impurity introduced bythe LaO;. It is anticipated thatpurification of thestarting materials will
improve the loss considerably byemoving the absorptions from transition metalsd also reducing
the number of nucleatiosites for crystallization, and hence the scattering loss. [2]

Theseglasses haveseveral advantages ovether glass materials as rare-earth hoste
solubility of rare-earth iongs extremely high due to the presence of lanthanum as afgtassr, and
the emission cross sections oére-earthlevels are enhanced by thkigh refractive index (n=2.4
for GLS, 2.2 for GLSO). Combined withlthe low phonon energythis potentially givesaccess to MIR
transitionsfor lasers. We havehosenthe erbium ion asn example to show the effect of the glass host
on the spectroscopy of the incorporated rare-eanth

3. Mid-infrared spectroscopy of erbium doped GLS glasses and fibres

The trivalent erbim ion (EF*) is probablythe mostwidely studied rare-eartopant inglassfibres due
to the success ofthe EDFA (ErbiumDoped Fibre Amplifier) in silica basedglasses. [3] EDFA's
make use ofthe 1.55pm transition from the®l,s, level to the groundstate (Fig. 3). In silica
glassesthe “l.5, level is the only metastable levelith a typical lifetime of 10ms whereaall the

higher lying levels showlifetimes shorterthan 10us. Thehigh phonon energy othe glass host
causedarge non-radiativedecayrates forlevels with small energygaps to the next lower levahd

guenches emission from these lev€liangingthe host material from silica to a material witlwer

phonon energies considerably chantiesspectroscopic properties of the embeddé&dins.
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Fig. 3. Absorption spectrum &7mol% Er** doped GLS glass
and Ef energy levels indicating the infrared transitions



For spectroscopic measurements the Er’* ions were excited at 660nm (*Fo,) with a DCM dye
laser and at 810nm (*ly,) with a Ti:sapphire laser. Fluorescence spectra were measued with a
300mm monochromatoand a liquid nitrogercooled InSb detector. Théluorescence was collected
from the end of thefibres and from the side of the bulk sampléoth dogd with 1.57mol% E¥.
Spectra were corrected feystem respnseand atmasphericgas absorptions using a blaedy source.
Fig. 4 shows fourinfrared Ef* emission bands &0, 2.75, 3.6, andt.5pm. Theinhomogeneously
broadened emissiotine shapestypical for glass losts, offer the possibility of wide wavelegths
tunability. Nore of these would bebservedin silica glasses or otherigh phonon energy host
materials.
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Fig. 4. Fluorescence spectra of 1.57mol%% Hoped GLS glasses and fibres

a) 2.qum and 2.78m emission from 3.9cm of 2ién diameter fibre pumped with 60mW at 660nm
b) 3.6pm emission from 8.6cm of 2{in diameter fibre pumped with 70mW at 660nm

¢) 4.5um emission from a bulk glass sample pumped with 570mW at 810nm

Judd-Ofelt calculationsind lifetime measurements for Erdoped GLS glass are
given inRef. 4. We usethe given electriand magnetidipole contributions, & and Ang,
of the radiative transition rate A =&+ A,q and the radiativandmeasured lifetimes, and
Tm to calculate the branching ratiBs= A x 1, and the quanturefficienciesn = 3 x 1,/1, for
the abovetransitions (Table 1). The emissionoss sectiong,, were calculated from the



radiative rates Aand the measuradtensity spectr{A) using the Fiichtbauer-Ladenburg equation
as given inRef. 5:

AN°I(N)
8mchA I(A)d\

The refractive indx nis 2.36for all four transitios. Table 1summarises theadiative
properties bthe four infrared transition

Oem(M) =

Tabe 1. Radiativeproperties bmid-infrared transitions in Bf doped GLS glass
(Aca Ama Tr, @and T, from Ref. 4)

Transition A (um) Aed(S) Ama(SY) B (%) T, (US) Tm (US) N (%) Gem (102° cnf)

*Fo - Yl11p  2.02 249 18 37 140 100 2.6 1.52
*Forp - Ygp  3.62 21 8 0.4 140 100 0.3 0.43
YNopp - 11, 4.53 4 4 1.0 1200 590 05 0.25
Nz - Yz 2.74 70 26 14.7 1530 1230 11.8 1.10

The values inthe secondand third rows are in good agreement with the resulteported
recently by L.B. Shaw et. al who obtained branching ratios of 1% both for the ar&um.5um transitions
with measured lifetimes of 100us and 500ps amolss sections 00.45x10°%cn? and 0.25x10%%nt,
respectively, in an Bt doped barium indium galliungermanium sulphide glass. [6]

The measured lifetimesfor the 0.0158md% Er** doped samples from Ref. 4 do nobrrespond to the size
of the energy gaps to the next lower lying level, i.e. the lifetime of the *lg12 level is longer thanthe
lifetime of the*Fq/, level athough the energy gap is smallerThis clearly indicates that the decay rates are

dominated by the radiative decay and that non-radiative rates are very low in GLS glasses.

Neverthdess, quantum efficiencies are relaively low due to the low branching ratios i.e.
strong compeing visible and near-infrared transtions from the same levels. However, the
demonstration of lasing on the 3.6um transtion in an Er*" doped fibre based on a fluorozrconate glass
with less fawourable spectroscopic propertties (lower radiative rates and higher non-radiative rates)
shows the potential for mid-infrared fibre laserdasd on GLS glass [7] A first step towards the
realisafon of these devices was the recent demamdration of the first rare-eartidoped chdcogenide
glassfibre laser in a Nd** doped GLS glassfibre at 1.08um. [8]

Radiation at 2um finds application in LIDAR systems, radiation at 2.75um coinddes
with a strong water absorption in tissueand is used for media@l appications, the 3.6um trangtion could
be ussful for H,S, NO, and SO, sendng or remote sensng depending on the wavekmgths it is tuned to,
and he4.5um transtion could find use asCO and O; gassensas whentuned to 4.7um.

In conclusion we present the fabrication and specroscopy of Er* doped galium lanthanum
sulphide based glas®s ard fibres showing the suitahility of this glass host for rare-earth doped mid-
infrared fibre lasers
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