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Definition of mid-infrared.
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Mid-infrared (MIR) transmitting glasses.
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Selenide fibres.




Motivation: /in vivo cancer detection.
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in vivo tissue:

surface: skin cancer MIR wavelength
deep: e.qg. esophageal cancer.
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Seddon et al. BioOptics World 2016.




(a) Ry U \ (b) R MULTIPHONON
X fotal Ir::s.:-‘./ - LRSI EDGE
c = EDGE
0.5 r X\ experimental) I aow L \\. N
' /i | o WAT
0.3 F ftohal loss I T : /
(estimated) \\ I’ = 10¢ L / A :,
E02 Rayleigh _/\ : ' = o : :
=S scattering loss | S 10 i
~ o s
a infrared : S L W
=0 T absorption lo | % 100 ~ "
ultraviolet AN | N i f’,/ ~
0.05 ffiﬂmhﬂnl°$ ! \ 107 SCATTERING
.. loss due fo imperfechon - I ] 1 4 |
|\, of waveguide \ 18 16 14 12 10 08 06 04 2| 0
ol i e ] 15 (um)
0.02 e 1 T & T 1 }
s i ol bt L | I i i
10 11 12 13 14 1516 18 20 0.63 0.71 0.83 1.0 1.25 1.67 2.5 5.0 10.0

Passive fibre.

Silica fibre:

wavelength / ym

Chalcogenide fibre:

wavelength/ um

Miya et al., Electron. Lett 1979. Sanghera et al. J. Lightwave. Technol.,

1996.




Passive fibre. * Tang et al. Opt. Mat . Exp. 2015.

Record low-loss in Ge-As-Se fibre 83 dB / km.
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Nonlinear fibre. «  Petersen et al. NAT PHOTON 2014.

A major achievement in MIR supercontinuum generation in
fibre from 1.4 um to 13.3 um spectral range,
to cover the fundamental biomolecular absorption bands.
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Nonlinear fibre. « Petersen et al. NAT PHOTON 2014.

A major achievement in MIR supercontinuum generation in
fibre from 1.4 um to 13.3 um spectral range,
to cover the fundamental biomolecular absorption bands.
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Nonlinear fibre.
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Mid-infrared supercontinuum covering the
1.4-13.3 pm molecular fingerprint region using
ultra-high NA chalcogenide step-index fibre
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e Petersen et al. NAT PHOTON 2014.

Nonlinear fibre. «  Dantanarayana et al. OPT MAT EXP 2014.

Record wide mid-infrared SC in fibre:

- we achieved with specially engineered,
high numerical aperture, step-index
MIR fibre.




e Petersen et al. NAT PHOTON 2014.

N on | I near fl b re. * Dantanarayana et al. OPT MAT EXP 2014.

Schematic preform, made via extrusion.

Fibre-draw to
small-core fibre.

Core diameters aimed
at: 10, 15, 20 um

. Outer cladding tube >
OD 10 mm
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e Petersen et al. NAT PHOTON 2014

N O n | I n ear fl b re . . Dantanaraya/;a et al. OPT MAT E).(P 2014.

Refractive index dispersion of core and cladding glasses, to make
high numerical aperture, chalcogenide step-index mid-infrared fibre.
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Luminescent fibre.
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Sanghera et al. IEEE J Selected Topics in Quant. Elect 2009




Luminescent fibre. . Sakr et al. OPT. EXP.22 2014.

Maximum errors are: (1,3&5): Pr3+ peakS at 204, 16 and 1.45 l.lm
7+ 30 ppmw and respectively for Ga- glass; blue line.
#0.0003 cm™. um band area. (2,4&6): Pr3* peaks at 2.04, 1.6 and 1.45 um

respectively for In- glass; red line.

0.2 ~

018 A ’/'. (1&2)

0.16 -
0.14 -
0.12 -
0.1 -
0.08 -
0.06 - (5&6)

0.04 -

0.02 -

0 500 1000 1500

Pr3* absorption band area / (cm™. um)

Pr3* concentration / (ppmw)

Beer-Lambert plots of Pr3+ solubility limit in selenide glasses.




Luminescent fibre.

Mormalized PL intensity / a.u.
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Tang et al. OPT. MAT. EXP. 5 2015.

Mormalized intensity
Single exponential decay of 7.8 ms
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Near-field images, multimoded at 1.319 um.

First reported long PL
lifetime in small-core
selenide fibre.

=7.8 msat4.7 umin 500 ppm

Pr3*doped selenide chalcogenide
fibre with 10 um core-diameter.




Luminescent fibre. - Tang et al. OPT. MAT. EXP. 5 2015.

Spectrum 3
CLADDING

. SAED (selected
ANTERFACE area electron
diffraction)

: showing no
"CORE devitrification of
v 20 22 - 24 25| gmall-core fibre.

Energy / keV

Intensity / normalized counts

‘Needle in haystack’
small particle
identified composed
of S (cladding) and Se
(core) glass.




Luminescent fibre. . Tang et al. CERAM. TRANS. 2012.
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LumlneSCent flbre - Seddon et al. ICTON 2016.
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Lumlnesce Nt flbre « Seddon: paper in preparation..

Multiphonon decay competes with photoluminescence:

; 1500 nm purmo
1600 nm pumpo
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311 et ——

1940 nm pump

3
H.
Pr3+ energy levels in a selenide

chalcogenide glass host.
Dieke & Crosswhite, Appl. Optics 1963.



Luminescent fibre. . Sojka et al. OPT. QUANT. ELECTRON. 2017.
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Luminescent fibre. -

fibre background loss fdBm
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Sojka et al. OPT. QUANT. ELECTRON. 2017.

Calculated output power and threshold pump power as a function of
fiber background loss: 500 ppmw Pr3* selenide fibre.




 Record low loss Ge-As-Se passive fibre.

* Record MIR supercontinuum span for As-Se/ Ge-
As-Se nonlinear fibre.

e First long lifetime in small core rare earth ion
doped Ge-As-Se Ga/ln luminescent fibre.

MINERVA

improved medical diagnostics
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Mid-infrared narrow-line rare earth fibre lasers.

Building on the comprehensive studies of
rare earth ion emission in chalcogenide bulk glasses:

Sanghera [IEEE J. Quant. Electron. 2001) including fiber
Heo [J. Non-Cryst. Solids 1999; 2007]

Tanabe [J. Non-Cryst. Solids 1999]

Adam [Opt. Mat. 2008] including fiber

Frumar [Mat. Lett. 2008] and

Aitken and Quimby [J. Non-Cryst. Solids 2003; CR Chemie 2002]

and also the rare earth ion modelling work of the
Groups of:

Prudenza [J. Non-Cryst. Solids 2009]
Hu and Sanghera [Opt. Lett. 2015]

Quimby and Shaw  [/EEE Photon. Lett. 2008] and
Sujecki et al. [Opt. Mat. Exp. 2012 etc.]



Overcoming the low solubility of rare earth ions in

chalcogenide glass hosts:
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The Uniwwi ity of
' | Nottingham

Experimental Beer-Lambert plots of Pr3* doped

Mid-Infrared Photonics |l

- Grou
BULK selenide glasses. oG it
Faculty?)fEngineering
+ 30 ppmw and respectively for Ga- glass; blue line.
#+0.0003 cm™. um band area. (2,4&6): Pr3*peaks at 2.04, 1.6 and 1.45 pum
respectively for In- glass; red line.
0.2 -
018 4 ”/'. (1&2)
— 0.16 -
£
3 0.14 -
- | _® (3&4)
§ 0.12 -
~ 0.1 -
[4+]
% 0.08 -
2 0.06 - (5&6)
3
p 0.04 -
i)
8 0.02 -
o
B 0 T T ]
:U 0 500 1000 1500
& Pr3* concentration / (ppmw)

Beer-Lambert plots show Pr3* solubility limits.
Sakr, Seddon et al. Opt. Exp. 22 2014.



Ref.:
“Chalcogenide glass-fiber —based mid-IR sources and applications.”

JS Sangera, L B Shaw and | Aggarwal.
IEEE J Selected Topics in Quant. Elect 2009
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Rare-earth-doped chalcogenide (Ge-As-Ga-Se) glass mid-IR transitions in
the 3-5 micron window and the ~ 8 micron transition of Th3*.



Multiphonon decay competes with photoluminescence.

1940 nm pump I l
I
3
H: .
Potential
45um |
radiative |
3 emission.
H.

Pr3* energy levels in ‘isolated ion’.
Dieke & Crosswhite, Appl. Optics 2 1963.



Very low phonon energy

Data from Nottingham:
Sojka et al. Opt Mat Exp 2012
and

Tang et al. Opt Mat Exp 2015

of selenide mid-IR fibre.
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Simplified Pr3* energy diagram

in Se glass host: transition rates shown.

5 — Sojka et al.
Opt. Quant. Electron. 2017.
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FPL intensity [3.4]

First reported resonant pumping at

4.15 um wavelength gives excited state absorption.
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Sojka et al. Opt. Quant. Electron. 49 2017.
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First reported resonant pumping at

4.15 um wavelength gives excited state absorption.

absorption cross section 3H‘—";-:*HE— E5A (Ground state absorption)

— — absoprtion cross section H-=CF_"H- ESA (Excited state absorption)

=
=
[
—_
—
(.
=
i
1]
L]
(i}
L]
(.
|-
i

1.4 4
| r
1.2- ~
I~ \
1.III—_ i .
I ] .
0.5 Sojka et al. Opt.
I
- : ESA 1'.. GSA Quant. Electron. 2017.
- 1calc. using [ Mmeasure
0.4 'McCumbery & H-5e
1 y “ removed
0.2 N
- Y
0.0 +—=— . : ! ———— | - |
3.0 3.5 .0 .5 2.0 2.9
Wi Zvelengthlpm

AB Seddon June 2017



Mid-infrared (MIR) photonic sensing: bright MIR-SC fibre sources.

Near-field imaging of the small-core fibre (FOO6MINSCGNM)

at 1463 nm and 10 mW input power from a semiconductor tuneable laser.

I

50 pm

L

20 pm

(a) launching into the 14 um core of the 270 um outer diameter SCG fibre and
(b) focusing laser input to the 14 um core of the 270 um SCG fibre.

C.R. Petersen, O. Bang, A.B. Seddon et al. NATURE PHOTONICS 8 830-834 2014.



. . e Petersen et al. NAT PHOTON 2014.
N 0) N I 11 ear fl b re. * Dantanarayana et al. OPT MAT EXP 2014.

High-NA and zero dispersion wavelength of chalcogenide glass
step-index mid-infrared fibre for wideband MIR-SC.
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