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Long-wavelength glasses for the mid-infrared:
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BS-1SO standard: the three spectral regions
are defined as:

* near-infrared (0.78-3 um)

* mid-infrared (3-50 um)

* far-infrared (50-1000 um)

British Standards Institution, BS ISO 20473:2007
Optics and photonics. Spectral bands. 2007, checked 2015, BSI. p. 10.
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Atmospheric transmittance over a 6000 feet sea-level path
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Two important atmospheric windows:

* 8-14 um LWIR Long wave infrared window.

Savage, “Infrared Optical Materials and their Antireflection Coatings,” Adam Hilger, Bristol, 1985.



Mid-infrared energy is emitted or absorbed

by molecular species when their

vibrational (-rotational) state changes.



Symmetric stretching

Bending

Asymmetric stretching
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Szigeti:

Planck:

v oc (f/m)1/2

v = frequency of simple oscillator.

fis (chemical) bond force constant.

m = (m;m,/(m;+m,)).

E=hv

E = photon energy.

h = Planck’s constant.
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v = frequency of simple oscillator.
fis (chemical) bond force constant.

m = (m;m,/(m;+m,)).

Planck:
E=hv

E = photon energy.

h = Planck’s constant.
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Mid-infrared light beam

Globar

Mid-infrared
wideband
light source



Mid-infrared light beam
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Increasing wavelength of mid-infrared light
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Increasing wavelength of mid-infrared light
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MINERVA European Consortium 2012-2017:

improved medical diagnostics

Mid- to NEaR infrared spectroscopy for improVed
medical diAgnostics

The 12 Project Partners are a mix of academics, medical scientists & industrialists:
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MINERVA European Consortium 2012-2017:

improved medical diagnostics

MId- to NEaR infrared spectroscopy for improVed medical diAgnostics.

Two specific high impact mid-infrared
applications being addressed:

1) high volume pathology mid-infrared screening;

(i.e. automated microscope-based examination of samples)

2) in vivo, remote, real-time skin surface examination.

(i.e. non-invasive investigation of suspected skin cancer)
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New high resolution MIR imaging

in 2016 -
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MIR imaging: MINERVA

. . improved medical diagnostics
based on MIR absorption of tissue

FTIR based cluster image FTIR based cluster image

Conventional resolution (5.5x5.5 pm? pixel size) High-resolution (1.1x1.1 pum? pixel size)

1.4 mm

Nick Stone et al. Analyst (2016) . (MIR is mid-infrared)


http://minerva-project.eu/
http://minerva-project.eu/

Comparison with conventional
imaging of excised tissue:



Comparison with conventional
imaging of excised tissue:

Histologic image FTIR based cluster image FTIR based cluster image
(Normal colon tissue) Conventional resolution (5.5x5.5 pm? pixel size) High-resolution (1.1x1.1 um? pixel size)

1.4 mm




How was this MIR imaging of tissue captured?

FTIR based cluster image FTIR based cluster image

Conventional resolution (5.5x5.5 pm? pixel size) High-resolution (1.1x1.1 um? pixel size)

1.4 mm




How was this MIR imaging of tissue captured?

Grid of
Tissue
sample detectors 100
Synchrotron
MIR beam
{} FTIR MIR :
OR micro- :
{} scope m
MCT-FPA
Blackbody e.g. 128x128 0
MIR source pixels Full MIR spectrum
recorded
at each pixel
of FPA

*Source light: pass through Ft-MIR spectrometer, onto tissue in MIR microscope.
*MCT-FPA (HgCdTe- focal plane array) detector captures full spectrum at each pixel.

 Spectra treated statistically to yield molecular discrimination across the tissue.
Mathematically group similar spectra, assign color codes to form an objective

map, free from subjective assignment.
Seddon et al. BioOptics World 2016.



MINERVA European Consortium 2012-2017:

improved medical diagnostics

MId- to NEaR infrared spectroscopy for improVed medical diAgnostics.

Nottingham is fabricating active and
passive mid-infrared fibreoptics for this:

2) in vivo, remote, real-time skin surface examination.

(i.e. non-invasive investigation of suspected skin cancer)
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(/1) Portable, real-time,

MIR sensing
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Globar: the
ubiquitous blackbody
wideband MIR
source —heat
electrically:

- is
weak!

Used in Ft-MIR - based on Michelson interferometer with moving
mirror. (Entire MIR spectrum collected at one go, then Fourier
transformed to deconvolute the sample absorption at each

wavelength.)
*, ~

4



Consider the Synchrotron MIR light source:
- parallel beam of few mm diameter
- high brilliance
- wide-band

- can give unique molecular identification.

Electron Beam Energy . 3 GeV
Circumference - Sforage 'lii/; 4 J.-» 561.6 m

Dipole field ek i — 14T

Beam current - - —~\“ 4~ } ' ‘ * 300 mA (500 mA)

BT Wiy TS T o 74 2 74 nm l"Gd (hOIL’)
Beamemitfance, I 7L oo (ver)

Beamlifetime = [ et ;;pmh(zor\)







Preliminary MIR spectrum of cell collected through
single MIR fibre:
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High Brilliance of Synchrotron Source.
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The Synchrotron MIR light source:
-is high brilliance,
-is wide-band,
-gives unigue molecular identification

but it is not 0.5 km circumference
portable! storage ring

*
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MIR photonic molecular sensing:

e direct

* non-destructive

* |abel-free

* no fluorescent tag

* sensitive

* high contrast

* quantitative

e fast acquisition times

* widely applicable

* use fibres and planar waveguides
 distributed fibre sensing possible



MIR PORTABLE, REAL-TIME sensing & imaging is
potentially disruptive for:

Healthcare (early disease detection, bacterial detection, coherent
imaging)

Manufacturing (plastics)

Chemical processing (oil fractionation)

Energy production / use (fuel efficiency)

Security (explosives, narcotics)

Environmental monitoring (H,S CO, +many gases)
Agriculture, aquaculture (fruit crop ripening; bacterial)

Food and drink (authenticity & adulteration)

Pharmaceuticals and cosmetics (purity)

MIR fibre lasers:

Defense: MIR “radar” (collision avoidance , ship-to-ship comms.)
Machining and welding of soft materials (laser surgery)



For this we need:
* MIR passive fibre for routeing

* Bright, portable, wideband, MIR source

1
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Mid-Infrared Photonics
Group
George Green Institute for
Electromagnetics Research
Faculty of Engineering

fibre routeing in mid-infrared:

Record mid-infrared ultra-low optical loss
mid-infrared fibre:

* we have achieved GeAsSe fibre with
84 dB/km loss at 6.6 um wavelength

* MIR transmission through 52 m fibre.

Tang, Seddon, Shiryaev, Churbanov et al. Opt. Mat . Exp. 2015.
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MINERVA

improved medical diagnostic:

Record low-loss in Ge-As-Se fibre: 52 m transmission:

7 300 . .Se—H!I
81 o 250 -\S.""x\ " S?-H
| S /
7 _ ,--\,_.\J,‘ | ..-"f Il'l."l
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Tang et al. Opt. Mat . Exp. 2015.
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Typical ultra-low loss data for chalcogenide glass
MIR fibre based on different elemental systems.

Glass system | fibre structure Minimum loss | Wavelength Reference
/ (dB/km) / (um)

Two element systems

core/clad 12 3.0 Churbanov et al.
unclad. 76 4.0 Churbanov et al.
unclad. 100 6.6 Adam et al.
Three element systems
unclad. 40 6.7 Adam et al.
unclad. 50 2.3 Adam et al.
core/clad. 60 4.8 Churbanov et al.
Ge-As-Se unclad. 83 6.6 Our work Tang, et al.

Four element systems

unclad. 100 2.8 J Troles et al.
Ge-As-Se-Te unclad. 110 6.6 J Sanghera et al.
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* MIR passive fibre for routeing

* Bright, portable, wideband, MIR sources
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What about using MIR-QCLs?

MIR-QCL — Mid-Infrared Quantum Cascade Laser
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% Transmilaslon

E=

/ /"’ ‘
Waveguide

Evanescent field detection

Wavenumber / cm?

5.8 um
QCL

5.8um= 1724 cm

Chang et al. ‘Cocaine detection by mid-IR waveguide’

Lab Chip 12 (2012) 3020

Fluid
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QCLs have high brilliance,

- but are narrow band,

- SO give hon-specific
molecular identification




Wavenumber / cm?

5.8 um
QCL

5.8um= 1724 cm
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* The QCL misses the rich spectral signature.
* Need arrayed, tuneable QCLs for high specificity.
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Photonic crystal fibre (PCF) for
super-continuum (SC) generation:

Total SC power out 6.5 W
10-W peak pump power
Repetition rate 50 MHz
Average spectral power

density 450-800 nm
~4.5 mW/nm

Silica glass PCF-SC

P. St.J. Russell, J. Lightwave Technol (2006). >



We need 2 3-12 um to capture MIR

molecular signatures:

Seddon. J. Appl. Glass Sci. (2011).

+10

0

-10

-50

Spectral density / (dBm /nm)
W
=

-60

- (i) SC source
(ps fibre pump laser) #

(ii) SC sourc
(ns microchip
pump laser)

Silica glass
fibre

Wmlncapdescentlamp | | |

(iii) SC source
(2.5 pum, fiber based
pumping)

Chalcogenide
glass fibre

1000 2000 3000 4000 5000 6000

Wavelength/ nm

(i)(ii) P. St.J. Russell, J. Lightwave Technol 24 (12) 4729-4749 (2006). (iii) Sanghera et al. SPIE 7924-24 (2011,



Supercontinuum generation (SCG) in bulk glass —
15t reported by Alfano, 1970

15t SCG in PCF (photonic crystal fibre) — Ranka et al., 2000

SCG: monochromatic laser light converted to broad spectral
bandwidth, of low temporal coherence and high spatial
coherence — a ”laser generated rainbow”.

Spectral broadening achieved by propagating short, high
power, monochromatic optical pulses through an optically
nonlinear medium, at zero point dispersion A.

Optical nonlinearity of chalcogenide glasses is

~ 1000 x Silica gIaSS. Zackery & Elliott: Optical Nonlinearities in Chalcogenide Glasses and their
Applications (Springer Series in Optical Sciences 135, New York, USA, 2007).



MINERVA

improved medical diagnostics

Numerical modelling:
mid-infrared (MIR) fibre supercontinuum (SC) generation

| = 3 m fibre

< v v = Core-diameter=20 um
0 : —10ps| = Mode-locked Pr3* chalcogenide-
| : ---40ps, fibre-laser (does not exist yet !)
= Ps pump, 1 kW peak power

- modelled 2-12 um
fibre MIR-SC to cover
".;\‘-‘t‘ absorption bands of
IR key bio-molecules.

8 10 12 14 16
Wavelength [um]

Led by O Bang, DTU, Denmark

15t announced: Numerical Modelling Conf. Hawaii, 2013.

PowerSpectralDensity [mVW/nm]

- -a----a-

N -

2 4



http://minerva-project.eu/
http://minerva-project.eu/

MINERVA

improved medical diagnostics

Record 1.3 to 13 um mid-infrared fibre
supercontinuum now achieved.

Microbolometer

Monochromator L

* Mid-infrared pump = a non-co-linear difference frequency
generation (NDFG) unit pumped using an optical parametric
amplifier (OPA) .

* Qutput was free-space coupled into the chalcogenide fibre
and proper coupling verified by means of a micro-bolometer.

Bang, Seddon et al. NATURE PHOTONICS 8 830-834 2014.
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MINERVA

improved medical diagnostics

Mid-infrared fibre SC - pump centred at 4.5 um.

0
m -10
=
£ 20
c
g
€ =30
1.7
2
S 13
@
2
a
2 09
g
g 05 O B
=
o ~20 pm
0.1

7 1 12 13 14

Wavelength (um)

1.4-11.5 pm mid-infrared SC

(a)Spectral profile at max. pump power - relatively flat (1.91 —9.84 um at — 20 dB from the signal
peak) with 3 distinct peaks forming at the long-wavelength edge until ~ 11.5 um.
(b) The spectral evolution with increasing pump power with gradual red-shift of the distinct
spectral peak.

1 8 9 10

Inset shows the output beam profile corresponding to spectrum in (a) for all wavelengths (left)
and wavelengths > 7.3 um (right).

Bang, Seddon et al. NATURE PHOTONICS 8 830-834 2014.
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Mid-infrared fibre SC - pump centred at 6.3 um.

0 : I ! I : I ! I : I ! I : I | I ! | I ! I
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4.1
3.3
2.5
1.7
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0.9

0.1
1 2 3 4 5 6 7 8 9 10 1 12 13 14

Wavelength (um)

Record: 1.3—13 um mid-infrared SC

(a) Spectral profile at max. pump power - relatively flat (1.81 — 10.73 um at — 20 dB) followed by
a strong spectral peak to 13 um and

(b) spectral evolution with increasing pump power, with gradual red-shift of the distinct
spectral peak & corresponding blue-shifted dispersive wave peaks.

Inset shows the captured beam corresponding to spectrum in (a) for all wavelengths.

Seddon, Bang et al. NATURE PHOTONICS 8 830-834 2014.
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Mid-infrared supercontinuum covering the

1.4-13.3 pm molecular fingerprint region using Pem&mm

ultra-high NA chalcogenide step-index fibre
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lacabk Ramzays, Trevar Bensan®, Slavea mir Sujeck ™. Ma il A bdeFManein®, Zhuagqi Tang™
Cavid Furns®, Angela Seddan® and Ole Bang!
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Entering the mid-infrared
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supercontinuum sources that reach
beyond a wavelength of 10 microns
is set to have a major impact on
spectroscopy and molecular
sensing.”
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Record wide mid-infrared SC in fibre:

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

Dantanarayana et al. OPTICAL MATERIALS EXPRESS 4(7) 1444 2014.
Bang, Seddon et al. NATURE PHOTONICS 8 830-834 2014.
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Drawn-down final-SC-fibre
small-core

Schematic diagram preform, made via extrusion.

Core diameters aimed
at: 10, 15, 20 um

141 pm-

« Outer cladding tube >
OD 10 mm

15. l n R e T ’774|

2pumT
AceV SpotMagn Det WD p—————— 5um
30.0kv 50 11500x BSE 10.1




e MINERV/2
improved medical diagnostic:

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

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

I_I (a) (b)
20 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.
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Mid-Infrared Photonics

Grou p Sunlig
George Green Institute for
Electromagnetics Research
| Faculty of Engineering

MINERVA

improved medical diagnostic:

Refractive index dispersion of core and cladding glasses, to make
high numerical aperture, chalcogenide step-index mid-infrared fibre

D
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E 27|
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Wavelength (um)

Dantanarayana et al. Opt. Mat. Exp. (2014)
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Mid-Infrared Photonics

1
INERVA
George Green Institute for p - . .
Electromagnetics Research improved medical diagnostic:

| Faculty of Engineering

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

Egl.h,}.,.,.,.,.,.,.,.,.,.,.-1.[]1
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e i
£ =100 11
€ | 2
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Wavelength (um)

Dantanarayana et al. Opt. Mat. Exp. (2014)
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MIR SCG chalcogenide fibre sources reported, arranged in order
of decreasing output wavelength-span.

MIR SCG

fibre design

MIR SC span / um

MIR SC
average power out

Pump

laser IS

/um
Pulse width
/fs
Pulse rate
/kHz
Peak power
/ kW
Av. pump
power

Year , Authors

o SIF, NA=1.0

e core/cladding =
AsSe/GeAsSe

e corg: ¢ ~“16um
° 5

1.4 to 13.3

‘few 100 pW

OPA pumped NDFG

6.3
100
1
2290

~760 W
2014 MINERVA

long o2 m long
1.7t07.5 1.9to4.8%

1.8 to 10 25t04.1 3.65to04.9"
‘few’ mW 15.6 MW 565 mW 550 mW 5 mW
Raman- Yb:KGW— Nd-YAG
shifted OPO —0PA micro-
. . .
customized OPA Er>* SiO, chip
OPA mode- pumped
locked PPLN
fibre laser
4.0 4.4 2.45 3.8 (& others) 3.82
330 £15 320 - 300-450 -
21,000 21000 10,000 (Pulse energy 20
13 nJ)
~3 5.2 > 3.5 : >2
40 mW 100 mW 1.4 W 1W 30 mW
2015 CUDOS 2015 Bang 2012 NRL 2015 Giessen 2014 NRL



MIR SCG chalcogenide fibre sources reported,

arranged in downwards order of output wavelength-span.
o SIF, NA=1.0 . oSIF, NA = |eSIF, NA=0.3
e core/cladding = 0.3 e core/cladding

MIR SCG AsSe/GeAsSe i ecore/cladd | =’AsS’

ecore: ¢ ~16um : ing="AsS’ |ecore:

fibre design|-ss mmiong = . P

long 2 m long

VLGS e e PA N 1.4t013.3 1.5t011.7 1.8t010 1.7to7.5 1.9t04.8* 2.5t04.1 3.65to 4.9
MIR SC

‘few 100 pW ‘few' mW  15.6 mMW 565 mW 550 mW 5 mW
average power out

Raman- Yb:KGW— Nd-YAG
shifted OPO —>O0PA micro-

customized Er3*SiO, chip
OPA pumped NDFG OPA OPA mode- pumped
Pump . locked PPLN
| fibre laser
aser Ce/”ﬁ: A 6.3 4.5 4.0 4.4 2.45 3.8 (&others)  3.82
P”'S‘jf‘;‘”dth 100 330 +15 320 . 300-450 -
Pulse rate (pulse energy
s 1 21,000 21,000 10,000 20
Peak power -
P 2290 1250 3 5.2 >3.5 - >2
AVPUTD 760 pW  ~350 W 40mW  100mW 1AW 1W 30 mW

power

2014 Minerva 2015 CUDOS 2015 Bang 2012 NRL 2015 Giessen 2014 NRL
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High Brightness 2.2-12 pm Mid-Infrared Supercontinuum Generation in a
Nontoxic Chalcogenide Step-Index Fiber

Bin Zhanp ! ¥iYu T Chenpechenp Zhait Sishenp £8,% Yuwei Wang ? Anping Yanp ! Xin Gai*
Rengping Wang,* Zhiveng Yang, ' and Bamry Luther-Dhavvies®

17 mW fibre MIR- SC power output

“a few synchrotrons’ worth”

2016
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| Lindsey 2016

Comparison of broadband mid-infrared sources: Blackbody at 1500 K;
Quantum Cascade Lasers (QCL); Synchrotron, Supercontinuum fibre lasers

(SC).
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Global r The University of
Top 100 A | Nottingham

University

Mid-Infrared Photonics
Group

George Green Institute for

Wideband MIR fibre
supercontinuum lasers

- progress and challenges
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;1)

Challenge (l)
How to achieve this MIR sensing
optical circuit in practice?
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Challenge (Il)
How to achieve fibre MIR-SC

with flatter output?
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Mid-infrared fibre SC - pump centred at 6.3 um.
Record: 1.3—13 um mid-infrared SC
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14
Wavelength (um)

Hydrides Oxides

IMPURITIES IN THE GLASS ITSELF AFFECT THE FLATNESS OF THE FIBRE MIR-SC LASER OUTPUT

Bang, Seddon et al. NATURE PHOTONICS 8 830-834 2014.
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Challenge (i)
How to achieve narrow-line,

MIR fibre laser pump for
compact, fibre MIR-SC ?



Global r The University of
Top 100 A | Nottingham

Univers |ty UNITED KINGDOM - CHINA - MALAYSIA

Mid-Infrared Photonics
Group
George Green Institute for
Electromagnetics Research
Faculty of Engineering

Mid-infrared (MIR) photonics:

1. Introduction
. Definitions & introduction
ll. Portable, real-time MIR sensing

2. Wideband MIR fibre supercontinuum lasers —
progress and challenges

3. Narrow-line MIR rare earth fibre lasers —
progress and challenges

4, Summary and future prospects
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G |O ba| B | The University of
Top 100 ,t

Nottingham
Univers Ity UNITED KINGDOM - CHINA - MALAYSIA

Mid-Infrared Photonics
Group
George Green Institute for
Electromagnetics Research
Faculty of Engineering

Narrow-line MIR rare earth
fibre lasers

- progress and challenges
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Building on the comprehensive studies of
rare earth ion emission in chalcogenide bulk glasses, :

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

Adam [Opt. Mat. 2008] FIBRE

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.]



Energy-levels Pr3* - selenide
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Pr3+- selenlde fibre
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Pr3+*- selenide fibre of 10um core
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Tang et al.
Opt. Mat. Exp.
2015

Near-field image of 10 um core diameter step-index fibre at 1.319 um wavelength.
fibre is multi-moded at this wavelength.



s | PP3* - selenide
fibre of 10um
core diam.

Spectrum 2

Intensity / normalized counts

/’
Spectrum 1

1.8 2.0 22 2.4 2.6
Energy / keV
Fig 7. (a) Scanning Transmission Electron Microscopy (STEN) image of core regon . .
(spectrum 1), corefclad. interfacial region (spectrum 2) and clad. region (spectrum 3) of the H R ( H |gh ReSO| ut|o n)

500 pprow Prt-doped Ge-As-Ga-Se, step<index, 10 pum diameter core fiber. (b) TEM-EDX
spectra of the three regions arrowed in Fig. 7(a).

TEM (transmission

(a) core: SAED (b) interface: SAED (c) clad.: SAED ]

P electron microscopy)

- :v SAED (selected area
electron diffraction)
(d) core: phase coptra;t image ; . Sh OW| N g no
< S devitrification of
core.

F o

L EEEL T . G
Fig. 8. HRTEM-SAED patterns and HRTEM phase contrast itnages of the core matetial region
(spectrum 1 of Fig. 7(a)), the core/clad. interfacial region (spectrum 2 of Fig 7(a)) and the
clad. rratenal region (spectrumn 3 of Fig. 7(c)) indicating all fiber regions were amorphous.

Tang et al. Opt. Mat. Exp. 2015



Pr3+*- selenide fibre of 20 um and 40 um
core diameters:
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Evidence of upper-level saturation from sub-linear PL

intensity out (black) with increasing pump power (blue).
Paper in preparation 2016




Pr3*- selenide fibre, unstructured Monochromator
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Sojka, Sujecki et al. Opt. Quant. Electron. 2016 Special Issue, submitted.



Pr3* - selenide fibre, unstructured

absorption cross section 3H*-*:LJHE- GEA (Ground state absarption
— — absoprtion cross section "H=0F "H - ESA (Excited state absorption)
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Sojka, Sujecki et al. Opt. Quant. Electron. 2016 Special Issue, submitted.



Pr3*- selenide fibre, 30 um core diam., modelling

Fump power=1 WY
0 60- fibre loss=1dB/m
055 signal wavelength=4.8 wm —— 39 pm pump
/! ™~ = = 40 pm pump
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I:II:”:I- I | I | I | I | I | I | I | I |
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CIUtput pow eri

Calculated signal power at 4.8 um as a function of fibre length for
different pump wavelengths around 4.0 um. (Results were obtained
with an input power of 1 W, background loss assumed 1 dB/m.)

Sojka, Sujecki et al. Opt. Quant. Electron. 2016 Special Issue, submitted.



Pr3+- selenide fibre, 30 um core diam., modelling
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Calculated output power and threshold pump power as a function of
fibre background loss.

Sojka, Sujecki et al. Opt. Quant. Electron. 2016 Special Issue, submitted.
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Challenges (1) + (1)
- (I)Resonant absorption and
(I1)Resonant extrinsic
non-radiative-decay of

the excited state.



Pr3+*- selenide fibre :

80 - Observed loss of

4 {Pr3* + [H-Se-]}

70 4 combined band
1(BLUE, max. 74 dBm!

e LOSS Of Pr3* + [H-Se-]
- (Generated Pr3* only
== Generated [H-Se-] only

50 1at 4.52 um (2214 em?) GauRian 5
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© 404at 4.73 um (2116 cm™?)
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10 4

\

1400 1600 1800 2000 2200 2400 2600 2800 3000 3200

Wavenumber / cm™?

Seddon et al. IEEE Proc. ICTON 2016




Pr3+*- selenide fibre :

Fiber loss / dB/m

20 - Optical micrographs of two best fiber
18 - cleaves (out of >120 cleaves in the
! measurement) used in the loss calculation
16 -
- Pr3+
14 -
12 ‘- Pr3+
10 -
8 - ” Si-O
. Pr- +Se-H
6 - lowest loss 2.0 dB/m @ 6.77 pm
) U Se-H
e Ge-O/As-O
. O-H
9
0 | Y | | | Y | b | 4 | X | |
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Wavelength / um




Challenge (i)
- Achieve gain and lasing in

narrow-line, rare earth ion

doped MIR fibre.
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Table 3. Pr'" doped chalcogenide glass fibre laser modelling parameters.

Quantity Value Unit
Ion coneentration: 9.46 %10 ions/m’
Fibre length: 1 m
Fibre core diameter: 30 jum
Fibre clad diameter: 200 jm
Fibre mumencal 0.4 -
aperture:
Confinement factor 09 -
for pump wavelength:
Confinement factor 0.9 -
for signal wavelength:
Signal emission cross- 1.14x10 m”

section at 4.8 um:









v,,0-H symmetric stretching
3657 cm-1 (2.734 um) &

v,, H-O-H bending .
1595 cm~" (6.269 pm) o

V5, O-H asymmetric stretching

3756 cm™ (2.662 pm) o
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v,,0-H symmetric stretching
3657 cm-1 (2.734 um) Ch

v,, H-O-H bending
1595 cm-! (6.269 um) &

V5, O-H asymmetric stretching
3756 cm™' (2.662 um) £







Szigeti:
v oc (f/m)1/2 .\ :’

v =frequency of simple oscillator
m = (m;m,/(my+m,))

fis (chemical) bond force constant.

Planck:
E=hv

E = photon energy

h = Planck’s constant
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How was this MIR imaging of tissue captured?

FTIR based cluster image FTIR based cluster image

Conventional resolution (5.5x5.5 pm? pixel size) High-resolution (1.1x1.1 um? pixel size)

1.4 mm




How was this MIR imaging of tissue captured?

FTIR based cluster image FTIR based cluster image

Conventional resolution (5.5x5.5 pm? pixel size) High-resolution (1.1x1.1 pm? pixel size)

T -

1.4 mm

Nallala, Stone et al. Analyst (2016) . (MIR is mid-infrared)



Rare earth ion doped mid-infrared small-core fibre

1.0 4 500 ppmw Pr3+-doped 10pm diameter
core fibre (length=116.5 mm)
\ Se-H /
5 K
tUl 0.8 -1 lH,,‘
—
=
"]
o 0.6-
el
=
- 5
0. S-H 500 ppmw Pr’- — ™ V|
2 044 B doped bulk glass
N
©
£
T
o 0.2 4
< The Ge-As-Ga-Se host glass composition is the
same for all of these Pr:"-doped samples

0-0 - T

500 ppmw Pr3+-doped 230 pm diameter
unstructured fibre (length=115 mm)

SMALL-CORE fibre.

-

PL spectrum of 500 ppmw Pr3*-
doped, 10 um diameter core fibre
(continuous solid curve).

LARGE-CORE fibre.

PL spectrum of 500 ppmw Pr3*-
doped 230 um diameter

Wi
'

I 1
4500 5000
Wavelength / nm

T
4000

unclad./intermediate fibre
(continuous solid curve).

BULK GLASS
PL spectrum of 500 ppmw Pr3*-
doped bulk glass (dashed curve).

Pumped at 1550 nm

SMALL-CORE fibre: PL lifetime =7.8 ms
for 500 ppmw Pr3* doped Ge-As-Ga-Se, step-
index, 10 um diameter core fibre, at wavelength

of 4700 nm. Nominally, 64.8 mW pump power at
1550 nm wavelength was used.

SAME LIFETIME OBSERVED AS FOR BULK GLASS.

Mid-Infrared Photonics
Group
George Green Institute for
Electromagnetics Research
Faculty of Engineering

Tang et al. Opt
Mat Exp (2015).

1 ] Normalized intensity
. ] Single exponential decay of 7.8 ms
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