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Global optical fibre network
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Transparency of fused silica
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The dream of beating telecom fibres !!

Telecom Fibres today
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Hollow fibres (1964)
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Bragg law
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The concept of Bragg Fiber (1978)
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Pochi Yeh, Amnon Yariv, and Emanuel Marom, "Theory of Bragg fiber,"
J. Opt. Soc. Am. 68, 1196-1201 (1978)



The photonic crystal concept (1987)

VOLUME 58, NUMBER 20 PHYSICAL REVIEW LETTERS 18 MAY 1987

Inhibited Spontaneous Emission in Solid-State Physics and Electronics

Eli Yablonovitch

Bell Communications Research, Navesink Research Center, Red Bank, New Jersey 07701
(Received 23 December 1986)

It has been recognized for some time that the spontaneous emission by atoms is not necessarily a fixed
and immutable property of the coupling between matter and space, but that it can be controlled by
modification of the properties of the radiation field. This is equally true in the solid state, wherc spon-
taneous emission plays a fundamental role in limiting the performance of semiconductor lasers, hetero-
junction bipolar transistors, and solar cells. If a three-dimensionally periodic dielectric structure has an
electromagnetic band gap which overlaps the electronic band edge, then spontaneous emission can be
rigorously forbidden.

VOLUME 58, NUMBER 23 PHYSICAL REVIEW LETTERS 8 JUNE 1987

Strong Localization of Photons in Certain Disordered Dielectric Superlattices

Sajeev John

Department of Physics, Princeton University, Princeton, New Jersey 08544
(Received 5 March 1987)

A new mechanism for strong Anderson localization of photons in carefully prepared disordered dielec-
tric superlattices with an everywhere real positive dielectric constant is described. In three dimensions,
two photon mobility edges separate high- and low-frequency extended states from an intermediate-
frequency pseudogap of localized states arising from remnant geometric Bragg resonances. Experimen-
tally observable consequences are discussed.




The photonic crystal FIBRE concept
1991

notes made at CLEO/QELS, 13th May 1991
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“Photonic Bloch waves,” NATO ASI, Erice, Sicily, July 1993




Photonic bandgap fibre (1999)

Bragg PBG guidance
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R. F. Cregan et al.,” Single-Mode Photonic Band Gap Guidance of Light in Air”
Science 285, 1537 (1999)



Ultimate Loss of Photonic Crystal Fibre (2005)
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P. J. Roberts et al., "Ultimate low loss of hollow-core photonic crystal fibres,"
Opt. Express 13, 236-244 (2005)



The antiresonance concept (1986)
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M. A. Duguay et al, “Antiresonant reflecting optical waveguides in
Si02-Si multilayer structures”, Appl. Phys. Lett. 49, 13 (1986)




Antiresonance

- ( * Light guidance in a hollow core fiber
: can be achieved through an antiresonance
phenomenon

[ * The wavelengths that are not in resonance with
ﬂ the core wall are reflected back into the core and

propagate with low loss as a result of destructive

o
<> _
7z < MW—N
= >
= 5§
B ) =%
a ‘:'\.‘ﬁ\‘:t_‘

Ta interference in the Fabry-Perot resonator.
§ dnd 9 179
3 A= ——""[(ne/ny)” = 117%, [=0,1,2,....
. I 2l + 1) [(n2/ny | ,

o reny

“Antiresonant reflecting photonic crystal fiber”, Litchinitser et al., Opt. Lett. 27, 1592 (2002)



Hollow antiresonant fibres:
Kagomeé Fibres
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“Stimulated Raman scattering in hydrogen-filled hollow core photonic
crystal fiber”, F. Benabid et al., Science 298, 399 (2002)




Bragg to Kagomeé

G. J. Pearce et al., "Models for guidance in kagome-structured hollow-core photonic crystal
fibres,"
Opt. Express 15, 12680-12685 (2007)



Comparison
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G. J. Pearce et al., "Models for guidance in kagome-structured hollow-core photonic
crystal fibres," Opt. Express 15, 12680-12685 (2007)




Structure simplification

Loss [dB/m|

S. Février et al., "Understanding origin of loss in large pitch hollow-core photonic crystal fibers and their design

simplification”,
Opt. Express 18, 5142-5150 (2010)
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Curving the fiber core boundary
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‘ Single mode
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F. Yu et al., Optics Express 20, 11153 (2012)
Optics Express 21, 21466 (2013)



Impact of the negative curvature

W. Belardi et al., " Effect of core boundary curvature on the confinement losses of hollow antiresonant fibers "
Optics Express 21, 21912(2013)



Confinement losses
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W. Belardi et al., " Effect of core boundary curvature on the confinement losses of hollow antiresonant fibers "

Optics Express 21, 21912(2013)
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Percentage of power
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Power coupling
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Bending Losses
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Optics Express 21, 21912(2013)




The need for a novel antiresonant fiber




107

-

(e
©
|

Leakage loss (dB/m)

101 4

1024

.
c
:
i
:
:
)
H
.
7]
Il
o
——~

= 0=8um
6=12um
—— 0=20um

d,/d=1)
dy/d=1.13)
dy/d=1.21)
/d=1.41)

-_\'\’\ —

F
5=12um |"

I-;.-;

|

—— o E—— o —
B\
.‘II

do/d=1.21:

i&j B //’

EEmmm 5 D o e

~ =~ . % T
~t PR e 0=20 LLm ~— \.\\\
— g T, N 9
I l T I L] T I T l T 1 T T | T .‘I--'-—I-‘&ﬁ‘ IF .l.=ln : l— d O/d = 1 : 4 1 ///::f:: ._fl’f{;::: 7\_;:‘\\‘\h \\\.\
5 10 15 20 25 30 35 40 BRYF AN
R,. - .":f’:;_: Q\l‘l\

Bend radius (cm)

W. Belardi and J. C. Knight, "Hollow antiresonant fibers with low bending loss" Opt. Express 22,

10091-10096 (2014).



0.0 — . - e
2.8 29 3.0 3.1 3.2 3.3 3.4 35
Wavelength (um)
0.6 T 1.2
054 ik 00 | R=7.96cm
5 = R=5cm
= I 5 R=2.5cm
S 0.4 4 5 081
o el
s -
P 023 dip
> 3 0.6 -
‘@ o
& I
$ 02 S 04 i
= Straight Fiber & T
R=7.5cm @ UL T
0.1 R=5 0.2 | i J‘\.1'||" FE . s Apaiv o
=ocm VIV T
R=2.5cm
0.0 —— T T 0.0 : r T T T T
27 2.8 29 3.0 3.1 3.2 3.3 34 35 3.6 28 29 3.0 3.1 3.2 3.3 3.4
Wavelength (um) Wavelength (um)
Monochromator
R
Mono-
® chromator

W. Belardi and J. C. Knight, "Hollow antiresonant fibers with low bending loss" Opt. Express 22,

10091-10096 (2014).

(a)

Loss (dB/m)

(b)

3.5



Multiple layer antiresonant fibers
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G. J. Pearce et al., "Models for guidance in kagome-structured hollow-core photonic crystal
fibres,"
Opt. Express 15, 12680-12685 (2007)



Confinement Losses (dB/m)
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Loss (dB/m)

Multiple Antiresonant Elements Fibre
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Large Bandwidth
Hollow antiresonant fibres
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W. Belardi “Design and properties of hollow antiresonant fibers for the visible and near infrared
spectral range" |EEE J. Light. Techn. 33, 4497 (2015).




Hollow antiresonant fibers
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W. Belardi et al. W. Belardi et al. W. Belardi et al. W. Belardi
Optics Express 21, 21912 Optics Express 22, 10091 Optics Letters 39, 1853 J. Lightwave Techn.33, 4497
(2013) ' (2014) (2014) (2015)
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Common Glass
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Hystory of Glass
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Improving glass purity has allowed a
reduction of attenuation of 4 orders
of magnitude in the last 50 years

However the required glass
processing involve issues related to
cost (or time consumption, or
pollution or safety).

Can we make low loss optical fibers
with low optical quality glass ?

Is there any specialty optical fiber
that we can use ?

Nagel S., " Optical fiber: the expanding medium “, IEEE Circuits Devices Magaz. March, 36 (1989)



ll:l? COMPARATIVE VALUES OF BOROSILICATE GLASSES
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W. Belardi et al. ” Hollow core antiresonant fibers in borosilicate glass % WSOF 2015, Hong Kong 4-6 Nov. 2015



Fiber

e Loss of 420dB/km at 680nm and 950nm
e Loss of 520 dB/km at 532nm !!
(comparable to that of silica based hollow
core fibers !)

* Negligible bending loss
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W. Belardi et al. ” Hollow core antiresonant fibers in borosilicate glass % WSOF 2015, Hong Kong 4-6 Nov. 2015



Single Mode operation

CCD
Camera

SC

Offset launch Y

W. Belardi et al. ” Hollow core antiresonant fibers in borosilicate glass % WSOF 2015, Hong Kong 4-6 Nov. 2015



Back to the.

Optical fibers based on cheap borosilicate
glass (140dB/m loss) can be made and show
attenuations comparable to silica based
hollow core optical fibers in the visible
spectral range (0.5dB/m at 532nm), where
they should also have lower scattering loss.

The high glass attenuation and AR
structure provide strong single mode
guidance without any cladding mode over
short fiber lengths (<1.65m) and with large
core diameters (>60um)

W. Belardi et al. ” Hollow core antiresonant fibers in borosilicate glass
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