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Speaker’s Short Bio:

Yingying Wang obtained her Ph.D. degree from University of Bath, UK in 2011. The Department of Physics, University of
Bath, awarded the “Albert Freedman Prize” to Wang’s Ph.D. thesis. She is currently an associate professor at Institute of
Laser Engineering, Beijing University of Technology, in which her research interest lies on novel optical fiber design and
fabrication. Wang’s contributions on hollow-core hypocycloid-core Kagome fiber and hollow-core conjoined-tube
negative curvature fiber are well recognized by the microstructured fiber community. She has delivered many post
deadline and invited talks in international conferences such as, CLEO, ECOC, Photonics West, CLEO-PR, Advanced
Photonics Congress and Workshop on Specialty Optical Fiber. She has authored more than 30 technical papers with >500
total citations.
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Fiber optics

Kao, K. C.; Hockham, G. A. (1966). Proc.

IEE. 113 (7): 1151-1158.

Fiber Optics
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Applications
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Fiber optics
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G. P. Agrawal, Nonlinear Fiber Optics. New York: Academic Press, 2001.
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Photonic crystal fiber

28 years ago at CLEO-US (1991)
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History of HCF development

1995

1. TA.Birks et al, Full 2D photonic bandgaps in silica/air structures, Electron. Letts. 31, 1941, (1995)



History of HCF development
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1. TA.Birks et al, Full 2D photonic bandgaps in silica/air structures, Electron. Letts. 31, 1941, (1995)
2. F. Benabid et al, Linear and nonlinear optical properties of hollow core photonic crystal fiber). Mod. Opt. 58 (2011) 87-124



Solid VS Hollow Fiber
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History of HCF development

1995 1999

@ @

1%t HC-PBGF

R. F. Cregan et al., “Single-mode photonic band gap guidance of light in air,” Science, vol. 285, no. 5433, pp. 1537—
1539, Sep. 1999.



History of HCF development

1995
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Mangan BJ et al, Low loss (1.7 dB/km) hollow core photonic bandgap fiber. OFC 2004, PDP 24



History of HCF development
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History of HCF development

An important finding in 2005: Surface scattering loss (SSL)

A ' PCF Cladding
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Not flat!
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k ' interfaces is not strictly

preserved!

Roberts, P. J., Couny, F., Sabert, H., Mangan, B. J., Williams, D. P., Farr, L., Mason, M. W., Tomlinson, A., Birks, T. A., Knight, J. C. & Russell, P. St. J.
Ultimate low loss of hollow-core photonic crystal fibres. Opt. Express 13, 236-244 (2005).



History of HCF development

€ Surface Scattering Loss: Fundamental Limit Possible Solution?
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Roberts, P. J., Couny, F., Sabert, H., Mangan, B. J., Williams, D. P,, Farr, L., Mason, M. W., Tomlinson, A., Birks, T. A., Knight, J. C. & Russell, P. St. J.
Ultimate low loss of hollow-core photonic crystal fibres. Opt. Express 13, 236-244 (2005).




History of HCF development

1995 . 1999
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Poletti, Towards high-capacity fibre-optic communications at the speed of light in vacuum. Nature Photon. 279-284 (2013).



History of HCF development
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1.Mangan, B., Farr, L., Langford Optical Fiber Communication Conference, PD24 ( Los Angeles, CA, USA, 2004).
2.Poletti, Towards high-capacity fibre-optic communications at the speed of light in vacuum. Nature Photon. 279-284 (2013).



Loss record of silica glass fiber
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G. P. Agrawal, Nonlinear Fiber Optics. New York: Academic Press, 2001.
l. A. Bufetov et al, Fibers, 2018, 6, 39;
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Kagome HCF in 2005

€ Broadband guidance
€ High loss (~1 dB/m)

Transmission (dB a.u.)
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F. Couny, et al., Generation and photonic guidance of multi-octave optical-frequency combs.Science, 2007. 318: p. 1118-1121.



History of HCF development
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€ Broadband guidance
€ Low loss (~40 dB/km)
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1. Wang, Y. Y et al in Conference on Lasers and Electro-Optics (CLEO, 2010), PDP paper CPDBA4.
2. Wang, Y. Y et al . Low loss broadband transmission in hypocycloid-core Kagome hollow-core photonic crystal fiber. Opt. Lett. 36, 669 (2011).

3. Wang V. Y. et al, Design and fabrication of hollow-core photonic crystal fibers for high-power ultrashort pulse transportation and pulse
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History of HCF development
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State of the art HC-Negative Curvature Fiber
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1.Debord, B. Ultralow transmission loss in inhibited-coupling guiding hollow fibers. Optica 4, 209-217 (2017).
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Loss achieved in HC-NCF
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Loss achieved in HC-NCF
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History of HCF development

1995

[
i L TeeTry st T
1 Tpr=rga v “rig==ry
N LA LU B
TemTry s LA !
et TRV 2
S S et T
TTTRT T L

TR
L

{

Out-of-plane photonic
bandgap guidance
prediction

1999

1%t HC-PBGF

1.7 dB/km,
20 nm bandwidth

2010

Nodeless single ring
7.7dB/km

? Future???

Little space
for further

optimization




1 Background

1. Motivation

2.  History of HCF development

2 HCF — understanding, design and fabrication

1. How we understand

2. Broadband HCF
3. Ultralow loss HCF

3 HCF applications

1. Optical communications
2. Ultrafast optics: delivery and gas nonlinearity
3. Sensing and biophotonics

i Conclusion




Intuitive picture of NCF

How to quantitatively elucidate light guidance in NCF?

Yingying Wang and Wei Ding, "Confinement loss in hollow-core negative curvature fiber: A multi-layered model," Opt. Express 25, 33122 (2017)
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Intuitive picture of NCF

How to quantitatively elucidate light guidance in NCF?

»

L

Yingying Wang and Wei Ding, "Confinement loss in hollow-core negative curvature fiber: A multi-layered model," Opt. Express 25, 33122 (2017)




Guidance mechanism

@ Near grazing incidence
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Yingying Wang and Wei Ding, "Confinement loss in hollow-core negative curvature fiber: A multi-layered model," Opt. Express 25, 33122 (2017)



Guidance mechanism

(@ Cascaded Fresnel transmissions

Yingying Wang and Wei Ding, "Confinement loss in hollow-core negative curvature fiber: A multi-layered model," Opt. Express 25, 33122 (2017)



Guidance mechanism

3 Multi-path interference (ARROW)
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J. L Archambault, et al . Loss calculations for antiresonant waveguides. J. Light Technol. 11, 416—423 (1993).



Guidance mechanism
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Guidance mechanism

Comparison of annular fiber and NCF
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1600

N=1

O =

Loss (dB/m)

D=28.66mm, t=0.24mm, d = 16mm

N=2

—

1000
E /
100 I
i |
1
0.1

0.01 -

0] \ 22748

122.5dB

1 E'3 i T I T I
400 600 800

1000

1200

1400 1600

Wavelength (nm)



Guidance mechanism

(@) Phase-dragging caused by negative curvature
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W. Ding and Y. Wang, Analytic model for light guidance in single-wall hollow-core anti-resonant fibers, Opt. Express 22(22),
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Guidance mechanism

Comparison of annular fiber and NCF
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Intuitive picture of NCF

Comparison of annular fiber and NCF
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Yingying Wang and Wei Ding, "Confinement loss in hollow-core negative curvature fiber: A multi-layered model," Opt. Express 25, 33122 (2017)



Intuitive picture of NCF

Quantitative

A Multi-Layered Model :
(OE 25, 33122-33133, 2017)
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Broadband HC-NCF
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UV guiding HC-NCF
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UV guiding HC-NCF
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Near IR HC-NCF
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Loss achieved in HC-NCF
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Ultralow loss conjoined-tube NCF
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Ultralow loss conjoined-tube NCF

Multi-layered model for NCF

Yingying Wang, Wei Ding, Opt. Express 25, 33122 (2017)



Ultralow loss conjoined-tube NCF

Multi-layered model for NCF

Yingying Wang, Wei Ding, Opt. Express 25, 33122 (2017)



Ultralow loss conjoined-tube NCF

Multi-layered model for NCF

Yingying Wang, Wei Ding, Opt. Express 25, 33122 (2017)



Ultralow loss conjoined-tube NCF

Multi-layered model for NCF

Yingying Wang, Wei Ding, Opt. Express 25, 33122 (2017)



Ultralow loss conjoined-tube NCF

Multi-layered model for NCF

Yingying Wang, Wei Ding, Opt. Express 25, 33122 (2017)



Ultralow loss conjoined-tube NCF

Multi-layered model for NCF

Yingying Wang, Wei Ding, Opt. Express 25, 33122 (2017)



Ultralow loss conjoined-tube NCF
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Ultralow loss conjoined-tube NCF
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2 Measured bending loss
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Ultralow loss conjoined-tube NCF
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Ultralow loss conjoined-tube NCF
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Ultralow loss conjoined-tube NCF
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Loss achieved in HC-NCF
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Ultralow loss conjoined-tube NCF
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Ultralow loss conjoined-tube NCF
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Progress in Southampton

Latest Results: 0.65 dB/km at C and L band

(a) ' ' ' ' ' ' ' ' o (b) 1 I = = +Confinement loss
.- I 10 \ : Microbend loss
o YL ----n" .’.. c-': ;‘_ -t _::,':1: :; 55 = B \ - = -Surface scattering loss
. d:J i ! ' w— Simulated total loss
:E; _,_. :-_’ ) ;é : : l“ : \\ w— Measured l0ss
_ 2 H 1-60 = = g " ) .\
% : . ie] % 1 ns ¥ N
- B g 2 < A | $ 0N ~z
? : : 165 E 3 i A 5 o
3 E E : é) 3 : / \ n Gt - L g e 21
*=s=sTransmission: 10m 4.70 :_E { P 1
S o«Transmission: 1230M| T 7 Whuueessscosssosssessssnssssess 0.1k %
" Ar .
fI===Lloss | L e— o Lt 0 s o S8t 0 0 B 40 e e e e s
LN} 1 ¥ — L T W—L ) 1 P L i A A 1
800 900 1000 1100..4200°1300 1400 1500 1600 1700 750 1000 1250 1500 1750 2000 2250
............................... Wavalanoth (nm) Wavelength (nm)
............ = |
(C) w—Average loss
A Measurementuncertainty|] ~ F--Xc--f----b-ssmcfocillonocaaa
E 41 C band = 1.7 dB/km
@ L band @® v iosfodongdosfinnsess L
) )
~09r ([P S F—— e
IS S 1.3 dB/km ||
§ 08¢} g
c C ------------------------
@ 0.7} 2
g ......... < e Mangan OFC2004 POP | \ AN
06} e Bradley ECOC2018 POP [~ = s
' 0.5 H= Current work 0.65 dB/km 4
0'5 A A " A A - - L 4
1400 1450 1500 1550 1600 1650 1700 1300 1400 1500 1600 17(

Wavelength (nm) Wavelength (nm)

T. D. Bradley, Antiresonant Hollow Core Fibre with 0.65 dBkm Attenuation across the C and
L Telecommunication Bands, ECOC PDP 2019



Loss achieved in HC-NCF
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G. P. Agrawal, Nonlinear Fiber Optics. New York: Academic Press, 2001., |. A. Bufetov et al, Fibers, 2018, 6, 39; Mangan BJ et al, OFC 2004, PDP 24;
Y. Chen et al, OFC 2014, M2F.4; N. V. Wheeler et al, OL, 39, 295, 2014; Debord, B. Optica 4, 209-217 (2017); .Hayes, J. R., JLT 35, 437 (2017), S. Gao
et al, OL, 43, 1347, 2018. F. Yu et al, OE. 26, 10879, 2018, S. Gao et al, Nat. Commun, 9, 2828 (2018). T. D. Bradley, ECOC PDP 2018, 2019



Ultralow loss conjoined-tube NCF

@ Further optimization?

1000

100 CL, single-ring NCF
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Shou-fei Gao, Ying-ying Wang et al, Nature Communication, 9, 2828 (2018).
F. Poletti, OE, 22, 23807, 2014. Gergory T. Jasion et al, OFC 2019 TH3E.2.



Loss achieved in HC-NCF
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Y. Chen et al, OFC 2014, M2F.4; N. V. Wheeler et al, OL, 39, 295, 2014; Debord, B. Optica 4, 209-217 (2017); .Hayes, J. R., JLT 35, 437 (2017), S. Gao
et al, OL, 43, 1347, 2018. F. Yu et al, OE. 26, 10879, 2018, S. Gao et al, Nat. Commun, 9, 2828 (2018). T. D. Bradley, ECOC PDP 2018, 2019



Loss achieved in HC-NCF
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Loss Evolution
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Wei Ding et al, Ultralow-Loss, Broadband Hollow-Core Anti-Resonant Fiber and its Communication Applications, IEEE
Journal of selected topics in quantum electronics, manuscript in revision



Loss Evolution

Kao, Hockham Russell, Knight, Birks || Benabid
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Journal of selected topics in quantum electronics, manuscript in revision
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Solid VS Hollow Fiber
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Solid core fiber

Loss: 0.14 dB/km

Length: thousands of kilometers
Price: <1$

splice: Simple, low loss
Dispersion: 10s of ps/nm/km
Nonlinearity : 2.2~3.4x10°°m%/W
Damage:. MW level peak power
speed: c¢/1.45

Application: widely used

xxxx<<<<

Hollow core fiber

30 pm OOERAN

Loss: 0.65 dB/km

Length: kilometers

Price: Thousands $
splice: complicated, higher loss
Dispersion: A few ps/nm/km

Nonlinearity: ~1023m2/w
Damage:. > GW peak power

speed: ~c

Application: in itsinfancy

<< X XX X



Hollow core fiber applications
Optical Lasers

communhnication Higher power, shorter pulse width,

More spectral coverage?

Capacity crush?, Low latency?

Q Increase system capacity Q High power ultrafast delivery

Q supercomputers, data Q

centers, financial
transactions, 5G, time-
sensitive applications

Nonliear optics in gases:
Pulse compression,
frequency conversion, etc.

Fiber sensing

Hollow core fiber:

To replace solid fiber in niche applications

@ Others
Harsh environment? Radiation
Improved efficiency hardness?
and sensitivity?

Q High precision fiber optic
gyroscope
Distributed gas sensing

Quantum optics: fill with
cold atoms
Biophotonics:

Fill with blood, solvents
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Applications in optical communications

Low Latency, time-sensitive applications 0.75 ps/500 m

5G, High frequency trading, supercomputer, data centeg Coriant GmbH
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1.F. Poletti et al, Nature Photon., vol. 7, no. 4, pp. 279-284, 2013. 2.M. Kuschnerov, J. Lightwave Technol. 34, 314-320 (2016).



Applications in optical communications

HCF for high capacity C=B log,(1+S/N)| .
Loss;
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107 4 transmission
108 fibers
2C|l‘| 0

———— . ———————————

D. J. Richardson, et al. NP 7, 354 (2013)., M. Kuschnerov, et al. JLT 34, 314 (2016)

Ultralow nonlinearities
(>103reduction over SMF)

Low latency (99.7% of c)
High damage threshold

Potentially ultralow loss
Broadband width

SN X X



Comparison between three fibers for communications

> optimized central launch

o
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Xiaocong Wang et al,“Hollow-core conjoined-tube negative-curvature fibre for penalty-free data transmission under offset
launch conditions”, Optics Letters,44,2145(2019)



> offset launch
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CTF shows great resilience to bending and offset launch compared to the other two
hollow-core fibers, enabling penalty-free data transmission in realistic environments.

Xiaocong Wang et al,“Hollow-core conjoined-tube negative-curvature fibre for penalty-free data transmission under offset
launch conditions”, Optics Letters,44,2145(2019)
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SIOROW. Core butane laser ignition

]
|

Up to mJ Iev} |

B.Debord et al, Opt.Express. 22.10735, 2014, B. Beaudou et al, Opt . Letts. 37, 1430, 2012



Nonlinear optics in gases
g © 0O o

‘.0. [ ‘0‘ a
—eeo %o 0 0 ¢® ®9 Yo e

short interaction length

Free-space
Low intensity 0 FOM= Lint A / Aeff
Figure of Merit ~ 2
Good interaction length
Capillary Q low nonlinear threshold
pesonableiniensty Q Compact, all fiber structure
Figure of Merit ~ 20

- Excellent interaction length - Q Wave | en gt h eXte nsion

HC-PCF ﬂ * Q high damage threshold

Very high intensity

Figure of Merit >2000

F. Benabid et al, Linear and nonlinear optical properties of hollow core photonic crystal fiber). Mod. Opt. 58 (2011) 87-124



Nonlinear optics in gases
@ Gas @Hollow-core Fiber Q mechanism

0 Noble gas: Ar, e transmission window 9 Population inversion
Ne, Xe Q Self phase modulation
; Adjustable dispersion .
o High power, low + e Raman active a Ju ISpers! + 9 Raman scattering

gas: H,,CH, N
power A e Loss level ° Dispersion wave
L: NIR. MIR. e Gas Laser e mode quality e Raman soliton
VIS, UV N, C,H, e High harmonic generation

e damage threshold

' various combination ,

At
° Ultrafast optics: pulse compression to few cycle Application

e MIR emission : self-frequency shift, Raman scattering, gas laser

Q Scientific research
[
- e NIR, visible light emission: discrete spectral line, supercontinuum Q Military
° UV, DUV emission: dispersive waves, high harmonic generation Q Material science

Q Fundamental physics



Nonlinear optics in gases

G Laser

1mJ, 1kHz

1064 nm, 12 ps,

~N

O O
<4

CH, +

\_ y, \

HCF

Core 70 pum,
Window: 900-1300
nm, 1600-3500nm

combine

N
mechanism

+ Raman

scattering

~

High peak power 2.8 um
Raman laser

Application

* Environmental
Monitoring

* Medicinal
science

* Military




Nonlinear optics in gases
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Ling Cao et al, "High peak power 2.8 um Raman laser in a methane-filled negative-curvature fiber," Opt. Express 26, 5609-

5615 (2018)



Nonlinear optics in gases
)
Laser

532 nm, 20 ps, + N,

~N N
HCF @ mechanism

l Raman
scattering

150 W, 1kHz Core 26 um,
Window: 270-360 nm,
420-1200nm,
\ . \_ Y, \ / \_
. combine ,
Y
+ R o
=g Application
Raman-dominate * Hyperspectral
= . lidar

Supercontlnuum source * UV spectroscopy
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Dominated by stimulated Raman scattering,, assisted by Kerr effect

Shoufei Gao et al, manuscript in preparation
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Sensing related applications

High Radiation Hardness

Space, nuclear power station, nuclear fusion
AT
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Photos from Google

L. Olantera et al, “Gamma irradiation of minimal latency hollow-core photonic bandgap fibres,” J. Instrum. 8, C12010 (2013).



Distributed gas sensing

[CZHZ\ CH,. NH;. C,H,. H,S. CO. CO2. C2H6. H,. N,... J

Filter2 EDFA DFB

/K Isolator

HC-PBF

Laser
control

= _'I DAQ —'| Computer

X amplifier

ECDL 1) /
Gasin Gas out oC

. Isolator FC1

Filter1

....... .| Oscilloscope

photothermal-induced phase change in a CH,-filled HCF
* anoise equivalent concentration of 2 p.p.b. (2.3 x10°cm-! in absorption coefficient)

e High dynamic range of nearly six orders of magnitude.

Wei Jin, Yingchun Cao,Fan Yang& Hoi Lut Ho, “Ultra-sensitive all-fibre photothermal spectroscopy
with large dynamic range”Nature Communication,7767, (2015)



Biological detection

(a)

o .
\y Poly-L-Lysine PCF Core

mass sample

spectrometer injection
mode
(f< \ imaging * HCF based surface enhanced
flow meter / wicraflitate Raman scattering (SERS) sensing
chips platform for the ultrasensitive
detection of cancer proteins in
488 nm an extremely low sample volume.
excitation

* It has highly sensitive protein
sensing for early detection of
diseases

U. S. Dinish, et al, Biosensors and Bioelectronics 33,293, 2012



Ultrafast laser scalpel

» the combination of ultrashort pulses and flexible fibre delivery via HC-NCF
present a viable route to new minimally invasive surgical procedures.

HC-NCF

Fibre coupled laser
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Syam M. P. C. Mohanan, et al, Preclinical evaluation of porcine coIon resection using hollow core negatlve curvature fibre
delivered ultrafast laser pulses, Journal of Biophotonics, 2019;e201900055.
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Towards a Perfect Hollow-Core Fiber

Optical Fiber Communication
OL. 44, 2145 (2019)

Optical Fiber Sensors Optical Fiber Lasers

OL 42, 863-866 (2017) OE, 26, 5609, (2018),
CLEO 2018, STu4F.4

Ultra-broad
bandwidth

OL. 42, 61-64 (2017)
OE 27, 11608 (2019)

Ultra
low loss

Nat. Comm. 9, 2828 (2018)
Laser photonics review, in production

Loss
limit

Wavelength
limit
OE, 23, 21165, (2015)

OE, 24, 14801, (2016) OL, 22, 1347, (2018)

OE, 25, 33122, (2017)

OE, 22, 27242, (2014 :
(2014) Acta Phys. Sin. 67, 124201 (2018).
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Vacancies

» Postdoc vacancies: Contact: dearyingyingwang@Hotmail.com

@ Joint postdoc from John Travers’ groups in Heriot-watt Uni. and Yingying
Wang’s group in Jinan Uni. on “nonlinear optics in hollow-core fiber”.

Postdoc on “hollow core fiber design and fabrication” in Jinan Uni.,
Guangzhou, China

Postdoc on “hollow core fiber for optical communications” in Jinan Uni.,
Guangzhou, China

Postdoc on “hollow core fiber for quantum information applications” in
Jinan Uni., Guangzhou China

» Others:
@ Technical staff, research staff, master and Ph.D students




Thank you for your attention!
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