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Summary

Limitations of standard optical fibers
MFs: structure
MFs: properties

MFs: some applications (see also the seminar by Ilaria
Cristiani)

MFs: glass fibers with microscopic air holes running
parallel to fiber axis

Photonic crystal fibers (Russell, University of Bath)

Microstructured fibers (Eggleton and Windeler, Bell
Labs)

Holey fibers (Richardson et al., ORC Southampton)

Recent book: A. Bjarklev, J. Broeng, and A. Sanchez Bjarklev
“Photonic Crystal Fibers” Kluwer 2003




Limitations of Standard Fibers

Single-mode over a limited wavelength range

Rather small single-mode area: limited propagating power
because of nonlinearities

Single-mode area is not small enough for the exploitation of
nonlinear interactions: long fibers are required

Limited possibility of modifying the group-velocity dispersion
curve

Azp > 1.3 um in silica glass

Limited control of birefringence

Standard fibers: dispersion

Electric field of the propagating mode: E(x,y,z,t) = E,A(X,y)expli(ot-pz)]

The propagation constant g depends on
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Figure 2 Schematic of the classical tnangular clad-
ding single-core photonic crystal fiber in which light
15 guided m a solid core embedded in a tmangular lat-
tice of ar holes. The fiber structure 1s determined by
the hole-size, & and the hole-pitch, A Like standard
fibers, the PCF 1s coated with a high index polymer
for protection and to strip off cladding-maodes.

Crystal-Fibre Report

PCF with silica core
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Figure 2 {b). & FCF m which Iighe & guided in 2
siica core by an amay of ar hoke o ikemedats
sire, SRENE LEL a singla mods to ba auded inda-
pandant ol the wavslength of sxciacien or tha
wzake of the struztura.

PCF with air core

Figurc 4. Opocal micrograph showing che cutput
faca of an air-core fiber whan the e i flumi-
rated wich a whre-lght zource. Brighe red bght n
the lirpe cenual hele 15 wapped by the bandgap of
the periodic cladding: other calors have quickly
leaked away.




Microstructured fibers

Fiber fabricated at ORC,
University of Southampton, UK

Any distribution of holes gives
rise to a radially averaged
refractive index that decreases
as a function of the radius

Photonic bandgap fiber

Guided propagation inside a
defect created in a periodic
array of holes giving rise to a
2D photonic bandgap structure

PCF: fabrication

@ 20to 40 mm -

Furnace '
~1800 °C '

@2todmm — il =

Sleeve Tube

Stack and Cane

A bundle of silica capillaries is drawn down to a cane of a few mm in
diameter. The cane is then inserted into a silica sleeve tube and drawn down
again to a fiber of typically 125 um in diameter. [H. Sabert and J. Knight,

Photonics Spectra, August 2003]




Hollow-core Bragg fiber
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Fig. 1. Schematic of the r—2 cross section of a Brage fiber.
The fiber core has refractive index n. and radins p,. The
fiber cladding is composed of pairs of alternating lavers of
high- and low-index material. The high-index layer has
refractive index s, and thicknes=s [;. The low-andex layer
has refractive index ng and thickness 1.

Fibers in which light confinement is due
to cylindrical Bragg reflection instead of
total internal reflection. Light guidance in
an air-core is possible.

Properties and applications of silica-core PCFs

eSingle-mode behavior over an extended wavelength range.

ePossibility to tailor fiber dispersion: dispersion compensation,
pulse compression, control of soliton behavior, ...

ePossibility to tailor the effective area for the fundamental mode:
very large area for transmitting powerful beams or very small area
to enhance nonlinear properties.

eControl of birefringence




Single-mode condition

ncluddlng

J. Limpert et al., Photonics Spectra, May 2004
N.A. Mortensen et al., Opt. Lett. 28, 1879 (2003)

Single-mode condition

Figure 3. The effective refractive index of a PCF’s cladding has a very strong
wavelength dependence.




Single-mode condition

Single-Mode

Multimode

Figure 4. If the holes in the cladding have a diameter-to-spacing ratio of less
than 0.45, the fiber is “endlessly single-mode”; i.e., a single-mode fiber at any

wavelength.

PCF: group-velocity dispersion

Scanning electron micrographs

C))

of the cleaved end-face of
two PCFs.

Core diameter 1um. The
fine silica bridges
supporting the core are
roughly 120 nm in width.

Core diameter 1.5 um. The
air holes are 0.62 um in
diameter




PCF: group-velocity dispersion

Silica strand computed
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Fig. 3. Measured GVD from the fiber structure shown i Fig. 1(b) (solid line)
and the corresponding computed curve For an isolated silica liber (dashed line ).

J.C. Knight et al., IEEE
PTL 12, 807 (2000)

PCF: group-velocity dispersion

GVD-zern wavekngih

of 2 wlica rod (nm) ol

J.C. Knight et al., IEEE
PTL 12, 807 (2000)




Fiber Dispersion

The holey fiber dispersion behaviour
has been simulated by Pirelli Labs

group by using a commercial BPM
software (Rsoft)

0:6 u:a 1',0 1:2
wavelength [um]

We checked the simulation by

the fiber GVD around 800 nm
We estimate the first zero dispersion
wavelength at

700 720 740 760 780 800 820 840 860
wavelength [nm]

PCF: birefringence

Suporcel] usen in simuisions

Fig. 1. 1a) Scanning-electron [I]I:rflgrﬂph showing detal
of the cross section of the core region of the fiber used
in the experiment. The central silica region, surrounded
by airholes, acts as the fiber core. () Idealized structure
uxed in the numerical modeling.
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Fig. 1. SEM image of the cross-saction of the fibre.
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W ““‘ [_“’ Andrew Michie, John Canning, Katja Lyytikfiinen, Mattias Aslund, and Justin Digweed
—— . . . Optical Fibye Technology Centre, Untversity of Siduey & Anstralian Fhotonics Cooperative Research Ceatre,
Fig 3 Typieal plot of the signal transmitled through a Evelelghl 430 NSW Austradia

polarizer placed at the end of the fiber.  The fiber length @ nichiesiofic nvidedy.a

waz 860 mm. Note that the overall transmitted intensity

: Ko e it e dugy
is constant

Abstract: A highly birefingent photonic crystal fibre has  been
. characterised as a finction of temperature. The modal birefringence has
A. Ortigosa-Blanch et al., Opt. been found to be independent of temperature from 25 to 800 °C,
Lett. 25, 1325 (2000)




Propagation losses

Propagating power: P(z) = P, exp(-o,z)
Usually the attenuation constant is given in dB/km:
o(dB/km) = 4.34 o, (km-1)

Standard silica fiber: o = 0.15 dB/km at 1550 nm
Silica-core PCF: o = 20-50 dB/km

Air-core PCF: in principle, o could be smaller than for
standard silica fibers

Polymeric PCF

Fig 1 Opoeal mermgraphs of sudimede graded-index sucrosie bired
prerdvier appricad fibve (GInPOE) with cove diameser of 135 pe and ourer
lir aveser afn 320 pan

Polymeric fibers: the preform is a PMMA rod with 216
holes of varying diameter. MA van Eijkelenborg et al.,
Electron. Lett. 40, 592 (2004)




Polymeric PCF

900
wavelength, nm

Fig. 2 Measurad transmission losses of wuded-index polymer aptical
Sibres labeled A-Fas fabricated wnder conditions listed in Table 1

-Polymeric fibers: The lowest loss: 0.80 dB/m at 760 nm.

-Short-distance optical communications: 2.4 Gbit/s can be
transmitted at 653 nm over a distance of 100 m.

High-power large-mode-area PCF laser

(a)

Fig 1. Scanning electron microscope images of the air-clad yiterbinm-doped large-mode-area
fiber; (b) close-up ol core region

Core diameter 28 um, d = 2 um, d/A = 0.18

Ytterbium-doped double-clad fiber.
J. Limpert et al., Opt. Express 11, 818 (2003)




High-power large-mode-area PCF laser

slope efficlency = 78%

0 20 40 60 80 100
Launched pump power [W]

Fig 2, Laser charactenstics of the high power ar-clad microstructure ytterbiunrdoped large-
mode-area fibar

Y-doped fiber length: 2.3 m, 976-nm pump, threshold
pump power 0.75 W, nearly diffraction limited output
at 1070 nm.

J. Limpert et al., Opt. Express 11, 818 (2003)

Nonlinear properties of silica-core PCFs

Extreme nonlinear characteristics:
e Very large interaction length ( L of the order of meters)

o Effective area A = 2 um? (standard fiber A = 80 um2 @ 1.5 um)

2111"12
Nonlinear coefficient Y = mmmm) 40 times larger than in
KAeff standard fibers




Typical Nonlinear PCF (Crystal-fibre product)

Attenuation [dB/km]

S e 600 800 1000 1200 1400
Wavelength [nm]

Short Zero dispersion wavelength: 750 + 15 nm
Long Zero dispersion wavelength: 1260 + 20 nm
Attenuation @ 780 nm: <0.05 dB/m
Cut-off wavelength: <650 nm
Mode field diameter @ 780 nm: 1.6 £0.3 Um
Numerical aperture @ 780 nm: 0.38 £ 0.05
Nonlinear coefficient @ 780 nm: ~ 95 (Wkm)™
Birefringence @ 780 nm »3-10%

Experimental set-up

Mode locked S
Ti: Sapphire : e
laser 1) 40 cm long

AN .) Sis holey fiber
A2

110 fs pulse train at
and

80 MHz rep-rate Piezo-electric
translator

Laser pulses are linearly polarized along one principal axis of the
birefringent holey fiber




Super-continuum generation

AA > 800 nm ’
Increasing

pump power

spectral density (log scale)

800 1000 1200 1400 1600
wavelength (nm)

eInterplay between self-phase modulation (SPM), stimulated
Raman scattering (SRS), four-wave mixing (FWM)

ePossible applications: multiwavelength light source suitable for
WDM optical communications, high-speed spectroscopy over wide
wavelength range, high-precision optical metrology, ...

Optical frequency metrology

Techniques using femtosecond-laser frequency combs
can count optical frequencies of hundreds of
Terahertz. Extremely narrow optical resonances in
cold atoms can be measured with high resolution. A
laser locked to a narrow resonance could serve as an
highly stable oscillator for an all-optical atomic clock.




Optical frequency metrology

(e beat) fves ECLIENCY ratios tap
uadupling stage. which wes aready usad to measure ather aptical tr
frequencies relative to  He-Nareferam : mb fikes the interval

Pl S Figure 3 The principle of tha single-laser optical synthesinar, A made withthe moda

rumber mat the red wing of the comb and whose fraquency is given accarding to
equatian (2] by e, = M 4 o, & fraquancy doubled in a nanlineer crystal. if the
frequency comb covers a ful optical octave, a mode with the number 2n should
oscillate simutansously 8t s, = 2w, + os,. The beat nota betwaen the
frequency-doublad moda and the moda at 2ryiakds the affset freguancy

2[Nes +o0,) — (2Ner + o) = o,

Optical frequency metrology




Hollow-core PCF: transmission window
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Fig. 2. Attenmation recorded using a cuthack measurement on 26 m of fiber. Outsade of this 1 I fiber { lmear scaler. The location of the first fow rings of sir holes

speciral window, no low-loss wavelength bands were ehsarved, 5 s the orange oullines. (h) Line plots through the two axes of the

© scale. with amows indicating the of the core wall. The

G. Bouwmans et al., Opt. Express 11, 1613 (2003)

Air-core photonic crystal fibers

Y. Xu and A. Yariv, Opt. Lett. 28, 1885 (2003)




Hollow-core PCF: losses

minimum atienuation (a%m)
minimum atenuation (d8%km)
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Scattering losses due to surface roughness
P.]. Roberts et al., Opt. Express 13, 236 (2005)

Hollow-core PCF: dispersion
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Fig. 7. Group velocity dispersion curves measured for the two polanzation modes using the
time-domain technigque. Oulput pulse lengths were measured with an antoco or, and the
sign of the dispersion was obtained from the low-coherence data. The attenuation curve is
shown here for ease of refarence

THE GVD of the fundamental mode is low and
anomalous over most of the transmission band,
passing through zero towards the shorter-
wavelength edge of the bandgap. The fiber presents
a core ellipticity of 10-15%. This causes a splitting
between the fundamental polarization modes of the
order of a few times 104,




Hollow-core PCF: attenuation and dispersion

Aftenuation (dB/km)
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The group-velocity dispersion in hollow-core PCFs is dominated by waveguide

dispersion. D passes through zero within the low-loss transmission window,

enabling the design of fibers with normal, near-zero or anomalous dispersion at any
given wavelength. [H. Sabert and J. Knight, Photonics Spectra, August 2003]

Hollow-core PCF: delivery of distortion-free fs pulses

Ap= 812 nm, L = 1.5 m, 50% loss

795 02 mim LS
9-um-diameter core surrounded by
a 40-um-diameter microstructured
cladding

W- Goebel et al., Opt. Lett. 29,
1285 (2004)

Fig. 2. Pulse propagation through the hollow-core fiber.

(al Autocorrelation measurements of output pulses at

three different wavelengths (250-mW average output

¢ 2 powerl. The interferometric autocorrelabions are shown

by the black traces, and the intensity autocorrelations

& are shown by the light curves. (b) Relative broadening

_ of pulse width (filled shapes) and spectral width (open

BPER: shapes) compared with the corresponding input pulse

FVCTE PSPPI (170-290 fs). The dashed line indicates 100%. The
1 . . 1 _ widths are plotted for average ontput powers of 2 mW
810 630 4M 840 8N (eircles) and 250 mW (triangles). No prechirp was used.

wavelength (nm)
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Hollow-core PCF: applications

Emerging Now

Femtosecond-pulse delivery
High-power delivery
Speciroscopy

Sensors

Gas lasers and gas
Raman devices

UV and mid-IR fiber
from nonsilica glasses

Ultralow-loss and nonlinearity
fiber for long-haul telecom

S - quantum communications
S -oloKes  Kagome Lattice HC Fiber
(683 nm) (435 nm) Speicivg

Figure 4. Hollow-core fiber allows an increase in the interaction volume between an optical mode and gases or liquids almast
limitlessly, reducing the threshold for nonlinear interactions to raising the sensitivity of spectroscopic experiments. In this
case, the threshold power for the generation of stimulated Raman radiation in H, gas is reduced by more than 1000 times
when compared with conventional gas cells.

H. Sabert and J]. Knight, Photonics Spectra, August 2003

Conclusions

- Microstructured fibers can outperform conventional optical fibers
in several ways: the single-mode behavior can cover a wider
wavelength interval, the single-mode area can be much larger (or
much smaller), the dispersion properties can be tailored in a
variety of ways, high birefringence is easily created, ...

- MFs may show new properties, such as propagation in an air-core

- Large number of applications, perhaps many are yet to be
discovered




