


Review: Why no scattering?

forbidden by gap
(except for finite-crystal tunneling)

forbidden by Bloch
(k conserved)



Benefits of a complete gap…

broken symmetry –> reflections only

effectively one-dimensional
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Lossless Bends

symmetry + single-mode + “1d” = resonances of 100% transmission

[ A. Mekis et al.,
Phys. Rev. Lett. 77, 3787 (1996) ]













Temporal Coupled-Mode Theory
(one of several things called of “coupled-mode theory”)

[H. Haus, Waves and Fields in Optoelectronics]

ainput output
s1+

s1– s2–

resonant cavity
frequency w0, lifetime t |s|2 = power

|a|2 = energy

da

dt
= -iw0a-

2

t
a + 2

t
s1+

s1- = -s1+ +
2
t
a, s2- =

2
t
a

assumes only:
• exponential decay

(strong confinement)
• conservation of energy
• time-reversal symmetry



Temporal Coupled-Mode Theory
(one of several things called of “coupled-mode theory”)

[H. Haus, Waves and Fields in Optoelectronics]

ainput output
s1+

s1– s2–

resonant cavity
frequency w0, lifetime t |s|2 = flux

|a|2 = energy

transmission T

= | s2– |2 / | s1+ |2

1

w0

T = Lorentzian filter

=

4
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=
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…quality factor Q













Resonant Filter Example

Lorentzian peak, as predicted.

An apparent miracle:

~ 100% transmission
at the resonant frequency

cavity decays to input/output with equal rates
At resonance, reflected wave

destructively interferes
with backwards-decay from cavity

& the two exactly cancel.



Channel-Drop Filters

[ S. Fan et al., Phys. Rev. Lett. 80, 960 (1998) ]

Perfect channel-dropping if:

Two resonant modes with:

• even and odd symmetry
• equal frequency (degenerate)
• equal decay rates

Coupler

waveguide 1

waveguide 2

(mirror plane)
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How else can we confine light?



Total Internal Reflection

ni > no

no

rays at shallow angles > Qc

are totally reflected

Snell’s Law:

i

o

ni sin Qi = no sin Qo

sin Qc = no / ni

< 1, so Qc is real 

i.e. TIR can only guide
within higher index
unlike a band gap



Total Internal Reflection?

ni > no

no

rays at shallow angles > Qc

are totally reflected

So, for example,
a discontiguous structure can’t possibly guide by TIR…

the rays can’t stay inside!



Total Internal Reflection?

ni > no

no

rays at shallow angles >  c

are totally reflected

So, for example,
a discontiguous structure can’t possibly guide by TIR…

or can it?



Total Internal Reflection Redux

ni > no

no

ray-optics picture is invalid on λ scale
(neglects coherence, near field…)

Snell’s Law is really
conservation of k|| and w:

Qi

Qo
|ki| sin Qi = |ko| sin Qo

|k| = nω/c

(wavevector) (frequency)

k||

translational
symmetry

conserved!



Waveguide Dispersion Relations
i.e. projected band diagrams

ni > no

no

k||

w light cone
projection of all k⊥ in no

(a.k.a. β)

higher-index core
pulls down state

(      ∞)

higher-order modes
at larger wb

weakly guided (field mostly in no)

w = c

no

b 2 + k̂ 2



Strange Total Internal Reflection
Index Guiding

a



A Hybrid Photonic Crystal:
1d band gap + index guiding

a

range of frequencies
in which there are

no guided modes

slow-light band edge



A Resonant Cavity

increased rod radius
pulls down “dipole” mode

(non-degenerate)

– +



w

A Resonant Cavity

– +

k not conserved
so coupling to

light cone:

radiation
The trick is to

keep the
radiation small…

(more on this later)



Meanwhile, back in reality…

5 µm

[ D. J. Ripin et al., J. Appl. Phys. 87, 1578 (2000) ] 

d = 703nmd = 632nm

Air-bridge Resonator: 1d gap + 2d index guiding

bigger cavity
= longer 



Inevitable Radiation Losses
whenever translational symmetry is broken

e.g. at cavities, waveguide bends, disorder…

k is no longer conserved!

w
(conserved)

coupling to light cone
= radiation losses



Dimensionless Losses: Q

1

w0

T = Lorentzian filter

=

4
t 2

w -w0( )2 + 4
t 2

w

FWHM
1

Q
=

2

w0t

…quality factor Q

quality factor Q = # optical periods for energy to decay by exp(–2π)

energy ~ exp(–wt/Q)

in frequency domain: 1/Q = bandwidth

from last time:
(coupling-of-

modes-in-time)



All Is Not Lost

Qw

A simple model device (filters, bends, …):

Qr

Q
1

Qr
1

Qw
1= +

Q = lifetime/period
= frequency/bandwidth

We want: Qr >> Qw

1 – transmission ~ 2Q / Qr

worst case: high-Q (narrow-band) cavities



Radiation loss: A Fourier picture

spatial:

Fourier:

infinitely
extended
in space

k
delta function(s) [Fourier series]
below light cone = no radiation

localized
in space

k
delocalized in Fourier

tails in light cone = radiation



A tradeoff: Localization vs. Loss

stronger spatial localization weaker spatial localization

“Uncertainty principle:”
less spatial localization = more Fourier localization

= less radiation loss











Outline

• Preliminaries: waves in periodic media

• Photonic crystals in theory and practice

• Intentional defects and devices

• Index-guiding and incomplete gaps

• Photonic-crystal fibers

• Perturbations, tuning, and disorder



protective
polymer
sheath

Optical Fibers Today
(not to scale)

silica cladding
n ~ 1.45

more complex profiles
to tune dispersion

“high” index
doped-silica core

n ~ 1.46

“LP01”
confined mode
field diameter ~ 8µm

losses ~ 0.2 dB/km
at =1.55µm

(amplifiers every
50–100km)

but this is
~ as good as

it gets…
[ R. Ramaswami & K. N. Sivarajan, Optical Networks: A Practical Perspective ]





The Glass Ceiling: Limits of Silica

Long Distances
High Bit-Rates

Dense Wavelength Multiplexing (DWDM)

Loss: amplifiers every 50–100km

…limited by Rayleigh scattering (molecular entropy)
…cannot use “exotic” wavelengths like 10.6µm

Nonlinearities: after ~100km, cause dispersion, crosstalk, power limits

(limited by mode area ~ single-mode, bending loss)
also cannot be made (very) large for compact nonlinear devices

Compact Devices

Radical modifications to dispersion, polarization effects?
…tunability is limited by low index contrast





Breaking the Glass Ceiling:

Hollow-core Bandgap Fibers
1000x better

loss/nonlinear limits
(from density)

Photonic Crystal

1d
crystal

Bragg fiber
[ Yeh et al., 1978 ]

+ omnidirectional

= OmniGuides

2d
crystal

PCF
[ Knight et al., 1998 ](You can also

put stuff in here …)



Hollow fiber core
P. Russel Science 299, 358 (2003) for a review

Fabrication techniques:

a stack of glass tube, is constructed as a
macroscopic “preform” with the desired PC
structure (a)

the silica glass is soften in a fornace 1800-2000°C (b)

drawn down in fiber (c)

(first used in III century BC by Egyptians to make
mosaic glass)



Experimental Air-guiding PCF
Fabrication (e.g.)

silica glass tube (cm’s)

fiber
draw

~1 mm

(outer
cladding)

fuse &
draw

~50 µm



Breaking the Glass Ceiling: 

Hollow-core Bandgap Fibers
Bragg fiber

[ Yeh et al., 1978 ]

+ omnidirectional

= OmniGuide
fibers

PCF
[ Knight et al., 1998 ]

white/grey
= chalco/polymer

5µm[ R. F. Cregan 
et al., 

Science 285, 
1537 (1999) ]

[ figs courtesy 
Y. Fink et al., MIT ]

silica





Breaking the Glass Ceiling II:

Solid-core Holey Fibers

solid core

holey cladding forms
effective

low-index material

[ J. C. Knight et al., Opt. Lett. 21, 1547 (1996) ]

Can have much higher contrast
than doped silica…

strong confinement = enhanced
nonlinearities, birefringence, …



Sequence of Analysis

1 Plot all solutions of infinite cladding as w vs. b

w

b

empty spaces (gaps): guiding possibilities

2 Core introduces new states in empty spaces
— plot w(b) dispersion relation

3 Compute other stuff…

“light cone”



PCF: Holey Silica Cladding 2r

a

n=1.46

b (2π/a)

r = 0.1a
w

(2
πc

/a
)

light cone



PCF: Holey Silica Cladding 2r

a

n=1.46

b (2π/a)

r = 0.17717a
w

(2
πc

/a
)

light cone



PCF: Holey Silica Cladding 2r

a

n=1.46

b (2π/a)

r = 0.22973a
w

(2
πc

/a
)

light cone



PCF: Holey Silica Cladding 2r

a

n=1.46

b (2π/a)

r = 0.30912a
w

(2
πc

/a
)

light cone



PCF: Holey Silica Cladding 2r

a

n=1.46

b (2π/a)

r = 0.34197a
w

(2
πc

/a
)

light cone



PCF: Holey Silica Cladding 2r

a

n=1.46

b (2π/a)

r = 0.37193a
w

(2
πc

/a
)

light cone



PCF: Holey Silica Cladding 2r

a

n=1.46

b (2π/a)

r = 0.4a
w

(2
πc

/a
)

light cone



PCF: Holey Silica Cladding 2r

a

n=1.46

b (2π/a)

r = 0.42557a
w

(2
πc

/a
)

light cone



PCF: Holey Silica Cladding 2r

a

n=1.46

b (2π/a)

r = 0.45a
w

(2
πc

/a
)

light cone

index-guided modes
go here

gap-guided modes
go here



PCF: Holey Silica Cladding 2r

a

n=1.46

b (2π/a)

r = 0.45a
w

(2
πc

/a
)

light cone above air line:

guiding in air core
is possible

below air line: surface states of air core
[ figs: West et al, 

Opt. Express 12 (8), 1485 (2004) ]



Experimental Air-guiding PCF
[ R. F. Cregan et al., Science 285, 1537 (1999) ]

10µm

5µm



Experimental Air-guiding PCF
[ R. F. Cregan et al., Science 285, 1537 (1999) ]

w (c/a) (not 2πc/a)

transmitted intensity
after ~ 3cm



A more recent (lower-loss) example

3.9µm

hollow (air) core (covers 19 holes)

guided field profile:
(flux density)

[Mangan, et al., OFC 2004 PDP24 ]

1.7dB/km
BlazePhotonics

over ~ 800m @1.57µm



Improving air-guiding losses 

13dB/km
Corning

over ~ 100m @1.5µm
[ Smith, et al., Nature 424, 657 (2003) ]

1.7dB/km
BlazePhotonics

over ~ 800m @1.57µm
[ Mangan, et al., OFC 2004 PDP24 ]

larger core =
less field penetrates

cladding

ergo,
roughness etc.

produce lower loss



State-of-the-art air-guiding losses
larger core = more surface states crossing guided mode

100nm
20nm

13dB/km
Corning

over ~ 100m @1.5µm
[ Smith, et al., Nature 424, 657 (2003) ]

1.7dB/km
BlazePhotonics

over ~ 800m @1.57µm
[ Mangan, et al., OFC 2004 PDP24 ]

… but surface states can be removed by proper crystal termination
[ West, Opt. Express 12 (8), 1485 (2004) ]



Surface States vs. Termination

changing the crystal termination
can eliminate surface states

[ West, Opt. Express 12 (8), 1485 (2004) ]

[ Saitoh, Opt. Express 12 (3), 394 (2004) ]

[ Kim, Opt. Express 12 (15), 3436 (2004) ]



Particle levitation and guidance
in hollow- core photonic crystal fiber.

F. Benabid et al., Opt. Express 10, 1195 (2002).



Bragg Fiber Cladding

at large radius,
becomes ~ planar

Bragg fiber gaps (1d eigenproblem)

wavenumber 

b

radial kr
(Bloch wavevector)

β = 0: normal incidence

kφ

0 by conservation
of angular momentum





Omnidirectional Cladding

Bragg fiber gaps (1d eigenproblem)

wavenumber 
b b = 0: normal incidence

omnidirectional
(planar) reflection

for nhi / nlo

big enough
and nlo > 1

e.g. light from
fluorescent sources

is trapped

[ J. N. Winn et al,
Opt. Lett. 23, 1573 (1998) ]

w



Hollow Metal Waveguides, Reborn

OmniGuide fiber modes

wavenumber bwavenumber b

fr
eq

ue
nc

y 
w

metal waveguide modes

1970’s microwave tubes
@ Bell Labs

modes are directly analogous to those in hollow metal waveguide



An Old Friend: the TE01 mode

lowest-loss mode,
just as in metal

(near) node at interface
= strong confinement

= low losses

non-degenerate mode
— cannot be split

= no birefringence or PMD



High-Power Transmission
at 10.6µm (no previous dielectric waveguide)

[ figs courtesy Y. Fink et al., MIT ]

slope = -0.95 dB/m

-4.5

-4.0

-3.5

-3.0

2.5 3.0 3.5 4.0
Length (meters)

L
o
g
. o

f 
T
ra

n
s.

 (
ar

b
. u

.)

Wavelength (m)

5 6 7 8 9 1210 11

R2 = 0.99

Polymer losses @10.6µm ~ 50,000dB/m…

…waveguide losses < 1dB/m
[ B. Temelkuran et al.,

Nature 420, 650 (2002) ]



Application: Laser Surgery

[ www.omni-guide.com]



Index-Guiding PCF & microstructured fiber:

Holey Fibers

solid core

holey cladding forms
effective

low-index material

[ J. C. Knight et al., Opt. Lett. 21, 1547 (1996) ]

Can have much higher contrast
than doped silica…

strong confinement = enhanced
nonlinearities, birefringence, …



Endlessly Single-Mode
[ T. A. Birks et al., Opt. Lett. 22, 961 (1997) ]

at higher w
(smaller ),

the light is more
concentrated in silica

http://www.bath.ac.uk/physics/groups/opto

…so the effective
index contrast is less

…and the fiber can stay
single mode for all 



P. Russel Science 299, 358 (2003)

Mode selection



Nonlinear Holey Fibers:

[ figs: W. J. Wadsworth et al., J. Opt. Soc. Am. B 19, 2148 (2002) ]

Supercontinuum Generation

e.g. 400–1600nm “white” light:
from 850nm ~200 fs pulses (4 nJ)

(enhanced by strong confinement + unusual dispersion)

[ earlier work: J. K. Ranka et al., Opt. Lett. 25, 25 (2000) ]







GLASS STEEL PDMS

The LIAD effect

Alkali-metal atoms: Na, Rb, Cs, K (Na2, Ca )

Adsorbing surfaces: organic coatings, glass, quartz, Vycor, 
porous glass, porous alumina, stainless steel, sapphire

Light even nonresonant, weak and incoherent



1999 - Na 
photodesorption 
from SiO2
Yakshinskiy and  
Madey

First experiments on LIAD

1988 - Photodesorption from metal nanoparticles, 
Hoheisel et al. 

LIAD SIGNAL

1993 - Na photodesorption from PDMS, 
Gozzini et al.
1994 - Rb photodesorption from PDMS, Meucci 
et al.



Surface-Atom Interaction

kT
T

Ads

ev
n

0
4

t =
E

eVE Ads 1.0

PDMS

POROUS GLASS

eVE Ads 1

Surface Atomic Density



Porous glass
We use as host matrix for atoms and nanoparticles
porous silica with a mean pore diameter of 17 nm
and a free volume of about 50% of the whole silica
mass.

~17nm

Pore volume: 500mm3/g
Pore surface: 100m2/g
Mean pore diameter: 17nm
Si02>96%

REM picture - VitraBio

www.npaci.edu website 



Sample and alkali vapor cell

The sample is fixed
close to one of the
cell windows by a
Pyrex Ring sealed to
the cell body

0.4g=40m2

Rb/Cs 
metal

The porous glass sample used is a rectangular plate 30x15x1mm3 in
size. It is placed inside a Pyrex resonance cell, kept at room
temperature, and filled with rubidium.



40m2

Rb

LIAD set-up

Desorbing 
Light



Rb + POROUS 
GLASS

Rb + PDMS





Phase transformations induced by UV-visible light:
Cluster growth

Hg Lamp
10 mW/cm2; 2 min
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Rb/PG

Light decreases the sample 
transmission in the red-
NIR region. The sample 
turns blue Phys. Rev.Lett. 97 157404 

(2006)

Optics Express 16, 1377 (2008)



Rb/PG

(1,1)(1,0)

R=3nm; c/a=0.8



1.53 eV (808 nm) 240 mW/10mm2



In the dark the system relaxes to the equilibrium condition

Storing and erasing images in Rb loaded PG

2.5W/cm2 at 1.5eV; 30s

Optics Express 16, 1377 (2008)

20mW/cm2 at 2.3eV; 2min





Optical bistability in Rb loaded porous glass

preliminary

Experimental set-up



Work in progress....
thanks for your attention


