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Benasque School on Quantum Optics and

Nonlinear Optics



My Program for this week:

1) Optical Fiber - How Does It Work?

II) Nonlinearity in Fiber Propagation

ll1) Solitons, Breathers, etc., and some applications
V) State-of-the-art telecommunication and Soliton
Molecules

V) Supercontinuum and Rogue Waves
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SOLITONS
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Solitons 1n

Optical Fibers

Fundamentals

AKIRA HASEGAWA AnD YUJI KODAMA

and Applications

Linn E Mollenauer
and James P Gordon

Fiber Optics, in particular Fiber Optics for telecom applications,
for telecom applications the theorist’'s view



Part |

Optical Fiber:
Why, What, How



,Optical
telecommunication”
In Napoleonic times

Claude Chappe:
Semaphor :




The ,,photophone*

by Alexander G. Bell

ca. 1880
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Two items were missing in Bell s design:

a) Perpetual sunshine
b) Perpetual clear line-of-view from transmitter to rec

Ad a)

packaged laser diode with monitor, cooler, pigtail



Optical Fiber




multi-mode fiber

protective coating

core 50 um
or 9pm cladding 125 um /

single-mode fiber



Size of an optical fiber
In comparison to matc

paper clip



Light guiding fiber

Light detector

v

Coding

v

Light source

Decoding

Attenuation
Distortion
Noise




Decibel: a logarithmic measure

One Bel denotes an order of magnitude in the ratio of two quan-
tities both of which are of the dimension of power or energy.

.Bel“ is named after Alexander Graham Bell, ,,deci is the prefix for 107!, Bel
is used exclusively with prefix deci: dB (pronounced “decibel® or ,,dee-bee*).

Definition

- 2
d[Bel] = log,, F(]) (P; are powers)

Thus.
L
d[dB] = 101og,, F:

Note: power is always proportional to (amplitude squared). Hence

A2 A\? A .

§[dB] = 10log,, -5 = 10log,, (—) = 20log,g — (A; are amplitudes)
Aj Ay Ay

Examples

40 dB correspond to 10* : 1 (power) or 100 : 1 (amplitude), respectively

6 dB correspond pretty closely to 4 : 1 (power) or 2 : 1 (amplitude), respec-
tively

3 dB correspond pretty closely to 2 : 1 (power) or v/2 : 1 (amplitude).
respectively



A stack of windows, sitting in a hardware store for sale:
Glass is not perfectly transparent



Attenuation

(dB/km)
A
100 A \\
10 A
1.0 1
UV absorption
o1 4 /S ~_ o\ |
Rayleigh scattering -
IR absorption
0.01 4
Absorption —
by impurities
I T >
0.5 1.0 15

Wavelength (um)

Around 1.5 um, fiber has a loss below 0.2 dB/km.
This is second to none:

Among all solid-state materials this is by far the most transp



Can you cross the ocean in one go?
Assume  fiber loss 0.2 dB/km
distance 5000 km
total loss 1000 dB
received power 10-100 of transmitted power
to receive a single photon, you must send 10100 photons
photon energy E= hv =6-1034Js - 2:1014 Hz = 10-19 |

it takes 1081 ] to receive a single photon (on average!)

fiber-optic transmission is quantum limited to much less than
1000 km

1 ] attenuated by 10-19 down to 1 photon: -190 dB = max. distance 950 km

How come you can hear radio stations from around the globe with shortwave
radio?



Why is fiber so much better than electrical cables?

Skin effect: magnetic fields compress the current density to a thin surface layer

102

Q/ml - wire (I:iiamete]r: p D,D3|mm %

10 U_USI . / A
D,UrB :;:/

DJID /

| ST

; o ,
J: 10 —r D‘ST]EU —VZ ??%4
-8\ A % % /‘5\0‘)e
102 /% 1;5 /z% 4‘\50(\‘_.
L %//’ S @ﬁ“
0 10? 103 10¢ 10° 108 10 108 Hz 10°

Resistance of copper wire increases with frequenc



attenuation [dB/km]

1000 -

4+ semirigid cable

coaxial cable 1/4 inch
100 - RG 58 C/U Use of fatter cablef
does not really help
10 - =
Optical fiber is vastly supjrior
14 single-mode optical fiber -
1.55um
0,14 _
| | | |
1 10 100 1000 10000 100000

frequency [MHZ]



Light quiding In fibers

The simple-minded
approach:
Ray Optics



. (N2
Qieriy = arcsin (T
n




Entrance of rays into a fiber

Air

n = nNp

- W

Cladding n =ny,

Qax = arcsin \/ n%{ — nﬁd




Entrance cone same as exit cone:
limited by maximum angle

Typically £ 7°

Fiber



Some rays travel longer than others

n%{—nﬁ,l N?’LK—?’LM

Relative timing difference A ea: o P

Typical values: A=0.3% so that in 1 km of fiber, arrival times will scatter by 15 r



Bend loss:
Light emanates from a fiber sideways at sharp bends ““v

.
o**
e®



Light quiding In fibers

A better approach:
Wave Optics



In MKS units of measurement, Maxwell’s equations are
V-D = P
V-B =0
~ 0D
V x ﬁ = a
r aB
V X .E; — —'W
Here,
E  electric field strength V/m
H magnetic field strength A/m n L
D dielectric displacement  As/m?2 D = eE+P — .
5 e . 9 i g P polarization
B magnetic induction Vs/m“=T A = H i
7 : 2 = ho(H +M) M  magnetization
J  current density A/m - i RlCHIEH
p  charge density As/m3 Jd = eb - o conductivity
where
€p vacuum permittivity  (dielectric constant of free space),
po  vacuum permeability  (permeability constant of free space).
4 Vs - Vs
= — — = 1.256637-1076 —
2 107 Am Am
1 As
= : ~ 8.854188 - 10712 —
* Lpc? Vi
9 g m
togo = 1/¢ ¢ = 2.99792458 - 10 =
d7te Vs
pio/€0 = Z2 o o= oo s STEAEnR 0
107 Am




B = €0 Xel E
M = "'(nmgH
J = oFE

All properties of the medium are containednia, o

With some simplifications...

material is

* nonconducting,

* nonmagnetic,

* isotropic,

* and responds instantaneously

...we are |left with only the polarisation

P = ¢ (XU)E' +xPE? + O E3 4 | )



Writing a
wave
equation

Applying Vx yields

ot
V(V-E)-V*E = q%( 2)
With some substitutions
V(V.E)-V2E = ﬂ% (,;.0%?)
a2
H —ﬂUﬁ
— —ﬂt)fugiE lu;);ﬁ
.. we have...
—V(V-E)+V?E = —{,-a‘)—;b S;P

.. and if all vectors are parallel ...



For very weak fields,
ncate series expansion after linear term:

Then:

Relative dielectric constant ¢
with index » and absorption coefficient o

For low loss (a=0) this reduces to

and the linear wave equation is

1+ x) == (n+iia
2w
E=??,2
vE-" %5




Writing the wave equation in cylindrical coordinates
and demanding a smooth transition at the core-cladding boundary
leads to a discrete set of field distributions: The modes

Circular symmetry invokes Bessel functions for the radial field distribution.

Bessel J functions Bessel K functions

First Zero: J,(2,4048) =0



Writing the wave equation in cylindrical coordinates
and demanding a smooth transition at the core-cladding boundary
leads to a discrete set of field distributions: The modes

Circular symmetry invokes Bessel functions for the radial field distribution:
Bessel ] in the core, and Bessel K in the cladding.

The azimuthal field distribution follows cos(mo) with mil

LPos | LPo

field amplitude field amplitude
A »

"‘--.,_-
—

L - L | -
'_ - - .a - r-
0 % radius \'\\/ 9 \/af/:\ radius
Ko

cladding core cladding cladding core

cladding

Examples: Radial field distribution for m=0 and p=1, p=2



NOTE: These modes are quite similar
to the vibration modes of a circular membrane, fixed at the rim (like

a drum head).

Main difference:

Amplitude of membrane is forced to zero at the rim,
but field is not zero at the boundary in the fiber: stretches
somewhat into cladding.

Fundamental oscillation mode
of a circular membrane




Condition for a fiber to be in the single-mode regime:

RKVQA

l

™ 2.4048

>
— 24048

0

2 03
S
12

22

Profiles of all modes
O0<V=8

Source: R. H. Stolen
1976



Group velocity dispersion



refractive index absorption lines
na ] N\

= N
f/ ‘( \1

>
frequency

4 >
transparent range

Refractive index in a wide frequency range



Distinction between phase velocity and group vel

Vph = w/
Vgr = dw/df
L L dn
— gt | [P IRl
! P ¥-c (n d)\)

group index



1,48 -

0,5 1,0 1,5 2,0
Al um

Distinction between phase index n and group index n,,



1 dr

D:——:
L d\

A d*n

c d)\?

Dispersion coefficient in ps/(nm km)

Alternatively, dispersion may be quantified through

1

B(w) = n(w)% = By + B1(w —wp) + =Pa(w — wp)* + ...

d'ﬂl)@
'B'm' o dw™ B
w=uwp
Bo = B(w = wy) = kn
1 r
1 P=—= e
Vgr c
dg, 1
| By = == = — (9=
o= —— = - (

d?n

2

) GVD parameter in pszlk*'n

Conversion between both specifications:

27ce

Dm — _/82 (F

)=—§@



pS
D/Anm km

201

-20 1

Material dispersion plus modification due to waveg!
gives rise to resulting dispersion

Dispersion has a zero in the near infrared! Distingu
» normal dispersionatD <0, 3, >0

» anomalous dispersionatD >0, 3, <0
Consider higher-order dispersion!

— = PR T — e — A—




Explanation of the waveguide contribution to fiber dispersion

The modal field extends somewhat into the cladding:
the longer the wavelength, the more

Ar/L
The rel_evant index Core
Is a weighted average
of core index and cladding index resulting curve
\\\\ //
Cladding
>
A

Ao (core) ~ W Ao (resulting)



Radial structure of fibers

n

Nk
core —»

cladding ny

outer cladding

nq
core —»

3 inner claddings

‘

-a 0 a

Step-index fiber

ps
D/“mnkm

201

7 -d - -b -a 0 a b (R | r
Quadruple-clad fiber
standard

""""""""""""""""
-----

N shifted

-207

LT
.
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flattened



Often used: dispersion length L, = 7,%/|B

T(z) =T \/ 1+( © )2
— T Ea
Position Lp

_—/ ’
- |

-
////
—/

Time

y A
y 4
K

A short light pulse in a dispersive medium will spread out



Position

\&\

R

Sswes

A hypothetical square pulse to demonstrate dispersive effects

Time
-




T
Dispersion broadens the pulse n
by differential timing ~ o a
of it's frequency components
3 .
i
T 0 .“-\ u/ A

-30 -20 -10 ] 10 20 a0
time {fs)

'

A sliding-frequency pulse is called ,,chirped

Megative chirp Mo chirp Positive chirp

Intensity

\ /

Time Time Time
Chirp is invisible in the power profile

Frequency
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