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Modules of the 2024 Course

Topics covered No Lecture/Date
Introductory presentation; Basic of laser operation I: dispersion theory, atoms 1 11. 09. 2024
Basic of laser operation II: dispersion theory, atoms 2 18. 09. 2024
Laser systems I: 3 and 4 level lasers, gas lasers, solid state lasers, applications 3 25. 09. 2024
Laser systems II: semi-conductor lasers, external cavity lasers, applications 4 02. 10. 2024
Noise characteristics of lasers: linewidth, coherence, phase and amplitude noise, OSA (1) 5 09. 10. 2024
Noise characteristics of lasers: linewidth, coherence, phase and amplitude noise, OSA (2) 6 16. 10. 2024
Optical detection 7 30. 10. 2024
Optical fibers: light propagation in fibers, specialty fibers and dispersion (GVD) 8 06. 11. 2024
Ultrafast lasers I.: Passive mode locking and ultrafast lasers 9 13. 11. 2024
Ultrafast lasers II: mode locking, optical frequency combs / frequency metrology 10 20. 11. 2024
Ultrafast lasers III: pulse characterization, applications 11 27. 11. 2024
Nonlinear frequency conversion I: theory, frequency doubling, applications 12 04. 12. 2024
Nonlinear frequency conversion II: optical parametric amplification (OPA) 13 11. 12. 2024
Laboratory visits (lasers demo) 14 20. 12. 2024
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Light propagation in fibers, fiber lasers

Modes in planar waveguide
Fiber: circular waveguide
Fiber types
Fiber lasers
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Fiber optics for communication

1984: British Telecom lays
first submarine fiber to carry
regular traffic to the Isle
of Wright
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Daniel Colladon
1841
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The first proposed application for fibers is not
for communication but imaging!
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April 11, 1951: Holger Moller Hansen files for Danish patent of “Fibrescope”
Proposes for the first time “cladding” the glass fiber in the bundle with a material with lower index.

A. Van Heel B. O’Brien
Send letter to Nature in May 21, 1953
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Imaging Fiber Bundle

H.H Hopkins
Submit letter to Nature
on Nov 22, 1953
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Light guiding principle

Light is guided in the waveguide by total
internal reflection (TIR). The condition
for guiding is:

n1 sin θi = n2 sin θt

θc = asin
(

n2
n1

)
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Fiber

A fiber consists of a core and cladding.
The index contrast is made by doping
the SiO2 (silica core) with e.g Germanium.

Example of step index fiber
a: core diameter
b: cladding diameter
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Slab waveguide

Slab waveguide infinite in y direction and
n2 > n3 > n1

∇2E(r) + k2
0n2(r)E(r) = 0

E(r, t) = E(x, y) · ei(ωt−βz)

(
∂

∂x2 +
∂

∂y2

)
E(x, y) + (k2

0n2 − β2)E(x, y) = 0

Region I
∂2

∂x2 E(x, y) +
(

k2
0n2

1 − β2
)

E(x, y) = 0

Region II
∂2

∂x2 E(x, y) +
(

k2
0n2

2 − β2
)

E(x, y) = 0

Region III
∂2

∂x2 E(x, y) +
(

k2
0n2

3 − β2
)

E(x, y) = 0
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Slab waveguide: insights in the mode types

Assume plane wave propagation at angle θ

E(r) = E(x)e−iβz = C sin(hx + α)e−iβz

−C sin(hx + α)h2e−iβz+
+(k2

0n2
2 − β2)C sin(hx + α)e−iβz = 0

h2 + β2 = k2
0n2

2

guiding condition β > k0n3 leads, using
β = k0n2 cos θ, to θ < cos−1 (n3/n2) = θc
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Symmetric slab waveguide: rigorous solution (1/2)

∂Ey

∂z = iωµHx

∂Ex
∂z − ∂Ez

∂x = −iωµHy

∂Ey

∂x = −iωµHz


Ey = −ωµ

β
Hx

−iβEx − ∂Ez
∂x = −iωµHy

∂Ey

∂x
= −iωµHz


Ey, Hx, Hz

Transverse Electric (TE) modes

∂Hy

∂z = −iωεEx

∂Hx
∂z − ∂Hz

∂x = −iωεEy

∂Hy

∂x = iωεEz


Hy = −ωε

β Ex

−iβHx − ∂Hz

∂x
= iωεEy

∂Hy

∂x = iωεEz


Hy, Ex, Ez

Transverse Magnetic (TM) modes
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Symmetric slab waveguide: rigorous solution (2/2)

Symmetric infinite Slab waveguide ∂
∂y = 0

∇ × E = − ∂β
∂t , B = µH

∇ × H = i + ∂D
∂t , D = εE (ε = n2)

H and E with time behavior in the form eiωt

H and E propagate in the z direction: e−iβz
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Symmetric slab waveguide: rigorous solution
Symmetric waveguid w.r.t. x = 0 → try solution

even modes Ey (x, z, t) = Ey (−x, z, t)

odd modes L
2
y (x, z, t) = −L

2
y (−x, z, t)

∂Ey

∂x
= −iωµHz

Even modes

Ey = Ae−p(|x|−d)e−iβz |x| ≥ d

Ey = β cos(hx)e−iβz |x| ≥ d

}
Hz = −i

pA
ωµ

e−p(|x|−d)e−iβz = − ihβ
ωµ

sin(hx)e−iβz

Continuity of tangential field components, Ey , Hz at interface

Ey : Ae−p(d−d)e−iβz = β · cos(hd) · e−iβz

→ A = β · cos(hd)

Hz : ipA
ωµ

=
ihβ
ωµ

· sin(hd) → pA = hβ · sin(hd)

 pd = hd · tan(hd)

Satisfy wave equation

h2 + β2 = k2
0n2

2 |x| ≥ d

β2 − p2 = k2
0n2

1 |x| ≤ d

}
(hd)2 + (pd)2 = (n2

2 − n
2
1)k2

0d
2
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Solutions for a fiber geometry (cylindrical)

Laplacian in cylindrical coordinates:

∇2 =
∂2

∂r2 +
1
r

∂

∂r
+

1
r2

∂2

∂ϕ2 +
∂2

∂z2

Methodology: solve for:(
∇2 + k2

){
Ez

Hz

}
= 0

Express the other field components as functions of Ez ,
Hz :

Er = f1 (Ez , Hz)

Eϕ = f2 (Ez , Hz)

Hr = f3 (Ez , Hz)

Hϕ = f4 (Ez , Hz)

E(r, ϕ, z) = F (r)eimϕeiβz

d2F

dr2 +
1
r

dF

dr
+

(
n2 ω2

c2 − β2 − m2

r2

)
F = 0

Bessel differential equation:

F (r) = AJm(κr) in the core,
F (r) = BKm(γr) in the cladding.
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Solutions for a fiber geometry (cylindrical)

Core
Ez(r, ϕ, z) = AJm(κr)eimϕeiβz

Hz(r, ϕ, z) = BJm(κr)eimϕeiβz

Cladding
Ez(r, ϕ, z) = CKm(γr)eimϕeiβz

Hz(r, ϕ, z) = DKm(γr)eimϕeiβz

Boundary conditions: tangential components of
the E and H continuous at interface core-cladding

4 fields: Hz, Hϕ, Ez, Eϕ

4 linear equations for 4 unknowns
(A, B, C, D)

Numerical solutions give the propagation constant

βmj , m, j = 1, 2, 3, . . .
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Fiber modes

V = 2.405 = cutoff for TE01 (LP11)
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Intensity of a few LP modes
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Integrated optical waveguides
Buried photonic waveguides

Quasi-TE mode: in-plane electric field × Quasi-TM mode: out-of-plane electric field

Quasi-TE and TM modes of integrated
waveguides usually have different
dispersion
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Modal scrambling distorts images
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However, modal scrambling can be compensated

Modal scrambling
during propagationLasers: theory and modern applications November 5, 2024 23 / 1



SPIE Organic Photonics + Electronics San Diego 2015
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Fiber parameters

Condition for single mode propagation:

V = 2 · π · a

λ0
· NA < 2.405

The acceptance angle is characterized
by the numerical aperture of the fiber:

NA = sin θ · n
air
= sin θ =

√
n2

1 − n2
2

The number of modes in a fiber is approximately
given by:

M ≈ 4
π2

(
2 · π · a

λ0
· NA

)2

a is the fiber core radius,
λ is the wavelength in vacuum,
NA is the numerical aperture
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Fiber absorption
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Fiber absorption

1966: Key for using silica in fibers was
to reduce the OH concentration. This
allows to have 95% transmission after
1 km.
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Fiber absorption

Minimum absorption occurs
at 1550 nm
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Chromatic dispersion in fibers

Fused silica fiber:

n2(ω) = 1 +
m∑

j=1

Bjω2
j

ω2
j − ω2

β(ω) = n(ω)ω
c =

= β0 + β1 (ω − ω0) +
1
2β2 (ω − ω0)

2 + . . .

βm =

(
dmβ

dωm

)
ω=ω0

(m = 0, 1, 2, . . .)

β1 =
1
vg

=
ng

c
=

1
c

(
n + ω

dn

dω

)
β2 =

1
c

(
2 dn

dω
+ ω

d2n

dω2

)
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Group Velocity Dispersion
GVD – the frequency dependence of the group velocity in a medium, or
(quantitatively) the derivative of the inverse group velocity with respect
to angular frequency

β(ω) = n(ω)ω
c
= β0 + β1 (ω − ω0) +

1
2 β2 (ω − ω0)

2 + . . .

βm =

(
dmβ
dωm

)
(m = 0, 1, 2, . . .)

β1 = 1
vg

=
ng

c
= 1

c

(
n + ω dn

dω

)
β2 = 1

c

(
2 dn

dω
+ ω d2n

dω2

)
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Chromatic dispersion in fibers

Walk-off parameter
d12 = β1 (λ1) − β1 (λ2) = v−1

g (λ1) − v−1
g (λ2)

D = dβ1
dλ = − 2πc

λ2 β2 ≈ λ
c

d2n
dλ2
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Connectors

Fiber connector types:
FC
APC
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Fiber types

Wavelength range (single mode cutoff)

Absorption

Polarization maintaining / non maintaining

Core diameter

Cladding diameter

Jacket

Connectorized (or bare fiber)
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Fiber examples: communication

Corning Fiber Fiber Type Core
Diameter

[mm]

Cladding
Diameter

[mm]

Attenuation
[dB/km]

Mode Field
Diameter (MFD)

[mm] Applications / Market

at 1.31 mm at 1.55 mm at 1.31 mm at 1.55 mm

SMF-28e Standard single
mode fiber 8.2 125 0.35 0.20 9.2 ± 0.4 10.4 ± 0.5

The traditional standard
single mode fiber.

For metropolitan
and access networks.

MetroCor Negative nonzero
dispersion shifted fiber 9? 125 0.5 0.25 7.6 ≤ MFD ≤ 8.6

A negative non-zero
dispersion shifted fiber.

For metropolitan
and access networks.

LEAF
Large effective area,
positive non-zero
dispersion shifted fiber

9? 125 0.22 9.6 ± 0.4

A positive non-zero
dispersion shifted fiber.

For long-haul and high
data-rate metropolitan
networks.

1st: ∼€ 0.6/m
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Fiber examples: doped fibers (lasers)

Source: Thorlabs, Inc.

∼€ 60/m

Mode Field Diameter = diameter of the guided beam
measured at the 1

e2 value λSM−cutoff > 2 · π · a

2.405 · NA
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Optical fiber fabrication

Fiber fabrication
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Optical fiber dopants
Host fiber: usually silica glass
Fiber dopants: Yt, Er, Nd

Ytterbium

A−1
21 = 1 − 2 ms

Erbium

EDFA (Erbium Doped Fiber
Amplifier)

Neodymium (Nd):
Mainly used in large glass slabs
(LIF)

Thulium:
Less used.
Laser in the range
1900–2100 nm
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Quantum defect
Active ion Output

band [mm]
Pump

band [mm]
Energy

conversion
Ytterbium 1030-1100 940/975 88 / 92

Erbium 1520-1580 980/1480 63 / 95
Neodymium 1064-1088 808/885 75 / 82

Thulium 1900-2100 793 40
Quantum defect is by definition
a unitless number in percent:

1 − Elaser
Epump

The lower this number, the
less heat deposited
in the material.
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Fiber laser efficiency

Diode pumping
Converts electrical power into pump light
Pump wavelength matches absorption band

ηdiode = 50–60%(780–1000nm)

Optical pumping to Optical lasing
Quantum defect
extraction efficiency (incl. all other losses)

ηQD = 63–95%
ηEXT = 90%

Wall plug efficiency: electrical power input to optical
lasing power output ηdiode = 50–60% (780–1000 nm)
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Fiber laser resonator
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Fiber laser: optical pumping
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Fiber laser: double clad fiber
Invention of the double clad fiber (Snitzer, 1988)

enabled much more pumping power in the fiber core
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Fiber laser vs. gas & solid state laser
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Double clad designs
η = P (0)−P (L)

P (0) = 1 − e−F (Score/Stotal)αpL
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Erbium doped fiber amplifier (EDFA)

Lasers: theory and modern applications November 5, 2024 45 / 1


