


Lasers: theory and applications, lecture 8

Light propagation in fibers, fiber lasers

Prof. Tobias J. Kippenberg

Lasers: theory and modern applications

November 5, 2024

2/1



Modules of the 2024 Course EPFL

Topics covered No Lecture/Date
Introductory presentation; Basic of laser operation I: dispersion theory, atoms 1 11. 09. 2024
Basic of laser operation Il: 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 Il: 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 |.: 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 Ill: pulse characterization, applications 11 27. 11. 2024
Nonlinear frequency conversion |: theory, frequency doubling, applications 12 04. 12. 2024
Nonlinear frequency conversion |lI: optical parametric amplification (OPA) 13 11. 12. 2024
Laboratory visits (lasers demo) 14 20. 12. 2024

Lasers: theory and modern applications November 5, 2024



Light propagation in fibers, fiber lasers =PrL

Modes in planar waveguide
Fiber: circular waveguide
Fiber types

Fiber lasers
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Fiber optics for communication =PrL

1984: British Telecom lays
first submarine fiber to carry
regular traffic to the Isle

of Wright

Farmlnal it
Equipment
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Citysof Light

The Story of Fiber Optics o -
Revised and, Expanded Edition Daniel Colladon

Jeff Hecht 4 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.

Send letter to Nature in May 21, 1953

A. Van Heel B. O'Brien
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Imaging Fiber Bundle

H.H Hopkins

Submit letter to Nature
on Nov 22, 1953

Depariment of Physics,
Imperial Collego of Scioncs and Technology
London, S.W.7
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Light guiding principle =PrL

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

for guiding is:
[— 9 ___cladding guiding |

i\
(ﬁ
N

n1 sin @; = no sin 6;

— ‘ , : v\’l.7 \/\')_

— n2
0. = asin [ —
—an (2
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Y Y !
%h kon, k,n,
] %Th —Th
B B B A fiber consists of a core and cladding.
The index contrast is made by doping
n(r)

the SiOy (silica core) with e.g Germanium.

r L ) Example of step index fiber

-~ a: core diameter
b

b: cladding diameter
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Slab waveguide =P-L

V2E(r) + kE3n?(r)E(r) =0

E(r,t) = E(z,y) - '“~%)

X

! o x=0 I z
N //n v
6 s
111 n,o
Slab waveguide infinite in y direction and

ng > ng > ny Region Il
LD k3n3 — 5%) E(z,y) =0
ox (x,y) + 072 ﬂ (sc,y) -

Region 111
2
a%;E(m,y) + (kzgng - ,6’2) E(z,y) =0

0 0
(502 + 50z ) Bl + (0 = #)E(w) =0

Region |
2
%E‘(w,y) + (k%n% - ,6’2) E(z,y) =0
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Slab waveguide: insights in the

(€) () © ® @
0

7 kem komsy Ty ‘\ ’
AV

\

\

ko h kyny kon,
6 0 jh _———1h
B B

mode types

Assume plane wave propagation at angle 6

E(T) = E(l’)e—iﬁz — C’Sin(hx + a)e—iﬁz
—C'sin(hz + a)h?e P74 |
+(k8n% - ﬂ2)c Sin(haj + a)e—zﬁz -0

W+ 6% = kinj

guiding condition 8 > kgns leads, using
B = kona cosf, to 6 < cos™! (n3/ng) = 0.
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Symmetric slab waveguide: rigorous solution (1/2) =PrL

w
OF, . Ey __/LH:C
o = iwpuHy B E, H, H.
aEz aEz — _1 H _a E _aEz — 1 H Ty’ ’ El i TE d
GE = G = —iwpHy ifE; — %% = —iwpH, ransverse Electric (TE) modes
OBy — _; OE
i wpH, _axy = —iwuH,
Hy, = —“FE
H Y HxHy Hz
%& - %}a]f = —iweEy —ifH,; — % = iweE, Transverse Magnetic (TM) modes
x
oH .
Bz — wek, OHy _ .
T = iwel,
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Symmetric slab waveguide:

rigorous solution (2/2)

I g = nieo o x
11 & =méE,
Y
x=—d
11 & = nlzso

Lasers: theory and modern applications

Symmetric infinite Slab waveguide aiy =0

_ _98 _
VxE=-% B=uH
VXH:iJr%—?, D=¢E (e=n?
H and E with time behavior in the form e***

H and E propagate in the z direction: e~ P

November 5, 2024
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Symmetric slab waveguide: rigorous solution =PrL

Symmetric waveguid w.r.t. £ = 0 — try solution

I g =nle, x
—2x=+d even modes Ey (z, 2, t) = Ey(—z, 2, t)
11 & =mE,
z odd modes Lg(z,z,t): —Li(—a:,z,t)
[
x=—d
111 =n? OE
& =méE, LA —iwpH,
oz
Even modes
By = Ae—Pzl=d)e=iBz |4 >4
Ey = Bcos(hz)e_iﬁz le| > d
Hy = —i28 c—p(lol=d)e=ifz _ _ihB gy (pp)c—iB2
7 Continuity of tangential field components, Ey, H . at interface
1 By: Ae Pld=d)=iB2 _ g cos(hd) . e~ ifz
— A =B -cos(hd)
1 pd = hd - tan(hd)
. ipA _ ihB o
J Hy: 22 - 2 sin(hd) —  pA = hB-sin(hd)
Satisfy wave equation

lz| = d

2 2 2 2,2 ,2
ol < (hd)® + (pd)® = (n5 — n{)kgd
x| < d
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Solutions for a fiber geometry (cylindrical)

A

Laplacian in cylindrical coordinates:

2 10

2__ [
Vv T or2  ror

255 T 82
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Methodology: solve for:

(V2+k2){ fI }:o

Express the other field components as functions of E-,

H,:

d&’F 1dF w > m
—_— —_ _ F —
dr?2  rdr " r2 0
Bessel differential equation:

F(r) = AJm(kr)  in the core,
F(r) = BKm(yr) in the cladding.

November 5, 2024
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Solutions for a fiber geometry (cylindrical) =PrL

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

4 fields: H,, Hy, E,, By

4 linear equations for 4 unknowns

(A, B, C, D)
Core ‘ '
E.(r,¢,2) = Ady(kr)eimeeiP? ) ) ) )
H.(r,¢,z) = BJm(H,r)ez‘m¢ei,82 Numerical solutions give the propagation constant
Claddlng /Bm]7 mvj = 1a2737~'~

E.(r,¢,2) = CKm(’yr)eif”‘peifBZ
H,(r,¢,2) = DKm(Vr)ezm‘ﬁe""Bz
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Fiber modes =PrL

n

Bfk. —=

n, | |

V = 2.405 = cutoff for TEO1 (LP11)
NoieinBer s 2034 e



Intensity of a few LP modes =PrL
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Integrated optical waveguides

Quasi-TE mode:

Fundamental

Higher-order

Buried photonic waveguides

& Width
X

Sio

2

in-plane electric field x Quasi-TM mode: out-of-plane electric field

500 nm’

1

Electric field amplitude (arb. u.)

Lasers: theory and modern applications

cPrL

Quasi-TE and TM modes of integrated
waveguides usually have different
dispersion

19

=
©

=
~

Effective refractive index (n)

g
o

200 240 280
Frequency (THz)

320 360

i
@
o
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Modal scrambling distorts images

Input
pattern

Multimode fiber

cPrL
Output
pattern
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However, modal scrambling can be compensated =P-L
Shaped Focused
wavefront output

Multimode fiber

Modal scrambling
. November 5, 2024 23/1



Multimode fiber

200 pum

< 200 pm

SPIE Organic Photonics + Electronics San Diego 2015
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Fiber parameters

ny

ny

Condition for single mode propagation:

V=2.7-L . NA <2405
Ao

cPrL

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

NA=sinf -nXsind = \/n%—n%

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

4 a 2
M~— (27— -NA
7T2< T )\0 >

a is the fiber core radius,
A is the wavelength in vacuum,
N A is the numerical aperture
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Fiber absorption =PrL |

3.1.2 Absorption: Absorption bands in solids are usually
broad, owing to the close packing of the molecules. They
arise from the natural-vibration frequencies of the molecu-
lar and electronic systems. Near such frequencies, the
energy of the external electromagnetic field couples energy
into the vibration of the molecules and electrons. In the

D'eleCtr'c'f'bre surface wa_vegundes for wavelength region between 100 and 1 pm, many longitudi-
optical frequencies nal and rotational resonances of molecules are present in

K.C. Kao and G.A. Hockham almost all substances, especially the long-chain polymers.

Indexing terms: ~ Optcal fibes, Waveguides Strong absorption takes place throughout most of the
Absteact: A dieectic fibre with a refactve index igher than its surrounding region s & form of diclecric region. In the 0.3-0.1 um region, electronic-resonance

P e of Gur B s st b on o ol o o The chte 1 he absorption bands are present. In the intermediate region

B e b it B T s et e (i.e. 1-0.3 um), resonance-absorption phenomena are rela-
e, S i discssed. Experimenal iveigaions i both opial and miconme navlengins tively absent. This represents a region for the material to

have low loss.

In inorganic glasses, it is known that absorption can
occur owing to the presence of impurity ions. It is known
that, in high-quality optical glasses, the main contribution
to absorption loss in the 1-3 um region is due to the Fe* ™
and Fe* ** jons. The ferrous ion has an absorption band
centred at about 1 um, while the ferric ion has one at
about 0.4 um. At band centre, the absorption due to 1 part
per million of Fe*? in certain glass systems® is estimated
to result in an absorption coefficient of less than
20 dB/km.
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Fiber absorption

100000

attenuation (dB/km)

10000

1000

wavelength (nm)

Fig. 2. Attenuation spectra of wet (100) and dry (F300) silica core fibers.

400 600 800 1000 1200 1400

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

Loss (dB/km)

100
50

0.01

absorption

| 1

T T T T T T T T
Single-mode fiber
GeO, —doped, An =0.0028, 2a=9.4 um

Experimental
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Infrared
\\\ absorption -
| Rayleigh _— 2 / -
. scattering ’// _
\\ |
N Ultraviolet S~ ’Z
— g absorption Waveguide ———c
L S~ imperfectionS\. -
: Tt
| 1 | 1 | L [~ ] 1
0.8 1.0 1.2 1.4 1.6 1.8
Wavelength (um)

Minimum absorption occurs
at 1550 nm

November 5, 2024 28/1



Chromatic dispersion in fibers =PrL

H‘///\\ [\
| Y,
‘ N\
LA AL
L IR ﬂ(w) = n(w)"—" =

C
Transition Absorption

= Bo+ b1 (W—W0)+%62(w—wo)2+...

_ (478 _
Bm = (W)w_wo (m=0,1,2,...)

Reflective Index

uondiosqy

Fused silica fiber:

1 1
ﬂlz—:ﬁz—<n+wd—n)
c w
L[y 0
27 o e T Y w2
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REFRACTIVE INDEX

144 1 1 L

1
06 08 1 12 14 16
WAVELENGTH (pLm)
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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

B(w) = n(w)*%
Brm = —f) m=0,1,2,...)
pr==L="2= n+wg)

50
Normal dispersion -~ Fused silica
Sapphire
£ CaF,
£ — YAG
e
o)
>
(L 25 4
b o, 3
Anomalous dispersion
-50 T T T

1.0 15 20
Wavelength (um)

= +,81(w—wo)+%52(w—wo)2+...

Pulse After
Laser

Time —
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fs pulse

with GVD L

compensation “I
negative-chirped
(pre-compensated)
pulse

Pulse at Sample
Has Lower Peak Intensity

AN

Lu ng Wsawa\englhs Arrive Eelore

Pulse After
Laser

Time Optical System

Without Disper
Group Delay Dispersion Reduces Peak Intensity

® . il

Dispersion Precom pensator Short Wavelengths. Optical System Puise at Sample Has
Anead of Long Wavelengths High Peak \n?ensily
With Dispersion Compensation

November 5, 2024
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Chromatic dispersion in fibers =PrL

Walk-off parameter . ) D db _ _ameg o Ad®n
di2 = B ()\1) — 61 ()\2) = vy ()\1) — Vg ()\2) d B c d2\Z
T | B R B B 15
75f diz
50} y 5 L
o '3
2% 15 & S~
& 18 = Ap = 1312 £ 0002
0_ _______________________________________
sl ] [
:..1 T T -15 1 1 1 L |
06 08 2 12 14 18 M 12 13 14 15 16 AT

WAVELENGTH (pm)
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Connectors

Fiber connector types: = /
FC
APC .l’:-"




Fiber types =PrL

Wavelength range (single mode cutoff)

Absorption

core: 100 um core: 50 um core: 8.3 um

cladding: 140 um cladding: 125 um  cladding: 125 um
Polarization maintaining / non maintaining
fiber cross section
Core diameter
fiber refractive index profile B e /\ PRy I . .

Cladding diameter

step-index raded-index step-index

itimod fiber sitimod fiber slngle‘aﬁ'lodeflher

Jacket

Connectorized (or bare fiber)
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Fiber examples: communication =PrL

C Claddi Attenuation Di Mode Fi:/:?:D
Corning Fiber Fiber Type Dialz'::er Di:meT:' [dB/km] |ame[t"e‘|;n(] ) Applications / Market
[mm] [mm] at 1.31 mm [ at 1.55 mm | at 1.31 mm at 1.55 mm
The traditional standard
Standard single single mode fiber.
SMF-28e . 8.2 125 0.35 0.20 92+ 04 10.4 £ 0.5
mode fiber .
For metropolitan
and access networks.
A negative non-zero
Negative nonzero dispersion shifted fiber.
MetroCor 9? 125 0.5 0.25 7.6 < MFD < 8.6

dispersion shifted fiber .
For metropolitan

and access networks.
A positive non-zero
dispersion shifted fiber.

Large effective area,
LEAF positive non-zero 9?7 125 0.22 9.6 £ 0.4

dispersion shifted fiber For long-haul and high

data-rate metropolitan
networks.

Ist: ~€ 0.6/m
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Fiber examples: doped fibers (lasers) =PrL

Highly Doped Er Fibers, 1.53 - 1.61 um (Page 1 of 2)

Thorlabs offers a wide range of highly doped erbium fibers suitable for fiber lasers and
amplifiers operating in the 1.53 to 1.61 pm wavelength region. These fibers are urilized in

a broad range of applications including relecommunication amplifiers (EDFAs), high-power
PON/CATV boosters, and ultra-short pulse amplifiers used in instrumentation, industrial,
and medical applicarions.

Source: Thorlabs, Inc.

Structure of

Octagonal ER Fibers
Highly Er-Doped Fiber Specificati
[ RECOMMENDED PEAK CORE CLADDING COATING CUTOFF
ITEM# OPERATING & ABSORPTION MFD DIAMETER DIAMETER WAVELENGTH NA
ERI6-8/125 C-Band 16 2 2 dB/m 9.5 + 0.8 pm 1252 2 um 245 + 15 pm L100-1400 nm 0.13 + 0.02 ~€ 60/m
ER30-4/125 C- and L-Bands 30 = 3 dli/m 6.5+ 0.5 pm 125 2 um 245 + 15 pm 800-960 nm 0.2 £ 0.02
ERG0-40/ 1400 C- and L-Bands 60 & 6 dBim 40+ 3 pm” 140 & 5 pm 245+ 15 pm — 0.09
ERB0-4/125 C- and [-Bands B0 + 8 dB/m 6.5+ 05 pm 1252 2 pm 245+ 15 pm 800-980 nm 0.2
ERB0-8/123 C- and L-Bands B0 2 8 dB/m 95405 pm 135+ 2 pm 245+ 15 ym L100-1400 nm 0.13
ER110-4/125 C- and L-Bands 110 2 10 dB/m 6.5+ 0.5 pm 125 £ 3 pm 245+ 15 pm B00-980 nim 0.2

Mode Field Diameter = diameter of the guided beam A 5 a
measured at the elz value SM—cutoff > 27" 5700
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Optical fiber fabrication =PrL

Gas Deposition System

POCl, GeCl, BBr,

Preform SiCl 4

Burner

| ! a4

A fiber-draw tower and high-purity graphite furnace
_ are parts of the contamination-free environment in
which optical fiber is drawn.

Fiber fabrication
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http://wn.com/fibre_optics

Optical fiber dopants

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

Ytterbium

T F

y 3 52
940 nm
1050 nim
1030 nm
\ Al
2

Frr

Ayt =1-2ms
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Erbium

— e

\

980 nm \ Rapid decay

4
har

1550 nm

“hse

EDFA (Erbium Doped Fiber
Amplifier)

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

Ny

808 nm I
o, 1064 nm

I
|

r——n,

‘Ground é Ny

state

Thulium:

Less used.

Laser in the range
1900-2100 nm
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Quantum defect

- Output Pump Energy
Active ion band [mm] | band [mm] | 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

07 ' — NdYag 1%at 200
:Z: Energy efficiency _1:2’
o] increased by 10% %1407 ! T —
05 ] at 885 nm 21204
< l 1004 B85 nm pumped
s ZR, 2 8o <
l B 601
ZRIZR, &0
20-
04 086 088 0% 0 10 20 30 40 50 60
2 [um] Crystal Length [mm]
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Quantum defect is by definition
a unitless number in percent:

N Elaser

1
Epump

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

Diode pumping
Converts electrical power into pump light Ndiode = 50~60% (780~1000nm )
Pump wavelength matches absorption band

Optical pumping to Optical lasing
Quantum defect nQp = 63-95%
extraction efficiency (incl. all other losses) next = 90%

Wall plug efficiency: electrical power input to optical

lasing power output Ndiode = 50-60% (780-1000 nm)
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Fiber laser resonator EPFL

Fiber Laser Resonator

Polished end
4% Fresnel reflection

High reflective mirror
Or coating on facet

-

[y MO
v

Bragg grating written in the core
of the fiber with U.V lasers
(wavelength Selective)
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Fiber laser: optical pumping =PrL
Dichroic mirror i.e

Pass pump light
Reflect laser light

(can be a coating evaporated
on fiber-end)
Pump light E}O I O- laser light

End pumping with pump light focused
directly in the core.

\ 4

Limits the pump power to less than ~3 W
due to the output of single mode laser diode
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Fiber laser: double clad fiber EPFL

Invention of the double clad fiber (Snitzer, 1988)
enabled much more pumping power in the fiber core

End pumping Coupler

2

Pump light ~ Outer core

------------------------ Inner core
- fiber-laser
-------------------------------- beam

Dual-clad fiber
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Fiber laser vs. gas & solid state laser =PrL

@ CO,Laser @ Nd:YAG Laser @ Fiber Laser

100,000

10,000

1,000

100

Laser Power (W)

10

| | |
I I I

1960 1970 1980 1990 2000 2010

Source: EALA, Automatic Feed Co., ALAW 2009
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Double clad designs =PrL

n= w =1- e_F(Score/Stotal)apL
outer doped inner core

clading
undoped
inner

dcore  D-shaped elliptical rectangular

cladding © d core
\ \mercladdmg inner cladding Inner/claddmg

99"""30 20 30 40 50 60

Fiber length (m)
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Erbium doped fiber amplifier (EDFA) =PrL

Pump Light
Filter Blocks Pump
Pump Wavelength 975 nm
Wea it P
Optical ‘
Signal
— -
( r‘ Signal Wavelength
Input Goes This Way
Fiber Oiiical
ptical
. Isolator
Optical
Isolator .

Pump Wavelength o
Single-core fiber Rpa
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