AT —IPQ—¥-

Karlsruhe Institute of Technology

Nonlinear Optics

Christian Koos

Institute of Photonics and Quantum Electronics (IPQ)
Institute of Microstructure Technology (IMT) - -

KIT — University of the State of Baden-Wuerttemberg and
National Research Center of the Helmholtz Association



Lecture 1




Our research: Photonic Integration —
Technologies and Applications

AT

Karlsruhe Institute of Technology

Photonic IC Nanophotonic 3D Photonic
Design and and Teratronic Integration
Fabless Devices (IMT) (IMT/IPQ)

Fabrication (IPQ)

ﬁiﬁ

.......
L 4

-

~ 20 PhD candidates and postdocs
11 tech./admin. staff
~ 15 students

* - u. 4 ‘
W. Freude C. Koos S. Randel

Optical
Communications

(IPQ)

Teratronic Signal
Processing
(IPQ/IMT)

Biophotonics
(IMT)

Optical Metrology
(IPQ)

3 27.06.2018 Christian Koos

Institute of Photonics I PQ
and Quantum Electronics



DSPOC: Digital Signal Processing in Optical Communications *‘(IT
(Workshop & Lecture by Prof. Sebastian Randel) it ot

This course will provide practical knowledge about the design and implementation of digital-signal-
processing (DSP) algorithms in optical communication systems. Topics will be introduced in lectures and
applied in practical exercises in the computer lab using MATLAB. The course will cover the following

topics:
® Modulation formats, entropy, spectral efficiency, pulse shaping
® Noise sources and statistics

® Performance evaluation: Bit-error ratio, Q-Factor, OSNR-Penalty, Mutual Information, Monte Carlo
Simulation

® Modeling systems with intensity modulation and direct detection

® Digital coherent receivers (carrier recovery, timing recovery, chromatic dispersion compensation,
adaptive equalization)
® Impact and compensation of chromatic dispersion and polarization-mode dispersion

® System impact of fiber nonlinearities

Lecture (1 SWS): Tuesday 11:30-13:00 Building 20.40, Neuer Horsaal (NH)
Workshop (2 SWS): Thursday 15:45-17:15 Building 20.21, SCC-PC-Pool L
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http://www.submarinecablemap.com/ Probabilistic constellation shaping (figure from: F. Buchali NOKIA) Adaptive MIMO equalizer FPGA implementation www.xilinx.com
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The need for high-speed optical communications A\‘(IT

Karlsruhe Institute of Technology

7" Papal election 2005
. (Benedict XVI)

Papal election 2013
(Francis)
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Our Research: Teratronics and Photonics A\‘(IT

Karlsruhe Institute of Technology
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Capacity challenges in communication networks A\‘(IT

Over the last decade, Google’s infrastructure
scaled by

hours of YouTube searches per individual IPs
video watched month connected to by

per day Google Cloud
Platform (GCP)

Google Cloud

Source: Urs Holzle (Google employee No. 8, today: VP Technical Infrastructure), OFC 2017

' Institute of Microstructure Institute of Photonics
IMT Christian Koos -7- 27.06.2018 —IPQ
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Connection of Data Centers through Campus-Area Networks ﬂ("'

Karlsruhe Institute of Technology
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U. Holzle, OFC 2017 Plenary Talk
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Connection of Data Centers through Campus-Area Networks ﬂ("'

Karlsruhe Institute of Technology
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U. Holzle, OFC 2017 Plenary Talk
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Connection of Data Centers through Campus-Area Networks ﬂ("'

Karlsruhe Institute of Technology

)/

And 1728/3456 fiber- "
strands per cable... ;8

= Further scaling requires increase of data rate per fiber
= Massively parallel wavelength division multiplexing (WDM)

U. Holzle, OFC 2017 Plenary Talk
' Institute of Microstructure Institute of Photonics
‘ |MT Christian Koos -10 - 27.06.2018 —IPQ
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Massively parallel wavelength-division multiplexing (WDM)
using optical frequency combs A\‘(IT

Previous demonstration: Use frequency |
comb, generated by a mode-locked laser |
325 channels, 12.5 GBd, Nonlinead’
16 QAM, PoIMUX = 32.5 Thit/s Op{\cs‘.

— — —— — — — — — — —— — — — — — — — — — —
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Massively parallel wavelength-division multiplexing (WDM) S (IT
using optical frequency combs e A

Previous demonstration: Use frequency [
comb, generated by a mode-locked laser |
325 channels, 12.5 GBd, Non\\ﬂear !
16 QAM, PolIMUX = 32.5 Thit/s Op’“cs‘

— — —— — — — — o ——— — — — — — — — — — ——

I{ Comb Generator 1 | Subcarrier Modulation

I 1
I " B! H{>—{QAMTX Cl
I [ T2 Il _l >
|Ergo MLL _ HNLF ) | AV T
e \ |Waveshaper

The vision: Chip-scale multi-Tbit/s transceivers

LN
fn

Hillerkuss et al., Nat. Photon. 5, 364-371 (2011)

Photonic wire bond
(Nonlinear Optics!)

Transmitter chip: Silicon photonics
and silicon-organic hybrid (SOH)
electro-optic modulators
(Nonlinear Optics!)

7’
Chip-scale Kerr
comb generator
(Nonlinear Optics!)

Nonlinear SiN
InGaAsP microresonator

pump laser
Pfeifle et al., Nat. Photon. 8, 375 - 380 (2014)

Institute of Photonics
12 27062018 Christian Koos i _IPQ%
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Nonlinear Optics A\‘(IT

Karlsruhe Institute of Technology

Contents

Linear and nonlinear optics: Maxwell's equations and nonlinear optics, nonlinear wave
equation, survey of nonlinear optical processes...

The nonlinear optical susceptibility: Definition of the nonlinear optical susceptibility
tensor, influence of spatial symmetry

Second-order nonlinear effects: Linear electro-optic effect (Pockels effect), electro-
optic modulators, difference-frequency generation and parametric amplification, phase
matching

Acousto-optics: Acousto-optic modulators, interaction of photons and phonons,
Brillouin and Raman scattering

Third-order nonlinear effects: Signal propagation in third-order nonlinear media, the
nonlinear Schrodinger equation (NLSE); nonlinear signal processing, optical solitons
and modulation instability

Further reading:

13

R. W. Boyd. Nonlinear Optics. Academic Press, San Diego, 2003.

G. P. Agrawal. Nonlinear Fiber Optics. Academic Press, 2013.

G. |. Stegeman and R. A. Stegeman. Nonlinear Optics: Phenomena, Materials, and
Devices, Wiley, 2012

B. E. A. Saleh and M. C. Teich. Fundamentals of Photonics. John Wiley and Sons, 2007.
Y. R. Shen. Nonlinear Optics. John Wiley and Sons, New York, 1984.

Institute of Photonics )K
27.06.2018 Christian Koos - I PQ
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Introduction to nonlinear optics

AT

Karlsruhe Institute of Technology

What is nonlinear optics?

“Nonlinear optics is the study of phenomena that occur as a consequence of the

modification of optical properties by the presence of light*

Boyd, “Nonlinear Optics“, Academic Press 2003

Typical nonlinear-optical phenomena: »

e

« Generation of new frequency components
generation, e.g., third-harmonic generation

(THG) or second-harmonic generation (SHG)
+ Power-dependent transmission, e.g.,
nonlinear absorption or absorption bleaching
* Intensity-dependent interference
* Intensity-dependent beam profiles, e.g., due
to self-focussing

Input Output

@
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2@ .bleeching"
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output V4
Vs /< .Saturation®
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Y e
(@) (b) (c) (d)

Figures adapted from: Stegeman, Nonlinear Optics: Phenomena, Materials, and Devices, John
Wiley & Sons, Hoboken, NJ. (2012).

14 27.06.2018 Christian Koos
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Generating high optical power: Pulsed laser sources A\‘(IT

Karlsruhe Institute of Technology

Important for observation of nonlinear optical

phenomena: High intensities

» Exploit pulsed lasers with high peak power

» Use strongly focused light or optical waveguides with
small cross sections

Nd: Glass Petawatt Laser,

Lawerence Livermore Nat. Lab

* Peak power: ~ 2 PW

* Pulse stretching and recompression (factor 25000) to
avoid damage of laser optics

Pulse stretcher ———
Gratings mgh_ee?‘e‘gg 0.3 picoseconds
ultrashort pulse
Pulse compressor

2,000 picoseconds

Initial
short
Short-pulse —
oscillator DKSO/ 2,000 picoseconds Power amplifiers —
A ~ P
G~ — G— 7 —— >

Long, low-power High-energy
pulse for puise after
\ amplification amplification

Gratings

... hot very practical!

Institute of Photonics %K
15 27.06.2018 Christian Koos - I PQ
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Pulsed laser sources: Solid-state devices A\‘(IT

Karlsruhe Institute of Technology

Important for observation of nonlinear optical phenomena: High intensities
» Exploit pulsed lasers with high peak power
» Use strongly focused light or optical waveguides with small cross sections

[2]

Picosecond laser Ti: Sapphire laser oscillator
(Lumentum) (Spectra Physics)

* Pulse duration: 10 ps Pulse duration: < 100 fs

« Wavelength: 1064 nm « Wavelength: ~ 800 nm

* Repetition frequency: up to 8 MHz * Repetition frequency: 80 MHz
* Average Power: up to 50 W * Average Power: >1.1W

* Peak power: up to 20 MW » Peak power: > 170 kW

[1] https://www.lumentum.com/en/products/laser-ultrafast-industrial-picoblade
[2] http://www.spectra-physics.com/products/ultrafast-lasers-for-scientific-research/

Institute of Photoni
16  27.06.2018 Christian Koos neTe o oon!cs _IPQ%
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Pulsed laser sources: Solid-state devices A\‘(IT

Karlsruhe Institute of Technology

Important for observation of nonlinear optical phenomena: High intensities
» Use strongly focused light or optical waveguides with small cross sections
» Exploit pulsed lasers with high peak power

Ti: Sapphire Laser Ergo-XG

(Spectra Physics) (Time-Bandwidth Products; now: Lumentum)
Pulse duration: < 100 fs * Pulse duration: < 2 ps

« Wavelength: ~ 800 nm « Wavelength: ~ 1550 nm

* Repetition frequency: 80 MHz * Repetition frequency: 10 GHz

* Average power: >4 W * Average power: > 50 mW

+ Peak power > 500 kW « Peak power>25W

Institute of Photonics %K
17 27.06.2018 Christian Koos . - I PQ
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Pulsed fiber lasers and mode-locked laser diodes A\‘(IT

Karlsruhe Institute of Technology

Mode-locked laser diode (llI-V-labs)

Pulse duration: ~ 1 ps

Wavelength: 1550 nm

Repetition frequency: up to 500 GHz
Average Power: ~ 20 mW

Peak power ~ 200 mW

[1] http://www.bpress.cn/im/tag/Keopsys/

18

27.06.2018 Christian Koos

Fiber laser (Keopsys)

Pulse duration: 0.5 ns to 200 ns
Wavelength: ~ 1550 nm

Repetition frequency: 10 Hz to 1 MHz
Average power: upto 1.2 W

Peak power: up to 15 kW

Institute of Photonics | PQ
and Quantum Electronics



Pulsed fiber lasers and mode-locked laser diodes A\‘(IT

Karlsruhe Institute of Technology

Fiber laser (Calmar)

* Pulse duration: 0.8 — 5 ps

« Wavelength: ~ 1550 nm
—— » Repetition frequency: 40 GHz

i b (66 i i , -ﬂﬁ-]@ « Average Power: > 20 mW
- Asn '@ =@ g  Peak power <1 W

Mode-locked laser diode (llI-V-labs)

» Pulse duration: ~ 1 ps

* Wavelength: 1550 nm

* Repetition frequency: up to 500 GHz
* Average Power: ~ 20 mW

 Peak power ~ 200 mW

Institute of Photonics Ek
19 27.06.2018 Christian Koos - I PQ
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Applications of nonlinear optics A\‘(IT

Karlsruhe Institute of Technology

Special features of nonlinear-optical processes:

» Ultra-short response times (fs!) => Ultra-fast signal processing!

« Broadband => Light generation / amplification at wavelength ranges that cannot be
accessed by other gain media

Example: Green laser pointer, based on second-harmonic generation of 1064 nm light

“.F@._ L]
[ KTP |
: Ne:YVO,

| z - =— o
Nonlinear-optical crystal L{ ) (
(KTP = Kaliumtitanylphosphat) E} I N
LD

— ~ ‘ ] =T [=
- [ |
DPSS: Diode-pumped | [ TH =
solid-state laser Pump Laser Diode | i
Indexing Pin OC Mirror Expanding Lens IR Filter Collimating Lens

[Beam Paths: [808 nm — [1064+532nm  [532 nm — |

Laser diode: 808 nm
-> Nd:YVO,-laser: 1064 nm
-> Second-harmonic generation (SHG) in nonlinear KTP crystal: 532 nm

Institute of Photonics Ek
20 27.06.2018 Christian Koos - I PQ

and Quantum Electronics



Applications of nonlinear optics: $‘ (IT

Supercontinuum generation in highly nonlinear fibers

Karlsruhe Institute of Technology

High index-contrast “small-core” fiber: High optical intensities in the waveguide core

Enclosed

Leong et al. Journ. Lightw. Technol., Vol. 24, No. 1 (2006)
« Solid core + low-index air cladding
« Tight confinement of light within a small core area
— Strong nonlinear effects; allows for supercontinuum generation!

http://www.bath.ac.uk/physics/groups/cppm/nonlinear_pcf.php

Institute of Photonics Ek
21 27.06.2018 Christian Koos - I PQ
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Applications of nonlinear optics: \‘(IT
Frequency comb generation for high-speed data transmission .. 55

Mode-locked laser + spectral broadening in highly nonlinear fiber (HNLF)
Problem: Spectral dips for SPM-induced phase shifts of Ad =2 1.5«

_________________________________________ ~

:' Initial comb generation and spectral broadening ‘i ISpectral combination and |

| - equalization |
I

: EDFA . % 5 |

| * (E ) = Ll Finisar [y E:> I

I L= 50) Ll WaveShaper | § I
I

| Ergo XG\ DCF 5 nm | |

: MLL 54 m Bandpass : : I

| 12.5 GHz filter o l

E E E

£ E :

£ £ £

m .

= S A

2 60k 1 2. 2

& 1540 1545 1550 1555 1560 o 1500 1550 1600 5 1540 1550 1560

Wavelength [nm] Wavelength [nm] Wavelength [nm]

= 325 carriers with 12.5 GHz spacing, linewidth < 10 kHz
Hillerkuss et al., J. Opt. Commun. Netw. 4, 715723 (2012)

Institute of Phot
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Optical Power [dBm]

Applications of nonlinear optics: Kerr frequency comb generation

for high-speed data transmission

Recent Achievements: Temporal dissipative
integrated soliton frequency comb

AT

Karlsruhe Institute of Technology

Chip-scale comb source

- 179 Carriers from chip-scale comb sources, e input
-40 GBd, 16 QAM, PolIMUX = 50.2 Thit/s —'—'f _

MP1 " : L-Band ' C-Band ' " RBW: 0.1 nm
-20
-40 i “} ‘\ |
-60 : f | 1 ‘\ I
1é0 1é5 1;0 19;5 2(I)0
Frequency [THz]
_ MP2 1 1 L—Band 1 1 1 | 1 | | 1
e OF .
g3
i *W“wmwuwwm il umm T
3 AR A A l il 4 | i
e L | Cam o REW 005
187 188 189 190 191 192 193 194 195 196
e ‘,..:;; ..... LBand ~ s . o f...E:‘?.?!?EéE'..R. ..... %EBB...HJO.Q.::J.Q.?_ ........ .
] S L i T e o BERZ4.5. X107 aeg®®. . ]
g 5 0 R S
g 1d4i:° QPSK i
g 10-5:— Oy ] ] 1 ] 1 1 ] 1 ] i
187 188 189 190 191 192 193 194 195 196
Freaueney TRzl Marin, P. et al. Nature 546, 274-279 (2017)
”s 77 05 2018 Christian Koos Institute of Photonics IPQ%
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lications of nonlinear optics: Kernr frequency comb generation
App p quency g AUT

for ultrafast optical ranging
. . . m———— Ultrafast ranging - .
» Unique combination of large free | o
spectral range and large bandwidth A T b P o
enables ultrafast and precise optical Z ST s
distance measurements o | Q’r_““
Airgun

Time (10 us/div)

« Demonstration of optical ranging at
100 MHz sampling rate, while keeping Bty i
nm-precision in mm-range

vs)

8]

Profile (mm)
o —

seeeeeeeneene STALIC tArQgEt MEASUTEMENTS -rrnvvverereremsassserreems e 4
D E i 1 1 1 1
1 iis .
£ Position (1mm/div)
£ 284 nm at 10.4 ns (96.4 MHz) E 2p
a L 50097 |
2 £ _ged C
Q = r tol . .
0.1 12 nm at 14 ps (72 kHz) 2 00" Ambiguity
s T ] 50097 distance
- O . : :
% E 1F T T — T
— =5
. S o i e
| e
! T it J
10 10 10° 10 0" 10° & o0 0.5 1 15 2

Trocha, P. et al., Science 359, 887-891 (2018)
24 27.062018 Christian Koos institute of Photonics —|PQ%
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Ultra-fast all-optical switching:
Pump-probe measurement of response times

OPA
fref = Toro —9—
1550 nm , Probe f = Torb
/ AOM f,,® - .
M2 . U
/1pBs /H AoMf.e—= '
/ :
~ Reference E T
— :
oo ——
Switch Pol.
s/ _PUM oa A buT |

. Ref Pump Probe
Beat signal at

difference frequency
at f.- f,, detected by p

f

f-

Iock |n ampllfler in ¢ o7 &

amplitude and phase! /\ l /\

fref
25 27 06.2018 Christian Koos Institute of Photonics |PQ %‘é

and Quantum Electronics




Applications of nonlinear optics:

All-optical switching in nanophotonic silicon waveguides

AT

Karlsruhe Institute of Technology

0 A®=-k,LAn

t =-18.0 dBm

Y 1.3 dBm on chip

Plasma effect

2 0

SOl strip waveguides:

* Nonlinear response impaired by free

carriers

* Free-carrier lifetime: 1.2 £ 0.1 ns

26

27.06.2018

Christian Koos

2 t[ps] 4

-l ¥ 0.7 dBm on chip

2 0

2 t[ps] 4
Silicon-organic hybrid (SOH) slot
waveguides:

* No impairment by free carriers

 Suitable for ultra-fast all-optical
signal processing

Koos et al., Nature Photonics 3, 216-218 (2009)
Vallaitis et al., Opt. Expr. 17, 17357-17368 (2009)

Institute of Photonics | PQ
and Quantum Electronics



Applications of nonlinear optics: A\‘ (IT

Lithium Niobate (LiNbO.) electro-optic modulator
k.

’ | A Push—pull

arm 1 operation

._._._.}

laser Sp]itter B Combiner laser
input arm 2 output
- A
z-cut Lithium Niobate (LiNbO;) x-cut Lithium Niobate

Push-pull operation a single RF signal.
Needs approx. 20% higher voltage

* Push-pull operation with RF-signals of
opposite polarity

» Good overlap of RF-field and optical compared to device on z-cut substrate
field =» Low voltage; good electro-
optic eﬂ:ICIenCy Ground Hot Ground
Ground Hot 1 Ground Hot 2 Ground Electrode Electrode Electrode
a b a o ———— .
4 » » 4 — -— /Buffer
: V4 ;_J L_J X
Lithium Niobate T Lithium Niobate / T
\/ T - X 7 » 7
Charge Bleed Layers Waveguide  Conductive Buffer Waveguide

E. L. Wooten et al., IEEE Journal of Selected Topics in Quantum Electronics 6 (1), Jan/Feb 2000, pp. 69 ff.

. L Institute of Photonics
27 27.06.2018 Christian Koos . T | PQ
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Applications of nonlinear optics: ﬂ(".
Silicon-organic hybrid (SOH) electro-optic modulators

Silicon-organic hybrid (SOH ) integration: Combine silicon-on-insulator (SOI) waveguides with

functional organic cladding materials + High speed: EO bandw. > 100 GHz

: « Highly efficient: U L ~ 0.5 Vmm

» Record-low energy consumption

* No amplitude-phase coupling:
Enables higher-order modulation
formats (16 QAM) at high symbol
rates (up to 100 GBd)

Karlsruhe Institute of Technology

SOH:

252 Gbit/s
Up~10V

- W, =22 fJ / bit

B e 50 Gbit's_

100 Gbit/s . “ Conventional:
SOH: 1.4V, 100 Gbit/s, 98 fU/bit S Nae® Sl Nt Uy =50V
Conventional: 5.1V,,, 80 Gbit/s, 1600 fJ/bit W, > 1000 fJ / bit
Koos et al., J. Lightw. Technol. 24, 256-268 (2016)
Koeber et al., Light: Science & Applications 4, €255, doi:10.1038/Isa.2015.28, (2015) —IPQ %‘é
Wolf et al., OFC 2017, paper Th5C.1. (postdeadline paper)



Applications of nonlinear optics: ‘(IT
Silicon-organic hybrid (SOH) electro-optic modulators =

Concept: Combine nanophotonic silicon waveguides with _

electro-optic organic cladding materials EO-Material

High-speed modulation: 3 dB bandwidth > 100 GHz (All-

silicon devices: 30 GHz)

Highly efficient: U L <1 Vmm (All-silicon devices: U L = 10
.40V mm)

Lowest energy consumption of a Mach-Zehnder modulator

(MZM) in any material system:

< 2 fJ/bit (All-silicon MZM devices: 200 fJ/bit)

No amplitude-phase coupling: Enables higher-

order modulation formats (16 QAM)

Karlsruhe Institute of Technology

oMV Lefon]

Lauermann etal., Opt Express 22, 29927-29936 (2014)
Koeber et al., Light: Science & Applications 4, €255, doi:10.1038/Isa.2015.28, (2015)
Lauermann et al., J. Lightw. Technol. 33, ,1210-1216 (2015)

Hartmann et al., ECOC 2015, Post-deadline paper PDP1.4 (2015)

Institute of Photonics
29 27.06.2018 Christian Koos — PQ *
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Silicon-Organic Hybrid (SOH) Integration AT

Karlsruhe Institute of Technology

Concept: Combine nanophotonic silicon waveguides with Mach-Zehnder modulators (MZM):

electro-optic organic cladding materials 1‘ 'T‘

Organic
functionalization

£

ﬁ

=l
=
1O
o
o)
i w
o

80 GBd

80 Gbit/s 100 Gbit/s

1.5V, 15V,
31 fJ/bit 25 fJ/bit

1.4V, 98 fJ/bit

pp’

' Institute of Microstructure Institute of Photonics |P
IMT -30- 27.06.2018 . Q
and Quantum Electronics

Technology



Applications of nonlinear optics:
Direct-write 3D laser lithography ﬂ(IT

nanoscribe

True 3D Laser Lithography

Nanoscribe GmbH (KIT start-up company):
3D structuring by two-photon polymerization

Equivalent wavelength Exposure
with double photon wavelength (pulsed
energy Ti-sapphire laser)

/ [

f Absorbance \/
- of
sample scanning unexposed
SU-8

G. Witzgall et al.,
Opt. Lett. 23, 1745 (1998)

400 500 600 700 800
Wavelength (nm)

Institute of Photonics
31 27.062018  Christian Koos —IPQ *
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Polymerization by one- and two-photon absorption ﬂ(".

Karlsruhe Institute of Technology

Polymerization by one-photon absorption Polymerization by two-photon absorption:

* Increased resolution
» Suppression of beam side-lobes

FWHM 330 nm i FWHM 230 nm

niexcitation intensﬂy)z

00 0 500
X (nm)

¢én EXcitation intensity

500

o
o
o

X (nm)

Figures adapted from Nanoscribe GmbH

o Institute of Photonics *
32 27.06.2018 Christian Koos and Quantum Electronics _IPQ



Photonic wire bonding: The concept A\‘(IT

Karlsruhe Institute of Technology

: 3D structuring by two-
High-NA fs-laser beam ~< Sl
J \g > photon polymerization
Photonic wire bond B ’ //
(PWB) // Resist
AN //
S =7 7

/ \ . \ ‘
/ \ Carrier \ \
/ \ \ \

: \ \

\ \ \
Chip 1: Chip 2: Chip 3: Passive Single-
Optical sources Photonics and electronics  optical devices mode fiber

Lindenmann et al., Opt. Express 20, 17667-17677 (2012)
33 27.06.2018 Christian Koos Institute of Photon!cs |PQ %‘é{
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Photonic wire bonding and photonic multi-chip integration ﬂ("'

Karlsruhe Institute of Technology

Multi-chip integration: Assemble photonic systems from discrete chips that combine
strengths of different material platforms

qlni’ LEISE‘J_’?"; . PWB

MCF Lo~ PWE

SOl Chip

Ta ;:;ers -——:_-.-*'”L '
90 pm SOl Chip

SOI Chip

- _ /
Triflsx’ Photonic 7
P . /
\ wire /
T
bonds /
~1 , /
S
/ /
\ /
AWG

Lindenmann et al., Opt. Express 20, 17667-17677 (2012)
Lindenmann et al., Journal of Lightw. Technology 33, 755-760 (2015)
34 27.06.2018 Billah et al., Cleo 2015, Paper STu2F.2



Additive 3D nanofabrication of photonic devices ﬂ(IT

Karlsruhe Institute of Technology

Coupling to edge-emitting lasers

Si photonic
chip

Industrialization through start-up company

Vanguard Photonics GmbH

vanguard
PHOTONICS

bright connections

Billah et al., Cleo 2015,

Coupling

www.vanguard-photonics.com
1./ UD ' e

2.5dB

50 um

Institute of Photoni 9‘@
35 27.06.2018 nstitute of Photonics ___ |
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Linear and Nonlinear Optics




Maxwell‘s equations and electric polarization A\‘(IT

stitute of Technology

Basic assumptions: No free charges, no currents
Nonmagnetic material

V-D(r,t) =0 B(r,t) = poH(r,1?)
V x E(r,t) = _83(;3’5) D(r,t) = eoE(r,t) + P(r, )
V - B(I’,t) =0
_ 0D(r,t)
V x H(r,t) = o

Linear and nonlinear dielectric polarization:
* Linear media: Linear relationship between polarization P and electric field E
* Nonlinear media: Nonlinear relationship between P and E

Nonlinear Optics:

The field of nonlinear optics (often abbreviated as NLO) comprises the branch of
optics that describes the behavior of light in nonlinear media, in which the dielectric
polarization P responds nonlinearly to the electric field E of the light.
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Linear electric polarization in various media A\‘(IT

Karlsruhe Institute of Technology

General case: P (r,t) = eo/ /// X(l)(r v’ t,tE{’, ) dr'dt

3 X 3 - matrix
Time-invariant

o0 0
media PL(r7t) — €0 /—OO ///—OO X(l)(rarlaT)E(rlvt T T) dr’dT

Media that are 00
(additionally) P (r,t) = eo/ X(l)(r, E(r,t — 7)dr
— 0

local in space
scalar

_ h (1)
Isotropic media: P (r,t) 60/ x (v, 7)E(r,t — 7)dr
—0

Homogeneous p /OO (1)
: r,t) —e T)E(r,t — 7)dr
roros ()=co [ xPD@OEE-7)
Note: In these relations, x represents the time-domain (susceptibility) influence function of the
medium, and the units of x depend on the relationship that is to be used. For time-invariant
media that are local in space, the Fourier transform of x(r,7) with respect to 7 leads to the
frequency-dependent electric susceptibility.
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Lecture 2




Maxwell‘s equations and electric polarization A\‘(IT

stitute of Technology

Basic assumptions: No free charges, no currents
Nonmagnetic material

V-D(r,t) =0 B(r,t) = poH(r,1?)
V x E(r,t) = _83(;3’5) D(r,t) = eoE(r,t) + P(r, )
V - B(I’,t) =0
_ 0D(r,t)
V x H(r,t) = o

Linear and nonlinear dielectric polarization:
* Linear media: Linear relationship between polarization P and electric field E
* Nonlinear media: Nonlinear relationship between P and E

Nonlinear Optics:

The field of nonlinear optics (often abbreviated as NLO) comprises the branch of
optics that describes the behavior of light in nonlinear media, in which the dielectric
polarization P responds nonlinearly to the electric field E of the light.
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Linear electric polarization in various media A\‘(IT

Karlsruhe Institute of Technology

General case: P (r,t) = eo/ /// X(l)(r v’ t,tE{’, ) dr'dt

3 X 3 - matrix
Time-invariant

o0 0
media PL(r7t) — €0 /—OO ///—OO X(l)(rarlaT)E(rlvt T T) dr’dT

Media that are 00
(additionally) P (r,t) = eo/ X(l)(r, E(r,t — 7)dr
— 0

local in space
scalar

_ h (1)
Isotropic media: P (r,t) 60/ x (v, 7)E(r,t — 7)dr
—0

Homogeneous p /OO (1)
: r,t) —e T)E(r,t — 7)dr
roros ()=co [ xPD@OEE-7)
Note: In these relations, x represents the time-domain (susceptibility) influence function of the
medium, and the units of x depend on the relationship that is to be used. For time-invariant
media that are local in space, the Fourier transform of x(r,7) with respect to 7 leads to the
frequency-dependent electric susceptibility.
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Frequency-domain representation of Maxwell's equations N(IT

lllllllllllllllllllllllllll

Fourier transformation:

W(t):% / 7 (w) el@t dw o—e U(w)= fav(t)e_wtdt

Maxwell’'s equations for a linear time-invariant medium that is local in space:

V- -D(r,w) =0 B(r,w) = puoH(r,w),
V x E(r,w) = —jwB(r,w) D(r,w) = egE(r,w) + P(r,w)
V- -B(r,w) =0
V x H(r,w) = jwD(r,w), P (r,w) = eox Y (r, ) E(r, w)
Note:

)Z(l)(r,w) represents the Fourier transform of the time-domain in-
fluence function X(l)(r,T) and is a complex quantity. It is also re-
ferred to as the electric susceptibility and often denoted as X(l)(r, W)
without the tilde.
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Maxwell’s equations for complex time-domain amplitudes A\‘(IT

Karlsruhe Institute of Technology

Alternatively: Representation of harmonically oscillating field quantities by
complex amplitudes of analytic time-domain signals rather than by Fourier
transforms: E(r,t) = Re{E(r,wq) exp (Jwot) }
Complex time-domain amplitude (a number,
not a function of w_!)
In linear optics, Maxwell's equations for complex time-domain amplitude
are identical to those for Fourier transforms:

V- D(rva) — 07 Note:
V X E(r,wo) = — WOB(raWO)a . Iq no_nlllnear optics, it is mportapt to
discriminate between complex time-
V- B(I', wo) = 0, domain amplitudes of monochromatic
- waves, and Fourier transforms.
V X H(ra wO) =) WOD(ra wO)'

» Nonlinear optics mostly uses time-

B(r — H(r.w domain products of complex field
B(r,wo) = poH(r, wo). amplitudes rather than Fourier

D(r,wg) = egE(r,wp) + P(r,wq).| transforms to avoid convolutions of
(1) signal spectra in the frequency
i(ra LUO) — GOX (I‘, wO) E(I’, wO) domain.
Fourier transform of time-domain
influence function x(t).
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Constitutive relations and complex refractive index A\‘(IT

stitute of Technology

Constitutive relations:
D(r,w) = ¢gE(r,w) + P(r,w)
€0 (1 —+ X(l)(r,w)) E(r,w)
coer(r,w)E(r,w)
= ¢on?(r,w)E(r, w)

. : : : ] Convention: Positive
Complex dielectric constant and refractive index : values of . (c,) are

er(r,w) =14 x(r,w) = n2(r,w)  @ssignedtolossy media,

negative values
jﬂ correspond to optical gain!
S ng, €r — €rO) €4,

n—n
€r :nQ — nz‘za €ri — ania
n2=%€r <1+\/1+€%/€g> 3 n;=¢pi/(2n),
VEr (for |ey;| < er) n; & eri/(2y/€r ),

n =
n~/leril/2 (for |eyi| > er) n; X SgN(€ri)y/leril /2.
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Basic relations of vector calculus

AT

stitute of Technology

45

Linearitdt
1. V(ad +f¥ )=a Vo +p V¥
2. Ve(aF+G)=a V- F+B V- G
3. VX (aF+B G)=a VXF +B VG

Operation auf Produkten
4. V(®¥ )= V¥ +¥ Vo
5. VF-G)=(F-V)G+(G-V)F+
+Fx(VxG)+ G x (VxF)
V- (dF)=p V- F+(V®) - F
V. (FxG)=G * VxF-F - VxG
VX(®F)=0 VXF+(V® )xF
VX(FxG)=(G - V)F-(F - V)G +
+F(V-G)-G(V-F)

Zweifache Anwendung von V
10. V- (VxF)=0
11. Vx(Vo)=0
12. Vx(VxF)=V(V-F)_V?F

© %0 N o

grad(a® +B¥ )=o grad® +p grad ¥
div(c F+B G)=o div F+p div G
rot(a F+B G)=a rot F+B rot G

grad(®¥)=® grad ¥ +v¥ grad ®
grad(F - G)=(F - grad)G +

+(G - grad)F + F xrot G+ G xrot F
div(dF)=p divF+F - grad ®
div(FxG)=G - rotF-F - rot G
rot(® F)=® rot F+ (grad ®)xF
rot(F xG)=(G - grad)F -

—(F - grad)G+F divG-G divF

divrot F=0
rot grad ® =0
rot rot F=grad div F- AF

27.06.2018 Christian Koos
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Wave equation and plane waves A\‘(IT

stitute of Technology

Wave equation in homogeneous media:
V2E(r,w) + kger(w)E(r,w) = 0

V2ﬂ(r,w) + kgér(w)ﬂ(l“,w) =0 where kg = Y
Solution for homogeneous media: Plane waves c
E(r,t) = Re {E(r,w) eJWt} — Re {Eo eJ(wt—kr)}

H(I‘,t) — Re {ﬂ(r,w) GJWt} — Re {ﬂo ej(wt—kr)} where kz — k%ér(w)

Properties of plane waves:
* k, Ey, and H, are mutually connected and form an orthogonal right-handed system:
K- Bo=0 o L yiBy Ey=-—kxH,
k- Hy=0 WO WEQEr
* The attenuation of a plane wave is linked to the imaginary part n, of the complex
refractive index. For a plane wave propagating in positive z-direction, the power
decays as e*, where the attenuation constant « is given by

a = 2kon;
Note: A positive value of n; corresponds to a positive attenuation coefficient «
and therefore to optical loss.

Institute of Photonics Ek
46 27.06.2018 Christian Koos - I PQ

and Quantum Electronics



Wave equation and plane waves in isotropic media A\‘(IT

Karlsruhe Institute of Technology

General form:
V2E(r,w) + V (V((";‘;) -E(r,m) + ker(r,w)E(r,w) = 0
VPH(rw) + ) (V x H ) + e, w) (e, w) = 0
€r 3
where kg = %

Homogeneous (and weakly inhomogeneous) media: ¢ can be assumed
constant (approximately constant within distances of the order of a wavelength

VZE(r,w) + kfer(r,w)E(r,w) = 0
VZH(r,w) + kger(r, w)H(r,w) = 0
Solution for homogeneous media: Plane waves
E(r,t) = Re {E(r, w) ejwt} — Re {Eo eJ(Wt_kr)}
H(r,t) = Re {ﬂ(r,w) eJWt} = Re {ﬂo ej(‘*’t_kr)}
where k2 = kfer(w)
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Properties of plane waves A\‘(IT

+ k, E,, and H, are mutually connected and form an orthogonal right-

handed system: 1
Hy=—kxE
k-Eg=0 =0 wHo —0
k-Ho=0 Eog = — - k x Hg
WEQEr

« The attenuation of a plane wave is linked to the imaginary part n; of the
complex refractive index. For a plane wave propagating in positive z-
direction, the power decays as e*, where the attenuation constant « is
given by o = 2kon;

Note: A positive value of n, corresponds to a positive attenuation
coefficient o« and therefore to optical loss.

and Quantum Electronics
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Analytic time-domain signals A\‘(IT

e Institute of Technology

In nonlinear optics, complex amplitudes of monochromatic electromagnetic waves
are usually considered rather than Fourier spectra:

Y(t) = Re {¥(wo) exp (jwot) }
= If only the real part has a physical meaning, what is the role of the imaginary
part?

Recall: For a real time-domain signal ¥(t) € R, the Fourier spectrum (w)
has Hermitian symmetry,

P(w) = P*(—w).
Removing the redundant left part of the spectrum corresponds to adding an

imaginary part to the time-domain signal that corresponds to the Hilbert transform

of the real part, Hilbert transform

O ORSICTORESE

Y(t) is referred to as the analytic representation of a real-valued time-domain
function (t).
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Kramers-Kronig relations A\‘(IT

stitute of Technology

Recall: The electric susceptibility is the Fourier transform of a causal
influence function in time domain.

P()=co [ X(ME(t-m)dr o—e  P()=cox(EW)

x(t)=0 for 7<0O X(w) = x(w) +Jjxi(w)

As a consequence, the real and the imaginary part of the complex
susceptibility are connected by the Hilbert transform,

o0 .
“Cauchy principal value”, i.e., the  y(w) = ——73/ Xi(wo) dwq
integration boundaries must T Joxowo W

approach the singularity

(w) = ip /Oo x(wo)
“symmetrically” from both sides. X% o1 Jesowg —w

dwo

Making further use of the fact that x(t) is real, the Kramers-Kronig relations
can be derived,

2 oo -
T

0 w% — w2
2 [ wx(wo)

xi(w) = =P

dw
T 0 w(Q)—wQ O
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Kramers-Kronig relations - discussion &‘(IT

stitute of Technology

» The refractive index of a medium can be calculated from its absorption
spectrum and vice versa. Absorption and dispersion are intimately
related by fundamental principles.

* An “ideal” dispersionless lossless medium cannot exist:

‘w) = —p [* 0 g, (1)
T J—oowpg— W
Xi(w) = —p [ X&) g, (2)
T J—oowg — W

For constant x(f), i.e., x(f) = & (f) —1 = const; , we find x;(f) =
eri(f) = 0 from Eq. (1) , which implies x(f) = 0 and «-(f) = 1,
Eq. (2). Real media always have loss (or gain) in some frequency
ranges, and the real part of the susceptbility is always frequency
dependent. x(f) = const; and x; = O is only possible in certain
frequency ranges.
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Lorentz oscillator model of bound charges A\‘(IT

Karlsruhe Institute of Technology

E1

4

' I o .":—3" —
[ g
i ex I3
/4 d = xe_

Equation of motion for bound charges:

d?z 5 dx
m = —elly — MeWi: T — MeYVp—
e ds2 x eWp eVr di
Complex electric susceptibility:
x(w) = x r
— O -
= wg — w2 + jwyy
(Wg - WQ) Wi : W2 e’ N
— 5 X0 — 5 X0, X0 — 2
(w,,g - w2) + w22 (w% — wz) + w?~2 Qfitey
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Refractive index and absorption A\‘(IT

Karlsruhe Institute of Technology

Refractive index and absorption near a resonance:

a(w) H n(w) <4 Aw Adapted from Saleh, B. E. A. &
Teich, M. C. (2007),

Fundamentals of Photonics, John

Wiley & Sons, Hoboken, NJ.

s
A |- ER

| I
wo w wo W

Real media often have several resonances, each of which contributes to the refractive
index and to the absorption:

¢ (6B—e?)e?
/\ ® | xw) = ZV; (h - w2>2 N w%gyx@,,

-, == 2801

1
T \/(” \_/- W2
< N xi(w) ==Y T XOv

0 2\? | 2.2
Y (w'rr/_w ) + WY
n;
0
0 Wy w —> @ W3
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Sellmeier equations \‘(IT

e of Technology

Complex electric susceptibility far from resonance (|w, - w| >> 7,):

w)N —w——————
x(w) 02— 2 X0
= x is approximately real, absorption is small. Contributions from multiple
resonances lead to so-called Sellmeier equations:

2 A2
fg—fQ_l_I_ZXOVA )\2

‘=14+x=1+ xo
1 24
For Sellmeier coefficients x,, and A\ , see reference books on optical
materials or material databases, e.g.,

« Palik, E. D. (1998), Handbook of Optical Constants of Solids, Academic
Press, San Diego, CA

« The Landolt Bornstein Database,
http.//materials.springer.com/
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Sellmeier coefficients of various materials

AT

Karlsruhe Institute of Technology

Material Sellmeier Equation Wavelength
(Wavelength A in ym) Range (um)
0.6962)2 0.4079)2 0.8975)2
Fused silica 7% =1 0.21-3.71
usedsilica  m° =1+ 32 " (0.06810)7 T X2 — (0.1162)7 T X2 — (9.8962)?
10.6684)2 0.0030)2 1.5413)2
' 2 _ 1.36-11
St n =1t 080157 T @ (Lasan)? T 3 = (1104.0)2
7.4960)2 1.9347)2
GaA 235 1.4-11
ans " T3 (040822 T X _(3T.17)2
0.01878
BB n? = 2.735 — 0.01354)2 0.22-1.06
0 n = 27359 + oo — 0.0
0.01224
2 _ 2375 — 0.01516)?
ne = 23733 + 333.01667
1.2566)2 33.8991)?
KDP i ] 0.4-1.06
Mo = 1t T T (0.00191)2 T N2 — (33.3752)2
) 1.1311)2 5. 7568)2
n, =1+ g
N2 — (0.09026)% ' A2 — (28.4913)2
2.5112)2 7.1333)2
LiNbO 2 _ 9392 0.4-3.1
TR "o Ot (02172 T 32— (16.502)2
EZ2 = 2
n? = 23047 4 _22565) 14.503)

X (0.210)2 T X2 — (25.915)2

Saleh, B. E. A. & Teich, M. C. (2007), Fundamentals of Photonics, John Wiley & Sons, Hoboken, NJ.
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Lecture 3




Lorentz oscillator model of bound charges A\‘(IT

Karlsruhe Institute of Technology

E1

4

' I o .":—3" —
[ g
i ex I3
/4 d = xe_

Equation of motion for bound charges:

d?z 5 dx
m = —elly — MeWi: T — MeYVp—
e ds2 x eWp eVr di
Complex electric susceptibility:
x(w) = x r
— O -
= wg — w2 + jwyy
(Wg - WQ) Wi : W2 e’ N
— 5 X0 — 5 X0, X0 — 2
(w,,g - w2) + w22 (w% — wz) + w?~2 Qfitey
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Refractive index and absorption A\‘(IT

Karlsruhe Institute of Technology

Refractive index and absorption near a resonance:

a(w) H n(w) <4 Aw Adapted from Saleh, B. E. A. &
Teich, M. C. (2007),

Fundamentals of Photonics, John

Wiley & Sons, Hoboken, NJ.

s
A |- ER

| I
wo w wo W

Real media often have several resonances, each of which contributes to the refractive
index and to the absorption:

¢ (6B—e?)e?
/\ ® | xw) = ZV; (h - w2>2 N w%gyx@,,

-, == 2801

1
T \/(” \_/- W2
< N xi(w) ==Y T XOv

0 2\? | 2.2
Y (w'rr/_w ) + WY
n;
0
0 Wy w —> @ W3
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Example: X-ray lenses ‘(IT

x(w) =
g (w2 = w?)” 4 w242

X-ray beam | 2
xi(w) = — -

(w% — w2)2 + w242

| At very high frequencies (w >> w,):

liluuﬁiﬁlﬁlﬁl'
o
= 4

[T

n<-1
= Focussing lenses must have
concave form!

AAAAAAAAAAAL

n very close to 1 (1 -n~ 10°)
— Needs lots of lenses to obtain

3 mm
IMT!FZK A. Last sufficient refraction.

l] AT
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Sellmeier equations \‘(IT

e of Technology

Complex electric susceptibility far from resonance (|w, - w| >> 7,):

w)N —w——————
x(w) 02— 2 X0
= x is approximately real, absorption is small. Contributions from multiple
resonances lead to so-called Sellmeier equations:

2 A2
fg—fQ_l_I_ZXOVA )\2

‘=14+x=1+ xo
1 24
For Sellmeier coefficients x,, and A\ , see reference books on optical
materials or material databases, e.g.,

« Palik, E. D. (1998), Handbook of Optical Constants of Solids, Academic
Press, San Diego, CA

« The Landolt Bornstein Database,
http.//materials.springer.com/
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Sellmeier coefficients of various materials A\‘(IT

Karlsruhe Institute of Technology

Material Sellmeier Equation Wavelength
(Wavelength A in ym) Range (um)
0.6962)2 0.4079)2 0.8975)2
Fused silica 7% =1 0.21-3.71
usedsilica  m° =1+ 32 " (0.06810)7 T X2 — (0.1162)7 T X2 — (9.8962)?
10.6684)2 0.0030)2 1.5413)2
' 2 _ 1.36-11
St n =1t 080157 T @ (Lasan)? T 3 = (1104.0)2
7.4960)2 1.9347)2
GaA 235 1.4-11
ans " T3 (040822 T X _(3T.17)2
0.01878
BB n? = 2.735 — 0.01354)2 0.22-1.06
0 n = 27359 + oo — 0.0
0.01224
2 _ 2375 — 0.01516)?
ne = 23733 + 333.01667
1.2566)2 33.8991)?
KDP i ] 0.4-1.06
Mo = 1t T T (0.00191)2 T N2 — (33.3752)2
) 1.1311)2 5. 7568)2
n, =1+ g
N2 — (0.09026)% ' A2 — (28.4913)2
2.5112)2 7.1333)2
LiNbO 2 _ 9392 0.4-3.1
TR "o Ot (02172 T 32— (16.502)2
EZ2 = 2
n? = 23047 4 _22565) 14.503)

X (0.210)2 T X2 — (25.915)2

Saleh, B. E. A. & Teich, M. C. (2007), Fundamentals of Photonics, John Wiley & Sons, Hoboken, NJ.
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Nonlinear optics: Anharmonic oscillator model \‘(IT

e of Technology

#x) “anharmonic
potential”

[
£
!
'
)

Lorentz model (linear optics):
Linear relationship between restoring force @ ()
and displacement, corresponding to a

quadratic potential (*harmonic potential”) “harmonic
— Harmonic oscillator as first-order potential”
approximation for small amplitudes. > X

General case (nonlinear optics):

Higher-order (e.g., cubic) terms in the potential (“anharmonic potential”)
lead to nonlinear (e.g., quadratic) relationship between restoring force
and displacement.

— Anharmonic oscillator:

d?z dx
e dt2 —_ _eE;[j — MeYr——— — mew,’%x e CLQZ’Q — bﬂj3

For £z = Re {Ez exp (Jwot) } : Polarization contains new spectral
components at w = 0, w = wy, w = 2wy, w = 3wy ...
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Nonlinear wave equation: Basic assumptions &‘(IT

stitute of Technology

* Decompose electric polarization into a strong linear and a weak nonlinear
contribution:

P(I’,t) :PL(I',t) + PNL(I‘,t)
where  |Pn(r, )| <[P (r,1)].

= The nonlinear polarization can be treated as a small perturbation of the linear
polarization, leading to plane-wave-like solutions with weakly space and time-
dependent amplitudes (“slowly varying envelope approximation”, SVEA)

» Assume that the medium is operated far away from any electronic resonances such
that the electric susceptibility is real and independent of frequency,

X (r,w) = x () e R,

We can then relate the instantaneous linear polarization directly to the

instantaneous electric field in the time domain, neglecting any memory of the
medium,

P (r,t) = egx'V (r) E(r,t)
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Nonlinear wave equation A\‘(IT

Karlsruhe Institute of Technology

= Wave equation for inhomogeneous nonlinear media:

O2E(r,t
V x V x E(r,t) 4+ poeger 81(; ) —

Simplification for isotropic homogeneous nonlinear media:
n262E(r,t) . 82PN|_(r,t)
2 o2 Mg

8°Pp (1, 1)
0 5¢2

V2E(r,t) —

Simplifying assumptions:

 Linearly polarized, “plane-wave-like” fields (Without loss of generality: Polarization along x,
propagation along z)
= Represent by scalar field quantities E(z,t) and P(z,t)

 Polarization responds instantaneously to applied electric field (“memory-less material”)
= Expand nonlinear time-domain relationship between P and E into a power series of scalar

quantities:

P (z,t)

eOX(l)E (z,t) + eox(Q)E2 (z,t) + eox(3)E3 (z,t)+ ...
= P (2,t) + Py (2, 1)
P (z,1) = eox' D E (2,1)
Py (z,t) = eox(Q)E2 (z,t) + eox(3)E3 (z,t)+ ...
64 27062008 Chrisian Koos nativte o Proonics_|pQ Y-
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Representation of nonlinear polarization &‘(IT

Karlsruhe Institute of Technology

Example: Second-order nonlinear polarization
Assume superposition of two monochromatic plane waves, oscillating with
frequency w, and w,:
1 . :
E(z,t) = 5 (E(w1) exp (J (w1t — k12)) + E(w2) exp (J (wat — koz)) + C.C.).

— The second-order nonlinear polarization contains components at all sum and
difference frequencies:

_ 1 (2) 2 _j2(wit—k12)
Pae (2,1) — 40X (EleJ +c.c. Second-harmonic
4 Egejz(wzt—kgz) +c.c generation (SHG)
+ 2|E1]* 4 2|Eo|? ]- Optical rectification (OR)

Sum and difference
frequency generation
(SFG, DFG)

+ 2F 1 Eyel((Witwa)t—(ki+ka)z) 4 ¢ ¢
+2E Ebel((wi—w2)t=(k1—k2)z) 4 C.C.>

Note: The individual expressions of the second-order polarization exhibit plane wave-like
space and time dependences. However, the wavenumbers differ from that of a plane
electromagnetic wave at the same frequency, k(w,) + k(w,) # k(w,+w,).
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Solution of nonlinear wave equation: Slowly-varying N("‘

envelope approximation (SVEA)

Solution ansatz:

- Represent electric field E(z,t) and nonlinear polarization Py (z,t) as a superposition of
plane-wave-like fields, oscillating at different frequencies wj,

- Introduce (weakly) time- and space-dependent amplitudes to account for nonlinear
interaction

1 : C I jugate of
Bz 1) = (z Bz, t,) exp (i (wit — ky2) + c.c.) omplex conjugate of
| /

Py (z,t) = % (ZPNL(Z, t,wl) exp (J (wlt — kp,l2>) @
l

2
where |2 E(Z’Qt’wl) < wy OE(z.t,w) ., Slowly-varying envelope approximation
ot ot (SVEA): The envelope E(z,t,w;) and
02E(z,t,w;) OE(z,t,wp) P(z,t,w,) vary much “slower” with z and t
522 < Ky Py * than the respective carrier wave.

= First-order DEq for describing evolution of the envelope E(z,t,w)):
OE(z,t,wp) n noE(z,t,wy) . w

P z,t,w eI (kpi—ki)z.
0z c ot 260077,_'\”‘( 2

T o Bliste
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Lecture 4




Nonlinear wave equation A\‘(IT

Karlsruhe Institute of Technology

= Wave equation for inhomogeneous nonlinear media:

O2E(r,t
V x V x E(r,t) 4+ poeger 81(; ) —

Simplification for isotropic homogeneous nonlinear media:
n262E(r,t) . 82PN|_(r,t)
2 o2 Mg

8°Pp (1, 1)
0 5¢2

V2E(r,t) —

Simplifying assumptions:

 Linearly polarized, “plane-wave-like” fields (Without loss of generality: Polarization along x,
propagation along z)
= Represent by scalar field quantities E(z,t) and P(z,t)

 Polarization responds instantaneously to applied electric field (“memory-less material”)
= Expand nonlinear time-domain relationship between P and E into a power series of scalar

quantities:

P (z,t)

eOX(l)E (z,t) + eox(Q)E2 (z,t) + eox(3)E3 (z,t)+ ...
= P (2,t) + Py (2, 1)
P (z,1) = eox' D E (2,1)
Py (z,t) = eox(Q)E2 (z,t) + eox(3)E3 (z,t)+ ...
@ 27062008 Chrisian Koos nativte o Proonics_|pQ Y-
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Representation of nonlinear polarization &‘(IT

Karlsruhe Institute of Technology

Example: Second-order nonlinear polarization
Assume superposition of two monochromatic plane waves, oscillating with
frequency w, and w,:
1 . :
E(z,t) = 5 (E(w1) exp (J (w1t — k12)) + E(w2) exp (J (wat — koz)) + C.C.).

— The second-order nonlinear polarization contains components at all sum and
difference frequencies:

_ 1 (2) 2 _j2(wit—k12)
Pae (2,1) — 40X (EleJ +c.c. Second-harmonic
4 Egejz(wzt—kgz) +c.c generation (SHG)
+ 2|E1]* 4 2|Eo|? ]- Optical rectification (OR)

Sum and difference
frequency generation
(SFG, DFG)

+ 2F 1 Eyel((Witwa)t—(ki+ka)z) 4 ¢ ¢
+2E Ebel((wi—w2)t=(k1—k2)z) 4 C.C.>

Note: The individual expressions of the second-order polarization exhibit plane wave-like
space and time dependences. However, the wavenumbers differ from that of a plane
electromagnetic wave at the same frequency, k(w,) + k(w,) # k(w,+w,).
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Solution of nonlinear wave equation: Slowly-varying N("‘

envelope approximation (SVEA)

Solution ansatz:

- Represent electric field E(z,t) and nonlinear polarization Py (z,t) as a superposition of
plane-wave-like fields, oscillating at different frequencies wj,

- Introduce (weakly) time- and space-dependent amplitudes to account for nonlinear
interaction

1 : C I jugate of
Bz 1) = (z Bz, t,) exp (i (wit — ky2) + c.c.) omplex conjugate of
| /

Py (z,t) = % (ZPNL(Z, t,wl) exp (J (wlt — kp,l2>) @
l

2
where |2 E(Z’Qt’wl) < wy OE(z.t,w) ., Slowly-varying envelope approximation
ot ot (SVEA): The envelope E(z,t,w;) and
02E(z,t,w;) OE(z,t,wp) P(z,t,w,) vary much “slower” with z and t
522 < Ky Py * than the respective carrier wave.

= First-order DEq for describing evolution of the envelope E(z,t,w):
OE(z,t,wp) n noE(z,t,wy) . w

P z,t,w eI (kpi—ki)z.
0z c ot 260077,_'\”‘( 2

T o Bliste
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Retarded time frame A\‘(IT

Karlsruhe Institute of Technology

Use a retarded time frame to represent electric field and nonlinear polarization:

nz
t=t——
C

Y

/
z =z,

nz
E(za t7 wl) — E,(za t— s wl)'
C

= First-order DEQ:
0L (#\twp) . w

H /
Ef\“_(z’,t/,wl)e_J(kp’l_kl)z.

0z/ 2eqcn

« Nonlinear polarization P’y (z',t',w;) acts as a source for new frequency
components

» Depending of the relative phase between P’y (z'.t'\w;) and E'(z',t'\w,) , the
nonlinear polarization can cause amplification, absorption or phase shifts.

* Efficient nonlinear interaction requires proper phase matching, k,,— k ~ 0

= SPM/XPM
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Second-order nonlinear processes &‘(IT

Karlsruhe Institute of Technology

Recall: Frequency components of second-order nonlinear polarization for
superposition of two monochromatic waves with frequencies w, and w,:

1 . .
PaL (1) =jeox?) (BR2(1t7h12) 4 pBc2002tha®) 2|5y 2 + 2| By
+2E1 Epe(Wrtw2)t=(k1t+hk2)z) 4 o g, pil((wi—wa)t=(k1—k2)z) C.C.)

i B
Sum-frequency generation (SFG): J . W, =@, +a, A
w, L > o,
wp = w1 +wo, kp = k1 + ko ?
- ﬁ - — m3
P (2 twi +w2) = eoxPE (2, t,w1) E (2,,w) “
Y
Difference-frequency generation (DFG): O =0 —o
) 3 1 2 T )T [
L X R, A
W l( : 0 Q)
wp:wl—wg,kpzkl—kg _ 2 5 2 > :
0] Y
N I S
2
Py (2t w1 — wp) = eoX D E (2, t,w1) E (2,1, —w») o,
Figures adapted from Boyd, Nonlinear Optics Y
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Second-order nonlinear processes &‘(IT

Karlsruhe Institute of Technology

Second-harmonic generation (SHG):

ol Gl
w ” 2w
wp — 2&)17 kp — 2’{;1 —_— x{‘_} —_— W

1 E
ENL (Z,t, 2w1) — §€0X(2)E2 (Z,t,wl) TR 2

(1))

Optical rectification (OR):  wp = 0,kp =0
Py (2,1,0) 5 —dox P E (2,t,w1) E (2,1, —w1)

\

Frequency coomponents at ® =0
need special consideration (will be
explained later!)

Figures adapted from Boyd, Nonlinear Optics
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Third-order nonlinear processes A\‘(IT

Karlsruhe Institute of Technology

Consider a superposition of three plane oscillating at frequencies w,, w, and w,:
E(z,t) = é (Eye/@rt %)  poellwat—kaz) 4 pael(wsthsz) 4 cc ),

1

1 j(Bwit— z
=Py (2,t) = §€OX(3) ZE?E’(?’ =3k 4t Third-harmonic generation (THG)
THG -
+ §E%E2€J'((2w1+wz)t—(2k‘1+k¢2)z) +...+c.c
4 ) .
Jegencryte FWM i F|-9Vl</r|;/|wave mixing
+ gElE2E3€J((w1+w2+w3)t—(k1+k2+k3)2) +c.c. ( )
4 .
non-degenerate FWM -
3 i _
+2 [E1|? Brdrth) 4 e Self-phase modulation (SPM)
) SPM
6 ot hs ,
+y |Ep|? Epdrt-Rz) 4 4 cc. Cross-phase modulation (XPM)
XPM ’

4 ZE%EEBK(QM_WQ)t_(le_kz)z) +...4c.c.

N J

degeneravte FWM ..
| Four-wave mixing

4+ §E1E2E§ej((w1+w2w3)t(’f1+k2k3)2‘) +...+c.c. (FWM)
JE1Ek

S

non—degengrate FWM
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Summary of third-order nonlinear processes

AT

Karlsruhe Institute of Technology

Process Abbreviation Involved frequencies|Degeneracy factorD
Third-harmonic generation THG (+w1, +wi, +wi) 1
Self-phase modulation SPM (+w1, —w1, +w1) 3
Cross-phase modulation XPM (+wa, —wa, +wq) 6
Non-degenerate four-wave mixing|(non-degenerate) FWM| (+w1, +wa, +ws) 6
(w1, +wa, —ws) 6
Degenerate four-wave mixing (degenerate) FWM (+wq, +wq, +ws) 3
(+wi, w1, —wa) 3

Note: Degeneracy factor D corresponds to the number of distinct permutations of the triple

set of involved frequencies

75 27.06.2018 Christian Koos
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Third-order nonlinearities: Nondegenerate FWM A\‘(IT

Karlsruhe Institute of Technology

Generation of one new photon (third-order sum frequency generation):
wp = w1 +wo + w3, kp = k1 + ko + k3

6
Prywm (2,6, wp = w1 +wo +w3) = ZGOX(S)E (z,t,wy) E(2,t,wp) E(z,t,ws).

(a) - _

© Virtual

o4 energ
O —> W =0 +0, +0 U y
3 4 1 T2 3 level

@0, ————> x" > , o,
Oy ——> -l

wl

Y

Generation of two new photons:

wp = w1 +wp —w3z, kp = k1 + ko — k3

6 @
Pewm (2, t,wp = w1 +wo —w3) = ZGOX( VE (2,t,w1) E (2, t,w2) E* (2,t,w3)
gt
0 5 =0 +0 -0, o Ve
O) ——m> ZG) > __Ji_____
Oy ——> o, - , o, Figures adapted from
' Y Boyd, Nonlinear Optics

Institute of Photonics
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Third-order nonlinearities: Degenerate FWM A\‘(IT

stitute of Technology

Generation of one new photon (third-order sum frequency generation):
wp = 2w + wo, kp = 2k1 + ko

3
Pewwm (2,1, wp = 2wy +wp) = ZEOX(3)E2 (2, t,w1) E(z,t,w).

Generation of two new photons:

wp = 2w1 — wyp, kp = 2k1 — ko

3
Prywwm (2, t,wp = 2wy —wp) = ZEOX(‘O’)E2 (z,t,w1) E* (z,t,w))
P
I‘z(o.. fzco-
..... \
...... -
720) 7.2(0‘:. e
Y
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Third-order nonlinearities: THG, XPM, and SPM QAT

Karlsruhe Institute of Technology

Third-harmonic generation (THG): m“
wp = 3wy, kp=3ky . ..ﬂ ,,,,,
Prhg (2,t,3w1) = %GOX(?))E?’ (z,t,w1) m)ﬂ _____ Mo
hey
o Y

Cross-phase modulation (XPM) and self-phase modulation (SPM)

Wp ZCL)]_,]Cp:k;]_

hieo,

3 .
Pspm (2,t,w1) = ZGOX@) |E (2,t,w1)|? E (2,t,w1) SPM ‘
L

o
Pxpm (2, t,wy) = ZGOX(3) E (2, t,w2)|?E (2, t,w1) XPM o, heo,

| | L
— Nonlinear wave equation

Institute of Photonics Ek
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Example: SPM and XPM AT

Karlsruhe Institute of Technology

Elw) ) E{m}ym-‘ﬂ-

" A =
- =

(strong wave)

E(w) /

X{:” E(m’] Ei'prill. ,
(probe wave)

The intensity-dependent refractive index leads to modulation of a light beam by itself (SPM)
or by another beam of light (XPM). For the same intensity of the modulating beam, the effect
of XPM is twice as large as SPM!

Figure adapted from
Boyd, Nonlinear Optics
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Kerr effect and intensity-dependent refractive index A\‘(IT

Karlsruhe Institute of Technology

Consider a single monochromatic wave at frequency w, in a third-order nonlinear medium
=> SPM is the dominant nonlinear effect!

BE(z,t,w1) . 3wix®

. E 7t7 2E >t7
5 J8cn(w1)|_(z w1)|* E (2, t,wi)

= SPM causes a negative phase shift that is proportional to the square of the field
magnitude, i.e., proportional to the intensity. This can be interpreted as an intensity-
dependent refractive index.

n (Za t7w1) —noQ (wl) + nQI (Zatawl)

YA
&X(?’)_ Kerr coefficient
2
4ng
Note: For a superposition of two waves oscillating at frequencies w, and w,, the refractive

index seen by wave 1 will also be influenced by cross-phase modulation (XPM) due to
wave 2. Note that XPM has twice the degeneracy factor of SPM.

where N9 =

’I’L(Z,t,w]_) —nQ (wl) + no ([ (Z,t,wl) + 21 (Z7t7w2)) y

Institute of Photonics %k
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AT

Karlsruhe Institute of Technology

Third-order nonlinear coefficients of various materials

81 27.06.2018

Christian Koos

Material ny P2V np (em? /W) Material ny ;{HJ [mlf‘v’j] ny {cml_x'W]
Crystals Liguids

Al O3 1.8 31x1002  29x10716 Acetone 1.36 15x10721  24%10713

CdS 2.34 08x10~  51x107M4 Benzene 1.5 95x1072  12x107!5

Diamond 242 2.5x 102 13 101 Carbon disulfide  1.63 3x10720  32x10-14

GaAs 347 14x10718  33x10-13 CCly 1.45 1.1x 1021 1.5x 1013

Ge 4.0 56x10-12 091014 Diiodomethane ~ 1.69 1.5x10720  15x10~14

LiF 1.4 62x1002  90x10-17 Ethanol 136 501072 7.7x10-16

Si 34 28x10718  27x10714 Methanol 1.33 43%10722  69x10°16

TiO; 2.48 21x100%0  94x10713 Nitrobenzene 1.56 57x10020  67x1014

ZnSe 2.1 62x10720  30x1071 Water 133 25x1072  41x107!6

Glasses Other materials

Fused silica 1.47 25%1072  32x10716 Air 1.0003 1.7 1072 5.0x10~19

AsyS3 glass 24 41x1071 20x10~13 Ag 2810719

BK-7 1.52 28x1072  34x10716 Au 7.6x 10719

BSC 1.51 5.0x m—?l 6.4 % 1{)"5 @ This table assumes the definition of the third-order susceptibility (3 used in this book, as given

. " —20 —14 for instance by Eq. (1.1.2) or by Eq. (1.3.21). This definition is consistent with that introduced by

Pb Bi gallate 2.3 22x10 1.3 10 ST (1064, S L el T s

_2] _IS oembergen ). »ome workers use an alternative dennition which renders their values tour times

:;_:; i ;21 i; b :E 21 L;g e ig 5 smaller. In compiling this table we have converted the literature values when necessary to the present
5 051 Sx U= Joax U definition.

Nanoparticles The quantity n7 is the coefficient of the intensity-dependent refractive index which is defined such
: o 4 —20 —14 that n = np + nal, where ng is the linear refractive index and 7 is the laser intensity. The relation

CdSSe in glass 1.5 1410 1.8=10

CS 3-68 olass 1.5 1 8x10-16 2351010 between ny and )(U] is consequently ny = IQJTIXH-';“H(I]. When the intensity is measured in W_x'r:m2

el e : q' T : _10 and x 2 is measured in electrostatic units (esu), that is, in cm? statvolt 2, the relation between n2

Gold in glass 1.5 2.1x10 26x10 and )(Ba becomes ngfcmg,’W} . 0.03051{;](851]},”!%. The quantity g is the coefficient describing

Pr)f_wnera' two-photon absorption.

Polydiacetylenes ) : s g
el F e e e Note: Even though Boyd uses a different definition
PTS _56x10716  _20x10710 for complex electric field amplitudes, the values for

—18 . . . wgs
9BCMU 2.7x10 x® and n, are consistent with the definitions used
4BCMU 1.56 ~13x1071?  _15x10713

in this lecture. Adapted from Boyd, Nonlinear Optics
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Lecture 5




Retarded time frame A\‘(IT

Karlsruhe Institute of Technology

Use a retarded time frame to represent electric field and nonlinear polarization:

nz
t=t——
C

Y

/
z =z,

nz
E(za t7 wl) — E,(za t— s wl)'
C

= First-order DEQ:
0L (#\twp) . w

H /
Ef\“_(z’,t/,wl)e_J(kp’l_kl)z.

0z/ 2eqcn

« Nonlinear polarization P’y (z',t',w;) acts as a source for new frequency
components

» Depending of the relative phase between P’y (z'.t'\w;) and E'(z',t'\w,) , the
nonlinear polarization can cause amplification, absorption or phase shifts.

* Efficient nonlinear interaction requires proper phase matching, k,,— k ~ 0

= SPM/XPM

Institute of Photonics ak
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Kerr effect and intensity-dependent refractive index A\‘(IT

Karlsruhe Institute of Technology

Consider a single monochromatic wave at frequency w, in a third-order medium
=> SPM is the dominant nonlinear effect!

BE(z,t,w1) . 3wix®

. E 7t7 2E >t7
5 J8cn(w1)|_(z w1)|* E (2, t,wi)

= SPM causes a negative phase shift that is proportional to the square of the field
magnitude, i.e., proportional to the intensity. This can be interpreted as an intensity-
dependent refractive index.

n (Za t7w1) —noQ (wl) + nQI (Zatawl)

YA
&X(?’)_ Kerr coefficient
2
4ng
Note: For a superposition of two waves oscillating at frequencies w, and w,, the refractive

index seen by wave 1 will also be influenced by cross-phase modulation (XPM) due to
wave 2. Note that XPM has twice the degeneracy factor of SPM.

where N9 =

’I’L(Z,t,w]_) —nQ (wl) + no ([ (Z,t,wl) + 21 (Z7t7w2)) y

Institute of Photonics %k
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Parametric versus nonparametric processes &‘(IT

Karlsruhe Institute of Technology

Parametric processes:
* Quantum state of the material remains unchanged

* No transfer of energy, momentum, or angular momentum between the optical field and
the material => Momentum and energy conservation:

Dowi=) wr, p k=) ky,
i [ i ¥

» Given by real part of complex susceptibility

* Note: Quantum system can be removed from a real energy state only for brief time
intervals At, in which it resides in a so-called virtual energy level:

AtAW < h

= Ultra-fast response!
« Examples: SFG, SHG, DFG, THG, SPM, XPM, FWM ....

Nonparametric processes:

« Transfer of a quantum system from one real level to another
« Sum of photon energies is not conserved

« Given by imaginary part of complex susceptibility

« Examples: Two-photon absorption (TPA)

85 27.06.2018 Christian Koos
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Two-photon absorption A\‘(IT

Karlsruhe Institute of Technology

Recall: Relations for cross-phase modulation (XPM) and self-phase modulation (SPM)
Here: Consider case of complex nonlinear susceptibility x )

0z 8cn
OLE(z,t,w1) _J.ﬂ

0z 4den

= Imaginary part of x(3 leads to change of amplitude
= Two-photon absorption (TPA) and cross-two-photon absorption (XTPA)

X NE (2,t,w1) P E (2, t,w1),

Y& E (2, t,w2) P E (2, t,w1) .

ol (w TPA XTPA
*15(9“”1“) o ¢ (1P(w1) + 20 (W) 1(w2))
ho, ho,
i A
ho, ( hoy (
. o

Institute of Photonics
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Formal definition of the nonlinear optical susceptibility &‘(IT

Karlsruhe Institute of Technology

So far: Time-domain treatment of special case of nonlinear polarization
* Instantaneous response of the nonlinear polarization with respect to the E-field
 Linearly polarized fields that are represented by scalar field quantities

— Taylor series in the time domain:

P(z,t) = eox\VE (2,t) + cox P E? (2,t) + eox P E3 (2,8) + . ..

Now: General case
* Non-instantaneous response of the optical field (nonlinear material with memory)
— Volterra series in the time domain

» Vectorial field quantities
= Volterra kernel of the n-th order nonlinear susceptibility is represented as a tensor of

rank n+1
P (1) =co Y / / X1 (7o) Eqy (¢ = 71) ... Eqy (8 = ) dry ... dry.
qd1,---9n
q0,91 - --,a9n € {x,y, 2} denote the various vectorial components of the electric

field, the polarization, and the corresponding elements of
the susceptibility tensor.
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Short-form tensor notation A\‘(IT

Karlsruhe Institute of Technology

Replace sum over tensor elements and vectorial components by a short-form
notation

Second-order nonlinear susceptibility:

Pq(2) (t) =0 Z// ers(TlaTQ)ET (t — 1) Es (t — ) dryd7o,

71,72
P () = ¢ // X2 (r1,7) 1 E(t — 1) E (t — 1) drydmo,
T1,72

Short-form notation of tensor

2 . .
where X(2) . EE — Z eqxg;q?,sErEs, product contains summation over
q,7,s all vector components and tensor

elements

General case:

XE@DE@) . E(m) = Y eaoxX’ i Ea (1) Eqy (72) - .. Eqy (7n)
q0,91---,9n

where 90,491 ---:9n € {IL‘,y, 2,’}

Institute of Photoni
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The nonlinear optical susceptibility in the frequency domain A\‘(IT

Karlsruhe Institute of Technology

Consider simplified case of second order nonlinearity:
2
) () = eo Z// Xq 7“5 (11, 72) Er (t — 71) Es (t — 72) dT1d70,
r,s YVT1,72

P (@)= 50> [ XPa 1,0 —w1) By (w1) By (w — wp) doy

TSwl

(2 L 2 —jw —jw
where Xq:r),s (w1, w2) —// X(g:r),s (11, 72) e /¥ e ™ I2T2d 1 dTso
71,72

General case:

Summation over all Involved frequencies

/vector components / must sum up to w

n—1
~(n) _ €0 (")
Pgo ' (w) = (2m)" 1q1 » Xg0:q1,. =1, Z o

X Eqy (w1) ... Eqn_l (Wn—1) Eqn(w — > 11wm) dwq ...dw,_1
where

~(n ) o s
X<(]03)C11(I2---(1n (Z%:lwm WL, / /qu q1,---9n (T]_> ) 7‘71) e 1v1TL | g JWnTn dr...dm
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The nonlinear susceptibility for complex time-domain amplitudes A\‘(IT

stitute of Technology

Example: Second-order nonlinearities
PA@W=co [[ xP(r1,m) Bt —m)E(t ) dridr,
71,72

1

M .
E(t) = 5 > E(wm)e“™  where  w_m = —wm, wg=0

m=—M E(w_m) = E*(wm)

For now: No involvement of DC fields, E(wg) = 0

= PO (1)) = 0 1% (wg : wpyom) © BB Crton)

I,m

Introduce complex time-domain amplitudes for nonlinear polarization:

2) 1 & @)t
P\ (t) = > > PV (wp)er
p=—M

1
= P@wp) =Ze0 3 x® (wpwnom)  E@)E(wm)
S(wp)

where S (wp) = {(,m) |w; + wm = wp}

Institute of Photonics
and Quantum Electronics
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Third- and higher-order nonlinearities &‘(IT

stitute of Technology

Complex time-domain amplitude of third-order nonlinear polarization:

1
P (wp) = Ze0 3 X' (wp : wi wm, wo) {E(w))E(wm)E(wn)

S(wp)
where S{wp) = {{{,m,n) lw; + wm + wn = wp}.
Complex time-domain amplitude of n-th nonlinear polarization:
1

Sn=1€0 > X(”) (wp LWy ,wln> E(w,) .. E(wy,),
S(wp)

E(n) (wp) —

where S (wp) = {(lla ooy ln) |w[1 + - +wln — wp}

and Quantum Electronics

e e
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Zero frequencies and DC fields. .. &‘(IT

stitute of Technology

Problem: Inconsistencies of time-domain representations with respect to zero
frequencies w, = 0 and the associated DC fields

= Use more rigorous definition of time-domain signals and complex amplitudes:

1 N ; w_l == —wl
E(r’ t) — 5 Z (1 —I— 5l’0> E(I‘,C«Jl)ejwlt o E* y
pety =1 S (146)P elwit ©=9
(r,t) =7 ZZZ_N( +681,0) P(r,w) E(wp) € R,
5 1 forl=0
07 Yo else '

Complex time-domain amplitude of n-th nonlinear polarization:

(n) 1 (1+31,,0) - (1 +8,0)
) = §(zw:p) 1+ dp0

X (wp @iy, wy,) (B(wy) - By,

Examples: .
Optical rectification (OR): P2 (wg =0) = EEOX@) (0:wy,—w1) E(w1)E"(w1)

Electro-optic Kerr effect
(Quadratic electro-optic effect):

Institute of Photonics
92 27.062018  Christian Koos < —1IPQ
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Lecture 6




Zero frequencies and DC fields. .. &‘(IT

stitute of Technology

Problem: Inconsistencies of time-domain representations with respect to zero
frequencies w, = 0 and the associated static (“DC”) fields

= Use more rigorous definition of time-domain signals and complex amplitudes:

1 N ; w_l == —wl
E(r’ t) — 5 Z (1 —I— 5l’0> E(I‘,C«Jl)ejwlt o E* y
pety =1 S (146)P elwit ©=9
(r,t) =7 ZZZ_N( +681,0) P(r,w) E(wp) € R,
5 1 forl=0
07 Yo else '

Complex time-domain amplitude of n-th nonlinear polarization:

(n) 1 (1+31,,0) - (1 +8,0)
) = §(zw:p) 1+ dp0

X (wp @iy, wy,) (B(wy) - By,

Examples: .
Optical rectification (OR): P2 (wg =0) = EEOX@) (0:wy,—w1) E(w1)E"(w1)

Electro-optic Kerr effect
(Quadratic electro-optic effect):

Institute of Photonics
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Properties of the nonlinear optical susceptibility tensor A\‘(IT

Karlsruhe Institute of Technology

« Causality:

Xc(lgt)qlqg...qn(TlaTQ:---77'n):O for M <0 Vm<0---Vm<O.

= Frequency-domain relationships (Kramers-Kronig relations) exist for some
nonlinear optical processes, but nor for all!

» Reality of fields: Electromagnetic field quantities must be represented by real
numbers in the time domain!

= Positive- and negative-frequency components of the complex
susceptibility tensor are the complex conjugate of each other:

E(w) = E*(—wp) P(w;) = P"(—wy)

X3q0:9192---n (wy T wi,wo,...,wn) = X3q0:9192---qn (~wy ' —wy, —wo, ..

*k
. —(,dn)

* Intrinsic permutation symmetry:

Nonlinear susceptibility tensor element remains unchanged if frequency
arguments w;,... w, (not: wy,) and corresponding Cartesian indices are swapped

simultaneously

(n) : o _ (n) i
quiql...qz-qj...qn (WE - Wiy ..., Wy, wj: st 7w’ll> - qujqn,__qjqi_,,ql (C‘)E - Wnyeee,

Institute of Photonics
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Properties of the nonlinear optical susceptibility tensor \‘(IT

e of Technology

« Symmetries for lossless media:
All components of the nonlinear susceptibility tensor are real:

ng»)ql o (wz W1y e ee s Wiy Wiy e - ,wn> cR
Permutation symmetry holds also for the resulting frequency wy.
Note: Signs must be changed appropriately when interchanging the first
argument with any other argument.

N(n) - (n) - -
Wy - Wiy .., Wi, s W Wi o —WTleeee WS ey —W
qo ‘q1---Gi---Qn ( L n) Xq 2q1.-q0---Qn ( ] 1, y Wy, y n)

* Kleinman's symmetry:

Operated at frequencies far below their lowest resonance frequency

= The medium is lossless and the nonlinear susceptibility is essentially
independent of frequency.

= The frequency arguments can be permuted without permuting the indices:

(n) oy _ () .
Xqo:q7.- 4iqj---qn (wZ Wi, ey Wi Wy oo Wn) Xqo0:q1 .- GiGj--n (CUZ' Wi, . ..,w],wz,...,wn>

Institute of Photonics
96  27.06.2018 Christian Koos < —IPQ %
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Contracted notation for second-order nonlinear susceptibility &‘(IT

stitute of Technology

Assumption: Kleinman symmetry applies, i.e., frequency arguments can be

permuted without permuting the corresponding vector indices.

= Exploit permutability of last two frequency arguments to introduce contracted
notation:

(2) . 1 (2) rS T Yy 2z YzZ,2Y TZ,2T TY,Yx
Xq:TaS'_*dql—ﬁiq”“as [ 1 2 3 4 5 6

Represent nonlinear susceptibility tensor as a (3 x6) — matrix:
dg1 dyp dz3 dyq dys dye
d= dy1 dyp dy3 dya dys dye
d,1dyp dy3dyadysdye

Exploitation of full Kleinman symmetry: Only 10 independent elements

dp1 dyp dy3 dya dgs dye
d=|dye dy2 dy3 dy4 dyg dyo
dys dy4 d,3 dy3 dy3dga

and Quantum Electronics
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SFG and SHG in contracted notation &‘(IT

Second-harmonic generation (SHG):

( E% (w1) )
2 E
Bé; (le) dy1 dpp dp3 dpq dyps dye Eg E:jl§
B?S ) (le) — €0 dyz6 dyQ dy3 dy4 dpa dpo =z 1
(2) dyps5 dya d,3 dy3 dp3 dea QEy(wl)EZ(wl)

\2E; (w1) Ey (w1)

Sum-frequency generation (SFG):

( Bz (w1) Ex (w2) \
2 E B
P (w3) dy1 dp2 dy3 dpa dys dze B Ewlg B Ew%
P(2)(w) = 2¢0 | dpe dyo dy3 dyg dypa dopo =z W) Sz \W2
7?(42) 3 dw dy dy dy dx dl Ey(w1) Ez (w2) + E; (w1) Ey (w2)
Py (w3) 5 Tya ©23 By3 T3 Ted Ey(w1) Ez (w2) + Ez (w1) Ez (w2)

\E:c (wl) Ey (WQ) + Ey (wl) Ey (WQ))

Institute of Photoni
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Exploitation of spatial symmetries A\‘(IT

e Institute of Technology

Neumann’s principle: If a crystal is invariant with respect to certain geometric

transformations, any of its physical properties must also be invariant with respect

to the same transformations.

= Investigate influence of spatial symmetries on susceptibility tensor

|dea:

» Consider coordinate transformation from a coordinate system (x,y,z) to a
coordinate system (x',y',z') that leaves the crystal lattice unchanged

» Since this does not change the physical situation, the tensor elements must
be invariant under this coordinate transformation. g stein notation: Comprises

Coordinate transformation: summation over all unpaired
/ subscripts on the right-hand side.
E#, Tzz:’:c Ta:’y Tx/ e FE. [ %
Eg,/ — {Z—jyfaj Ty/y Ty’z Ey Eq’ — Tq’q q
EZ, Ty Tz/y T, E,
For orthogqnal tra_msforma_tlon.s -1 — 77 (T_l) 7,
(reflection, inversion, rotation): qq’ 749
'(n) _ (n)
= Xqé:q’l...q;l — Tq{)quq’lql oo gnXdolar..an

i.e., susceptibility tensor of rank (n+1) transforms like (n+1)-fold product of coordinates
99 27.06.2018 Christian Koos institute of Photonics _IPQ%
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Centro-symmetric media and second-order nonlinear effects &‘(IT

Karlsruhe Institute of Technology

Centro-symmetric media are invariant with
respect to an inversion of coordinates:

Tq’q — —5q/q
(n) _ +1_(n)
= Xqgo:iq1.--qn — (-1)" Xqo:q1.--qn-

i.e., for even orders n all susceptibility
tensor elements must vanish. Centro-
symmetric media do not exhibit any
second-order (even-order) nonlinearity!

Note: The same applies to amorphous materials
with randomly oriented molecules that do not
feature any preferential direction. Even though the
microscopic structure of the material is not centro-
symmetric, the macroscopic structural properties
are defined as an average over random
orientations of molecules and do hence not change
upon inversion of coordinates.

100 27.06.2018 Christian Koos

Inversion point: Mid-point
of nearest-neighbour bonds!

Example: Diamond lattice (e.g.,
silicon); features inversion
symmetry.

Institute of Photonics | PQ
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Nonlinear susceptibility tensors for different spatial symmetries A\‘(IT

Karlsruhe Institute of Technology

Needed: Coordinate transformations with respect to which the crystal lattice remains unchanged

— Categorization of crystals by their symmetry properties:
« 32 crystal classes, characterized by 32 point groups
« 5 cubic point groups, 27 non-cubic point groups
« Point group: Set of symmetry operations that leave the crystal lattice unchanged
* Nomenclature of point groups by Schoenflies notation or international notation

Figure adapted from Ashcroft/ Mermin, Solid State Physics
101 27.062018  Christian Koos institute of Photonics —|PQ%
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5 cubic crystallographic point groups ﬂ(".

Karlsruhe Institute of Technology

Schoenflies o T~
notation
(O = octahedral {
symmetry group, |
i.e., rotation axes |
of an octahedron or |

cube) P! :
~E&

Figure adapted from Ashcroft/ Mermin, Solid State Physics
102 27.06.2018 Christian Koos instiute of Photonios —||:’Qﬁk\é
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Exploitation of spatial symmetries A\‘(IT

e Institute of Technology

Neumann’s principle: If a crystal is invariant with respect to certain geometric

transformations, any of its physical properties must also be invariant with respect

to the same transformations.

= Investigate influence of spatial symmetries on susceptibility tensor

|dea:

» Consider coordinate transformation from a coordinate system (x,y,z) to a
coordinate system (x',y',z') that leaves the crystal lattice unchanged

» Since this does not change the physical situation, the tensor elements must
be invariant under this coordinate transformation. g stein notation: Comprises

Coordinate transformation: summation over all unpaired
/ subscripts on the right-hand side.
E#, Tzz:’:c Ta:’y Tx/ e FE. [ %
Eg,/ — {Z—jyfaj Ty/y Ty’z Ey Eq’ — Tq’q q
EZ, Ty Tz/y T, E,
For orthogqnal tra_msforma_tlon.s -1 — 77 (T_l) 7,
(reflection, inversion, rotation): qq’ 749
'(n) _ (n)
= Xqé:q’l...q;l — Tq{)quq’lql oo gnXdolar..an

i.e., susceptibility tensor of rank (n+1) transforms like (n+1)-fold product of coordinates
104 27.062018  Christian Koos institute of Photonics —|PQ%
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Centro-symmetric media and second-order nonlinear effects &‘(IT

Karlsruhe Institute of Technology

Centro-symmetric media are invariant with
respect to an inversion of coordinates:

Tq’q — —5q/q
(n) _ +1_(n)
= Xqgo:iq1.--qn — (-1)" Xqo:q1.--qn-

i.e., for even orders n all susceptibility
tensor elements must vanish. Centro-
symmetric media do not exhibit any
second-order (even-order) nonlinearity!

Note: The same applies to amorphous materials
with randomly oriented molecules without
preferential direction. Even though the microscopic
structure of the material is not centro-symmetric,
the macroscopic structural properties are defined
as an average over random orientations of
molecules and do hence not change upon
inversion of coordinates.

105 27.06.2018 Christian Koos

Inversion point: Mid-point
of nearest-neighbour bonds!

Example: Diamond lattice (e.g.,
silicon); features inversion
symmetry.

Institute of Photonics | PQ
and Quantum Electronics



Nonlinear susceptibility tensors for different spatial symmetries A\‘(IT

Karlsruhe Institute of Technology

Needed: Coordinate transformations with respect to which the crystal lattice remains unchanged

— Categorization of crystals by their symmetry properties:
« 32 crystal classes, characterized by 32 point groups
« 5 cubic point groups, 27 non-cubic point groups
« Point group: Set of symmetry operations that leave the crystal lattice unchanged
* Nomenclature of point groups by Schoenflies notation or international notation

Figure adapted from Ashcroft/ Mermin, Solid State Physics
106 27.06.2018  Christian Koos institute of Photonics —|PQ%
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5 cubic crystallographic point groups ﬂ(".

Karlsruhe Institute of Technology

Schoenflies o T~
notation
(O = octahedral {
symmetry group, |
i.e., rotation axes |
of an octahedron or |

cube) P! :
~E&

Figure adapted from Ashcroft/ Mermin, Solid State Physics
107 27.06.2018 Christian Koos instiute of Photonios —||:’Qﬁk\é
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27 noncubic crystallographic point groups A\‘(IT

Karlsruhe Institute of Technology

Schoen- . Ortho- L o Inter- Schoen- ! Ortho- - o i Inter-
flies Hexagonal|Tetragonal| Trigonal rhombic Monoclinic| Triclinic national flies Hexagonal|Tetragonal| Trigonal rhombic Monoclinic| Triclinic national
Ce C4 C3 v C2 C1 Ds D4 D3 D2 I722
T > (n even)
D,
C” E " Q’ ! n2
6 4 3 2 1 622 422 32 |(v) 222 (n odd)
C6v C4v CSV C2V D6h D4h D2h (mmm) ﬂ g Z
c W mmm
(nfmmm)
6 mm 4 mm 3m | 2mm Dy 6/mmm 4/mmm (Vh)2/mmm
C6h C4h C2h DSh
<< N n2m
Qs n/m (n even)
Con 6/m 4/m 2/m 62m _
Can Cin  (2) Daqy Dag (3m) 9
nZ
Qq Dya ’"
= (n odd)
= 2
6 m = (Vo) “42m 3m
S4 SG S2
<>
Sn @ @ Q’
4/(Cs) 3 c 1

Schoenflies notation:
C,: n-fold rotation axis
C,: n-fold rotation axis + horizontal mirror plane
C,.: n-fold rotation axis + n vertical mirror planes
S,,: 2n-fold rotation-reflection axis
... => see Ashcroft Mermin for more information!

Figure adapted from Ashcroft/ Mermin, Solid State Physics
108 27.06.2018 Christian Koos Institute of Photonics _IPQ%
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Second-order susceptibility for the 32 crystal classes

AT

Karlsruhe Institute of Technology

Crystal System  Crystal Class

Monvanishing Tensor Elements

Crystal System  Crystal Class

Monvanishing Tensor Elements

1=C)

=5

2=0C7

Triclinic

Monoclinic
m =y
2fm=Cqy

M =D,

mm2=Cy,

Orthorhombic

mmm = Dy,

Tetragonal 4=0Cy

i=5,

422 = Dy
dmm = Cy,,
42m = Doy
4/m=Cyy

4/ mmm = Dy,

109 27.06.2018

All elements are independent and nonzero

Each element vanishes

X¥L,XI¥,XX¥,X¥X, ¥XX,¥¥¥, ¥IZ,¥VIX, FXI, I¥Z,
zz¥, zx¥, z¥vx (twofold axis parallel to ¥)

XXX, X¥¥,XII,XIX, XXZ, ¥¥I.¥I¥, ¥X¥, V¥X, IXX,
I¥¥, 2%, zzx, zxZ (mirror plane perpendicular to i

Each element vanishes

X¥I,XI¥, YIX, ¥XI, IXY, IVX

XZX,XXZ, ¥¥I, VIV, IXX, I¥¥, 1%

Each element vanishes

X¥I=—¥XZI, XI¥=—¥IX.XIX = ¥I¥, XXI=¥¥Z,
TIT = IVV.ITZ.IEY = —I¥Y

X¥I = ¥XI,XTI¥ = ¥IX,XIT =—¥I¥, XXI= —¥¥zI,
IXX = —IV¥¥,IX¥ = I¥X

X¥I=—¥XI,XI¥F = —¥IX,IX¥=—IFX

XIX = ¥IV, XXI = ¥¥I,IXX = I¥V¥, II1

X¥I=¥XI,XIN =YIX, IX¥ =IVX

Each element vanishes

Each element vanishes

Diamond structure,
e.g., Si

m3 = O,

= All second-order
elements vanish!

Christian Koos

Cubic

Trigonal

Hexagonal

4312=01
13m = Ty
23=T

m3i=Ty.mim= 0y

Ii=0C

32=D4
dm=C3yp

3= 5. im= Dy
6=0Cg

6=1=Cyp

622 = Dy

G = Cgyy,
6l = Dy
6/m = Cgh

6/ mmm = Dy,

I¥I=—XI¥F=¥IX=—YXI=IX¥Y=—INX

X¥I=XI¥ =¥IX = ¥XI=IX¥ =I¥X

X¥ZI=¥IX =ZIXY,XI¥ = ¥XI=2I¥X

Each element vanishes

XXX =—X¥¥=—¥FI=—¥X¥,X¥I=—FXI XI¥=
XZX = ¥I¥,XXI=Y¥¥I,¥¥¥ = —FIX=—XX¥y=-
IXX = I¥¥, IIZ,IXI¥ = —I¥X

XXX = —X¥¥=—F¥X =—YXF, X¥I=—¥XZI,
XZ¥ = —¥IX,ZXY = —ZI¥X

YI¥ = VIV, YT = V¥I.IUT = IVY, 132, VYV = —¥1
—xx¥ = —x¥x (mirror plane perpendicular to ¥)

Each element vanishes

X¥ZI=—¥XI,XI¥ = —VIX,XIX = FI¥,XXI= ¥¥I,
IXX = L¥¥, LIZ, IA¥ = —I¥yX

XXX = —X¥¥ = —FX¥ = —¥Y¥X,

¥¥F = —¥XX = —X¥X = —XX¥

XIX = ¥L¥,XXI = ¥¥I,IXX = [¥¥, LI
V¥Y = —¥XX = —XX¥ = —X¥X

Each element vanishes

Each element vanishes

Zincblende structure,

e.g., GaAs

43m

= 6 nonzero elements,
which are all identical,
XyZ = XZYy = yZX = yXZ
= ZXy = zZyX

Figures adapted from Boyd, Nonlinear Optics

Institute of Photonics
and Quantum Electronics
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Second-order susceptibility in contracted notation A\‘(IT

Karlsruhe Institute of Technology

Biaxial crystal classes Uniaxial crystal classes (Continued)
L ] - W L] __.._1_._-! W & & ™ _.‘.---"'. ] . " x . CIMSES - = - / -
= e ™
—_— T classes
l;la.ﬁi 1 .-""-‘.’_Ji;::';‘tr‘ :"- class 2 r"" ‘\‘“ ' K\ - ﬁ ﬂ_“d 4 - . :‘” * ﬁanl::dm . . .:j-’ . s
v o e e - e - e —" @ o+ = 4dmm eo—e @& - - -
L] '.--._!;.' . . . . M ‘\ . "
= =] "‘l\ " . " ] ] s - .
classm . ‘Hr‘ﬁ et class222 , ., . . N - classes \] _ ’
P i 2 : = w s y class4 , | | \
e e . e e ey e \
422 L L] L L] L] - '—.-[ ["‘f # " - L‘.
w . " [ .-"". [ . . . . \ \ . .
classmm2 |, ,,-"; . =
i clasxdd. . & & & class 42m , . ., . .
e - . . Y
¥ T .
Uniaxial crystal classes
Isotropic crystal classes
class 3 :X: class 3m - - i . . . .
e e classes class 432
—e" 0 . . —e"e - - . #HBm (allelements . . . . .
and 23 vanish} S
o & . o m w Explanation:
class B :><Z mﬂgmzo__’,,_'_/’_/-? + Small dot: Zerp .coefficient; large dot: Nonzero coefficient
+ Square: Coefficient is zero if Kleinman symmetry applies

+ Connected symbols: Numerically equal coefficients; open-symbol
coefficients are opposite in sign with respect to the connected
closed-symbol coefficient.

Figure adapted from Boyd, Nonlinear Optics + Dashed connections: Valid only for the case of Kleinman symmetry

Institute of Photoni
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Second-order nonlinear susceptibilities for several crystals

AT

Karlsruhe Institute of Technology

Material Point Group dip (pm/V) W h f
r
AziAsSs Im=0Cyy din =18 atC OU.t . 0
(proustite) dys =11  unspecified wavelengths...
AgGaSe, 42m = Dy dys =33 . typos. .
AzShSs Im=0Cxq, djs =8
( pyrargyrite) dn =19
beta-BaB, 0y (BBO) 3m=0Cqy dyn =22
ibeta barium borate)
CdGeAss i2m= Dy dyg = 235 O v
Cds tmm = Cgy d33 =78
dy) = —40 ° Nb
Cahs 13m d3, =370 0 o
KHaPOy Xm die =043
(KDP)
KD POy Xm dig =0.42
(KD*F)
LilO 6="0Cq L|NbO3
LiNbO5 im=0Cy,
Quartz 2= .D_'; d] | = n3
dyq4 = 0.008

Notes: Values are obtained from a variety of sources. Some of the more complete tabulations are
those of R.L. Sutherland (1996, that of AV, Smith. and the data sheets of Cleveland Crystals, Inc.
To convert to the gaussian system., multiply each entry by (3 = 108 /4 =2.386 % 10~ to obtain

d in esu units of em/statvolt.
) 2 .
In any system of units, x*“' = 24 by convention.

Figures adapted from Boyd, Nonlinear Optics

111 27.06.2018 Christian Koos

Other values from the literature:

Institute of Photonics I PQ
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Third-order susceptibility tensor for various crystal classes &‘(IT

Karlsruhe Institute of Technology

Isotropic

There are 21 nonzero elements. of which only 3 are independent. They are:

CUbIC trigonal
¥Y¥II = ZI¥¥ = IZXX = IXII=XX¥Y = F¥IX, — Y =
FIVI = I¥IF = IXIX = XIXI =XYIY¥Y = VXVX,

YIIN = INVI = ZXNI = XIIX = XVYY = VXXMV,

and monoclinic
IXXX = ¥¥V¥Y = IZII = XXVY + X¥IV + TVva. ‘/
Cubic “. Cc
For the two classes 23 and m3. there are 21 nonzero elements, of which only 7 are independent. K &
They are: tetragonal a b \
XXIXX = ¥¥¥¥ = ZIIT. ‘,l \‘ \
f y
¥¥II = ZIXX = XXF¥, c ',' l pas
/ /
II¥¥ = XXIT = ¥¥XX, t/ /
¥IVI = IXIX = X¥XY, o !i
a a triclinic |
IVIF = XIXI = ¥X¥X, / |
f
¥II¥ = IXIXI = X¥¥I, |l 4
IFVI = XIZX = ¥XXV. > -
For the three classes 432, 43m, and m3m, there are 21 nonzero elements, of which only 4 are indepen- .
; orthorhombic
dent. They are:
’ C .~ C
e i hexagonal
V¥IZ = ZIFY = ZIXX = XXII=XX¥¥ = F¥XX, - b a a' a

112 27.06.2018

VIVI = I¥IV¥ = IXIT = XIXI =I¥X¥ = ¥I¥I,

YIIN = INVVI=IXXI = XIIX = X¥YYY = ¥IXV.

Figure adapted from Boyd, Nonlinear Optics
Christian Koos Institute of Photonics o I PQ %‘é

and Quantum Electronics



Third-order susceptibility tensor for various crystal classes &‘(IT

Karlsruhe Institute of Technology

Hexagonal
For the three classes 6. 6, and 6/ m_ there are 41 nonzero elements, of which only 19 are independent

They are: CUbIC trlgonal
o XYY = V¥IX,
““““ X¥V¥X = ¥XX¥,
IXXX = Y¥¥Y¥¥V = XXF¥+I¥¥X + X¥X¥,
X¥I¥ = VXV¥X,
¥¥II = XXIZ, IYII = —¥XIZ, monoclinic a
II¥¥ = TIAX, EIXY = —II¥FX,

I¥¥I = ZXXI, IXI¥I = —I¥XI, ‘

YIIV = XZIt, XIIV = —YIZX, '.‘ c

VINI = XIXZ, XI¥I = —¥IXZ, A
\

Z¥IY¥ = IXZX, ZIXI¥ = —IVIX tetragonal a b \

-

YVIY = —XXVX, \
l
XXX¥ = —¥F¥X = ¥¥X¥ + FX¥Y + I¥FY¥, YE¥Y = —X¥ax, /'\ \
XYVY = —¥XXX.
For the four classes 622. 6mm. 6/ mmm. and 6m2, there are 21 nonzero elements, of which only 10 I
are independent. They are: triclinic ’

XX¥Y = F¥XX,
““““ X¥¥X = ¥XXY,

EXXX = V¥YYY = XXVY + XVVT + XVay,
XVXV = ¥FXF¥X,

¥¥II = XXIZ, orthorhomblc
IZ¥Y = ITXX, cC >~ c
I¥YI = Ix¥I. hexagonal

s
e a
YIiZ¥ = XIiX, a b ? a

¥IVI = XIXL,

I¥IY = ZxI¥.

Figure adapted from Boyd, Nonlinear Optics
113 27062018  Christian Koos institute of Photonics —IPQ%
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Third-order susceptibility tensor for various crystal classes &‘(IT

Karlsruhe Institute of Technology

Trigonal
For the two classes 3 and 3, there are 73 nonzero elements, of which only 27 are independent. They
are: cubic trigonal
XXVY = ¥¥XX, /"'21_“\-
““““ I¥YI = ¥XXV, a
XXXX = ¥¥VYY¥ = XI¥F + X¥¥X + I¥XY,
I¥XY = ¥X¥X,
¥¥II = XXII, XYVII = —¥XIL, a a
IZ¥Y = ZZXX, ZZXY = —IIVX, , monoclinic a a
INVI = IXXZ, IXVI = —I¥XL, [
FII¥ = XIIX, XITY = —¥IIX, !
\ C
VIVI = XIXI. XIVI = —¥IXZL. ‘\ [\
IFI¥ = IXZX, ZIXIY — —IY¥IX, \
i : : tetragonal a b \
L . \ l.
e i L Ly s o I \ [
v [ 4 |
X¥¥Y = —¥XXX. / >
¥¥) . c |
e/ /
VVVI = —¥XIXI=—XVXI= —XXVI, 17/‘ ’ I
/ 0
¥FI¥F = —¥XIX = —X¥IX = —XXI¥, RTI |
a a triclinic |

VIVY = —¥IXX = —XIVX = —XIXV,
INVY = —I¥EX = —INVX = —IXXY,

XXIXI = —XVVI=—V¥X¥VI = —¥VXL,

/
) J
t\
a
XXIX = —X¥I¥ = —FXI¥ = —¥¥IX, b
R e e orthorhombic
_— Cc
IXXX = —IXVY = —IVIY = —ZIVVI. C ~
_ hexagonal
For the three classes 3m_3m._ and 32, there are 37 nonzero elements, of which only 14 are independent. 9 a )
a~“b a

They are:

XX¥Y = V¥XX,

XVYX = VXXV,
XXXX = ¥¥¥YV = XX¥VV + XVVX + XVXY,

X¥XY = VIVE,

Figure adapted from Boyd, Nonlinear Optics
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Third-order susceptibility tensor for various crystal classes &‘(IT

Karlsruhe Institute of Technology

¥¥II = XXZZ, XXIXI = —X¥¥I=—YX¥I=—¥VXI,
IIZ¥YY¥ — IZXX, XXIX = —XI¥I¥ = —YXIV¥—=—¥¥IX,
INFI = ZXXI,  XIXX = —XIVY = —VIX¥ = —VIVX, cubic trigonal
¥II¥ = XZIX, IXIX = —IXN¥¥ = —I¥XY = —I¥¥X, /-"—]:—\
YINZ = XIXZ, a
IVI¥ = ZXIX.
Tetragonal
For the three classes 4. 4. and 4/ m. there are 41 nonzero elements. of which only 21 are independent. a a
They are: monoclinic a a
XXXX =¥¥¥Y¥, IZIZ, /
IIXX=ZI¥¥, I¥II=—¥IZI, XI¥F=YFXX, IIX¥=—FV¥X, {
XXIZ=ZZ¥Y,. IZIXVY = —II¥VX, IVX¥V=¥I¥X, II¥YI = —¥YVXY, C
INIX =IFIV, XI¥I=—VIXI, XVVX = VATV, IVEX = —NEVY, Y \
XIXI=YIF¥L, ZIXI¥ = —I¥IX, FIXX = —XVYY, \
RS dticn Bt tetragonal a b ~,
IXXI=I¥¥Z, ZIXNL=—IVXL, |
XITX = ¥IL¥, XII¥ = —¥IIX. ? \\ '
For the four classes 422, 4mm. 4/mmm_ and 42m_ there are 21 nonzero elements, of which only 11 /' l P
i -
are independent. They are: Cc

XXXX =¥¥¥y¥, ZIIZ, V / ‘

¥VIZI=XXII, FIIV=XIIX XXY¥Y¥ =Y¥XX,

ZINF =ZILXX, NIFI=XIXI X¥XY¥ =Y¥X¥X,

2 R |
I¥VI =IXXZI, ZIYVI¥V=ZIXIX X¥¥I=yXIM. a triclinic |
J
Monoclinie |/ '
For the three classes 2, m, and 2/m, there are 41 independent nonzero elements, consisting of: t c
e a b
3 elements with indices all equal,
18 elements with indices equal in pairs., :
; T R orthorhombic
12 elements with indices having two ¥'s one x. and one z, c
4 elements with indices having three x's and one z, c ~—
4 elements with indices having three 2°s and one x. hexagonal
) s
Orihorhombic b a a a
For all three classes, 222, mm?2, and mmm. there are 21 independent nonzero elements, consisting of: a

3 elements with indices all equal,
I3 elements with indices equal in pairs.

Triclinie Figure adapted from Boyd, Nonlinear Optics

For both classes. 1 and 1, there are 81 independent nonzero elements.

Institute of Photoni
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Second-order nonlinear effects




Permeability and impermeability tensors of anisotropic media N(IT

e of Technology

Note: Second-order nonlinear effects predominantly exist in anisotropic materials!
= Need to study wave propagation in linear anisotropic materials first!

Representation by permittivity tensor: (3x3)-matrix
D =¢eE, & =I+4+Xx

For lossless reciprocal media (no magneto-optic effect): €;; = €;; € R
= Representation in diagonal form with respect to principal axes of the crystal:

Dy ezxz O O Eq nl O 0 Eq
Qy — €0 0 €yy 0 Ey — €0 O n2 O Ey ,
Alternatively: Representation by impermeability tensor »:
1
E = —nD. .

€0 00
E:\ 1 (n= 0 0 [Ds 1/5?1 \ /.
Ey|=—1 0nyy O Dy|=—1]0 n3 0 Dy
B, €0 O O Nzz D, €0 D,

0055/ \

Institute of Photoni
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Biaxial, uniaxial, and isotropic crystals &‘(IT

Karlsruhe Institute of Technology

Form of permittivity and impermeability tensor is constrained by symmetry of the crystal
— 3 different categories; depending on their representation with respect to the principal

axes:
Biaxial crystals: nl O 0
« Three different principal refractive indices, n, #n,=n; € = | O n2 0

0 0 n3
Uniaxial crystals:
« Two orthogonal directions, along which refractive

indices are equal.

=> Ordinary indices n,=n,=n, n2 0 0

« Third index: Extraordinary index n, = n, 0n20
 Positive uniaxial: n,> n, o 5
* Negative uniaxial: n,< n, 0 0 ng
* Note: Uniaxial crystals exhibit a single axis with

threefold, four-fold, or six-fold symmetry.

Q)
~
|

Isotropic crystals: n2 O O
* Higher symmetry, e.g., due to a cubic unit cell. e 0 n 0
« All three indices are equal -

0 0 n?

Institute of Photoni
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Permealbility tensors for different crystal classes &‘(IT

Karlsruhe Institute of Technology

Representation of ¢, with respect to the The seven crystal classes and their

coordinates of the unit cell (not necessarily hierarchy:
the principal axes of the permittivity tensor!)

cubic trlgonal
xx 0 O @
isotropic 0O xx O cubic
monoclinic
| 0 0 xx | '
- - 1
xx 00 tetragonal '%.‘ A
uniaxial 0 xx O trigonal tetragonal a b "'
hexagonal 'u.
0 0 zz | $ \ q
xx 0 O c | 'I/‘* |
o e '7“',"’ |
biaxial 0 v 0 orthorhombic Vi ’ “
0 0 =z 3 a / triclinic |
xx 0 xz g ' ,/ A
0O vw O monoclinic b a b
| xz 0 zz | orthorhombic
- - - C
XX Xy Xz = I
- hexagonal
Xy v vz triclinic a Dy
oo a b a
XZ ¥YI 23

Figure adapted from Ashcroft/ Mermin, Solid State Physics
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Index ellipsoid AT

Karlsruhe Institute of Technology

X; A Index ellipsoid (optical indicatrix): Quadratic representation
n3 of the electric impermeability tensor.
L S
N S XX = 1
!,r"fq- "-‘-.'.'.-,‘\‘ 1,]
9 » Representation with respect to the principal axes of the
\ i | = X, crystal:
e 2
1 X1 -I- X2 n X3 .
”1 ”2 ”3

X,

X4, Xy, X5 = principal axes of the crystal
N4, Ny, Ny = principal refractive indices

Figure adapted from Saleh/Teich, Fundamentals of Photonics

Institute of Photonics
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Wave propagation in anisotropic crystals &‘(IT

Karlsruhe Institute of Technology

Propagation and polarization along a principal axis (‘normal modes”): k; = n;kg

zh z4 zh
kA HA
EA |k
> > k - = |
& H y " E y H y
* k= mnikp x k = nokg x k = n3kg

N Y
I

X/ .

s
/ 4
4 /

Decomposition into a superposition of two linearly polarized modes; difference in
wavenumber k leads to phase delay between the two polarizations,

AP = —kg(np —nq1)z
Figures adapted from Saleh/Teich, Fundamentals of Photonics

Institute of Photoni
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Wave propagation in anisotropic crystals &‘(IT

Karlsruhe Institute of Technology

Propagation in arbitrary direction — fundamental properties:

Isotropic media
H|B

E| D

k, E, H are mutually
orthogonal and form a
right-handed set

kS

Figure adapted from Saleh/Teich,

Fundamentals of Photonics

122 27.06.2018 Christian Koos

Anisotropic media

H|B
E}fD D = e¢perE,
E = lnD-
€0

K, D, H are mutually
orthogonal and form a
right-handed set

kS

e |

- -'—'—-EI.——-.

Institute of Photonics | PQ
and Quantum Electronics



Normal modes for propagation in arbitrary direction A\‘(IT

stitute of Technology

Plane-wave ansatz for the fields:
E=Epe®™  H=Hpe®  D=Dge*".

Insert into Maxwell's equations:

1
JkxE=—jwpoH, E=-—nD.

-jk x H = jwD. Note: A x B x C — B (ATc) - c(ATB)
Wave equation for D:
—k x (k X (QQ>) — kgg

Transform to implicit equation that relates the dielectric displacement vector D
to the corresponding2 propagation constant k:

k
D'nD = -0D'D
- kik
X2 Y2 Z2 k D k D k D
+ +—-=1 where X = "7, Yy = 2 Z ="
n% n% n% ko D ko D ko D
Index ellipsoid / optical indicatrix D =yD'D k= \VkTk

Institute of Photonics Ek
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Determining normal modes from the index ellipsoid A\‘(IT

Karlsruhe Institute of Technology

Index
ellipsoid

Figure adapted from Saleh/Teich,
Fundamentals of Photonics

124 27.06.2018 Christian Koos

Given: Propagation direction of the optical wave,
k

k]

Wanted: Effective refractive indices n, and n, of the
normal modes and corresponding displacement
vectors D, and D, (or their normalized counterparts
(X, Y, 2)")

u

Solution:

« Draw a plane passing through the origin of the
index ellipsoid, normal to u. The intersection of the
plane with the ellipsoid produces the index ellipse.

» The half-lengths of the major and minor axes of the
index ellipse are the refractive indexes n, and n, of
the two normal modes, that propagate like plane
waves (without derivation).

» The directions of the major and minor axes of the
index ellipse are the directions of the vectors D,
and D, for the normal modes. These directions are
orthogonal.

» The vectors E, and E, are derived from D, and D,

1
D — GOE’I”E7 E - _TID
€0

Institute of Photonics | PQ
and Quantum Electronics



Uniaxial crystals A\‘(IT

Karlsruhe Institute of Technology

ny=n,=ng,and n;=n,
= Index ellipsoid is rotationally symmetric with respect to the Z-axis

(a) kﬁn (b) z)

e

Normal modes:
* Ordinary mode: n, = n,

| 1 sin? (0)  cos? (0)
* Extraordinary mode: n, = n (9), where 3 () - +

n2 n2
« Walk-off angle p between the electric field Eng B n2 cos? (0) 4+ n2sin2 (6)

E. and the dielectric displacementD,: cos(p) =

[Ep| Dy \/ng cos? (8) + n2sin? (6)
125 27.06.2018  Christian Koos institute of Photonies -__ 1By %
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Lecture 8




Wave propagation in anisotropic crystals &‘(IT

Karlsruhe Institute of Technology

Propagation and polarization along a principal axis (‘normal modes”): k; = n;kg

zh z4 zh
kA HA
EA |k
> > k - = |
& H y " E y H y
* k= mnikp x k = nokg x k = n3kg

N Y
I

X/ .

s
/ 4
4 /

Decomposition into a superposition of two linearly polarized modes; difference in
wavenumber k leads to phase delay between the two polarizations,

AP = —kg(np —nq1)z
Figures adapted from Saleh/Teich, Fundamentals of Photonics

Institute of Photoni
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Determining normal modes from the index ellipsoid A\‘(IT

Karlsruhe Institute of Technology

Given: Propagation direction of the optical wave,
k

~ K
Wanted: Effective refractive indices n, and n, of the

normal modes and corresponding displacement
vectors D, and D,

u

Solution:

« Draw a plane passing through the origin of the
index ellipsoid, normal to u. The intersection of
the plane with the ellipsoid produces the index

Y ellipse.

« The half-lengths of the major and minor axes of
the index ellipse are the refractive indexes n, and
n, of the two normal modes, that propagate like
plane waves (without derivation).

The directions of the major and minor axes of the

index ellipse are the directions of the vectors D,

and D, for the normal modes. These directions

are orthogonal.

» The vectors E, and E, are derived from D, and D,

Figure adapted from Saleh/Teich, D — cre E o 177D
Fundamentals of Photonics = 0&rX, = gt

Institute of Photonics %K
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Uniaxial crystals A\‘(IT

Karlsruhe Institute of Technology

ny=n,=ng,and n;=n,
= Index ellipsoid is rotationally symmetric with respect to the Z-axis

(a) kﬁn (b) z)

e

Normal modes:
* Ordinary mode: n, = n,

| 1 sin? (0)  cos? (0)
« Extraordinary mode: n, = n (0), where n2 (6) ~ +

n2 n2
« Walk-off angle p between the electric field Eng B n2 cos? (0) 4+ n2sin2 (6)

E. and the dielectric displacement D,: cos(p) =

[Ep| Dy \/ng cos? (8) + n2sin? (6)
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Graphical derivation of electric field directions from the index ellipsoid A\‘(IT

Karlsruhe Institute of Technology

Consider gradient of implicit representation of index ellipsoid:

X2 v?2 z2
n — grad ( 5 + 5 + 5
ny Uz n3

)=

X\
%

7z
\n3)

o koD | ™2 o koD~

2k | Dy | Qk'GOE

=> Surface normal of the index ellipsoid defines direction of the electric field E

130 27.06.2018 Christian Koos

Note: For uniaxial crystals, E || D for

ordinary modes, but not for extraordinary

modes

= For a given direction of k, the walk-off
angle p between E and D
corresponds also to the walk-off
between the Poynting vector of the
ordinary and the extraordinary beam

Institute of Photonics | PQ
and Quantum Electronics



Linear electro-optic effect / Pockels effect &‘(IT

Karlsruhe Institute of Technology

Index ellipsoid in coordinate system of crystal unit cell:
nij = ( 1 ) ij 11 22 33 23,32 13,31 12,21
h

n2 h'1 2 3 4 5 6

(), 4 (3), 1+ (), 7242 (5) 72 (3) e (), o =

Nonlinear interaction: Express elements of the impermeability tensor as a power series in the
strength of the external electric components E,

k,l

Using contracted notation, the third-rank electro-optic tensor ry, can be expressed as a two-
dimensional (6x3)-matrix ry, :

[ A (1/n )1\

A (1/n2) (r11712713 )

(1/ 2>2 21722723 | /pp,
n
A1) | = | rarraaras | | 22
Afx /n2)4 rs1752753 | N
(1/n2)5/ 761762763 )
6

Institute of Photoni
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Electro-optic tensor for different crystal classes &‘(IT

Karlsruhe Institute of Technology

Form of the electro-optic tensor ry,

. . Material Point Group Electrooptic Refractive Index
is restricted by the symmetry of the RO
underlying crystal lattice: (10~12 myv)y
. _ Potassium dihydrogen phosphate, 42m rg) =8.77 ng= 1514
0 0 0 KH3POy (KDP) reg = 10.5 ne = 1472
0 0 0 (at 05461 pm)
rij = 0 0 0 (for class -;IEH'I}. Potassium dideuterium phosphate, 12m rgg = 8.8 ng = 1.508
rg1 0O 0 KD2POyg (KD*P) re3 = 26.4 ne = 1.468
0 rqp 0 (at 0.5461 pm)
L0 0 ez Lithium niobate, LiNbO;3 3m r;3="9.6 ng=2.3410
rop =68 ne = 22457
a _ r33 =309 (at 0.5 pm)
0 —rn rs rag =326
0 2 ri3 Lithium tantalate, LiTa(ly 3m ri3 =84 np=2.176
0 0 P ryn=—0.2 ne =2.180
rij=| g rn 0 (for class 3m), r33 =30.5 (at 0.633 nm)
51 =20
ri 0 0 F3l
P 0 0 Barium titanate, BaTiO; © deen ri3=19.5 np =2.488
- = ry3 =97 n,=2424
rg2 = 1640 (at 514 nm)
m 0 0 e Strontium barium nichate, dpen Fi3 =355 ng = 2367
£ Sro.6Bap 4NbOg (SBN:60) r3 =224 ne =2.337
0 0 ra rg; =80 (at 514 nm)
0 0 r Zinc telluride, ZnTe i3 41 =4.0 =2.99
rr'_,r' - [] 7 [] [fﬂr 4:1:-1!-}5 4”””}_ ing tellurnide, Lnle 3 rg) =4. ili] ,:_,gﬂ
42 (at 0.633 pm)
ra2 0 0
* From a variety of sources. See, for example, Thompson and Hartfield (1978) and Cook and Jaffe
0 0 0 : i o e e :
- - (1979). The electrooptic coefficients are given in the MKS units of m/V. To convert to the cgs units of
Figures adapted from Boyd cm/ statvolt each entry should be multiplied by 3 = 10,
b

1 H |l.'-' | — ]' J_ =%
Nonlinear Optics €4e = 135, €5, = 3700,

Institute of Photoni
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Karlsruhe Institute of Technology

Electro-optic modulators A\‘(IT

Electro-optic modulators: Exploit second-order nonlinearities to modulate a beam of light by
means of an electric signal.

(b) (c)

(a)

\ ) \
! !

Longitudinal modulators: Transverse modulators:
Modulating electric field E,,,4 applied E, ¢ perpendicular to the direction

parallel to the direction of light propagation of light propagation.
Figures adapted Saleh/Teich, Fundamentals of Photonics

Institute of Photonics
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Longitudinal modulator: The Pockels cell

AT

Karlsruhe Institute of Technology

————— R -
Emod ®
-
Z
U
Transparent metal
electrodes

Assumptions:

Electro-optic material of point group -42m

= Uniaxial impermeability tensor if E .4 = O,
electro-optic tensor restricted by crystal
symmetry

Modulating voltage applied along z

Light polarized along y, propagation along z

Applied voltage U can be considered static, i.e., it

remains constant during the propagation time of

light through the electro-optic material

134 27.06.2018 Christian Koos

Electro-optic material, e.g.,

* Potassium dihydrogen phosphate
(KH,PO,), also referred to as KDP
(“Kalimudihydrogenphosphat”)

Potassium dideuterium
phosphate (KD,PO,); D
denotes deuterium; short name
KD*P)
«  Ammonium dihydrogen
phosphate (NH,H,PO,),
short name ADP

Uniaxial: Point group -42m:
100 (0 0 0)
n

B 6)i 0 O 0 O
n= n2 — O 0 O
005 “|rq1 0 O

¢ 0 r41 0
\ 0 0 763/

Institute of Photonics | PQ
and Quantum Electronics



Longitudinal modulator: The Pockels cell A\‘(IT

Karlsruhe Institute of Technology

Applied modulating field E, transforms uniaxial crystal into a biaxial medium:
1
*T'L;)Q' T63Ez O
n (Ez) — T63Ez n—g 0
0o 0 2
ne

Transform indicatrix to new principal axes (X, Y’, Z'):

1
X = 1 (X’ 1+ y’) nxr = No (1 + 57“63”3Ez)
V2 T
1 = 1-—= E
Y = — —X/ -+ Y/ Ny No ( re3MN, Z)
\/§< ) o 2
Z =2 zt— e

— Normal modes are polarized at 45° with respect to x and y and experience a phase
delay with respect to each other
during propagation:

AP = 71'2
v
A
Ur = 3
2163

AP =0 AP = T11/2 AD =TT

Institute of Photonics
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Deformation of indicatrix by extemal electric field &‘(IT

Karlsruhe Institute of Technology

Y

> X

With external field (E(,,): Biaxial crystal /
= Principal axes X and Y’ inclined by 45° /

with respect to the X- and Y-direction /
I

Without external field: Uniaxial crystal
= Index ellipsoid rotationally symmetric
with respect to the z-axis

Institute of Photoni
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Tuming the Pockels into an amplitude modulator \‘(IT

e of Technology

Insert polarizer after the Pockels cell:

Input , N Output
‘Cr . —
y Power transfer function:

T (U) = sin? (gg)

™

Polarizer - KDP crystal Analyzer

Adjust operating point by quarter-wave plate:

Input TN Output
\’ y' y'
Power transfer function:

Polarizer KDP crystal M4 Analyzer T(U) = sin? <2U -+ >

Power changes linearly
with applied voltage.

Institute of Photonics %K
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Transverse modulator A\‘(IT

» Modulating electric field perpendicular
to the direction of light propagation

« Problem for bulk devices: Electrode N
separation d dictated by divergence of _ | y 1 .
optical beam! / /

X |
‘ Z
ST
1%
Waveguide

Input
light

. Waveguide-based devices:
Cross section .

» Electrode spacing of a few

micrometers

 Interaction lengths of a few
Modulated centimeters
light « The workhorse of optical
communications: Integrated
LiNbO,; modulators

Figure adapted Saleh/Teich, Fundamentals of Photonics

Institute of Photoni
138 27.06.2018  Christian Koos neTitie of Fhoronies —|PQ%

and Quantum Electronics



The workhorse of optical communications:
Integrated LINbO, modulator A\‘(IT

* Ti-indiffused (Tl) waveguides

stitute of Technology

An ~ 0.002 ... 0.01

— e w ~ 10 ym
Thermal diffusion o
1000C~1050C; 6~8 hr W

LiINbO3

Wet Oxygen ambient

LiNbO3

IIIIIIIIIIIIIII’

* Proton-exchanged (PE) waveguides

Boiling benzoic acid (FHEE)
B e An =~ 0.02 ... 0.05 (extraordinary pol)

Li* An =~ -0.04 (ordinary pol)
I I l L Proton exchanged

200~240 C; 2~4 hr LijxH, NbO3

+ Post-annealing )
LiNbO3 LiNbO3

Note: Diffusion length along y-direction much larger (and much more uncertain)
than along x- and z-direction
— Waveguides usually oriented along y-direction!

Institute of Photonics %K
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Analysis of a transverse LiINbO,; modulator &‘(IT

Karlsruhe Institute of Technology

* Modulating electric field applied along z-
direction

« Wave propagating in y-direction

» Optical mode polarized along z-direction

B

pm
[0 —r2n7r13) 13 = 9.67
4 0 722 713 rons = 6 g PM
no=23410 ,_| O 0 rs3 TV
' ne=2.2457 O rax O ra3 = 30.9 20
rao 0 0 V
\—7’22 0 0 } rqo = 32.6 %

External voltage along z: Material remains uniaxial!

1 1 1
(2 + ?“13Ez) X2+ (2 + 7’13Ez) Y? (2 + r33Ez) z°=1
nO nO nC

— Refractive index change for plane wave polarized along z / phase shift / r-voltage:

1 1 d A
An = —=n>ra3FE AP = —n3ra3EkoL U. = —_ "0
ST 33L2 5'e 334L2/0 T L’I"337’L§

Institute of Photoni
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Lecture 9




Karlsruhe Institute of Technology

Electro-optic modulators A\‘(IT

Electro-optic modulators: Exploit second-order nonlinearities to modulate a beam of light by
means of an electric signal.

(b) (c)

(a)

\ ) \
! !

Longitudinal modulators: Transverse modulators:
Modulating electric field E,,,4 applied E, ¢ perpendicular to the direction

parallel to the direction of light propagation of light propagation.
Figures adapted Saleh/Teich, Fundamentals of Photonics

Institute of Photoni
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Analysis of a transverse LiINbO,; modulator &‘(IT

Karlsruhe Institute of Technology

* Modulating electric field applied along z-
direction

« Wave propagating in y-direction

» Optical mode polarized along z-direction

B

pm
[0 —r2n7r13) 13 = 9.67
4 0 722 713 rons = 6 g PM
no=23410 ,_| O 0 rs3 TV
' ne=2.2457 O rax O ra3 = 30.9 20
rao 0 0 V
\—7’22 0 0 } rqo = 32.6 %

External voltage along z: Material remains uniaxial!

1 1 1
(2 + ?“13Ez) X2+ (2 + 7’13Ez) Y? (2 + r33Ez) z°=1
nO nO nC

— Refractive index change for plane wave polarized along z / phase shift / r-voltage:

1 1 d A
An = —=n>ra3FE AP = —n3ra3EkoL U. = —_ "0
ST 33L2 5'e 334L2/0 T L’I"337’L§

Institute of Photoni
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Technical realization: x-cut and z-cut geometry A\‘(IT

Karlsruhe Institute of Technology

z-cut geometry: « Wafer surface normal to z-direction

» Modulating field oriented vertically
(along z-direction)

Electrodes
P N « Waveguide oriented along y-
A, VJA/n + _ Buffer layer direction
7 « “TM-polarization”, i.e., dominant
LiNbO3 Aleiter mit electric field component of the
eindiffundiertem Titan optical mode oriented along z-
X direction
x-cut geometry:
Electrodes » Wafer surface normal to x-direction
» Modulating field oriented horizontally
C £ A\ )V ; ,A _ Buffer layer (along z-direction)
\ / X « Waveguide oriented along y-
LiNbO3 Wellenleiter mit direction
eindiffundiertem Titan » “TE-polarization”, i.e., dominant
z

electric field component of the
optical mode oriented along z-
direction

Institute of Photoni
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The Mach-Zehnder Modulator (MZM) AT

Karlsruhe Institute of Technology

So far: Phase modulator

Turning a phase modulator into an amplitude modulator: Mach-Zehnder Modulator (MZM)

1 Electric Field 1 Ele/ctric Field
b Output b Output
Signal Signal
—» 1 —» ———
Input " 1 " Input lloll
Signal Signal
\ \
= A N - R b
2 Electric Field LiNbO3 2 Electric Field LiNbO3

Here: Push-pull configuration, i.e., antisymmetric phase shifts in both arms of the interferometer
(same magnitude, opposite sign)

= Chirp-free operation Figures adapted from Sumitomo Modulator Application Note.
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Dual-drive Mach-Zehnder Modulator (AT

stitute of Technology

Individual transmission line for each modulator arm
= Dual-drive / dual-electrode configuration:

- Signal 1

Signal 2 -7

Figures adapted from Sumitomo Modulator Application Note.
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Push-pull modulation in z-cut and x-cut configuration ﬂ(".

Karlsruhe Institute of Technology

Combine push-pull modulator with coplanar transmission line:
z-cut:
» Electrodes placed on top of the
waveguide
» Electric field flux concentrated for
center electrode (“hot electrode”)
= Good overlap between optical field
Buffer Layer  @n RF field; high efficiency
» Reduced overlap for ground
electrode
= Asymmetric modulation; slightly
chirped output signal

Hot Electrode Ground electrode

Pylo axis

—>
—
—
(SIXe-d) SIXY
syde.an) eissa))

Cross section of Z-Cut Modulator(Chirped type)

Hot Electrode Ground electrode
x-cut:

ClgSfal(GmP')ﬁc » Slightly decreased efficiency, but

XIS (C-axis
. < equal overlap for both arms

< = Antisymmetric modulation;

Buffer L . .

I — YT unchirped output signal

Pylo axis

Figures adapted from Sumitomo Modulator Application Note.
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Two more examples...

AT

Karlsruhe Institute of Technology

Ground Hot 1 Ground Hot 2 Ground
4 Py =
- > -

Lithium Niobate

-
>
= :
T X

\/
Charge Bleed Layers Waveguide  Conductive Buffer

z-cut dual-drive modulator:

* Good overlap of modulating RF-
field and optical field

= Low switching voltage, good
electro-optic efficiency

» Push-pull-operation requires two
RF-signals of identical amplitude
but opposite sign

Ground Hot Ground
Electrode Electrode Electrode
L] ]
> ~— /Buffer
. A Xx_ . X
Lithium Niobate / T
4

7
Waveguide

x-cut push-pull modulator:

* Push-pull operation with a single
RF signal

= Chirp-free modulation
* Needs approx. 20% higher

voltage as compared to z-cut
configuration

Ed L. Wooten et al., IEEE J. Sel. Topics Quant. Electron. 6, 69-82 (2000)

148 27.06.2018 Christian Koos
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Ongoing research at IPQ: Silicon-based modulators A\‘(IT

Karlsruhe Institute of Technology

Silicon-organiﬁ\hybrid (SOH) device: Silicon slot waveguide + organic electro-optic cladding

» Good overlap between optical
field and RF field
« Small electrode spacing

- Grating coupler
_____________ MMI-Coupler

___.--- Slot waveguides

_— . — L] N | F . O S F )
GlIS[IIS] - GSG line £
" Rib-to-slot
converter
149 27.06.2018  Christian Koos institute of Photonics —|PQ%
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SOH Mach-Zehnder Modulators: Implementation &‘(IT

stitute of Technology

» Basic silicon photonic waveguide structures fabricated in standard silicon photonic
line along with full portfolio of other devices (pn modulators, SiGe detectors efc.)
= High integration density, high yield

« QOrganic EO materials deposited and poled in a post-processing step
= No compatibility issues, efficient large-area processing

150 27.06.2018 Christian Koos Institute of Photonics _po%
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SOH Mach-Zehnder Modulators: Implementation ﬂ("'

Karlsruhe Institute of Technology
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SOH Mach-Zehnder Modulators: Implementation ;\‘(IT

stitute of Technology

Opt. E,-Field

Electrodes

EO Material

5.
S

RF E,-Field

Si Slab

Si Substrate / \
!/ \
L Vias Slot ——
B (120 nm)

Chirp-free push-pull operation!

152 27.06.2018 Christian Koos

Koos et al., J. Lightw. Technol. 34, 256-268 (2016)
Koeber et al., Light Sci Appl 4, (2015)
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Finally: A real device ... AT

Karlsruhe Institute of Technology

State-of-the-art LiNbO,
amplitude modulator

» X-cut push-pull configuration

* RF delay loops to match
phase of RF line and optical
signal

laser Combiner laser
input arm 2 output

Institute of Photoni
153 27.06.2018  Christian Koos neTitie of Fhoronies —|PQ%

and Quantum Electronics



Sum-frequency generation and impact of phase mismatch &‘(IT

Karlsruhe Institute of Technology

Recall: Evolution of complex field amplitudes during propagation through a
nonlinear medium (SVEA) MPhase mismatch
OE'(Z, ¢, wp) . wy
0z  "2egen
Now: Investigate impact of phase mismatch on interaction of three waves
oscillating at frequencies w,, w,, and w, = w, + w,.
Assume fixed polarizations along unit vectors e;:

E(z,t,w) =FE(ztw)e;, Pz t,wz)=P(ztws)es,

OFE (z,t,w . w =)
—( 3) — ——J—Sdeﬂ-‘E (Z,t’wl)ﬁ(zataWQ) € JAkZa

0z cn (w3)
OF (z,t, : : ‘
Elbw) T defrE (2, w3) B (2,t,wo) 4K,
0z en (w1)
OF (2.1, | o
Bbwa) 92 4 0B (ot ws) B (2, wy) 44,
0z en (wo)
where Ak = k1 + ko — k3 Wave vector mismatch

1 2 i nd_
deff = = Y e3,ch(]:r),s (w3 : wi,wp) ey ep,  Chective 2norder
2 g7 nonlinear susceptibility
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Phase matching considerations A\‘(IT

Karlsruhe Institute of Technology

Zero phase mismatch: Linear increase of converted amplitude (depletion at w, and w, neglected):

. W3
E(L tw 0~ —)J———dpsfE (0, t,w1) E(0,t,wy) L
E ( 3)| Ak=0 Jon (on) effE ( 1) E( 2)
Non-zero phase mismatch: Oscillatory behavior
E(L,t,w3)| —“3 4o (0, t,w1) E (0, ¢, ws) — sin (AkL) 45k
s by W — = yLyWl) L4 y Ly ) —— —~ | € .
L 3 Ak=+0 en (ws) e 1 2) 1% >

— Considerable decrease of the power conversion efficiency:

2 2 (m L
|E(Lataw3)|Ak:7$O _ SN (iLcoh) L —
= . coh —
E(L,t,w3)|ap=0 (EL)Q Ak
2Lcoh
Iy,
17m A
A ol ?-
Ak =27/3mm™’
41 %‘ ______ |
Ak=xzmm™ '
- — - I
1
Ak =27 mm l : 1 Lt —» Ak
| Kristalldicke ¢ (mm) il 2n
o 1 2 3 4 5 8 L I
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Sum-frequency generation and impact of phase mismatch &‘(IT

Karlsruhe Institute of Technology

Recall: Evolution of complex field amplitudes during propagation through a
nonlinear medium (SVEA) MPhase mismatch
OE'(Z, ¢, wp) . wy
0z  "2egen
Now: Investigate impact of phase mismatch on interaction of three waves
oscillating at frequencies w,, w,, and w, = w, + w,.
Assume fixed polarization directions along unit vectors e;:

E(z,t,w) =FE(ztw)e;, Pz t,wz)=P(ztws)es,

OFE (z,t,w . w =)
—( 3) — ——J—Sdeﬂ-‘E (Z,t’wl)ﬁ(zataWQ) € JAkZa

0z cn (w3)
OF (z,t, : : ‘
Elbw) T defrE (2, w3) B (2,t,wo) 4K,
0z en (w1)
OF (2.1, | o
Bbwa) 92 4 0B (ot ws) B (2, wy) 44,
0z en (wo)
where Ak = k1 + ko — k3 Wave vector mismatch

1 2 i nd_
deff = = Y e3,ch(]:r),s (w3 : wi,wp) ey ep,  Chective 2norder
2 g7 nonlinear susceptibility
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Phase matching considerations A\‘(IT

Karlsruhe Institute of Technology

Zero phase mismatch: Linear increase of converted amplitude (depletion at w, and w, neglected):

. W3
E(L tw 0~ —)J———dpsfE (0, t,w1) E(0,t,wy) L
E ( 3)| Ak=0 Jon (on) effE ( 1) E( 2)
Non-zero phase mismatch: Oscillatory behavior
E(L,t,w3)| —“3 4o (0, t,w1) E (0, ¢, ws) — sin (AkL) 45k
s by W — = yLyWl) L4 y Ly ) —— —~ | € .
L 3 Ak=+0 en (ws) e 1 2) 1% >

— Considerable decrease of the power conversion efficiency:

2 2 (m L
|E(Lataw3)|Ak:7$O _ SN (iLcoh) L —
= . coh —
E(L,t,w3)|ap=0 (EL)Q Ak
2Lcoh
Iy,
17m A
A ol ?-
Ak =27/3mm™’
41 %‘ ______ |
Ak=xzmm™ '
- — - I
1
Ak =27 mm l : 1 Lt —» Ak
| Kristalldicke ¢ (mm) il 2n
o 1 2 3 4 5 8 L I
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Phase matching concepts A\‘(IT

stitute of Technology

Phase matching conditions:
SFG: win (w1) + won (wp) —w3an (wz) =0

SHG: n(w1) =n(2wq)

Mostly: Materials operated below resonance frequencies
— Normal (phase velocity) dispersion, i.e., refractive index increases with frequency
= Phase matching conditions cannot be fulfilled.

Idea: Exploit birefringence for phase matching!

A
: ® b
T \/(n A/ - n
o E 0
& =
< \ -E -
\» / : “
n.
0 J l L -
0 Dy — D W3 frequency,

e e
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Type-1 phase matching in negative-uniaxial crystal ﬂ("'

stitute of Technology

Type-1 phase matching: Lower-frequency components have the same polarization

Second-harmonic generation (SHG):  ne (2w1) = no (w1) [oo — €]

A

n )

Sum-frequency generation (SFG):
w3Ne (W3) = wino (w1) + wano (w2) [oo — €]

Figures adapted from Stegeman, Nonlinear Optics
and Saleh-Teich, Fundamentals of Photonics
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Type-1 phase matching in positive-uniaxial crystal ﬂ("'

Karlsruhe Institute of Technology

Second-harmonic generation (SHG): 710 (2w1) = ne (w1) lee — o]

A

n( )

i) 2m

Sum-frequency generation (SFG):

w3No (wW3) = wine (w1) + wone (w2) [ee — o]

Figures adapted from Stegeman, Nonlinear Optics
and Saleh-Teich, Fundamentals of Photonics

Institute of Photoni
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Type-1 phase matching: Tuning options A\‘(IT

Temperature tuning:
» Birefringence is temperature-dependent
= Phase-matching by varying the temperature of the crystal!

« Example LiNbO; : Strong temperature dependence of i
birefringence.

Angle tuning:

» Adjust propagation direction of the involved light
beams to obtain phase matching

« Example: Second-harmonic generation in a
positive-uniaxial crystal

A —
Extraordinary Re (wl’ @) o (le)

refractive index of -
n( ) the crystal : D(2w,)
] / .

/ : - y

;o =
Ne —":’/,’///c,;f [ee] » o

;! g_ : - Figures adapted from Stegeman, Nonlinear Optics
: 0

and Saleh-Teich, Fundamentals of Photonics
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Type-1 phase matching: Calculation of propagation angle ﬂ("'

Karlsruhe Institute of Technology

Example: Type-1 phase matching for second-harmonic 4
generation in a negative-uniaxial crystal

Ne (20.)]_, @p) — TNo ((U]_)

[o0] > e

n(w) ’:
ne (2w1) |n2 (2w1) —n2 (w1) Ny A
no (2w1) \| n2 (w1) — n2 (2w1)’ :

= tangp =

Problem: Walk-off between ordinary and extraordinary ray 7 2

Recall: Poynting vector and wave vector of the
extraordinary ray are not parallel, and hence the Poynting vector of > n
the fundamental and the second harmonic are not parallel!

Extraordinary
wave

n2 (2w1) OS2 (©p) + n2 (2w1) sin? (©p)

\/ng (2w1) cos?2 (©p) + n‘ol (2w1) sin2 (©p) Figures adapted frc_)m Stegeman, Nonlinear Opt!cs
and Saleh-Teich, Fundamentals of Photonics
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Type-2 phase matching

AT

Karlsruhe Institute of Technology

For strong birefringence: Type-1 phase-matching would overcompensate phase
velocity mismatch and require large propagation angles
= Type-2 phase matching: Lower-frequency components have different

polarizations
Negative-uniaxial crystal:

e (2w1,0p) = 2 (o (1) + e (w1,6)) 1

1
Range of é':f7ﬂ{('J] +Ne (6, @] | n(w)

Range of ng(6. 2w)
| =Nol2w) — Ng(2w)

= Ng (W) [no (@) + nNg ()]

Positive-uniaxial crystal:

o (2w1) = 2 (0 (1) + e (w1, 6))

n( @)

E :' [eo] > e
Ma
ne(©)
: ———— s >
0 2
i [eo] = 0

I
Range of é[”‘” (@) + ng (6, w))

1
= Ng () -*E[fh-:f_r.-)} F Ne ()]

Figures adapted from Stegeman, Nonlinear Optics
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Quasi-phase-matching A\‘(IT

Karlsruhe Institute of Technology

In some cases we cannot use birefringence to achieve phase matching:

» Nonlinear material is not birefringent * Birefringence too weak / dispersion too
strong, e.qg., at short wavelengths
- GaAs J A J J
Cubic lattice! %

2

& ‘o "
e
= n
E e

 Exploit strong dj; coefficient; this requires waves
that are polarized in the same direction

class 3m 0_"17}’0
LiNbO;: ._.,@ o

d,, = 3pm/V
dsq = -5 pm/V
dss =~ -25 pm/V

Figures adapted from Boyd, Nonlinear Optics
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The principle of quasi-phase-matching (QPM) A\‘(IT

Karlsruhe Institute of Technology

Problem of phase mismatch: Continuous change of phase of new contributions along z.

OL (z,t,w3) w3
0z  Ten(ws)
Phase matching: Ak =0 Phase mismatch: Ak = 0

-
1}!’

Re AE(w3) f" Akz = Im
Im ‘ / 5 B Re

Quasi-phase-matching: Periodic sign reversal of the second-order
nonlinearity d.«, whenever a phase shift of 7 is accumulated AR o

defFE (Z, t? wl) E (Z7 ta CUQ) e—jAkZ’

——*A-‘—*

HAEANTE . '
LiUiLlL j\w

| : e >
do — A
o OO A0000 .
2
~do |_| |_| |_| |_| |_’ |_| |_| I_ Figures adapted from Saleh-Teich, Fundamentals of Photonics
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Quasi-phase-matching (QPM) A\‘(IT

Karlsruhe Institute of Technology

(‘J_ (\I_ ‘ .
~ 4 ~ Evolution of converted wave
k = amplitude I(z,t,w) « |E(z,t,w)|?
.+ | Phase matching N along z.
S AE=0 S
% 4
"o ®
7 =
s ~ Ak
QPM Quasi-phase-matching: Sign reversal
after L., (additional phase shift of 7 )
Phase /
mismatch
Ak =0
Ak 20 /
I __,__-""l"‘"‘--..___ - Z . .M el il ) [
=i 2{.{'—" - -4 I:C e+ I:C -
Homogeneous crystal Periodically poled crystal

Institute of Photonics 9%
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Quasi-phase-matching (QPM) A\‘(IT

Karlsruhe Institute of Technology

Evolution of converted wave amplitude E(z,t,w) along z:

] | I 1 L] T T
(a) with perfect phase-matching ~

(b) with quasi-phase-matching

(¢c) with a wavevector
mismatch

field amplitude

0 | ' T~

Figure adapted from Boyd, Nonlinear Optics
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Analysis of quasi-phase-matching A\‘(IT

Karlsruhe Institute of Technology

Evolution of converted wave along z:

OF (z,t, _ i
B bws) 3 deriE (2, t,w1) E (2, t,wp) e T2,
0z cn (w3)

Introduce periodic effective second-order nonlinearity: deff (2 + A) = defr (2)
s 2T
defr (2) = ) _ dme™ 47,
m
(Ak—m%)z

OE (#,t,w3) :
= —jJ———— ) dnE(z1 E(z,1
0z JCTL (w3) Z mi (Z wl) (Z, 7(")2) € )

27

Phase-matching by first-order interaction (m=1): A = AL

—»|A+

e s P e 2
+ A 8 <

& HMHHH

Lz
o :

ot
"' Figure adapted from Saleh-Teich, Fundamentals of Photonics
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Technology: Periodically poled lithium niobate (PPLN) T

stitute of Technology

Principle:

« Lithium Niobate is a ferroelectric crystal, i.e., each unit cell in the crystal has
a small electric dipole moment, depending on the positions of the niobium
and lithium atoms in the unit cell.

» A strong electric field (~ 22 kV/mm) can locally invert the crystal structure
and flip the orientation of the dipole moment and of the second-order
nonlinear susceptibility tensor.

Fabrication of PPLN:

A .
+ High
ftrtrttesss .ﬁﬁﬁﬂﬂ.@”ﬂ”ﬂ@e tt R R RIARL

Step 1 Step 2 Step 3
Apply Electrodes Apply High Voltage to Periodical Remove Electrodes to
to Lithium Niobate Pole Lithium Niobate Produce Finished PPLN

Figure adapted from Thorlabs, Tutorial on Periodically Poled Lithium Niobate (PPLN) , www.thorlabs.com
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The Manley-Rowe relations A\‘(IT

Karlsruhe Institute of Technology

Consider interaction of 3 waves oscillating at frequencies w,, w,, and w

= w W,
OF (z,t )
A (Za 7(“')3) — _J w3 defFE (Z, t’ Wl) E (Z, t,CUQ) e_JAkzy
0z cn (w3)
OF (z,t, . '
—(Z wl) = —_] “1 deffﬂ (Z,t,w3)E* (Z,t,(.UQ) éAk:z’
0z cn (w1)
OF (z,t '
_(Za 7("}2) — —J w2 deffﬂ (Z,t,(x)?,)ﬂ* (Z,t,w]_)EZJAkZ-
0z cn (wo)
_ 1 2
Intensity: 1 (z,t,w;) = Scoen (wi) |[E (2, t,wi) |
= Evolution of intensities along z:
oI (z,t, '
(za ws) _ —eowaderr IM { E* (2,t,w1) E* (2,t,wp) E (2,1, ws) 77}
A
oI (z,t, '
(zc‘? wa2) _ eqwaderrIM { E* (2,t,w1) E* (2,t,w2) E (2,t,w3) 25}
Z
I (z,t, Ak
(zc‘; 1) = egw1defrIM {E* (2,t,w1) E* (2,t,w2) E (2, t,w3) eJAkM}
z
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The Manley-Rowe relations A\‘(IT

stitute of Technology

Conclusions:

« Total intensity does not change along z

82 (I(z,t,w1)+I(z,t,wy)+1(z,t,wsz)) =0.
Z

« Change of photon fluxes are connected:

0 I(Z7tawl) _ 0 I(Z7taw2) - o I(Z,t,w3)
Oz fiwq Y fiwo 9z hws

= Generation of a photon at w, is A
always accompanied by o
generation of a photon at w, and
annihilation of a photon at w, (and w, \’

vice versa)
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The Manley-Rowe relations A\‘(IT

Karlsruhe Institute of Technology

Consider interaction of 3 waves oscillating at frequencies w,, w,, and w

= w W,
OF (z,t )
A (Za 7(“')3) — _J w3 defFE (Z, t’ Wl) E (Z, t,CUQ) e_JAkzy
0z cn (w3)
OF (z,t, . '
—(Z wl) = —_] “1 deffﬂ (Z,t,w3)E* (Z,t,(.UQ) éAk:z’
0z cn (w1)
OF (z,t '
_(Za 7("}2) — —J w2 deffﬂ (Z,t,(x)?,)ﬂ* (Z,t,w]_)EZJAkZ-
0z cn (wo)
_ 1 2
Intensity: 1 (z,t,w;) = Scoen (wi) |[E (2, t,wi) |
= Evolution of intensities along z:
oI (z,t, '
(za ws) _ —eowaderr IM { E* (2,t,w1) E* (2,t,wp) E (2,1, ws) 77}
A
oI (z,t, '
(zc‘? wa2) _ eqwaderrIM { E* (2,t,w1) E* (2,t,w2) E (2,t,w3) 25}
Z
I (z,t, Ak
(zc‘; 1) = egw1defrIM {E* (2,t,w1) E* (2,t,w2) E (2, t,w3) eJAkM}
z
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The Manley-Rowe relations A\‘(IT

stitute of Technology

Conclusions:

« Total intensity does not change along z

82 (I(z,t,w1)+I(z,t,wy)+1(z,t,wsz)) =0.
Z

« Change of photon fluxes are connected:

0 I(Z7tawl) _ 0 I(Z7taw2) - o I(Z,t,w3)
Oz fiwq Y fiwo 9z hws

= Generation of a photon at w, is A
always accompanied by o
generation of a photon at w, and
annihilation of a photon at w, (and w, \’

vice versa)
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Parametric amplification A\‘(IT

stitute of Technology

Consider difference frequency generation with strong pump wave at w, =w, + w,

Assumptions: - Phase matching: Ak =0

- Strong pump at frequency w,
= Pump depletion can be neglected, E (z,t,w3) = E(0,t,w3)

Coupled differential equations:

OFE (z,t, :

0z cn (w1)

OF (z,t

E(z,t,ws) _ 2 4 E (0,t,w3) E* (2,t,w1) -
0z cn (wo)

General solution:
E(z,t,w1) = Egcosh (kz) + Epsinh (kz),

E (2 tiwn) = —J\/ij O O (g sin (x2) + Ej cosh (2)

w1wod?
where K2 = —— =€l | (0,,w3)|?.
cen (w1) n (w2)

Institute of Photonics
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Parametric amplifier and oscillator &‘(IT

Optical parametric amplifier (OPA): A
Launch signal at frequency w, :

E(07t7w1) =k
E (0,t,wp) = 0.

amplitude

— Parametric amplification of signal at w,
and generation of idler wave at w,:

Signal: E(z,t,wy) = Eqcosh(kz),

won (wy) E(0,t,w3) :
win (w2) |E (0,t,w3)|

sinh (kz) .

|dler: E(z,t,wpy) = —J\/

Optical parametric oscillator (OPO): Add mirrors to form an optical resonator

~— [, —> ws=®] Note: Oscillation at w, and w, starts from
Wp = O3 < > > “noise” (zero-point fluctuations) at the

—> x(2) . . o
—» frequencies for which phase matching is
/ o Wi=m2 fulfilled.
R1, Ry R1, Ry — Wavelength can be adjusted by
tuning phase-matching conditions!
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Acousto-optics and
photon-phonon interactions




Elasto-optic effect and strain A\‘(IT

Karlsruhe Institute of Technology

Visualization of the elasto-optic effect. The medium
becomes birefringent under strain, leading to
interference fringes in a polarized-light image.

Quantitative description: Strain tensor

1 auk c%:g
Okl = = +
2 8@ 8%

where u= (u4,u,,u;) denotes the vectorial displacement of a
volume element (dx,dy,dz) at a position (x;,X,,X3)=(X,Y,2).

1S X XS Y, X3 = Z, Uy =

A few examples (x

v U [+

|
—] U — >

>
I—»}ax

/-\

x Y
o
> Y

- X v i

v
Tensile strain o, ,>0 ax”° Shear strain o, ,>0 x> 9 Rotation,
no strain: o, ,= 0

Figure adapted from lizuka, Elements of Photonics

Institute of Photonics | PQ
and Quantum Electronics
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Elasto-optic tensor A\‘(IT

Karlsruhe Institute of Technology

Recall: Anisotropic media are characterized by the electric impermeability tensor
n;; and the associated index ellipsoid

X3A ,
na ,]
P i . . e
Strain-induced changes Arn,; of the impermeability

/ tensor elements are related to the various

L o elements of the strain tensor by the fourth-rank
| B o elasto-optic tensor py,
\ /nz == i (orr) = 135 (0) + D pijrioki

k1
ni

Contracted notation:

ij/kl 11 22 33 23,32 13,31 12,21
I/K 1 2 3 4 5 6

|
= Elasto-optic tensor can be written as a 6 x 6 matrix
ANy = PpIKoK

Figure adapted from Saleh-Teich,
Fundamentals of Photonics Crystal symmetries further restrict elements of p.

Institute of Photonics %k
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Elasto-optic tensors of different materials A\‘(IT

Karlsruhe Institute of Technology

Name of Chemical Photoelastic Index of Wavelength Crystal Elastooptic
Substance Symbol Conslant Refraction (um) Symmetry Tensor
Fused silica SiO, pin o= 0.121 n = 1.457 0.63 [sotropic
piz = 0.270 pu opiz pz 00 0
Pu = {’" = P pi2 pu o pr2 0O 0 0
=s(pnu-pn) P2 P2 P O 0 0
0 0 0 py 0O 0
Water H,0 Py =031 n= 133 0.63 Isotropic 0 0 0 0 pe O
P12 = 031 0O 0 o0 o0 0 p,,,J

Pu = Pss = P
= %(I’n Pi2)

Gallium GaAs P = —0.165 n,=n, =n, = 342 1.15 A3 Pn P2 P2 0 0 0
arsenide pi2 = ~0.140 P2 Pu P2 0O 0 0
Py = ~0.061 pi2 p2 pn 0O 0 0
, . 0 0 0O pua O 0
Zinc sulfide B-7ZnS = 0.091 ne=n, =n, = 2352 0.63 0 0 0 0 pu O
P = —0.01 0 0 0 0 0 pu
pas = 0075
Lithium niobate  LiNbO, Py = ~0.02 n, =n, = 2286 0.63 3m
P12 = 0.08 n, =220
Py = 0.13 Pn P12 P Pu 0 0
P = —0.08 P2 P Py =puw 0 0
Pn = 0.17 Pn P P33 0 0 0
pa =007 Pa =P 0 pu 0 O
par = ~0.15 0 0 0 0 ps pal
Pas = 0.12 0 0 0 0 Pia peo

Pes = '1.'([’” Pi2)

Figure adapted from lizuka, Elements of Photonics

Institute of Photoni
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Elasto-optic tensors of different materials

AT

Karlsruhe Institute of Technology

Name of Chemical Photoelastic Index of Wavelength  Crystal Elastooptic
Substance Symbol Constant Refraction (um) Symmetry Tensor
Lit hium LiTaO, pu = —0.08 n,=n,= 2176 0.63 n
tantalate P12 = ~0.08 n; = 2.180
I)“ — ()(’)
Pis = —0.03
Py = 0.09
Py = —0.044
Py = —0.085
pag = 0.02
pee = %(/m p12)
Rutile TiO, Py = ~0011 n,=n, = 2585 0.63 2m
P12 = 0.172 n, = 2.875
pin = —0.168
Py = —0.096
Py = —0.058
pas = 0.0095 0.51 pn P2 ps 0 0 O
pee = +0.072 0.63 P2 Pu Pn O 0 0
_ pn o pn o pn 0O 0 0
Potassium KH,PO, P = 0251 n,=n, =15l 0.63 2m 0O 0 0 puw 0 0
dihydrogen P12 = 0.249 n, = 1.47 0 0 0 0 pu O
phosphate Py = 0.246 0 0 0 0 0 ,,MJ
(KDP) py = 0.225
Py = 0.221
pa = ~0019 0.59
Pes = ~0.058 0.63

182 27.06.2018

Christian Koos

Figure adapted from lizuka, Elements of Photonics

Institute of Photonics
and Quantum Electronics

—IPQ—¥



Elasto-optic tensors of different materials A\‘(IT

Karlsruhe Institute of Technology

Name of Chemical Photodadic Index of Wavelength Crystal Elastooptic
Substance Symbol Consgtant Refraction (um) Symmetry Tensor
Ammonium NHsH PO 4 Or = 0302 ny=ny, =152 0.63 2m
dihydrogen ADP P2 = 0.246 n, = 148
phosphate o= 0.236
(ADP) py = 0.195
Pyy = 0.263 ) na p 0 0 0
P = —0.058 0.59 oo 0o 0 0 ]
0.59 72 P Pn
Pee = 007§ o P P P 0 0 0
Tellurium TeO: pi = 0.0074 Ny=ny=n, =235 0.63 2m 0 0 0 pu O O

dioxide P2 = 0.187 0 0 0 0 pu 0
P = 0.340 0 0 0 0 0 P
Py = 0.090
Py = 0.240
pag = —0.17
pee = —~0.46

Figure adapted from lizuka, Elements of Photonics

Institute of Photoni
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Acousto-optic modulator A\‘(IT

Karlsruhe Institute of Technology

Acousto-optic effect: Strain induced by an acoustic wave
=> “Wave-like” variation of refractive index

Example: Surface-acoustic wave (SAW) modulator based on TeO,

,—— Longitudinal « Acoustic wave
surface acoustic launched along z

ave = Tensile strain along
the z-direction
» Optical wave
launched in (x.z)-
Diffracted  Plane, polarized
ight  along y

(Note: py3 = py3)

Incident
light

TeO,

_+_
A A7 A g
Interdigital
transducer that generates
face acoustic wave by
TN a surfac _
Y
) the piezoelectric effect

Figure adapted from lizuka, Elements of Photonics

Institute of Photonics %K
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Acousto-optic modulator A\‘(IT

Karlsruhe Institute of Technology

Y Strain-induced birefringence
corresponds to that of a

Optic uniaxial crystal
axis
Z 1 3
Ny = Ny = nQ — 5%?1303

Elliptic

cross section o-Wave

Direction of

wavenormal . 1 3
Nz =mng — 5”0?33‘73-

.
k

Spatio-temporal variation of
refractive index:

n(rvt) = np + An (I‘,t),
An (r,t) = Angcos (2t — qr) .

Q

where [q| = —.
Vs

e

Phase velocity of the sound

wave within the medium
Figure adapted from lizuka, Elements of Photonics

Institute of Photonics %K
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Coupled-wave equations \‘(IT

e of Technology

Dielectric displacement for small index perturbation:
D(r,t) ~ €g (n%E(r,t) + 2ng An (r,t) E(r,t)) :

Wave equation for acousto-optic interaction:
n3 0%E(r, t) _ 2ng 02 (An (r,t) E(r,t))
2 Ot? c2 ot2 .
Slowly varying envelope approximation (in space only!):
E(r,t) =3 BE(r,w) e & 7Km),
l

V2E(r,t) —

where  |VZE(r,wp)| < [k - VE(r,wp)].

Coupled-wave equation for space-dependent wave amplitudes:

: 2n 2
: t—k;r) __ 0
Zl:[—kal~v_E_(r,wz>]eleJ<wl " == 512

(An (r,t) E(r,w;) e ej(wlt"“klr)> :

Launch wave at frequency w,, consider evolution of amplitude at w, = w, + Q

2
ki -VE(r,wy) = _J— (eq - eo) noﬂnoE(I’ wo)e_J(k0+q kl)r

Institute of Photonics
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Lecture 12




Acousto-optic modulator A\‘(IT

Karlsruhe Institute of Technology

Acousto-optic effect: Strain induced by an acoustic wave
=> “Wave-like” variation of refractive index

Example: Surface-acoustic wave (SAW) modulator based on TeO, (strong p3 = p,3)

,—— Longitudinal « Acoustic wave
surface acoustic launched along z

ave = Tensile strain along
the z-direction
» Optical wave
launched in (x.z)-
Diffracted  Plane, polarized

Incident
light

TeO,
_+_
A A A A .
Interdigital

transducer that generates

face acoustic wave by

TN a surfac _
L’\// the piezoelectric effect

Figure adapted from lizuka, Elements of Photonics

Institute of Photonics %K
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Acousto-optic modulator A\‘(IT

Karlsruhe Institute of Technology

Y Strain-induced birefringence
corresponds to that of a

Optic uniaxial crystal
axis
Z 1 3
Ny = Ny = nQ — 5%?1303

Elliptic

cross section o-Wave

Direction of

wavenormal . 1 3
Nz =mng — 5”0?33‘73-

.
k

Spatio-temporal variation of
refractive index:

n(rvt) = np + An (I‘,t),
An (r,t) = Angcos (2t — qr) .

Q

where [q| = —.
Vs

e

Phase velocity of the sound

wave within the medium
Figure adapted from lizuka, Elements of Photonics
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Coupled-wave equations \‘(IT

e of Technology

Dielectric displacement for small index perturbation:
D(r,t) ~ €g (n%E(r,t) + 2ng An (r,t) E(r,t)) :

Wave equation for acousto-optic interaction:
ng 9°E(r,t) 2n032 (An(r,t) E(r,t))
2 Ot2 c2 ot2 '
Slowly varying envelope approximation:
E(r,t) = Y E(r,w) e, /1t Km,
l

V2E(r,t) —

where  |[VZE(r,wp)| < [k - VE(r,wp)|.

Coupled-wave equation for space-dependent wave amplitudes:

- 2n 52
. t—kr 0
§l:[—2Jkl.vE(r,wl)] e, & (Wit—kir) — 2 2

(An (r,t) E(r,w)) e ej(""lt"”klr)> :

Launch wave at frequency w,, consider evolution of amplitude at w, = w, + Q

2
ki - VE(r,w) = —J— (eq - eo) noAnoE(r wo)eJ(k0+q ki)r

Institute of Photonics %k
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Phase matching and Bragg condition — up-conversion A\‘(IT

Karlsruhe Institute of Technology

Incident mmmesewr—1  Diffracted
light — light
\ ———
9 A ’”-v
iy —
A e
T —
u—

Phase matching:
ki =ko+a where |ko|~ |ki
lal  _ A/no
2 |ko| 2A

Bragg angle: Reflections from neighboring wavefronts of the
acoustic wave experience a relative phase delay of 27 and hence

interfere constructively

Sin@p =

Figure adapted from Saleh-Teich, Fundamentals of Photonics
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Down-conversion and deflection from a standing wave ﬂ(".

Karlsruhe Institute of Technology

“Co-propagation” of incident light and sound wave
= Down-conversion

Transmitted light

A
-+

Incident light

Sound  Diffracted light ¥

Standing sound wave
— Diffraction in two directions

- Diffracted
- light
Incident : kr

light

Figures adapted from Saleh-Teich, Fundamentals of Photonics
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Bragg diffraction of beams

Diffraction of an optical beam from an acoustic plane wave

Karlsruhe Institute of Technology
Incident

light

Only one plane-wave
component satisfies

the Bragg condition.

Diffraction of an optical beam from an acoustic beam

Diffracted
[ncident

light
n light >

For sufficiently large
0O, every incident

plane wave finds an
%s “acoustic match”.
7 —_—,
68 ™
| Figures adapted from Saleh-Teich, Fundamentals of Photonics
193 27.06.2018 Christian Koos
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Acousto-optic modulators A\‘(IT

Karlsruhe Institute of Technology

= — ] +—
T o w— S b o 5
::.‘q: — = > :ﬁ [ ] _'-.'2:.
= 9 ——— = = — ~ 7
9 2 —— 35 - 2 S—— £ 5
S E — 8E = E —— O =
= r e | e Q= > =] g ———— & = | S
2 4 — v t = t — = t
o7 (24
— \ n—— -"‘-.,.__-*
(7
- 2 — - & f— gﬁ
= 3 ——— = "’ —— EQ
2§ : 2 5 G
52 = & 2 e
> =8

~ Y
~Y

(@) ®)
Analogue acousto-optic modulator: Acousto-optic switch:
For weak acoustic waves, the intensity of At high acoustic intensities, total reflection
the refracted light is proportional to the occurs, and the reflected beam can be turned
intensity of the acoustic wave. on and off by switching the sound wave on and

off.

Figures adapted from Saleh-Teich, Fudamentals of Photonics
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Acousto-optic beam scanners

AT
Deflection (approximation for small angles): 2@, — ¢/nw
) Vs Q
— Phased array of acoustic
__Li _ ‘ transducers:
o

lf
T

g ———

Simultaneous variation of

’ the angle of incidence and
— \ the acoustic frequency to
= / maintain phase matching.
/
7] j‘
- © @ ® _ _
Diverging sound beam:
Diffracted fo+B
Incident light

Variation of frequency
: sufficient; incoming light
light “wee »
wave always “finds” an
acoustic plane-wave
component with the

matching propagation
direction.

Figures adapted from Saleh-Teich, Fudamentals of Photonics
Christian Koos

Institute of Photonics | PQ
and Quantum Electronics
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Acousto-optic space switches A\‘(IT

stitute of Technology

(/nu(

HLinnn

Splitting of incident optical beam
2 by using acoustic drive signals

: that comprise various frequency
components

——

("/""1

h+h

Figure adapted from lizuka, Elements of Photonics
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Frequency shifter (“Bragg cell”) A\‘(IT

Karlsruhe Institute of Technology

Diffracted
light

Note: Bragg-reflected light is Incident

shifted up or down by the ool

frequency of the sound wave.

= Use as frequency shifter, e.g.,
used for highly sensitive
heterodyne detection

w + Q)

Q
Application example: Optical vibrometry Object
Scanning .
Mirrors R
Laser BS1 Object BS2 M4 Lens ,LLH—I\: ]_
e L . ~ p - L =
Reference Beam T Bragg Cell T

A p —3
\| - . | BS3
Prism ™.
L

—J

Figures adapted from —
http://www.polytec.com Detector
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Interaction of photons and phonons A\‘(IT

Karlsruhe Institute of Technology

Quantum interpretation:
« Light wave of angular frequency w and wavevector k corresponds to stream of

photons of energy Aw and momentum 7K.

« Acoustic wave of angular frequency Q and wavenumber q can be regarded as a
stream of phonons of energy AQ2 and momentum hq.

» Acousto-optic effects correspond to interaction photons with phonons, whereby
new photons with frequency w, and wavevectors k, can be generated.

* Energy and momentum conservation require

ws = w + €2,
ks=k+q
' R Virtual state
Photon ﬁwp Photon fuw.
%X M S Wy iy
Phonon ££? ? 7 7 Y Vibrational states
Y
Ground state

Figure adapted from Saleh-Teich, Fundamentals of Photonics
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Acoustic and optical phonons A\‘(IT

Karlsruhe Institute of Technology

{mwammmmwmw ’OUODD“ G-spring

mass M W\  K-spring

Simple model:
Diatomic linear chain

w(®) .~ Optical phonons:
4 * Motion of neighbouring atoms ,,out of
. phase“
* Localized vibrational normal modes of
molecules

2K « Bigger energy than acoustic phonons
M » Energy approximately independent of
2G
A

momentum

T S TS TR A TS

"~ Acoustic phonons:
* Neighbouring atoms move ,in phase”
» “Traveling sound waves”
« Energy small; approximately
— K proportional to momentum

1
1
1
1
1

i 0
—_—p e el — ——— —p. -

Figure adapted from Ashcroft/Mermin, Solid State Physics
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Interaction of photons and phonons in optical fibers

AT

Karlsruhe Institute of Technology

Stokes | Antistokes
- — — — — — — — —|— ——————— —
Rayleigh |
|
A \ Brilzouin
Raman ; acoustic
: R
(optical i phonons) ama;‘_l |
honons) (optica
p phonons)
®,-13THz U @ o 13TAZ. @

®,-11GHz

Raman Stokes Raman Anti-Stokes Brillouin Stokes

— ===
Y B N
NV VW
hv, hv,

TAVAVAVAVAL o WAVAVAVL FAVAVAVAVAL o WAVAVAV.
hu, hvg hv, hug

e
A ¥
hy o
hvg y v R L hug

Figure adapted from Saleh-Teich, Fundamentals of Photonics

200 27.06.2018 Christian Koos

Rayleigh scattering:

« Scattering due to localized
fluctuations of optical density

* No frequency shift

Brillouin scattering:

» Scattering due to interactions with
acoustic phonons

« Small frequency shift (~ 11 GHz in
silica fibers)

* Only in backward direction

Raman scattering:

» Scattering due to interactions with
optical phonons

« Large frequency shift (~ 13 THz in
silica fibers)

» Scattering in forward and backward
direction

Stokes process:
Photon loses energy during interaction

Anti-Stokes process:
Photon gains energy during interaction

—IPQ—¥

Institute of Photonics
and Quantum Electronics



Brillouin scattering \‘(lT

Karlsruhe Ins e of Technology

 Interaction of light with a | ! ! |
traveling sound wave (acoustic (b) (a)
phonons)
* Only in backward direction
* Brillouin shift:
QB Vs
fB= E:r— — Qn_c—f ‘j
« Silica fiber:

fa ~ 11 GHz, 1.0 Ha
gain bandwidth 50 MHz ... 100 MHz FREQUENCY (GHz)
 Brillouin shift depends on local strain and temperature of the fiber
= Application in “distributed sensing”
Stimulated Brillouin scattering (SBS):
 Interference of incident and scattered wave lead to beat signal and generates an
acoustic wave with frequency fg via the process of electrostriction
— Positive feedback leads to “stimulated scattering”
* Quantitative model:
dl
d—,f —gplpls — adp, 9B (£2) = g (wp —ws)  Brillouin gain
dl
E = gplpls + als, Figure adapted from Agrawal, Nonlinear Fiber Optics

201 27.06.2018 Bl Rt (e Institute of Photonics _|PQ %‘é
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Raman scattering A\‘(IT

Karlsruhe Institute of Technology

* Interaction of light with vibrational states of the material molecules or atoms
(optical phonons)

» Scattering in both forward and backward direction
« Silica fibers:

« Raman shift~ 13 THz

« Large gain bandwidth (~ 10 THz) due to amorphous structure of the fibers
(local inhomogeneities => Broadening of vibrational energy states)

1 F = T —]
;f'\u.-‘.
/ |
= /! i i Virtual stat
T 08 / || X irtual state
g / |
E /
5 06 / | - Wy g
< / '|
§ 0.4} | -
5 \ N\ 77 % Y Vibrational states
E ﬂ 2 \";.l II'.II' ~ .
/ \“‘*——/'II \
0 ! ! i e s i S Ground state
0 5 10 15 20 25 30 35 40
Frequency (THz)
Figure adapted from Agrawal, Fiber-Optic Communication Systems
202 27.06.2018 Christian Koos
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Stimulated Raman scattering and Raman amplifier A\‘(IT

Karlsruhe Institute of Technology

» Scattered wave interferes with the incoming wave, generating a beat signal at the
Raman frequency.

= New phonons generated by electrostriction, which further enhance Raman scattering

= Positive feedback dl.

« Quantitative model: — = grlpls — asls, gr (2) = gpr (wp — ws)
df]; Wy Raman gain
— = “_QRIPIS - O‘plpv
dz Ws

« Raman amplifier:
Small-signal approximation: Neglect Raman-induced depletion of the pump wave

I, (L) = I, (0) e LG, where Gp = e/Rlr(Oel Gain
1 — el _
Lesr = . Effective length
®, Op (Slightly shorter than
geometrical length L due
to attenuation of pump)

Filter

]
&

Fiber coupler Fiber /
%

203 27.06.2018 Bl Rt (e Institute of Photonics | PQ 9‘6
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Example: Raman laser on silicon A\‘(IT

Karlsruhe Institute of Technology

Challenge: Light emission on silicon (indirect bandgap!)
= Exploit stimulated Raman scattering in a high-Q silicon microring resonator:

. \
Pump-power monitor \
\
\
Polarization \
Pump at controller WDM filter |
1,550nm
—_—
Tap coupler l Laser
o output at
-10 1,686 nm
. :;E LP filter Ring laser cavity
Upthﬂ] a0 10
spectrum
analyser iﬂ 01 Output spectrum \
0 _ -104 Here: Pump laser
1,684 1,685 1,686 1,687 1,688 1,680 1,690 1,691 1,692 %i- =204 at 1430.5 nm
g =30
Laser output Tap coupler g 40
power meter 2 s
£ 60-
&
_?D_
Rong, H.; Xu, S.; Kuo, Y.-H.; Sih, V.; Cohen, O.; Raday, 80
O. & Paniccia, M. (2007), 'Low-threshold continuous-wave ~go ML LRPAC AR W0 11, : Ll Tl
. ' 1,543 1,544 1,545 1,546 1,547 1,548
Raman silicon laser', Nat. Photon 1(4), 232-237.

Wavelength (nm})
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IPQ Lab Tour QAT

Tuesday, 17. July 2018, 10:30 — 11:15 AM (instead of the NLO lecture) Karkeue lnsthute of Technology

Meeting point: Building 30.10, Room 3.42 (IPQ seminar room) S
Frequency combs and optical

Photonic integration, plasmonics and THz ot _ ¥y
communICations: yotal: 50 Thit/s S0

devices:
__ 1810 1590 Wavelength [nm] 1550 1530
5 -20fk-band Spp— C-band
i-Plasm =, | ‘.‘ } A |
hotomi = MR e AR 1 |
otomixer ||‘I|\‘\ A A A A “‘\'|'||
S0pm D?_ | .
e | *z 5 -60 RBW: 0.05 nm
- 2> -5 K

188 Frequency [THz] 194 196

Marin et al., Nature 546, 274-279 (2017)

£ 5 I ! L| Metrology, sensing und biophotonics:
Muehlbrandt et al., Optica 3, 741-747 (2016) 080mm - _+0.88 mm __
Eo T{R/ﬁ ]
3D-nanoprinting by two-photon lithography/ 508F  y= 148 m/s_g
> ——— — i
10 Time [ps] 50 60

photonic wire bonds:

206 27.06.2018 Bl R (e Institute of Photonics _IPQ %K

and Quantum Electronics



IPQ Lab Tour

AT

Karlsruhe Institute of Technology

Tuesday, 17. July 2018, 10:30 — 11:15 AM (after the NLO tutorial)
Meeting point: Building 30.10, Room 3.42 (IPQ seminar room)

Photonic integration, plasmonics and THz
devices:

THz
Antenna

Wf
50um
Waveguide }—'

I

T

Muehlbrandt, S. et al., Optica 3, 741 (2016).

3D-Nanoprinting by two-photon va nguard
lithography/ Photonic wire bonds: FHOTQORICS

?Opm

Billah, M. R. et al., ECOC'17, Th.PDP.C.1 (2017)

207 27.06.2018

Frequency combs and optical communications:

- 1610 1590 Wavelength [nm] 1550 1530
B> —e—R- 20 lband z T C-band
Tunable PC Optical LF LF lsolator Notch i I
cw-laser filter

Ampliﬂer_7“__,....._.....

Opt. Power [dBm]

60
: Preqiency (re for 10
Total:
. 50 Thit/s
Marin-Palomo, P. et al., Nature 546, 274—27.9 (2017).
Metrology, sensing und biophotonics:
¢0.80 mm = s 4 0.88mm
E & Nt T |
§ o7t
S 45 v=148mils
* Time [ps] 50 60

Microresonator

Photonic wire bonds Microlens

7)
40 um 40 ym

Dissipative Kerr
soliton

Trocha, P. et al., Science 359, 887-891 (2018)

Institute of Photonics
and Quantum Electronics



Third-order nonlinearities A\‘(IT

stitute of Technology

« Dominate in many materials (e.g., if second-order nonlinear effects are absent)

» Can be strong for high intensities and/or large interaction lengths

* Note: Some third-order nonlinear optical effects are inherently phase-matched
(SPM, XPM)!

Examples:
Nanophotonic waveguides: Optical fibers:
« Strong confinement: Small effective » Core diameter ~ 10 um
cross section (diameter < 1 um) * Interaction over several kilometres!

= Large intensities!
« Typically mm-scale interaction lengths

Single-mode

Field ‘—ly
enhancement! X :
EO,n~1.6
Si, n=3.48 |"'_|
SiO,, n = 1.44 A ~ 10 pm? B f |
A < 0.1um? Figure adapted from:

http://network.boerderie.com/fiber-optics/fiber.html
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Large interaction lengths in optical fibers... ﬂ(".

Karlsruhe Institute of Technology

¥ [

Global optical communication networks using wavelength-division multiplexing (WDM)
=> Interaction lengths: 1000’s of iIometers!
i .
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Capacity of optical fibers is eventually limited by nonlinearities! &‘(IT

Karlsruhe Institute of Technology

Capacity / spectral efficiency of optical
fibers is limited by third-order
nonlinearities

10 ; :

o | [~o—500km |
—e--1000 km|
—— 4000 km|

7 8000 km|"

.........................................................................................

Spectral efficiency
(bits/s/Hz)

0 5 10 15 20 25 30 35 40
SNR (dB)

Essiambre et al., 'Capacity Limits of Optical Fiber
Networks', Journal of Lightwave Technology 28(4),
662 -701 (2010)

210 27.06.2018 Christian Koos

Record transmission speed over a

single fiber core: 101.7 Tbit/s
« Transmission distance: 3 x 55 km
» Spectral efficiency: 11 bit/s/Hz
* Total power < 100 mW

0

Power (dBm)

-80

T T T L T T T T T T T T T I T T T T
1530 1540 1550 1560 1570 1580 1580 1600 1610
Wavelength (nm)

Qian et al.,, 'High Capacity/Spectral Efficiency 101.7-
Tb/s WDM Transmission Using PDM-128QAM-OFDM
Over 165-km SSMF Within C- and L-Bands', Lightwave
Technology, Journal of 30(10), 1540-1548 (2012).
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Propagation of monochromatic signals in optical waveguides A\‘(IT

Waveguide modes for monochromatic waves: f
Cladding, n2

Lossless z-invariant dielectric structure
(“lossless homogeneous waveguide”):

n = n(x,y) Ya

where Im{n} = 0 throughout space.

Eigenmodes: A lossless homogenous
waveguide features a set of electromagnetic
wave patterns which do not change their
transverse shapes during propagation along
z, so-called eigenmodes:

Substrate, nj

Further information:

YO Lecture ,Optical wavequides and
E(ra t) — §(5’37 Y, w) ej.(wt B(w)z), fibers (OWIIZ)“ J
H(r,t) = H(z, y,w) @WE=Aw)2) = Winter term

B (w) Dispersion relation
— Maxwell’'s equations for monochromatic guided modes (to be solved numerically...):

(Vx&(z,y,w)) — B (w) exx&E(x,y,w) = —jwpoH(z,y,w)
(V x H(z,y,w)) — B (w) exxH(z,y,w) = jwegn?E(z,y,w).
211 27.06.2018  Christian Koos Institute of Photonics —IPQ%
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Propagation of monochromatic signals in optical waveguides \‘(IT

Mode expansion: For a given frequency, any f
field pattern propagating along a waveguide Cladding, n;

can expressed as a superposition of

eigenmodes (completeness)

E(r,t) = > Au&u(z,y,w) S&t=Pulw)2), V)
v’

Core, nq

A
ty

ﬂ(r, t) — %Aﬂﬂu(ﬂ% Y, W) ej(wt_ﬂﬂ(w)Z)’ Substrate, n3

Orthogonality relation:
1 o0
Z//— €V(x y) X Hj(x,y) + & (x,y) X Ho(z, y)) ez dxdy = Puovy,

where 77“——/ Re SM(:U y) X H n(z, y)} ce;dxdy.

Further information: Lecture ,Optical waveguides and fibers (OWF)*
= Winter term

Institute of Photonics
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Propagation of time-dependent signals in a linear waveguide A‘(IT

e of Technology

Time-domain description, based on slowly-varying envelopes:
E(I‘, t) — A (Za t) §(CB7 Y, wc) a(th_ﬁ(wc)z)a
H(r,t) = A(z,8) H(, y,we) e —0e)?)

Maxwell's equations:
A (Z7w T wc) (v X §(CB, Y, wC))

+ <8A (z,aw — we) — jB (we) AN (z,w — wc)> e; x E(x,y,we)
Z

— —jwﬂoﬂ(% Y, wC)'
Differential equation in frequency domain:

812{ 9 - W . -~
_(zai o) +i(B(w) —B(we)) A(z,w —we) =0
Use Taylor expansion of dispersion relation about w,:
_ 2 _ 3
Bw) B0 + (- sl 4 W g3 | TRy
iy d
where g ) = 6(?)
dw

W=we

Institute of Photonics
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Propagation of time-dependent signals in a linear waveguide &‘(IT

Institute of Technology

Differential equation in the time domain:
A (z,t 0A (z,t) .1 02A (z,t
¥ _|_ /Bgl)i) _J_5§2) ( )

...=0.
Oz ot 2 Ot2 T

Introduce retarded time frame:
t'=1t—pY

A
z = z,

Az, t) = Azt — BV2).

Y

Simplified differential equation:
OA! (2/,t) 1 _(2)0%A(¢,t)

— .= 0.
0z’ 2" ot'? T

Example: Propagation of a Gaussian impulse through a dispersive waveguide

Solve corresponding DEQ. in the frequency domain:
- - 1 (2)
Az,w) = A(0,w) e 3257w,

Institute of Photonics
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Dispersive broadening of a Gaussian Impulse A\‘(IT

+2 (U?—Jﬁgz)z)
— A5 B 5
A(0,t) = Age 2% 7 Dol 2(a4+ 6§2)z )
A(z,t) = Ag no 2 0)),

\27r (Gt —J6(2) )

Normal GVD: 5(2)

4 t
uh Anomalous GVD: 5(2) ﬂ,y

Figure adapted from: Saleh, B. E. A. & Teich, M. C. (2007), Fundamentals of Photonics, John Wiley & Sons, Hoboken, NJ.

and Quantum Electronics
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Lecture 14




IPQ Lab Tour

AT

Karlsruhe Institute of Technology

Tuesday, 17. July 2018, 10:30 — 11:15 AM (after the NLO tutorial)
Meeting point: Building 30.10, Room 3.42 (IPQ seminar room)

Photonic integration, plasmonics and THz
devices:

THz
Antenna

Wf
50um
Waveguide }—'

I

T

Muehlbrandt, S. et al.,-Optica 3,741 (20:6).
3D-Nanoprinting by two-photon vVangua rd
lithography / photonic wire bonding: FHOTORICS

?Opm

Billah, M. R. et al., ECOC'17, Th.PDP.C.1 (2017)

217 27.06.2018

Frequency combs and optical communications:

- 1610 1590 Wavelength [nm] 1550 1530
B> —e—R- 20 lband z T C-band
Tunable PC Optical LF LF lsolator Notch i I
cw-laser filter

Ampliﬂer_7“__,....._.....

Opt. Power [dBm]

60
: Preqiency (re for 10
Total:
. 50 Thit/s
Marin-Palomo, P. et al., Nature 546, 274—27.9 (2017).
Metrology, sensing und biophotonics:
¢0.80 mm = s 4 0.88mm
E & Nt T |
§ o7t
S 45 v=148mils
* Time [ps] 50 60

Microresonator

Photonic wire bonds Microlens

7)
40 um 40 ym

Dissipative Kerr
soliton

Trocha, P. et al., Science 359, 887-891 (2018)

Institute of Photonics
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Propagation of time-dependent signals in a linear waveguide &‘(IT

Institute of Technology

Differential equation in the time domain:
A (z,t 0A (z,t) .1 02A (z,t
¥ _|_ /Bgl)i) _J_5§2) ( )

...=0.
Oz ot 2 Ot2 T

Introduce retarded time frame:
t'=1t—pY

A
z = z,

Az, t) = Azt — BV2).

Y

Simplified differential equation:
OA! (2/,t) 1 _(2)0%A(¢,t)

— .= 0.
0z’ 2" ot'? T

Example: Propagation of a Gaussian impulse through a dispersive waveguide

Solve corresponding DEQ. in the frequency domain:
- - 1 (2)
Az,w) = A(0,w) e 3257w,

Institute of Photonics
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Dispersive broadening of a Gaussian Impulse A\‘(IT

+2 (U?—Jﬁgz)z)
— A5 B 5
A(0,t) = Age 2% 7 Dol 2(a4+ 6§2)z )
A(z,t) = Ag no 2 0)),

\27r (Gt —J6(2) )

Normal GVD: 5(2)

4 t
uh Anomalous GVD: 5(2) ﬂ,y

Figure adapted from: Saleh, B. E. A. & Teich, M. C. (2007), Fundamentals of Photonics, John Wiley & Sons, Hoboken, NJ.

and Quantum Electronics
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Signal propagation in third-order nonlinear waveguides N(IT

e of Technology

Now: Consider joint influence of dispersion and optical nonlinearities

Maxwell’'s equations: VvV x H(r,t) = 60"%262]3(1“ O+ —PNL(r t),
V x E(r,t) = —MO%H(r,t).

General SVEA mode ansatz:

M
E(r,t) = l Z ZA/JJ (2,t,wm) Qu(:c, Y, Wm) 6j((,umt—ﬁu(wm)z),
2 S 0 P
1 M Ho(x,y,wm) ; _
H(r,t) = 5 Z ZAN (z,t,wm) == 773, ol (wmt @c(wm)z),
m7—M M w \/7 w o
Various frequencies Various modes Power normalization
(generated by optical (coupled by optical
nonlinearities) nonlinearities)

1 00 N
where PMI—// Re {Q,u(:c,y) Xﬂu(x,y)} ey dxzdy.
—0

+M

1

Py (r,t) = 5 S Pyt wm)eemt,
m=—M

Institute of Photonics
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Signal propagation in third-order nonlinear waveguides A\‘(IT

stitute of Technology

Insert mode ansatz into Maxwell’'s equations in the frequency domain:
Recal:. V X (®F)=®(VxF)+ (Vo xF)

% ﬂu(l’, Y, wm)

\/77“

\Y

— Zéﬂ (Z7 W — Wm, wm) e_jﬁu(wrn)z
m

O~ J Hu(z, y, wm)
— A _ JB,u(wm)Z A
+3z [—M (z,w — wm,wm) e ] e, X \/FM
—jweonQAu (z,w — wm,wm) §M(3777y; wm)e'wu(wm)z — waNL(r, W — W, Wm)
\/
- . £
N A (2w — Wi, wm) e3Pulem)z 17 En(@,y,wm)
p \/ Pu
8 7Y i g Y, Y
+8_ [AM (z,w — wm,wm) e‘Jﬁ“(“’m)Z} e, X En(z, Y, wom)
z

/P

—I—jw,uOANM (z,w — wWm,wm) Hu(z,y, wm)e‘jﬁu(wm)z — 0.
v/ Pu

and Quantum Electronics
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Signal propagation in third-order nonlinear waveguides A\‘(IT

stitute of Technology

Recall: £, (x,y,wm) and H,(x,y,wm)are guided
modes of the linear waveguide!

— (V X 8/1,(33,’y,(U)) :JB;L (Cd) e, X §M(xay7w) —jW/,LOﬂM(x,y7w)

V/Pu VPu VPe

(V X ﬂu(a:,y,w)) :J/B'u (w) e, X ﬂ,u(x’yaw) +_ju)€0’n,2§'u(x7y’W).

Insert into derived relations: Note: &,(x,y,w) = Eu(x,y,wm) for w = wm
aA - my+¥m . ~
Z[ Ay (z,w — wm, wm) _l_J(B“(w)—B,L(wm))Au(z,w—wm,wm)] e,

7 0z

X ﬂu(x’ Y, wm) e‘jﬂu(wm)z
\ P

- waNL(ra W — Wm, wm)

5 laéu (Z,wa; Wm, Wm,) 4 (B (@) = B (W) Ay (2,0 — wm,wm)] ..
Im

XQ,UJ(:B> Y, wm)e-jﬂu(wm)z =0
: : P
Recall: Orthogonality relation :
1 o0
2] (e ) x Hilay) + £, y) % Hu(e,y) - ez dwdy = Pudup

Institute of Photonics Ek
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Signal propagation in third-order nonlinear waveguides A\‘(IT

stitute of Technology

Dot-multiply with [—&}(x,y,wm)] and H}(z,y,wmn) and add resulting relations

A — Wm,y,wWm . A
. ; 8_u(z,wazw w )+J(5M(w)_ﬁu(wm))éﬂ(z,w—wm,wm)]

éﬂ(xay7wm) X ﬂzt(xayawm) +§1t(x7y7wm) X ﬂ,lla(x7y7wm)

\/ﬁ

eze‘jﬂ,u (wm)z

= —waNL(I‘, W — Wm, wm) ’ é;i(xa Y, wm)

Integrate over the entire (Xx,y)-plane and make use of orthogonality relation
aANI/ (Z, W — Wm, wm)

9z + ] (:81/ (w) — Bv (Wm)) Ay (Z, W — Wm, wm) e‘jﬁy(wm)z

jw [ OIS

—_— P ) - ) g* y Iy dxd
4\/771/ —OO_NL(r w Wm wm) _V(:U Yy wm) r dy

Use Taylor expansion of the propagation constant g, (w) about the carrier
frequency wm

_ 2 _ 3
B(w) ~ B9 + (w — we)pD + 2,“’0) @4 3?’6) 8 ...,

e e
223 27.06.2018 Christian Koos nSHLe of Fhotonics —|PQ%
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Signal propagation in third-order nonlinear waveguides N(IT

e of Technology

Transform back to the time domain ...

— aAy (Z, t, Wm) + él)aél/ (Z7 ta wm) _Jl gz) aQAV (2721:7 UJm) ej(wmt—ﬁl/(Wm)Z)
Oz ot 2 ot

N 4\/1771/815 <// Pni(r,t,om) - £5(w, y’Wm)dfcdye’“mt>

Introduce retarded time frame:

I
z = z,

A(z,t):é’(z,t— c )

C

0z 2 Ot2
Jwm

©.@)

~ [fmy (21t wm) 12024y Gy twm) | i, (um)

(primes skipped ...)

and Quantum Electronics
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Description of nonlinear polarization \‘(IT

: |
Recal: P& (wm) ==eg 3 X (wm : wp, wp, wo) E(w)E(wp)E(wo)

4 s(wm)
where S (wm) = {(l1,..,In) lwi, + -+ wj, = wm}.

= For SPM (one frequency component at w,, only, excitation only by dominant mode v):

3 *
P (1,1, wm) = o (X' (m t wm, —wm, wm) €0, y,0m)EL (@, y, 0m)E(2, y, wm))

AV (27 t) wm) A; (27 t? wm) AV (Z’ t’ wm) e_.j,Bl/
VP VP V' Py
= Nonlinear Schrc'jdinger Equation (NLSE):

8A, (2., 02 A, (2,
— (Zz “m) _JQ éz) VE;Q om) = —jv|4v (2, t,wm)|* Av (2, t,wm) ,

Bwmeo 1% X :E,E58)] - £5 dady

2 Y
16 P Nonlinearity parameter

(wm)z

where Vv (wm) =

= Include waveguide losses:
0Ay (wm) —_I (2) 2 Ay (Wm)
0z 2"¢ ot2
225 27.062018  Christian Koos institute of Photonics —|PQ%
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Simplifications for optical fibers A\‘(IT

Karlsruhe Institute of Technology

Optical fibers:
* Low index contrast, i.e., index n of the cladding is usually very similar, n ~ n_,., ~ N ,q

* Isotropic material
 Homogeneous nonlinearity, which does not change over the cross section

= Transverse components of the mode fields may be approximated by a scalar

function: Evz,y,wm) =~ F,(z,y,wn) ex,

n
ﬂl/(m7 Y, wm) ~ Z_FV(ZE, Y, wm) ey-
0

= Simplified representation of nonlinearity parameter:

(wm) ~ 72
Yv (Wm ) ~ ,
cAeff
where no = 3—ng(3), Kerr coefficient
4n

o0 2
([]7 1R Gy om) P da dy)
— OO
123 [Fy (e, ,om)[* da dy

o

Aeff ~

Effective cross section

Institute of Photonics %k
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Nonlinear phase shift and spectral broadening A\‘(IT

Karlsruhe Institute of Technology

0A (z,t ,
Neglect dispersion: _gz ) = —jv|A(z, t)|24 (z,t) — gé (z,t),
Z
Solution ansatz: A(z,t) =Ap (1) JONL(Zt) =57

— Nonlinear phase shiftt @7, (L,t) = —v|Ag (t)|? Lefr,
1 —e oL

where Leff -

Effective length (slightly shorter than
Note: geometrical length due to waveguide losses)

« SPM leaves the temporal pulse power envelope unchanged, but leads to spectral broadening

» Instantaneous frequency offset Q negative near the leading edge of the pulse (red-shift) and
positive near the trailing edge (blue-shift)

* Interplay of SPM and anomalous GVD can lead to pulse forms that do not change their
envelope during propagation, so-called solitons (see next section!)

Figure adapted from: Saleh, B. E. A. & Teich, M. C. (2007), Fundamentals of Photonics, John Wiley & Sons, Hoboken, NJ.
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Spectral broadening and supercontinuum generation A\‘(IT

stitute of Technology

Spectral broadening of a Gaussian pulse
for different maximum nonlinear phase
shifts at the pulse peak
0 057 m 15w
25 357

Frequency

Intensity

Supercontinuum generation in a highly nonlinear fiber
with ultra-small mode field diameter

Enclosed

Institute of Photonics
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Frequency comb generation A\‘(IT

Karlsruhe Institute of Technology

Mode-locked laser + spectral broadening in highly nonlinear fiber (HNLF)
Problem: Spectral dips for SPM-induced phase shifts of Ad =2 1.5«

_________________________________________ ~

:' Initial comb generation and spectral broadening ‘i ISpectral combination and |

I - equalization |
I

| o 50 T |

' * ~ B Ll Finisar |y E:> |

' L7 = 50 || WaveShaper | s [
I

| Ergo XG\ DCF 5 nm | ,

: MLL 54 m Bandpass : : I

| 12.5 GHz filter _ |

| | D — | |

E [ T T T

£ : :

g-zo ; =

E E £

m .

g0 g g

$ 6oL 1 2 P e 22 4 2w s 3 g

g 1540 1545 1550 1555 1560 o 1500 1550 1600 5 1540 1550 1560

Wavelength [nm] Wavelength [nm] Wavelength [nm]

= 325 carriers with 12.5 GHz spacing, linewidth < 10 kHz
Hillerkuss et al., J. Opt. Commun. Netw. 4, 715723 (2012)

Institute of Phot
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Optical solitons A\‘(IT

Karlsruhe Institute of Technology

/\ Formation of solitons: Effects of
J\

ﬂ ﬂ anomalous group-velocity
l | . .
| I

dispersion (GVD) and self-phase
Lincar dispersive meditm (negative GVD) modulation cancel each other.

At

Nnnlme-a: non ispersive medium (positive SPM)

AN

hurlimﬂr dispersive medium (negative GVD + positive SPM}

Figure adapted from: Saleh, B. E. A. & Teich, M. C. (2007),
Fundamentals of Photonics, John Wiley & Sons, Hoboken, NJ.

Mathematical analysis: Start from NLSE, neglect losses

0A(z,t) 1 ,(2)0%A(zt) _ ,
EY D N 1A (5 )2 A(2,1).

Solution ansatz: Real, z-independent envelope + z-dependent “global” phase shift

A(z,t) = Ag (t) J23)

Institute of Photonics
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Optical solitons A\‘(IT

Karlsruhe Institute of Technology

Separation of variables: b (z) =—Kz,

9% A 2
an(t) =% (K +7A3 (1)) Ao (8),

t
Solution ansatz for time dependence: Ag (t) = Ajsech <?> :

t K
— Total solution: A(z,t) = Aysech (f) eIz,

(2)
2 B .
where A7 = —62 : Peak power (Note: 3, < 0!)

K = %VA%- Global nonlinear phase shift

Note: Soliton duration T and peak power |A,|?
are linked to each other. The smaller T, the
bigger the impact of dispersion, and the bigger
the peak power |A,|?> must be to compensate the
¢ dispersion by SPM.

Figure adapted from: Saleh, B. E. A. & Teich, M. C. (2007), Fundamentals of Photonics, John Wiley & Sons, Hoboken, NJ.

Institute of Photonics
231 27.062018  Christian Koos < —1IPQ
and Quantum Electronics




Higher-order solitons A\‘(IT

Karlsruhe Institute of Technology

0

-2 0 2 r/'ru

Fundamental soliton: Higher-order soliton:
Real, z-invariant envelope Complex envelope that reproduces itself
periodically during propagation.

Figure adapted from: Saleh, B. E. A. & Teich, M. C. (2007), Fundamentals of Photonics, John Wiley & Sons, Hoboken, NJ.

Institute of Photonics
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Modulation instability

\KIT

Karlsruhe Institute of Technology

Modulation instability:

Nonlinear interaction transfers power
from a strong continuous-wave (cw)
signal to spectral sidebands. This may
lead to the break-up of the cw signal into
a train of pulses.

Power

Assume a monochromatic wave
propagating along an optical waveguide:

E(I’ t) — —AoequNL(Z) 8 (SU y7wc)ej(wct ﬁcz)
\/73(‘—00)

A(z,t) = Aged?NLl?)

Ansatz:

Solution: PN (2) = —v|Ap|? 2

But: Is this solution stable? What
happens to small perturbations AA(z,t) of

the solution? Do they increase or decay?

233 27.06.2018 Christian Koos

Aw ||L:|, Aw [

\
(Ub (UP (Ul
Frequency
18 puc-—-l |-— “Seeded“
modulation

instability using
two different
probe
wavelengths

NNANANANAN

Figures adapted from Nature Photonics 6, 415-416 (2012),

and from Agrawal, Nonlinear Fiber Optics
—IPQ¥
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Stability analysis A\‘(IT

stitute of Technology

Ansatz: Continuous-wave solution which is perturbed by a small amplitude
perturbation AA (z,t)

A(zt) = (Ag + AA (2, 1)) e A0l
= Linearize NLSE to obtain linear differential equation for the amplitude perturbation:

0AA (z,t) '35(2) 02AA (z,t)
0z _J2 ¢ ot2

— 7 |Ao|? (AA (2,t) + AA* (2,1))

Time- and space-harmonic ansatz:
AA (Z, t) — Clej(Qt_KZ) + Cze—j(Qt—KZ)
— Linear equations for wave amplitudes C, and C,:
—K + 3922882 + |4 7|4l ) ((11) _ <0)
7|40/ K 4302882 + 1402 ) \C2) — \O

Nontrivial solutions only if the determinant vanishes:

1 5 2)\? 5 (2 ,  Dispersion relation for the
Kzi\/(§§2 g)) +$2 E)V‘AO‘ evolution of the perturbation

Institute of Photonics Ek
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Dispersion and gain spectrum

AT

Karlsruhe Institute of Technology

Normal dispersion (3. >0): K real
= Solution always stable

>
4~ |Ag|

Anomalous dispersion (3,2 <0): K imaginary for [2| < g = —

— Solution unstable

Associated gain spectrum: g(2) =

B§2)|Q\/Q§ — Q2

Gain spectra for three power levels er
of the cw signal. The so-called
“nonlinear length” is given by

Lne = (v |A0\2)_1

=k
o
1

Instability Gain (km ™)

0.5

-150 —100 =50 50

0
Figure adapted from Agrawal, Nonlinear Fiber Optics Frequency Shift (GHz)
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Stability analysis A\‘(IT

stitute of Technology

Ansatz: Continuous-wave solution which is perturbed by a small amplitude
perturbation AA (z,t)

A(zt) = (Ag + AA (2, 1)) e A0l
— NLSE leads to differential equation for the amplitude perturbation:

0AA (z,t) '35(2) 02AA (z,t)
0z _J2 ¢ ot2

— 7 |Ao|? (AA (2,t) + AA* (2,1))

Time- and space-harmonic ansatz:
AA (Z, t) — Clej(Qt_KZ) + Cze—j(Qt—KZ)
— Linear equations for wave amplitudes C, and C,:
—K + 3922882 + |4 7|4l ) ((11) _ <0)
7|40/ K 4302882 + 1402 ) \C2) — \O

Nontrivial solutions only if the determinant vanishes:

1 5 2)\? 5 (2 ,  Dispersion relation for the
Kzi\/(§§2 g)) +$2 E)V‘AO‘ evolution of the perturbation

Institute of Photonics Ek
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Dispersion and gain spectrum

AT

Karlsruhe Institute of Technology

Normal dispersion (3. >0): K real
= Solution always stable

>
4~ |Ag|

Anomalous dispersion (3,2 <0): K imaginary for [2| < g = —

— Solution unstable

Associated gain spectrum: g(2) =

B§2)|Q\/Q§ — Q2

Gain spectra for three power levels er
of the cw signal. The so-called
“nonlinear length” is given by

Lne = (v |A0\2)_1

=k
o
1

Instability Gain (km ™)

0.5

-150 —100 =50 50

0
Figure adapted from Agrawal, Nonlinear Fiber Optics Frequency Shift (GHz)
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Modulation instability in optical fibers AT

Karlsruhe Institute of Technology

* Gain spectrum of modulation instability is

(approximately) symmetric with respect to the
cw signal

* Our analysis: Modulation instability gain
always present to the optical carrier

* Real fiber: Modulation instability gain only
visible if it overcomes propagation loss

Intensity

"I B B I il
1343 1315 11T 19 1324 1323 3

Wavelenqth (nm)
Sidebands at fiber output occurring as a
consequence of modulation instability.

Figures adapted from Agrawal, Nonlinear Fiber Optics
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Modulation instability and Kerr comb generation
in optical microresonators *‘(IT

Karlsruhe Institute of Technology

A

{TunabteH Optical | Microresonator P“”%“’de High-Q optical resonator
cwrlaser | | amplfier | " ™~ il “stores” sideband photons and
A fcatllls, enables generation of further
Microwave beatnote  Sidebands by four-wave mixing
FWM:
B Degenerate (1} Non-degenerate (2) (1) — Broadband frequency
'._..-n- c'llu._.. Combs
i, ¥ Y
4 -t
3
L.
B £
= B ‘ e
| 1 a1 & 8 1 ] | L i i
= fol""'— = Y pump Frequency
CaF
g /
Key:
Hyden‘“‘ vy » Low-loss / high-Q

Silica

=4

Silicon nitride

Silica

resonators with
large transparency
window

* Anomalous group-

Crystalline

Figures adapted from Nature Photonics 6, 415-416 (2012)
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Kerr soliton comb generation and data transmission ﬂ(".

Karlsruhe Institute of Technology

Wavelength [nm] 1650 1600 | _pang 1990c_pang 1500 1450 1400

= T T = T | T
% -20 - Comb FSR: 95.8GHz . ’ m
= RBW: 0.1nm ’ i
p 40 i b |
@ 60 Wl | L )
g-‘so L . il aa II““IH\ ‘M‘Wﬂﬂu‘hnl.hii.‘.mu bbbl 1 : .

Frequency [THz] 180 85 190 195 00 205 210 215 220

Wavelength [nm] 1580 1570 1560 1550 1540 1530

' flter hE jue Soliton

102F 7% FEC limit uning range to low OCNR (pulse)

Frequency [THZz] 190 191 192 193 194 195 196

> 100 comb lines in C and L-band

Aggregate net data rate: up to 50 Tbit/s Superposition of all
resonator modes

leads to formation of
Marin et al., Nature 546, 274-279 (2017) a cavity soliton
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Summary




Summary | A\‘(IT

Karlsruhe Institute of Technology

Linear and nonlinear optics

« Maxwell’s equations in linear and nonlinear optics

« Linear and nonlinear dielectric polarization

* Kramers-Kronig relations

« Wave propagation in linear and nonlinear optics

« Slowly-varying envelope approximation

« Retarded time frames

« Overview of various second- and third-order nonlinear processes
« Kerr effect and intensity-dependent refractive index

« Parametric and nonparametric processes

The nonlinear optical susceptibility

« Formal definition and tensor notation

* Properties of the nonlinear optical susceptibility tensor
« Spatial symmetry and Neumann’s principle

« Contracted notation

Second-order nonlinear effects
* Permittivity and impermeability tensor
« Biaxial, uniaxial, and isotropic crystals

and Quantum Electronics
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Summary | A\‘(IT

Karlsruhe Institute of Technology

* Index ellipsoid

« Wave propagation in anisotropic crystals

« Linear electro-optic effect / Pockels effect

« Electro-optic modulators

« LiNbO; modulator: Principle and technical realization

* Mach-Zehnder modulators

« Impact of phase mismatch in various second-order nonlinear effects
* Phase matching concepts: Type-1, type-2, quasi-phase-matching

« The Manley-Rowe relations

« Parametric amplifiers and oscillators

Acousto-optics and photon-phonon interactions
« Elasto-optic effect and tensor representation

* Acousto-optic modulators and related devices

* Acoustic and optical phonons

« Brillouin and Raman scattering

 Raman amplifier and laser

Third-order nonlinearities
« Impact of third-order nonlinearities on transmission links
« Signal propagation in linear and nonlinear optical waveguides

Institute of Photonics %K
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Summary i A\‘(IT

Karlsruhe Institute of Technology

* Nonlinear Schrodinger equation and interplay of nonlinearity and dispersion
» Spectral broadening in optical fibers
» Optical solitons

and Quantum Electronics
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Lecture 14







Non-critical phase matching

. AT

Karlsruhe Institute of Technology

negativ unaxial } De
n
Non-critical= 90° phase-matched ©
~
\Y
Se kollS _ ~
Index: n 4 = - \ I >
_—TI\ D, / -
7 L
Zk
Ne
D, >
N\
A A T =
No energy walk-off |
Finetuning via temperature 1 D_ 7 —
E, »~ [} y y

i
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Critical phase matcl M

1['\)

FIGURE 3.1 The dispersion in the refractive index for a (a) single pol:

Index: n A ) i
the ordinary and extraordinary polarizations
matching (defined in text).

20
n, n
I
' |
\\ I
!
' |
|
I ! Ne
| ' ”
! ..
21/2 2 Wellenlange

Matching angle needs to be determined.
Energy walk-off

The walk-off angle can be derived from the indikatrix.
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uniaxial crystal in the visible and near-infrared regions. n

~and n, are the refraci

| he case shown 1s for noncrit

/ g 0 I\
W
Nl
w /
/
/
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/
N
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Critical phase matching — Type 2 A\‘(IT

stitute of Technology

and Quantum Electronics
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Critical phase matching — Type 1 A\‘(IT

Determination of the phase matching angle:
The refractive index for a wavevector k: K,

1 _cos”( )+a111( )

n”(0) "z n;

The refractive (index of generated and
incident waves must match:

' sin2e, cos28,

[

1
N2 (22 (1202 [ 4y 2
(Hzﬁu,ﬂp]) Sires s ) (n®)
=

and Quantum Electronics
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Sum-frequency generation and impact of phase mismatch A\‘(IT

stitute of Technology

Ruby Laser Focusing Prism and 34715 A
Lens  Quartz Collimating 6943 A
) Lenses -

Frequency Doubling Franken, 1961

and Quantum Electronics
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Different phase matching strategies AT

Type 1 Typ

Index: n 4
Uncritical
I
|
L2 I8 Wellenlange ST
Index: n A
Abb. 4.6.: Nichtkritische Phasenanpassung
Index: n 4
) \\ ' n, Wellenlange
Critical . - -

YW y Wellenlanc Abb. 4.9.: Typ II - kritische Phasenanpassung

Abb. 4.7.: Typ I - kritische Phasenanpassung

and Quantum Electronics
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Index ellipsoid / optical indicatrix AT

Karlsruhe Institute of Technology

x3/n? + 22 /nk + x2/nd = 1.

Figure 20.2-1 The index ellipsoid. The
coordinates (x;,z2,x3) are the principal axes
and ni, ng, ng are the principal refractive
indexes. The refractive indexes of the normal
modes of a wave traveling in the direction k
are 1, and 7.
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