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Disordered Photonics

Anderson localization of light
and other transport phenomena 

Imaging through scattering media.

Optical nonlinearities.

Disordered structures that strongly scatter light

Random lasers
March 2013
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Laser with rep. rate: 20 kHz
Pulses with amplitude modulated at 5 kHz

Opt. Express 18 (2010) 12727
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Scattered Light Imaging Method - SLIM

Silica NPs + ethanol +acetone

(120±21) nm
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Silica NPs + ethanol +acetone Avg. diameter = (120±21) nm

Opt.Express 23 (2015) 19512-19521



• Introduction – short history + 

comments on light propagation in 

scattering media + potential 

applications

• Examples and applications

• Stokes and anti-Stokes lasers

• Multicolor emission from RLs

Random Lasers



RLs: lasers without mirrors
No optical cavity

The optical feedback is 
due to light scattering 
in a disordered medium, 
and the interference of 
the scattered light 
gives rise to resonant 
modes at particular 
frequencies 

RL can be implemented in 
1D, 2D and 3D geometries 
depending on the 
scattering medium: optical 
waveguide, membrane, or 
colloids and
aggregates/powders
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Conventional laser

Narrow linewidth

Long coherence time

Large spatial coherence

Directionality

Beam 
profileSpeckle

Large linewidth

Short coherence time

Small spatial coherence

No directionality

Random laser

No 
speckle

“photon bomb”
or
“laser paint”



Old history

Ambartsumyan, Basov, Kryukov, Lethokov
Laser with nonresonant feedback

JETP Lett. 1966

Lethokov: proposal of scattering with “negative absorption”
to describe emissions from astrophysical molecular clouds

Sov. Phys. JETP 1967 

Lawandy, Balachandran, Gomes, Sauvain
Laser action in strong scattering media

Nature 1994

Wiersma
Random Lasers?

Nature 1995



Rh: 2 x 10-3 M    1011 particles / cm3

Mean free path:   120 µ m @ 532 nm
140 µ m @ 650 nm

Photons follow random 
pathways due to reflections 

by TiO2 NPs

Random laser 

Intensity 
÷ 100

Lawandy et al. Nature 1994

0    mJ 15

Dye + TiO2

Only
dye



Multiple light
scattering is essential

Light follows a random 
pathway through the excited 
volume

mean free path larger 
than the sample volume

mean free path smaller than 
the sample dimension

Balistic propagation Diffusion

Incoherent feedback

“Optical cavities”

Coherent
feedback



First observation of RL with coherent feedback

H. Cao et al. PRL 82 (1999) 2278 

ZnO powder – grains diameter: 100 nm

Nd: YAG 
355 nm

L = n  λ/2

spikes

Constructive interference

analogous of ring cavity of conventional 
lasers

The direction of each mode is different
Co-existence of strongly and weakly localized random modes. Fallert et al. 
Nature Photon. (2009)

The mode-locking transition of random lasers. Leonetti et al. Nature Photon. (2011)



Directionality without mirrors?
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incoherent
feedback

coherent

Turitsyn et al., Phys. Reports (2014)



Hollow fiber
10 µm – 3 µm

Feedback 
Transverse: total internal reflection

Axial : multiple scattering 

Rh 6G +TiO2 NPs

100 times
more efficient
than conventional RL

532 nm



1D laser - Directional emission

Random Fiber Laser

de Matos, Menezes, Brito-Silva,  Gamez, Gomes, de Araújo.
Phys. Rev. Lett. 99 (2007) 153903 

Figure of merit = (Ithr.ρdye.ρscatt)-1

At least 100 times improvement with the Fiber Random Laser
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Turitsyn et al. - Random distributed feedback 
fibre lasers. Phys. Reports 542 (2014) 133

Churkin et al. - Recent advances in fundamental and applications 
of random fiber lasers Adv. Opt. Photon. 7 (2015) 516

Churkin et al. - Wave kinetics of random fiber lasers
Nature Commun. 6 (2015) 6214

Tang et al. - A random Q-switchd fiber laser
Sci. Reports 5 (2015) 9338

Smirnov et al. - Modeling of spectral and statistical properties
of a random  distributed fiber laser Opt. Express 21 (2013) 21236



Polyester or PMMA with Ag  NPs and Rh 6G

Rh6G

Nanoparticles

Dominguez, Maltez, Reis, Melo, de Araújo, Gomes
J. Opt. Soc. Am. B 28 (2011) 1118

Brito-Silva et al. Polymer Eng. & Science 2350 (2010)

Dependence of RL emission on silver nanoparticle
density in PMMA films containing rhodamine 6G



biocompatible - produced by the 
bacteria Gluconacetobacter xylinus

3D network composed of 
microfibrils having nanometric 
diameters.
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Random laser action from flexible biocellulose-based device

Santos, Dominguez, Schiavon, Barud, de Melo, Ribeiro, 
Gomes, de Araújo. J. Appl. Phys. 115 (2014) 083108



chip Rh6G

TiO2

Si

MOCVD technique
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Microchip RL based on a disordered TiO2
nanomembranes arrangement

Coherent feedback

532 nm 

5 ns, 5 Hz

Dominguez, Lacroute, Chaumont, Sacilotti, de 
Araújo, Gomes. Optics Express 20 (2012) 17381



Random Lasers

Can be implemented in 1D, 2D and 3D  geometries 
in various scattering media: waveguides, 
membranes, colloids andpowders

Colloids Powder Membrane

532 
nm

Microstructued
Fibers

Chips
Rh6G
TiO2

Si
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Biomedical Optics Express
1 (2010) 1401

New Astronomy Reviews 51, 443 (2007)

2008

A random laser 
could happen 
naturally in 
space
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Prior 1994 – Theoretical Proposal and Experimental 
demonstrations  with MICRON SIZED Nd powders 
(solid state)

1994 – 250nm TiO2/Dye colloid (Nature milestone 
paper) + 

1995/7 – Bio-tissue; polymeric gain media; solid 
state 

1998/2000 – ZnO Nanopowders; opal photonic 
crystals; 

2001/3 – pi-conjugated polymers; temperature 
control; liquid crystals; plasmonic effect for 
directionality

2004/6 – Human Tissues+dye; 
organic/inorganic; silver nanoparticles

2007/9 – Random Fiber Lasers; DNA; mid-
infrared; one & two photon GaAs;

2010/14 – colloidal QD; plasmonically controlled core-shell; 
UV UC in Nd; Mode-locking; cicada wings; Cold Atom; TiO2 
nanomembranes; 3-photons in ZnO and colloids





LED RL ASE Broadband
laser

Narrowband
laser
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Speckle-free laser imaging using random laser illumination
Cao et al. Nature Photon. 6 (2012) 355
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Wiersma - Review article: The physics and applications of 
random lasers.Nature Phys. 4 (2008) 359

Turitsyn et al. - Random distributed feedback 
fibre lasers. Phys. Reports 542 (2014) 133

Sebbah et al. - Breakthrough in Photonics 2014: Random Lasers.
IEEE Photonics Journal 7 (2015) 0700207

Luan, Gu, Gomes, Yong, Wen, Prasad. Lasing in nanocomposites 
random media. Nano Today 10 (2015) 168

Churkin et al. - Recent advances in fundamental and applications 
of random fiber lasers Adv. Opt. Photon. 7 (2015) 516

Some review articles



Multiphoton absorption 
in Random Lasers
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Anti-Stokes RLs

RL wavelength is shorter than 
the excitation wavelength

and effects



Dye:  APSS in DMSO
TiO2  NPs      dia:250 nm     2 x 109/cm3

Random Laser
wavelength
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Opt. Express 22 (2014) 14305



1 kHz
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Spectral profile 
versus

repetition rate

Single shot



One-photon excitation

Excitation 
354 nm

Excitation 
710 nm

Two-photon excitation

ZnO grains
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Three – photon 
excitation

Excitation: 
802 nm
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Dominguez et al.
J. Opt. Soc. Am. B 31 (2014) 1975

Also ZnO films



Second-order parametric 
effects in 

Random Lasers

P = εo χ(1) E + εo [χ(2) E2 + χ(3) E3 + χ(4) E4...]

linear nonlinear
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χ(2)      Second order polarization

Voltage

time

SHG SFG DFG

Optical 
retification
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2015

Sci. Rep. 5, 13816 (2015)



Stimulated emission + multiple
light  scattering + second 
harmonic generation + sum 

frequency generation

χ(2) 
Nd3+: YAl3(BO3)4



Self-frequency
conversion

Nd0.04Y0.96Al3(BO3)4
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Optical Materials 54 (2016) 262-268
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Sci. Reports 6 (2016) 27107 
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Nd0.10Y0.90Al3(BO3)4
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40Vol. 6, p. 6058 (2015)
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Sci. Reports 6, 27987 (2016)
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From the basic point of view:
disordered media are complex nonlinear

systems

Excelent plataform to study
mesoscopic transport, laser physics, 

nonlinear optics, quantum optics, 
statistical physics, quantum chaos, 

nonlinear dynamics, atomic physics,... 



Thank you for your attention
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