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OUTLINE OUTLINE 

WhatWhat are are spatiotemporalspatiotemporal opticaloptical 
solitonssolitons ((lightlight bulletsbullets--LBsLBs)?)?
VarietiesVarieties ofof nonlinearnonlinear opticaloptical mediamedia
OpticalOptical spatiotemporal solitons:  spatiotemporal solitons:  

seminal seminal experimentsexperiments in in quadraticquadratic mediamedia

ConclusionsConclusions

RecentRecent theoreticaltheoretical andand experimental experimental 
studiesstudies ofof LBsLBs



WHAT ARE  SPATIOTEMPORAL WHAT ARE  SPATIOTEMPORAL 
OPTICAL  SOLITONS?OPTICAL  SOLITONS?

Packets of electromagnetic radiation confined in space Packets of electromagnetic radiation confined in space 
and time:and time: nonnon--diffracting and nondiffracting and non--dispersing wavedispersing wave-- 
packets  propagating in nonlinear optical media.packets  propagating in nonlinear optical media. They They 
form as a balance between dispersion,  diffraction and form as a balance between dispersion,  diffraction and 
selfself--focusing nonlinear effects. focusing nonlinear effects. 

The spatiotemporal The spatiotemporal solitonssolitons
(alias (alias ““light bulletslight bullets””) are ) are 
ideal bits of informationideal bits of information.

They may find application in future They may find application in future 
allall--optical processing devicesoptical processing devices..



CharacteristicCharacteristic lengthslengths: : quadraticquadratic mediamedia

B. A. Malomed, D. Mihalache, F. Wise, L.Torner, 
J. Opt. B 5, R53-R72  (2005)



SolitonSoliton formationformation

CrystalCrystal lengthlength 
shouldshould be be aboutabout
3 3 LLdd = 3 L= 3 LGVDGVD

Balance Balance ofof diffractiondiffraction andand dispersiondispersion by by nonlinearnonlinear
selfself--focusingfocusing



NONLINEAR OPTICAL MEDIANONLINEAR OPTICAL MEDIA

CUBIC NONLINEAR MEDIA: collapse of the pulse in two and 
three dimensions precludes the formation of stable light bullets; 
there is a need for a saturable self-focusing nonlinearity.

QUADRATIC NONLINEAR MEDIA: 
a saturable self-focusing nonlinearity can be obtained through 
the process of phase-mismatched SHG ; multidimensional solitons 
could be stable in quadratic media.

Condition: anomalous group-velocity dispersion (GVD) is required 
at both fundamental and second harmonic frequencies: 
very difficult to attain in experiment.

- A possibility to overcome this difficulty is to use periodic layered structures 
formed by alternating linear and quadratically nonlinear  materials
(“tandem light bullets”): L. Torner et al., Opt. Commun. 199,  277- 281 (2001)
- Nonlocal nonlinear optical media: liquid cristals, etc. (colapse free nonlinear 
media)



The greatest experimental challenge to the generation of STS is the requirement  
of anomalous GVD at both fundamental and second-harmonic wavelengths.     
The magnitude of the anomalous GVD should be large enough to produce a 
dispersion length of the order of 5 mm (the length of the crystal is about 25 mm).

EXPERIMENTS IN QUADRATIC MEDIA: EXPERIMENTS IN QUADRATIC MEDIA: 
(2+1)D spatiotemporal (2+1)D spatiotemporal solitonssolitons

Discovery of theDiscovery of the (2+1)(2+1)--dimensional spatiotemporal dimensional spatiotemporal solitonssolitons (STS) in (STS) in 
quadratic media by Frank Wise quadratic media by Frank Wise et al.et al.::
Phys. Rev. Phys. Rev. LettLett. 82, 4631 (1999); Phys. Rev. E 62, 1328 (2000).. 82, 4631 (1999); Phys. Rev. E 62, 1328 (2000).

http://people/http://people/ccmr/cornell/edu/~fwise/solitons.htmlccmr/cornell/edu/~fwise/solitons.html
The solitons are confined in one transverse spatial dimension and   
time: they are not confined in the second transverse spatial 
coordinate  (“banana”-like shape of the soliton).



Experiments inExperiments in
lithium iodate and and 

barium borate
(Frank Wise group, (Frank Wise group, 

19991999--2000):2000):

I ~ 10 GW/cm2

threshold for STS formation
in lithium iodate.

The threshold for STS     
formation in barium borate 
is about 8  GW/cm2.

soliton

input



The propagation over 5  dispersion lengths 
in barium borate gives: output at high 
intensity (soliton formation):

w_spatial ~ 50 microns

w_temporal ~ 100 fs

output at low intensity (diffraction and 
dispersion, no  soliton formation):

w_spatial ~ 300 microns 

w_temporal ~ 500 fs



OTHER DEVELOPMENTS 
(THEORY)

- DISCRETE LIGHT BULLETS (in one- and two-dimensional 
photonic lattices), including discrete surface LBs: 
D. Mihalache et al., Opt. Express 15, 589 (2007); Opt. Lett. 
32, 3173 (2007)

- DISSIPATIVE LIGHT BULLETS (in both continuous and 
discrete systems, including dissipative surface LBs): 
D. Mihalache et al., Phys. Rev. A 77, 043828 (2008).

- COLLISIONS BETWEEN LBs:
D. Mihalache et al., Opt. Commun. 282, 3000 (2009).

- DISSIPATIVE LBs IN OPTICAL PARAMETRIC 
OSCILLATORS:
N. Veretenov and M. Tlidi, Phys. Rev. A 80, 023822 (2009). 



RECENT THEORETICAL STUDIES

---- Light bullets in optical tandems (metamaterial 
structures): alternating rings made of highly 
dispersive but weakly nonlinear media and strongly 
nonlinear and weakly dispersive media: 
Torner and Kartashov, Opt. Lett. 34, 1129 (2009).

---- Accessible light bullets via synergetic 
nonlinearities: interplay of local electronic and 
nonlocal reorientational nonlinearities (nonlocal 
solitons propagating in nematic liquid crystals): 
Burgess, Peccianti, Assanto, Morandotti: Phys. Rev. 
Lett. 102, 203903 (2009).



---- 3D Light bullets by synthetic diffraction- 
dispersion matching in 2D honeycomb waveguide 
arrays with out-of-phase periodic longitudinal 
refractive index modulation in neighboring channels: 
Lobanov, Kartashov, Torner, Phys. Rev. Lett. 105, 
033901 (2010).

---- Trains of light bullets in nonlocal nonlinear 
media: Peccianti et al.: Opt. Express 18, 5934 
(2010).

---- Light bullets in Bessel optical lattices with 
spatially modulated nonlinearity: 
Ye, Kartashov, Hu, Torner, Opt. Express 17, 11328 

(2009).



Airy-Bessel wave packets as versatile 
linear light bullets

ChongChong, , RenningerRenninger, , ChristodoulidesChristodoulides, Wise, Nat. Photonics , Wise, Nat. Photonics 44, 103 (2010):, 103 (2010): 
combine Bessel beams in the transverse plane with temporal Airy combine Bessel beams in the transverse plane with temporal Airy 
pulses: propagation in BK7 and SF14 highly dispersive glass rodspulses: propagation in BK7 and SF14 highly dispersive glass rods, , 
Corning. Linear Corning. Linear LBsLBs: no need for dispersion/diffraction equalization, : no need for dispersion/diffraction equalization, 
that is, for any values of radial and temporal widths and for eithat is, for any values of radial and temporal widths and for either ther 
normal or anomalous GVD.normal or anomalous GVD.



Propagation of AiryPropagation of Airy--Bessel wave packet Bessel wave packet 
in a Schott SF14 (Corning) glassin a Schott SF14 (Corning) glass

z=5 cmz=5 cm z=10 cmz=10 cm z=15 cmz=15 cminput: z=0input: z=0

CCD CCD 
cameracamera

Cross Cross 
corelationcorelation

Important feature of linear Important feature of linear LBsLBs: : 
no need to precisely  tailor the diffraction and no need to precisely  tailor the diffraction and 
dispersion lengthsdispersion lengths



SPATIOTEMPORAL (Ai3) LBs



Transparent material: 
PMMA (polymethyl metacrylate) at 800 nm 

(sample length: 20, 60, 100, 140 cm)



RECENT EXPERIMENT ON 
NONLINEAR X-WAVES

M. HEINRICH et al., Phys. Rev. Lett. 103, 113903 
(2009)

Observation of 3D discrete-continuous 
X-waves in photonic lattices (in femtosecond 
laser-written waveguide arrays in fused silica): 
the X-waves spontaneously emerge from a 
single site excitation due to
discrete diffraction of the lattice + 
normal GVD + cubic (Kerr-like) 
nonlinearity of the fused silica



OBSERVATION OF DISCRETE- 
CONTINUOUS 3D LIGHT BULLETS

F. Eilenberger, S. Minardi, et al., CLEO/EUROPE-EQEC 
2009, paper EF1.2 THU

They use time-resolved imaging to observe 
spatiotemporal localization of nonlinear 
optical wave packets propagating in a 2D 
highly regular hexagonal array of Ge-doped 
fibers.

NB: The LB can be thought of as a temporal soliton that   
stays in one waveguide





S. Minardi et al., Phys. Rev. Lett. 105, 263901 (2010)





d - ratio of the diffraction length to the dispersion length (we used d= -1)
σ

 
- sign of the nonlinearity (we have assumed σ

 
= -1 – self-focusing)

p - refraction index modulation
R(η,ζ)

 
– lattice potential:   R(η,ζ)

 
= cos(Ωη

 

η)cos(Ωζ

 

ζ) , Ωη,ζ = 4
D. Mihalache et al., Phys. Rev. E 70, 055603 (2004)

τ
 

=0 and ζ
 

=0 slices for low amplitude (A=2.4, E=1.6) and 
high amplitude (A=6, E=2.17) stable LBs (for p=20)



3D 3D LBsLBs in 2D in 2D photonicphotonic latticeslattices: : existenceexistence & & stabilitystability
H(E,k) curves – important hints for stability (Catastrophe 
theory); for p=0, H(E)=C/E=b(E)E,C ~ 44.3, b=wave number
(collapse for p=0, cubic nonlinear media, i.e. Kerr media)

p=0, 3D nonlinear Schroedinger equation
(spatiotemporal collapse)

Stable light bullets: p=20
swallow-tail bifurcation, 
energy threshold, no collapse



RECENT EXPERIMENT: RECENT EXPERIMENT: 
fluorine doped silica glass (91 silica cores)fluorine doped silica glass (91 silica cores)

First experimental observation of 3D light bullets in 2D photoniFirst experimental observation of 3D light bullets in 2D photonic c 
lattices (discrete waveguide arrays).lattices (discrete waveguide arrays). Novel evolution mechanism of Novel evolution mechanism of LBsLBs 
that force that force LBsLBs to follow varying dispersion/diffraction conditions, until to follow varying dispersion/diffraction conditions, until 
they leave their existence domain and decay.they leave their existence domain and decay.
LBsLBs with pulse widths = tens of with pulse widths = tens of fsfs and pulse energies = tens of and pulse energies = tens of nJnJ..



LBsLBs SPACESPACE--TIME PROFILESTIME PROFILES

NotaNota benebene: wavelength dependence of the diffraction : wavelength dependence of the diffraction 
and dispersion lengths; averaged quantities over the and dispersion lengths; averaged quantities over the 
LBsLBs longitudinal path should be introducedlongitudinal path should be introduced

CCD CCD 
cameracamera



LBsLBs decay mechanism:decay mechanism: wavelength wavelength 
dependence of the diffraction and dependence of the diffraction and 
dispersion lengths (averaged quantities dispersion lengths (averaged quantities 
over the over the LBsLBs longitudinal path)longitudinal path)



CONCLUSIONSCONCLUSIONS

--The field of multidimensional optical 
solitons in both conservative and dissipative 
settings is still in its infancy

--However one can expect many new  exciting
developments over the next years

--The first observation of (3+1)-dimensional
bright spatiotemporal solitons in optical  media 
was a great challenge to the experiment 
(S. Minardi et al., 2010) 
--LBs offer potential for ultrafast digital optical 
logic with switching rates of several terahertz.



THANK YOU FOR YOUR 
ATTENTION!
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