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Why Study Nonlinear Optics?

It is good fundamental physics.

It leads to important applications.

It is a lot of fun.

Demonstrate these features with examples in remainder 
of talk.



Nonlinear Optics and Light-by-Light Scattering

The elementary process of light-by-light scattering has never 
been observed in vacuum, but is readily observed using the 
nonlinear response of material systems.

Nonlinear material is fluorescein-doped boric acid glass (FBAG)

M. A. Kramer, W. R. Tompkin, and R. W. Boyd, Phys. Rev. A, 34, 2026, 1986.
W. R. Tompkin, M. S. Malcuit, and R. W. Boyd, Applied Optics 29, 3921, 1990.

n2(FBAG) ≈ 1014 n2(silica)   [But very slow response!]







Some Fundamental Nonlinear Optical Processes: II
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Work of Jake Bromage and others at U. Rochester LLE.
See also Lozhkarev et al. Laser Phys. Lett. 4, 421 (2007) and Y. Tang et al. Opt. Lett. 33, 2386 (2008).

Goal:  Design laser source capable of reaching 
focused intensities as large as 1024 W/cm2.  

Can amplify extremely short laser pulses or 
broadband chirped pulses.



Why Interest in Quantum Nonlinear Optics?

Explore the relation between traditional nonlinear optics (NLO)
    and phenomena in quantum information science (QIS).

QIS holds great promise for secure communication, quantum 
     logic, quantum computing, etc.

Many processes in QIS rely on nonlinear optical interactions.



Parametric Downconversion:  A Source of Entangled Photons

The signal and idler photons are entangled in:

 
(a) polarization

 
(b) time and energy

 
(c) position and transverse momentum

 
(d) angular position and orbital angular momentum

ω

ω

ω

Entanglement is important for:
(a) Fundamental tests of QM (e.g., nonlocality, Bell tests) 
(a) Quantum technologies (e.g., secure communications, Q teleportation)
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Malik, Shin, O’Sullivan. Zerom, and Boyd, Phys. Rev. Lett. 104, 163602 (2010). 

•  We discriminate among four orthogonal 
    images using single-photon interogation
    in a coincidence imaging configuration.

•  Note that a single photon can carry more
   than one bit of information.



Optical Phase Conjugation:  A Nonlinear Optics Success Story

Zakharenkov, Clatterbuck, Shkunov, Betin, Filgas, Ostby, Strohkendl, Rockwell, and Baltimore, IEEE JSTQE (2007).

distorting
medium

   phase-
conjugate
   mirror

•  A phase conjugate mirror (a nonlinear optical device) can remove the influence of 
   aberrations in double pass. 

•  Phase conjugation is extremely useful in high power laser systems
2-kW average power phase-conjugate master oscillator power amplifier

near-diffraction-limited output

(Zeldovich, Pilipetsky, Shkunov, Yariv, Hellwarth, Fisher, 1980s).  



Theory of nonlinear optics 



Local Field Effects in Nonlinear Optics

Bloembergen (1962, 1965) showed that E P
E
loc

χ(3)(ω = ω + ω − ω) = Nγ(3)|L(ω)|2[L(ω)]2.

where γ(3) is the second hyperpolarizability and where

L(ω) =
ϵ(ω) + 2

3

For the typical value n = 2, L = 2, and L4 = 16. Local field effects
can be very large in nonlinear optics! But can we tailor them for our
benefit?

We have been developing new photonic materials with enhanced NLO
response by using composite structures that exploit local field effects.



Metamaterials and Nanocomposite Materials for Nonlinear Optics

• Maxwell Garnett • Bruggeman  (interdispersed)

• Fractal Structure • Layered
λ
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- In each case, scale size of inhomogeneity << optical wavelength

- Thus all optical properties, such as n and χ(3), can be described by 
  effective (volume averaged) values

V. M. Shalaev and M. I. Stockman, Z. Phys. D 10, 71 (1988);
J. E. Sipe and R. W. Boyd, Phys. Rev. A 46, 1614 (1992).



Alternating layers of TiO2 and 
the conjugated polymer PBZT.

  

Fischer, Boyd, Gehr, Jenekhe, Osaheni, Sipe, and 
Weller-Brophy, Phys. Rev. Lett. 74, 1871 (1995).

Measure NL phase shift as a 
function of angle of incidence.

A composite material can display a larger NL response than its constituents!

Enhanced NLO Response from Layered Composite Materials

3.2 times enhancement!35% enhancement in r(3)

Diode Laser
(1.37 um)

polarizer

photodiode

gold electrode 

ITO

BaTiO3

1 kHz

lockin amplifier

signal generator

dc voltmeter

glass substrate

AF-30 in
polycarbonate

Quadratic EO effect

Nelson and Boyd, APL 74 2417 (1999)



Intense Field and Attosecond Physics
 

Attosecond pulses to sample 
 a visible E-field; F. Krausz 

atomic core

High-harmonic generation Measuring the molecular 
nitrogen wavefunction

I > 1015 W/cm2
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Controlling the Velocity of Light

– Light can be made to go:
  slow:    vg << c   (as much as 106 times slower!)
  fast:      vg > c
  backwards:   vg negative
    Here vg is the group velocity:  vg = c/ng   ng  = n + ω (dn/dω)

Review article:  Boyd and Gauthier, Science 326, 1074 (2009).

“Slow,” “Fast” and “Backwards” Light

– Velocity controlled by structural or material resonances

absorption
profile

RWB
Highlight
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Slow and Fast Light Using Isolated Gain or Absorption Resonances
 

ng  = n + ω (dn/dω)



Observation of  Superluminal and
“Backwards” Pulse Propagation
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•  7he limiting resolution of a broad class of spectrometers is given (in wave-
    numbers) by the inverse of a characteristic dimension L of the spectrometer 

•  We use slow-light methods to design spectrometers with resolution that 
    exceeds this conventional limit by a factor as large as the group index.

  •  7his ability allows us to miniaturi]e spectrometers with no loss of resolution, 
     for ´lab-on-a-chipµ applications.

≈

Can We Beat the 1�L Resolution Limit of Standard Spectrometers"

'evelopment of 0iniaturi]ed, Chip-Scale Spectrometers

L

L

Fourier-transform spectrometer Grating spectrometer



Our Goal

Replace this: with this:



Beam Splitter

Beam Splitter

Slow Light Medium
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•  The spectral sensitivity of an interferometer is increased by a factor as large as
   the group index of a material placed within the interferometer. 

Slow-light interferometer:

•  Here is why it works:

Shi, Boyd, Gauthier, and Dudley, Opt. Lett. 32, 915 (2007)
Shi, Boyd, Camacho, Vudyasetu, and  Howell, PRL. 99, 240801 (2007)
Shi and Boyd, J. Opt. Soc. Am. B 25, C136   (2008).

•  We want to exploit this effect to build chip-scale spectrometers with the same 
   resoluation as large laboratory spectromters

Simple analysis

Our Approach: Chip-Scale Slow-Light Spectrometer

•  We use line-defect waveguides in photonic crystals as our slow light mechanism

Slow-down factors of greater 
than 100 have been observed in 
such structures.



photonic crystal waveguide

ASE 

fiber beam splitter

OSAΔφ

Laboratory Characterization of the Slow-Light Mach-Zehnder Interferometer

t�3esolution (quarter wave) is 
  17 pm or 2.1 GHz or 0.071 cm-1

t�	4Mow-light waveguide 
  is only 1 mm long!)
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• Interference fringes

Magaña-Loaiza, Gao, Schulz, Awan, 
Upham, Dolgaleva, and Boyd, in review.

source



Challenge: Fabricate a chip-scale spectrometer that can 
discriminate acetylene (H2C2) from hydrogen cyanide (HCN)?

(data from our own lab)



Liapis, Gao, Siddiqui, Shi, Boyd, Appl. Phys. Lett. 108, 021105 (2016).

Input spectrum
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On-chip spectrometer based on high-Q photonic crystal cavities
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  Velocity of light in flowing water.
V = 700 cm/sec;  L = 150 cm;  displacement of 0.5 fringe.

• 0odern theory�  relativistic addition of velocities

v � c /n 
V
1
 (V / c )(1 / n)

c
n

V 1 1

n2
Fresnel “drag” coefficient

7he Velocity of Light in 0oving 0atter� 
  Fresnel Drag (or Ether Drag ) Effects

• )i]eau (1859)�  Longitudinal photon drag�

• But what about  slow-light media"
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Fresnel Drag in a Highly Dispersive Medium
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We Use Rubidium as Our Slow Light Medium
• Transmission spectrum of Rb around D2 transition:

T = 30 oC
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• 2 line at T=130 Group index of Rb around D

Light Drag in a Slow Light Medium (Lorentz)
Lab Setup

Safari,  De Leon, Mirhosseini,  Magana-Loaiza, and Boyd
Phys. Rev. Lett. 116, 013601 (2016) 

•  Change in phase velocity is much larger than 
    velocity of rubidium cell.  Implications for 
    new velocimeters? 
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 Bauer, Banzer,  Karimi, Orlov, Rubano, Marrucci, Santamato,  Boyd and Leuchs, 
Science, 347, 964 (2015) 

Observation of Optical Polarization Möbius Strips

t��.öbius strips are familiar geometrical structures, but their occurrence
    in nature is extremely rare. 

�t��We generate such structures in the nanoscale in tightly focused vector light 
    beams and confirm experimentally their Möbius topology. 



 

Prediction of Optical Möbius Strips
An “ordinary” Möbius strip A polarization Möbius strip

(introduced by Isaac Freund)

•��,VDDF�)UHXQG�GLVFRYHUHG��GHVFULEHG��DQG�LQYHVWLJDWHG�WKHVH�XQXVXDO�VWUXFWXUHV

��•��7R�REVHUYH�WKHVH�VWUXFWXUHV��RQH�QHHGV�WR�FUHDWH�D�YHU\�VSHFLDO�ILHOG�GLVWULEXWLRQ�
�������H�J���D�3RLQFDUp�EHDP�

��•��2QH�DOVR�QHHGV�WR�REVHUYH�WKH�ILHOG�GLVWULEXWLRQ�LQ�D�YHU\�VSHFLDO�ZD\��PHDVXUH�
�����SRODUL]DWLRQ�DV�D�IXQFWLRQ�RI�SRVLWLRQ�DURXQG�D�YHU\�WLJKWO\�IRFXVHG�OLJKW�EHDP�



9,

Nanopar1cleGbased,probing,technique,for,vector,beam,reconstruc1on,
1.  A,dipole@like,spherical,nanopar)cle,(90,nm,diameter),is,scanned,through,the,beam,

2.  The,forward@,and,backward@scapered,light,for,each,posi)on,of,the,nanopar)cle,
rela)ve,to,the,beam,in,the,focal,plane,is,measured,

Full,vectorial,beam,measurement,on,the,nanoscale,

Full,ampitude,and,phase,reconstruc1on,scheme:,,
T.,Bauer,,S.,Orlov,,U.,Peschel,,P.,B.,and,G.,Leuchs,,“Nanointerferometric,Amplitude,and,Phase,Reconstruc)on,of,

Tightly,Focused,Vector,Beams”,,Nat.,Photon,8,,23,@,27,(2014).,,

measured intensity 
(can also measure 
 polarization and phase) 



Lab Setup to Observe a Polarization Möbius Strip 

 
 = 0 

LG00 
LHC 

 =  
LG0-1 
RHC 

 

 = /2 
Super- 

Position 
“Star” 

 

q = -1/2

Tight focusing enhances the 
Möbius effect,which depends 
on the z component of the field   
 

•  q-plate:  waveplate with a spatially varying orientation
             (q is the topological charge)
        

      •  output beam has a spatially varying state of polarization
                   (vector beam, Poincaré beam, etc.)



Observation of Polarization Möbius Strips 
q =-1/2 

3/2 twists 
q = -3/2 

5/2 twists  
structure 
possesses
|q|+1 half 
twists

Remarks
•��)LUVW�REVHUYDWLRQ�RI�D�SRODUL]DWLRQ�0|ELXV�VWULS
•��/LJKW�ILHOGV�FDQ�SRVVHVV�ULFK�VSDWLDO�VWUXFWXUH�RQ�VXEZDYHOHQJWK�VFDOHV�
•��&XUUHQW�WHFKQRORJ\�LV�FDSDEOH�RI�FRQWUROODEO\�FUHDWLQJ�EHDPV�ZLWK�
����VXFK�VWUXFWXUHV�DQG�PHDVXULQJ�LW�DW�VXEZDYHOHQJWK�GLVWDQFHV�

%DXHU�7��%DQ]HU�3��.DULPL�(��2UORYDV�6��5XEDQR
$��0DUUXFFL�/��6DQWDPDWR�(��%R\G�5:��DQG
/HXFKV�*��6FLHQFH�������
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Use of Quantum States for Secure Optical Communication

t��5IF�DFMFCSBUFE�##���QSPUPDPM�GPS�RVBOUVN�LFZ�EJTUSJCVUJPO�	2,%

����USBOTNJUT�POF�CJU�PG�JOGPSNBUJPO�QFS�SFDFJWFE�QIPUPO�

t��0VS�QSPDFEVSF�JT�UP�FODPEF�VTJOH�CFBNT�UIBU�DBSSZ�PSCJUBM�BOHVMBS
��NPNFOUVN�	0".

�TVDI�BT�UIF�-BHVFSSF�(BVTT�TUBUFT
�XIJDI�SFTJEF
���JO�BO�JOöOJUF�EJNFOTJPOBM�)JMCFSU�TQBDF�

�t�8F�IBWF�CVJMU�B�2,%�TZTUFN�UIBU�DBO�DBSSZ�NPSF�UIBO�POF�CJU
���QFS�QIPUPO��
�o�/PUF�UIBU�JO�USBEJUJPOBM�UFMFDPN
�POF�VTFT�NBOZ�QIPUPOT�QFS�CJU�



We are constructing a QKD system in which each photon carries many bits of information

Single Photon States 

Laguerre-Gaussian Basis 

 -13         -12         -11                     -1           0           1                       11          12          13 

 0            1           2                        12           13         14                       25        26         27 

“Angular” Basis (mutually unbiased with respect to LG) 

QKD 6\VWHP &DUU\LQJ 0DQ\ %LWV 3HU 3KRWRQ 

. . . . . . . .

. . . . . . . .

We encode in states that carry OAM such as the Laguerre-Gauss states

:H DOVR QHHG D VHFRQG EDVLV FRPSRVHG RI OLQHDU FRPELQDWLRQV RI WKHVH VWDWHV
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Our Laboratory Setup

We use a seven-dimensional
state space.

 Mirhosseini et al.,  New Journal
    of Physics 17, 033033 (2015).



Laboratory Results - OAM-Based QKD
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Thank you for your attention! 
 

 
     




