






























Quantum Key Distribution:  Absolutely Secure Communication

Alice sends an individual photon 
in one of two polarization bases, 
chosen at random

Bob receives in one of 
two polarization bases, 
which he choses at random
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•  Protocol transmits one bit per photon (with 50% efficiency) 

•  Security:
     (1) symbol is encoded on a single photon
     (2) the state of a single photon cannot be measured (no cloning theorem)
  

(eavesdropper?)

•  BB84 QKD Protocol – polarized light implementation









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

 High Capacity QKD Protocol 

. . . . . . . .

. . . . . . . .

We are developing a free-space quantum key distribution system that can carry
     many bits per photon (think about it!).

We encode either in the Laguerre-Gauss modes or in their linear superpositions
  (or in other transverse modes).

We are developing means to mitigate the influence of atmospheric turbulence



Spatially Based QKD System 

Source 
Weak Coherent Light 
Heralded Single Photon 

Protocol 
Modified BB84 as 
discussed 

Challenges 
1. State Preparation 
2. State Detection 
3. Turbulence 





Current Research Themes in Nonlinear Optics



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 + Ʒ (dn/dƷ)

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

“Slow,” “Fast” and “Backwards” Light

– Velocity controlled by structural or material resonances
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Slow and Fast Light Using Isolated Gain or Absorption Resonances
 

ng  = n + ω (dn/dω)



Light speed reduction
to 17 metres per second
in an ultracold atomic gas

Lene Vestergaard Hau*², S. E. Harris³, Zachary Dutton*²
& Cyrus H. Behroozi*§

NATURE | VOL 397 | 18 FEBRUARY 1999 |www.nature.com
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T = 450 nK

τDelay = 7.05 ± 0.05 μs

L = 229 ± 3 μm

vg = 32.5 ± 0.5 m s–1

* Rowland Institute for Science, 100 Edwin H. Land Boulevard, Cambridge,
Massachusetts 02142, USA
² Department of Physics, § Division of Engineering and Applied Sciences,
Harvard University, Cambridge, Massachusetts 02138, USA
³ Edward L. Ginzton Laboratory, Stanford University, Stanford, California 
94305, USA

Note also related work by Chu, Wong, Welch, Scully, Budker, Ketterle, and many others



Crucial for many real-world applications

We have identified two preferred methods for producing
 slow light

(1)  Slow light via coherent population oscillations (CPO) 

(2)  Slow light via stimulated Brillouin scattering (SBS)  

Goal:  Slow Light in a Room-Temperature
               Solid-State Material



Topic 1:  Photon Drag Effects with Slow Light



For L = 25 mm, v = 2000 cm/s, displacement = 6 nm.

Transverse Photon Drag 

Measured by R.V. Jones, 1972.

L



    Observation of Rotary Photon Drag 

Franke-Arnold, Gibson, Boyd and Padget, Science, 2011

Effect clearly visible by eye!!

Experimental setup

rotating, 10-cm-long ruby rod

The world as seen through a spinning window.

(Laser-excited ruby has a group index of 106.) 

(See also the earlier work of Leach et al., 2008.)











Beam Splitter
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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

See also the group of Shahriar on fast-light and interferometry

Simple analysis

Interferometry and Slow Light

•  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.



Current Research Themes in Nonlinear Optics

Other Research Topics



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) =
ǫ(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.





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 χ(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)



Slow Light in a Fiber Bragg Grating (FBG) Structure
(Can describe properties of FBGs by means of analytic expressions)
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• Enhanced NLO response 

where the slow-down factor S = ng/n 

Bhat and Sipe showed that the
   nonlinear coeficient is given by





THE END

(Copies of my visuals are available;  please just ask.)






