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Intense Field and Attosecond Physics
 

Attosecond pulses to sample 
 a visible E-field 

atomic core

High-harmonic generation Measuring the molecular 
nitrogen wavefunction

I > 1015 W/cm2



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.



��q

•  (ntangled photons can be used to form an interference pattern Zith  
    detail finer than the 5ayleigh limit
•  5esolution Ⱦ ƪ��N�  Zhere N   number of entangled photons 

•  No practical implementation to date� but some laboratory results

6ee also� 4uantum /ithography� 6tatus of the )ield� 
5.W. %oyd and -.3. 'oZling� 4uantum ,nformation 
3rocessing� ������²��� ������.  

4uantum spatial superresolution by optical centroid 
measurements� 6hin� &han� &hang� and %oyd�
3hys. 5eY. /ett. ���� ������ ������.

4uantum /ithography�  &oncept of -onathan 'oZling



Squeezed Light Generation
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Entanglement and squeezing 
share a common origin:

entangled
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light
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Precision Measurement beyond the Shot-Noise Limit

Xiao, M., L. A. Wu, and H. J. Kimble,  Phys. Rev. Lett.  59, 278, 1987.

without squeezing

with squeezing

shot-noise limit =
standard quantum limit

squeezed
light
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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 giYen �in ZaYe-
    numbers� by the inYerse of a characteristic dimension L of the spectrometer 

•  We use sloZ-light methods to design spectrometers Zith resolution that 
    e[ceeds this conYentional limit by a factor as large as the group inde[.

  •  7his ability alloZs us to miniaturi]e spectrometers Zith no loss of resolution� 
     for ´lab-on-a-chipµ applications.

≈

&an We %eat the ��L 5esolution /imit of 6tandard 6pectrometers"

'eYelopment of 0iniaturi]ed� &hip-6cale 6pectrometers

L

L

Fourier-transform spectrometer Grating spectrometer



Our Goal

Replace this: with this:



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:

•  +ere is why it works:

Shi, Boyd, Gauthier, and Dudley, Opt. Lett. 32, 915 (2007)
6hi� %oyd� &amacho� 9udyasetu� and  +oZell� 35/. ��� ������ ������
6hi and %oyd� -. 2pt. 6oc. $m. % ��� &���   ������.

•  We Zant to e[ploit this effect to build chip-scale spectrometers Zith the same 
   resoluation as large laboratory spectromters

Simple analysis

Our Approach: Chip-Scale Slow-Light Spectrometer

•  We use line-defect ZaYeguides in photonic crystals as our sloZ light mechanism

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



photonic crystal waveguide

ASE 

fiber beam splitter

OSA6q

Laboratory Characterization of the Slow-Light Mach-Zehnder Interferometer

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

ow-light waveguide 
  is only 1 mm long!)
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Magaña-Loaiza, Gao, Schulz, Awan, 
Upham, Dolgaleva, and Boyd, in review.
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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�  relatiYistic addition of Yelocities

Y � c /n 
V
1
 (V / c )(1 / n)

c
n

V 1 1

n2
Fresnel “drag” coefficient

7he 9elocity of /ight in 0oYing 0atter� 
  Fresnel Drag (or Ether Drag ) Effects

• )i]eau �������  /ongitudinal photon drag�

• %ut Zhat about  sloZ-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

T = 150 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

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

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 
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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



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

RWB


RWB


RWB


RWB


RWB


RWB


RWB


















OAM

ANG

-3

-3

-2

-2

-1

-1

3

3

2

2

1

1

0

0

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! 
 

 
     



Why We Shouldn’t Always Trust Google
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Indium Tin Oxide (ITO) displays enormously strong  NLO properties:
         •  n2  is 2.5 x 105 times that of fused silica
         •  nonlinear change in refractiYe inde[            
            as large as 0.8
         •  response time of ��� fs

Some possible new effects
        •  WaYeguiding outside the ´ZeaNly-guidingµ regime
        •  (fficient all-optical sZitching
        •  No need for phase-matching

Huge Nonlinear Optical Response of ITO near its Epsilon-Near-Zero Wavelength

Alam, De Leon, Boyd
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