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Quantum Imaging

•  Goal of quantum imaging is to produce “better” images 
      using quantum methods

     - image with a smaller number of photons
     - achieve better spatial resolution 
     - achieve better signal-to-noise ratio

 • Alternatively, quantum imaging exploits the quantum 
     properties of the transverse structure of light fields



  φ

•  (ntangled photons can be used to form an interference pattern with  
    detail finer than the 5ayleigh limit
•  5esolution Ⱦ λ/2N,  where N   number of entangled photons 

•  1o practical implementation to date, but some laboratory results

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

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

4uantum /ithography�  &oncept of -onathan 'owling
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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 interrogation
in a coincidence imaging configuration.

How much information can be carried by a single photon?
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PDC

photodetector array

"bucket" detectorobject to be imaged

coincidence
circuitry

Ghost (Coincidence) Imaging

 • Obvious applicability to remote sensing!

entangled photon pair

• Is this a purely quantum mechanical process? (No)

Strekalov et al., Phys. Rev. Lett. 74, 3600 (1995).
Pittman et al., Phys. Rev. A 52 R3429 (1995).
Abouraddy et al., Phys. Rev. Lett. 87, 123602 (2001).
Bennink, Bentley, and Boyd, Phys. Rev. Lett. 89 113601 (2002).

Bennink, Bentley, Boyd, and Howell, PRL 92 033601 (2004)
Gatti, Brambilla, and Lugiato, PRL 90 133603 (2003)
Gatti, Brambilla, Bache, and Lugiato, PRL 93 093602 (2003)

• Can Brown-Twiss intensity correlations lead to 
ghost imaging? (Yes)

(imaging under adverse situations, bio, two-color, etc.)

Padgett Group



Thermal Ghost Imaging
Instead of using entangled photons, one can perform ghost imaging using  
the (HBT) correlations of thermal (or quasithermal) light.  
     (Gatti et al., Phys. Rev. Lett. 93, 093602, 2004).

  identical speckle
patterns in each arm

Object arm, bucket detector

• Typical laboratory setup

• How does this work? (Consider the image of a slit.)

Reference arm, CCD

Calculate  (total transmitted power) x (intensity at each pixel) 
and average over many speckle patterns. 

laser

Zerom et al., A 86, 063817 (2012)

Example ghost image



Thermal ghost imaging

Quantum ghost imaging
Ar + Laser
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Two-Color Ghost Imaging

Two-Color Ghost Imaging, K.W.C. Chan, M.N. O’Sullivan, and R.W. Boyd, Phys. Rev. A 79, 033808 (2009).  

New possibilities afforded by using different colors in object and reference arms

Spatial resolution depends on wavelength used to illuminate object.

But no obvious way to make
identical speckle patterns at
two wavelengths



Wavelength-Shifted (Two-Color) Ghost Microscopy

Photon-sparse microscopy: visible light imaging using infrared illumination, R.S. Aspden, N. R. Gemmell, P.A. Morris, D.S. Tasca, L. Mertens, 
M.G. Tanner, R. A. Kirkwood, A. Ruggeri, A. Tosi, R. W. Boyd, G.S. Buller, R.H. Hadfield, and M.J. Padgett, Optica 2, 1049 (2015). 

•  3ump at ��� nm produces signal at ��� nm and idler at ���� nm
•  2bMect is illuminated at ���� nm, but image is formed �in coincidence� at ��� nm 
•  :avelength ratio of ��� is the largest yet reported�

Setup

Typical images
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Quantum Imaging by Interaction-Free Measurement

imaging setup

single
photon

single
photon

results

 M. Renninger, Z. Phys. 15S, 417 (1960).
 R. H. Dicke, Am. J. Phys. 49, 925 (1981).
 A. Elitzur and L. Vaidman, Found. Phys. 23, 987 (1993).
 L. Vaidman, Quant. Opt. 6, 119 (1994).
 P. Kwiat, H. Weinfurter, T. Herzog, A. Zeilinger, and M. A. Kasevich, Phys. Rev.   Lett. 74, 4763 (1995)
 A. G. White, J. R. Mitchell, O. Nairz, and P. G. Kwiat,  Phys. Rev. A 58, 605 (1998).

Boyd


Boyd




 Interaction-Free Measurements and Entangled Photons

.
D1

D2
small opaque object

two
spatially 
entangled
photons

photodetector array
If detector D2 clicks, will the spot size
on the detector array measured in
coincidence  become smaller?

s��$oes it lead to the collapse of the wavefunction of its entangled partner?

s��$oes an interaction-free measurement constitute a “real” measurement?

s��-ORE�PRECISELY��DOES�THE�ENTIRE�TWO
PHOTON�WAVEFUNCTION�COLLAPSE�



Experimental Results
Interaction-free ghost image of a straight wire

• Note that the interaction-free ghost image is about five times
narrower than full spot size on the ICCD camera

• This result shows that interaction-free measurements
lead to wavefunction collapse, just like standard measurements.

coincidence counts singles counts

;IBOH
�4JU
�#PVDIBSE
�-BSPDRVF
�(SFOBQJO
�$PIFO
�&MJU[VS
�)BSEFO
�#PZE
�BOE�,BSJNJ
�
0QUJDT�&YQSFTT���
�����������	����
�̓



Is interaction-free imaging useful?

Interaction-free imaging allows us to see what something
looks like in the dark!

Could be extremely useful for biophysics.  What does the 
retina look like when light does not hit it?  



Quantum Imaging Overview
Ghost Imaging (Shih) Imaging with Undetected Photons (Zeilinger)

Interaction-Free Imaging (White) Interaction-Free Ghost Imaging (this talk)

PDC

photodetector array

"bucket" 
  detector

object to be imaged

coincidence
circuitentangled photon pair

single
photon



Do We Study Quantum Imaging or Quantum Imogene?
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How to create a beam carrying orbital angular momentum?

t��6TF�B�TQBUJBM�MJHIU�NPEVMBUPS
    acting as a computer generated
    hologram (more versatile)

t�1BTT�CFBN�UISPVHI�B�
  spiral phase plate

Exact solution to simultaneous intensity and phase masking
with a single phase-only hologram, E. Bolduc, N. Bent, E.
Santamato, E. Karimi, and R. W. Boyd, Optics Letters 38, 3546 (2013).

Outgoing
Helical-Wave

= 0 = 1



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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Laboratory Demonstration of OAM-Based Secure Communication

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

We use a seven-dimensional
state space.

We transfer 2.1 bits per
detected photon



Structured Light Beams 

Vector Vortex Beams
Poincar é Beams

arying P arized Light Beams

Larocque et al, PRL 2016 (in press)
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Quantum Technologies for Realistic Optical Engineering 

•  Quantum technologies are by now sufficiently advanced to be used 
   for realistic applications in optical engineering.  

•  In this talk we provide two examples
   -- Quantum, nonlocal aberration correction  
   -- Absolute calibration of a spectrophotometer (quantum radiometry)
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Nonlocal Quantum Aberration Correction

t��$BO�B�XBWFGSPOU�DPSSFDUPS�JO�UIF�JEMFS�QBUI�DPSSFDU�GPS�BCFSSBUJPOT
���JO�UIF�TJHOBM�QBUI ��	8IFO�NFBTVSFE�JO�DPJODJEFODF�


	5IJT�JT�XIBU�XF�NFBO�CZ�iOPOMPDBMw�JO�UIF�QSFTFOU�DPOUFYU�




Nonlocal Quantum Aberration Correction

t��$BO�B�XBWFGSPOU�DPSSFDUPS�JO�UIF�JEMFS�QBUI�DPSSFDU�GPS�BCFSSBUJPOT
���JO�UIF�TJHOBM�QBUI ��	8IFO�NFBTVSFE�JO�DPJODJEFODF�


t��5IJT�TJUVBUJPO�JT�SFNJOJTDFOU�PG��'SBOTPO�T�EJTQFSTJPO�DBODFMMBUJPO
�
���JO�UIF�UJNF�EPNBJO�

t��3FDBMM�TUSPOH�TJNJMBSJUZ�CFUXFFO�UJNF�BOE�TQBUJBM�EPNBJOT

UJNF�EPNBJO�

TQBUJBM�EPNBJO�

t��-FU�T�SFNJOE�PVSTFMWFT�BCPVU�'SBOTPO�T�EJTQFSTJPO�DBODFMMBUJPO���
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Nonlocal Dispersion Cancellation

J. D. Franson, Phys. Rev. A 45, 3126 (1992).

GVD parameter,

Laboratory setup

classical result

quantum result



Nonlocal Aberration Cancellation

! #⃗$, #⃗& ≈ ( ) #⃗$ + #⃗& + #⃗$ − #⃗& -$ #⃗$ -& #⃗&

) #⃗$ + #⃗& ≈ . #⃗$ + #⃗&

Signal-idler correlation function
(in plane-wave-pump approximation)

+ #⃗$ − #⃗& = sinc
l5 #⃗6 − #⃗7 8
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Laboratory Results

Δx# $ Δ%& $ < ℏ$/4 Mancini criterion for entanglement (PRL 88, 120401 (2002).



Nonlocal Aberration Cancellation for a Real Object

1.26 mm 1.26 mm

Au Au Au

Object:

No aberrations
Aberrations in
signal beam only 

Aberrations compen-
sated by idler beam

Setup

!
!

!

!



Earlier Work on Aberration Correction

Local, even-order only

Explored polarization entanglement

Local, odd-order only

H. Defienne et al., PRL, 121, 233601 (2018)

Local, all orders



Conclusions

• Demonstrated effect of aberrations on transverse entanglementof photons. 

• Observed simultaneous even- and odd-order nonlocal aberration cancellation. 

• Observed nonlocal cancellation of defocus in quantum ghost imaging.

Enno Giese Boris Braverman Nick Black Stephen Barnett

Nicholas Zollo (not pictured)

• Manuscript describing these results is presently in review

My coauthors
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Samuel Lemieux, Enno Giese, Robert Fickler, Maria V. Chekhova, and R.W. Boyd, 
A primary radiation standard based on quantum nonlinear optics, Nature Physics 
15, 529 (2019).

     
Quantum Radiometry

• :e exploit vacuum fluctuations as a primary standard for radiometry

• Quantum method to provide absolute calibration of a spectrophotometer 

Samuel Lemieux Enno Giese Robert Fickler Maria V. Chekhova



Earlier Work on Quantum Radiometry

• Absolute measurement of detector quantum efficiency
   (.lyshko, 6ergienko, 0igdall, 3olyakov, etc�)

•  (arlier work (.lyshko) established that the light produced by spontaneous 
   parametric downconversion (63'&) can be characteri]ed in terms of the 
   radiometric property known as brightness (or radiance)�  

ω

ω

ω

detector under test

reference detector



Goal of Our Research

•  8se quantum methods to perform absolute calibration of a spectrophotometer� 

detector
spectrophotometer

source

h

sp
ec

tra
l p

ow
er

•  +ow do we perform an absolute calibration of the vertical axis in units of 
   watts per nm of spectral bandwidth"

6� /emieux et al�, 1ature 3hysics ��, ��� (����)�



Traditional Approach to Calibration
• 8se a black body source, or a lamp calibrated to a black body source

• 7heory of black body radiation is very well understood

(�) 'ensity of field modes (number of modes per unit volume per unit frequency 
interval) is given by 

(�) (nergy per field mode is hvn where n is the mean number of photons per mode�

(�) (nergy density of black body radiation (energy per unit volume) give by 

3lanck distribution

(�) %rightness (radiance) of black body radiation (power per unit area per unit
     solid angle) is given by 

3lanck radiation law

3lanck radiation law



Problem with Traditional Approach to Calibration

Need to use a non-optical means to determine the temperature of a black body source

This step is not easy and is prone to error.



Our New Approach to Absolute Calibration

We make use of black body radiation, but at very low temperature. 

At low temperature the emission vanishes, but quantum field fluctuations remain.

We use these fluctuations to seed the process of spontaneous parametric down 
conversion (SPDC). 

We calibrate our spectrophotometer with this radiation, whose strength can be
traced back to Planck’s constant h.

Our approach builds upon the work of Klyshko, Sergienko, Migdall, Polyakov, etc.,
but is distinct from it 

ω

ω

ω

detector under test

reference detector



Theory of Spontaneous Parametric Down Conversion (SPDC)

The theory of SPDC is very well developed (see, for instance, D. N. Klyshko,
Photons and Nonlinear Optics, Gordon and Breach, 1989). Here we convey only a
few key elements.

We then determine the number of downconverted signal photons per mode

S. Lemieux et al., Nature Physics 15, 529 (2019).



Our Experimental Setup

•  :e rotate the crystal to vary the phase matched wavelength.  :e end up with 
data that look like this.

Note that

which give the form of the parabola 
shown in the figure.

&rystal (7ype-I, �-mm ȕ-%%2)  

• Intuition� )or every photon emitted 
   at the signal frequency, exactly one
   photon is emitted at the idler frequency.



Determining the Response Function

• Laboratory measurements
 of the response function

red:  SPDC
blue: calibrated lamp

known spectrum

measured spectrum

• Define response function

•  Spectrometer might not dispay the known 
   spectrum of the calibrated source.

grating 
spectrometer



How the new calibration method works

Relative calibration

Absolute calibration

t��1BSBNFUSJD�EPXODPOWFSTJPO�FNJTTJPO�TQFDUSB

IJHI�HBJO
�����	HBJO�OBSSPXFE�TQFDUSVN


MPX�HBJO�o�41%$

NFEJVN�HBJO

	BOE�MJOF�TIBQF�NPEJöFE


t�1BSBNFUSJD�EPXODPOWFSTJPO�	1%$
�

t��'PS�FWFSZ�TJHOBM�QIPUPO
�UIFSF�JT�FYBDUMZ�
�����POF�JEMFS�QIPUPO

t��*G�UIF�NFBTVSFE�TQFDUSVN�MPPLT�MJLF�UIF�iCFGPSF
w
����XF�LOPX�UIBU�UIF�TQFDUSPNFUFS�JT�PVU�PG�DBMJCSBUJPO

o�CFGPSF�DBMJCSBUJPO o�BGUFS�DBMJCSBUJPO

t�5IF�13$�FNJTTJPO�TQFDUSVN�CFDPNFT�EJTUPSUFE
JO�UIF�IJHI�HBJO�MJNJU�

t�5ISPVHI�DBSFGVM�NFBTVSFNFOUT�PG�UIF�FNJTTJPO
��MJOF�TIBQF
�XF�DBO�EFEVDF�UIF�WBMVF�PG�UIF�HBJO�

t�1%$�JT�JOJUJBUFE�CZ�RVBOUVN�OPJTF��8F�UIVT�LOPX
UIF�BDUVBM�OVNCFS�PG�QIPUPOT�JO�FBDI�PG�UIF�TJHOBM�
BOE�JEMFS�NPEFT�



Absolute Calibration: Use Strong Pump for Stimulated PDC

•  7he theory for absolute calibration is formulated as follows� :e define the 
    efficiency d(h) of the downconversion process through

    where M(h) is the measured signal and N(h) is the known signal�

•  :e express efficiency as where _ is a wavelength-independent scaling�

•  7he predicted signal under phase-matched conditions is give by

    where we have introduced the gain parameter

• )inally, we deduce the result

  In this equation, everything is known or directly measurbable except for _, which
  can thereby be determine�

where

•  Intuition�  As we increase the pump intensity, we increase the gain and thus the
   emission spectrum measures through gain narrowing� %y measuring the line width
   of the emission, we can deduce the value of the gain parameter and thus 



Absolute Calibration
Laboratory results

Black curve:  right-hand side of displayed equation
Red and orange curves: fit to the left-hand side of the equation. The deduced value
     of _�is 0.38. 



Conclusions

• :e haYe proposeG anG GemonstrateG a neZ protocoO for caOibratinJ a 
  spectrophometer�

• 7he methoG is baseG on the process parametric GoZnconYersion �3'&��

• )or a ZeaN pump beam� the emission is inGuceG by Yacuum fOuctuation
  anG is NnoZn as spontaneous 3'&� 7his emission can proYiGe a reOatiYe 
  caOibration of a spectrophometer

• )or a stronJ pump beam� the emission is stiOO initiateG by Yacuum 
  fOuctuations� but  it is then ampOifieG by parametric Jain processes� 7he 
  process is then one of stimuOateG 3'&� anG Zhen combineG Zith spontaneous 
  3'& can proYiGe an absoOute caOibration of the spectrophometer�

• 7he aGYantaJe of this methoG is that it reOies onOy on basic Tuantum physics to
  proYiGe the caOibration






