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Grads: Ryan Glasser and William Plick

Facilities:

4 Dell Work Stations — 2 From DURIP



Quantum Imaging Theory

Objective:
• Entangled Photons Beat Diffraction Limit

• Lithography With Long-Wavelengths

• Dispersion Cancellation

• Masking Techniques

• N-Photon Resists

Approach:
• Investigate Which States are Optimal

• Design Efficient Quantum State Generators

• Investigate Masking Systems

• Develop Theory of N-Photon Resist

• Integrate into Optical System Design

Accomplishments FY08:
• Properties of N00N States
• Efficient N00N Generators
• Bright N00N Generators Thy/Exp
• Masking Lithography
• N-Photon Absorption
• Loss in N00N-State Imaging
• Loss in Interaction Free Imaging

New York Times



FY08: Quantum Imaging Publications
1. Wildfeuer, CF; Dowling, JP, Strong violations of Bell-type inequalities for Werner-like states,

PHYSICAL REVIEW A, 78 (3): Art. No. 032113 SEP 2008

2. Glasser, RT; Cable, H; Dowling, JP, Entanglement-seeded, dual, optical parametric amplification:
Applications to quantum imaging and metrology, PHYSICAL REVIEW A, 78 (1): Art. No. 012339 JUL
2008

3. Dowling, JP, Quantum optical metrology - the lowdown on high-N00N states, CONTEMPORARY
PHYSICS, 49 (2): 125-143 2008

4. Thanvanthri, S; Kapale, KT; Dowling, JP, Arbitrary coherent superpositions of quantized vortices in
Bose-Einstein condensates via orbital angular momentum of light, PHYSICAL REVIEW A, 77 (5):
Art. No. 053825 Part B MAY 2008

5. Sciarrino, F; Vitelli, C; De Martini, F; et al., Experimental sub-Rayleigh resolution by an unseeded
high-gain optical parametric amplifier for quantum lithography, PHYSICAL REVIEW A, 77 (1): Art.
No. 012324 JAN 2008

6. VanMeter, NM; Lougovski, P; Uskov, DB; et al., General linear-optical quantum state generation
scheme: Applications to maximally path-entangled states, PHYSICAL REVIEW A, 76 (6): Art. No.
063808 DEC 2007

7. Wildfeuer, CF; Lund, AP; Dowling, JP, Strong violations of Bell-type inequalities for path-entangled
number states, PHYSICAL REVIEW A, 76 (5): Art. No. 052101 NOV 2007

8. Cable, H; Dowling, JP, Efficient generation of large number-path entanglement using only linear
optics and feed-forward, PHYSICAL REVIEW LETTERS, 99 (16): Art. No. 163604 OCT 19 2007

9. Huver SD, Wildfeuer CF, Dowling JP, Entangled Fock States for Robust Quantum Optical
Metrology, Imaging, and Sensing, arXiv:0805.0296.



FY08: Invited Talks
“Quantum Technologies,” US Army Unified Quest 2009,
Emerging Technologies Seminar, 6-9 OCT 2008, McLean.

“Quantum Technologies,” US Army Training and Doctrine
Command, Disruptive/Revolutionary Tech Arenas Operation
‘Mad Scientist’ Workshop, 19–21 August 2008, Portsmouth.

“What’s New with N00N States?” SPIE Photonics West:
Quantum Electronics Metrology, 19–24 JAN 2008, San Jose.

“Quantum Sensors: The Lowdown on High-N00N”,
 38th Winter Colloquium on The Physics of
Quantum Electronics, 6–10 January 2008,
Snowbird (plenary).



Team Visitors & Lecturers @ LSU

Robert W. Boyd, M. Parker Givens Professor of Optics
and Professor of Physics, The Institute of Optics,
University of Rochester, Rochester

Malvin Teich, Director, Photonics Center, Boston
University, Boston.

Jeffrey H. Shapiro, Director
Research Laboratory of Electronics and
Julius A. Stratton Professor of Electrical Engineering,
Department of Electrical Engineering and Computer
Science, MIT.

Claude Fabre, Laboratoire Kastler-Brossel
Ecole Normale Superieure and University Pierre et Marie
Curie, Paris.

Hans Bachor, Research Director and Federation Fellow,
Australian National Centre of Excellence for Quantum-
Atom Optics, Australian National University, Canberra.



Quantum Imaging: A Systems Approach

N-Photon
Absorbers

Non-
Classical
Photon
Sources

Imaging
System

Ancilla
Devices
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PHYSICAL REVIEW A, 76 (5): Art. No. 052101.
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•Two identical OPAs pumped with the same laser are seeded with the entangled input:
•Input state created from a spontaneous parametric downconverter and the Hong-Ou-Mandel
effect.
•Output state is: ( ),
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•The factor          depends on the phase of the OPAs, the gain (r) and the values of n and m.
•Inner two modes b and c are highly path entangled.
•Detecting n and m photons at Da and Dd allows with certainty knowledge of the state the inner two
modes are in.
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Entanglement-Seeded Dual OPA
Ryan Glasser, Hugo Cable, JPD, PRA, 78 (1): Art. No. 012339 JUL 2008



•Recently finished calculation of output state including vacuum input.
•Need to quantify amount of entanglement in output state.
•Does output state beat the shot-noise limit?
•Viable source for noiseless amplification (one quadrature)?
•How do  phase sensitive versus phase insensitive parametric amplifiers affect the scheme?
•Is degenerate parametric amplification required for the input?
•Effect of imperfect detectors on phase resolution.

•Probability of obtaining an output state with a given n and
m is:
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•Most probable joint detection outcome is n=m=1,
which occurs at an easily experimentally obtainable
gain of r=0.66
•This results in the state:
•This state input on a 50/50 beamsplitter results in
the N=4 N00N state :

( )1

2
3,1 1,3+

( )1

2
4,0 0,4+

•If perfect number resolving detectors exist at Da
and Dd , and we detect those modes out, we can use
the entangled modes b and c for a quantum
cryptography protocol.

What’s Next???
Output probabilities of a given n and m

Entanglement-Seeded Dual OPA
Ryan Glasser, Hugo Cable, JPD, PRA, 78 (1): Art. No. 012339 JUL 2008



 Photon pairs created by down-conversion.

 Photons evolve into external modes independently.

 Strong noise reduction of difference intensity.

 Broadband source.

Frequency-degenerate modes.
Non-degenerate in polarization/direction.
Broadband source, easier to collimate.
Fluxes high, even below threshold.
Better immunity to technical noise.

Dual Optical Parametric Oscillator
Hugo Cable, Reeta Vyas, Surendra Singh, JPD, (in preparation)



Work with c-numbers               using +P representation.

         real independent Gaussian variables (below threshold)

p-photon
absorbing
substrate

ND
PO

Dual Optical Parametric Oscillator
Hugo Cable, Reeta Vyas, Surendra Singh, JPD, (in preparation)



 For          constant illumination!

 For          a 2-photon effect

2-photon effect only.  Effects of N00N
state component countered POOP.

Dual Optical Parametric Oscillator
Hugo Cable, Reeta Vyas, Surendra Singh, JPD, (in preparation)

Visibility 

threshold

Fringes 

OP0 Below Threshold Reproduces
OPA Results but at Higher
Intensities or Lower Gain. Above
Threshold Calculation in Progress.



• Take again the rate of TPA

• For non-stationary states this equation becomes a probability:

• We take a setup like (with Type II down conversion):
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Absorption Properties of N00N States
William Plick, Petr Anisimov, Christoph Wildfeuer, and JPD (in preparation)
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The Absorption Properties of N00N States
William Plick, Petr Anisimov, Christoph Wildfeuer, and JPD (in preparation)

Next extend theory to N-photon
absorption and consider EIT and

Doppleron Absorbers.



Mitigating Loss in Quantum Imaging
SD Huver, CF Wildfeuer, JPD, arXiv:0805.0296

M&M Visibility

! 

"

State

Generator

N-Photon
Absorber

Lost
photons

Lost
photons

La

Lb

! 

" = ( m,m' + m',m ) 2M&M state:

! 

" = ( 20,10 + 10,20 ) 2

! 

" = (10,0 + 0,10 ) 2

! 

"

N00N Visibility

0.05

0.3

M&M’ Adds Decoy Photons



Towards Masking Quantum Lithography
H Cable and JPD, in preparation

Expand electric field operator using Hermite-Gauss modes:

Special solutions to paraxial Helmholtz
equation:

DC
BA

optic axis

paraxial rays

Design Quantum Imaging System
Via Matrix Multiplication!



Loss & Noise in Interaction-Free Imaging
Daniel Lum, Blane McCracken, & JPD (in progress) 

Modeling:
•Loss
•Scattering
•Turbulence
•Clutter
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Introduction of Loss

Independent loss parameters are introduced in the two independent
modes of the interferometer by a nonunitary loss operator.
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With Object / Upper Loss
(L=20%)

When an object is present, the detection probabilities
(Pb and Pt) are independent of loss. The probability of
photon absorption by the object, however, is decreased
if the loss is encountered before the object. This results
in increased efficiency with more beam splitters.
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