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CLASSICAL OPTICAL INTERFEROMETER
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ORIGIN OF THE LITHO EFFECT 
SHOMI FOR N=2
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FROM QUANTUM INTERFEROMETRY 
TO QUANTUM LITHOGRAPHY
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Agedi N. Boto, Daniel S. Abrams, Colin P. Williams, and Jonathan P. Dowling, Physical
Review Letters 85 (25 September 2000) 2733–2736
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EASY (BUT USELESS?) FOR N=2
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TWO-PHOTON ABSORPTION RATE

δ
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 Beats Rayleigh Diffraction  
Limit by Factor of Two!  









Part II:  
Quantum State 

Preparation — How 
High is “High N00N*”?

*Rejected terms: Big “0NN0” and Large “P00P” States….



Canonical Metrology:
Quantum  Informatic Point of  View 

Suppose we have an ensemble of N states |ϕ〉 = (|0〉 + eiϕ |1〉)/√2,
and we measure the following observable:

The expectation value is given by: 
and the variance (∆A)2 is given by:  N(1−cos2ϕ)

A = |0〉 1| + |1〉 0|〉 〉

ϕ|A|ϕ〉 = N cosϕ〉

note the 
square-root

The unknown phase can be estimated with accuracy:

This is the standard shot-noise limit.

∆ϕ =                    = ∆A
|d A〉/dϕ |〉

√N
1

"Quantum Lithography, entanglement and Heisenberg-limited parameter estimation," Pieter Kok, Samuel L. 
Braunstein, and Jonathan P. Dowling, Journal of Optics B 6, (27 July 2004) S811-S815



Quantum 
Lithography & Metrology 

Now we consider the state  |ϕN〉 = (|N,0〉 + |0,N 〉)/√2,

and we measure high 
Frequency
(litho effect)

no square-root!

AN = |0,N 〉 N,0| + |N,0〉 0,N|〉 〉

Quantum Lithography*:

Quantum Metrology:

ϕN |AN|ϕN〉 = cos Nϕ〉

∆ϕH =                      = 
∆AN

|d AN〉/dϕ |〉 N
1

P. Kok, H. Lee, and J.P. Dowling, Phys. Rev. A 65, 052104 (2002).

*A.N. Boto, P. Kok, D.S. Abrams, S.L. Braunstein, C.P. Williams, and J.P. Dowling, 
Phys. Rev. Lett. 85, 2733 (2000).



FROM QUANTUM COMPUTING TO 
 QUANTUM INTERFEROMETRY
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ATOMIC CLOCK INTERFEROMETER
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Requires Strong Nonlinearity!



Experimental N00N State of Four Ions in 
Atomic Clock Quantum Computer

Sackett CA, Kielpinski D, King BE, 
Langer C, Meyer V, Myatt CJ, Rowe 
M, Turchette QA, Itano WM, 
Wineland DJ, Monroe IC
NATURE 404 (6775): 256-259 MAR 
16 2000 

Sackett CA, Kielpinski D, King BE, 
Langer C, Meyer V, Myatt CJ, Rowe 
M, Turchette QA, Itano WM, 
Wineland DJ, Monroe IC
NATURE 404 (6775): 256-259 MAR 
16 2000 

Trapped Ions

Single ion signal

Four ion signal

|1>+|0>

|4>|0>+|0>|4>



THE CASE FOR GENERAL N
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N-Photon Absorption

N/2 A

N photon-
photon XOR  
operations  

“Knitting” N-Photon  
Entanglement

  1 + cos Nϕ

 Beats Rayleigh Diffraction Limit by  
Factor of N (!)  

N/2  B   

Optical  
Parametric  
Oscillator Output  

  

0 A N B + eNi ϕ N A 0 B

2

“knitting” a blanket

Quantum Computing to the Rescue!



The Importance of CNOT 

If we want to manipulate quantum systems for communication
and computation, we must be able to do logical operations on the 
quantum bits (or qubits). 
In particular, we need the so-called controlled-NOT that acts on 
two qubits:

|0〉 |0〉 → |0〉 |0〉
|0〉 |1〉 → |0〉 |1〉
|1〉 |0〉 → |1〉 |1〉
|1〉 |1〉 → |1〉 |0〉

The first stays the same, and the second flips iff the first is a 1.
This means we need a NONLINEAR photon-photon interaction.



Optical CNOT with Nonlinearity

The controlled-NOT can be implemented using a Kerr medium:

R is a π/2 polarization rotation,
followed by a polarization dependent
phase shift π.

R is a π/2 polarization rotation,
followed by a polarization dependent
phase shift π.

χ(3)

Rpol

PBS

σz

|0〉= |H〉 Polarization
|1〉= |V〉 Qubits
|0〉= |H〉 Polarization
|1〉= |V〉 Qubits

Unfortunately, the interaction χ(3) is extremely weak*: 
10-22 at the single photon level — This is not practical!

*R.W. Boyd, J. Mod. Opt. 46, 367 (1999).



Two Roads to Photon C-NOT

Cavity QED

I. Enhance Nonlinear 
Interaction with a Cavity, 
EIT, etc., — Kimble, 
Haroche, et al.

I. Enhance Nonlinear 
Interaction with a Cavity, 
EIT, etc., — Kimble, 
Haroche, et al.

II. Exploit 
Nonlinearity of 
Measurement  —
Knill, LaFlamme, 
Milburn, Franson, et 
al.

II. Exploit 
Nonlinearity of 
Measurement  —
Knill, LaFlamme, 
Milburn, Franson, et 
al.



The K.L.M. paper*

Using path-entanglement, extra optical modes and projective 
measurements, we can do quantum gates, including CNOT.

Qubits are represented by a photon in two optical modes:

= |0〉 = |1〉

The big surprise is that we can do this efficiently without Kerr!

Quantum computing may still be a long shot, but what about 
quantum metrology and quantum communication?

*E. Knill, R. Laflamme, and G.J. Milburn, Nature 409, 46 (2001).



Photon-Photon
XOR Gate

Photon-Photon
Nonlinearity

Kerr Material

Cavity QED
Kimbroche

Cavity QED
Kimbroche

Projective
Measurement 

LOQC
KLM / HiFi

LOQC
KLM / HiFi

WHEN IS A KERR NONLINEARITY LIKE 
A PROJECTIVE MEASUREMENT?

Raven Writing Desk



"Conditional Linear-Optical Measurement Schemes Generate 
Effective Photon Nonlinearities," G. G. Lapaire, Pieter Kok, Jonathan 

P. Dowling, J. E. Sipe, Physical Review A  68 (01 October 2003) 
042314 (1-11)

NON-Unitary Gates → Effective Nonlinear GatesNON-Unitary Gates → Effective Nonlinear Gates

No longer limited by the nonlinearities we find in Nature! (or PRL).No longer limited by the nonlinearities we find in Nature! (or PRL).

KLM CNOT Hamiltonian Franson CNOT Hamiltonian



Showdown at High N00N!

|N,0〉 + |0,N〉How do we make:

With a large Kerr non-linearity*:

But this is not practical… need χ3 = π!

|1〉

|N〉

|0〉

|0〉
|N,0〉 + |0,N〉

*Molmer K, Sorensen A, PRL 82 (1999) 1835; C. Gerry, and R.A. Campos, PRA 64, 063814 (2001).



Projective Measurements 
to the Rescue

ba
33

a

b
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31

single photon detection
at each detector

''''
4004

baba
−

Probability of success:
(event-ready) 64

3 Best we found:
16
3

H. Lee, P. Kok, N.J. Cerf, and J.P. Dowling, Phys. Rev. A 65, R030101 (2002).



Projective Measurements
P. Kok, H. Lee, and J.P. Dowling, Phys. Rev. A 65, 0512104 (2002).

a’a

b’b

c

d

|N,N〉 → |N-2,N〉 + |N,N-2〉

PS

cascade 1 2 3 N
2

|N,N〉 → |N,0〉 + |0,N〉

p1 =    N (N-1) T2N-2 R2 →
N→∞

1
2

1
2e2

with T = (N–1)/N and R = 1–T

the consecutive phases are given by:

ϕ k = 2π k
N/2

Schemes based on non-detection have been proposed by Fiurásek 68 (2003) 042325; 
and Zou, PRA 66 (2002) 014102; see also Pryde, PRA 68 (2003) 052315.



Efficient Scheme for Generating 
N00N-State Generating Schemes

Constrained Desired

|N>|0> N00N

|0,0,0> Number
Resolving
Detectors

Given constraints on input, ancillae, and measurement 
scheme, does a U exist that produces the desired output and if 
so find the U which produces the desired output with the 
highest fidelity.

Given constraints on input, ancillae, and measurement 
scheme, does a U exist that produces the desired output and if 
so find the U which produces the desired output with the 
highest fidelity.



High-N00N Photons—The Experiments!
Protocol Implemented in Nature….



|10::01>

|20::02>

|40::04>

|10::01>

|20::02>

|30::03>

|30::03>



Part III:  
N-Photon Absorbing 

Resists 
and the Entangled 

Photon Cross Section





SCALING LAWS

Uncorrelated N-Photon Absorption Probability

 P ∝ I N

Correlated N-Photon Absorption Probability

 P ∝ I

P is the probability of finding N photons in  
a unit volume per unit time. Hence low  

intensities for entangled photons will do.

J. Javanainen and P. L. Gould, PRA 41, 5088 (1990). 
 J. Perina, Jr., B. E. A. Saleh, and M. C. Teich, PRA 57, 3972 
(1998).

Experiment:  Georgiades NP, Polzik ES, Kimble HJ, Quantum interference in two-photon 
excitation with squeezed and coherent fields, PHYSICAL REVIEW A 59 (1): 676-690 JAN 1999 

Experiment:  Georgiades NP, Polzik ES, Kimble HJ, Quantum interference in two-photon 
excitation with squeezed and coherent fields, PHYSICAL REVIEW A 59 (1): 676-690 JAN 1999 



JPL Quantum Optical Internet Testbed

• QCT Group Quantum Optics Lab

• Single Photon Sources and Calibration

• Optical Imaging, Computing, and 
SATCOM

• QCT Group Quantum Optics Lab

• Single Photon Sources and Calibration

• Optical Imaging, Computing, and 

SPDC Photo
SATCOM





I versus I2

I

I2



Two-photon “Bucket” Detector in a Coherent Field

Detection volume

Sd
dcτ

Probability to get exactly one:

Probability to get exactly two:

Coherence (mode) volume

> 1  multi-mode detector < 1  sub-mode detector

…

“To get” does not always mean “to detect”.  Any pair can be detected with probability          
so the probability to detect 2 out of n is

And the mean number of pair detections (for small          ) is



Two-photon “bucket” detector in a biphoton field

If V      is smaller than V  ,corr d

Sd

dcτ

[D.N. Klyshko, Sov. Phys. JETP 56, 753 (1982)]

τcorr

corrS

Ratio of detection rates for biphoton and coherent fields of the same intensity:

For weak fields:

MWhich is consistent with the earlier result
where

M = is the number of detected modes.



Two-photon Absorption in Bulk Media: “Virtual Detectors”

Ss

ct

Distribution of singles (“virtual detectors”)

in the sample volume        = ct S    iss
Vσ

For each “virtual detector”, in 
the case of Poissonian statistics :

So the probability that is will fire is:

and the mean-number of absorbed 
photon pairs will be:

As expected, the two-photon signal from uncorrelated light is quadratic
in intensity and linear with  respect to the exposure time.



In the case of photon pairs that are correlated within the volume V      ,corr

{ 1

corr
V      > Vcorr σ

V      < Vcorr σ “if there is one, there is always the other”

“if there is one, there may be the other”

Then the mean-number of absorbed photon pairs is

{ 1

corr
V      > Vcorr σ

V      < Vcorr σ

Comparing with the result for uncorrelated light, we get for equal exposure times



We can also compare a SW exposure of duration t with correlated light to a pulse exposure
with coherent light. In this case we get

For order-of-magnitude estimate

λ = 700 nm, τ = 100 fs, ∆λ = 100 nm, I     = 5 W/m0 corr
2

0.3 t [s]
I      ~ 1 GW/cm2
coh

It should be possible It should be possible 
to get exposure to get exposure 

in 3 seconds!

[R.A. Borisov et al., Appl. Phys. B 67, 765 (1998)]
[Y. Boiko et al., Opt. Express 8, 571 (2001)] in 3 seconds!



Two-photon Lithography Experiment 

BBO or 
LBO

Lens

Two-photon 
photoresist

351 nm 
CW pump

pump reflector CCD camera

Probe light from 
HeNe

Sensitizing  UV 
light

Microscope 
objective

Reciprocity failure



SPDC SPDC and UV

Substrate before
exposure

Substrate after
exposure



Detection by Coherent Up-Conversion

Photon counterUp-converting 
crystal

Number of detected modes M =             

For a single mode,  V = (2π)3

∼ χ(2)

c

number of “first”
photons

number of “second”
photons

For coherent light, 

For two-photon (SPDC) light, 



The number of modes M is

Comparing for equal intensities:

Estimates:



Correlation-Enhanced Optical Up-Conversion

2f 2f

Photon counter

Laser 
pump iθ

θ s
iθ

θ s

Up-converting 
crystal

Down-
converting 
crystal

Lens
o.a. o.a.

For coherent CW pump: 
1W pump       10    W of SH-5

50 nW pump       1.5*10     W 
or about 0.3 photons/s of SH

-20

With the biphoton enhancement factor 200 and
we expected about 40 photons/s signal.

2f+L/2 2f-L/2
iθ

θs

iθ

θs
~

~

∆α - ?
In the experiment, the signal 
was lower because of 
alignment and focusing 
angular errors and the effects 
of an extended source.





Photoelectric Effect in CsTe Photocathode
Build a detector sensitive to photon pairs, but not to single photons.

2

Photon counter

iθ

θs

Down-
converting 
crystal

Lens

z

100         200            300          400
Wavelength, nm
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um
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% 10

1

0.1

Cs Te

E.g.: [T. Hattori et al., Jpn. J. Appl. Phys. 39, 4793 (2000)]
studied two-photon response of PMTs with 15 fs pulses. 

By moving the photocathode 
in and out of the focal plane 
we achieve a variation of 
intensity while keeping 
the power constant

6 eV

2



Micrometer (mm)

The results obtained with SPDC and with attenuated laser light (at 650 nm = 1.9 eV) look similar:

In addition to being nonlinear, the photocathode response is time-dependent:



for photoconductive current in GaAs at 70 K. 

[B. Santic et al., J. Appl. Phys. 73, 5181 (1993)]

>

‘

[B. Santic et al., J. Appl. Phys. 73, 5181 (1993)]

>

‘
We therefore observe a photosensitization effect resembling the experimental observations by

This effect may be explained as the filling of deep traps.

Our measurement result

The “trapped” or intermediate states we observe have extremely long 
lifetime at room temperature! Studying their dynamical and spectral 
properties may be interesting for material characterization, and may 
suggest the way the Cs2Te photocathode can be used for photon pair 
detection.



Relaxation Dynamics and Spectral Two-photon Sensitivity

0 1000 2000 3000 4000 5000 6000 7000

3.0x10-7

4.0x10-7

5.0x10-7

6.0x10-7

7.0x10-7

8.0x10-7         Bi-Exponential Curve Fit
y = A1*exp(-x/t1) + A2*exp(-x/t2) + y0 
R^2 =  0.97312
  
y0 = 3.0689E-7 ±8.4286E-9
A1 = 1.96E-7 ±2.0002E-8
t1 = 142.61285 ±31.71647
A2 = 2.6242E-7±1.1142E-8
t2 = 2374.09143 ±293.85091
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Cathode Relaxation Dynamics Spectral response

The normalized response (quantum efficiency) of a previously sensitized photocathode 
decay fits a bi-exponential law. This indicates the presence of at least two metastable
levels inside the bandgap, with very long life time. 



Quenching Effect
The long-lived intermediate states can be de-populated by external radiation (the quenching effect)

0 50 100 150 200 250 300 350 400

2000

3000

4000

5000

6000

7000

8000

9000

C
P

S

Time (s)

 775nm
 825nm
 870nm
 850nm
 800nm

Quenching vs. Wavelength

Quenching 
Wavelength:

Quenching off Quenching offQuenching on Quenching on

This result suggests that a long-lived intermediate state is at least 1.6 eV
(which corresponds to 775 nm) deep from the conduction band edge.
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