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Outline.

� Conditional state transformations.

� Single photon states.

� Coherent communication with single photon states.
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Single photon states.
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Conditioning operations.
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Conditioning operations.

U(H ) = exp[ � i~ayH~a]
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Uy(H )~aU(H ) = S(H )~a

Uy(H )~ay � ~aU(H ) = ~ay � ~a
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Conditioning operations.

The conditional stateof the signal modes,j 0i

j 0i s =
1

q
p( ~m)

Ê (~nj ~m)j i s

Ê (~nj ~m) = anch~mjU(H )j~ni anc

with

j ~mi anc = jm1i N +1 
 j m2i n+2 
 : : : 
 j mk i N + K
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Conditioning operations.

De�ne the Q-symbol for the measurement operator,

EH (~� sj~n; ~m) = sh~� sjÊ (~nj ~m)j~� si s (1)

where
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(2)

The Q-symbol completely determines the operator̂E(~nj ~m)
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Conditioning operations.

The Q-symbol forU(H ) is given by

UH (~� ) = exp[~� yS(H )~� ] exp[� ~� y � ~� ]

EH (~� sj~n; ~m) is completely determined byUH (~� )

UH (~� ) is a kind of Feynman propagator.....a `sum over histories'

for photon events.

9



Conditioning operations.

EH (~� sj~n; ~m) =
h�

@�
N +1

� mN +1
: : :

�
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N + K

� mN + K

� (@N +1 )nN +1 : : : (@N + k)nN + K exp[~� yS(H )~� ]
i
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where

@�
n =

@
@��n

@n =
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Example: 2 signal and 1 ancilla.

Uy(H )~aU(H ) =

0
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(4)

n3 = 1 and m3 = 1

Ê(1j1) = s33Â + ( ay
1s13 + ay

2s23)Â(s31a1 + s32a2) (5)
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Example.

Â = e� � ay
1a2 e� 1ay

1a1+ � 2ay
2a2 e�a 1ay

2 (6)

with

e� 2 = s22 (7)

e� 1 =
s11s22 � j s12j2

s22
(8)

� =
s21

s22
(9)
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Single photon states.

Global modes of the EM �eld,

~E(x; t ) =
X

k

 
�h! k

2� 0

! 1=2 h
ak~uk(x)e� i! k t + h:c

i

where

~uk(x) = L � 3=2 ~e� eikx

Detection probability per unit time:

p1(t) = 
 hE (� )(x; t )E (+) (x; t )i
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Single photon states

L

detector

Use dimensionless time (units of (�L=c )� 1)

a(t) =
X

m
ame� imt

Detection probability per unit time,

p1(t) = 
 hay(t)a(t)i � 
n (t)
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Single photon states.

De�ne;

j1i k = ay
k j0i

where

j0i =
Y

k
j0i k

is the global vacuum state.

However the single photon is not localised in spacetime.
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Single photon states.

De�ne;

j1 : f i =
1X

m=0
f may

mj0i

where
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Single photon states.

j1i =
1

q
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One photon in many pulses.

g(2)(� ) = 0.
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Single photon states.

De�ne a `temporal' mode function

b̂� =
1

p
N

NX

m=1
e� im�� am

where� = 2�=N

a(t) =
NX

� =1
g� (t)b̂�

g� (t) =
1
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N

h
1 � ei (�� � t)
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Single photon states.

De�ne

j1i � = b̂y
� j0i

n(t) = jg� (t)j2

periodic ont 2 [0; 2� ) and localised att = ��
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N=30
n=8

t =0.2
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Multi photon states.

j1� ; 1� i = b̂y
� b̂y

� joi

n(t) = jg� (t)j2 + jg� (t)j2

G(2)(T) = hay(t)ay(t + T)a(t + T)a(t)i

= jg� (t)g� (t + T) + g� (t)g� (t + T)j2

G(2)(T = 0) = 0

Peaks at

T = j� � � j�
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Single photon states.
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Single photon states.

a(t)

b(t)

coincidence

Conincidence rate:C = hay(t)by(t)b(t)a(t)i .
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Single photon states.
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Optical communication?

Current optical communication schemes:

� coherent state pulses

� on/o� keying (OOK)

� direct detection

essentiallyincoherent.

Future schemes will usecoherenttechniques,
phase-shift keying and interferometric detection...optical CDMA

Uses coherent states, optical homodyne/heterodyne
detection...second order interference.
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Single photonics for optical communication?

Replace coherent state OOK with single photon states.

Use direct detection.

Is there a path to coherent techniques using single photon states?

Single photonics for optical CDMA?

Yes
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Single photonics for optical communication?

Quantum coherence) optical coherence.

a(t) =
Z 1

�1
d!e � i!t a!

Example 1: Coherent states.

hay
! 0a! i = hay

! 0iha! i = � �
! 0� !

n(t) = hay(t)a(t)i = hay(t)iha(t)i = j� (t)j2

where

� (t) =
Z 1

�1
d!e � i!t � !
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Single photonics for optical communication?

Quantum coherence) optical coherence.

a(t) =
Z 1

�1
d!e � i!t a!

Example 1: Single photon states.

j1i =
Z 1

�1
d!� ! ay

! j0i

No coherentamplitude ha(t)i = 0.

But,

n(t) = hay(t)a(t)i = j� (t)j2

where

� (t) =
Z 1

�1
d!e � i!t � !
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Single photonics: coherent detection.

Coherent state, with linear modulation

� (t) =
KX

k=1
sk� k(t)

sk : transmit symbol.

� k(t) : transmit pulse code

Use second order interference, eg homodyne detection

sk =
Z 1

�1
dt� k(t)� � (t)

=
Z 1

�1
d!� �

! � !;k
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Single photonics: coherent detection.

Recall HOM interference, afourth order interference

a(t)

b(t)

coincidence

Conincidence rate:C = hay(t)by(t)b(t)a(t)i .
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Single photonics: coherent detection.

De�ne signal states:

j1i =
Z 1

�1
� ! ay

! j0i

� (t) =
Z 1

�1
� ! e� i!t

De�ne code states:

j1i k =
Z 1

�1
� !;k ay

! j0i

Intensity modulation

� (t) =
KX

k=1
sk� k(t)

� ! =
KX

k=1
sk� !;k
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Single photonics: coherent detection.

HOM with readout code statej1i l

Coincidence rate

C =
1
2

�
1
2

jsl j2
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Single photonics: Q-CDMA

seeJ. Shah, Opt.&Phot. News, April, 2003

CDMA:

� Requires coherent amplitude modulation.

� Fine for microwave mobile phone technology.

� Not so �ne for incoherent (intensity modulated) optical �br e.

� M-division of incoherent signal pushes into quantum noise

limits.

Solution: use number state codes.

multi-photon entanglement ) quantum coherent codes.

quantum demultiplexing ) quantum (4th order) interference
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Conclusion

� Quantum optical path to quantum information.

� Single photon state engineering by measurement.

� Single photons for quantum optical communication

Single photonics...a low power route to optical CDMA

....a not-so-bright future?
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