
F
in

an
ci

al
S

up
po

rt
fr

om
N

S
E

R
C

,C
F

I,
P

ho
to

ni
cs

R
es

ea
rc

h
O

nt
ar

io
an

d
th

e
W

al
te

r
C

.S
um

ne
r

F
ou

nd
.

N
o

n
lin

ea
r

O
p

ti
cs

W
it

h
L

es
s

T
h

an
O

n
e

P
h

o
to

n

K
ev

in
R

es
ch

,J
ef

fL
un

de
en

,
an

d
A

ep
hr

ai
m

S
te

in
be

rg
U

ni
ve

rs
ity

of
T

or
on

to
,D

ep
t.

of
P

hy
si

cs
P

Q
E

X
X

X
I

P
Q

E
X

X
X

I



O
ut

lin
e

•
C

an
a

no
nl

in
ea

r
ef

fe
ct

be
ob

se
rv

ed
be

tw
ee

n
tw

o
ph

ot
on

s?

•
Is

10
0%

ef
fic

ie
nt

up
co

nv
er

si
on

po
ss

ib
le

at
th

e
qu

an
tu

m
le

ve
l?

•
C

an
w

e
m

ak
e

a
tw

o-
ph

ot
on

op
tic

al
sw

itc
h?

•
S

up
pr

es
si

on
an

d
en

ha
nc

em
en

to
fs

po
nt

an
eo

us
do

w
n-

co
nv

er
si

on
by

qu
an

tu
m

in
te

rf
er

en
ce

.

•
E

xp
er

im
en

ta
ls

et
up

an
d

R
es

ul
ts

.

P
Q

E
X

X
X

I



S
po

nt
an

eo
us

P
ar

am
et

ric
D

ow
nc

on
ve

rs
io

n

M
om

en
tu

m
is

co
ns

er
ve

d.
.

..a
s

w
el

la
s

en
er

gy

ϕ P
U

M
P

=
ϕ s

+
ϕ i

k s
k i

k P
U

M
P

D
ow

nc
on

ve
rs

io
n

P
um

p
s i

•
A

pu
m

p
ph

ot
on

is
sp

on
ta

ne
ou

sl
y

co
nv

er
te

d
in

to
tw

o
lo

w
er

fr
eq

ue
nc

y
ph

ot
on

s
in

a
m

at
er

ia
lw

ith
a

no
nz

er
o

χ(
2)

ω
P

U
M

P

ω
s ω
i

P
Q

E
X

X
X

I



t
→ →→→

-t

P
um

p
2ω

ωω

S
po

nt
an

eo
us

P
ar

am
et

ric
D

ow
n-

co
nv

er
si

on
T

im
e-

R
ev

er
se

d

•
10

0%
ef

fic
ie

nt
up

co
nv

er
si

on

C
on

si
de

r…

P
Q

E
X

X
X

I



W
hi

ch
-P

at
h

In
fo

rm
at

io
n

ϕ P
U

M
P

ω ω

In
te

ns
ity

2ω

ϕ P
U

M
P

-
ϕ L

O

ϕ L
O

ω

P
Q

E
X

X
X

I



T
he

F
ey

nm
an

P
at

hs

ϕ P
U

M
P

ω ω

C
oi

nc
.

C
ou

nt
s

2ω

ϕ P
U

M
P

-
2

x
ϕ L

O

ϕ L
O

ω ω ϕ L
O

+

ϕ P
U

M
P

2
x

ϕ L
O

=
P

C
O

IN
C

co
s2

(∆
ϕ)

≈ ≈≈≈

P
Q

E
X

X
X

I



T
he

S
w

itc
h

•P
ha

se
ch

os
en

so
th

at
co

in
ci

de
nc

es
ar

e
el

im
in

at
ed

O
F

F

2ω

ω ω

O
N

2ω

ω ω

P
Q

E
X

X
X

I



T
yp

e
II

D
ow

nc
on

ve
rs

io
n

+

ϕ P
U

M
P

2
x

ϕ L
O

=
P

C
O

IN
C

V

H

D
ow

nc
on

ve
rt

ed
P

ho
to

n
P

ai
r

ϕ P
U

M
P

2ω
ω

P
um

p
P

ho
to

n

H

V

H

V

P
Q

E
X

X
X

I



D
et

.A

E
xp

er
im

en
ta

lS
et

up

D
el

ay
S

H
G

N
D

P
ol

.
λ/

2

IF

S
pa

tia
l

F
ilt

er
D

C

P
B

S D
et

.B

f

M
od

e-
lo

ck
ed

T
i:S

a

P
Q

E
X

X
X

I



0

5
0

1
0

0

1
5

0

2
0

0

2
5

0

3
0

0

3
5

0

0
1

2
3

4
5

6
7

S
up

pr
es

si
on

an
d

E
nh

an
ce

m
en

t
of

C
oi

nc
id

en
ce

C
ou

nt
s

V
is

ib
ili

ty
=

48
%

(5
7%

ba
ck

gr
ou

nd
co

rr
ec

te
d)

CoincidenceCounts(/30s)

D
el

ay
T

im
e

(f
s)

P
Q

E
X

X
X

I



-4
5

0

4
5

9
0

0

0
0

0

6.
7

5
10

4

6
.8

10
4

6.
8

5
10

4

6
.9

10
4

6.
9

5
10

4

7
10

4

7.
0

5
10

4

-1
0

1
2

3
4

5
6

7

Singlescounts(/10s)

D
e

la
y

(f
s

)

x xx xxxx

6.
7

5
10

4

6
.8

10
4

6.
8

5
10

4

6
.9

10
4

6.
9

5
10

4

7
10

4

7.
0

5
10

4

-1
0

1
2

3
4

5
6

7

Singlescounts(/10s)

D
e

la
y

(f
s

)

xxxxxxx

1.
5

1
10

5

1.
5

2
10

5

1.
5

3
10

5

1.
5

4
10

5

1.
5

5
10

5

1.
5

6
10

5

1.
5

7
10

5

1.
5

8
10

5

1.
5

9
10

5

-1
0

1
2

3
4

5
6

7

Singlescounts(/10s)

D
e

la
y

(f
s

)

xxxxxxxx x

1
.8

10
5

1.
8

1
10

5

1.
8

2
10

5

1.
8

3
10

5

1.
8

4
10

5

1.
8

5
10

5

1.
8

6
10

5

1.
8

7
10

5

1.
8

8
10

5

-1
0

1
2

3
4

5
6

7

Singlescounts(/10s)

D
e

la
y

(f
s

)

x x x x x x xxx

In
te

ns
ity

M
od

ul
at

io
ns

:T
he

Sw
itc

h

V
er

tic
al

LO
bl

oc
ke

d

H
or

iz
on

ta
lL

O
bl

oc
ke

d
B

ot
h

LO
’s

un
bl

oc
ke

d

B
ot

h
LO

’s
bl

oc
ke

d

P
Q

E
X

X
X

I



8
0

0

9
0

0

1
0

0
0

1
1

0
0

1
2

0
0

1
3

0
0

1
4

0
0

1
5

0
0

1
6

0
0

0
1

2
3

4
5

6
7

U
pc

on
ve

rs
io

n
of

P
ho

to
n-

P
ai

rs
CoincidenceCounts(/30s)

15
.7

%
U

pc
on

ve
rs

io
n

T
ot

al
C

oi
nc

.

Lo
ca

lO
sc

ill
at

or
s

D
el

ay
T

im
e

(f
s)

D
ow

n-
co

nv
er

si
on

P
Q

E
X

X
X

I



•
W

e
h

av
e

d
em

o
n

st
ra

te
d

a
q

u
an

tu
m

in
te

rf
er

en
ce

ef
fe

ct
w

h
ic

h
is

an
ef

fe
ct

iv
e

n
o

n
lin

ea
ri

ty
at

th
e

si
n

g
le

-p
h

o
to

n
le

ve
l.

•
P

ai
rs

o
f

p
h

o
to

n
s

ca
n

b
e

re
m

o
ve

d
fr

o
m

in
d

ep
en

d
en

t
la

se
r

b
ea

m
s.

•
A

si
n

g
le

-p
h

o
to

n
sw

it
ch

w
as

d
em

o
n

st
ra

te
d

b
y

o
b

se
rv

in
g

a
ch

an
g

e
in

th
e

in
te

n
si

ty
o

f
th

e
b

ea
m

s.

•
A

co
n

d
it

io
n

al
p

h
as

e-
sh

if
t

m
ay

b
e

p
o

ss
ib

le
:

C
o

n
tr

o
lle

d
p

h
as

e
g

at
e?

S
um

m
ar

y

P
Q

E
X

X
X

I


