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Demonstration of the complementarity of one- and two-photon interference

A. F. Abouraddy, M. B. Nasr, B. E. A. Saleh,* A. V. Sergienko, and M. C. Teich
Quantum Imaging Laboratory,† Department of Electrical and Computer Engineering, Boston University, 8 Saint Mary’s Street,
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~Received 26 December 2000; published 8 May 2001!

The visibilities of second-order~one-photon! and fourth-order~two-photon! interference have been observed
in a Young’s double-slit experiment using light generated by spontaneous parametric down-conversion and a
photon-counting intensified charge-coupled device camera. Coherence and entanglement underlie one- and
two-photon interference, respectively. As the effective source size is increased, coherence is diminished while
entanglement is enhanced, so that the visibility of one-photon interference decreases while that of two-photon
interference increases. This experiment demonstrates the complementarity between one- and two-photon in-
terference~coherence and entanglement! in the spatial domain.
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I. INTRODUCTION

The conventional theory of optical coherence dictates
the visibility of interference fringes equals the degree of
herence@1#. In a Young’s double-slit experiment using a
incoherent light source, the degree of coherence at the sl
inversely proportional to the angular size of the source. W
the recent interest in light sources emitting photon pairs in
entangled state, the issue of the visibility of two-photon
terference fringes has come to the fore@2–6#. The visibility
of two-photon interference fringes in a Young’s double-s
experiment is governed by the degree of entanglement.
light generated by spontaneous parametric down-conver
in a nonlinear crystal, the degree of entanglement is c
trolled by the size of the source~the width of the pump
beam! @5,6#. A smaller source size corresponds to reduc
entanglement, and therefore to reduced visibility of tw
photon interference.

A basic complementarity between coherence and
tanglement underlies the complementarity between one-
two-photon interference@2–6#. This complementarity has it
origin in the separability of the coherence function and
two-photon wave function. While completely coherent lig
is characterized by a separable coherence function, a s
rable two-photon wave function corresponds to total lack
entanglement. We have recently shown@6# that the depen-
dence of the second-order coherence function and the
photon wave function on the source size is mathematic
identical, so that there is a duality between the two syste
But because of the opposite dependence of coherence
entanglement on separability, the source size plays oppo
roles in determining the visibilities of one- and two-phot
interference. A source of large area generates light of
coherence, but yields highly entangled photon pairs. In c
trast, a small source emits light of high spatial coherence,
generates poorly entangled photon pairs, since the mom
tum conservation relations cannot be precise. Interferenc

*Electronic address: besaleh@bu.edu
†URL: http://www.bu.edu/qil
1050-2947/2001/63~6!/063803~6!/$20.00 63 0638
at
-

is
h
n
-

t
or
on
n-

d
-

n-
nd

e
t
pa-
f

o-
ly
s.
nd
ite

w
-

ut
n-
of

light in a two-photon state is generally a mixture of one- a
two-photon interference, which must be carefully identifie
if the complementarity is to be properly assessed. As
degree of entanglement increases, this mixture generat
purely two-photon interferogram, and in the limit of the u
entangled state it generates a purely one-photon interf
gram. The purpose of this paper is to report an experime
demonstration of this complementarity and to demonstr
the gradual change from one limit to the other.

Several versions of the Young’s double-slit experime
have recently been conducted using entangled photons
erated by spontaneous parametric down-conversion~SPDC!.
In one configuration@7#, one of the beams, say the signal,
transmitted through the slits and coincidence measurem
are performed with a moving detector behind the slits an
fixed detector at the idler beam. The visibility of such fring
was found to be dependent on the size of the aperture in
idler beam. The experiment was repeated@8# keeping the
detector behind the slits fixed and moving the detector in
idler beam, and the same fringes were observed. This
explained through the concept of a ‘‘ghost’’ source at t
location of the fixed detector, in either the signal or idl
beam@8,9#. In another configuration, the slits were placed
the pump beam@10# and it was shown that the coincidenc
rate at the idler and signal detectors exhibited interfere
fringes when one was kept fixed and the other scanned
yet another configuration, the down-conversion was collin
and slits were placed in the paths of both signal and id
beams@11#, and a detector recorded the arrival of two ph
tons at the same position. A conceptually similar experim
was also performed in a noncollinear configuration@12# with
a pair of double slits, one in the signal beam and the othe
the idler beam, and coincidence fringes were observed as
signal detector was scanned with the idler detector fixed

This paper reports one- and two-photon interference i
Young’s double-slit experiment, with the slits placed in bo
signal and idler beams, and demonstrates the compleme
rity between entanglement and coherence. The configura
is similar to that in@11# but permits the registration of spa
tially separated photoevents.
©2001 The American Physical Society03-1
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II. THEORY

Consider the generic double-slit interference setup sho
in Fig. 1. Light emitted from a source is directed by a line
optical system of impulse response functionh1(x1 ,x) onto
two slits at positionsx1 and x2 . Light transmitted through
the slits is directed by a second linear optical system of
pulse response functionh2(x8,x) onto the detection plane
The overall system has an impulse response function

h~x8,x!5h2~x8,x1!h1~x1 ,x!1h2~x8,x2!h1~x2 ,x!. ~1!

For simplicity, but without loss of generality, we have a
sumed a one-dimensional geometry.

The source is a thin nonlinear crystal from which photo
are emitted in pairs, signal and idler, by a process of sp
taneous parametric down-converion in the presence o
pump. We assume that the signal and idler have the s
wavelength and travel through the same optical syst
Since the photon pairs are emitted independently from
ferent positions of the crystal, the second-order cohere
function at the aperture is related to the rate of emission
the source by@1,6#

GA
~1!~x1 ,x2!}E I p~x!h1* ~x1 ,x!h1~x2 ,x!dx, ~2!

where I p(x)5uEp(x)u2 and Ep(x) is the pump field. This
function is separable for a narrow pump and becomes
separable as the pump size increases. Full separability c
sponds to complete coherence@1#. The detector measures th
intensity ~the photon detection rate! at the detection plane
This is related to the coherence function at the slits by

I ~x8!5@ uh2~x8,x1!u2GA
~1!~x1 ,x1!

1uh2~x8,x2!u2GA
~1!~x2 ,x2!#

1@h2* ~x8,x1!h2~x8,x2!GA
~1!~x1 ,x2!1c.c.#. ~3!

The third and fourth terms of Eq.~3!, which constitute the
interference terms, are proportional to the coherence func
at the two slits.

The fourth-order coherence properties may be determ
from the two-photon wave function at the slits, which
related to the pump fieldEp(x) by @6,13#

CA~x1 ,x2!}E Ep~x!h1~x1 ,x!h1~x2 ,x!dx. ~4!

FIG. 1. A generic Young’s double-slit optical system.
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This expression is mathematically similar to Eq.~2!, with the
pump field playing the role of the source intensity. The d
tector measures the rate of coincidence of photons at pai
points in the detection plane,

G~2!~x8,x9!5uC~x8,x9!u2 ~5!

where

C~x8,x9!5h2~x8,x1!h2~x9,x1!CA~x1 ,x1!

1h2~x8,x2!h2~x9,x2!CA~x2 ,x2!

1@h2~x8,x1!h2~x9,x2!

1h2~x8,x2!h2~x9,x1!#CA~x1 ,x2!. ~6!

Equation ~6! may be obtained by using the relatio
C(x8,x9)}*Ep(x)h(x8,x)h(x9,x)dx together with Eqs.~1!
and ~4!. The third and fourth terms of Eq.~6!, the interfer-
ence terms, are proportional to the two-photon wave funct
at the slits. Again, the similarity between Eq.~6! and Eq.~3!
is notable.

We now consider a specific case for which the opti
system between the slits and the detector is a Four
transform system~a lens in a 2f configuration!, i.e.,
h2(x,x1)}exp@2i(2p/lf )xx1#, wheref is the focal length and
l is the wavelength of the signal/idler. For simplicity, w
assume that the slits are located symmetrically above
below the optical axis, say atx152a/2, and x25a/2,
and that the source is symmetric, so thatGA

(1)(x1 ,x1)
5GA

(1)(x2 ,x2), CA(x1 ,x1)5CA(x2 ,x2), and GA
(1)(x1 ,x2)

and CA(x1 ,x2) are real functions. Under these condition
Eq. ~3! gives

I ~x8!}11gA
~1! cosS 2p

x8

L D , ~7!

wheregA
(1)5GA

(1)(a/2,2a/2)/GA
(1)(a/2,a/2) is the degree of

coherence at the slits andL5l f /a. This is a fringe pattern
with periodL and visibility

V15gA
~1! , ~8!

equal to the degree of coherence at the slits.
Likewise, Eq.~6! leads to

G~2!~x8,x9!}UcosS p
x81x9

L D1cA cosS p
x82x9

L D U2

511
1

11cA
2 cosS 2p

x81x9

L D1
cA

2

11cA
2 cosS 2p

x82x9

L D
1

2cA

11cA
2 FcosS 2p

x8

L D1cosS 2p
x9

L D G , ~9!

wherecA5CA(a/2,2a/2)/CA(a/2,a/2), andG(2)(x8,x9) is
normalized so that its integral is unity, i.e.,G(2)(x8,x9) rep-
resents the joint probability density of detecting a photon
x8 and another atx9. This two-dimensional~2D! fringe pat-
tern is a result of a combination of one-photon and tw
3-2
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DEMONSTRATION OF THE COMPLEMENTARITY OF . . . PHYSICAL REVIEW A 63 063803
photon interference effects; the former is obtained by in
gratingG(2)(x8,x9) with respect tox9 to obtain the margina
probability density of detecting a single photon atx8 given
that the other is detected anywhere:

I m~x8!}11V1m cosS 2p
x8

L D , ~10!

where

V1m5
2cA

11cA
2 . ~11!

This is a sinusoidal pattern of visibilityV1m .
To determine the pure two-photon interference we de

the excess coherence function

DG~2!~x8,x9!5G~2!~x8,x9!2I m~x8!I m~x9!1A ~12!

by subtracting the product of the marginal rates and addin
constantA to account for duplicate subtraction of a bac
ground term@3,5#. The parameterA is calculated by normal-
izing the excess coherence function such that it integrate
unity over the region of interest. It follows from Eqs.~9! and
~10! that

DG~2!~x8,x9!5V12sinS 2p
x8

L D sinS 2p
x9

L D
1V12

2 cosS 2p
x8

L D cosS 2p
x9

L D1A

5V12~11V12!cosS 2p
x81x9

L D
1V12~12V12!cosS 2p

x82x9

L D1A,

~13!

where

V125
12cA

2

11cA
2 . ~14!

This 2D pattern has visibilityV12. It follows from Eqs.~11!
and ~14! that

V12
2 1V1m

2 51. ~15a!

Equation~15a! is a complementarity relation between th
visibilities of the one- and two-photon interference for lig
generated by a thin two-photon light source@2–5#. It has
been shown@6# that a similar relation applies for a thic
crystal. Both one- and two-photon visibilities are determin
by the normalized two-photon wave functioncA at the slits.
If the illumination optical system is also a 2f system, i.e.,
h1(x,x1)}exp@2i(2p/lf )xx1#, thencA is proportional to the
Fourier transform of the pump distribution,cA

5Ẽp(2p/L)/Ẽp(0), where the tilde indicates the Fourie
transform operation. If the pump is a uniform beam of wid
06380
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b, thencA5sinc(b/L)5sinc(ba/l f ), i.e., cA is governed
by the angular size of the source.

The relation between the ‘‘pure’’ and ‘‘marginal’’ one
photon visibilitiesV1 and V1m, respectively, may be estab
lished by determining the relation between the degree of
herencegA

(1) and the normalized two-photon wave functio
cA . In view of Eqs.~2! and~4!, these numbers are related.
the pump field is a real rectangular function, thengA

(1)

5cA , so thatV15cA and V1m52V1 /(11V1
2) is a mono-

tonically increasing function ofV1 . It also follows that

V125
12V1

2

11V1
2 . ~15b!

This monotonically decreasing function establishes ano
complementarity relation similar to that in Eq.~15a!, as il-
lustrated in Fig. 2.

The analogy between the entanglement properties of l
emitted from a SPDC source and the properties of light em
ted from an incoherent source can be extended to incl
temporal/spectral effects. The analogy is also applicable
thick sources, but the nature of the equivalence is somew
different @6#. These more general results are not germane
the complementarity relations derived above; the reade
referred to Ref.@6# for further details.

III. EXPERIMENT

The experimental setup is illustrated in Fig. 3. A 1-mm
thick LiIO3 crystal of 636 mm2 cross section is pumped b
a 35-mW Kr1-ion laser of 406-nm wavelength to genera
spontaneous parametric down-converted light in the deg
erate collinear type-I configuration. The down-convert
beam is passed through a circular aperture of 2 mm diam
and through a double-slit aperture at a variable distancd
from the circular aperture. The slits are of width 0.35 m
each and are separated by a distancea50.70 mm. The un-
converted pump is prevented from reaching the slits by
of a combination of two Glan-Thompson prisms orient
with orthogonal polarizations before and after the crys

FIG. 2. Complementarity relations: pure and marginal on
photon visibilities V1 and V1m , respectively, versus two-photo
visibility V12.
3-3
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The double-slit aperture is followed by a 2f system using a
C-mount Nikon lens of focal lengthf 550 mm. The detector
is an intensified charge-coupled device~ICCD! camera~An-
dor ICCD-432, model DH5H7-18F-31, with a VIS 420–92
nm photocathode! with 5123512 pixels, each of size
24324mm2. The camera is cooled to225 °C and has quan
tum efficiencyh50.5 at a wavelength of 812 nm. The dig
tized analog signal is transferred to a computer for sub
quent analysis.

Conventional interference patterns were measured by
cording the average image detected by the camera ove
exposure time of 2 s. Each coincidence interference patt
however, was obtained by a procedure based on a sequ
of 240 000 frames collected in a total of 48 s. Each frame
thresholded, which results in an array of 0s and 1s. Since
detection of a photon is typically marked by a patch of
extending over a neighborhood of 333 pixels, we identify
the locations of registered photons by locating such 333
patches. Within each patch, the pixel with the highest ana
signal marks the photon location. Most of the frames
empty ~all 0s!. Frames with two registered photons~two 1s!
are the useful ones, which we use to determine the coi
dence rate function, and other frames are disregarded.

Since the down-converted beam has circular symm
whereas the slits do not, the system is inherently two dim
sional. In order to avoid the complexity of determining c
incidence rates at all pairs of points, i.e., dealing with fo
dimensional data, we have limited ourselves to collect
data from a narrow rectangular strip across the CCD in
middle of the observed pattern. Also, we only consid
frames featuring pairs for which the vertical separation of
photon registrations is less than one-third of the horizon
separation. Additionally, the data obtained from each fra
are reduced to a one-dimensional vectorX with all 0s and
only two 1s. The average of the matricesXTX ~where T
indicates transpose! for all frames provides an estimate of th
functionG(2)(x1 ,x2) at the positions of the pixels. This pro
cedure offers an estimate ofG(2)(x1 ,x2) with a spatial reso-
lution limited to 3 pixels. It cannot provide an estimate f
G(2)(x,x) since it can register only spatially separated ph
tons. This value may be interpolated from neighbori
points. The accuracy of this data-processing technique
verified by integratingG(2)(x1 ,x2) with respect tox1 or x2
to determine the one-photon rate. The result is approxima
the same as a cross section of the diffraction pattern.

The experiment was repeated five times at different an

FIG. 3. Experimental arrangement.
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lar sizes of the source, ranging from near field to far fie
~d55.5, 6.3, 30, 54, and 87 cm!. In each case the one- an
two-photon interference patterns were determined and
corresponding visibilities were estimated. Samples of th
patterns are shown in Figs. 4–6. In these figures, all pix
are superpixels of size 434 pixels of the CCD chip.

Figure 4 shows the one-photon interference pattern in
far field, d554 cm, and the near field,d55.5 cm. These are
simply conventional diffraction patterns for a double-slit a
erture, accumulated in a 2-s exposure. The interfere
fringes are clearly visible in the far-field case, and are
visible in the near-field case. This is expected, of cour
since the degree of coherence is diminished in the near-
case.

Examples of the measured two-photon coincidence

FIG. 4. One-photon interference pattern at~a! far field (d
554 cm), and~b! near field (d55.5 cm). The gray scale is norma
ized as indicated in both~a! and ~b!.

FIG. 5. Two-photon coincidence rateG(2)(x8,x9) in the far field
(d5870 mm).
3-4
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DEMONSTRATION OF THE COMPLEMENTARITY OF . . . PHYSICAL REVIEW A 63 063803
G(2)(x8,x9) and excess coincidence rateDG(2)(x8,x9) are
shown in Figs. 5 and 6. Figure 5 showsG(2)(x8,x9) in the far
field, d587 cm. This function is nearly separable~unen-
tangled! and the corresponding excess coincidence
DG(2)(x8,x9) is approximately flat. Figure 6 show
G(2)(x8,x9) and DG(2)(x8,x9) in the near field case,d
56.3 cm. Here, the functionDG(2)(x8,x9) clearly exhibits
modulation along the directionx81x95const, which is in-
dicative of the lack of separability.

The visibilities of one- and two-photon interferenceV1m
andV12, respectively, for the five experiments are display
in Fig. 7, together with a plot of the theoretical compleme
tarity relation ~solid curve! V12

2 1V1m
2 51, as given in Eq.

~15a!. The ideal relationship is derived under the assumpt
of a thin crystal and narrow spectral SPDC bandwidth.

The dashed curve in Fig. 7 was obtained by simulat
Eqs.~5.6!, ~5.8!, and~5.10! in Ref. @6# and using an optical-
system impulse response function representing free-s
propagation from the crystal to the double slits and the
suing 2f system. This accommodates a crystal of fin
thickness; however, the spectrum of the down-conver
light was taken to be narrow with respect to the cen

FIG. 6. Two-photon interference in the near field (d56.3 cm):
~a! coincidence rateG(2)(x8,x9); ~b! excess coincidence rat
DG(2)(x8,x9).
06380
te

d
-

n

g

ce
-

d
l

down-conversion wavelength. The visibilitiesV1m and V12
were calculated for various values of the distanced and the
dashed curve is a fit to these calculated points. Note that
simulated complementarity curve~dashed! lies below the
ideal complementarity curve~solid! demonstrating that tak
ing the thickness of the crystal into consideration lowers
resulting curve. The experimental points include the effec
finite bandwidth and are, therefore, expected to be e
lower, as indeed they are.

IV. CONCLUSION

We have measured the visibilities of second-order~one-
photon! and fourth-order~two-photon! interference fringes in
a Young’s double-slit experiment carried out with light ge
erated by spontaneous parametric down-conversion. We
ducted these experiments using an intensified CCD~ICCD!
camera, which records the photon arrival at all spatial po
within the same time window, thus overcoming a measu
ment loophole associated with the more common method
using scanning point detectors, as in previous phot
coincidence measurements. The use of an ICCD camer
measure photon coincidences was suggested by Belinskii
Klyshko @13# and its experimental use reported by Jostet al.
@14#.

As the effective source size is increased, the visibility
one-photon interference decreases while the visibility of tw
photon interference increases. This experiment demonstr
the complementarity between one- and two-photon inter
ence in the spatial domain. The origin of this complemen
rity is the opposite roles played by separability in coheren
and entanglement. As we move from the far field to the n
field, the following sequence takes place: the effective sou
size increases, the separability decreases, the coherenc
creases, the visibility of one-photon interference decrea
the entanglement increases, and the visibility of two-pho
interference increases.

FIG. 7. The marginal one-photon visibilityV1m versus the two-
photon visibility V12. Solid curve represents the ideal compleme
tarity relationshipV12

2 1V1m
2 51. The experimental results are ind

cated by circles. Dashed curve represents the results of a simul
that takes into consideration the experimental geometry and
crystal thickness.
3-5
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