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Demonstration of the complementarity of one- and two-photon interference
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The visibilities of second-ordébne-photonand fourth-ordeftwo-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 entanglemeint the spatial domain.
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[. INTRODUCTION light in a two-photon state is generally a mixture of one- and
two-photon interference, which must be carefully identified,
The conventional theory of optical coherence dictates thaif the complementarity is to be properly assessed. As the
the visibility of interference fringes equals the degree of co-degree of entanglement increases, this mixture generates a
herence[1]. In a Young's double-slit experiment using an purely two-photon interferogram, and in the limit of the un-
incoherent light source, the degree of coherence at the slits entangled state it generates a purely one-photon interfero-
inversely proportional to the angular size of the source. Withgram. The purpose of this paper is to report an experimental
the recent interest in light sources emitting photon pairs in aRlemonstration of this complementarity and to demonstrate
entangled state, the issue of the visibility of two-photon in-the gradual change from one limit to the other.
terference fringes has come to the f¢2e-6]. The visibility Several versions of the Young's double-slit experiment
of two-photon interference fringes in a Young's double-slit,gye recently been conducted using entangled photons gen-
experiment is governed by the degree of entanglement. FQ{;ated by spontaneous parametric down-converSeDQO.
light generated by spontaneous parametric down-CoNVersiop ne configuratiori7], one of the beams, say the signal, is
in a nonlinear c_rystal, the degree of gntanglement IS CONGransmitted through the slits and coincidence measurements
Lrolled by the size of the sourp&he width of the pump re performed with a moving detector behind the slits and a
eam [5,6]. A smaller source size correspo_ngls_ o reducecﬁxed detector at the idler beam. The visibility of such fringes
entanglement, and therefore to reduced visibility of two- : .
photon interference. was found to be depenglent on the size of the apgrture in the
idler beam. The experiment was repea{&d keeping the

A basic complementarity between coherence and en behind the slits fixed and a the d in th
tanglement underlies the complementarity between one- arfgftector benind the slits fixed and moving the detector in the

two-photon interferenci2—6]. This complementarity has its idler peam, and the same fringes were observed. This was
origin in the separability of the coherence function and the®xPlained through the concept of a “ghost” source at the
two-photon wave function. While completely coherent light location of the fixed detector, in either the signal or idler
is characterized by a separable coherence function, a sepd€am[8,9]. In another configuration, the slits were placed in
rable two-photon wave function corresponds to total lack ofthe pump beani10] and it was shown that the coincidence
entanglement. We have recently shof) that the depen- rate at the idler and signal detectors exhibited interference
dence of the second-order coherence function and the twdringes when one was kept fixed and the other scanned. In
photon wave function on the source size is mathematicallyet another configuration, the down-conversion was collinear
identical, so that there is a duality between the two systemsand slits were placed in the paths of both signal and idler
But because of the opposite dependence of coherence abhdamg[11], and a detector recorded the arrival of two pho-
entanglement on separability, the source size plays oppositens at the same position. A conceptually similar experiment
roles in determining the visibilities of one- and two-photon was also performed in a noncollinear configurafitg] with
interference. A source of large area generates light of lova pair of double slits, one in the signal beam and the other in
coherence, but yields highly entangled photon pairs. In conthe idler beam, and coincidence fringes were observed as the
trast, a small source emits light of high spatial coherence, butignal detector was scanned with the idler detector fixed.
generates poorly entangled photon pairs, since the momen- This paper reports one- and two-photon interference in a
tum conservation relations cannot be precise. Interference ofoung’s double-slit experiment, with the slits placed in both

signal and idler beams, and demonstrates the complementa-

rity between entanglement and coherence. The configuration

*Electronic address: besaleh@bu.edu is similar to that in[11] but permits the registration of spa-
TURL: http:/Awww.bu.edu/qil tially separated photoevents.
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This expression is mathematically similar to E2), with the
pump field playing the role of the source intensity. The de-

Hd $ x' tector measures the rate of coincidence of photons at pairs of
hq ho *x” points in the detection plane,
&x
2 G(2>(X,,X”):|‘I’(X’,X”)|2 (5)
Source Aperture Detector where
FIG. 1. A generic Young's double-slit optical system. V(X" X")=hy(x",x1) o (X", X)W A(X1,X1)
Il. THEORY +hy(X",X2) ha(X",X2) W A(X2,X2)
Consider the generic double-slit interference setup shown +[ha(x",x1)ha(X",X5)

in Fig. 1. Light emitted from a source is directed by a linear
optical system of impulse response functiof(x,,x) onto

two slits at positionsx; and x,. Light transmitted through Equation (6) may be obtained by using the relation
the slits is directed by a second linear optical system of imq,(xryxn)ocfE ()h(x’,x)h(x",x)dx together with Eqs(1)
pulse response functioh,(x’,x) onto the detection plane. 4nq(4). The third and fourth terms of E@6), the interfer-
The overall system has an impulse response function ence terms, are proportional to the two-photon wave function
at the slits. Again, the similarity between E&) and Eq.(3)
h(x’,x)=hy(x",x1)h1(X1,X) + (X", xz)hy(X2,%). (1) is notable.
We now consider a specific case for which the optical
For simplicity, but without loss of generality, we have as-system between the slits and the detector is a Fourier-
sumed a one-dimensional geometry. transform system(a lens in a Z configuration, i.e.,

The source is a thin nonlinear crystal from which photonshz(x,xl)mexq_i(zﬂ/)\f )xx,], wheref is the focal length and
are emitted in pairs, signal and idler, by a process of spony is the wavelength of the signal/idler. For simplicity, we
taneous parametric down-converion in the presence of gssume that the slits are located symmetrically above and
pump. We assume that the signal and idler have the samgsiow the optical axis, say at;=—a/2, and x,=a/2,
wavelength and travel through the same optical systeManq that the source is symmetric, so ﬂﬁgl)(xl,xl)
Since the _p_hoton pairs are emitted independently from dif-_ G(Al)(Xz,Xz), W a(Xq,%1) =W a(Xp,X,), and G(Al)(Xl,Xz)
feren.t positions of the qrystal, the second-order cqhe_renc nd W ,(Xxq,X,) are real functions. Under these conditions,
function at the aperture is related to the rate of emission (3) gives
the source by1,6] q-99

+ho (X, X2)ho(X", %) JWA(X1,X2).  (6)

’ (1) X_,
[(x")x1l+gy’co 27-rA , 7

G(Al)(xlaxz)“f Ip(X)hT (X1,X)h1(X5,x)dX, 2
whereg{M=G(a/2,—a/2)/G{M(a/2,a/2) is the degree of
where 1,(x) = |Ey(x)|* and Ey(x) is the pump field. This coherence at the slits antd=\f/a. This is a fringe pattern
function is separable for a narrow pump and becomes lesgith period A and visibility
separable as the pump size increases. Full separability corre-
sponds to complete cohereridd. The detector measures the Vi=gW, (8
intensity (the photon detection ratet the detection plane.
This is related to the coherence function at the slits by ~ equal to the degree of coherence at the slits.
Likewise, Eq.(6) leads to

(X)) =[[ha(x" ,%1)|2GW (X, X1)

G(2> . X,+X” . XI_X// 2
+[ho(x' ) PG (% x5)] (X' xT)exjcoq m—x— |+ gacog T
+[h3 (X' xpha(X' X)) GR (X1, Xz) +e.c]. (3) 1 XX\ YR X' — X"
=1+ ——>cos 27 + >C0§ 27
i ) ) 1+ A 1+ A
The third and fourth terms of Ed3), which constitute the
interference terms, are proportional to the coherence function 2yp x' X"
at the two slits. 1+ 92 |° 2m | +cog 2m |1, ©

The fourth-order coherence properties may be determined
from the two-photon wave function at the slits, which is wherey,=W A(a/2,—a/2)/¥ A(a/2,a/2), andG?)(x',x") is
related to the pump fiel&(x) by [6,13] normalized so that its integral is unity, i.&)(x’,x") rep-
resents the joint probability density of detecting a photon at
x" and another ax”. This two-dimensiona{2D) fringe pat-
\PA(Xl’XZ)Mf Ep()hy(x1,X)h1(Xz,x)dx. ) tern is a result of a combination of one-photon and two-
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photon interference effects; the former is obtained by inte- 1
gratingG®)(x’,x") with respect toK” to obtain the marginal
probability density of detecting a single photonxatgiven 0.8~

that the other is detected anywhere:

N 0.6~

Im(x’)oc1+V1mco<27rX), (10
0.4~

where
0.21-
2
P (1D
L+ 0 1 1 !

!
0 02 04 06 o038 1

This is a sinusoidal pattern of visibility, . Vi

To determine the pure two-photon interference we define
the excess coherence function FIG. 2. Complementarity relations: pure and marginal one-

photon visibilitiesV; and V,,,, respectively, versus two-photon
2 _ (2
AGP (X' X)) =GP (X' X ) = I(X N m(X)+A (12 yisibility Vy,.

by subtracting the product of the marginal rates and adding
constantA to account for duplicate subtraction of a back-
ground term3,5]. The parameted is calculated by normal- The relation between the “pure” and “marginal” one-
izing the excess coherence function such that it integrates toh

: ; . photon visibilitiesV, andV,,,, respectively, may be estab-
tJln(;;ytﬁ;/ter the region of interest. It follows from Eq(8) and lished by determining the relation between the degree of co-

herenceg") and the normalized two-photon wave function
X’ X" Ya. Inview of Egs.(2) and(4), these numbers are related. If
AG(Z)(X',X")IVuSin<ZWK)S"‘(ZWK) the pump field is a real rectangular function, thgh
=y, SO thatV,=y, and V=2V, /(1+V3) is a mono-
tonically increasing function o¥/,. It also follows that

8, then ¢p=sinc(b/A)=sinc(ba/\f), i.e., 5 IS governed
by the angular size of the source.

+A

’ XI XI/
+Vi,co ZWX co 27TX
x"+x"

A

! n

A

1-V?

V12=1+—V:2l. (15b)

= VlZ( 1+ Vlz)CO{ 2

This monotonically decreasing function establishes another
+A, complementarity relation similar to that in EGL53, as il-
lustrated in Fig. 2.
(13 The analogy between the entanglement properties of light
emitted from a SPDC source and the properties of light emit-
where ted from an incoherent source can be extended to include
temporal/spectral effects. The analogy is also applicable to
1- '///2« thick sources, but the nature of the equivalence is somewhat
Vip=—. (14 . ’
27+ ¢i different[6]. These more general results are not germane to
the complementarity relations derived above; the reader is
This 2D pattern has visibility/,,. It follows from Egs.(11)  referred to Ref[6] for further details.
and(14) that

+ V12( 1- V12)CO{ 2

Ill. EXPERIMENT
VI +VE =1 (159

The experimental setup is illustrated in Fig. 3. A 1-mm-

Equation(15a is a complementarity relation between the thjck LilO5 crystal of 6x6 mn? cross section is pumped by
visibilities of the one- and two-photon interference for light 5 35-mwW Kr -ion laser of 406-nm wavelength to generate
generated by a thin two-photon light sour-5|. It has  gpontaneous parametric down-converted light in the degen-
been showr{6] that a similar relation applies for a thick erate collinear type-1 configuration. The down-converted
crystal. Both one- and two-photon visibilities are determinecheam is passed through a circular aperture of 2 mm diameter
by the normalized two-photon wave functign, at the slits.  and through a double-slit aperture at a variable distahce
If the illumination optical system is also af2system, i.e., from the circular aperture. The slits are of width 0.35 mm
hy(x,Xq) < exd —i(2m/\f)xx ], thenya is proportional to the  each and are separated by a distaaeed.70 mm. The un-
Fourier transform of the pump distribution,a  converted pump is prevented from reaching the slits by use
=E,(27/A)/E,(0), where the tilde indicates the Fourier- of a combination of two Glan-Thompson prisms oriented
transform operation. If the pump is a uniform beam of widthwith orthogonal polarizations before and after the crystal.
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i |
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(a) Superpixels

FIG. 3. Experimental arrangement.

The double-slit aperture is followed by af Zystem using a
C-mount Nikon lens of focal length=50 mm. The detector
is an intensified charge-coupled devitECD) camera(An-
dor ICCD-432, model DH5H7-18F-31, with a VIS 420-920
nm photocathode with 512x512 pixels, each of size
24X 24 um?. The camera is cooled to25 °C and has quan-
tum efficiencyn=0.5 at a wavelength of 812 nm. The digi- 10 20 30 40

tized analog signal is transferred to a computer for subse- (b) Superpixels

guent analysis.

Conventional interference patterns were measured by re- FIG. 4. One-photon interference pattern @ far field (d
cording the average image detected by the camera over ang, cm), andb) near field i=5.5 cm). The gray scale is normal-
exposure time of 2 s. Each coincidence interference patterf,eq as indicated in botte) and (b).
however, was obtained by a procedure based on a sequence
of 240000 framgs collecteq In a total of 48 . Each fr_ame iﬁ r sizes of the source, ranging from near field to far field
thresholded, which results in an array of Os and 1s. Since th 4=5.5 6.3, 30, 54, and 87 omin each case the one- and

detection of a photon is typically marked by a patch of 1s h terf d ined and th
extending over a neighborhood of<® pixels, we identify two-photon interference patterns were determined and the

the locations of registered photons by locating such33 corresponding visibilities were estimated. Samples of these

patches. Within each patch, the pixel with the highest analogatterns are shown in Figs. 4-6. In these figures, all pixels

signal marks the photon location. Most of the frames ar reFnguupr(e;Zi);ilgv\?; tsriée;?]i F;))ir)l(ggnofnttgerf;gr?cghpigﬁern in the
empty (all 0s). Frames with two registered photo(is/o 1 . i ,
Py ( ) d P ( 9 far field,d=54 cm, and the near field=5.5cm. These are

are the useful ones, which we use to determine the coinci< ; ) . .
dence rate function, and other frames are disregarded. simply conventional diffraction patterns for a double-slit ap-

Since the down-converted beam has circular symmetr rture, accumulated in a 2-s exposure. The interference

whereas the slits do not, the system is inherently two dimen_ringes are clearly visible in the far-field case, and are not

sional. In order to avoid the complexity of determining co- v@sible in the near-field case. This i$ _expec.ted, of course,
incidence rates at all pairs of points, i.e., dealing with four-Since the degree of coherence is diminished in the near-field

dimensional data, we have limited ourselves to collecting”3S¢: o
data from a narrow rectangular strip across the CCD in the EXa@mples of the measured two-photon coincidence rate
middle of the observed pattern. Also, we only consider
frames featuring pairs for which the vertical separation of the
photon registrations is less than one-third of the horizontal e
separation. Additionally, the data obtained from each frame 4. ..
are reduced to a one-dimensional vec¥owith all Os and
only two 1s. The average of the matric¥SX (where T
indicates transpogéor all frames provides an estimate of the
function G()(x,,x,) at the positions of the pixels. This pro-
cedure offers an estimate &?)(x,,x,) with a spatial reso-
lution limited to 3 pixels. It cannot provide an estimate for
G®@)(x,x) since it can register only spatially separated pho-
tons. This value may be interpolated from neighboring
points. The accuracy of this data-processing technique was
verified by integratingG®(x;,x,) with respect tax; or x,
to determine the one-photon rate. The result is approximately
the same as a cross section of the diffraction pattern. FIG. 5. Two-photon coincidence ra&?(x’,x") in the far field
The experiment was repeated five times at different angu¢d=870 mm).

Superpixels
- s 8 N W W b
.
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FIG. 7. The marginal one-photon visibility,,, versus the two-
photon visibilityv12 Solid curve represents the ideal complemen-
tarity relationshipvZ,+ V2= 1. The experimental results are indi-
cated by circles. Dashed curve represents the results of a simulation
» that takes into consideration the experimental geometry and the
15 N crystal thickness.

i 4
“ \\’
‘\\'

IV \
\‘/{ “o“\\
‘ vh“v* t«‘\ /'A

down-conversion wavelength. The visibiliti&és,,, and Vq,
were calculated for various values of the distadcend the
dashed curve is a fit to these calculated points. Note that the
10 simulated complementarity curv@ashed lies below the
ideal complementarity curvéesolid) demonstrating that tak-
ing the thickness of the crystal into consideration lowers the
x 00 x' resulting curve. The experimental points include the effect of

(b) finite bandwidth and are, therefore, expected to be even
lower, as indeed they are.

\‘Q"'

FIG. 6. Two-photon interference in the near fielti6.3 cm):

(@ coincidence rateG@(x’,x"); (b) excess coincidence rate IV. CONCLUSION
AGO(x' x".

We have measured the visibilities of second-or@are-
photon and fourth-ordeftwo-photon interference fringes in
G@(x' x") and excess coincidence rats(x’ x") are a Young's double-slit experiment carried out with light gen-

) X K erated by spontaneous parametric down-conversion. We con-
shown in Figs. 5 and 6. Figure 5_sho®é2)(x’,x”) inthe far  gycted these experiments using an intensified GEITD)
field, d=87cm. This function is nearly separablanen-  camera, which records the photon arrival at all spatial points
tangled and the corresponding excess coincidence ratgjthin the same time window, thus overcoming a measure-
AG@(x',x") is approximately flat. Figure 6 shows ment loophole associated with the more common method of
GA(x’,x") and AG®)(x’,x") in the near field cased  using scanning point detectors, as in previous photon-
=6.3cm. Here, the fUﬂCtIOIAG(Z)(X ,X") clearly exhibits  coincidence measurements. The use of an ICCD camera to
modulation along the directior’ +x”=const, which is in- measure photon coincidences was suggested by Belinskii and
dicative of the lack of separability. Klyshko [13] and its experimental use reported by Jeisal.

The visibilities of one- and two-photon interferende,,  [14].
andVy,, respectively, for the five experiments are displayed As the effective source size is increased, the visibility of
in Fig. 7, together with a plot of the theoretical complemen-one-photon interference decreases while the visibility of two-
tarity relation (solid curve VZ,+V2 =1, as given in Eq. photon interference increases. This experiment demonstrates
(159. The ideal relationship is derlved under the assumptiorthe complementarity between one- and two-photon interfer-
of a thin crystal and narrow spectral SPDC bandwidth. ence in the spatial domain. The origin of this complementa-

The dashed curve in Fig. 7 was obtained by simulatingity is the opposite roles played by separability in coherence
Egs.(5.6), (5.8, and(5.10 in Ref.[6] and using an optical- and entanglement. As we move from the far field to the near
system impulse response function representing free-spadield, the following sequence takes place: the effective source
propagation from the crystal to the double slits and the ensize increases, the separability decreases, the coherence de-
suing 2f system. This accommodates a crystal of finitecreases, the visibility of one-photon interference decreases,
thickness; however, the spectrum of the down-convertedhe entanglement increases, and the visibility of two-photon
light was taken to be narrow with respect to the centralinterference increases.
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