
RAPID COMMUNICATIONS

PHYSICAL REVIEW A 67, 041805~R! ~2003!
Quantum diffraction and interference of spatially correlated photon pairs generated
by spontaneous parametric down-conversion
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We demonstrate one- and two-photon diffraction and interference experiments utilizing parametric down-
converted photon pairs~biphotons! and a transmission grating. With two-photon detection, the biphoton ex-
hibits a diffraction-interference pattern equivalent to that of an effective single particle that is associated with
half the wavelength of the constituent photons. With one-photon detection, however, no diffraction-interference
pattern is observed. We show that these phenomena originate from the spatial quantum correlation between the
down-converted photons.
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The present optical imaging technologies, such as opt
lithography, have reached a spatial resolution in the sub
crometer range, which comes up against the diffraction li
due to the wavelength of light. However, the guiding pr
ciple of such technology is still based on the classical d
fraction theory established by Fresnel, Kirchhoff, and oth
more than a hundred years ago@1#. Recently, the use o
quantum-correlated photon pairs~biphotons! to overcome
the classical diffraction limit was proposed and attrac
much attention@2,3#. Obviously, quantum-mechanical trea
ments are necessary to explain the diffraction-interferenc
the quantum-correlated multiphoton state. It is well kno
that much work has been done on two-photon interfere
using biphotons generated by parametric down-conver
@4–8#. Although the behavior of two-photon interference c
be explained by the standard quantum theory of light, i
also interpreted by the concept of the photonic de Brog
wave @9#, which is attributable to a special case of the co
cept of two-photon wave packets@10,11#. Within the concept
of the photonic de Broglie wave, the period of two-phot
interference is governed by the sum of the momenta, or w
numbers, of the two constituent photons. Recently, the m
surement of the photonic de Broglie wavelength of a tw
photon state has been experimentally demonstrated@12,13#.
It has been also proposed that the entangled photons ar
plicable to novel imaging technologies@2,14,15#. In this pa-
per, we present the diffraction-interference patterns of pa
metric down-converted photons through a transmiss
grating by both one- and two-photon detection schemes.
also show that the measured diffraction patterns are qua
tatively explained by the Fourier analysis of the two-phot
wave packet, taking account of the quantum correlation
tween the signal and idler photons.

Figure 1 shows the schematic drawing of our experim
tal setup. Pairs of frequency-degenerate photons were ge
ated collinearly by spontaneous parametric down-conver
~SPDC! in a 5-mm-long KNbO3 crystal pumped by the
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second-harmonic light~50 mW! of a single longitudinal-
mode Ti:sapphire laser operating at 861.5 nm. The pho
pairs were diffracted by a transmission grating~Fig. 2; slit
width, 125mm, period, 250mm) placed just after the
KNbO3 crystal. In this geometry, each photon pair pas
together through one of the grating slits@3#. We separated
photon pairs from the pump beam by using a polariz
beam splitter and a long-pass filter. By rotating a mirror,
recorded spatial diffraction-interference patterns by a tw
photon detector that consisted of a 50–50 nonpolariz
beam splitter~BS! and two avalanche photodiodes~APD;
EG&G SPCM-AQ161! followed by a multiple-stop time
analyzer~EG&G 9308!. To measure two-photon coincidenc
counting rates, we recorded the number of start-stop ev
within the time window ~1 ns!. In addition, we simulta-
neously recorded the number of start pulses as a one-ph
counting rate. In front of each APD, we placed an interf
ence filter ~IF; center wavelengthlc5860 nm, bandwidth
Dl510 nm). To compare the results with those of classi
lights, we also observed, using the same appara
diffraction-interference patterns of the Ti:sapphire laser a
that of chaotic light generated from a tungsten-halogen la

It is worth discussing the diffraction-interference patter
expected in our experiment. In the previous experiments
ing Young’s double slit, the counting rate for their expe
ments was obtained by calculating a fourth-order correlat
function ~superposition method!. However, this method
seems rather complicated for analyzing arbitrary pattern
two-photon diffraction. We will now take a semiclassic
method using Fourier analysis for a two-photon wave pac
considering the quantum correlation between the constitu
photons. This approach corresponds to the Fraunhofer
fraction of the classical optics case. Unlike other Fouri
optical approaches to the two-photon interference@15,16#,
we treat the spatial correlation of the photon pairs as a p
nomelogical correlation function. In addition, assumi
monochromatic, paraxial, and thin crystal approximation,
need to consider only transverse components of the w
vector@17#. Then, a generalized form for a two-photon wa
packet in a one-dimensional system can be expressed b

F~q,q8!5
1

2pE dxE dx8A~x!A~x8!G~x2x8!

3exp@ i ~qx1q8x8!#, ~1!

n,
-
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FIG. 1. Schematic experimental setup to o
serve the biphoton diffraction and interferenc
PBS—polarizing beam splitter, LPF—long-pas
filter, M1-2—mirrors, BS—nonpolarizing beam
splitter, IF—interference filters, APD1-2—
avalanche photodiodes.
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whereq and q8 are the transverse components of the wa
vector, A(x) represents the transmission amplitude throu
the grating, andG(x2x8) represents the transverse corre
tion between the two photons. The counting rates for
two-photon (R(2)) and one-photon (R(1)) detection are given
by @18#

R(2)~q,q8!5uF~q,q8!u2, ~2!

R(1)~q!5E dq8R(2)~q,q8!. ~3!

First, we assume thatG(x2x8)5d(x2x8), that is, a pair
of signal and idler photons passes together through the s
point x of the grating slit. Then, Eq.~1! can be reduced a
follows:

F~q,q8!5
1

2pE dxA~x!2exp@ i ~q1q8!x#

5
1

A2p
F@A2#~q1q8!, ~4!

whereF@A2# represents the Fourier transform ofA2. In this
case, the two-photon wave packet is not separable into
product of two independent wave packets. In other words

FIG. 2. Assumed transmission amplitude through the grat
i.e., the grating function, as a function of the transverse positiox.
A0 is the amplitude transmittance through the grating, andd ands
are the slit period and the slit width, respectively. The number
slits was assumed to beN.
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is a spatiallyentangledstate. Substituting Eq.~4! into Eq.
~2!, we get the biphoton counting rate,

R(2)~q,q8!}uF@A2#~q1q8!u2. ~5!

The two-photon counting rate when we carry out the tw
photon detection at the same point (q5q8) can be rewritten
as

R(2)~q,q!}uF@A2#~2q!u2. ~6!

On the other hand, substituting Eq.~5! into Eq. ~3!, the one-
photon counting rate becomes constant,

R(1)~q!5const. ~7!

This result means that the one-photon diffractio
interference of the biphoton will exhibit no modulation.

Next we consider the case ofG(x2x8)51, that is, there
is no transverse correlation between the two photons. In
case, the Eq.~1! can be rewritten as follows:

F~q,q8!5
1

2pE dxA~x!exp~ iqx!E dx8A~x8!exp~ iq8x8!

5F@A#~q!F@A#~q8!. ~8!

In this case, the two-photon wave packet is separable
two independent wave packets. Thus, the two- and o
photon counting rates are given by

R(2)~q,q8!}uF@A#~q!u2uF@A#~q8!u2, ~9!

R(1)~q!}uF@A#~q!u2. ~10!

The one-photon counting rateR(1) corresponds to the class
cal Fraunhofer diffraction pattern. In addition, whenq5q8,
the two-photon counting rate is just the square of the o
photon counting rate,

R(2)~q,q!5uR(1)~q!u2. ~11!

,
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From Eqs.~10! and ~11!, we understand quite naturally tha
these results in the case ofG(x2x8)51 are compatible with
classical optics. However, comparing Eq.~6! with Eq. ~11!,
we see that the results for the biphoton wave packet are q
different from those of two independent photon wave pack
in both one- and two-photon counting rates. Biphotons w
exhibit half the modulation period that they would have
the classical case in the diffraction-interference pattern
two-photon detection. Moreover, in one-photon detection,
intensity modulation will be exhibited.

Figures 3 and 4 show the measured diffractio
interference patterns of parametric down-converted pho
and the Ti:sapphire laser, respectively. In both figures,
upper graphs represent the interference patterns observe
one-photon detection and the lower graphs are those
served by two-photon detection. The open circles in e
figure represent the measured data points. The diffrac
angles are normalized byq52p/d, whered is the slit period
of the grating. These experimental data were fitted with
theoretically expected functions~6! and~7!, ~10! and~11!, as
indicated by the solid curves. Here, we assume the recta
lar transmission profile of the grating as shown in Fig.
Note that in this case, the Fourier transform ofA is

FIG. 3. Diffraction-interference patterns of the paramet
down-converted photons observed by~a! one-photon detection an
~b! two-photon detection.

FIG. 4. Diffraction-interference patterns of Ti:sapphire laser o
served by~a! one-photon detection and~b! two-photon detection.
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F@A#~q!5
A0

A2p

sin~Ndq/2!

sin~dq/2!

sin~sq/2!

q/2
. ~12!

One can see that the experimental data are in good agree
with the theoretical prediction@19#. Especially, the two-
photon interference of the SPDC in Fig. 3~b! exhibits half the
modulation period of that of the Ti:sapphire laser in Fig.
@see Eqs.~6!, ~10!, and ~11!#. This result indicates that the
biphoton generated by SPDC behaves as an effective si
particle that is associated with half the wavelength of
constituent photons. In other words, the diffraction of a
photon can be explained by the concept of the photonic
Broglie wave.

It is also noteworthy that the one-photon interference
the SPDC exhibits no modulation, whereas that of the Ti:s
phire laser exhibits normal modulation that can be und
stood by classical optics. In classical optics, the disapp
ance of an interference fringe might be caused by
shortage of coherence length owing to the wide spectral
tribution of the parametric emission. To be sure that the
served phenomenon originates from a quantum-mechan
effect but not from classical effects caused by the spec
width of the light, we also measured a diffraction
interference pattern of thermal light from a halogen lam
We note that the spectrum of the SPDC emission at the
tectors is almost the same as that of the halogen lamp,
cause we detected both emissions through the same inte
ence filters. However, the measured pattern of the halo
lamp is quite different from that of the SPDC, and is qu
similar to that of the Ti:sapphire laser. Thus, the disappe
ance of the one-photon diffraction-interference pattern in
SPDC emission is not due to its spectral width, but due to
quantum-mechanical effect as described by Eq.~7!. Together
with the two-photon diffraction-interference, the one-phot
diffraction-interference of the SPDC also illustrates the no
classical nature of a biphoton that can be explained only
the quantum-mechanical treatment.

Finally, we consider the case of finite spatial correlatio
To achieve this, we observed diffraction-interference by
serting two lenses~focal length5 200 mm! before and after
the KNbO3 crystal and putting the grating at a distance of
cm from the crystal. The increased divergence of the pu
beam enlarges the uncertainty of the transverse wave num
of the SPDC photons, and this results in the increase of
spatial correlation width between the two photons at the g
ing @20#. Therefore, by using the lenses, we can control
spatial correlation between the signal and idler photons. F
ure 5 shows the observed diffraction-interference patte
Comparing these results with the former ones shown in F
3 and 4, we see that the diffraction-interference pattern in
two-photon detection@Fig. 5~b!# exhibits the intermediate
pattern between the two extreme cases. Furthermore, th
photons begin to show partial modulation in the one-pho
detection@Fig. 5~a!#, again exhibiting the intermediate pa
tern between Figs. 3 and 4. Considering a finite correlat
width, we can also reproduce these patterns from Eqs.~1!–
~3!. Here, we assume the Gaussian correlation function

-
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G~x2x8!5expF2S x2x8

0.56dD 2G . ~13!

The calculated patterns are in good agreement with the m
sured patterns as shown by the solid curves in Fig. 5. F
these results, we see that the relation between the exte
the transverse correlation and the object size plays a
important role in forming the diffraction-interference pa
terns. In terms of quantum lithography, these results indic
that the distribution of a transverse correlation has to

FIG. 5. Diffraction-interference patterns of the paramet
down-converted photons observed by~a! one-photon detection an
~b! two-photon detection, when the pump beam was concentra
tt.

Le
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much smaller than an object so as to achieve a spatial r
lution high enough to surpass the classical diffraction lim

In conclusion, we have measured the spatial diffractio
interference patterns of spontaneous parametric do
converted biphotons using transmission grating, and sho
that the spatially correlated biphoton exhibits half the mod
lation period of that of classical light. Also, we have foun
that one-photon interference of the biphoton exhibits
modulation. Furthermore, by controlling the spatial corre
tion between the two photons, we have successfully dem
strated that the diffraction-interference pattern changes f
the perfectly correlated biphoton case to the classical c
These experimental results can be understood in a stra
forward manner by Fourier analysis of a two-photon wa
packet assuming the spatial correlation between the two p
tons. In this paper, we have discussed the Fourier ana
only for the diffraction-interference patterns formed by t
one-dimensional grating, and demonstrated the validity
this analysis. However, this analysis is extendable to a
trary one- and two-dimensional objects. Therefore, t
analysis is very useful for future imaging technology utili
ing entangled photons.
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