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Quantum diffraction and interference of spatially correlated photon pairs generated
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We demonstrate one- and two-photon diffraction and interference experiments utilizing parametric down-
converted photon pairtiphotong 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 opticaecond-harmonic light50 mW) of a single longitudinal-
lithography, have reached a spatial resolution in the submimode Ti:sapphire laser operating at 861.5 nm. The photon
crometer range, which comes up against the diffraction limitoairs were diffracted by a transmission grati(fgg. 2; slit
due to the wavelength of light. However, the guiding prin- Width, 125um, period, 250um) placed just after the
ciple of such technology is still based on the classical dif-KNPOs crystal. In this geometry, each photon pair passes

fraction theory established by Fresnel, Kirchhoff, and other ogether through one of the grating sifts]. we separateq
more than a hundred years afb]. Recently, the use of photon pairs from the pump beam by using a polarizing

lated oh {tbinh beam splitter and a long-pass filter. By rotating a mirror, we
quantum-correlated photon paifbiphotons to overcome  ocqrged spatial diffraction-interference patterns by a two-

the classicql diffraction .Iimit was proposed anq attractedphoton detector that consisted of a 50-50 nonpolarizing
much attentior{2,3]. Obviously, quantum-mechanical treat- heam splitter(BS) and two avalanche photodiodéaPD;
ments are necessary to explain the diffraction-interference adfG&G SPCM-AQ161] followed by a multiple-stop time

the gquantum-correlated multiphoton state. It is well knownanalyzeEG&G 9308. To measure two-photon coincidence
that much work has been done on two-photon interferenceounting rates, we recorded the number of start-stop events
using biphotons generated by parametric down-conversioWithin the time window(1 ns. In addition, we simulta-
[4—8]. Although the behavior of two-photon interference canneously recorded the number of start pulses as a one-photon
be explained by the standard quantum theory of light, it jscounting rate: In front of each APD, we placed an m_terfer-
also interpreted by the concept of the photonic de Brogli?"c€ filter (IF; center wavelengti.=860 nm, bandwidth
wave[9], which is attributable to a special case of the conA)‘_10 nm). To compare the results with those of classical

- lights, we also observed, using the same apparatus,
cept of two-photon wave packetk0, 11]. Within the concept  ita tion-interference patterns of the Ti:sapphire laser and

of the photonic de Broglie wave, the period of two-photonh; of chaotic light generated from a tungsten-halogen lamp.
interference is governed by the sum of the momenta, or wave |t js worth discussing the diffraction-interference patterns
numbers, of the two constituent photons. Recently, the measxpected in our experiment. In the previous experiments us-
surement of the photonic de Broglie wavelength of a two-ing Young's double slit, the counting rate for their experi-
photon state has been experimentally demonstrdtad 3. ments was obtained by calculating a fourth-order correlation
It has been also proposed that the entangled photons are dpnction (superposition methgd However, this method
plicable to novel imaging technologi¢,14,15. In this pa- seems rather complicated for analyzing arbitrary patterns of
per, we present the diffraction-interference patterns of paratwo-photon diffraction. We will now take a semiclassical
metric down-converted photons through a transmissiorimethod using Fourier analysis for a two-photon wave packet,
grating by both one- and two-photon detection schemes. Weonsidering j[he quantum correlation between the constitue_nt
also show that the measured diffraction patterns are quantihotons. This approach corresponds to the Fraunhofer dif-
tatively explained by the Fourier analysis of the two-photonfraction of the classical optics case. Unlike other Fourier-
wave packet, taking account of the quantum correlation be@Ptical approaches to the two-photon interferefits,16,
tween the signal and idler photons. we treat the spatial correlation of the photon pairs as a phe-
Figure 1 shows the schematic drawing of our experimenf’0melogical correlation function. In addition, assuming
tal setup. Pairs of frequency-degenerate photons were gene(‘p_onochromatm, paraxial, and thin crystal approximation, we

ated collinearly by spontaneous parametric down—conversioﬂeed to consider only transverse components of the wave
(SPDO in a 5-mm-long KNbQ crystal pumped by the vector[17]. Then, a generalized form for a two-photon wave
packet in a one-dimensional system can be expressed by

1
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A,~861.5nm
Frequency Single Mode CW
Doubler Ti:Sapphire Laser
Ag,~430.7 nm
Py,~50 mW A,~430.7 nm

FIG. 1. Schematic experimental setup to ob-
serve the biphoton diffraction and interference.
PBS—polarizing beam splitter, LPF—long-pass
filter, M1-2—mirrors, BS—nonpolarizing beam
splitter, IF—interference filters, APD1-2—
avalanche photodiodes.
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whereq andq’ are the transverse components of the waves a spatiallyentangledstate. Substituting Eq4) into Eg.
vector, A(x) represents the transmission amplitude through2), we get the biphoton counting rate,
the grating, ands(x—Xx") represents the transverse correla-

tion between the two photons. The counting rates for the R®(q,q") = AA(q+q")|? 5
two-photon R?) and one-photonR(Y)) detection are given _
by [18] The two-photon counting rate when we carry out the two-
photon detection at the same poit=q’) can be rewritten
R®)(a,q")=|F(a.a")?, 2 as
R®)(q,q)| FLA%](29) . (6)
R(l)(CI)=J' dq'R®(q,q"). 3

On the other hand, substituting E®) into Eq. (3), the one-

. . . hoton counting rate becomes constant,
First, we assume th&(x—x")= 8(x—x"), that is, a pair P g

of signal and idler photons passes together through the same RM(q) = const. (7)
point x of the grating slit. Then, Eql) can be reduced as
follows: This result means that the one-photon diffraction-

interference of the biphoton will exhibit no modulation.

1 . Next we consider the case &f(x—x')=1, that is, there

N — 2 ’ ’ ’
Fa.9")= 277J dxA(X)“exri(a-+q")x] is no transverse correlation between the two photons. In this
case, the Eq(l) can be rewritten as follows:
1
=—=7A%*(q+q’), (4) 1
v2m F(q,q’)zZJ' dxA(x)exp(iqx)f dx'A(x")exp(iq’'x")

where F[ A?] represents the Fourier transformAf. In this _ /
case, the two-photon wave packet is not separable into any AANQ@AAIG). ®
product of two independent wave packets. In other words, it this case, the two-photon wave packet is separable into

two independent wave packets. Thus, the two- and one-
photon counting rates are given by

R®(a,q") | FLAN(@)|?| FLAL(@)]%, 9
R (q)e | AAI(Q)]?. (10

The one-photon counting raR‘®) corresponds to the classi-
FIG. 2. Assumed transmission amplitude through the gratingCal Fraunhofer diffraction pattern. In addition, wher-q’,

i.e., the grating function, as a function of the transverse position the two-photon counting rate is just the square of the one-

A, is the amplitude transmittance through the grating, drathd s photon counting rate,

are the slit period and the slit width, respectively. The number of

slits was assumed to be R®)(q,q)=|RM(q)|2. (13)

X
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20— A, sin(Ndg/2) sin(sg/2
L W | AAY(q)= 2 SMNAG2) Sins92) (12
V2 sin(da/2) q/2
S1x10° =
= K i
< L One can see that the experimental data are in good agreement
@ 0 AN A L with the theoretical predictior19]. Especially, the two-
5T 7 photon interference of the SPDC in FighBexhibits half the
© [ 1 modulation period of that of the Ti:sapphire laser in Fig. 4
1000 - . [see Eqs(6), (10), and (11)]. This result indicates that the
I 1 biphoton generated by SPDC behaves as an effective single
0 bl il et Rl ™ o — particle that is associated with half the wavelength of the
Diffraction Angle (arb. units) constituent photons. In other words, the diffraction of a bi-

photon can be explained by the concept of the photonic de
FIG. 3. Diffraction-interference patterns of the parametric Broglie wave.

down-converted photons observed (ay one-photon detection and |t s also noteworthy that the one-photon interference of
(b) two-photon detection. the SPDC exhibits no modulation, whereas that of the Ti:sap-

phire laser exhibits normal modulation that can be under-
From Egs.(10) and (11), we understand quite naturally that Stood by classical optics. In classical optics, the disappear-
these results in the case ®{x—x’) =1 are compatible with ance of an interference fringe might be caused by the
classical optics. However, comparing E6) with Eq. (11), ~ Shortage of coherence length owing to the wide spectral dis-
we see that the results for the biphoton wave packet are quiféibution of the parametric emission. To be sure that the ob-

different from those of two independent photon wave packetS€rved phenomenon originates from a quantum-mechanical
in both one- and two-photon counting rates. Biphotons willeffect but not from classical effects caused by the spectral

exhibit half the modulation period that they would have in Width of the light, we also measured a diffraction-

the classical case in the diffraction-interference pattern fo
two-photon detection. Moreover, in one-photon detection, NQq

|nter_1$|ty modulation will be exhibited. . . cause we detected both emissions through the same interfer-
_ Figures 3 and 4 show the measured diffraction-g .o fijters. However, the measured pattern of the halogen
interference patterns of parametric down-converted photon%mp is quite different from that of the SPDC, and is quite
and the Ti:sapphire laser, respectively. In both figures, thejmijar to that of the Ti:sapphire laser. Thus, the disappear-
upper graphs represent the interference patterns observed Bce of the one-photon diffraction-interference pattern in the
one-photon detection and the lower graphs are those olsppc emission is not due to its spectral width, but due to the
served by two-photon detection. The open circles in eaclyyantum-mechanical effect as described by (k. Together
figure represent the measured data points. The diffractiofith the two-photon diffraction-interference, the one-photon
angles are normalized ly=2w/d, whered is the slit period iffraction-interference of the SPDC also illustrates the non-
of the grating. These experimental data were fitted with the;|assical nature of a biphoton that can be explained only by
theoretically expected functiort) and(7), (10) and(11), as  the guantum-mechanical treatment.

indicated by the solid curves. Here, we assume the rectangu- Finally, we consider the case of finite spatial correlation.
lar transmission profile of the grating as shown in Fig. 2.1¢ achieve this, we observed diffraction-interference by in-

nterference pattern of thermal light from a halogen lamp.
e note that the spectrum of the SPDC emission at the de-
ctors is almost the same as that of the halogen lamp, be-

Note that in this case, the Fourier transform/ofs serting two lenseéfocal length= 200 mm) before and after
the KNbGQ; crystal and putting the grating at a distance of 40
1107 — cm from the crystal. The increased divergence of the pump

beam enlarges the uncertainty of the transverse wave number
of the SPDC photons, and this results in the increase of the

, x10° spatial correlation width between the two photons at the grat-
= ing [20]. Therefore, by using the lenses, we can control the
= spatial correlation between the signal and idler photons. Fig-
; ure 5 shows the observed diffraction-interference patterns.
5 Comparing these results with the former ones shown in Figs.
S 3 and 4, we see that the diffraction-interference pattern in the

two-photon detectiorfFig. 5b)] exhibits the intermediate
pattern between the two extreme cases. Furthermore, the bi-
photons begin to show partial modulation in the one-photon
detection[Fig. 5@)], again exhibiting the intermediate pat-
tern between Figs. 3 and 4. Considering a finite correlation
FIG. 4. Diffraction-interference patterns of Ti:sapphire laser ob-width, we can also reproduce these patterns from Efs-
served by(a) one-photon detection an@) two-photon detection.  (3). Here, we assume the Gaussian correlation function

0 1
Diffraction Angle (arb. units)
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much smaller than an object so as to achieve a spatial reso-
lution high enough to surpass the classical diffraction limit.
In conclusion, we have measured the spatial diffraction-
« 3x10° interference patterns of spontaneous parametric down-
converted biphotons using transmission grating, and showed
that the spatially correlated biphoton exhibits half the modu-
lation period of that of classical light. Also, we have found
that one-photon interference of the biphoton exhibits no
modulation. Furthermore, by controlling the spatial correla-

Counts in 10

3000 tion between the two photons, we have successfully demon-
strated that the diffraction-interference pattern changes from
0 M*?m '1 . (') e/ 1\ o M; the perfectly correlated biphoton case to the classical case.

These experimental results can be understood in a straight-
forward manner by Fourier analysis of a two-photon wave
FIG. 5. Diffraction-interference patterns of the parametric packet assuming the spatial correlation between the two pho-
down-converted photons observed (ay one-photon detection and tons. In this paper, we have discussed the Fourier analysis
(b) two-photon detection, when the pump beam was concentratedonly for the diffraction-interference patterns formed by the
one-dimensional grating, and demonstrated the validity of
this analysis. However, this analysis is extendable to arbi-
. (13 trary one- and two-dimensional objects. Therefore, this
analysis is very useful for future imaging technology utiliz-
g]g entangled photons.

1
Diffraction Angle (arb. units)

X—X' 2

G(x—x’)=exp{—(m

The calculated patterns are in good agreement with the me
sured patterns as shown by the solid curves in Fig. 5. From This work was supported by the program “Research and
these results, we see that the relation between the extent Bievelopment on Quantum Communication Technology” of
the transverse correlation and the object size plays a verhe Ministry of Public Management, Home Affairs, Posts and
important role in forming the diffraction-interference pat- Telecommunications of Japan, and by a Grant-in-Aid for Sci-
terns. In terms of quantum lithography, these results indicatentific Research from the Ministry of Education, Science,
that the distribution of a transverse correlation has to beSports and Culture of Japan.
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