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Quantum interference by a nonlocal double slit
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We report an interference experiment in which photon pairs generated by spontaneous parametric down-
conversion produce a Young-type fourth-order interference pattern after being scattered by two different and
spatially separated apertures, whose superposition defines a double slit. The experiment is compared with
previous ones based on parametric down-conversion, and its nonlocal nature is discussed. A theoretical expla-
nation is also provided.S1050-294{®9)06507-3

PACS numbes): 42.50.Ar, 03.65.Bz, 42.50.Dv

I. INTRODUCTION cal axis lies in the horizontal plane, pumped by an Argon
laser operating at 351.1 nm, TE}power stabilized mode,
Entanglement is one of the most striking features of quanwith an output power of approximately 50 mW. The crystal
tum mechanics. It is the basis of the exciting new fields ofwas cut for type 1l phase matchingXf=\,=702 nm, with
quantum computing, quantum cryptograghy, and telepor-  output angles of approximately 4°, with respect to the pump-
tation[2,3]. Some nonlocdl4] aspects of entanglement have ing direction. Detector®, and D, were avalanche photo-
been explored in a variety of experimental situations in quangigdes operating in the photon counting mode, placed at 100
tum optics, from which one can cite the Einstein-Podolsky-cm from the crystal. In front of each detector there was an
Rosen experiment§5—10], two-photon optic11], trans-  grangement composed by a slit of 0.1 mB mm hori-

yetrs? int(:{r{eSSelnc;eh Ffrfcﬁ[]lz_lﬁ* and tconditi?nall zontally aligned, followed by a microscope objective focused
interterenc - In the fatter (nree, the momentum entang e'Pn the active aredD,; andD, were connected to single and
ment causes the fourth-order spatial correlation function o

the electromagnetic field to be dependent on the relativgOInCIdence counters with a resolvmg_ tlr_ne of 1.0 ns. The
transversal position of two spatially separated photodetec"ilpertures'o‘1 and A, were chosen. as mcﬁcated in Fig. 1,
tors. Recently, Monken, Souto Ribeiro, anddga [14]  WhereA, was a 0.4-mmx 10-mm single slit, andh, was a
showed that the two-photon optifkl] can be understood as 0-2-mm-diameter wire. Boti, and A, were placed ag,

a transfer of angular spectrum from the pump beam to th& 48 cm from the crystal. A convergent lehsof 50-cm
two-photon field generated by the process of spontaneodgcal length was placed in the pump beam, so that the beam
parametric down-conversion in a thin crystal. The transfer ofvaistw, was located at 48 cm from the crystal, right on the
angular spectrum provides an easy way to control the fourthplane of the apertures. The measured beam diameter at this
order spatial correlation of that field. position was #y=0.15 mm.

In this paper we discuss an interesting consequence of Coincidence rates, which are proportional to the fourth-
momentum entanglement: the ability of a two-photon field toorder correlation function, were recorded as functions of de-
mimic the scattering by a double slit, when this field is scat-tectors’D, andD, vertical positions. Single count rates were
tered by two spatially separated apertures, none of them bejso recorded.
ing a double slit. Rather, the superposition of the two aper-
tures do define a double slit, which determines the shape of IIl. THEORY
the two-point fourth-order transverse spatial correlation func-
tion. The situation is represented in Fig. 1, where the en- In order to account for the effect of the apertures in the
tangled two-photon field is generated by spontaneous parauantized field, let us start from the classical solution. Sup-
metric down-conversioSPDQ.

An extension of the theory developed in R¢l4] is
shown to be able to describe our experimental results. We crystal Aq
also compare the experiment with previous ones

pump beam detectors

[7-10,12,13,16—20 emphasizing the nonlocal character of
the interference effects.
A2

Il. EXPERIMENT

The experimental setup is represented in Fig. 2. The A1 A2 A1A2

down-converter was a 7-mm-long BBO crystal, whose opti- = E E

* Author to whom correspondence should be addressed. Electronic FIG. 1. Top: basic arrangement for the experiment. Bottom:
address: monken@fisica.ufmg.br detail of the apertures.

1050-2947/99/6@)/15304)/$15.00 PRA 60 1530 ©1999 The American Physical Society



PRA 60 QUANTUM INTERFERENCE BY A NONLOCAL DOUBLE SLIT 1531

250 | ' ' E
Laser Ar 351 nm‘ g
©200f ]
A £ :

L 1 X\J b @ 150 | ]

g P ; : [
\j ¢ % 100 | “"- :" :‘“‘ ..\ ]
Ay 7). b2 g 50f Le [ o

0 y \.. | I Iy I .:.

FIG. 2. Experimental setup. 2 -1 0 1 2

D1 vertical position (mm)

pose that a monochromatic fiel(r), propagating around FIG. 3. Coincidence counts when deteciat is moved. Solid
the z direction, is known at the plane=0. In terms of its  Jine: numerical solution of Eq9). Dotted line: solution of Eq(8).
spatial Fourier componentE(r) can be written as

| GEAAr1.r)=lg(r.r)l% (6)
£(p.0)- | daa@e, @ e
where p and q are the transverse componentsroénd k, _
respectively. After being scattered by an apertuép) g(rl,rz)—constf d¢ f dyA1 (AW
placed on the plane=z,, the far field in the paraxial ap-
proximation is[21] o §+172 ox iE lp— &7
2 2'A 2\ z,—2,
E(p,z)=e”‘zf dqf dg'A(a")T(q—-q") oo nf? P
4 P2 ")exp(ik "), )
G 12 Zy—Zp 4z,
X i p— —(7— L
exp[| ap 2k(Z Za) 2K “A } @ whereW(p,z,) is the transverse profile of the pump field at

z=1z,. In order to simplify the calculations, the following
whereT(q) is the Fourier transform oA(p). Now, replacing  conditions were assumeb; =k,=k, k; +k,=k, (collinear
E(r) andA(q) by quantum mechanical operators, we arriveor quasicollinear phase matchinga;=zx,=2a .
at the following operator for the scattered far field: Now, if we consider the particular case of a pump beam
focused az=z,, so thatV(p,z,) can be approximated by a

E(+)(p,z)=eikZJ dqf dqra(q) T(q—1) delta function,g(r,,r,) becomes

52
g(ry,ra)= COHStj déA1(HAA-9) exp( ikm)

q2 q/2
xexp[l g-p— E(Z—ZA)—EZA ] (3) )
For a thin nonlinear crystal centered at the origin and _ ‘E(”l_p?)_g
pumped along the direction, the state generated by SPDC in xXex lk? . (8)
the monochromatic and paraxial approximations can be rep- d oA
resented by14] Again, for simplicity, we have considered=2z,=z4. The

above expression describes the propagation of light from an
—|vac)+const.| d fd I 1:0:)1:00), effectl\_/e aperture defln_ed bs(l(f)Az:(—g) at Z=27p to the_
[¥)=lvac) f G | dapv(th+p)|1:00)1:0) detection planeZ=z,), in the paraxial approximation, with
(4 wave number R. Whenzy—z, is large enough, this propa-
ation leads to the diffraction pattern of the effective aper-

where |1;g) represents a one-phqton state with transvers%re as a function of the transverse coordingtp, — p,). In
wave vector componer andv(q) is the angular spectrum practice, however, the dimensions of the apertérgandA,
of the pump field aiz=_0. are usually of the order of a few hundrgan, so the focused
Combining expressiong3) and (4) we can calculate the  ,mn heam profile can hardly be approximated by a delta
fourth-order correlation function function. A direct(numerica) solution of expressioii7) is
- _ then required, as discussed in Sec. IV.
GEAr1.r2) =(ES (p2,22)EL ) (p1,20) a
IV. RESULTS AND DISCUSSION
XE{ ) (p1,20)ES (p2,20)),  (B)
Figure 3 shows the results of coincidence counts in sam-
when the apertured; and A, are placed at,; and za,. pling times of 100 s, when detectbr; is moved in steps of
After some algebra we have 0.15 mm, while detectdD, is held aty,= 0. Figure 4 shows
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FIG. 4. Coincidence counts when deteci22 is moved. Solid FIG. 5. D1 (O) andD2 (@) single counts as functions of each
line: numerical solution of Eq9). Dotted line: solution of Eq(8). detector position when the other is kept at zero.

the same kind of measurement whep is moved whileD;  eter and the intensity pattern produced does not present
is held aty;=0. In both cases, Young-type interference pat-fringes, we can regard this pattern as a continuous superpo-
terns are readily identified, although they do not refer to thesition of interference patterns displaced in space or time,
same effective aperture. This asymmetry is due to the finiteesylting in fringes with extremely low visibility. When co-
diameter of the pump beam at=z,, which is of the same jncidence measurements are performed, a subensemble
order of magnitude as the dimensions of the apertures. Ayithin that continuum of patterns is selecte®].

numerical solution of expressidi§) in the one-dimensional In the present experiment with nonlocal double slits, this
case was carried out, that is, kind of local interpretation is not possible, since no Young
interference patterns can be associated with the intensity dis-
(2,2) _ tributions in neithesignal nor idler beams. It must be noted
G1z"(¥1:¥2.20) consU dgf AnAL(E) Az 7) that we are not claiming that our experiment shows nonlocal

interference effects and previous ones do not. The above
E+n\? ik 5 mentioned filtering process, due to coincidence detection be-
xex;{ —( ) + E(f— 7) } tween two spatially separated detectors, may exhibit a non-
A local character. In those cases, however, the nonlocality can-
2 not be associated with the mere appearance of interference
fringes, but rather to their high visibility. In our case, it is
clear that the nonlocal character of the interference process is
explicit.
©) We find an analogy between the present experiment and
. . . wo others. The first one was introduced by Rarity and Tap-
setting all parameters to the corresponding experimental vakye, 15] |n that case, it is possible to identify a nonlocal
ues. The solid I_mes in Figs. 3 and 4 are.sollutlons of EXPre€Sprach-zehnder in which one of the beam splitters is placed in
sion (9), normalized to the number of coincidences, with N0y,q igler heam and the other one is placed in ignal The
addmonal f'tt'ng’. whereas 'tht'e.dotted Ilne's represent the SG&econd experiment is the usual Bell state polarization inter-
lution of expressiort8), the limiting case. Figure 5 shows the ferometer[6], where each of the polarization analyzers can

single counts gf bo_':lh dgtectgrg, which ars zxpected froMhe viewed as part of a nonlocal interferometer in the spin
aperturesi, andA,, illuminated by an extended sourtiae space, since the coincidence pattern depends on the relative

mterr?ctlon region '? thicrysgal st interf angle between the analyzer's axis. In both cd6e20], non-
The above results show that double-slit interference pajyqity is quantitatively evaluated by means of a Bell in-
terns are observed in the coincidence counting rate, eve

€ ob . OIncic _ _ Equality, which is violated.
though individual signal and idler intensity profiles have A Bell-type inequality for position variables was derived

nothing to do with double-slit patterns. Previous experimentq)y Ou[22], but it does not apply to our experiment. Even

with doublcfa-—shts ?nﬁ comudgncel dete.ctllon are based on th§,,gh we cannot evaluate it quantitatively, our experimental
passage of one of the bearsignal[12], idler [13], orpump  oqts suggest that strong nonlocal correlations are present.
[14]) through alocalized double slit. In other interference | o cjusion, we have presented a quantum interference
experiments, with twin photons and coincidence detectiong,heriment using a nonlocal double slit. We have presented a
beams were also passed throughalized interferometers, quantum theory in good agreement with experimental re-

such as a Mach-Zehndgt6] or a Michelson 18,19, sults. We have also pointed out the connections between our

In those experiments where localized interferometerg,,yariment and other ones that violate Bell inequalities.
were used, it is possible to providiecal interpretations. For

example, when intensity interference fringes do not show up
and coincidence interference fringes do, we can think of
them as being a result of a spectral filtering process due to
the coincidence measurements. This is a consequence of the The authors acknowledge financial support from the Bra-
fact that when SPDC light passes through a local interferomzilian agencies CNPq, FINEP, PRONEX, and FAPEMIG.
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