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Biphoton double-slit experiment
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In this paper we present a double-slit experiment where two indistinguishable photons produced by type-I
parametric down-conversion are each sent to a well-defined slit. Data about the diffraction and interference
patterns for coincidences are presented and discussed. An analysis of these data allows a test of standard
guantum mechanics against the de Broglie—Bohm theory.
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INTRODUCTION dBB theory[11] is a deterministic theory where the hidden
variable (determining the evolution of a specific systers
Double-slit experiments are textbook proof of the comple-the position of the particle, which follows a perfectly defined
mentarity principle in quantum mechanics and have repretrajectory in its motion. The evolution of the system is given
sented a very important test bench of this theldry by classical equations of motion, but an additional potential
Particularly interesting examples of double-slit experi-must be included. This “quantum” potential is related to the
ments have been realized by using biphoton fields produceave function of the system and thus is nonlocal. The inclu-
in parametric down_conversidPDC)’ a phenomenon where SIOI’] of th|S term, together with an initial d|SI-:r.|bUt|0n Of par-
an incident high-frequency photon is converted, inside a nonficle positions given by the quantum probability density, suc-
linear crystal, into a pair of highly correlated photofusu- ~ cessfully allows the reproduction ofalmost all the
ally dubbedidler andsigna) fulfilling the condition, known  Predictions of quantum mechanics. Nevertheless, a possible
as phase-matching condition, that the produced pair is suciscrepancy between SQM and dBB in specific cases has
that the frequencies of the produced photons sum up to thgeen recently suggested in Reff8—10]. Although this con-
frequency of the pump photdﬂnergy Conservati()nand the clusion is still somehow Sub]ect to dISCUSS[d.I?], we think
wave vector of the pump photon is the vectorial sum of thethat our results, in agreement with SQM predictions but at
wave vectors of the produced photoﬁmpu'se conserva- variance with dBB One$ee Ref[5] for further diSCUSSiO)’J
tion). Among these experiments, a first class was devoted tEePresent a relevant contribution to the debate about the
the study of the effect on the correlations of a double slifoundations of quantum mechanics urging a final clarifica-
insertedin one of the pathsi.e., on the idler or the signal- tion for its validity.
photon direction(2]. A second class was addressed to study
the effect of a double-slit inserted on the paths of both idler
and signal[3] showing the highly nonclassical aspects of
PDC emission. In our setup(see Fig. 1 a 351-nm pump laser of 0.5 W
In our experiment we have realized a rather different conpower is directed into a lithium-iodate crystal, where corre-
figuration where two degenerate identical photons producethted pairs of photons are generated by type-l1 parametric
in PDC reach a well-defined slit of a double slit at the samedown-conversiorii.e., the two photons have the same polar-
time. As idler and signal-photons have no precise phase rézation). The pairs of photons are emitted at the same time
lation [4] and each photon crosses a well-defined slit, nowithin femtoseconds, while the correlation time is some or-
interference appears at single-photon detection level. Wheders of magnitude larger, and on a well-defined direction for
the coincidence pattern is considered, path indistinguishabila specific frequency. By means of an optical condenser and
ity is established since the photodectector(2l can be within two correlated directions, both corresponding to
reached either by the photon which crossedAldr by the  702-nm emission(the degenerate emission for a 351-nm
one that went through sIB and vice versa. Thus, even if no pump lasey, the produced photons are sent on a double slit
second-order interference is expected, a fourth-order interfefobtained by a niobium deposition on a thin glass by a pho-
ence modulates the observed diffraction coincidence pattertolithographic procegsplaced just before the focus of the
The main result of our experiment is that our schemdens system. The two slits are separated by A@®and have
realizes the configuration recently suggested by two theoret width of 10um. They lie in a plane orthogonal to the
ical groups[8-1Q to test the de Broglie—Bohn{dBB) incident laser beam and are orthogonal to the table flse®
theory against standard quantum mecharQM). The Fig. 2 where thes axis is parallel to the pump beam and the
x-y plane is parallel to the optical bencfhe orthogonality
to the UV laser has been checked by looking at the diffrac-
*Email address: genovese@ien.it; tion and interference patterns of the laser by the double slit.
URL:http://www.ien.it/ genovese/marco.html Two single-photon detectors are placed at 1.21 m and at
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FIG. 1. The experimental apparatus. A pump laser at 351 nm generates parametric down-conversion of type | in a lithium-iodate crystal.
Conjugated photons at 702 nm are sent to a double slit by a system of two plane-convex lenses in such a way that each photon of the pair
crosses a well-defined slit. The first photodetector is placed at 1.21 m and the second one at 1.5 m from the slit. Each single-photon detector
(D) follows an interferential filtefIF) at 702 nm and a lend.) of 6 mm diameter and 25.4 mm focal length. Signals from the detectors are
sent to a time-to-amplitude converter and then to the acquisition systeitichannel analyzer and countgrs

1.5 m from the slits after an interferential filter at 702 nm, In order to check that the two degenerate photons crossed
whose full width at half height is 4 nm, and a lens of 6 mmtwo different slits, we have alternatively closed one of them
diameter and 25.4 mm focal length. As a preliminary stepby means of two sharp blades positioned on a micromovi-
we have also evaluated the efficiency of the detection appanentation, leaving the other open; correspondingly, the co-
ratus(including losses into the crystal, filters, and lend®s  incidence peak disappeared and the coincidence signal
using the method described in RgL3]; the result is about dropped to background level. Furthermore, the signal on the
30%. related detector dropped as well, confirming the correct po-
The output signals from the detectors are routed to a twosition of the double slit.
channel counter, in order to have the number of events on a

single channel, and to a time-to-amplitude conve(T&C) CALCULATION OF THE COINCIDENCE PATTERN

circuit, followed by a single-channel analyzer, for selecting PREDICTED BY QUANTUM MECHANICS
and counting the coincidence events. . ] . o
As discussed in Ref6], a satisfactory description of the

PDC light is given by the wave function

X screen
P (x=Ly=y,) |\If>=|vac>+f dwido®(w;,ws)|w;)ws). (1)
In the Fraunhofer region, after selection with narrow-band
g =2 interferential filters(centered at the idler and signal frequen-
é ciesw; and wg respectively, the diffracted field is described
k W a1 by
A r A B\ o —i(Kal a1+ Kglgo)
- % D (wi,ws)=9(01,07)9(6,,67) e aa T ele2
L _
s B . > X +9(0,,67)9(0,,67)e” (arntieled - (2)
A2
| q
p § wherek, andkg are the wave vectors of the photér(idler)
Kk B2 Q (xeLyys) andB (signa), respectivelyr ,; is the vector from the slia
o <2 ®z e (A or B) to the detectoi (1 or 2 (see Fig. 2 6, is the
diffraction angle of the photon observed by detector 1 or 2,

67 the incidence angle of the photon on the aliA or B),
FIG. 2. Reference system. Two photons with wave veétor and
cross the slitsA and B of width w=10 um separated bys

=100 um and are detected by the photodetec®rand Q. The x sin(kw/2[ sin( ) — sin( gia)])
axis is parallel to the pump beam and thg plane is parallel to the g(0,6%) = - — 3)
optical bench. kw/2[sin(6) —sin(6}) ]
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FIG. 3. (Color) Tridimensional plot of coincidences pattdin arbitrary unitg as a function of the positions of the two photodetectors.

takes into account diffractiork(is the wave vectoss the slits
separation, anav the slit's width. The coincidence pattern
that follows from Eq.(2) is

C(01,02)=|(D((Ui,(1)s)|2 o7r

=0(61,0%9(0,,67)2+9(62,60)%9(0y,67)? os|
+29(01,60)9(0,,67)9(0,,60)g(01,67)

X cog ks(sin#,—sind,)]. 4

The expected coincidence pattern in terms of the position ofg
the two photodetectorgfor photons with a 2° incidence S o3
angle is shown in Fig. 3.

In Fig. 4 we show the section obtained from the previous
figure when the second detector is positioned—-dat cm
(here and in the following the positions are relative to the
symmetry axis of the double slit, with a minus sign for look-
ing at the crystal from the left The diffraction peak clearly ~ S o1 0 oo o0z o oo oo oo o007 ooe

f Position of the detector 1 with respect to the symmetry axis [m]
appears modulated by the interference. The same graph as
Fig. 4 but with the second detector positioned-d8.5 cm is FIG. 4. Plot of coincidences patteiin arbitrary unit$ as a
reported in Fig. 6: now a smaller interference is predictedunction of the positions of the first photodetector when the second
with respect to the previous one, but a larger coincidencene is kept fixed at-1 cm from the symmetry axis.
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FIG. 6. Coincidence datéwith a 6-mm iri9 compared with

FIG. 5. Coincidences dat@with a 2-mm iri9 compared with ¢ .3t m-mechanics predictiotsolid curve. On thex axis we re-
quantum-mechanics predictiofsplid curve. On thex axis we re- port the position of the first detector with respect to the median

port the posi_tion of the first dgtector with respect to _the m_e_diansymmetry axis of the double slit. The second detector is kept at
symmetry axis of the double slit. The second detector is posmone(io 055 m. Thex error bars represent the width of the lens before

at 79'01 f_“(°“t of scalg. The leftmost region of the dat_a IS INAC- e detector. A correction for laser power fluctuations is included.
cessible since the two detectors overlap, while on the right a rather

flat behavior for coincidences is predicted. for all times, i.e., the trajectories will always be symmetrical

) ) ) ) about this line. This implies that the two particles can, in
signal is predicted when the two detectors are in the samgct, never cross the line of symmetry, in our case repre-
semiplane; therefore this configuration is well suited for re-gented by the median axis of the double slit, and being ob-
alization of the experiment suggested in R¢B-10| (see  gerved in the same semiplaffer a precise explicit calcula-
the following discussion tion of trajectories see Rg0], where it is also discussed that

We have also taken into account the effect of the nonperfie gifference between SQM and dBB theory is related to the
fect monochromaticity of the PDC radiation by calculating fact that the latter can be nonergodid@his is the main

the convolution of Eq(4) with a Gaussian transfer function ggyrce of incompatibility between dBB theory and SQM ac-
describing the effect of an interferential filter. We have alsocording to Refs[8-10], a result that we will test in the

introduced a small angular dispersitihnm/rad of the pho-  fgjiowing.
ton pairs. The results of such a simulation show that for a

filter with a 4 nmfull width at half maximum(corresponding

to the one used in the experimgmio substantial effect ap-

pears(a detailed discussion of these effects can be found in In order to scan the coincidence pattern, we have kept one

EXPERIMENTAL RESULTS

Ref.[7]). detector fixed to a specific position and moved the second
one. As the signal is rather low, a long acquisition time is
SUMMARY OF dBB CALCULATION OF REFS. [8-10] required. This implies some problems since the power of the

laser drifts over an acquisition time of several dags we
Let us now summarizésimplifying a bit the results of have directly verified Also the crystal, pumped with a high-
Refs.[8—10] concerning the dBB prediction for our double- power UV laser, slowly deteriorates. This effect has been
slit experiment. Using wave function 2 we can calculate theclearly observed by monitoring the observed signal of the
Bohmian velocities; =], /W* ¥ of particlesi=1 andi=2  fixed detector. In or_der to compensate this _effect, we plot the
(where j; is the current of particld). The result of this 2Veérage of the ratio of the _commdence_ sigqakter back-
simple calculation implies that gro_und subtractionover the S|g_nal of the f|xed_ detector mul-
tiplied for the average of the fixed detector signal. The back-
ground to coincidences is evaluated shifting the delay

U1yt vay=0. ) between the start and stop TAC inputs of 16 ns. In this way
S we collect the accidental coincidences far from the coinci-
This implies that dence peak. The acquisition window for coincidences is set
at 2.5 ns.
y1(t) +ya(t) =y1(0) +y5(0). (6) As a first comparison of theoretical predictions of E4).

_ o - _ with our data, in Fig. 5 we report the onésith ten acqui-
Thus, if the initial positions of the two particles are chosen tositions d 1 h for each pointobtained when the first detector
be symmetrical about the line of symmetry=0), i.e., if  scans the diffraction pattern, while the second is positioned

y1(0)+y,(0)=0, we must have at —1 cm from the symmetry axis. The iris in front of the
first detector is of 2 mm. Even if the data have large uncer-
y1(t) +y,(t)=0 (7) tainties there is a good indication of the fourth-order inter-
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ference: the interference pattern predicted by SQM fits theetical prediction is confirmed, this experiment will pose a
data with a reducegt? of 0.9. By comparison, a linear fit strong constraint on the validity of the de Broglie—Bohm
(absence of interferencgives y?=12.6 (with five degrees theory, which represents the most successful example of a
of freledon) and is therefore rejected with a 5% confidencenonlocal hidden variable theofy.

level.

In Fig. 6 we report the swept with a larger iff6 mm)
scanning the whole diffraction peak. The data are obtained
by averaging seven points of 3@cquisition each. The fixed In conclusion, we have realized a double-slit experiment
detector now is placed at 5.5 cm from the symmetry axis. where two identical photons produced in type-1 PDC are sent
The pattern predicted by SQM significantly agrees with theeach to a well-defined slit at an identical time. Our data
data. A clear coincidence signal is observed also when thelearly show a good agreement with quantum-mechanics
two detectors are placed in the same semiplane with respeptedictions. By contrast, our data contradict the predictions
to the double-slit symmetry axis and a small signal;-Z4%  made in Refs[8—1(] for the de Broglie—Bohm theory, stat-
coincidences per hour with 17 acquisitions of 1 h, is evering that no coincidences should be observed when detectors
observed in correspondence to the second diffraction peakre in the same semiplane with respect to the symmetry axis
(the area without data between the two peaks is due to thef the double slit. Thus, if the theoretical predictions of Refs.
superposition of the two photodetectoprs [8-10Q is confirmed, our results will represent a first nega-

This last result is at variance with the dBB prediction for tive test of the de Broglie—Bohm theoty.
coincidences calculated in Ref8-10], where the coinci-
dence signal is predicted to be strictly zero when the two
detectors are in the same semiplane with respect to the
double-slit symmetry axigthis configuration was purposely We acknowledge support of the Italian minister of re-
chosen since it has the largest coincidence signal for thisearch and of ASI under Contract No. LONO 500172. We
case, as discussed above. In particular, when the center ahank P. Ghose, A. S. Majumdar, and G. Introzzi for useful
the lens of the first detector is placedl.7 cm after the discussions. We thank R. Steni for the realization of the
median symmetry axis of the two slitsecall the minus double slit.
means to the left of the symmetry axis when looking towards
the crystal and the second detector is keptab.5 cm, with
35 acquisitions of 30each we obtained 7810 coincidences  ?Local hidden variable theories can be tested using Bell inequali-
per 30 min after background subtraction, ruling out a nullties [14]. Many experiments performed up to ngw5] have sub-
result at nearly eight standard deviations. Thus, if this theostantially confirmed SQM, although some doubts remain due to

their small detection efficienchl6].
3This allows us to exclude also some nonconventional quantum
'0n the other hand we have checked that, as expected, the singlealculation model based on special versions of the dBB thigafly
channel signal does not show any variation in the same region: thimcidentally, we would like to appreciate some previous experi-
measured ratio between the mobile and the fixed detector is essements addressed to test versions of the dBB theory where the empty
tially constant(within uncertaintiesin this region. wave has physical effecf48].

CONCLUSIONS

ACKNOWLEDGMENTS

[1] G. Auletta, Foundations and Interpretation of Quantum Me- [8] P. Ghose, inFoundations of Quantum Theory and Quantum

chanics (World Scientific, Singapore, 2000and references Optics 1999/2000edited by S.M. Roy(Indian Academy of
therein. Sciences, Bangalore, 200D. 211.

[2] J. Rehacek and J. Perina, Opt. Commil@t, 82 (1996); P.H. [9] P. Ghose, A.S. Majumdar, S. Guha, and J. Sau, Phys. Lett. A
Ribeiro et al, Phys. Rev. A49, 4176(1994); D.V. Strekalov 290, 205 (20021); quant-ph/0103126Progress in Quantum
et al, Phys. Rev. Lett74, 3600(1995. Physics Researgcledited by V. Krasnoholovei®Nova Science,

[3] C.K. Hong and T.G. Noh, J. Opt. Soc. Am.15, 1192(1998; New York, 2003.

E.J.S. Fonsecat al, Phys. Rev. Lett82, 2868(1999; A.F. [10] M. Golshani and O. Akhavan, J. Phys.34, 5259(200J.
Abouraddyet al, Phys. Rev. A3, 063803(200)); see also the [11] See, for example, P. GhosEgsting Quantum Mechanics on a

theoretical analysis presented in A.F. Abouraeédal., J. Opt. New Ground(Cambridge University Press, Cambridge, 1999
B: Quantum Semiclassical O@8, S50(2002. and references therein.

[4] R. Ghosh and L. Mandel, Phys. Rev. L&, 1903(1987. [12] L.  Marchildon, e-print  quant-ph/0007068;  e-print
[5] G. Brida, E. Cagliero, G. Falzetta, M. Genovese, M. Grame- quant-ph/0101132; P. Ghose, e-print quant-ph/000807; e-print
gna, and C. Novero, e-print quant-ph/0206196. quant-ph/0103136(private communication W. Struyve and

[6] L. Mandel and E. WolfOptical Coherence and Quantum Op- W. De Baere, e-print quant-ph/0108038; P. Hollaipdivate
tics (Cambridge University Press, Cambridge, 19%d ref- communicatioly P. Ghose, e-print quant-ph/0208192.

erences therein. [13] G. Brida, M. Genovese, and C. Novero, J. Mod. Git.2099

[7] G. Brida and C. Novero, Metrologi40, S204(2003. (2000, and references therein.

033803-5



BRIDA et al. PHYSICAL REVIEW A 68, 033803 (2003

[14] J.S. Bell, PhysicgLong Island City, N.Y) 1, 195(1964). 3103(1999.

[15] See, for example, J.G. Rarity and P.R. Tapster, Phys. Rev. Letf16] E. Santos, Phys. Lett. 812 10 (1996; L. De Caro and A.
64, 2495 (1990; J. Brendelet al, Europhys. Lett.20, 275 Garuccio, Phys. Rev. B4, 174(1996, and references therein.
(1992; P.G. Kwiatet al,, Phys. Rev. A41, 2910(1990; W. [17] A. Valentini, e-print quant-ph/0203049; e-print
Tittel et al, quant-ph/9806043; T.E. Kiesst al,, Phys. Rev. quant-ph/0112151.

Lett. 71, 3893(1993; P.G. Kwiatet al,, ibid. 75, 4337(1995; [18] J.R. Croceet al, Found. Phys3, 557 (1990; Phys. Rev. Lett.
G. Brida, M. Genovese, C. Novero, and E. Predazzi, Phys. 68, 3813(1992; L.J. Wang, X.Y. Zou, and L. Mandeibid. 66,
Lett. A268 12(2000; A.G. Whiteet al, Phys. Rev. Lett83, 1111(1992); 68, 3814(1992; 68, 3667(1992.

033803-6



