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Direct and ghost interference in double-slit experiments with coincidence measurements
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The transverse spatial properties of the twin light beams of the down-conversion have been recently inves-
tigated in experiments using double-slit and coincidence measurements. Fringes are obtained, with a controlled
degree of visibility, placing the slits in the signal beam and scanning the signal ddttiotot interference—

Phys. Rev. A49, 4176(1994] and also, for the degenerated type Il down-conversion, with slits in the signal
beam and scanning the idler detecfghostinterference—Phys. Rev. Leff4, 3600(1995]. The idea of a

ghost source is used to discuss the direct interference experiment. Using a nondegenerated type | down-
conversion, experimental results are obtained showing that the visibility of the ghost interference patterns can
be controlled by the ghost source size, analogously as it can be done for a real light source.
[S1050-294{@6)01510-1

PACS numbd(s): 42.50.Dv

Correlation properties between signal and idler photons ofheory is not enough to explain all the features observed,
the down-conversion that have been investigated in severance it is not able to predict the visibilities of the patterns.
experiments over the last ten years, are now being extended For the degenerated case it was shd®hthat the coin-
to explore the transverse spatial entanglement of the twigidence rate is proportional to

hotons[1-3]. Transverse entanglements were observed in . . ) .
Souble-slit experimentgl, 3], detegting interference patterns RoPyp= el eat9a+ o™i %8| 21+ cogk(ra—rg)],
with coincidence measurements. In one of these experiments @
[1] the double slit was inserted in the signal beam and thgyherer y=r o, 41 pp, Ig=rg1+ g2 ba, and g are phases
fringes were observed in the signal beam through coincigye to the pump at point&, B in the crystal ¢, was con-
dence measurements. These fringes were observed in a cafidered equal topg for simplicity), k is the degenerated
figuration Wherdntensityfringes could not be observed. The wave numberge is a constant factor dependent on the pump
visibility of the coincidence fringes was shown to depend onand the nonlinearity of the crystal,; is the path from a
the idler detection area. In another experim@jtthe double  point A in the crystal to the signal detector passing through
slit was also inserted in the signal beam but the fringes werene slit,rg, is the path from a poinB in the crystal to the
observed scanning the idler detector and performing coincisignal detector passing through the other slit, is the path
dence measurements. This effect was explained as if the sifrom a pointA in the crystal to the idler detector, ang, is
nal detector behaved as a ghost source. The correlations bi#re path from a poinB in the crystal to the idler detector.
tween signal and idler photons transverse momenta wer€his situation is illustrated by Fig. 5 in Ref3].
used to draw this analogy. In a similar reasoning it is simple to show that for the

In this paper, the idea of ghost interference introduced byiondegenerated case, with signal and idler wave numbers
Ref.[3] is used to interpret the results obtained by R&f,  Ks andk;, respectively, the coincidence rate is given by
as if it was produced by a ghost source with variable size and : 4 . : 4 .
consequenﬁy a variabxlle Cgoherence area. This idea explains Re* P1o=[€]?|elliraztlira t12a glifarez tlksTen) H o) 2
quantitatively the extinction of the coincidence visibility by 140§ Ko (rp. — 5. ) +Ke(Fp1—Tcy) + &1, ()
the increase of the idler detector diameter, under certain con- F F
ditions. Experimental results show ghost interference for thg,ere
nondegenerated type | phase-matching down-conversion.

The visibility of these interference patterns depends on the Zo Zy

degree of spatial coherence of the imaginary source at the Kerr=ks| | +ki| 1=, €)
. . ; . 2 2

slits. This degree of coherence can be described by classical

equationg4].

) _ Zy is the distance between crystal and slits ape zy+r y;
The ideas presented in R¢&] are extended to the case of \yith r . peing the distance between crystal and idler detec-

Fh;a rflondegenerfa;ltetd dowr‘t\t-convr?rsion. Inéhist.case the ghogf, A and re, are the paths from pointd and B in the
interference oscillatory patterns have an effective wave num- . .
yp rystal to slitsC andD. rp; andr; are the paths from slits

ber determined by the distances between crystal to slits in th i !
signal beam and crystal to idler detector. However, this andD to the signal detecltor, such thgh =ra +rc; and
rg1=rp_*trp1. #=Ps— ¢ is a constant phase.
The termdirect interference, is used here for the case in
“Electronic address: gbarbosa@fis.ufal.br which the coincidence fringes are observed scanning the
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TABLE I. Comparison between measured direct visibilities and
ghost predictions. All dimensions in mm.

laser double

sit Py Ly F, signal

Distance Distance Source ug(ghosy we(ghos)  ue f} detector
[
\ )
V4

crystal source slits dimension uniform  Gaussian measure crystal D= . |

slits

295 795 0.6 0.98 0.96 0.57

80 580 0.6 0.97 0.93 0.44

35 535 0.6 0.96 0.91 0.52 , //E
20 520 0.6 0.96 0.91 0.46 idller

20 520 18 0.65 0.42 0.13 defector

20 520 3.6 0.16 0.03 0.09

FIG. 1. Outline of the experimental setup.andLg are lenses.
F; andF are optical filters.
same beam where the double slit is placed, to distinguish it
from ghost interference, where the fringes are observed in
the conjugated beam with no slits. Table | shows a comparison between the data obtained in

In the picture provided to explain ghost interference inRef. [1] and the prediction given by the above analogy, of
Ref. [3], one detector works as if it was the light source forthe dependencgg versus distance, using classical equations
the experiment. This explains thwidth of the coincidence for a second-order visibility—and not for a fourth-order or
patterns. This idea is applied here to discuss the coincidenamincidence visibility, because the theory is not yet available
patterns visibilities of direct and ghost interferences. For then the literature. They consider uniform and Gaussian ghost
experimental setup described in REE], the detector work-  sourcegsee, for example, Eq$8) and(9) of Ref.[5]). This
ing as a source should be the idler detector, because tlmuld be interpreted, in this case, as a detector with uniform
fringes were observed in the signal beam. The source size, Bind Gaussian spatial sensitivities. Some predicted visibilities
this case, should be determined by the idler detector pinholare greater than 90% while data presented visibilities of the
diameter, which restricts the detection area, and can be vaorder of 50% maximum. However, they show clearly that
ied. This picture shows immediately that the coincidence inthis analogy predicts the extinction of the visibility when the
terference can be destroyed, with the increase of the ghosdler pinhole diameter, or ghost source size, is increased. In
source size. In the ghost terminology, the ghost coherenciact, high visibilities are hard to achieve depending on the
area at the slits plane was decreased with the increase of tie&perimental conditions. Finite slit width can be a factor de-
ghost source size so that in the case of the nearly zero vigreasing visibilities in double-slit experimenf§,6]. Step
ibility, the ghost transverse coherence length at the slitsizes were used to obtain the fringes such that no appreciable
plane was nearly equal to the distance between slits. This ishange in the visibility is produced with smaller steps.
a direct analogy to what happens with real light sources. The The idea of a ghost source was used to predict the extinc-
prediction for real light sources, including down-convertedtion of the interference imlirect coincidence patterns detec-

light, is known[5]. tion, suggesting that the entangled coherence properties
e = 0.69 +0.04 He =057 £0.03 Mg =037 +£0.03
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0.8 . . . . . . are fit to the equation for the spatial degree of coherence of a
real Gaussian sourdé]

07 7 ]

> 0.6 ] | kgdzag

= 05 1 p=exp ——z—|, 4

2 ]

S 04
0.3 ] [] whereks is the signal wave numbed, is the separation be-
0.2 7 1 tween slits,r is the distance between the ghost source and
01 . i : . : . the slits, anda, is the ghost source width in the direction

04 06 08 1.0 12 14 18 parallel to the scan. The fit shown in Fig. 3, agrees with Eq.

signal pinhole diameter(mm) (4) for d=dg4=130 wm and imposing an upper bound for
the visibility wess = 0.8. Although the separation between
slits isd=90 um, d.s;= 130 um is acceptable because of
their finite width(80 wm). The upper bound for the visibility
can be viewed as a phenomenological compensation for ex-
perimental limitations for observing the maximum visibility.

could be described by simple classical equations. Now, aﬂ—h's approac.h was used, for example., In F{é.]'
The experimental results and the discussion about results

experiment is set to perform measurements of ghost interfer- : .
ence patterns. The setup used is different from the one d f Ref. [1] show that the idea of ghost sources associated to

: : ; ) . the classical theory can be useful for describing the visibili-
scribed in Ref[ 3], essentially because type | phase-matchin jes of the fringes obtained in double-slits coincidence mea-

down-conversion is used and with a nondegenerated twi
surements.

pair. . .
Figure 1 shows the outline of the experimental setup. The The idea of ghost source was used to explain effects ob-

argon-ion laser pumps a LilQcrystal with a beam of 351.1 served in direct interference coincidence measurements. This
nm wavelength. The signal beam reaching the doublé sli mph_asizes thatirect and ghos.tinterference are just mani-
was chosen with 788.7 nm wavelength, while its conjugate estations of the same correlation between twin photons, as a

twin, with 632.8 nm wavelength, propagates freely to thesignal “object” and its conjugated idler “image.” The theo-

idler detector. The beams are detected with single photoﬁetlcal arguments developed bY RES] were applied to th_e
counting modules with detector sizes 6200 xm. In the nondegenerated down-con_versmn. The effect of g_host inter-
idler beam, a cylindrical lensf& 10 cm) was used to focus ference was observed using type | phase-maiching down-

the beam only parallel to the plane of the pump, signal, an&orlltv S;Sslosr]hgai ?hg?ﬁdoengeegfe trﬁ(teegettv(\e”crlogzlgan be viewed as
idler beams. The idler detector is 10 cm from the lens. Nor-

- L - a ghost source in one double-slit coincidence experiment,
mal to this plane, no focalization occurs. The fringes areclagssical first-order coherence functions can be usgd to pre
scanned along this normal. P

In the signal beam, light passing through the double SIitSdict the visipilities of the coincide_nce patterns. This_approach
is collected by a detection system consisting of a variablé’vOrks for direct and for ghost interference. This idea suc-

pinhole aperture placed ne@ cm) to a spherical lens and a Geeds in explaining the results of Ret], where fringes

200 xm avalanche photodiod@PD) detector at the focal disappear when the idler detector pinhole diameter is in-
plane =10 cn of the lens. The pinhole aperture defines creased. It is also quantitatively reasonable if an upper bound

the detection area and simulates detectors with differe ftor the visibilities is assumed due to experimental difficul-
. ; ies.
areas or, in other terms, the effective ghost source areas. The

Elét;vgzxixg]ths of 8um andd=90 um is the distance tally that the visibility depends on the ghost source size in
The idler détection is performed throuah a 10 nm band-the same way as real light sources. Despite this relative suc-
. i : P : 9 cess of the idea of the ghost sources and images, we believe
width interference filter and the signal through a CS-7.69that a complete theory must be developed
Corning optical filter of about 40 nm bandwidth. The idler As stressed in Ref1], the fourth-order cc.)rrelation func-
dgtector was placed at 50 cm from the crystal. The dOUbI%on for the electric field of the down-converted light, should
slit was at 10 cm from the crystal and the pinhole at 26 Mya

from the slits in the signal beam. Ghost interference pattern written with a multimode theory7], to reveal the en-
gna : ) ce p Panglement between coherence areas of the signal and idler
were measured for six diameters of the signal pinhole. Th

goal is to vary the ghost source size and analyze the coinc‘}?ight' This function should show explicitly all transverse spa-

dence fringes visibility. If the ghost coherence area behave lal correlation within the down-converted light. Conse-
9 Y. 9 uently, it could generate any conjugated “image” produced
as the one for real sources, we should see the decrease of

coincidence fringes visibility with the increase of the ghost.>, & given “object,” as the direct or ghost patterns, without
source size 9 y 9 relying on the idea of using detectors as fictitious sources.

Figure 2 shows the ghost interference patterns for six sig--rhIS would be a very basiquantum-imageheory [8] for
? . . ; free down-converted light.

nal pinhole diameters. As in the case of a real light source,

the visibility decreases when the signal pinhole diameter is This work was supported by the Brazilian research fund-

increased, or the ghost source size is increased. These reslitg agencies CNPq, FINEP, and FAPEMIG.

FIG. 3. Fitting of the experimental visibilities of the ghost in-
terference patterns to a classical coherence theory.

For the ghost interference, these results show experimen-
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