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Transverse coherence length of down-converted light in the two-photon state
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Measurements of the Young interference pattern for down-converted light in the two-photon state are
performed. Light in the two-photon state is generated at the output of a Hong-Ou-Mandel balanced interfer-
ometer. Two-photon interference patterns with visibilities up to 100% are obtained. Visibilities of the two-
photon interference patterns as a function of the double-slit separation are obtained and show that the trans-
verse coherence length of the two-photon light is much larger than the one-photon beam for the distances
considered in the experimei§1050-294{@9)05702-9

PACS numbd(s): 42.50.Ar

. INTRODUCTION momentum fik,=%ks+7k;) of the photons are conserved.
The spatial coherence properties of the down-converted
Interference experiments with Young's double-slit andbeams were investigated by measuring the transverse coher-
Michelson interferometers have had a very important role irence length of one of the beaf® and studying experimen-
the development of classical and quantum optics. Classicahlly and theoretically the nonlocal quantum correlations be-
theory, based in the wave nature of light, has been able ttween them[7-11]. Young interference experiments with
explain the interference pattern for thermal-like sources andnly one of the parametric down-converted beams shows
lasers[1]. Dirac, in his well known booK2], has given an that the measured fringes visibilities and the transversal co-
explanation based on the quantum nature of light for thesaerence length are the expected ones for a classical extended
experiments. He argues that each photon interferes only witthermal-like sourcé6].
itself and the interference pattern results from the interfer- In this paper we present experimental results of the
ence between the probability amplitudes of the two possibl&’oung’s double-slit interference pattern of light in the two-
paths for the photon. The first experiment that tested this idephoton statétwo photons in the same wave pagkdthe aim
was already performed by Taylor in 1908 by detecting a  of this work is to study the transverse fourth-order coherence
needle diffraction pattern with a very weak flame as lightof a light beam in this state. Experiments for the generation
source such that on average only one photon at a time hiwsf light in two-photon wave packets were first performed by
the needle. After a long time detection, the interferenceHong, Ou, and MandéHOM) [12]. Twin parametric down-
fringe pattern showed no difference from a high intensityconverted photons are combined in a 50/50% beam splitter
pattern. Since this light source is chacfif], the assertion and the number of coincident photons at the output of the
that only “one photon” hits the needle at a time is question-beam-splitter are measured as a function of the optical path
able. The first detected “one-photon at a time” interferencelength difference of the photons. When this difference is ap-
pattern was obtained by Grangier, Roger, and Aspect by ugroximately zero a null in the coincidence rate is detected. It
ing a two-photon radiative atomic cascade as light sourcéas been shown that at this point the two photons always
[5]. The Mach-Zehnder interference pattern of one of theemerge together from either one of the beam-splitter exit
photons was recorded in coincidence with the second emitteplorts [13,14]. By doing Young's interference experiments
one in the cascade, not transmitted through the interferomwith the output light of the HOM interferometer, we are able
eter. This light source permits the detection of one photorio study the spatial coherence properties of the light in the
state with probability close to 1. two-photon state. The Young fringes visibilities and the mea-
Young’'s one-photon interference pattern has been resured transverse fourth-order coherence length are much
cently studied for the case where the light source is a nonlarger than that obtained from the second-order Young's in-
linear crystal excited by a pump laser and emitting down-terference pattern with only one of the down-converted
converted photons by the nonlinear optical process of thbeams.
parametric luminescend€é—11]. In this process one photon A simple theory can give us a clue of the expected
of the pump laser with frequenay, and wave vectok, is  Young's interference pattern when two photons hit at the
converted into two other ones, conventionally called signakame time a double slifig. 1(a)]. As it will be clear below,
(ws,ks) and idler @; k). Energy iw,=%iws+hw;) and  our detector gives us the number of transmitted two-photon
wave packetgbiphotong that arrive at a poinP, with trans-
verse position coordinate The probability amplitude asso-
* Author to whom correspondence should be addressed. Electronigiated with the possibility of one photon to be at the detector
address: spadua@fisica.ufmg.br positionx, after being transmitted through a double slit is
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FIG. 1. (a) Schematic drawing of a Young double-slit experiment whexds2the slit's width; 21 is the double-slit separation; is the
distance between the double-slit and the detector plangsare the transverse position coordinates; apg, are the distances between
each slit and the detector positioned at pdint(b) Schematic drawing of a Young double-slit experiment wiagyrés the distance between
the crystal and the double-slit plane. Light is generated by a collinear parametric down-conversion process.

d+a d+a It supposes that the two-photon wave packets are generated

‘Ifl(x)‘xj e'krl(xS’x>dXs+f ez ¥dxg, (1) collinearly from the crystal. The number of two-photon
d-a d-a packets hitting the detection screen, after being transmitted

through a double slit, is proportional to the fourth-order cor-

where xs,Xx are variable transverse coordinatéss 27/ . - '
relation function calculated at position

with \ being the wavelengths of the photonst 8 the sepa-
ration of the slits; 2 is the width of the slits. The distances & () B ) BE) e BCH)
between each slit and the poiRtat positionx are Ne(X) (i (X)Es (X)E T (X)Es (X)), 5

(X+X5)? . (X—Xs)? whereE(")(x) andE{")(x) are the idler and the signal trans-
2z, Fa(Xs:X) =2y 2z, '’ mitted electric field operators, respectively. The transmitted
(2 electric field operators are obtained by doing an analogy with
_ ) ) the classical calculation of the electric field transmitted
wherez, is the distance between the double-slit plane andhrough an aperture when the angular spectrum of the field
the observation scredlfrig. 1(a)]. Expression(1) is simpli-  pefore the aperturé&ouble sli} is known[14]. The electric
fied further by doing a variable transformatiors € x;+d) field operator can be written as
where it becomes clear that we can negbe;& terms (2
>a) in ry(xs,Xx) andr,(xs,X). It becomes

ri{(Xg,X)~2z,+

| | | E}“(x)oce”‘zf dq,-qu,-’é(qj’)T(qj—qj’)
Wy(x)cel el ki) elkdiz,) o (g) _— 2
Xel[qjx—qj(Z—ZA)/Zk—qj zA/2k]’ (6)
where a(x)=k(z,+[(x?+d?)/2z,]), 1,(x)=2asind[k(d
+x)al/zy} and I(x)=2asind[k(d—x)al/z;}. From ex-  \where j=i (idler), s (signa); k=k.=k is the down-
pr_eSS|on(3) we obtain the probability al_”n_phtude associated converted field wave vector magnitudeg; ,qj, are
with the arrival of two photons at positior at the same >
time: ¥,(x)=¥1(X)¥4(x). Then the number of two pho- x-tra.m'svgrse components Of the wave veclora(q’) is the
tons that arrive at positior is proportional to annihilation operator associated with the mage T(u) is
the Fourier transform of the double-slit apertueg; is the

Ng(X)oc W3 (X)W 5(X) = A(X) +4B(X) distance from the crystal to the double skifis the transverse
position of the two-photon detector, ands the longitudinal
2kdx 4kdx coordinate with origin at the crystal cen{dfig. 1(b)].
XCOS( z +2C(X)C°S( . ) (4) Expression(5) is calculated by using the multimode two-
photon wave function18]. In the monochromatic Xw;
where  AX)=1,(X)*+1,(x)*+41,(X)%1,(x)?; B(x) <wj, j=s,i,p), paraxial (g;|<|k;|), and thin crystal ap-

=1,(x)31,(x) +11(x)1,(x)% and C(x)=1,(x)?I(x)?>. Ex- proximation, the state generated by the parametric down-
pression4) shows that the resultant interference pattern conconversion process can be approximated 1}

sists of two patterns, one of them with periodicityand the

other one with periodicity\/2. The diffraction terms in ex-

pression(4) are proportional to the fourth power of sinc |\If)=|vac>+const><f qu dao(gs +ai)|1as)|1.a),
functions. It is also easy to see that the visibility of the “in- (7)
terference pattern” is 1. This is expected because our simple

theory does not include the light source size and the photonsherev(gs + q;) is the angular spectrum of the pump beam.
correlations. The light source is assumed to be a pointlikéds it was shown recently17], the angular spectrum of the
source. A more complete theory requires the calculation opump laser beam is transferred to the fourth-order correlation
the fourth-order correlation function by using a quantumof the down-converted two-photon pairs. After some algebra,
multimode theonf14,15. This theory[16,17 takes into ac- we obtain the number dfiphotonsas a function of position
count the spatial correlation of the down-converted photonsx in the detection screen from expressi@y [Fig. 1(b)]:
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|

S{ d? kXZd)
+4B,(X)B4(x)co Z_ 7
S{2kx(2d)
+281(X)B4(X)CO Z— (8)
1
with
A(X)=[B1(X)[2+4[B(x)|>+|B4(x)|? 9
B1(X)=4W(d,z,)a? sinc?( @ (10)
1
B,(X) =4VW(0,z5)a? sin¢ (IZ—X‘F? alsind (?_I;_x al,
1 1(11)
B4(X)=4JW(—d,z,)a?sin¢ k(x:ﬂ ., (12
1

where 2 is the separation of the double slita2s the width
of each slit,L=2z,z,/(z1+25), andW(x,z,) is the spatial
intensity distribution of the pump laser beam at the trans
verse positiorx and at the longitudinal distanag from the

crystal. It is assumed that the double-slit plane is relativel)}

far from the crystal and the detectors plagi&raunhofer
regime”). By comparing expressiong) and (8) we notice

that the second and third terms in the right-hand side o

expression8) show the interference with periodicity of the
down-converted photons and the fourth term represents
expected interference pattern from a light beam with wave
length\/2. Note also thaB;(x), B,(x), andB4(x) are pro-

portional to the square root of the transverse intensity distri

bution of the pump laser at the position of the double slit. It

is also worth mentioning that this fourth-order Young inter-
ference pattern depends on the spatial profile of the pump
the double-slit plane and not at the crystal position as in th
Young second-order interference pattggh

Expression(8) can be further simplified by doing,(x)
~Ba(x),

Ne(X)2|B1(x)|2+4|By(x)|?

S(kdz) s(kXZd
+8B1(X)B,(x)cog —|co
Zp Z
2kx(2
+2|Bl(x)|2coz{%d) . (13
1
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_ 2B;(X)By(x)
[B1(X)]*+[Ba(x)|*

(14

cod |

where we have obtained the minimum in the pattern by mak-
ing kx2d/z, equal to a multiple number of, in expression
(13). Notice that the third term on the right-hand side of
expression(13) is not dominant on the fourth term when
kd?/z, is close to a multiple number af/2. For this case,
the third term is much larger than the fourth one and the
visibility of the resultant interference pattern is

_ |B1(x)|?
| B1(x)[*+2[B(X)]?

(15

Notice that for this range of parameters, the periodicity of the
interference pattern becomes the one expected from a beam
with the wavelength of the pump laser.

Il. EXPERIMENTAL SETUP

A 20 mmx20 mmx20 mm LilO; crystal pumped by a
40-mW Kripton laser emitting ak =413.1 nm was used to
generate type | down-conversion parametric luminescence.
The measured Gaussian full width at half-maximum
(FWHM) of the pump laser just before the crystal is 0.5 mm.
Signal and idler beams with the same wavelength around 826
nm were selected by 2.0-mm-diam pinholes placed 100 mm
from the crystal and making an angle of 34° with the pump
laser beam. The down-converted beams were then combined
in a 50/50% beam splitter BS1 for the generation of light in
he two-photon statgl2]. The arm lengths of the interferom-
eter were balanced by displacing one of the 90° prisms
shown in Fig. Za). This prism is mounted in a submicron
Franslation stage. The optical length of each arm is approxi-
mately 570 mm. Down-converted beams are detected in co-

6Wcidence at the output port of the 50/50% beam splitter.

Ight detectors are avalanche photodiodes, with resolution of
3 ns. The down-converted beams were focused on the detec-
tors by means of microscope objective lenses. The two-
photon interferometer was first aligned by using 0.9-nm-
bandwidth Gaussian interference filtéfs centered at 826.2
. Pulses from the detectors are sent to a photon counter

nd coincidence detection setup with 5ns resolving time.

he data are analyzed in a personal computer. Young double
slits (S2) of different separations are placed in one of the
exit paths of the interferometé¢Fig. 2(b)]. The Young slits
are made by a photographic process, producing a dark nega-
tive with two transparent slits. The width of each slig 2
=0.07 mm and the distance between them=2.16, 0.25,
0.36, 0.45, 0.52, 0.60, 078 mm, were measured with a mi-
croscope. The double-slit plangy plane is aligned perpen-
dicular to the plane defined by the pump laser and the down-
converted beamsyg plane with the small dimension of the
slits parallel to thex direction. They are placed 30 mm away
from the BS1 beam splitter. The two-photon interference pat-
tern is recorded by displacing a “two-photon detector” per-

For the range of experimental parameters used in theggendicular to the plane defined by the pump and down-
measurements, the third term on the right-hand side of exconverted beamgl9]. The “two-photon detector” consists

pression(13) is much larger than the fourth term. Since the
third term is dominant, we find the following expression for
the visibility of the interference pattern:

of a single slit §1) oriented parallel to the double slits, a
50/50% beam splitter BS2 and two avalanche photodiodes
(D3,D4) detecting the photons in coincidence. We use a
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“ FIG. 3. (a) Coincidence counts betweé&rnl andD2 detectors as
Prism . . . L
‘/Av a function of the prism displacemerib) Coincidence counts be-
tween detector®3 andD4 as a function of the prism displacement
FIG. 2. (a) Outline of the experimental setup used to generatewithout the double slit. The continuous curves are Gaussian fittings.
light in the two-photon state. BS1 is a beam splittérl andM2

are mirrorsjF is an |nte.rference fl|tEIA' is abeam §top1)1 andDg path length from the crystal to detectdsl andD2 was
are avalanche photodiode detectdEsis the coincidence detection

: ) 1000 mm and their collection areas were defined by pinholes
system.(b) Outline of the experimental setup used to study the . .
transverse coherence length of the two-photon light beam. Tth 2.0 mm d'am?te_r placed_m_fror_]t of t_hem' The 0.42-mm
dashed square shows the two-photon deteb@r s a mirror:s2 is - WHM of the coincidence dip in Fig.(d) is a measurement
a double slit;S1 is a single slit; BS2 is a beam splittéf;is a color ~ Of the coherence length for the photon wave packet seen by
glass cutoff filter;D3 andD4 are avalanche photodiode detectors; D1 andD2, and is determined by the 0.9-nm bandwidth of
the distance between the planes of the singleSdliandS2 is 410  the interference filters. Once the minimum in the coincidence
mm except for the @=0.16 mm double-slit measurement; optical rate is found, the interferometer is set at this balanced point
path length of the down-converted photons from the cryst&2tés ~ A~0. At this point, approximately 97% of the down-
600 mm. converted photons, pairs leave either one of the output ports
of BS1 as two-photon wave packetsiphotons. In order to
single slit of 0.3mm width for recording the interference jncrease the detection efficiency, the narrow-band interfer-
patterns of the @=0.25, 0.36, 0.45, 0.52 mm double slits. ence filters were replaced by color glass filters. A consequent
The recording of the interference pattern of thé=2.16,  narrowing of the coincidence dip width was observed, indi-
0.60, 0.78 mm double slits was done with a 0.2 mm widtheating the expected decrease of the photon coherence length,
single slit. The entire “two-photon detector” moves rela- yith no harm to the contrast of approximately 97%. The
tively to the Young double sl!ts. The distance between thestability of the HOM interferometer was systematically
planes of the Young double slits and the two-photon detectoghecked during the experiment, and deviations of less than
slit is 230 mm for the 2!=O.16 mm double slit and 410 mm 304 in the coincidence dip were observed. Figufi® 3hows
for all the o_thers. Besides these measurements, we took 8Re number of coincidences registered by the “two-photon
extra one with the @=0.25mm Young double slitS2 and  getector’D3-D4 as a function of\, when the double slit is
the single-slitS1 planes Ky plane$ perpendicular to the ot in place. The visibility of the coincidence peak is close to
plane {z) defined by the pump laser and the down-ine theoretically predicted maximum of 50%.
converted beams with the small dimension of the slits paral- ggcond- and fourth-order interference patterns are shown
lel to they direction. in Fig. 4 for double-slit separation of 0.36 m¢a,b), 0.60
mm (c,d), and 0.25 mm(e,f). The measurements shown in
Il RESULTS Figs. 4e) and 4f) were taken with the slits perpendicular to
the plane defined by the pump and the down-converted
Figure 3a) shows the number of coincident counts be-beams. The fourth-order interference pattern is obtained from
tweenD1 andD?2 as a function of the prism displacemeént the coincidence counts betweBX3 andD4 as a function of
of the HOM interferometefFig. 2(@]. A minimum in the the “two-photon detector” transverse position, while the
number of coincidences, due to destructive interference aecond-order pattern is obtained from the single counts. Both
the beam splitter, is seen. With careful alignment we haveatterns are recorded at the same time. The second-order
been able to obtain coincidence dips up to 97%. The opticgbattern was fit to the function
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FIG. 4. Second-ordef(a), (c), and (e)] and fourth-ordef(b), (d), and (f)] Young interferograms and fittings, for double slits with
separations @=0.36 mm(a) and (b), 0.60 mm(c) and(d), and 2=0.25 mm. The double-slit planey plane was perpendicular to the
pump—down-converted beams playz plane. For the measurements shown@—(d), the small dimension of the slits is in thkedirection.

For (e) and(f) the slits were rotated by 90° having their small dimension inytldirection. Singles and coincidence counts detection times
were 1000 s foKa), (b), (e), and(f), and 2000 s foKc) and(d) interferograms.

Ny [Xotb2 5 visibility V,. This expression is obtained by substituting Eq.
N(XO)ZFL blz[SlndEX)] [1+V;cog Fx+B)]dx, (14) in Eq. (13) and callingV the experimental parameter
o~ V,.
(16) Figure 5 shows the visibilitie¥ ,—expression(16)—and
) o ] V ,—expressior(17)—of the second- and fourth-order inter-
whereN, is a normalization constanE=ka/z;, k is the  forence patterns, respectively, as functions of the double-slit

wave number of the down-converted light beamsjs the  genaration 8. These visibilities were obtained from the best
distance between the planes of the double slit and the “two-

photon detector” entrance slit and=k2d/z;. The finite

size of the detector was taken into account by integrating the 12
intensity distribution betweerx,— (b/2) and x,+(b/2), 0.9
whereb is the width of the single slig1 of the two-photon 2
detector andx, is the two-photon detector transverse posi- S 06
tion. The adjusted parameters were the visibilty, the g II
phase offses, and the constani,. Similarly, the fourth- 0.3 =
order pattern was fit to the function T\ A
°%a 0.5 10 15
Ny [Xo+(b/2) Separation of the slits (mm)
N0 = [ 21,0017+ B0 | | | .
Xo— (b/2) FIG. 5. Experimental points showing the visibility of the

2 ) second-ordeftriangle and fourth-ordeKsquarey Young interfero-

+4V,[|B1(X)]*+Ba(x)[“]cog Fx) grams as a function of the double-slit half-separation. The dot curve

I 2 is a Gaussian fit with HWHM of 0.320.02 mm for the second-
2|By(x)|* cog2Fx)Jdx, (17 order data. The continuous curve is the predicted theoretical visibil-

ity obtained from expressiofi4), for the fourth-order interference
where parameters were the normalization conskgnt the  pattern.
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fits of the experimental data, taking into account the statistithe pump beam. If we establish an analogy to the spatial
cal error bars in each data point. coherence case we expect that the biphoton beam to be trans-
versally coherent like the pump beam. In fact, the data of
Fig. 5 shows biphoton interference patterns with visibilities
IV. DISCUSSION near 100%(within the error barin four of the seven mea-

The two-photon detector collects only those photon pairé“red double slits, as expected from a co_herent beam. On the
that fall in the same spatial region defined by its entrance slipthér hand, we detected fourth-order interference pattern
S1. A similar detection scheme was used for the time-With visibilities smaller than 90% for slits separation larger
resolved two-photon interference detection in a Michelsorf@n 0.5 mm, suggesting that the transverse coherence length
interferometer [19]. Fourth-order interference patterns, ©f the biphoton beam is smaller than the pump beam trans-
which we identify as the biphoton interference pattern, withVerse c_oherence I_ength. Therefore, the transverse coherence
visibilities near or larger than 90% were obtained in four of Properties of the biphoton beam are totally different from the
the seven measured interference patterns, with the double sRf€-Photon beam. Figure 5 also shows a continuous line that
parallel to the pump—down-converted beams plane. Thes obtained from the theoretical expression for the visibility.
values are much higher than the measured second-order vis?" the range of experimental parameters measured, the ex-
ibilities [6], which are known to be the same as in a photonPression(14) gives the expected behavior for the fourth-
by-photon experiment as discussed in the Introduction. Tharder interference pattern visibilities as a function of the
periodicity of all the one- and two-photon measured interfer-S€paration between the slits. We see a good agreement be-
ence patterns is the same and that is obtained from the wavB¥€en the measured points and the theoretical predicted re-
length of the down-converted photons=826.2 nm. This sults. For this comparison we have measured the transverse
was checked by repeating the same experiment in the sanffiensity profile of the laser beaW(x,z,) at the distance
geometrical conditions with a laser operating at z,=600 mm “after” the crystal plane. The measured profile

=826.2nm. Although the fourth-order interference patternis fitted to a Gaussian intensity distribution and this expres-
has a component with periodicii/2 [see expressiof#)], its sion is used for calculating the theoretical formula of the

contribution is very small as discussed before. A fourth-orde)iSiPility expression(14). We also notice an oscillation of
Young interference pattern with 100% visibility was also the interference pattern visibility as the separation of the slits

measured with the small dimension of the double slit parallelcréases. More experimental visibility data points are nec-
to the pump—down-converted beams plane. For this caggSSary to check this behavior.
[Figs. 4e) and 4f)] practically no second-order interference
[Fig. 4(e)] is observed and a pure two-photon effect is de- V. CONCLUSIONS
tected. The one-photon transverse coherence length parallel
to the pump—down-converted beams plane is much smaller Young's interference fringe pattern for light in the two-
than the transverse coherence length in the direction perpefhoton state was experimentally investigated. A two-photon
dicular to this plane, at the same distance from the crystdight beam is generated by a balanced Hong-Ou-Mandel type
(||ght SOUTCQ. This is consequence of the fact that the “ef- interferometer. The tWO-photon Young's pattern is obtained
fective” size of the light source in the direction parallel to by measuring the number of transmitted biphotons through
the pump_down-converted beams p|ane is much |arger thdﬁe double slit as a function of the tWO-phOtOﬂ detector po-
in the orthogonal directiof6]. sition. This interference pattern shows much higher visibility
Figure 5 compares the second- and fourth-order tranghan the ordinary second-order interference pattern. Biphoton
verse coherence length of the down-converted light twointerference patterns with 18010% visibility have been
photon light by plotting the visibilities of the second- and measured. By doing the same measurements for double slits
fourth-order interference patterns as functions of the doublewith different separations and plotting the visibility of the
slit separation, with the double slit aligned to the pump-interference patterns as a function of the slit separations we
down-converted beams plane. We fit the second-order intefbserved that the transverse fourth-order coherence length of
ference data with a Gaussian function having the Gaussiaifte light beam in the two-photon state in our setup is much
widths as an adjustable parameter. We use the obtained hal@rger than the transverse second-order coherence length. A
width at half-maximum(HWHM) of the Gaussian curve as dquantum multimode theoretical calculation gives results that
our definition of the transverse coherence lendtf).(We  are in agreement with the experimental data. The theoretical
clearly see that the transverse coherence length of the biph&xpressions show that the visibility of the fourth-order inter-
ton field is larger than the one-photon coherence length. Fdierence pattern depends on the distance between the crystal
double slits with separation 0.60 and 0.78 mm we see pracand the double-slit plane, the slit separation, and the trans-
tica”y 0n|y two-photon state ||ght interference with V|s|b|||ty verse electric field profile at the pOSitiOﬂ of the double slits.
60+8% and 5@ 10%, respectively. This is the spatial ana-
log to the Michelson and Mach-Zehnder interference pattern
measurements of light in the two-photon stf1®,2Q. In
those measurements the authors detect a two-photon interfer- The authors acknowledge the support from Conselho Na-
ence pattern for optical path difference much larger than theional de Desenvolvimento Ciéfibto e Tecnolgico
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