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We report an experimental demonstration of an anticorrelation effect in femtosecond-pulse pumped type-I|
spontaneous parametric down-conversion. Our experimental data, which is different from that of éttaiu
[Phys. Rev. Lett83, 1323(2000], confirmed the shallowymmetric‘dip” that is predicted theoretically by
Keller and RubiffPhys. Rev. A66, 1534(1997] and Grice and WalmslegyPhys. Rev. 266, 1627(1997)]. We
show in this paper that the asymmetric dip observed in the literature is an artifact, which is caused by the
asymmetric optical elements introduced into the beam pé#r the down-conversion process. The “partial
distinguishability” theory suggested by Atatuet al. is therefore incorrect.
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Spontaneous parametric down-conversiBRDO [1,2]is  ie., R (7<|t])<R.(7=|6ty), and even reach “zero”
by far the most accessible source of entangled particle paifghen the delayr=0.
[3]. SPDC is a nonlinear optical process in which an incident In type-1l SPDC, the dip effect is observed by introducing
pump photon is converted into a pair of daughter photonsa delayr between e- and o-polarized photdig. The e-o
usually called thesignaland theidler, with a very low prob- ~ delay can be introduced, for example, by using a set of
ability. In type-I SPDC, the photon pairs are polarized in theduartz plates. The collinear SPDC beam is split into two
same directior(both o-polarizeyi and in type-1l SPDC, the SPatial modes by using a nonpolarizing 50-50 beam splitter.
photon pairs are polarized orthogonalyne o-polarized and In addition to the spatial modes created by the 50-50 beam

the other e-polarizad The photon pairs are explicitly corre- splitter, the signal and the idler also belong to the different
. P e p N pe plicitly polarization modes. Therefore, to observe the dip effect, one
lated in energy and timépolarization as well in type-lIl

has to “erase” this polarization information by using a pair
SPDO. b y using a p

. . . . of 45° polarization projectors. Also, the dip has a peculiar
Among many interesting quantum interference effects Nriangular shape with the base widBiL, where D= 1/u,

SPDC, the anticorrelation effe¢or commonly called the  _1,_is the inverse group velocity difference for signal and
anticorrelation “dip”), which was first reported for type-l jqjer photons in the crystal and is the crystal lengtti6].
SPDC in Ref[4] and for type-Il SPDC in Ref43,4], is one  The minimum of the dip corresponds to the detayDL/2

of the first to be observedThis effect plays a crucial role in  [5 6]. Note that if the orientations of the analyzers differ by
preparing maximally polarization-entangled two-photongge the triangular dip becomes the triangular peak with the
states(Bell state$ using SPDJ3].] base widthDL.

To observe the dip effect in type-I SPDC, signal and idler  Usually, the dip is interpreted as the photon-bunching ef-
photons are sent to different input ports of a 50-50 bearfect at the beam splitter: when the signal and the idler pho-
splitter [3,4]. A pair of detectors registers photons in the tons overlap at the beam splitter, two photons “stick” to-
output modes of the beam splitter, so that each detector cajether and always go to the same detector giving no
register both transmitted or reflected photons from signal otoincidence counts. This picture, however, is not correct in
idler modes. The coincidence counting raRg7) of the  general. Pittmaret al. have recently shown that the dip can
two detectors are measured as a function of the delay  be observed even if the signal-idler photon pairs do not over-
troduced between the signal and idler photons before theip at the beam splittef7]. Referenceg 7] clearly demon-
beam splitter. When the delay s less than the coherence strated the entangled nature of the photon pair, which we
time dt¢, which is defined by the bandwidth of the spectral may call the “biphoton.”

filters inserted in front of the detectors, i.e<:| 8t , a typi- The dip or “peak” effect is the result of quantum inter-
cal dip is observed: the coincidence counting rates drogerence between the two Feynman alternatiloéshoton am-
down below the level of coincidence counts witke |5t |, plitudes: the signal-idler both reflectedor transmitted-

reflected in the type-Il cageat the beam splitter or both
transmitted(or reflected-transmitted in the type-Il casa
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search, Oak Ridge National Laboratory, Oak Ridge, TN 37830indistinguishable, quantum interference occurs and the inter-
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FIG. 1. The experimental setup. Type-ll SPDC is separated
from the residual UV pump beam by using a dichroic mirror. A
pinhole selects the collinear SPDC. The coincidence counting rate!
are monitored as a function of the e-o delaySee text for detalils.

cidence counts (800 sec)

ibility for the anticorrelation effect when a thick nonlinear
crystal is used8]. The dip in this case has the same base S
width DL as for the cw-pump case, but its depth decrease<o
with the increase of the crystal thickness. The dip completely
vanishes if the pulse duratidfy, is much less thabL. The
reason is that the short pump pulse acts as a “clock” for the 6000
SPDC proces$8]: having registered a pair of photons, one

8000

can know for sure at which location of the crystal the pair 4000 _

was born. The delay=DL/2 compensates for signal-idler 2000[

group velocity difference only for pairs born in the center of ; L i L

the crystal; any other delay<Or<<DL gives a compensation 0 100 200 300 400 500 600

for some pairs but not for all pairs, so the compensation car e-o delay T (fsec)

never be completf]. That is why the dip predicted by the

theory isflat, shallow,and symmetric The visibility of the FIG. 2. The results obtained with the setup shown in Fig. 1 for
dip can be increased either by using a thin crystal or by using0-nm filters.(a) 1.1-mm(BBO) and(b) 2-mm BBO. In agreement
narrow-band spectral filters in front of the detectf]. with the theory, a flat symmetric dip is observed.

In this Rapid Communication, we present an experimental
demonstration of the anticorrelation effect for femtosecondbeam. To make sure no effects of spectral filtering are
pulse pumped type-ll SPDC from relatively thick crystals present, the full width at half maximurtFWHM) of the
(the ratio T, /DL is approximately 0.2 0.4, depending on spectral filters use in this experiment was 40 nm.
the experimental conditions The experimental setup is The experimental data are shown in Fig. 2. As predicted
shown in Fig. 1. As a pump, we use the second harmonic dby the theory{8], symmetric and flat dip is observed for both
a Spectra-Physics Tsunami femtosecond laser system. Thel-mm and 2-mm crystals when 40-nm FWHM filters are
central wavelength is 400 nm and the pulse duratiojs used. The width of the dip is in agreement with the theoret-
~80 fsec. Type-Il SPDC is obtained in a BBO crystal cut forical prediction. The visibility is slightly lower than given by
collinear frequency-degenerate phase matching. Two differthe theory, but this is due to slight misalignment in the e-o
ent crystals are used: one with a thickness of 1.1 mm and theéelay part of the setugWe have used air delay in this ex-
other with a thickness of 2 mm. After the crystal, the UV periment)
pump beam is removed by using a dichroic mirror, which  The results are, however, different from the results re-
reflects the strong residual pump beam while transmitting th@orted by Atatue et al. [12]. In Ref. [12], Atatire et al.
SPDC radiation of central wavelength 800 nm. Both signakeported that the type-l SPDC dip in the case of
and idler collinear beams are split by a 50-50 beam splitterffemtosecond-pulse pump showed a strange asymmetric
The delayr between signale ray and idler(o ray) is intro-  shape when a thick crystal was used. To explain this unpre-
duced before the beam splitter. dicted asymmetry in type-ll dip, Atate et al. introduced a

Single-photon counting detector®{ andD,) are placed parameter d.5), which is supposed to be responsible for the
at the output ports of the beam splitter and the coincidencépartial distinguishability” in femtosecond pulse pumped
counts between the two detectors are recorded as a functiappe-Il SPDC. However, such partial distinguishability is al-
of 7. The coincidence window in this experiment was 3 nsecready accounted for in the theory of pulsed type-ll SPDC
Polarization analyzers/; andA,) placed before the detec- and the net effect is the reduction of visibility, see Ré&f.
tors are set at 45° to “erase” the which-path information Moreover, the parametel,; introduced by Ataite et al. is
available in polarization modes. Interference filteiS{ and  not connected with any physical properties of the crystal or
IF,) can be placed before the detectors to see the effects dfie pump pulse. This means thdy is simply a fitting pa-
spectral filtering. In this experiment, the spectral filters arerameter that is introduced arbitrarily to the standard theory of
used mainly to cut the background noise from the pumpype-Il SPDC to fit the data.
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500 When strong spectral filtering is made, the visibility is in-
creased and the dip looks symmetric. However, when the

-300 -150 0 150 300 4;"' '3‘:" -150 0 150 300 450 FWHM of the spectral filters is big40 nm or no spectral
elay  (fsec) filtering is made, the dip is clearly asymmetric. This means
FIG. 3. Experimental data with the dichroic mirror replaced by athat the asymmetry is actually caused by the asymmetry in-
prism. The thickness of the type-Il BBO crystal is 1.1 n.3-nm  troduced by the prism, rather than some “unknown” partial
filters are used and 100-sec data accumulation time for each poirflistinguishability of the down-conversion process itself.

(b) 10-nm filters and 30-sec data collection tinge), 40-nm filters Before concluding that the asymmetry is simply due to
and 60-sec data accumulation time, gdiino filters are used and the prism, we have performed another experiment. In this
180-sec data accumulation time. experiment, a second prism is used to compensate the effect

of the first prism, see Fig. 5. The data are shown in Fig. 6

Comparing our experimental setup with the one used irfnd this is to be compared with Figich One can clearly see
Ref. [12], we see that there is a difference in the way inthat the strong asymmetry shown in Figichhas disap-
which the SPDC beam is separated from the residual pumpeared in Fig. 6.
beam: while we use a dichroic mirror that introduces no The implication of the data presented in this paper is
asymmetry into the setup, the authors of Réf2] used a clear. The asymmetric dip observed in femtosecond-pulse
prism that introduced asymmetry. pumped type-Il SPDC is not due to the “partial decoher-

Our natural assumption is that the prism affects the spa€nce” of the down-conversion process as suggested by
tiotemporal properties of SPDC and causes the asymmet/ature et al. [12]. The asymmetric dip is related to the
observed in Ref.12]. To check this assumption, we replaced asymmetric optical elements that are introduced into the

the mirror by a prism. The results are shown in Figs. 3 and 4beam path after the down-conversion crystal.
In summary, we have experimentally demonstrated that

the asymmetric dip in femtosecond-pulse pumped type-ll
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FIG. 4. Experimental data with the dichroic mirror replaced by a e-o delay 7 (fsec)
prism. The thickness of the type-ll BBO crystal is 2 m@. 3-nm
filters and 50-sec data collection tim®) 10-nm filters and 20-sec FIG. 6. The results obtained for the setup shown in Fig. 5. The

data collection time(c) 40-nm filters and 30-sec data collection 2-mm BBO crystal and 40-nm filters are used. The asymmetry ob-
time, and(d) no filters. The data are collected for 30-sec each pointserved in Fig. &) is now absent. The data accumulation time is
The asymmetry is clearly demonstrated. Note that no difference i5000 sec for each point. The coincidence counts are corrected by
observed between the results obtained with 40-nm filters and withising the single counts of one of the detectors to account for the
no filters at all. variation of the pump power.
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SPDC observed in the literature is an artifact of the specific We would like to thank M.H. Rubin for suggesting the
experimental setup. An externally introduced asymmetry igswo-prism experiment. We also acknowledge valuable dis-
responsible for the asymmetric dip. The current theory ofcussions with A. Garuccio. This work was supported in part
SPDC developed in Reff8] requires no modification and the by the Office of Naval Research, ARDA, and the National
predictions of the theory are confirmed experimentplig]. Security Agency.
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