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We present an experimental and theoretical analysis of the energy-time entanglement properties of a two-
photon state generated by pulsed spontaneous parametric down-conversion. Different methods of spectral or
temporal shaping of one of the two photons have allowed the observation of nonlocal modulations in the
autocorrelation or in the spectrum of the other, by coincidence measurements. Either a monochromator or
etalon filters have been used to shape the idler photon while observing the conditioned signal autocorrelation
with a Michelson interferometer. Alternatively, the unbalanced interferometer has been used to shape the signal
photon while measuring the conditioned idler spectrum with the monochromator. The role of the pump spec-
trum has been investigated by shaping it with additional filters. A theoretical treatment has allowed us to
completely describe all the observed features as a function of the different experimental parameters.
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I. INTRODUCTION

One of the most surprising consequences of quantum me-
chanics is the entanglement of two or more distant particles.
Entanglement is connected with the concept of nonlocality or
action at a distance, according to which the measurement of
an observable on one particle of an entangled pair determines
with certainty the outcome of a conditional measurements
performed on the same observable of the other particle, even
if the pair is well spatially separated. Nonlocal effects have
been objects of discussion since 1935, when Einstein, Pod-
olsky, and Rosen[1] formulated the principle of locality,
suggesting the apparent incompleteness of the quantum-
mechanical description of nature. In 1964 Bell[2] formu-
lated an inequality which can be used to distinguish between
local theories and quantum mechanics: a violation of Bell’s
inequalities can be considered an evidence of nonlocal ef-
fects. Since then, several experiments have been performed
to test Bell’s inequalities, using different sources of en-
tangled particles, and they have all shown the nonlocal fea-
tures of quantum effects.

Spontaneous parametric down-conversion(SPDC) of la-
ser light in nonlinear crystals is the currently most practical
and efficient source of entangled particle pairs for the test of
Bell’s inequalities and nonlocality. In SPDC, the annihilation
of a pump laser photon of frequencyvp and momentumkp
inside the crystal gives simultaneous birth to a pair of quan-
tum correlated photons, named signal and idler, with fre-
quenciesvs andvi and momentaks andk i, which must obey
energy and momentum conservation(vp=vs+vi, kp=ks
+k i) [3]. Experimental observation of nonlocal effects has
been obtained in different ways: by the violation of Bell’s-
type inequalities in experiments on photon polarization cor-
relations[4–7]; by the observation of fourth-order interfer-
ence effects among distant interferometers in experiments of

the kind first suggested by Franson[8] on photon time-
position correlations[9–13]; and by the observation of
“ghost” interference or diffraction effects in experiments on
photon momentum correlations[14–17]. Experiments in
which nonlocal effects are studied in the time domain sug-
gest the possibility to analyze the same effects in the energy
or frequency domain[18–20].

In a recent work[21] we experimentally analyzed nonlo-
cal effects in the frequency-time domain for photon pairs
generated in a pulsed parametric down-converter. We
showed that by either spectrally or temporally shaping one
beam of the pair the other one is, respectively, temporally or
spectrally shaped, when observations are made in coinci-
dence. The spectral shaping was obtained by using a mono-
chromator on the idler path, while the temporal shaping by
using a Michelson interferometer on the signal path. In par-
ticular, we demonstrated that by narrowing the spectrum of
the idler photons fourth-order temporal interference fringes
appear on the conditioned signal autocorrelation function
also for delays much longer than the signal coherence time;
alternatively, we pointed out that when the interferometer on
the signal path is unbalanced fourth-order ghost spectral in-
terference fringes appear in the conditioned idler spectrum.

Here we present an experimental and theoretical analysis
of the same nonlocal effects, using two different kinds of
nonlinear crystal(type-I and type-II BBO crystals) and dif-
ferent methods of spectral filtering in order to fully explore
the rich possibilities involved in the process. In particular, we
use a monochromator with adjustable central frequency and
width, and air-spaced etalons with different free spectral
ranges(FSRs) and peak widths(full width at half maximum,
FWHM). We show that different temporal shaping of the
signal autocorrelation function, conditioned on the detection
of the filtered idler photon, is observable when different
spectral filters are used. When the idler photon is filtered by
etalons, the periodic spectral transmission function of the
filters induces a modulation in the signal temporal shape, so
that the signal autocorrelation function, measured in coinci-
dence, shows temporal modulations with a period equal to
the inverse of the FSR. Note that, our experiments relying on
a pulsed laser source, the spectral shape of the pump pulses
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plays a fundamental role in the measurements. We also dem-
onstrate that by spectrally shaping the pump with the inser-
tion of a further air-spaced etalon on its path without chang-
ing the filters in the idler channel, we can obtain a
significantly different temporal shape for the signal autocor-
relation function observed in coincidence. Finally, we
present a complete theoretical model which describes, with a
single equation, all the observed features, including the ap-
pearance of temporal and spectral fourth-order interference
fringes and their exact behavior as a function of the different
experimental parameters. Calculations taking into account
the biphoton wave function generated in SPDC for type-I
and type-II nonlinear crystals, the spectral pump shape with
and without spectral filtering, and the different spectral or
temporal filters on the idler and signal channels, show a very
good agreement with experimental data.

II. EXPERIMENTAL SETUPS

We have performed three different sets of measurements
using different crystals for SPDC and different systems for
spectral filtering of both the idler and the pump beam. In the
first case we use a type-II nonlinear crystal for SPDC and we
spectrally filter the idler beam by means of a monochro-
mator, while leaving the pump pulse unfiltered. Next, we use
a type-I crystal and we filter the idler beam by means of
air-spaced etalons. Finally, the latter setup is used in connec-
tion with a filtered pump pulse, obtained by placing a further
etalon filter in the pump path.

Figure 1 shows a scheme of our experimental setups. The
1–5 ps long pulses from a mode-locked Ti:sapphire laser,
operating around 788 nm at a repetition rate of 82 MHz, are
frequency doubled in a LBO crystal to generate the pump

pulses at 394 nm for SPDC. In the setup of Fig. 1(a) the
pump is mildly focused on a 3-mm-long BBO crystal cut for
type-II collinear degenerate down-conversion. The two or-
thogonally polarized beams emerging from the crystal are
recollimated and then separated by a polarizing beam splitter
(for more details, see Ref.[21]). In the setup of Fig. 1(b) a
3-mm-long BBO crystal cut for type-I collinear degenerate
down-conversion is pumped by a collimated beam. The crys-
tal is slightly tilted from the collinear condition in order to
get degenerate SPDC emission along a cone, and the signal
and idler photons are then selected by two apertures(A).

In both setups, after spatial separation, one of the beams
(that we will name “signal”) is directed to a stable Michelson
interferometer with a piezoelectric transducer on one arm
and a motorized translation stage on the other one, allowing
us to finely control the relative path-length difference be-
tween the two optical paths. The other beam(the “idler”) is
sent to a spectral filtering system: in setup(a) we use a
500-mm monochromator with a spectral resolution of
0.02 nm and a dispersion coefficient of 1.3 nm/mm; in setup
(b) we use one or two air-spaced etalons(ET) with a finesse
of 20 and coating wavelength of 786 nm, with cavity lengths
of 25 mm and 100mm. For some measurements we have
also spectrally filtered the pump beam by placing a second
air-spaced etalon with a cavity length of 250mm, a finesse of
30, and a central wavelength of 393 nm, on the pump beam
path.

At the exit of both the interferometer and the filtering
system, the emerging beams are collected by means of
25 mm focal length GRIN(graded index) lenses, and de-
tected by single-photon counting modules(SPCM, Perkin-
Elmer AQR-12). Interference filters of various bandwidths
(between 3 and 10 nm) are placed in front of the SPCMs in
order to cut some of the background light. The signals from
the two detectors can be either counted directly or in coinci-
dence(within a 2 ns time window) as a function of the ex-
perimental parameters.

In both the experimental setups illustrated in Fig. 1 we
performed conditioned measurements of the signal linear au-
tocorrelation function by recording the coincidence counts as
a function of the relative path-length difference between the
two arms of the interferometer for different settings of the
spectral filters: either different monochromator output slit
widths or different etalons. With the apparatus depicted in
Fig. 1(a), we could also perform conditioned measurements
of the idler spectrum by scanning the monochromator central
wavelength for different values of the relative path-length
difference between the two interferometer arms.

III. THEORETICAL DESCRIPTION

A. Spontaneous parametric down-conversion
with a pulsed pump

In the spontaneous parametric down-conversion process
one pump photon with frequencyvp impinging on axs2d

nonlinear crystal decays into two lower-frequency photons
called signal and idler, provided that the energy and momen-
tum conservation laws(or phase-matching conditions) are
satisfied. The phase-matching conditions can be fulfilled in-

FIG. 1. Experimental setups: PBS, polarizing beam splitter; M,
monochromator; A, aperture; ET, air-spaced etalons; BS, 50% beam
splitter; MS, motorized translation stage; PZT, piezoelectric trans-
ducer; IF, interference filter; SPCM, single-photon counting mod-
ule; and CC, coincidence counter.
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side the crystal in two different ways depending on how the
two emitted photons are polarized. In type-I interaction the
output photons are polarized in the same direction as ordi-
nary waves. Alternatively, in type-II interaction, the signal
and idler propagate inside the crystal as ordinary and extraor-
dinary waves, respectively, and are orthogonally polarized
with respect to each other.

In recent years, the SPDC process has been studied exten-
sively when excited by a continuous[22–24] or a pulsed
[25–31] pump. Here, we give a basic description of the
SPDC process pumped by a picosecond pulsed laser source
following the description given in Refs.[23,25,27]. We con-
sider the case where the signal and idler are collinear with
the pump in order to neglect the transverse components of
the fields and give a one-dimensional description. Although
this condition is not satisfied in several instances, the small-
emission angles of the signal and idler beams in our experi-
mental apparatus allow the collinear description of SPDC to
well approximate our experimental results.

From the interaction Hamiltonian, the state emitted by the
SPDC process is calculated to first order in perturbation
theory as

uCl = u0l + aE dvsdvidvpdsvp − vi − vsdEp
s+dsvpd

3E
0

L

dze−iskp−ki−ksdzuvslsuvili s1d

=u0l +E dvsdvicsvs,viduvslsuvili , s2d

where the state vectoruvl j represents the single-photon state
with frequencyv in the modej and the functioncsvs,vid is
defined as

csvs,vid = aEp
s+dsvs + vid

sinsDkL/2d
DkL/2

e−iDkL/2, s3d

whereL is the crystal length,Dk the phase-mismatch factor,
anda includes the constants and the slowly varying terms. In
the above expression the pump amplitudeEp

s+dsvd is consid-
ered to be a classical quantity propagating in thez direction,
and the chirp-free pulsed pump is assumed to have a Gauss-
ian profile:

Ep
s+dsvd = expS−

sv − vp
0d2

4sp
2 D , s4d

with a FWHM Dvp=2Î2 ln 2sp and a central frequency
vp

0.
The phase-mismatch factorDk=kpsvpd−kisvid−kssvsd is

approximated to the second-order term of the expansion
around the phase-matching frequencies according to Refs.
[25–29],

kjsv jd = kjsv j
0d + kj8sv j

0dsv j − v j
0d+ 1

2kj9sv j
0dsv j − v j

0d2,

j = p,s,i , s5d

wherev j
0 s j =p,s, id are the central frequencies for the pump,

signal, and idler fields, respectively, which we assume to
obey the perfect phase-matching conditions,kpsvp

0d−kisvi
0d

−kssvs
0d=0 andvp

0−vi
0−vs

0=0. The inverse of group veloc-
ity is kj8sv jd=dkj /dv j and the group-velocity dispersion is
introduced by the second-order coefficientkj9sv jd=d2kj /dv j

2.
The phase mismatch can be approximated in different

ways according to the type of nonlinear interaction inside the
crystal. For a degenerate type-I situation, where the signal
and idler photons haveki8=ks8 andki9=ks9, the phase mismatch
is given byuDku.ks9V

2, wherevs=vs
0+V andvi =vi

0−V. In
a type-II interaction, the second-order terms of the expansion
are negligible and we can thus approximate the phase mis-
match touDku.ski8−ks8dV.

B. Spectral and temporal shaping of entangled photons

We consider the case where the signal and idler photons
are spatially separated and the idler is directed to a spectral
filter, while the signal travels through a Michelson interfer-
ometer with a variable delay between the two arms. At the
outputs of both the spectral filter and the interferometer, a
couple of single-photon counting modules is inserted, and
their coincidence counts are measured.

When one idler photon is detected, the SPDC wave func-
tion (2) collapses onto a single-photon signal state whose
characteristics depend on the kind of measurement per-
formed on the idler. Detection of the filtered idler photon
thus reduces the SPDC state into the single-photon state de-
scribed by the partial trace of the product between the
SPDC- state density operatorr̂ and the measurement density
operatorr̂i,

r̂s = Trisr̂ir̂d, s6d

where r̂= uClkCu is the density operator for the pure SPDC
stateuCl f32g, and the single-photon detection of the filtered
idler beam is described by the diagonal density operatorf33g

r̂i =E dvTsv − vmdFisvduvlikvui . s7d

The functionTsv−vmd is the transmission of the spectral
filter with center frequencyvm, andFisvd is the transmission
function which describes the interference filter placed in
front of the idler detector. Therefore, after the detection of
the idler photon, the two-photon state collapses into the state
described by

r̂s =E dvsdvs8dviTsvi − vmdFisvid

3c*svs8,vidcsvs,viduvs8lskvsus s8d

and the signal-photon detection probability, conditioned on
the detection of the filtered idler photon, is given by the
correlation function

Gstd = kÊs
s−dstdÊs

s+dstdl s9d
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=Trfr̂sr̂FsÊs
s−dstdÊs

s+dstdg, s10d

whereÊs
s+dstd is the electric-field operator after the Michelson

interferometer, which is written as a function of the unbal-
ancing timet of the interferometer as

Ês
s+dstd = RTE dvâssvds1 + eivtdeivt, s11d

where âssvd is the field annihilation operator andR and T
are the complex reflectivity and transmittivity coefficients of
the beam splitter, respectively. The operatorr̂Fs describes the
action of the interference filter placed in front of the signal
detector and is written as

r̂Fs =E dvFssvduvlskvus. s12d

The coincidence rate is proportional to the integral of the
correlation functionGstd with respect tot over the electronic
coincidence window of widthTc [34]. Generally, the coinci-
dence window is much larger than the coherence time of the
emitted photons, therefore, by lettingTc→`, the coinci-
dence rate results proportional to

Rcst,vmd =E
−`

`

dtGstd s13d

=2uRTu2E dvsdviucsvs,vidu2FisvidFssvsd

3Tsvi − vmds1 + cosvstd. s14d

This equation expresses the convolution of the SPDC emis-
sion probabilityucsvs,vidu2 with the transmission function of
the filters and the spectral response of the Michelson inter-
ferometer. When the filter central frequencyvm is fixed and
one arm of the interferometer is scanned, one can observe the
correlation function of the filtered two-photon state, which
comes from the spectral convolution of the SPDC wave
function with the filter transmission functionTsv−vmd. On
the other hand, if the interferometer is kept unbalancedst
Þ0d and the central frequency of the filtervm is scanned,
then idler spectral fringes are observed with a period in-
versely proportional tot.

These fourth-order interference effects are often referred
to as ghost interferences, since they only appear when the
coincidence counts from the signal and idler detectors are
observed. In particular, the case described above is the
energy-time analogous of the ghost interferences observed in
the spatial domain by Refs.[14,15]; here the single spatial
slit is replaced by the spectral window of the monochro-
mator, while the unbalanced Michelson interferometer plays
the role of a temporal Young’s double slit.

For monochromatic pump radiation, SPDC generates per-
fect frequency entangled states: in such a case the coherence
time of the filtered two-photon state can be extended to in-
finity, provided that a monochromatic filtering is performed
on the idler photon. In exactly the same way, one can in

principle obtain narrower and narrower fourth-order spectral
interference fringes by using infinitely long unbalancing de-
lays on the Michelson interferometer. However, if the coher-
ence time of the pump is finite, then it becomes the limiting
factor and, according to Eq.(14), the coherence time of the
filtered two-photon state(or conditioned signal state) cannot
exceed its value. To put it in simple terms, one cannot in-
crease the precision in the measurement of the signal fre-
quency by a better knowledge of the idler frequency because
the bandwidth of the pump is, in any case, the lower limit for
the achievable resolution of the signal spectrum. Accord-
ingly, the visibility of the spectral fringes is degraded when
the interferometer unbalancing timet is made longer than
the pump coherence time, i.e., when the spacing of the spec-
tral fringes becomes smaller than the pump bandwidth.

Different kinds of spectral filters have been used for our
measurements. In one case we have inserted a monochro-
mator filter with variable width and variable central fre-
quency as described in Ref.[21]. The monochromator trans-
mission function is the convolution product of two
rectangular functions corresponding to the input and output
apertures of the monochromator. The result is a trapezoid
with the major base equal to the sum of the two rectangular
widths and with the minor base equal to the difference be-
tween the two rectangular widths. Alternatively, we have
used etalon filters, which provide a different and peculiar
nonlocal spectral-temporal shaping. These filters are charac-
terized by a large number of very narrow transmission lines,
with an overall transmission function given by

Tsvd = H1 +
4F2

p2 sin2Fpv

V
GJ−1

, s15d

whereV /2p andF are the FSR and the finesse of the reso-
nator, respectively. The presence of one or more etalon trans-
mission peaks under the transmission curve of the interfer-
ence filters drastically changes the induced spectral-temporal
shape of the signal photon.

In order to study the effects of the pump coherence time,
we manipulated it by placing a further etalon filter on the
pump beam path. The resulting pump spectrum is simply
obtained by multiplying the original pump spectral profile by
the transmission function of the etalon. The action of the
pump filter extends the coherence time of the two-photon
state as shown by Eq.(14). Moreover, as it will be shown
later in this paper, when more than one transmission peaks of
the pump etalon come into play, additional beating effects
appear in the fourth-order interference envelope.

Finally, the interference filters placed in front of the de-
tectors in order to limit background light are assumed to
have a Gaussian shape:

Fjsvd = expS−
sv − vFj

0 d2

2sFj
2 D , j = i,s, s16d

with a FWHM DvFj =2Î2 ln 2sFj and a central frequency
vFj

0 .
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IV. RESULTS AND DISCUSSION

A. Monochromator filter

For the first set of measurements, we have used the setup
shown in Fig. 1(a), with a 3-mm-type-II BBO nonlinear
crystal and a monochromator in the idler-beam path as the
spectral filter. We have performed coincidence measurements
of the signal autocorrelation function for different values of
the monochromator spectral resolution and coincidence mea-
surements of the idler spectrum for different delays between
the arms of the interferometer in the signal path.

We have shown[21] that when observations are made in
coincidence the selection of a narrow spectrum for the idler
photons leads to a broadening of the signal autocorrelation
function and fourth-order temporal interference fringes are
detected also for delays much longer than the signal coher-
ence time. Alternatively, we have shown that fourth-order
interference fringes appear in the idler spectrum conditioned
on the detection of the signal photon after the unbalanced
Michelson interferometer.

Both the coincidence measurements of signal autocorrela-
tion function and idler spectrum can be calculated from Eq.
(14). In this caseTsvd is the monochromator transmission
function: a trapezoidal function(which reduces to a triangu-
lar shape when the input and output slits have the same
width) with a FWHM given by the product between the
monochromator dispersion of 1.3 nm/mm and the larger slit
width. Fisvd andFssvd are the transmission functions of the
two interference filters placed in front of the SPCMs, given
in Eq. (16) with central wavelengthslFi

0 =785.4 nm and
lFs

0 =786.0 nm, and widthsDlFi =5.4 nm (FWHM) and
DlFs=5.5 nm (FWHM). The functioncsvs,vid can be cal-
culated considering that the pulsed pump spectral amplitude
Ep

s+d is given by Eq. (4) with central wavelengthlp
0

=394 nm and FWHMDlp=0.078 nm;Dk is calculated for
type-II interaction with uks8−ki8u=0.06/c. Finally, L can be
replaced by the effective interaction lengthLeff=1.3 mm,
which is calculated by taking into account the walk-off angle
of the BBO crystal and the pump beam waist.

Figure 2 shows the visibility of fourth-order temporal in-
terference fringes recorded for four different settings of the
monochromator slits. The experimental fringe visibility is
measured by changing the delay between the two arms of the
interferometer in coarse steps; for each position, a fine-scan
acquisition of 40 points is performed while moving one arm
of the interferometer by means of a piezoelectric transducer
driven by a ramp function generator. The solid lines in Fig. 2
show the theoretical visibility curves calculated from the au-
tocorrelation function obtained from Eq.(14), while keeping
lm=2pc/vm=788 nm as fixed and scanning the unbalancing
time t for the different filter widths. Note that increasing the
spectral filtering of the idler photon from 1.3 nm to 0.13 nm
[from case(a) to case(c) of Fig. 2] the signal coherence time
rapidly increases from 0.9 ps to 2.6 ps. A further narrowing
of the idler filter [from case(c) to (d) of Fig. 2] does not
produce a corresponding increase of the coherence time, due
to the fact that, when the width of the monochromator spec-
tral filter is reduced below the pump bandwidth, it is the
coherence time of the pump pulses(about 2.9 ps in this case)

which is the limiting factor for the signal coherence time.
The broadening of the signal autocorrelation function for dif-
ferent values of the frequency filter is well described by the
theoretical calculations based on Eq.(14), where the depen-
dence on the spectral width of the pumpssPd is contained in
the csvs,vid term.

Spectral interference fringes on the idler spectrum condi-
tioned by the detection of a signal photon after the Michel-
son interferometer are shown in Fig. 3, for different time
delays between the interferometer arms.

Figures 3(a) and 3(c) show the experimental data obtained
while scanning the monochromator central frequency for a
fixed delay between the interferometer arms. Figures 3(b)
and 3(d) show the corresponding theoretical curves derived
from Eq. (14), calculated by keeping the delayt fixed at the
experimental values and varyingvm. The good agreement
between the experimental data and the theoretical curves is a
demonstration of the correctness and completeness of our
model description.

B. Etalon filters

For the second set of measurements we have used the
setup of Fig. 1(b) with a 3-mm-type-I BBO nonlinear crystal.
Air-spaced etalons are now used as the frequency filters in-
stead of the monochromator. In this case we have measured
the signal autocorrelation function conditioned by the detec-
tion of an idler photon after various filter combinations.
Again, the conditioned signal autocorrelation function can be
calculated from Eq.(14). The interference filters placed in
front of the SPCMs still have Gaussian transmission func-

FIG. 2. Experimental visibility(circles) of the fourth-order tem-
poral interference fringes on the signal beam for different widths of
the monochromator slit on the idler channel:(a) output width of
1000mm and input width of 100mm (the transmission function is a
trapezoid with FWHM of 1.3 nm); (b) output width of 500mm and
input width of 100mm (the transmission function is a trapezoid
with FWHM of 0.65 nm); (c) output width of 100mm and input
width of 100mm (the transmission function is a triangle with
FWHM of 0.13 nm); (d) output width of 50mm and input width of
50 mm (the transmission function is again a triangle with FWHM of
0.065 nm). The solid curves are the theoretical visibilities calcu-
lated according to Eq.(14).
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tionsFisvd andFssvd [see Eq.(16)], but with slightly differ-
ent widths and central frequencies:lFi

0 =784.0 nm andDlFi
=9.8 nm(for the filter on the idler path); lFs

0 =785.0 nm and
DlFs=4.1 nm(for the filter on the signal path). The filtering
function Tsvd is now given by the etalon transmission func-
tion of Eq. (15). In particular, we have used two different
etalon filters, ET1(with FSR L1=12 nm and FWHMDl1
=0.6 nm) and ET2(with FSR L2=3 nm and FWHMDl2
=0.15 nm ), both for a wavelength of 786 nm and with a
finesseF=20.

For the calculation of the functioncsvs,vid we now con-
sider a pump pulse withlp

0=393 nm andDlp=0.25 nm;Dk
is obtained for the case of type-I interaction withks9=7.7
310−26 s2/m andL=3 mm. Note that the pump bandwidth
in this case is larger than in the first series of experiments
because we now use significantly shorter pulses from the
mode-locked laser.

When the etalon filter ET1 is placed in the idler path, we
do not observe substantial differences with respect to the
case when filtering was performed by the monochromator. In
this case the FSR of the etalon resonator is larger than the
width of the interference filter placed on the idler channel
sL1.DlFid, so that their combined action only allows trans-
mission through a single narrow wavelength interval of
width Dl1, similar to the monochromator case. The coinci-
dence signal coherence time is found to be 0.69±0.2 ps,
which is significantly smaller than the one recorded with the
monochromator at similar FWHM because of the larger
pump spectral width in this second series of measurements.

If the ET2 filter is used, the signal autocorrelation func-
tion still shows the expected additional broadening(from
0.69 to 0.82±0.2 ps) due to the spectral narrowing by the
etalon transmission peaks but, besides it, one also observes
the appearance of further modulations in the temporal profile

of the fringe contrast. The situation with the etalon filter ET2
is indeed quite different: in this case, the FSR of the resona-
tor is smaller than the bandwidth of the interference filter in
front of the idler detectorsL2,DlFid, and more transmis-
sion peaks contribute to the detected idler spectrum[see Fig.
4(c)]. In this case, the detection of an idler photon after ET2
collapses the SPDC two-photon state onto a state with a
similarly modulated spectrum and periodic modulations in
the temporal profile of its autocorrelation function are clearly
to be expected. Of course, the shape and visibility of these
temporal modulations depend on the mutual position be-
tween the etalon transmission peaks and the central fre-
quency of the interference filter, and can be manipulated by
tilting the resonator around an axis perpendicular to the beam
propagation direction.

Note that if both ET1 and ET2 are placed together(and
are properly tilted) on the idler beam path, then the filtered
idler spectrum is at most composed of a single peak, as in the
case of ET1, but with a width essentially given byDl2. The
temporal modulations in the signal autocorrelation thus van-
ish, whereas its coherence time does not change dramatically
(from 0.82 to 0.86±0.2 ps), being again essentially deter-
mined by the temporal coherence of the pump(see Fig. 6).

One can also look at the effect of the etalon filters from
the temporal point of view. When the etalon FSR is larger
than the pulse spectral width, then the temporal coherence of
the pulse is longer than the round-trip time in the resonator,

FIG. 3. Fourth-order spectral interference fringes on the idler
spectrum for different time delays between the arms of the interfer-
ometer placed on the signal path: 700 fs in both pictures(a) (ex-
perimental data) and (b) (theoretical calculation), and 2300 fs in
both pictures(c) (experimental data) and (d) (theoretical calcula-
tion). Experimental data[(a) and(c)] are taken with monochromator
slit widths of 100mm (input) and 250mm (output). Theoretical
curves[(b) and (d)] are calculated according to Eq.(14) and are
normalized toRc

0=Rcs0,vi
0d. FIG. 4. Signal correlation function conditioned on the detection

of an idler photon after the etalon filter ET2(see text): (a) experi-
mental data;(b) theoretical simulation according to Eq.(14) nor-
malized toRc

0=Rcs0,vi
0d; (c) calculated transmission function of the

idler interference filter and etalon combination(the dashed curve is
the transmission curve for the interference filter alone); (d) calcu-
lated pump spectrum as used in the simulations: the pump is not
spectrally filtered in this case.
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and the tail of the pulse entering the cavity interferes with the
leading edge of the pulse itself being doubly reflected inside.
The net effect after the cavity is that of a temporal stretching
of the pulse, which now contains only the frequencies that
interfere constructively in the process. The detection of such
a time-elongated idler pulse collapses the signal photon onto
a similarly stretched state, which manifests itself in the
stretching of the coincidence autocorrelation function. Con-
versely, when the FSR of the etalon is smaller than the pulse
spectral width, then the idler coherence time is shorter than
the round-trip time, and no temporal overlap is possible be-
tween the incoming pulse and its leading edge being re-
flected inside the resonator. At the exit of the etalon, a pulse
train of decreasing amplitude appears, with an interpulse de-
lay given by the cavity round trip. The detection of an idler
photon then projects the signal state into a similarly time-
modulated state which is made evident by the appearance of
modulations in the coincidence autocorrelation curve.

In other words, in the latter case whereL2,DlFi, one
cannot know, not even in principle, if a recorded coincidence
is due to a signal photon passing through the long interfer-
ometer arm with an idler photon making one or more round
trips inside the cavity, or if it is due to a signal photon pass-
ing through the short interferometer arm with an idler photon
directly transmitted by the cavity without internal reflections.
These intrinsically indistinguishable paths to the same coin-
cidence event produce interferences which appear as a modu-
lation in the two-photon correlation function.

Figure 4(a) shows the measured signal correlation func-
tion obtained in coincidence, by filtering the idler photon
with ET2 only. The modulation period corresponds to one
round trip in the cavity of ET2s2p /V2=0.67 psd and the
coherence time, defined as the half width at half maximum of
the curve envelope, depends on both the pump spectral width
Dlp and the width of the ET2 transmission peaksDl2. The
narrowing of the etalon peak width from 0.6 to 0.15 nm
yields an increase in the coherence time from 0.69 to 0.82 ps
compared to the case with ET1(see Fig. 6).

The theoretical signal correlation function can be obtained
from Eq. (14) by varying the interferometer unbalancing
time t for different values of the offset frequencyd between
the etalon central peak and the central frequencyvFi

0 of the
interference filter. The position of the central transmission
peak of the etalon is then defined asvm=vFi

0 +2pd. By com-
paring the experimental curve with the theoretical calcula-
tions, a good agreement is found when the etalon central
peak is offset by about 300 GHz fromvFi

0 [see Fig. 4(c)].
Figure 4(b) shows this calculated signal correlation function
with d=300 GHz.

C. Etalon filter on the pump

From Eq.(14) and from our previous discussion it is evi-
dent that the conditioned signal coherence time is determined
not only by the spectral filtering on the idler channel, but
also by the pump spectral shape. To verify this prediction we
have filtered the pump with an UV etalon having a FSR
LUV=0.3 nm and FWHMDlUV=0.01 nm at 393 nm[see
Fig. 5(d)]. Figure 5(a) shows the experimental signal corre-

lation function obtained in coincidence, while filtering the
idler photon by means of ET2[Fig. 5(c)] and the pump by
means of the UV etalon. Comparing Fig. 4(a) with Fig. 5(a),
it is clear that decreasing the spectral width of the pump from
0.25 nm to 0.01 nm(corresponding to an increase of the
pump coherence time from 0.92 to 11.4 ps) yields a broad-
ening in the envelope of the conditioned signal correlation
function, corresponding to an increase of the coherence time
from about 0.82 to 3±1 ps.

In Fig. 6 we present the measured and calculated coher-
ence times of the two-photon state(or the conditioned coher-
ence time of the signal photon) as a function of the spectral
FWHM of the idler etalon filter. Three curves are plotted: the
first corresponds to the unfiltered pump, the second to the
pump filtered by the UV etalon, and the third to the ideal
case of a monochromatic pump. The lower horizontal line
gives the asymptotic behavior for very large etalon widths
(without etalon on the idler, essentially), where the upper
limit for the idler bandwidth is mainly determined by the
width of the idler interference filter. On the contrary, the two
upper horizontal lines represent the asymptotic behavior of
the coherence times for small etalon widths, and correspond
to the coherence times of the pump in the filtered and unfil-
tered cases. It is evident that by using a pump with a nar-
rower spectrum the conditioned coherence time of the signal
photon may get significantly longer. If a monochromatic
pump were used in the experiments, the coherence time

FIG. 5. Signal correlation function conditioned on the detection
of an idler photon after the etalon filter ET2 with a spectrally fil-
tered pump:(a) experimental data;(b) theoretical simulation ac-
cording to Eq. (14) normalized toRc

0=Rcs0,vi
0d; (c) calculated

transmission function of the idler interference filter and etalon com-
bination (the dashed curve is the transmission curve for the inter-
ference filter alone); (d) pump spectral profile after filtering by the
UV etalon (the dashed curve is the unfiltered pump spectrum).
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would have followed the upper curve, yielding an exact re-
lationship(at least for narrow idler filtering) of inverse pro-
portionality between the bandwidth of the idler spectral filter
and the conditioned signal coherence time.

Figure 5(b) shows the theoretical signal correlation func-
tion calculated for the same parameters of Fig. 4(b), except
for the pump spectral amplitudeEp

s+dsvd, where the Gaussian
shape is now replaced by the product between the Gaussian
of Eq. (4) and the etalon transmission functionTsv−vmd
[given by Eq.(15)] with vm=vp

0+2pdUV, wheredUV indi-
cates the mutual spectral position between the UV-etalon
peak frequency and the central frequencyvp

0 of the pump
profile. A good agreement between the experimental data and
the theoretical calculation is obtained fordUV=200 GHz
[Fig. 5(b)].

It should be noted that both the theoretical and the experi-
mental shapes show a slight modulation, with a very low
visibility, superposed to the modulation due to ET2, and with
a longer period. This further large-scale modulation is con-
nected with the pump etalon, and its period is indeed the
inverse of the FSR of the UV etalons2p /VUV=1.7 psd. The
low visibility is associated todUV: For dUV=200 GHz, one
transmission peak of the etalon is not far from the center of

the pump spectrum, while a second one only transmits a tail
of the pump spectral distribution[see Fig. 5(d)]. In order to
verify this assumption we have calculated the signal correla-
tion function in the same conditions of Fig. 5(b), but chang-
ing dUV in order to have just one or two symmetric etalon
peaks under the Gaussian pump envelope.

In Fig. 7 we show the theoretical signal autocorrelation
calculated when both the idler beam and the pump beam are
spectrally filtered, respectively with ET2 and with the UV
etalon fordUV=0 GHz [Fig. 7(a)] and dUV=300 GHz [Fig.
7(b)]. In the conditiondUV=0 GHz, where the central etalon
peak is coincident with the center of the pump spectral pro-
file [see Fig. 7(c)], the filtered pump spectrum is essentially
composed of a single peak and no other modulation appears
apart from those connected with the idler etalon ET2; differ-
ently, for dUV=300 GHz two-symmetric etalon peaks are
present under the pump profile[see Fig. 7(d)] and the vis-
ibility of the large-scale modulation is much more evident.

V. CONCLUSIONS

We have performed a systematic experimental and theo-
retical investigation of the energy-time entanglement proper-
ties of a two-photon state generated by spontaneous paramet-
ric down-conversion. By using different configurations for
the generation of the entangled pair and for the spectral or

FIG. 6. Measured and calculated conditioned coherence time of
the signal photon as a function of the idler etalon width for different
spectral widths of the pump pulses. Square experimental points and
lower theoretical curve, no filtering on the(“free”) pump; circle
experimental points and middle theoretical curve, pump filtered by
the UV etalon; upper theoretical curve, monochromatic pump. The
upper horizontal line corresponds to the UV-etalon-filtered pump
coherence time, while the middle one to the coherence time of the
unfiltered pump. The lower horizontal line indicates the conditioned
signal coherence time due to the interference filters only.

FIG. 7. Theoretical signal conditioned autocorrelation calculated
according to Eq.(14), normalized toRc

0=Rcs0,vi
0d, in the condi-

tions where the idler photon is spectrally filtered with etalon ET2
and the pump is spectrally filtered with an UV etalon(see text). The
curves are calculated for different values of the mutual spectral
position sdUVd between the UV-etalon peak frequency and the cen-
tral frequency of the pump profile:(a) dUV=0 GHz, (b) dUV

=300 GHz. The corresponding filtered pump spectra are shown in
(c) and (d).

VICIANI, ZAVATTA, AND BELLINI PHYSICAL REVIEW A 69, 053801(2004)

053801-8



temporal shaping of one of the two photons, we have ob-
served the nonlocal changes in the autocorrelation or in the
spectrum of the other by coincidence measurements. Either a
monochromator(as in our previous experiments[21]) or eta-
lon filters with different characteristics have been used to
spectrally and temporally shape the idler photon while ob-
serving the conditioned signal autocorrelation by a Michel-
son interferometer. Conversely, the unbalanced interferom-
eter has been used to shape the signal photon while
measuring the conditioned idler spectrum by the monochro-
mator. The use of a pulsed laser source has allowed us to
bring to evidence the effects of a finite pump bandwidth in
the process; to further investigate them, the pump spectrum
has been manipulated by means of etalon filters, and we have
observed the corresponding modulations in the two-photon
correlation function. An accurate theoretical description of
the underlying processes has been presented and we have

been able to completely and precisely reproduce all our mea-
sured data, regardless of the variety of experimental configu-
rations adopted.

These results will be of interest for an accurate engineer-
ing of quantum states and for the realization of more elabo-
rated nonlocal shaping techniques, which may prove useful
both for fundamental tests of quantum mechanics and for the
development of new experimental schemes for applications.

ACKNOWLEDGMENTS

This work was supported by the Italian Ministry of Uni-
versity and Scientific Research(MIUR). The authors would
also like to thank the Department of Physics of the Univer-
sity of Florence for the kind hospitality and F. Marin for
useful discussions.

[1] A. Einstein, B. Podolsky, and N. Rosen, Phys. Rev.47, 777
(1935).

[2] J. S. Bell, Physics(Long Island City, N.Y.) 1, 195 (1964).
[3] D. C. Burnham and D. L. Weinberg, Phys. Rev. Lett.25, 1970

(1970).
[4] A. Aspect, J. Dalibard, and G. Roger, Phys. Rev. Lett.49,

1804 (1982).
[5] Y. H. Shih and C. O. Alley, Phys. Rev. Lett.61, 2921(1988).
[6] Z. Y. Ou and L. Mandel, Phys. Rev. Lett.61, 50 (1988).
[7] T. E. Kiess, Y. H. Shih, A. V. Sergienko, and C. O. Alley,

Phys. Rev. Lett.71, 3893(1993).
[8] J. D. Franson, Phys. Rev. Lett.62, 2205(1989).
[9] Z. Y. Ou, X. Y. Zou, L. J. Wang, and L. Mandel, Phys. Rev.

Lett. 65, 321 (1990).
[10] P. G. Kwiat, W. A. Vareka, C. K. Hong, H. Nathel, and R. Y.

Chiao, Phys. Rev. A41, 2910(1990).
[11] J. Brendel, E. Mohler, and W. Martienssen, Phys. Rev. Lett.

66, 1142(1991).
[12] J. G. Rarity and P. R. Tapster, Phys. Rev. A45, 2052(1992).
[13] P. G. Kwiat, A. M. Steinberg, and R. Y. Chiao, Phys. Rev. A

47, R2472(1993).
[14] D. V. Strekalov, A. V. Sergienko, D. N. Klyshko, and Y. H.

Shih, Phys. Rev. Lett.74, 3600(1995).
[15] R. Christanell, H. Weinfurter, and A. Zeilinger, The Technical

Digest of the European Quantum Electronic Conference
EQEC’s 93, Florence, 1993(unpublished), p. 827.

[16] P. H. Souto Ribeiro and G. A. Barbosa, Phys. Rev. A54, 3489
(1996).

[17] E. J. S. Fonseca, P. H. Souto Ribeiro, S. Padua, and C. H.

Monken, Phys. Rev. A60, 1530(1999).
[18] D. N. Klyshko, Phys. Lett. A128, 133 (1988).
[19] L. M. Davis, Phys. Lett. A140, 275 (1989).
[20] X. Y. Zou, T. P. Grayson, and L. Mandel, Phys. Rev. Lett.69,

3041 (1992).
[21] M. Bellini, F. Marin, S. Viciani, A. Zavatta, and F. T. Arecchi,

Phys. Rev. Lett.90, 043602(2003).
[22] C. K. Hong and L. Mandel, Phys. Rev. A31, 2409(1985).
[23] M. H. Rubin, D. N. Klyshko, Y. H. Shih, and A. V. Sergienko,

Phys. Rev. A50, 5122(1994).
[24] M. H. Rubin, Phys. Rev. A54, 5349(1996).
[25] T. E. Keller and M. H. Rubin, Phys. Rev. A56, 1534(1997).
[26] Z. Y. Ou, Quantum Semiclassic. Opt.9, 599 (1997).
[27] W. P. Grice and I. A. Walmsley, Phys. Rev. A56, 1627(1997).
[28] J. Peřina, Jr., A. V. Sergienko, B. M. Jost, B. E. A. Saleh, and

M. C. Teich, Phys. Rev. A59, 2359(1999).
[29] R. Erdmann, D. Branning, W. Grice, and I. A. Walmsley, Phys.

Rev. A 62, 053810(2000).
[30] Y.-H. Kim, M. V. Chekhova, S. P. Kulik, M. H. Rubin, and Y.

Shih, Phys. Rev. A63, 062301(2001).
[31] Y. Nambu, K. Usami, Y. Tsuda, K. Matsumoto, and K. Naka-

mura, Phys. Rev. A66, 033816(2002).
[32] D. V. Strekalov, Y.-H. Kim, and Y. Shih, Phys. Rev. A60,

2685 (1999).
[33] T. Aichele, A. I. Lvovsky, and S. Schiller, Eur. Phys. J. D18,

237 (2002).
[34] L. Mandel and E. Wolf,Optical Coherence and Quantum Op-

tics (Cambridge University Press, Cambridge, England, 1995).

NONLOCAL MODULATIONS ON THE TEMPORAL AND… PHYSICAL REVIEW A 69, 053801(2004)

053801-9


