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Nonlocal modulations on the temporal and spectral profiles of an entangled photon pair
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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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[. INTRODUCTION the kind first suggested by Frans¢g@] on photon time-
. position correlations[9-13; and by the observation of
One of the most surprising consequences of quantum meghost” interference or diffraction effects in experiments on
chanics is the entanglement of two or more distant particlesshoton momentum correlationgl4—17. Experiments in
Entanglement is connected with the concept of nonlocality ohich nonlocal effects are studied in the time domain sug-
action at a distance, according to which the measurement @fest the possibility to analyze the same effects in the energy
an observable on one particle of an entangled pair determines frequency domaif18-2(0.
with certainty the outcome of a conditional measurements In a recent worl{21] we experimentally analyzed nonlo-
performed on the same observable of the other particle, evetal effects in the frequency-time domain for photon pairs
if the pair is well spatially separated. Nonlocal effects havegenerated in a pulsed parametric down-converter. We
been objects of discussion since 1935, when Einstein, Poghowed that by either spectrally or temporally shaping one
olsky, and Roserj1] formulated the principle of locality, beam of the pair the other one is, respectively, temporally or
suggesting the apparent incompleteness of the quantun§Pectrally shaped, when observations are made in coinci-
mechanical description of nature. In 1964 BE| formu-  dence. The spectral shaping was obtained by using a mono-
lated an inequality which can be used to distinguish betweefhromator on the idler path, while the temporal shaping by
local theories and quantum mechanics: a violation of Bell’sUSing @ Michelson interferometer on the signal path. In par-
inequalities can be considered an evidence of nonlocal e]t_|cular, we demonstrated that by narrowing the spectrum of

fects. Since then, several experiments have been performxgae greropnh?r:znscggg{ttig}]oége;itirgf(;ﬁlogfgfgggﬁefngg?}
to test Bell's inequalities, using different sources of en- pp 9

tangled particles, and they have all shown the nonlocal fe also for. delays muqh longer than the signal coherence time;
' aalternatlvely, we pointed out that when the interferometer on
tures of quantum effects. , the signal path is unbalanced fourth-order ghost spectral in-
Spontaneous parametric down-conversiSFDO of 1a- g ference fringes appear in the conditioned idler spectrum.
ser light in nonlinear crystals is the currently most practical Here we present an experimental and theoretical analysis
and efficient source of entangled particle pairs for the test ogf the same nonlocal effects, using two different kinds of
Bell's inequalities and nonlocality. In SPDC, the annihilation nonlinear crystaltype-1 and tybe-ll BBO crystajsand dif-
.Of a pump laser phpton (.)f frequenay, ?”d momentunkp ferent methods of spectral filtering in order to fully explore
inside the crystal gives simultaneous birth to a pair of quany,q ich possibilities involved in the process. In particular, we
tum correlated photons, named signal and idler, with fre,5e 3 monochromator with adjustable central frequency and
guenciesos andw; and momenti am.jki’ which must obey width, and air-spaced etalons with different free spectral
energy and momentum conservatiom,=ws+wi, Ky=Ks  \on0e9FSRY and peak widthgfull width at half maximum,
+k;) [3]. Experimental observation of nonlocal effects haSFWHM). We show that different temporal shaping of the
been obtained in different ways: by the violation of Bell's-

. S ) L signal autocorrelation function, conditioned on the detection
type inequalities in experiments on photon polarization cor

i 4—T71 by the ob X ¢ tourth-order interf ‘of the filtered idler photon, is observable when different
relations[4—7]; by t e observation of fourth-order Interter- oo ) filters are used. When the idler photon is filtered by
ence effects among distant interferometers in experiments

talons, 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-

*Also at European Laboratory for Nonlinear Spectroscopydence, shows temporal modulations with a period equal to
(LENS) and Istituto Nazionale per la Fisica della MatefiblFM), the inverse of the FSR. Note that, our experiments relying on
Florence, Italy. Electronic address: bellini@inoa.it a pulsed laser source, the spectral shape of the pump pulses
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cc pulses at 394 nm for SPDC. In the setup of Figa)lthe
a) SPCM I pump is mildly focused on a 3-mm-long BBO crystal cut for
type-1l collinear degenerate down-conversion. The two or-
thogonally polarized beams emerging from the crystal are
recollimated and then separated by a polarizing beam splitter
Pump Ldler (for more details, see Reff21]). In the setup of Fig. (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
b) cc and idler photons are then selected by two apert(#gs
In both setups, after spatial separation, one of the beams
(that we will name “signaly is directed to a stable Michelson
L SPCM 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 beéhe “idler”) is
sent to a spectral filtering system: in set(® we use a
o PZT 500-mm monochromator with a spectral resolution of
0.02 nm and a dispersion coefficient of 1.3 nm/mm; in setup
FIG. 1. Experimental setups: PBS, polarizing beam splitter; M,(b) we use one or two air-spaced etalg&d) with a finesse
monochromator; A, aperture; ET, air-spaced etalons; BS, 50% bea@f 20 and coating wavelength of 786 nm, with cavity lengths
splitter; MS, motorized translation stage; PZT, piezoelectric transpf 25 um and 100um. For some measurements we have
ducer; IF, interference filter, SPCM, single-photon counting mod-g|5o spectrally filtered the pump beam by placing a second
ule; and CC, coincidence counter. air-spaced etalon with a cavity length of 2afn, a finesse of
30, and a central wavelength of 393 nm, on the pump beam
plays a fundamental role in the measurements. We also derpath.
onstrate that by spectrally shaping the pump with the inser- At the exit of both the interferometer and the filtering
tion of a further air-spaced etalon on its path without changsystem, the emerging beams are collected by means of
ing the filters in the idler channel, we can obtain a25 mm focal length GRIN(graded index lenses, and de-
significantly different temporal shape for the signal autocortected by single-photon counting modul¢&PCM, Perkin-
relation function observed in coincidence. Finally, we Elmer AQR-13. Interference filters of various bandwidths
present a complete theoretical model which describes, with ébetween 3 and 10 nyrare placed in front of the SPCMs in
single equation, all the observed features, including the aperder to cut some of the background light. The signals from
pearance of temporal and spectral fourth-order interferencthe two detectors can be either counted directly or in coinci-
fringes and their exact behavior as a function of the differentlence(within a 2 ns time windowas a function of the ex-
experimental parameters. Calculations taking into accounperimental parameters.
the biphoton wave function generated in SPDC for type-I In both the experimental setups illustrated in Fig. 1 we
and type-Il nonlinear crystals, the spectral pump shape witlperformed conditioned measurements of the signal linear au-
and without spectral filtering, and the different spectral ortocorrelation function by recording the coincidence counts as
temporal filters on the idler and signal channels, show a verw function of the relative path-length difference between the
good agreement with experimental data. 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
Il. EXPERIMENTAL SETUPS Fig. 1(a), we could also perform conditioned measurements

We have performed three different sets of measurement@f the idler spectrum by scanning the monochromator central
using different crystals for SPDC and different systems fovavelength for different values of the relative path-length
spectral filtering of both the idler and the pump beam. In thedifference between the two interferometer arms.
first case we use a type-Il nonlinear crystal for SPDC and we
spectrally filter the idler beam by means of a monochro- Ill. THEORETICAL DESCRIPTION
mator, while leaving the pump pulse unfiltered. Next, we use
a type-l 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 In the spontaneous parametric down-conversion process
etalon filter in the pump path. one pump photon with frequency, impinging on ay?

Figure 1 shows a scheme of our experimental setups. Theonlinear crystal decays into two lower-frequency photons
1-5 ps long pulses from a mode-locked Ti:sapphire laseralled signal and idler, provided that the energy and momen-
operating around 788 nm at a repetition rate of 82 MHz, areum conservation lawsgor phase-matching conditionsire
frequency doubled in a LBO crystal to generate the pumpsatisfied. The phase-matching conditions can be fulfilled in-

Pump

type-I Signal TA
BBO

A. Spontaneous parametric down-conversion
with a pulsed pump
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side the crystal in two different ways depending on how thesignal, and idler fields, respectively, which we assume to
two emitted photons are polarized. In type-l interaction theobey the perfect phase-matching conditiohgmg)—ki(w?)
output photons are polarized in the same direction as ordi—ks(wg):o andwg—w?—wg:o. The inverse of group veloc-
nary waves. Alternatively, in type-Il interaction, the signal ity is kj’(wj):dkj/dw,- and the group-velocity dispersion is
and idler propagate inside the crystal as ordinary and extraojntroduced by the second-order coefficiédite;) :dzkj /dij_
dinary waves, respectively, and are orthogonally polarized The phase mismatch can be approximated in different
with respect to each other. . ways according to the type of nonlinear interaction inside the
_Inrecent years, the SPDC process has been studied exteglystal. For a degenerate type-I situation, where the signal
sively when excited by a continuoy22-24 or a pulsed  anq idler photons haw¢ =k. andk=K, the phase mismatch
[25-3] pump. Here, we give a basic description of thejs given by|Ak|~k/Q? wherews=wl+Q andw;=w’- Q. In
SPDC process pumped by a picosecond pulsed laser sourgqype.|i interaction, the second-order terms of the expansion

following the description given in Ref$23,25,27. We con-  gre negligible and we can thus approximate the phase mis-
sider the case where the signal and idler are collinear with,5tch to]Ak| = (k/ =K.)Q2.

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- B. Spectral and temporal shaping of entangled photons
emission angles of the signal and idler beams in our experi-

mental apparatus allow the collinear description of SPDC Qre spatially separated and the idler is directed to a spectral

We'I:I app:ﬁx"_‘”?te O;J.r e>|<_;|3enrnen?a| r(te;ultst.t itted by th filter, while the signal travels through a Michelson interfer-
rom the interaction Hamittonian, the state emitied by €&, oie with a variable delay between the two arms. At the
SPDC process is calculated to first order in perturbatio

theory as rbutputs of both the spectral filter and the interferometer, a
couple of single-photon counting modules is inserted, and

their coincidence counts are measured.
|¥)=10) + af dogdodo,dw, = w; = 0) 5 (wp) When one idler photon is detected, the SPDC wave func-
tion (2) collapses onto a single-photon signal state whose

We consider the case where the signal and idler photons

R characteristics depend on the kind of measurement per-
XL dze' ™ wg) wy), () 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
=|0) + f dwdw i ws, o) wgd o), (2) SPDC- s:[ate density operatprand the measurement density
operatorp;,
where the state vectdwo)j represents the single-photon state ~ R
with frequencyw in the modej and the function/(ws, w;) is ps=Tri(pip), (6)
defined as

wherep=|¥)XV¥| is the density operator for the pure SPDC
o) SIN(AKL/2) 112 state|¥) [32], and the single-photon detection of the filtered
og o) = afy (w5 + wi)TL/Ze , (3)  idler beam is described by the diagonal density opef&@F
whereL is the crystal lengthAk the phase-mismatch factor, .
ande includes the constants and the slowly varying terms. In pi = f doT(w — wy)Fi(w)|o)(w]. (7)
the above expression the pump amplittﬂg@(w) is consid-

ered to be a classical quantity propagating infutrection,  The function T(w—w,,) is the transmission of the spectral
and the chirp-free pulsed pump is assumed to have a Gausgiter with center frequency,,, andF;(w) is the transmission

ian profile: function which describes the interference filter placed in
(- ) front of the idler detector. Therefore, after the detection of
Eﬁj)(w) =exg - —2P_) (4)  theidler photon, the two-photon state collapses into the state
4oy, described by
with a FWHM Aw,=2y2 In 20, and a central frequency
0
@p: ps= | dodwdwT(w; = o) Fi(w;)
The phase-mismatch factdrk=Kk,(wp) —ki(w;) —K(wy) is Ps f ssT T TR
approximated to the second-order term of the expansion X (0!, 0) P wg w)|wl)wd (8)
around the phase-matching frequencies according to Refs. STTTRTS TS ISTSS
[25-29,

and the signal-photon detection probability, conditioned on
kj(wj):kj(w?)+kj’(w?)(wj _wjp)+ %I(j’(w?)(wj — %2, the detection of the filtered idler photon, is given by the

J correlation function

j=p.si, (5)
whereo (j=p,s,i) are the central frequencies for the pump, G(t) = (ES (OES (1) 9)
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T e EOMEM ¢t ’ 10 principle obtain narrower {:md_nqrr_ower fourth-order ;pectral
[PsbrsEs (DES (V] (10 interference fringes by using infinitely long unbalancing de-

wherel%‘s+)(t) is the electric-field operator after the Michelson 12ys on the Michelson interferometer. However, if the coher-

interferometer, which is written as a function of the unbal-€nce time of the pump is finite, then it becomes the limiting
ancing timer of the interferometer as factor and, according to E@l4), the coherence time of the

filtered two-photon statéor conditioned signal stateannot
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
whereag(w) is the field annihilation operator arfl® and7  the bandwidth of the pump is, in any case, the lower limit for
are the complex reflectivity and transmittivity coefficients of the achievable resolution of the signal spectrum. Accord-
the beam splitter, respectively. The operatgrdescribes the ingly, the visibility of the spectral fringes is degraded when
action of the interference filter placed in front of the signalthe interferometer unbalancing timeis made longer than

EC(t) = Rff dwdy(w)(1 +eenet, (12)

detector and is written as the pump coherence time, i.e., when the spacing of the spec-
tral fringes becomes smaller than the pump bandwidth.
ﬁFs:fdwFs(w)|w>s<ws- (12) Different kinds of spectral filters have been used for our
measurements. In one case we have inserted a monochro-

The coincidence rate is proportional to the integral of themator filter with variable width and variable central fre-

correlation functionG(t) with respect ta over the electronic quency a? de?.cribe_d intr?@l]' Th? rtponochrc(;ma}[tor :cra?s—
coincidence window of widtfT, [34]. Generally, the coinci- mission function 1 the ~convolution product of -two

dence window is much larger than the coherence time of théectangular functions corresponding to the input and output
emitted photons, therefore, by lettinf,— =, the coinci- apertures of the monochromator. The result is a trapezoid
dence rate resuI'Es proportio,nal to ' with the major base equal to the sum of the two rectangular

widths and with the minor base equal to the difference be-
o tween the two rectangular widths. Alternatively, we have

dtG(t) (13)  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

o=

=272 o e ) F ()P0

ar2 | g ||
X T(w; — wy)(1 + COSwer). (14) T(w) =) 1+—5sir| “ =1 (15)

This equation expresses the convolution of the SPDC emis-
sion probability| ¥ ws, w;)|? with the transmission function of whereQ /27 and F are the FSR and the finesse of the reso-
the filters and the spectral response of the Michelson internator, respectively. The presence of one or more etalon trans-
ferometer. When the filter central frequeney, is fixed and  mission peaks under the transmission curve of the interfer-
one arm of the interferometer is scanned, one can observe tlegce filters drastically changes the induced spectral-temporal
correlation function of the filtered two-photon state, which shape of the signal photon.
comes from the spectral convolution of the SPDC wave In order to study the effects of the pump coherence time,
function with the filter transmission functiof(w-w,,). On  we manipulated it by placing a further etalon filter on the
the other hand, if the interferometer is kept unbalanced pump beam path. The resulting pump spectrum is simply
#0) and the central frequency of the filter,, is scanned, obtained by multiplying the original pump spectral profile by
then idler spectral fringes are observed with a period inthe transmission function of the etalon. The action of the
versely proportional ta. pump filter extends the coherence time of the two-photon
These fourth-order interference effects are often referregtate as shown by Eql4). Moreover, as it will be shown
to as ghost interferences, since they only appear when tHater in this paper, when more than one transmission peaks of
coincidence counts from the signal and idler detectors aréhe pump etalon come into play, additional beating effects
observed. In particular, the case described above is th@Ppear in the fourth-order interference envelope.
energy-time analogous of the ghost interferences observed in Finally, the interference filters placed in front of the de-
the spatial domain by Ref$14,15; here the single spatial tectors in order to limit background light are assumed to
slit is replaced by the spectral window of the monochro-have a Gaussian shape:
mator, while the unbalanced Michelson interferometer plays

the role of a temporal Young’s double slit. (- wg_)z
For monochromatic pump radiation, SPDC generates per- Fi(w) =exp - 2—021— , i=is, (16)
Fj

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 with a FWHM Awgj=2y2 In 20 and a central frequency
on the idler photon. In exactly the same way, one can imgj.
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IV. RESULTS AND DISCUSSION 1 1
0.81-° a) 085 2\ b)
2t 3 o

= 0.6F 06F  °
For the first set of measurements, we have used the setu:'g 04l 04k \
shown in Fig. 1a), with a 3-mm-type-ll BBO nonlinear > - e
crystal and a monochromator in the idler-beam path as the 02p 02
spectral filter. We have performed coincidence measurement % T 32 3 4 35 % "1 3 3% =5
of the signal autocorrelation function for different values of 1 Igs

A. Monochromator filter

the monochromator spectral resolution and coincidence mea ¢s 8k °od d)
surements of the idler spectrum for different delays betweerg ([ P
the arms of the interferometer in the signal path. -g 0l J .

We have showrj21] that when observations are made in & ™ ' .
coincidence the selection of a narrow spectrum for the idler 9-2f 2r 30500, o
photons leads to a broadening of the signal autocorrelatior 05— 3 s 0% ~

4 4 6
function and fourth-order temporal interference fringes are Time (ps) Time (ps)
detected also for delays much longer than the signal coher- . S
ence time. Alternatively, we have shown that fourth-order FIG. 2. Experimental visibilitycircles of the fourth-order tem-
interference fringes appear in the idler spectrum conditione@oral interference frlng_es on the_5|gnal beam for dlfferen_t widths of
on the detection of the signal photon after the unbalancel!® monochromator slit on the idler channgd) output width of
Michelson interferometer. 1000,um an.d input width of 20Qum (the transmlssmn function is a

Both the coincidence measurements of signal autocorrel&'Eapezo!d with FWHM of 1.3 ni (b)_ou_tput W'dth of 500um and .
tion function and idler spectrum can be calculated from qunput width of 100um (the transmission function is a trapezoid

: : - . —Twith FWHM of 0.65 nm); (c) output width of 100um and input
(14). In this caseT(w) is the monochromator transmission width of 100um (the transmission function is a triangle with

function: a trapezoidal functio(which reduces to a triangu-  =\yHm of 0.13 nm; (d) output width of 50um and input width of

lar shape when the input and output slits have the samgy ;,m (the transmission function is again a triangle with FWHM of
width) with a FWHM given by the product between the ¢ 065 nm. The solid curves are the theoretical visibilities calcu-
monochromator dispersion of 1.3 nm/mm and the larger slifated according to Eq14).

width. F;(w) andF¢(w) are the transmission functions of the
two interference filters placed in front of the SPCMS, given, ;e s the limiting factor for the signal coherence time.

i P 0 _
|n0 lfq. (16) with Ce””"’?' waveleilgths)\Fi-785,4 nm and e broadening of the signal autocorrelation function for dif-
AFS_ZSG'O nm, and W'dthSA)‘FiTS'A' nm (FWHM) and  forent values of the frequency filter is well described by the
Algs=5.5 nm(FWHM). The functioni(ws, w;) can be cal-  yheqretical calculations based on Eid), where the depen-
culated considering that the pulsed pump spectral amplitudgaence on the spectral width of the purtyp) is contained in
&Y is given by Eq. (4)_ with cerftral_ wavelength\)  he W, o) term.
=394 nm and FWHMAA,=0.078 nm;Ak is calculated for Spectral interference fringes on the idler spectrum condi-
type-Il interaction with|k;—k/|=0.06/c. Finally, L can be {ioneq by the detection of a signal photon after the Michel-
replaced by the effective interaction lengty=1.3 mm, g4 interferometer are shown in Fig. 3, for different time
which is calculated by taking into account the walk-off anglede|ays between the interferometer arms.
of the BBO crystal and the pump beam waist. _ Figures 8a) and 3c) show the experimental data obtained
Figure 2 shows the visibility of fourth-order temporal in- y hile” scanning the monochromator central frequency for a
terference fringes recorded for four different settings of theyy o delay between the interferometer arms. Figurés 3
monochromator slit_s. The experimental fringe visibility is 54 3d) show the corresponding theoretical curves derived
measured by changing the delay between th_e_two arms of theom Eq.(14), calculated by keeping the delafixed at the
interferometer in coarse steps; for each position, a f'”e‘sca&perimental values and varying,. The good agreement
acquisition of 40 points is performed while moving one armpeyeen the experimental data and the theoretical curves is a

of the interferometer by means of a piezoelectric transduc&§emonstration of the correctness and completeness of our
driven by a ramp function generator. The solid lines in Fig. 2,qqe| description.

show the theoretical visibility curves calculated from the au-
tocorrelation function obtained from E@L4), while keeping
Am=27c/ w,,=788 nm as fixed and scanning the unbalancing
time 7 for the different filter widths. Note that increasing the  For the second set of measurements we have used the
spectral filtering of the idler photon from 1.3 nm to 0.13 nm setup of Fig. {b) with a 3-mm-type-I BBO nonlinear crystal.
[from casg(a) to casgc) of Fig. 2] the signal coherence time Air-spaced etalons are now used as the frequency filters in-
rapidly increases from 0.9 ps to 2.6 ps. A further narrowingstead of the monochromator. In this case we have measured
of the idler filter [from case(c) to (d) of Fig. 2] does not the signal autocorrelation function conditioned by the detec-
produce a corresponding increase of the coherence time, dtien of an idler photon after various filter combinations.
to the fact that, when the width of the monochromator specAgain, the conditioned signal autocorrelation function can be
tral filter is reduced below the pump bandwidth, it is the calculated from Eq(14). The interference filters placed in
coherence time of the pump pulgebout 2.9 ps in this cage front of the SPCMs still have Gaussian transmission func-

B. Etalon filters
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FIG. 3. Fourth-order spectral interference fringes on the idler z
spectrum for different time delays between the arms of the interfer- g
. . . . 0.5 0.5
ometer placed on the signal path: 700 fs in both pictyeegex- £
perimental dataand (b) (theoretical calculation and 2300 fs in ~
poth picturgs(c) (experimental dataand (d) (theoretical calcula- ok ol L .
tion). Experimental dat§(a) and(c)] are taken with monochromator 4 -2 00 2 4 -500 0 500
. . . . 0
slit widths of 100um (input) and 250um (outpud. Theoretical (0 - o), (@-©)(GHz)
curves[(b) and (d)] are calculated according to E¢L4) and are
normalized toR°=R.(0, ). FIG. 4. Signal correlation function conditioned on the detection

of an idler photon after the etalon filter ET8ee text (a) experi-

tionsFi(w) andF4(w) [see Eq(16)], but with slightly differ-  mental datayb) theoretical simulation according to E(L4) nor-
ent widths and central frequenCiéégi:784.0 nm andA\\g; malized toR2=R(0,«?); (c) calculated transmission function of the
=9.8 nm(for the filter on the idler path )\ES: 785.0 nm and idler interference filter and etalon combinatigthe dashed curve is
ANgs=4.1 nm(for the filter on the signal pajhThe filtering  the transmission curve for the interference filter alorid) calcu-
function T(w) is now given by the etalon transmission func- lated pump spectrum as used in the simulations: the pump is not
tion of Eq. (15). In particular, we have used two different spectrally filtered in this case.
etalon filters, ETL(with FSR A;=12 nm and FWHMA\;
=0.6 nm and ET2(with FSR A,=3 nm and FWHMAM, of the fringe contrast. The situation with the etalon filter ET2
=0.15 nm), both for a wavelength of 786 nm and with a is indeed quite different: in this case, the FSR of the resona-
finesseF=20. tor is smaller than the bandwidth of the interference filter in

For the calculation of the functiof(ws, ;) we now con-  front of the idler detectokA,<A\g;), and more transmis-
sider a pump pulse withg=393 nm andA\,=0.25 nm;Ak  sion peaks contribute to the detected idler spectisme Fig.
is obtained for the case of type-I interaction with=7.7  4(c)]. In this case, the detection of an idler photon after ET2
X 10726 s?/m andL=3 mm. Note that the pump bandwidth collapses the SPDC two-photon state onto a state with a
in this case is larger than in the first series of experimentsimilarly modulated spectrum and periodic modulations in
because we now use significantly shorter pulses from théhe temporal profile of its autocorrelation function are clearly
mode-locked laser. to be expected. Of course, the shape and visibility of these

When the etalon filter ET1 is placed in the idler path, wetemporal modulations depend on the mutual position be-
do not observe substantial differences with respect to thewveen the etalon transmission peaks and the central fre-
case when filtering was performed by the monochromator. Imuency of the interference filter, and can be manipulated by
this case the FSR of the etalon resonator is larger than thgting the resonator around an axis perpendicular to the beam
width of the interference filter placed on the idler channelpropagation direction.
(A1>ANg), so that their combined action only allows trans-  Note that if both ET1 and ET2 are placed togettemnd
mission through a single narrow wavelength interval ofare properly tiltedl on the idler beam path, then the filtered
width A\, similar to the monochromator case. The coinci-idler spectrum is at most composed of a single peak, as in the
dence signal coherence time is found to be 0.69+0.2 pgsase of ET1, but with a width essentially given f,. The
which is significantly smaller than the one recorded with thetemporal modulations in the signal autocorrelation thus van-
monochromator at similar FWHM because of the largerish, whereas its coherence time does not change dramatically
pump spectral width in this second series of measurementgfrom 0.82 to 0.86+0.2 ps being again essentially deter-

If the ET2 filter is used, the signal autocorrelation func-mined by the temporal coherence of the pufaee Fig. 6.
tion still shows the expected additional broadeniffiggm One can also look at the effect of the etalon filters from
0.69 to 0.82+0.2 psdue to the spectral narrowing by the the temporal point of view. When the etalon FSR is larger
etalon transmission peaks but, besides it, one also observiégn the pulse spectral width, then the temporal coherence of
the appearance of further modulations in the temporal profiléhe pulse is longer than the round-trip time in the resonator,
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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 whefg <A\g;, one
cannot know, not even in principle, if a recorded coincidence

Coincidence rate (cps)

(arb. units)
=)
w
T

is due to a signal photon passing through the long interfer- 0‘-""' DI
ometer arm with an idler photon making one or more round 4 ~ O )/Qz ! l( _ %)/Q 1
trips inside the cavity, or if it is due to a signal photon pass- (@ @)/, R T T

ing through the short interferometer arm with an idler photon _ . . .y )
directly transmitted by the cavity without internal reflections. FIG. 5. Signal correlation f““C“OT‘ Cond't'oned on the deteCt'.o n
These intrinsically indistinguishable paths to the same coin9f an idler p,hOton aﬁ.er the etalon filter ETZ.W'th a Spe(.:tra”y fil-
. . . tered pump:(a) experimental data(b) theoretical simulation ac-
cidence event produce interferences which appear asamodgérding to Eq.(14) normalized toR%=R.(0,w); (c) calculated
IatIOﬂ in the two-photon correlation fu.nctlon. . transmission function of the idler interference Ifilter and etalon com-
. Flgure_ 49) shows the measureq S'Q”a' Corr,elat'on func'bination (the dashed curve is the transmission curve for the inter-
tion obtained in coincidence, by filtering the idler photon ference filter along (d) pump spectral profile after filtering by the
with ET2 only. The modulation period corresponds to oneyy etalon(the dashed curve is the unfiltered pump specjrum
round trip in the cavity of ET227/Q,=0.67 p3$ and the
coherence time, defined as the half width at half maximum ofation function obtained in coincidence, while filtering the

the curve enve_lope, depends on both _the_ pump spectral wid{Rer photon by means of ETEFig. 5c)] and the pump by
AMp and the width of the ET2 transmission peaks,. The  means of the UV etalon. Comparing Figajwith Fig. 5a),
narrowing of the etalon peak width from 0.6 to 0.15 nmit is clear that decreasing the spectral width of the pump from
yields an increase in the coherence time from 0.69 to 0.82 p§.25 nm to 0.01 nm(corresponding to an increase of the
compared to the case with ETdee Fig. §. ump coherence time from 0.92 to 11.4 pields a broad-
The theoretical signal correlation function can be obtainegning in the envelope of the conditioned signal correlation
from Eq. (14) by varying the interferometer unbalancing function, corresponding to an increase of the coherence time
time 7 for different values of the offset frequendbetween  fom about 0.82 to 3+1 ps.
the etalon central peak and the central frequengyof the In Fig. 6 we present the measured and calculated coher-
interference filter. The position of the central transmissionence times of the two-photon stat® the conditioned coher-
peak of the etalon is then defined @s= wg; +238. By com-  ence time of the signal photpas a function of the spectral
paring the experimental curve with the theoretical calculaswHM of the idler etalon filter. Three curves are plotted: the
tions, a good agreement is found when the etalon centrarst corresponds to the unfiltered pump, the second to the
peak is offset by about 300 GHz fromy; [see Fig. 40).  pump filtered by the UV etalon, and the third to the ideal
Figure 4b) shows this calculated signal correlation function case of a monochromatic pump. The lower horizontal line
with 6=300 GHz. gives the asymptotic behavior for very large etalon widths
(without etalon on the idler, essentigllywhere the upper
limit for the idler bandwidth is mainly determined by the
width of the idler interference filter. On the contrary, the two
From Eq.(14) and from our previous discussion it is evi- upper horizontal lines represent the asymptotic behavior of
dent that the conditioned signal coherence time is determinetghe coherence times for small etalon widths, and correspond
not only by the spectral filtering on the idler channel, butto the coherence times of the pump in the filtered and unfil-
also by the pump spectral shape. To verify this prediction weered cases. It is evident that by using a pump with a nar-
have filtered the pump with an UV etalon having a FSRrower spectrum the conditioned coherence time of the signal
Ayy=0.3 nm and FWHMAM,,=0.01 nm at 393 nn{see  photon may get significantly longer. If a monochromatic
Fig. §d)]. Figure %a) shows the experimental signal corre- pump were used in the experiments, the coherence time

C. Etalon filter on the pump
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monochromatic pump

a
e
O
(X
g } i
=203 \ 0.5F [
ie/ “‘“ 7 l l
0= oy
(@=- 0y, (=),
M (nm) FIG. 7. Theoretical signal conditioned autocorrelation calculated
idl. etalon according to Eq(14), normalized toR°=R(0,?), in the condi-

N _ tions where the idler photon is spectrally filtered with etalon ET2
FIQ. 6. Measured and c_alculated (_:ondltloned cgherence_ time 0fnd the pump is spectrally filtered with an UV etaleee text The
the signal photon as a function of the idler etalon width for differentqyrves are calculated for different values of the mutual spectral

spectral widths of the pump pulses. Square experimental points anghsition (4y,) between the UV-etalon peak frequency and the cen-
lower theoretical curve, no filtering on th¢free”) pump; circle  tra| frequency of the pump profileta) 8,,=0 GHz, (b) Sy

experimental points and middle theoretical curve, pump filtered by=300 GHz. The corresponding filtered pump spectra are shown in
the UV etalon; upper theoretical curve, monochromatic pump. Thgc) and (d).

upper horizontal line corresponds to the UV-etalon-filtered pump

coherence time, while the middle one to the coherence time of th%\h t hil d v t its a tail
unfiltered pump. The lower horizontal line indicates the conditioned € pump spectrum, while a Second one only transmits a tal

signal coherence time due to the interference filters only. of t'he pymp Spectr'al distributiopsee Fig. &d)]. In. order to
verify this assumption we have calculated the signal correla-

would have followed the upper curve, yielding an exact re-tion function in the same conditions of Fig(®, but chang-

lationship(at least for narrow idler filteringof inverse pro- ing &,y in order to have just one or two symmetric etalon

portionality between the bandwidth of the idler spectral filterpeaks under the Gaussian pump envelope.

and the conditioned signal coherence time. In Fig. 7 we show the theoretical signal autocorrelation

Figure §b) shows the theoretical signal correlation func- calculated when both the idler beam and the pump beam are
tion calculated for the same parameters of Fi@p)4except spectrally filtered, respectively with ET2 and with the UV
for the pump spectral amplitucﬁf)(w), where the Gaussian etalon for §,,=0 GHz [Fig. 7(@)] and &,,=300 GHz[Fig.
shape is now replaced by the product between the Gaussidib)]. In the conditiond,,=0 GHz, where the central etalon
of Eq. (4) and the etalon transmission functidfiw— w,,) peak is coincident with the center of the pump spectral pro-
[given by Eq.(15)] with wm=w8+2ﬂ'5uv, where &,y indi- file [see Fig. {c)], the filtered pump spectrum is essentially
cates the mutual spectral position between the UV-etalowomposed of a single peak and no other modulation appears
peak frequency and the central frequeng/ of the pump  apart from those connected with the idler etalon ET2; differ-
profile. A good agreement between the experimental data arehtly, for 6,,=300 GHz two-symmetric etalon peaks are
the theoretical calculation is obtained fd,, =200 GHz present under the pump profilsee Fig. 7d)] and the vis-
[Fig. 5(b)]. ibility of the large-scale modulation is much more evident.

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- We have performed a systematic experimental and theo-
nected with the pump etalon, and its period is indeed theetical investigation of the energy-time entanglement proper-
inverse of the FSR of the UV etaldq@2x/Q,,=1.7 p3. The ties of a two-photon state generated by spontaneous paramet-
low visibility is associated taS,: For 8,,=200 GHz, one ric down-conversion. By using different configurations for
transmission peak of the etalon is not far from the center ofhe generation of the entangled pair and for the spectral or

V. CONCLUSIONS
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temporal shaping of one of the two photons, we have obbeen able to completely and precisely reproduce all our mea-
served the nonlocal changes in the autocorrelation or in theured data, regardless of the variety of experimental configu-
spectrum of the other by coincidence measurements. Eitherrations adopted.

monochromato(as in our previous experiment&l]) or eta- These results will be of interest for an accurate engineer-
lon filters with different characteristics have been used thg of guantum states and for the realization of more elabo-
spectrally and temporally shape the idler photon while obyated nonlocal shaping techniques, which may prove useful
serving the conditioned signal autocorrelation by a Michel-poth for fundamental tests of quantum mechanics and for the

son interferometer. Conversely, the unbalanced i”terferor_rbevelopment of new experimental schemes for applications.
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 aIIowe_d us to ACKNOWLEDGMENTS

bring to evidence the effects of a finite pump bandwidth in
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