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Abstract

Properties of entangled photon pairs generated in spontaneous parametric down-conversion are investigated in interference
experiments. Strong energy correlations are demonstrated in a direct way. If a signal photon is detected behind a narrow spectral
filter, then interference appears in the Mach—Zehnder interferometer placed in the route of the idler photon, even if the path
difference in the interferometer exceeds the coherence length of the light. Narrow time correlations of the detection instants
are demonstrated for the same photon-pair source using the Hong—Ou—Mandel interferometer. Both these two effects may be
exhibited only by an entangled state.
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1. Introduction

Spontaneous parametric down-conversion (SPDC) [1] is a widespread method used for generation of entangled
pairs of photons. These highly correlated particles are favourable for testing many interesting features of quantum
mechanics [2].

Transverse correlations in SPDC were theoretically analyzed in detail by Rubin [3]. Transfer of angular spectrum
between SPDC beams was used for optical imaging by means of two-photon optics [4,5]. The angular spectrum is
also transferred from the pump beam to both down-converted beams, as examined, e.g., in Ref. [6]. The coherence
times of the down-converted photons were measured first in the 80s by Hong, Ou and Mandel (HOM) [7]. The
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HOM interferometer was used in many experiments testing interference from the indistinguishability point of
view [8,9]. Placing linear polarizers into both HOM interferometer arms enables demonstration of violation of
Bell's inequalities, measuring correlations of mixed signal and idler photons from the pair as a function of the two
polarizer settings [10].

Franson [11] suggested another experiment. By use of two spatially separated interferometers, one can observe &
violation of Bell's inequalities for position and time. First high-visibility interference experiments of this type were
performed using Michelson interferometer [12], reaching a visibility of 87%. Later experiments utilized spatially
separated Mach—Zehnder interferometers to measure nonlocal interference [13,14]. Interference was observed alsc
in mixing of signal photons produced by SPDC in two nonlinear crystals [15]. It was demonstrated that when the
optical path difference through this interferometer exceeds the coherence length, interference appears as a spectrun
modulation. Finally, complementarity between interference and a which-path measurement was studied for the case
of down-converted light in Ref. [16].

The aim of this Letter is to study the correlations of energies of the two photons from the entangled pair directly.
To achieve this goal, we place a Mach—Zehnder (MZ) interferometer in the idler beam and set the optical-path
difference larger than the coherence length of the idler photons. Thus, no interference pattern is observed upon
modulation of the optical-path difference on a scale of the wavelength. If a narrow frequency filter were placed
in the idler beam in front of the MZ interferometer, the coherence length would be effectively prolonged and
the interference pattern would be observed. Similarly, placing a scanning filter in front of one detector at the
output of the MZ interferometer, one could observe an intensity modulation of particular frequency component,
because individual frequency components of the field interfere independently and the filter selects just one quasi-
monochromatic portion of them. However, there is no filter in the idler-beam path containing the MZ interferometer
in the setup described in this Letter. We place the narrow frequency filter in the signal beam and observe an
effective prolongation of the coherence length in the MZ interferometer and a substantial increase of visibility in
a coincidence-count measurement. This prolongation is the consequence of the correlation of energies of the two
beams [17-19]. Kwiat and Chiao used similar setup in their pioneering work in experiments testing Berry’s phase
at the single-photon level [17]. By filtering the signal photon by a “remote” filter with a bandwidth of 0.86 nm, they
observed in coincidence measurement the interference fringes visibility of 60% behind a Michelson interferometer
detuned by 220 pm. They interpreted these results in terms of a nonlocal collapse of the wave function. In this Letter
we extend these original results by utilizing a one-order-of-magnitude narrower frequency filter, the Fabry—Perot
(FP) resonator. Moreover, the visibility dependence on the MZ interferometer detuning is derived and measured.

The Letter is organized as follows. In Section 2, we describe the experimental setup. In Section 3, we give
the basic formulas describing this experimental situation. In Section 4, the energy correlations are measured
experimentally and the agreement with the theory is verified. It is important to note that the increase of visibility
described above could also be observed with optical fields exhibiting classical correlations [17,18]. To exclude this
possibility we also test time correlations of the photon pairs generated by our source [14,20]. This is shown and
discussed in Section 5. Section 6 concludes the Letter.

2. Experiment

A scheme of the experimental setup is shown in Fig. 1. Type-l parametric down-conversion occurs in a 10-
mme-long LilOs nonlinear crystal (NLC) pumped by a krypton-ion cw laser beam at frequepn¢¢13.1 nm) with
power of 190 mW and beam waist of 0.23 mm. Signal photensnd idler photons, (w1 + w2 = w,) are selected
by apertures Aand A, respectively, and coupled into fibers by lenggesand L, with the focal length of 15.4 mm.
The geometric filtering of fiber-coupling optics limits the input beam diameter to 3 mm maximally. Frequency filter
F is placed in the signal-beam path; S stands for a shutter optionally closing the idler beam. The symbol AG denotes
an air-gap that allows to set the length of one arm (called s) of the fiber-based MZ interferometer with the precision
of 0.1 um. Phase modulator PM is used to change the optical path of the other arm (called ) of the interferometer
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Fig. 1. Experimental setup (see text for details).

on a wavelength scale to observe the interference patternaf®@CFC denote input and output fiber couplers,
respectively. @, D24, D2p denote Perkin—Elmer SPCM photodetectors. Detection electronics record simultaneous
detections (within a 4 ns time window) of detectors@hd D4, respectively of detectorsiand 5. These data

are transferred to a PC as a function of the air-gap positi@t) @nd the phase set by the PM.

Because of thermal fluctuations, the difference of optical lengths of the fiber MZ interferometer arms drifts on
the scale of several nanometers per second. Therefore it is necessary to actively stabilize the interferometer. We
use attenuated pulsed laser-diode beam connected to the free input of the interferometer (Input O in Fig. 1) for
the stabilization. The measurements run in cycles repeating two steps. First, the down-conversion idler beam is
blocked by the shutter S, and the pulsed laser is switched on. A zero phase position of the phase modulator is
found that corresponds to minimum counts on the detectar. Dext, the pulsed laser is switched off and the
shutter is opened. The phase in the MZ interferometer is then set against the last found zero phase position and the
measurement is performed. A time duration of one measurement cycle is 10 seconds.

We perform four different measurements distinguished by the use of different filters. First, we use the setup
described in Fig. 1 without any filter in the signal-photon path. The visibility of the coincidence-count interference
pattern is peaked around the balanced MZ interferometer with a FWHM of 160 um. Second, we insert a narrow
band interference filter in the signal-photon path and the visibility peak broadens (350 um). Third, we use a FP
resonator to filter the signal photons. Then the high-visibility region is broadened considerably, but the measured
dependence is modulated with a period corresponding to one roundtrip in the FP resonator. Finally, we insert
both filters (the FP resonator and the narrow band interference filter) in the signal-photon path. In this case no
oscillations appear in the measured visibility of the coincidence-count interference. The theory presented in the
next section is intended to explain this behavior of the visibility pattern for the above specified cases.

3. Theory

In this section we briefly mention theoretical description of the behavior of photon pairs generated by SPDC
in our experimental setup (Fig. 1) and define the used notation. The theoretical coincidence-count interference
visibility is calculated for the Gaussian filter (Section 3.1) and for the Gaussian filter together with the FP resonator
(Section 3.2).

SPDC is commonly studied in the first-order perturbation theory which gives for the cw pumping at the carrying
frequencyw, a two-photon statey D) at the output plane of the nonlinear crystal [21-27]

|W(1))=Cw/dw1/dwz (w1, w2)3(01 + w2 — wp)a] (w)a}(w2)IVag. )
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The symbol&;f(wj), J =1, 2, stands for the creation operator of a photon with the frequenci the field ;.

Thes function in Eq. (1) expresses the energy conservation law. The phase-matching fdn@bigr,) describes
correlations between modes in the signal and idler fields. Assuming origin of the coordinates at the output plane of
the crystal, the phase-matching function is found in the form [23-25]

1—expi(wr+ w2 —wp)L/vg]
—i(w1+ w2 —wp)/vg

D (w1, w2) = , (2)
L is the length of the nonlinear crystal, is the group velocity of the down-converted light (identical for signal
and idler photons in degenerate type-I process).

Photons generated via SPDC are conveniently described with the use of a two-photon probability amplitude
defined as

A(t1,t2) = (vad £ (r) ESP () [y @), ®)

which provides the two-photon amplitude behind the apertures. The s fibodenotes the positive-frequency
part of the electric field operator of thgh down-converted field. The two-photon amplitudgz appropriate
for the case when both photons are located just at the detectaadDy4, or D; and D (see Fig. 1) can be
expressed in the form [19]

Anzi (11, 2) = Tx A(t1, 12) + T1A(71, T2 + A1), 4)

i.e., as a sum of two contributions, each representing one alternative path of the idler-photon propagation through
the MZ interferometer. Here\r is the propagation time difference of the two interferometer affnand7; are
the overall amplitude transmittances of the two alternative paths.

The coincidence-count rat®, measured in this experiment can be represented in terms of the two-photon
amplitudeApnz as follows

o o0
Rc(Al)=/dflde2|AMZ|(Tl,f2)|2. (5)
—00 —00

The normalized coincidence-count ra&tg then reads

Ry (A1) =1+ p(Ab), (6)
wherep is an interference term:

2RETT [ dry [7 deo Aty 1) A* (1, T2 + A1) |
(T2 +1T11?) [%5, dra [ de2] A, w2) 2

The symbol Re denotes the real part of the argument. The detwniiggiven asAr = Iag/c, wherelag is the
air-gap position/{pc = 0 corresponds to the balanced interferometer)aisdhe speed of light. The visibility’ of
the coincidence-count interference pattern describell,j§yA¢) for a given detuning\z of the MZ interferometer
is calculated according to

o(Al) = (7

_ Rn,max— Rn,min (8)
Ry max+ Rn,min.

The quantitiesk,, max and R, min are the maximum and minimum values obtained in one optical period of the
interference pattern.



J. Soubusta et al. / Physics Letters A 319 (2003) 251-262 255

3.1. Setup with a Gaussian filter

In real experiments, the idler and signal beams are usually filtered by interference filters before they are coupled
to the fibers to minimize the noise counts arising from stray light in the laboratory. Even in the absence of
interference filters (cut-off filters blocking the scattered UV pump and luminescence are sufficient), geometric
frequency filtering occurs due to a limited aperture of the fiber-coupling optics. This is due to the fact that SPDC
output directions of the phase-matched photons of a pair depend on a particular combination of their frequencies
w1, 2.

The influence of the interference filters and the filtering due to the coupling apertures can be approximately
modelled using Gaussian filters with the intensity transmittance given by the expression

(@) — ?)? ,
Tgj(wj) = EXD[—T'], J
J

=12 )

a)? is the central frequency and the FWHM of the filter intensity profile obtainable experimentally is given by

2+/In20;. In the case without additional filters; = o».
The interference term is given by

2 Ar? 1 1
At)= ——— Re|T*T, expliwSA? exp|:——], wherepr = — + —. 10
PN = (g R T exiophi ] expl o=t 2 (10)

In the ideal case, when both paths in the MZ interferometer are equally prolfabiery), the interference term
can be simplified to the form

— cogwdAT) - _A_,z]
p(At) = coJwjAt) exp[ 25 | (11)
The first function (cosine) represents a rapidly oscillating function, while the other function (Gaussian) describes
the envelope of the oscillations. The local visibility of the coincidence-count interference pA&ftearound a
certain valueAr of the interferometer detuning is then equal to the envelope function

2
V(AL) = exp[—ﬁ—;z] (12)

3.2. Setup with a Fabry—Perot resonator

Next, we use a FP resonator as a tunable filter in the signal-photon path. This resonator can provide a two-
orders-of-magnitude narrower frequency filter in comparison with the above used Gaussian filter. It should be
stressed that the geometric filtering mentioned above also takes place in this case. The intensity transmittance of
the FP resonator is given by the expression [28]

Tmax

1+ (ZE)sin(Lwr)

Trpy(w1) = (13)

T
which is a periodic function with narrow peaks of maximum transmittéiygg at a distance given by free spectral
rangewgsr= ¢/ lr. Parameter is the finesse of the resonator. The width of the transmittance peaks is inversely
proportional to the finesse.

In this case the interference term is found to be

. —v2By—ivi Af]
2Re{T*T expliwdAr] [ d EX—vi Po—ivy }
T xplio AN oo A o )
exp—v2g]
1+(2)? sir? (" (@f+v1)

p(Ar) =

(14)

(T2 +1T512) [Z5 dv
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Performing the integration we can introduce a new expression for the interference term

2 i 2 2 s (At — ntg)?
o= 2l 3 (142 20555 ) extoar  mof e - 22000 )
c = y v 4p2
The new parametels, fg, ¢o, andy are defined as follows
> 2 2 n n?t2
C= (1% +1T: %) (1+ 22(1+ = -V1+ y) cosngo) exp[——"D,
= YoV 42
/ ! 2F\?
n=2", ¢=2Lef and y= (—) . (16)
C C T

The symboliy determines the time of one roundtrip in the FP resonaige- w?zo is a phase factor acquired

in one roundtrip. Theith term of the sum determining in Eq. (15) describes the case in which the signal
photon propagates just| times through the FP resonator and then leaves the resonator. Owing to entanglement
of photons in a pair, the time structure of signal field introduced by the FP resonator [29] is reflected in the idler-
field interference pattern in the MZ interferometer. Title term contribution is peaked around the detuning value

At = ntp. The maximal value reached for this detuning equals 2/y — 2/I+ y/y)"!. The width of the peak

is the same as in the case without the FP resonator, it is determined by the spectral width of the entangled photons.
If the width of the peak is smaller thag, then the visibility resulting from (15) is a modulated function. We can

get the following approximate expression for the upper envelope of this visibility dependence:

2 2/1 |At]/10
VUPPEI A ) = (1+ g J) .
14 14

17)
We note that the approximate expression¥8PP¢'in Eq. (17) may be used even if the width of peaks is greater
thantg.

One can also compare the results given in Egs. (15) and (10) from another point of view. In the setup without the
FP resonator, detection of the signal photon by detectoyi@ds the time of the pair creation. Therefore, one can
distinguish, at least in principle, the path of the idler photon through the unbalanced MZ interferometer from the
detection time at the detectopp. Hence no interference can be observed. If the MZ interferometer’s detuning is
equal ton roundtrips in the FP resonator which is placed in the signal-photon path, one cannot distinguish between
two possible events: (a) either the idler photon takes the shorter arm of the MZ and the signal photommakes
roundtrips in the FP, whera is an integer; (b) or the idler photon takes the longer arm of the MZ and the signal
photon makes: + »n roundtrips. This option of two indistinguishable paths restores the interference [11-14]. The
longer detuningAt, the more unbalanced interfering probability amplitudes (corresponding to cases (a) and (b))
and consequently the lower visibility.

4. Energy correlations

First we use the setup shown in Fig. 1 without the FP resonator. Fig. 2 shows the visibility of interference pattern
in the measured coincidence-count rate between detectaraiid Dy as a function of the air-gap position. The
visibility reaches significant values only in a region whose width is inversely proportional to the bandwidths of the
signal and idler spectra (see Eq. (12)). Diamonds correspond to the measurement without any filter, thus showing
the effect of the geometric filtering of the fiber-coupling optics. Plotted errors represent the standard deviations.
The dotted curve is a Gaussian fit of these data with a FWHM of 160 um, which corresponds to a spectrum of
5.3 nm FWHM. This spectrum of the signal photons, calculated according to Eq. (9), is plotted with the dotted
curve in the inset of Fig. 2.
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Fig. 2. Coincidence-count interference visibility between detecterg @nd D, as a function of the air-gap position. Diamonds correspond

to the measurement without any filter. The dotted curve is a Gaussian fit according to Eq. (12) yielding the geometric spectral filtering of
FWHM = 5.3 nm. The spectrum calculated according to Eq. (9) is plotted with the dotted curve in the inset. Squares correspond to the
measurement with the narrow band interference filter. The continuous curve is the theoretical dependence obtained for the parameters of the
filter provided by the manufacturer. The inset shows the normalized transmittance of the filter (dots) and a Gaussian fit of these data (continuous
curve) yielding a FWHM of 1.8 nm.

Squares in Fig. 2 correspond to the coincidence-count interference visibility measured in the setup modified
by inserting the narrow band interference filter centered at 826.4 nm (Andover Corporation) in the signal-beam
path. Dots in the inset show the measured normalized transmittance of the filter provided by the manufacturer,
and the continuous curve is a Gaussian fit of these experimental data with a FWHM of 1.8 nm. The parameters
of the filter yield theoretical visibility dependence of a 350 um FWHM (continuous curve). This curve fits well
the experimental data (squares) in the central part of the pattern. The deviations from the Gaussian shape in the
low-visibility wings are caused by the difference of the real spectrum of the filters from the Gaussian shape, as can
be shown by a more detailed analysis tractable only numerically. The narrowing of the spectrum of signal photons
from 5.3 to 1.8 nm thus leads to the broadening of the coincidence-count interference pattern from 160 to 350 um.

Fig. 3 shows the coincidence-count interference visibility measured with the FP resonator. The length of the
resonatof can be tuned over a range of 1.5 pum. The high-visibility region is now considerably wider than the one
obtained in the previous case, but we get a modulated curve described by Eq. (15) instead of a single-peak function.
The period of the measured visibility oscillations is given by one roundtrip in the FP resonajgtiélding the
resonator lengthr ~ 95 um. We note that similar oscillations in interference patterns were observed in [30], where
properties of entangled photon pairs generated by a train of pump pulses were studied.

The free spectral range of the FP resonator expressed in units of wavelengdris %Az/lp ~ 3.6 nm.
Compared to the 5.3 nm FWHM of the geometric spectrum of signal photons, it is obvious that more than one peak
of the FP contributes to the signal at detecter Dwe change the FP lengtlz by one quarter of the wavelength,
the modulation of visibility changes from one limiting case to another according to the changes of the spectrum
of the transmitted signal photong. = 95.00 um corresponds to the first limiting case. The theoretical spectrum
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Fig. 3. Coincidence-count interference visibility between detectors &d Dy as a function of the air-gap positidag. Squares correspond
to the measurement setup with the FP resonator in the signal-photon path. Curves are the fits given according to Eq. (15) with the parameter
F =150. The dotted curvéy = 95.00 um, the continuous curvg: = 94.86 um, the dashed curvg: = 94.80 um.

has one dominant peak at the center and two weak satellites; the visibility modulation is smallest (dotted curve in
Fig. 3). Forlr = 94.80 um, the visibility modulation is largest, corresponding to the second limiting case (dashed
curve in Fig. 3). In this case the spectrum is composed of two dominant equivalently strong maxima. The other two
small maxima prevent the visibility from reaching zero at its minima. Comparing the theory with the experimental
data, we have found that the FP resonator length that provides the measured visibility modulatio®#&86 pm

(solid line in Fig. 3). The spectrum corresponding to this FP length is shown in Fig. 4.

To avoid the effect of multiple frequency peaks transmitted through the FP resonator, we use a combination
of both filters (the FP resonator and the narrow band interference filter) in the signal-photon path. Fig. 5 shows
both the measured coincidence-count interference visibility (squares) and the theoretical curve (continuous curve)
according to Eq. (15). For comparison, the dependences obtained for the setup with no filter are plotted as well
(diamonds and dotted curve, same as in Fig. 2). Using both filters in the signal-photon path we are able to select
just one narrow transmittance peak of the FP resonator. This is possible because the narrow band filter's FWHM is
smaller than the FP’s free spectral range. Scanning the FP’s length we are able to position this narrow transmittance
peak to the center of the interference filiger—= 95.03 pm, see the continuous line in the inset in Fig. 5. With this
setting there are no oscillations in the visibility pattern any more.

From Fig. 5 we can clearly see that while there is no interference in the MZ interferometer detuned from the
balanced position by a few millimeters in the idler beam, a high visibility can be achieved in coincidence-count
measurements by placing a narrow frequency filter in the path of signal photons. This is a direct consequence of
the strong energy correlations between the two entangled beams. One can also see this experiment from anothe
point of view: the FP resonator serves as a postselection device that selects a quasi-monochromatic component of
the signal beam. This selection is done in the idler beam by means of the coincidence-count measurement, thus
yielding a wide autocorrelation function of the postselected idler beam.
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Fig. 5. Coincidence-count interference visibility between detectors &hd Dy as a function of the air-gap position. Diamonds correspond to

the measurement setup without any filter. The dotted curve is a Gaussian fit given by Eq. (12), corresponding to spectral 5:8vhikl

Squares correspond to the measurement setup with both the FP resonator and the narrow band interference filter in the signal-photon path.
The continuous curve is the fit according to Eq. (15) with paramdters150 and/y = 95.03 um. The inset shows the calculated spectra of

the signal photons, Eq. (13). The dotted curve corresponds to the geometric filtering (FAB-Bvhm), the continuous curve represents the
transmittance of the FP resonator together with the narrow band filter.
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Fig. 6. Experimental setup for the Hong—Ou—Mandel interference measurement. The photon-pair source (NLC) and the fiber-coupling optics
are identical to that shown in Fig. 1. FC is a fiber coupley,abd D, are photodetectors, C denotes detection electronics.

5. Timecorrelations

It is necessary to emphasize that the experiment as performed in the previous section is not a proof of the
strong quantum correlations produced by the entangled state of Eq. (1). For instance, if the source emitted two
monochromatic photons with classically correlated frequencieandw; (in the sense of a statistical ensemble)
with a proper classical probability densip(w1, w2), the same increase of visibility in the coincidence-count
measurement with a FP resonator and a MZ interferometer would be obtained [18]. However, such a source could
never give the tight time correlations of detection instants. In order to confirm the validity of the description based
on the entangled two-photon state, we performed a time correlation measurement with our source of photon pairs.

Frequency entanglement of the signal and idler photons in the state described by Eqg. (1) implies that two
photons comprising the same pair occur in time coincidence, as has been shown first in the Hong—Ou—Mandel
experiment [7]. In this experiment the signal and idler photons are mixed at=0 $@amsplitter. If the photons
reach the beamsplitter simultaneously, they exit the beamsplitter in the same output port. This results in a “dip” in
the coincidence-count rate. Fig. 6 shows a scheme of our fiber implementation of the HOM interferometric setup.
Time differenceAr between the interferometer arms is obtained by translating the fiber-coupling collimator in the
idler-beam arm towards the nonlinear crystal.

First we describe theoretical results obtained for the HOM interferometer. The normalized coincidence-count
rate R,';'O'V' as a function of relative delax: between the signal and idler photons is determined in terms of the
two-photon amplitudet given in Eq. (3) as follows [24]

RZ'OM(N) =1-p"%M(Ar), where
[ dta [, dig Re{A(ta — At, 15) A* (15 — At 14))
[ dta [%, dtp|Ata, 15)]2

Assuming that the spectrum of signal and idler photons is determined by the geometric filtering according to
Eq. (9) with parameters; = o2 = o, the interference termnHOM of Eq. (18) assumes the form

24,2
pHOM(At)zexp[—o Al ] (19)

pHOM(Af) =

(18)

2

The width of the dip given byH°M is half the width of the visibility peak given by Eq. (12) in the case of geometric
filtering without any additional filters.

Fig. 7 shows the experimental coincidence-count dip measured with the setup depicted in Fig. 6. The
coincidence-count-dip visibility is 98.4%. The width of the dip is 72 pm which yields the coherence time of
the down-converted photons of 240 fs and the spectral FWHM of 6.0 nm. This spectral width is slightly larger
than the one obtained with the MZ interferometer (5.3 nm). The difference of these two results is due to a slight
readjustment needed after changing the experimental setup (compare Figs. 6 and 1).
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Fig. 7. Coincidence-count interference pattern in the Hong—Ou—Mandel interferometer as a function of the path difference of the interferometer
arms. The continuous curve is a Gaussian fit given by Eqg. (19). The FWHM of the coincidence-count dip is 72 pm.

6. Conclusions

Second- and fourth-order interference experiments testing the nature of entangled two-photon fields generated
in spontaneous parametric down-conversion have been studied. Energy correlations were observed by frequency
filtering of signal photons, while the idler photons propagated through a Mach—Zehnder interferometer. It has been
demonstrated that even if the MZ interferometer is unbalanced to the extent that no interference can be observed,
interference with a high visibility is restored in the coincidence-count detections provided that the signal photons
are transmitted through a narrow frequency filter. Theoretical results obtained in the presented model for a Gaussian
filter, Fabry—Perot resonator, and both filters together are in good agreement with our experimental results. Tight
time correlations have been observed in the Hong—Ou—Mandel interferometer.

It should be stressed that both experiments inspecting energy correlations and time correlations provide
complementary information about the generated photon state. The same results in each individual experiment
could be obtained with some local realistic models, but there is no classical model that could explain both of them
together [12—14]. There is no classical way how to correlate properly both frequencies and arrival times of the two
entities (photons). From the quantum point of view it is not enough to have a separable quantum state of the two
photons with only classical correlations. Entangled state is needed. This shows that the two-photon state generatec
in the process of spontaneous parametric down-conversion is properly describe@ btatiggedwo-photon state
of Eq. (1), because it is this entangled two-photon state that can explain both energy and time correlations together.
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