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Fourth-order spatial interference of entangled photon pairs generated in the
process of spontaneous parametric down-conversion pumped by a
femtosecond pulse laser has been performed for the first time. In theory, it

takes into account the transverse correlation between the two photons and is
used to calculate the dependence of the visibility of the interference pattern
obtained in Young’s double-slit experiment. In this experiment, a short focal
length lens and two narrow band interference filters were adopted to
eliminate the effects of the broadband pump laser and improve the visibility

of the interference pattern under the condition of nearly collinear light and

degenerate phase matching.

Keywords: Spontaneous parametric down-conversion, femtosecond pulse

laser, entangled two-photon state

1. Introduction

During the past few years, investigations of the correlated
properties of entangled two-photon states have attracted much
attention in quantum optics and information fields, such
as quantum imaging, quantum cryptography and quantum
teleportation ([1=3]. Experimentally, spontaneous parametric
down-conversion (SPDC) is an effective way of producing
entangled photon pairs [4-8]. At the simplest level, almost
all those experiments were performed by using a continuous-
wave (cw) laser as the pump source. While the emission times
of the two photons are well known with respect to one another,
the absolute time of emission is completely random. The
phenomenon depends on the fact that the process is pumped
with a cw source, which has an essentially infinite coherence
length ([9]. In order to control the emission times of two
photons to within a short period, one method is to use a
femtosecond ultrafast pulse laser as a source to pump the
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nonlinear crystal to produce entangled photon pairs. Ithasbeen
shown that this is crucial for performing important experiments
in quantum teleportation [10], entangled swapping [11] and the
production of three-photon entangled (GHz) states [12].

Meanwhile, spatial (transverse) correlated properties of
entangled photon pairs have been extensively investigated, and
almost all the research has concentrated on the case using a
cw pump source [13-17]. But when the pump source is an
ultrafast pulse laser, besides the coherence length of the pulse,
consideration of multi-frequency components in the pump
source is also needed. In contrast with cw-pumped down-
conversion, the two photons produced in pulsed type-II down-
conversion have different spectra. The existence of a broad
range of k vectors in the pump results in the situation that, for
a given single photon direction, there is a cone distribution of its
conjugate photon. However, Young’s double-slit arrangement
provides an extension of point—point transverse correlation
using an interference pattern. Therefore this makes it difficult
to observe a perfect interference pattern under the condition of
a pulse-pumped source.
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Theory and experiment of two-photon ‘direct’ interference

In this paper, we investigate the dependence of the
interference visibility of Young’s interference pattern for
entangled photon pairs generated in the process of SPDC
pumped by a pulse laser. A direct interference pattern with
high visibility of nearly 1 is also obtained.

2. Theory of two-photon direct interference and the
derivation of interference visibility

The SPDC process occurs under the condition of phase
matching when a laser pumps the nonlinear crystal. In this
process, photons from a pump laser are converted into a pair
of photons, where one is called the signal photon and the
other is called the idler photon. Although the pumping laser
photons may be highly coherent, neither the signal nor idler
down-converted photons carry this coherence. The temporal
and spatial correlations between the signal and idler photons
are established at the photon source by the energy and phase
matching constraints.

The process of down-conversion can be investigated in the
interacting presentation and the evolution of the state vector
can be expressed as

where is the state vector at time #, and H, (t) is the
interac amiltonian.
The Hamiltonian is depicted as

H;(t) = / &ErxPEP r, DEQ (r, DESO (r, 1) +hee. (2)
14

where V is the volume of the crystal covered by the classical
pump beam E7(r,1) and x® is an electric susceptibility
tensor which describes the nonlinear coefficient of the crystal.
The positive frequency part of

E;(r,t) = /dij(wj)&j(wj)ei[kf(wﬁwm]a j=p.eo0
where A(w;) = i/hw;/2¢on*(w;) is a slowly varying
function of frequency and can be taken outside the
integral; a j(w;) is an annihilation operator and E;_)(r, t) =
ES (DT

The two-photon state can be written as [9]

2w A A
W) = 7/ d*r X(z)/da)(,/dwea(a)(,+w8)a§+)(w6)
\4
x 4 (w,)e ko @)@k @00l oy 1 ¢ 3)

where w, and w, are the circular frequencies of the down-
converted o photon and e photon, respectively, a(w, + w,)
represents the spectral envelope function of pump lasers and
&™) (w,) and @ (w,) are the creation operators of an o photon
and an e photon, respectively.

The difference between ‘direct” and ‘ghost’ interference
lies in the position of the scanning detector in relation to
Young’s double slits. In the case of ‘direct’ interference, the
coincidence interference fringe was obtained by scanning the
signal detector placed behind Young’s double slits. However,
in the case of ‘ghost’ interference, the interference fringe was

Figure 1. A simple schematic diagram of ‘direct’ interference is
shown, where D1 is used to detect o photons that pass through the
double slits and D2 is used to detect e photons.

(This figure is in colour only in the electronic version)

obtained by scanning the detector placed in the idler beam,
although the slits were placed in the signal beam. The initial
experiments were performed by Ribeiro et al [18] and Shih
et al [19], respectively.

The illuminating schematic diagram of ‘direct’ interfer-
ence is illustrated in figure 1. The type-II down-converted
photon pairs were sent to a polarization beam splitter (PBS) to
reflect the signal photons (o-ray) through Young’s double slits
into the detector D1 at the position P and to transmit the idler
photons (e-ray) into the detector D2 at position Q.

Thus the electric field vector at the position P can be
expressed as

E;(P.0) = ESGr.0) + ES Gyt = 7,)
=>a, (@)@ eifo @)1 4 > a, ()e 1@ (=70 giko(@o) T2

Wo Wo

“

where a,(w) is the annihilation operator of the o-ray at
frequency w, w, is the circular frequency and k, is the
wavevector of the o-ray. 7y, r, are the shifts from O to the
double slits, respectively, as shown in figure 1.

EXQ.0) =) (@)l s)

It is similar to equation (8), where a.(w) is the annihilation
operator of the e-ray at frequency w, w, is the circular
frequency and ke is the wavevector of the e-ray. 1, is the
displacement from the point O to Q.

The coincidence rate between the two photons being
detected by the two detectors is proportional to the fourth-order
coherence function. The fourth-order coherence function can
be written as

T®2 = (0|E; (P, t +1)E; (Q, )EX(Q, E(P, 1 +7)|W)
= 0IEF(Q. DE; (Pt + DY) (6)

where E;(P, t) and E:(Q, t) are electric field vectors at
positions P and Q, respectively. 7 is the relative delay between
the o and e photons, which is determined by the crystal length.
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Substituting equations (3), (4) and (5) into (6), we have
r&? o [(01E(Q, NES (P, t +T)|Y)I?

fda)e [ dw, [do, a(@, + w,)e @M D (w,, ®,, », + a)e)
[e —ilke (@e) Te ko (o) 71 1 + elworoell/»e(we) Fortky (0)- 'vl]eﬂrur

)

where

D(wy, e, W, + W) = / 837 itk @ Hhe(@0)—ky @00l 7
v

Suppose that the quantum efficiencies of the two detectors

are B, and B,, respectively, and the acceptance time of the

coincidence counting circuit is Tg. Then the coincidence rate

of the two photons can be written as

Tx/2
ROE X ﬂOﬂE/ dT
Tx/2

f dw, f dw, a(w, + w,)e @t d(w,, w,, ®, + we)
[e —i[ke () Fotko (wo)-F1 ] + el®oTog ilke (e) T +ho (@o)- rz]]e—lwf

()
We can simplify the function (8) as
Roe & BoPela (@, + @) |9 (@,, e, 0, + @,)|?
X (1 + 1 cos(weTs)) ©)

where p is the interference visibility of the coincidence
interference fringe and is given by

1 we0+Aw -
W= / de eikeo ("1=72)
[©)

2Aw 00— Aw
1 +Aw - - L.
~ dw eik,,gd coslkeo-(F1 —72)] (]O)
2Aw
d cos |_k00 . (rl — rz)J ~ d sin A8, =~ k,0d A6, (1)

where Aw is the difference between the circular frequency
and the central circular frequency which is induced by the
broadband pulse laser, Aw = w, — w,0; d is the distance
between the double slits and 1200 is the wavevector of the central
wavelength. Within a small range of Aw, the separation angle
A6, between the wavevector 1}'0 and the central wavevector ]_éz)O
is proportional to Aw, and this conclusion is also adopted for
the e-ray. Therefore we have
AbB, = m,Aw,, AB, =m,Aw,

where m, and m, are proportional coefficients.

Then the final expression for the interference visibility can

be obtained as
1 Aw

d ikoodm,w
AT YN @
— 1 1 eik,)odk(,Aa) _ e—ik,)odk(,Aa))
2Aw kyodm,
11 in k,od AB
- sin(kod Ag,) = Skeod B6) (12)
Aw kvodma koOdAga

It canbe confirmed that the interference visibility is mainly
determined by A6, under the condition that k,od is a constant.
It will be close to 1 if the value of A6, is infinitesimal.

For the case of a broadband femtosecond pulse laser pump,
we have to consider the effect induced by the bandwidth of the
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laser. Under the condition of phase matching, the conservation
of momentum can be written as

ko cos 6, + k. cosb, =k, (13)
k,sin6, — k. sin6, = 0. (14)

For the sake of the existence of the uncertain quality of the
bandwidth, Ak,, we differentiate the above equations, which
can be derived into the formulae

Ak, cos 0, — k, sin0,A0, + Ak, cos 8, — k. sin0,A0, = Ak,
(15)

Ak, sin 6, + k, cos 0,A0, — Ak, sin0, — k, cos 6, A6, = 0.
(16)

Then the final relation between A6, and A0, is

k, cos(6, +6,) sin(6, + 6,) sin 6,
A, = AB, + Ak, — Ak,
k, k, k

17)

where the first, second and third terms express the uncertain
relation of the output direction, the spectrum of the e-ray and
the pulse laser source, respectively. It demonstrates that, for the
case of the pulse laser pump, the uncertain conditions (emitting
direction) of the o-ray are not only determined by the uncertain
properties of idler photons, but are also determined by the
spectrum distribution of the pump laser. So, just as depicted in
the introduction, it will degrade the visibility of the interference
pattern. In order to improve the visibility, we use a short focal
length lens and two interference filters to eliminate the effect
of broad bandwidth.

The schematic experimental set-up is illustrated in figure 2,
which is similar to the ‘direct’ experimental set-up proposed
by Ribeiro et al [18] except that a short focal length lens, whose
focal length is only 60 mm, is placed in front of the stationary
detector D2.  An argon-ion laser with 780 nm wavelength
serves as a pump for the mode-locked Ti—sapphire laser whose
light is doubled in a second-harmonic generator. It results in
a train of 80 fs pulses with an 80 MHz repetition rate at a
central wavelength of 390 nm. A beta-barium borate (BBO)
crystal with 3 mm length is cut at a degenerate type-II phase
matching angle to produce a pair of orthogonally polarized
signal (o-ray of the BBO) and idler (e-ray of the BBO) photons
Xy = A, = 780 nm, where A,, A, are the wavelengths of the
o-ray and e-ray photons, respectively). The pair of photons
emerge from the crystal nearly collinear. The residual pump
light is then separated from the down-converted photons by a
dispersion prism and the o-ray and e-ray are sent in different
directions by a PBS. The o-ray passes through Young’s double
slits (slit width @ = 0.15 mm and slit distance d = 0.3 mm)
and is detected by the detector D1, which can scan transversely,
while the e-ray is detected by the stationary detector D2, which
is exactly located at the focal point of the lens L. In our
experiment single-photon counting modules (SPCM-14) from
EG&G with 60% quantum efficiency at 780 nm were used. In
front of the two detectors are placed two interference filters
with bandwidths of 4 nm FWHM centred at the degenerate
wavelength 780 nm. The output pulses of each detector are
sent to a coincidence counting circuit with a 4 ns acceptance
time window for the two-photon coincidence measurement.
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4. Experimental results and discussion

By recording the coincidence counts as a function of the
position of the scanning detector, the typical interference
pattern without any correction is observed, as shownin figure 3.
As can be seen from this figure, the interference visibility
is close to 1, which demonstrates that we have effectively
improved interference visibility by using a short focal length
lens and two interference filters under the condition of nearly
collinear light and degenerate phase matching.

In fact, the uncertain relation between the wavevectors of
the o-ray and e-ray is also much larger even in the case of a cw-
pumped laser. Thus the o-ray and e-ray both express statistical
properties that are similar to noise. So the interference pattern
would not be observed on the screen if only a single beam
was employed to perform the single-photon Young’s double-
slit interference. We can limit it by positioning a small hole
on the path of the idler, e.g. just as shown in [15], which
is performed under the cw condition to control the visibility
of the interference pattern and one detector acts as a source
for its conjugate. This conclusion is also adapted for direct
interference [16]. The larger the collection hole was, the worse
the visibility was.

However, for the pulse laser pump, in order to control
the value of A6,, we must decrease the influence of the
third term on the emitting direction of the o-ray. This
cannot be obtained by limiting the collection hole before the
detector. In the experiment, we use a short focal length lens
to improve the visibility of the interference pattern. Because
of focusing and the small effective acceptance diameter (only
0.2 mm), in addition, the focal length of the lens is only
60 mm. These conditions can ensure only those photons whose
wavevectors are parallel or nearly parallel can be detected
by detector D2, which determines that A6, and 6, are both
minimum (under the conditions of collinear and degenerate
phase matching). Therefore A6, is also minimum through
coincidence measurement. The second term of equation (5)
is limited by a narrow band filter. Under this condition, we
have obtained a perfect interference pattern with high visibility
using coincidence measurement.

In [16], the finite dimensions of the light source and
detectors were also taken into account and shown to be
responsible for the partial coherence that affects the visibility of
the fringes. In addition, in the literature, in order to simplify the
case, the pump, signal and idler fields are quasimonochromatic.
For the case where the pump beam diameter is much larger
than the dimensions of the idler detector and the slit width,
the visibility of the interference pattern did not always equal 1
unless the diameter of the detector can be regarded as a point
source. In our experiment, the dimension of the pump beam
incident on the nonlinear crystal is about 2 mm, i.e. much
larger than the slit width (0.15 mm) and the diameter of the
idler detector (0.2 mm). That is to say, we can hardly obtain
a high visibility interference pattern by using the traditional
experimental conditions. However, the interference visibility
can be improved using our experimental set-up.

5. Conclusions

In conclusion, we have investigated direct Young’s interference
of entangled photon pairs generated in the process of SPDC
pumped by a femtosecond pulse laser in theory and derived
the dependence of the interference visibility by considering the
broad bandwidth of the pulse laser. The interference visibility
depends on the magnitude of A6,. In our experiment, a short
focal length lens and two interference filters were adopted to
improve the interference visibility under the condition of nearly
collinear light and degenerate phase matching to obtain the
perfect interference pattern.
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