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Optimizing the photon pair collection efficiency: A step toward a loophole-free
Bell’s inequalities experiment

C. H. Monken,* P. H. Souto Ribeiro, and S. Pa´dua
Departamento de Fı´sica, Universidade Federal de Minas Gerais, Caixa Postal 702, Belo Horizonte, MG 30123-970, Brazil

~Received 1 December 1997!

We show that the photon pair collection efficiency in coincidence measurements can be maximized when the
two-photon state is generated in the process of spontaneous parametric down-conversion in a thin crystal. This
effect can be used to close part of the so-called detection loophole in Bell’s inequalities experiments. The effect
is also demonstrated experimentally.@S1050-2947~98!50804-9#

PACS number~s!: 03.65.Bz, 42.50.Ar
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I. INTRODUCTION

In the last 25 years a number of experiments have b
performed in order to test the Einstein-Podolsky-Ros
~EPR! hypothesis of local realism in quantum mechanics@1#
with or without the use of Bell-type inequalities@2,3#. Nearly
all of those experiments utilized pairs of photons
polarization- or momentum-entangled states as test parti
coming from atomic cascade transition or, more recently@3#,
from spontaneous parametric down-conversion. A gen
critical analysis of such experiments has been carried ou
Santos@4#, concluding that, despite all efforts, none of the
can be considered a definitive test.

Due to imperfections in the experimental setup, one
forced to make supplementary assumptions to the orig
question, restricting the range of validity of the answe
drawn from the experimental results. According to Sant
the more frequent supplementary assumptions are co
quences of two general hypotheses: the linear extrapola
rule and a mechanistic picture of the photon, both related
the so-calleddetection loophole. The linear extrapolation
rule, or the fair sampling assumption is necessary becaus
the relatively low quantum efficiency of the photon counte
The mechanistic picture of the photon, or the passed su
semble assumption, arises in order to overcome the failur
the detection system incollecting all the photon pairs pre
pared by the source. The pair detection efficiency is de
mined not only by the quantum efficiencies, but also by
detectors’ apertures and by the transverse spatial correla
between the two photons. We will refer to the combinati
of the last two factors as thepair collection efficiency. In
atomic cascade transition sources, the three-body natur
the process leads to poor spatial correlation between the
photons@4#, and the pair collection efficiency is low.

More recent experiments@2# use spontaneous parametr
down-conversion~SPDC! as a source of entangled photo
pairs. Photon pairs generated by SPDC can be entangle
polarization and momentum, simultaneously, which rep
sents an advantage over atomic sources. The momentum
relation by itself is, in principle, the solution to the pair co
lection efficiency problem. However, since the photon pai
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entangled in momentum, not in position, wide input apert
detectors or spatial filters should be used, at the cost of m
background light reaching the active detection area. As
cussed by Eberhard@5#, background light has a deleteriou
effect in the determination of the minimum detector quant
efficiency required by a loophole-free experiment.

In this work we present a method to maximize the p
collection efficiency, keeping the detectors’ apertures
small sizes, with no additional optics between the source
detectors. The method is based on the angular spec
transfer from the pump field to the two-photon field in SPD
@6#.

II. THEORY

Let us define the overall pair detection efficiency as

h125
R12

AR1R2

, ~1!

where R12 is the coincidence count rate between the t
detectors~say,D1 and D2!, andR1 , R2 are D1 , D2 single
count rates, respectively. It is understood thatR12 is cor-
rected for accidental coincidence counts, andR1 , R2 are cor-
rected for background and dark counts. Assuming that
two detectors have quantum efficienciesh1 andh2 , the limit
value forh12 in a lossless optical system would beAh1h2.
Besides the quantum efficiencies, two factors contribute
lower h12: ~a! losses in the paths from the source to t
detectors, and~b! losses due to the finite size of the dete
tors’ apertures, that is, the less-than-one pair collection e
ciency. In this work we deal with the second case only; t
is, h12 as a function ofD1 , D2 aperture areas.

According to Monken, Souto Ribeiro, and Pa´dua @6#, if
the nonlinear crystal is thin enough along the pumping dir
tion ~a few millimeters in length!, the angular spectrum o
the pump field is transferred to the two-photon dow
converted field in an entangled way. For the quasimonoch
matic case in the paraxial approximation~far field, small
observation areas around the propagation directions!, the fol-
lowing expression is a good approximation for the state g
erated by SPDC:

uc&5uvac&1const3E dq1E dq2v~q11q2!

3sincS 1

4k
uq12q2u2LzD u1;q1&u1;q2&. ~2!
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q1 and q2 are the transverse components ofk1 and k2 ~the
wave vectors of the down-converted field modes!, k is the
wave number of the pump field, andv(q) is the angular
spectrum of the pump field. Due to the small thicknessLz of
the nonlinear crystal considered here, the sinc function
expression~2! can be regarded as constant. In this case,
pression~2! leads to the interesting consequence that
transverse coincidence rate profileR12 maps the transvers
intensity profileI p(r) the pump beam hasin the detection
region @6#. Whenv15v25vp/2 and the two detectors ar
equidistant from the crystal (z15z2), the coincidence coun
rate can be approximated by

R12~r1 ,r2!5const3I p~ 1
2 r11 1

2 r2!. ~3!

While R12 depends on the detectors’ transverse positionsr1
andr2 , single count ratesR1 andR2 remain constant within
the approximation assumed. For finite aperture detectors
pression~3! must be integrated inr1 and r2 over the aper-
tures.

Let us consider a Gaussian pump beam, with the tra
verse intensity profile given by

I p~r!5I 0e22r2/w2
, ~4!

where w is the beam radius at the detection region. T
coincidence rate~3! integrated over circular detectors ape
tures is

R12~a!5const3E dr1E dr2A~r1!A~r2!e2ur11r2u2/2w2
,

~5!

whereA~r! describes a circular aperture of radiusa, cen-
tered atr. Working out integral~5! one finds

R12~a!5const3pa2E dr B~r!e22r2/w2
, ~6!

where

B~r!5H 2

p Fcos21
r

a
2

r

a
A12~r/a!2G if r<a,

0 otherwise.
~7!

In order to simplify the calculations,B(r) will be approxi-
mated by

FIG. 1. Plots of expressions~7!, solid line; and~8!, dotted line.
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B~r!5H S 12
r

a De2~r/a!2
if r<a,

0 otherwise.
~8!

Figure 1 shows plots of expressions~7! and~8! for compari-
son.R12(a) is then

R12~a!5const3pa2
1

11
w2

2a2

F12

Ap erfSA11
2a2

w2 D
2A11

2a2

w2

G .

~9!

Since the single count ratesR1(a) and R2(a) are propor-
tional to the apertures areapa2, the pair detection efficiency
can be written as

h12~a!5
A

11
w2

2a2

F 12

Ap erfSA11
2a2

w2 D
2A11

2a2

w2

G , ~10!

where the constantA accounts forAh1h2 and additional
absorption losses in the optical system. By inspection of
pression~10!, one sees thath12 increases with the ratioa/w
and tends to saturate inA for large values of this ratio. So, i
the pump beam radius at the detection region is minimiz
h12 is maximized. This can be easily accomplished by pl
ing a convergent lens in the pump beam, before it reaches
nonlinear crystal, focalizing it at the detection region,
shown in Fig. 2.

III. EXPERIMENT

An experiment has been carried out in order to test re
tion ~10! in conditions normally encountered in Einstei
Podolsky-Rosen–type experiments using SPDC as a t
photon source. The setup is represented in Fig. 3. A 7-m
long nonlinear crystal~BBO! is pumped by an Ar1 laser.
The laser operates at 351.1 nm, TEM00 ~Gaussian profile!
power-stabilized mode, with an output power of appro
mately 30 mW. Spontaneous type-II parametric dow
conversion is generated by the nonlinear crystal, which is
for l15l25702 nm, with output angles of approximately 4
with respect to the pumping direction.

A convergent lensL of 1-m focal length is placed in the
pump beam, so that the beam waist is located at 1 m from the
crystal. The measured waist isw50.18 mm atI 5I max/e2.

FIG. 2. Basic arrangement to increase the spatial correlatio
the photon pair.
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DetectorsD1 and D2 are avalanche photodiodes~APD’s!
operating in the photon counting mode, placed at 1 m from
the crystal. In front of each detector there is an arrangem
composed of a variable circular aperture, followed by
interference filter of 1-nm bandwidth, and a microscope
jective focused on the APD’s active area. The response
this detection system as a function of the incidence angle
been measured with the help of an attenuated laser beam
was found to be flat over an acceptance angle of 1.0°.D1 and
D2 are connected to single and coincidence countersC, with
a resolving time of 10 ns.

Single and coincidence counts were recorded in samp
times of 100 s, for detector aperture radiia15a2 varying
from 0.2 to 1.5 mm in steps of 0.1 mm, and for 2.0 mm. T
pair detection efficiencyh12 was calculated using Eq.~1!,
after subtraction of dark counts and accidental coinciden
For comparison purposes, the same measurements wer
peated without the lens in the pump beam. In this case,
measured pump beam radius in the detectors’ region at
from the crystal wasw51.35 mm.

IV. RESULTS AND CONCLUSION

Figure 4 shows plots ofh12 versusa for the two experi-
mental situations. Expression~10! was fit to the two data set
by a nonlinear least-squares-fitting routine, with parame
A andw. The fitting values ofA50.14 in the first case and
A50.15 in the second case are compatible with the nom
values ofh1 andh2 of about 0.4 specified by the manufa
turer, combined with a maximum transmittance of 0.45
the Gaussian-profile interference filters, plus some additio
losses in the microscope objectives. The fitting values fow
are 0.21 mm for the first experiment~with the converging
lens in the pump beam! and 1.41 mm for the second exper
ment ~no lens in the pump beam!. Both values are in good
agreement with direct measurements ofw: 0.18 and 1.35
mm, respectively.

FIG. 3. Experimental setup.
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Figure 4 shows a clear improvement in the pair detect
efficiency when the pump beam is focused. For example,
a51 mm, about 84% of the photon pairs reach the act
detection area in the first experiment~pump beam focused!,
whereas only 21% do it in the second case~pump beam in
free propagation!. By extrapolating the graph in Fig. 4 with
expression~10!, one sees that an aperture radius of 6.4 m
would be required to attain 84% pair collection efficiency
the second experiment. Considering that the backgro
count rate is proportional to the detector aperture area,
first experiment has a gain of about 40 in the signal-to-no
ratio with respect to the second.

In conclusion, we have shown that the control of t
fourth-order correlation between the conjugate fields gen
ated by spontaneous parametric down-conversion thro
the pump beam can be used to optimize the pair collec
efficiency in two-photon EPR-type experiments. This cont
is possible without introducing additional optics in the tw
photon field. Besides, small aperture detectors can be
ployed, minimizing the background count level. We ha
also presented a theoretical model to describe the proces
good agreement with experimental data. Although the l
quantum efficiency problem still remains, the detection loo
hole can be partially closed by the method described in
work.
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FIG. 4. Measurements ofR12/AR1R2 with sampling times of
100 s.s, pump beam focused;n, pump beam in free propagation
The solid curves at least-squares fits of expression~10! with param-
etersA andw.
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