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Optimizing the photon pair collection efficiency: A step toward a loophole-free
Bell’'s inequalities experiment
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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 experimentall$1050-294{@8)50804-9

PACS numbd(s): 03.65.Bz, 42.50.Ar

[. INTRODUCTION entangled in momentum, not in position, wide input aperture
detectors or spatial filters should be used, at the cost of more
In the last 25 years a number of experiments have beeBackground light reaching the active' detection area. As dis-
performed in order to test the Einstein-Podolsky-Roserfussed by Eberharib], background light has a deleterious
(EPR hypothesis of local realism in quantum mecharjids effgqt in the de_termlnatlon of the minimum dt_atector guantum
with or without the use of Bell-type inequalitia, 3. Nearly ~ €Ticiency required by a loophole-free experiment. .
all of those experiments utilized pairs of photons in In this work we present a method to maximize the pair

o .. collection efficiency, keeping the detectors’ apertures to
polarization- or momentum-entangled states as test particlegm | sizes, with no additional optics between the source and

coming from atomic cascade transition or, more recel@ly  getectors. The method is based on the angular spectrum
from spontaneous parametric down-conversion. A generatansfer from the pump field to the two-photon field in SPDC
critical analysis of such experiments has been carried out byg].

Santoq 4], concluding that, despite all efforts, none of them

can be considered a definitive test. Il. THEORY

Due to imperfections in the experimental setup, one is | et ys define the overall pair detection efficiency as
forced to make supplementary assumptions to the original

question, restricting the range of validity of the answers R, @
i i M2~ =0
drawn from the experimental results. According to Santos, R{R,

the more frequent supplementary assumptions are conse-

guences of two general hypotheses: the linear extrapolatiowhere Ry, is the coincidence count rate between the two
rule and a mechanistic picture of the photon, both related téletectors(say,D; andD,), andR;, R, areD;, D, single
the so-calleddetection loophole The linear extrapolation count rates, respectively. It is understood tRas is cor-
rule, or the fair sampling assumption is necessary because Fgcted for accidental coincidence counts, &d R, are cor-

the relatively low quantum efficiency of the photon counters./€cted for background and dark counts. Assuming that the
wo detectors have quantum efficiencigsand 7,, the limit

The mechanistic picture of the photon, or the passed subertl— lue f . lossl tical X d Ko7 7,
semble assumption, arises in order to overcome the failure f‘ ue 1or 77,5 I & 10SSIESs oplical system would 88, 7.

the detection system inollecting all the photon pairs pre- Ioe\;\/SeI?e; the(a?ulgggueg] iiﬁ,'[ﬂ:ns;ﬁ’s t;’;’gnﬁﬁgriocu?gg'?gttehéo
pqred by the source. The pair detgguon_ efficiency is deteraetectorlsz,. andb) losses due to the finite size of the detec-

mined no,t only by the quantum efficiencies, bUt. also by th. ors’ apertures, that is, the less-than-one pair collection effi-
detectors’ apertures and by the transverse spatial correlati

b h h We will ref h binati Qf?ency. In this work we deal with the second case only; that
etween the two photons. We will refer to the com matlonisi 712 @S a function oD;, D, aperture areas.

of the last two factors as thpair collection efficiencyIn According to Monken, Souto Ribeiro, and ®R& [6], if
atomic cascade transition sources, the t_hree-body nature me nonlinear crystal is thin enough along the pumping direc-
the process leads to poor Spa“"?" corr(_al_atlon petween the Mn (a few millimeters in length the angular spectrum of
photons|4], and the paur collection efficiency is low. . the pump field is transferred to the two-photon down-
d More recen_t exSth)eIrjlmeni[Q] use Spon';aneous Iprztjrarﬂetrlc converted field in an entangled way. For the quasimonochro-
oyvn-(I:Dohnversmr( Q as e:jsl;)urSCISDOC entargge P otlog matic case in the paraxial approximati¢far field, small
pairs. Photon pairs generated by can be entangled §}, <o ation areas around the propagation directjahe fol-

polarization and momentum, _S|multaneously, which rGprebwing expression is a good approximation for the state gen-
sents an advantage over atomic sources. The momentum cQfi¢q by SPDC:

relation by itself is, in principle, the solution to the pair col-

lection efficiency problem. However, since the photon pair is
|p)=|vag+consi [ dq; | dav(gs+dy)
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FIG. 1. Plots of ior@), solid line; and(8), dotted line. .
ots of expressiond), solid line; and(8), dotted line 0 otherwise.

g, andq, are the transverse componentskgfandk, (the  Figure 1 shows plots of expressiof® and(8) for compari-
wave vectors of the down-converted field modédsis the son.Ry,(a) is then

wave number of the pump field, andq) is the angular

spectrum of the pump field. Due to the small thicknes®f 232

the nonlinear crystal considered here, the sinc function in \/;erf( 14+ —

expression2) can be regarded as constant. In this case, ex- ) 1 w?

pression(2) leads to the interesting consequence that thd¥12(@)=consk ma W2 1- >

transverse coincidence rate proffig, maps the transverse 1+ — o1+ Zi

intensity profilel ,(p) the pump beam hais the detection 2a w?

region [6]. When w;=w,=wy/2 and the two detectors are )

equidistant from the crystakz{(=z,), the coincidence count

rate can be approximated by Since the Single count ratd%l(a) and Rz(a) are propor-

tional to the apertures aresa?, the pair detection efficiency

Ry p1.p2)=cons | p(3p1+3p,). (3 can be written as

While R;, depends on the detectors’ transverse positjpns \/— ’ 1+ 2_:;12

andp,, single count rateR; andR, remain constant within A me w2

the approximation assumed. For finite aperture detectors, ex-  ny(a)= > 1- , (10

pression(3) must be integrated ip, and p, over the aper- 1+ W_ 2a?

tures. 232 2\/ 1+ "3

Let us consider a Gaussian pump beam, with the trans-

verse intensity profile given by where the constanf accounts fory7;7, and additional
222 absorption losses in the optical system. By inspection of ex-
lp(p)=10€ , (4 pression(10), one sees tha,, increases with the ratia/w

and tends to saturate # for large values of this ratio. So, if

wherew is the beam radius at the detection region. Theje hump beam radius at the detection region is minimized,
coincidence raté3) integrated over circular detectors aper- 71, is maximized. This can be easily accomplished by plac-

tures is ing a convergent lens in the pump beam, before it reaches the
nonlinear crystal, focalizing it at the detection region, as

Ry,(@) = constx f dplf dpzA(pl)A(pz)e’“’1*”2|2’2‘”2, shown in Fig. 2.
®) . EXPERIMENT
where A(p) describes a circular aperture of radias cen- An experiment has been carried out in order to test rela-
tered atp. Working out integral5) one finds tion (10) in conditions normally encountered in Einstein-
Podolsky-Rosen—type experiments using SPDC as a two-
Ryy(a) = consix WaZJ’ dp |_3,(p)e—2pz/w2 (6) photon source. The setup is represented in Fig. 3. A 7-mm-
' long nonlinear crystalBBO) is pumped by an Af laser.

The laser operates at 351.1 nm, TRMGaussian profile
where power-stabilized mode, with an output power of approxi-
2 o b mately 30 mW. Spontaneous type-ll parametric down-
< 1P P o2 conversion is generated by the nonlinear crystal, which is cut
B(p)= W[COS a a 1=(pla) (7)  for A;=\,=702 nm, with output angles of approximately 4°
0 otherwise. with respect to the pumping direction.
A convergent lend. of 1-m focal length is placed in the
In order to simplify the calculation®8(p) will be approxi-  pump beam, so that the beam waist is locatetdra from the
mated by crystal. The measured waist ig=0.18 mm atl =1 ,,,/€°.

if p<a,
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DetectorsD; and D, are avalanche photodiodéAaPD’s) D,, D, aperture radius (mm)

operating in the photon counting mode, placéd an from
the crystal. In front of each detector there is an arrangement F|G. 4. Measurements dR;,/R;R, with sampling times of
composed of a variable circular aperture, followed by amoo s.O, pump beam focused), pump beam in free propagation.
interference filter of 1-nm bandwidth, and a microscope ob-The solid curves at least-squares fits of expresgiGhwith param-
jective focused on the APD’s active area. The response aftersA andw.
this detection system as a function of the incidence angle has
been measured with the help of an attenuated laser beam, andFigure 4 shows a clear improvement in the pair detection
was found to be flat over an acceptance angle of D@and  efficiency when the pump beam is focused. For example, for
D, are connected to single and coincidence cour@eraith  a=1 mm, about 84% of the photon pairs reach the active
a resolving time of 10 ns. detection area in the first experimgpump beam focused
Single and coincidence counts were recorded in samplingshereas only 21% do it in the second cdpamp beam in
times of 100 s, for detector aperture radii=a, varying free propagation By extrapolating the graph in Fig. 4 with
from 0.2 to 1.5 mm in steps of 0.1 mm, and for 2.0 mm. Theexpression10), one sees that an aperture radius of 6.4 mm
pair detection efficiencyy,, was calculated using Edl),  would be required to attain 84% pair collection efficiency in
after subtraction of dark counts and accidental coincidenceshe second experiment. Considering that the background
For comparison purposes, the same measurements were taunt rate is proportional to the detector aperture area, the
peated without the lens in the pump beam. In this case, thfirst experiment has a gain of about 40 in the signal-to-noise
measured pump beam radius in the detectors’ region at 1 matio with respect to the second.

from the crystal wasv=1.35 mm. In conclusion, we have shown that the control of the
fourth-order correlation between the conjugate fields gener-
IV. RESULTS AND CONCLUSION ated by spontaneous parametric down-conversion through

the pump beam can be used to optimize the pair collection

Figure 4 shows plots of;;, versusa for the two experi-  efficiency in two-photon EPR-type experiments. This control
mental situations. Expressi¢h0) was fit to the two data sets is possible without introducing additional optics in the two-
by a nonlinear least-squares-fitting routine, with parameterphoton field. Besides, small aperture detectors can be em-
A andw. The fitting values oA=0.14 in the first case and ployed, minimizing the background count level. We have
A=0.15 in the second case are compatible with the nominadlso presented a theoretical model to describe the process, in
values of#, and », of about 0.4 specified by the manufac- good agreement with experimental data. Although the low
turer, combined with a maximum transmittance of 0.45 forquantum efficiency problem still remains, the detection loop-
the Gaussian-profile interference filters, plus some additiondtole can be partially closed by the method described in this
losses in the microscope objectives. The fitting valuessor work.
are 0.21 mm for the first experimefwith the converging
lens in the pump beanand 1.41 mm for the second experi-
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