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Abstract

The purpese of thiz laboratory 1s to demonstrate polanzation entanglement of a par of photons created by
spontanecus parametric down-conversion in two Type-1 beta barium borate crystals. We showed viclabon
of the CHSH inequality by the number of comcident detechions of the signal and idler photons on our two
avalanche photo diode detectors usmg rotating linear polarizers to select 16 different incident polarizations
for the purpose of evaluating the CHSH mequality. Achieving a value of |5| = 2.64, our results confirm that
no local hidden vanable theory accounts for the correlation between the photon polarizations, Le. we
successfully demonstrated photon polanzation-entanglement.

1 Introduction

Entanglement 1z a property of multparty u:[umtumstates that are not factorable mto apruductufsta:tes each
describing just one party of the multiparty system: |y, )=y, ) @ separable
states, have the property that a complete descriphon of any mdludua] mmpunent of the E".'E'[EII[ mvolves a
dEﬁ[:[‘lpﬂl:lll of the entangled partners as well. One may not completely describe an individual party of an
entangled pair, for instance, without reference to the other party. Furthermore, measurement of an

entangled party vields information about all parties m the entanplement Thus, one may gam mformation
about the state of an entangled party nonlocal fo a measurement on its E]lﬂIlEl-E:d partner. Entanglement, and

itz mmplied nonlocality, was unseitling to Emstein, Podolsky, and Rosen, who, in ther famous EPR. paper m
1035 et out to demonetrate how the pr-&du:hun of emﬂnElemmt In quanium mechanics was an mdicator
that the theorv was mcomplete [1]. However, m 1965, John Bell derrved a rule to which any classical
hidden variable theery must adhere [2] (zee also [3]). He showed that nonlocal theonies would viclate an
mequahty that classical theories must obey, thus giving a testable way to determine if a system behaves
clazzically, az EPR. msizted it must or demonstrates a type of quantum nenlecahty that we now call
entanglement.

In thns laboratory we test the violation of the Clauser-Home-Shimony-Helt version of Bell's inequality
uzing pnlanzahun-entam!;]ed photons created by spontaneous parameinc down-conversion m two
orthogonal Type-1 BBO crystals [4]. We follow the experimental procedure developed by Ewiat ef all [3]
(see also [6], [7]).

1.1 Theory

We uze the Clauser-Home-Shimeny-Holt (CHSH) version of Bell's mequality m this experiment [§]. The
SPDC state that we will be measurmg has the entangled form: |wm-j=_1_qp-,:]ﬁ_+|ﬂ} B 3 where VH
W2 i - )

denote verical honzontal polanzations, and =1 indicate the zignal’idler photons that result from the SDPC

in the Type-1 BBOs. We note that our entangled state 15 mvanant under change of polanization basiz, and
show fhiz by rewriting our state i an arbifrary pelarnzation basis at an angle o to our ongmal horizontal

and vertical states. By smphfl_.mg,_ we see that our ongnal state 1z mtact.
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Figure 1: Depiction of polanzation-entangled photon pairs passed through polanzers and incident on
APDs.

Measurement of the polarization of these photons m anv bams thus preserves ther entangled state.

Indicated mn Figure 1, our experment places APDs o that two detectors sit on diametrically opposed sides
of the SPDC cone nfmtane;led light that 13 emitted from the BEOs. Thus, each APD wall recerve one of the

entangled photons. Placing a polarizer m front of each APD), we can control the measurement basis of each
APD, zetting cne polanzer to an anple o, and the other to an angle g. To evaluate the CHSH mequality
we will want the prubabllm that both phu-tum are vertically polanzed (both honzentally polanzed, and one
in each polarization) in their respective polarizer basiz. Below we compute this first pmhal:llhtj. and state
the resultant cos®(z— 8) or sin® (e — B)—dependence for the remaining combmmations.
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The remaming probabilities of polanzation combmations follow the same way and are:
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Let Nie,f) be the expermentally measured number of comncident signal and idler photon counts for
polanzafion alignments at angles o« and § respectively. Then we may znalogously define the above
probabilities m terms of theze data.
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We  have miroduced the notation o, =+ 907, and B, =p+5%07", and



Ny =Nl f)+Nia, .8, )+ N, .f)+N(z.f,). which is the total number of coincident counts of
signalidler detections. Hence, we can measure the probabilihes Prgp,Prsr Py B I OUr experiment by
recording the number of comcident sipnal/idler photon pairs detected at the APD: when the pnlarlm are

ahipned to the different combinations of angles. Usmg thiz, we must choose angles for which 1t 1z possible
to violate Bell's mequality. The CHSH mequality uses a comrelation of the probabilities defined as follows:
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We may also write the probability comelation above in terms of the photon counts using the expenmental
definition of the comncidence probabilities just defined. Then we have:
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The Clauser-Home-Shimony-Holt inequality considers a convex combmation of the correlation funchon
above, using the four angle combinations, as displayed here: 5 =|E(a.b)-E(a.t) +|E(a’ ) + E(a".F).
where 5 13 the quantity that 1z bounded for a classical svstem operating according to a local hidden variable
theory; we must have |5| < 2. Note, however, that for choices of angle a = -x/4 b=—n/8,a =0 = x/8.
the predicted value of 5 from the above dervation starting with the rotationally mvariant entangled Bell
state  that descmbes ouwr setup of  signalidler entang]ad photon  par 13
E.'=|—],-"'1.I'_—],|'r1l'_|+|],.'"m':+],."'~u'i|= 2. S0, the quantum mechanical descriphion of our svstem violates
the inequality.

The previous dizcnssion assumes 100% vimbility. Visibility 13 defined as follows:
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Visibility = ~ax ——min __for Sscrets messurements , ~max "7 min where [ is intensity, and N iz the number of

o T I:ni.n. .i"l"m =+ Nm
detections made. We compute visibility a5 a check on our dafa to ensure that we meet 2 mimmum condition
on cbservation of an entangled state: visibility larger than 1;"-.."5

Our goal then 1z this: we seek to observe a value of 5 > 2 fo suggest entanglement 15 present n our system.
We note alsc that to viclate Bell’s Inequality m order to observe entanglement m our svstem, we should

achieve a visibihty larger than 0.71, m addition to 2 value of 5 > 2 and the cos (e — B) dependence of
comncident photons [8].



