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A simple experimental setup consisting of a spontaneous parametric down-conversion source and passive
linear optics is proposed for conditional preparation of a maximally entangled polarization state of two pho-
tons. Successful preparation is unambiguously heralded by coincident detection of four auxiliary photons. The
proposed scheme utilizes the down-conversion term corresponding to the generation of three pairs of photons.
We analyze imperfect detection of the auxiliary photons and demonstrate that its deleterious effect on the
fidelity of the prepared state can be suppressed at the cost of decreasing the efficiency of the scheme.
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Pairs of photons in a maximally entangled polarizationthe same order of magnitude, such as generation of a double
state constitute a basic constructional primitive in many propair in one crystal and none in the second cryf4dl This
tocols for quantum information processing, including tele-turns out to be a fundamental obstacle in the conditional
portation, dense coding, and cryptographly. They have preparation of maximal entanglement from four down-
also been serving as a source of nonlocal correlations th&onverted photons: it has been sholj that a maximally
violate Bell's inequalities, thus contradicting assumptionséntangled state cannot be generated with a nonzero probabil-
underlying local realistic theories. Despite enormouslly in any setup comprising down-converters and linear op-
progress in generating entangled states of pho@hstart- ~ 1icS, based on detection of two auxiliary photons. This rules
ing from the initial experiments with atomic cascad&s, out the possibility of using _the second-order term of the
deterministic polarization entanglement in the photonic doSPontaneous down-conversion output, containing overall

main remains an elusive entify,5]. Indeed, the majority of [0Ur Photons, to produce maximally entangled pairs by

current experiments is based on the production of photor[?ml’c"r]sh_Of conditional r(]jetecrtllon.h oh .
pairs in the process of spontaneous parametric down- " thiS paper we show that the six-photon component o

conversion 2], which is inherently random. Consequently, it the spontaneous down—conver_sion output suffices to generate
is possible to determine whether a pair has been generaté'ae maximally entangled polar'lz.atlon state of two photons in

only by postselection, when lookiragposterioriat the num- an _event-ready manner. Specn‘_lcally, We propose here an ex-
ber of detected photons. This property is not essential irﬁ)erlmental setup based on a single nonlinear crystal produc-

some applications such as tests of Bell's inequalities, but iing two peams containing photons with pairwise .correlated
becomes critical especially in experiments involving mul-Polarizations. We demonstrate that fourfold coincidence de-

tiple photon pairs[4,6]. The random character of down- tection performed on fractions of the output beams picked

conversion sources may not be shared in the future by th@ff with_nonpolarizing beam splitters leaves the remaining
solid-state sources of single photons or photon pairs that afgdes in @ maximally entangled two-photon state. The use
presently being developdd], though they will probably re- of the third-order term of spontaneous down-conversion
quire operation at liquid-helium temperatures. places certainly more stringent requirements on the bright-
From a practical point of view, spontaneous parametricness of the necessary sources, but as we discuss later the

down-conversion in nonlinear crystals is a stable and robugfesent progress in d(_)wn-conversmn sources is likely to
process that requires modest experimental means to set gke this idea fea5|_ble in the near future. The proposeo! setup
resents a substantial advancement over the scheme implied

An interesting problem is therefore whether the randomness, .
of the parametric sources could be overcome by means _rect!y by the .general method_ology of guantum computing
é(ylth linear optics[11], whose implementation with down-

conditional detection. In such a scheme, detecting a numb : B .
of auxiliary photons by trigger detectors would provide conversion sources would require in total four photon pairs

priori information that an entangled photon pair has beer(lz_%_'h d h in Fig. 1 . f
generated, without destructive photodetection. Such a pair edproposl_e setup, s Iown nHg. 4, c_on5|s';s 8 one
could be used in the event-ready manner, or possibly store'MpPed noniinear crystal - generating pairs of down-

in a cavity[8] or an atomic systerfd] for later use at any converted photons entangled in their polarizations, and a pas-

instant of time. The most natural approach to realize this ided'V® optical circuit directing the down-converted photon_s
would be to perform the procedure of entanglement swap'-nto the output gnd det_ec_:teq modes. We label the modes with
ping on two entangled pairs generated independently, one té?e corr_espondm_g annlhllat_|0n operators. We assume that the
each of the two crystals. The Bell measurement would the ONVEISION FAIENS low, wh|ch will allow us to describe _the_
play a twofold role of collapsing the state of the remaining@CWWn-conversion process using the perturbative expansion in
photons onto an entangled state as well as assuring thefie number of the produced photons. Lef (ay; by, by)
presence[10]. However, when the pairs are generated inbe the polzilriz:ation modes of the down-converted photons.
parametric down-conversion, it is necessary to take into acthe beam 4, ,a,) is directed to a nonpolarizing beam split-
count other processes whose probability of occurrence is aer BS1 with the amplitude transmission coefficient 8gs
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Q output state into terms that contain a fixed number of down-
converted photonf,13]:

Q\Q § /‘e |¥)=exdr(alb]—a,by)—r(albl—a,b,)]vac

PBS1 = Al W), 1
/C'OUT nZO n| n> 1)
where
BS1 Ap=/n+ 1(tanH'r/costtr) 2
PDC
is the probability amplitude of generatimghoton pairs, and
the normalizech-pair component of the wave function takes
d the following form:
ouT 1 "
PBS2 ;;E\\n )= — )™ n—m,m;m,n—m
<Z> W) FII%%( )™ n—m,m;m,n—m)
s
O* 1, \fx _ b gt siorn
= ———(a,b,—a,b,)"|vao. 3
@ nwm(xy yb)"vao )

FIG. 1. Schematic representation of the setup for generating he occupation numbers in the first expression| ) cor-

heralded entanglement. BS1, BS2, nonpolqri;ing beam splitter$espond to the ordering of the modes é§,(5y; Bx, by)-

HWP, half-wave plate; PBS1, PBS2, polarizing beam splitters. Let us first show that any of the terms with<3 cannot

Lowercase letters label the beams. give a fourfold coincidence on the auxiliary detectors. Obvi-
ously, the only term that could possibly give rise to such an

where the transmitted modes,( ¢,) constitute the setup €vent corresponds to=2 and is explicitly given by
output, while the reflected modes,(, e,) are detected lo- 1

cally. The other beami, b,) is directed to another beam 3
splitter BS2 with the amplitude transmission coefficient

cos6,, where the transmitted modes,(, ay) are the re- The four-fold coincidence event implies that all the four pho-
maining two output modes of the setup, while the reflectedons have been reflected by the beam splitters BS1 and BS2.
modes €, f,) are analyzed in ther/4 rotated polarization HOW@VGE detection %f two ph%tons'c;gl the moi@"-ﬁ &)
i3, fi h lationsi.=(f.,  Mmeans that we are observing the middle term of the sum in
modes (.fy), defined by the relationsf,=(f Eg. (4), and that the state of the remaining two photons is

+fy’)/\/§ andfyz(fx,—fy,)/\/f. L .collapsed td1; ,1; ). This state is transformed by the half-
We assume that the photodetectors monitoring the auxil- x oy

iary modes can perform the ideal projection onto the one¥ave plate to the form|2%x"0?y'>_|0%x"2?y’>)/\/§’ which
photon Fock stat¢1)(1]. We will be interested in events Of course cannot give a coincidence on the detectors moni-
when each of the four auxiliary detectors registers exactlftoring the modes, andfy, . This is essentially the destruc-
one photon. We shall demonstrate that the lowest order falive two-photon interference effect observed first by Hong,
which such an event can occur is when three pairs of downou, and Mande]14].

converted photons are generated, and that in this order a Having shown thah=3 is the lowest order that can con-
fourfold coincident detection of single photons in the auxil- tribute to the fourfold coincidence event in our scheme, let us
iary modes &,, éy; [ fy,) unambiguously heralds that now find the conditipnal state of the output modes provided
the quadruplet of the output modeéx( 6y; ax, ay) con- thateach of the auxiliary detectors has seen exactly one pho-

tains a pair of photons in a maximally entangled polarizationfon: The easiest way to approach this task is to use the sec-
state. This procedure prepares a maximally entangled stafd'd expression forthe.staltw3) given in Eq.(3) in terms of
without the usual vacuum contribution, being consequently 4N€ creation operators:
ng]rce of event-ready entanglement in the photonic domain W)= le(élf’;—é;ﬁl)3|VaC>- (5)

Let us now discuss the operation of the scheme in quanthe linear circuit placed after the nonlinear crystal is de-

titative terms. The Hamiltonian governing the down- scribed by the following transformation of the annihilation
conversion process in the weak conversion regime describ@herators of the down-conversion modes:

two independent processes, corresponding to generation or

|W,)=-—=(]2,0;0,2-1,1;1,)+(0,2;2,0). (4

deletion of a photon pair in modesy(; by) or (a,;b,), 8x=Cx €080, + &, SiNba, (63
respectively. These two processes are added coherently with éy:&y cosf,+ éy siné,, (6b)
opposite probability amplitudes. Assuming that the effective L L

dimensionless interaction time s we can decompose the by=dycosty,+ (f,, +f,/)sin 6b/\/§, (60
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by=d, cosy+ (F,, —F,/) sin6y /2. (6d)  of the setup means that the state of the motieand f,
(before the beam splitter Bghas been collapsed to the co-
After inserting the above representation into E5), we ex-  herent superposition@,2)—|2,0))/\2. This means that two
pand the resulting polynomial and isolate terms that contribppotons must have been removed either from the niqae
ute to the coincidence event of interest. These terms mu%t

contain the combination of the creation operators of the aux:Y by the beam splitter BS2. This gives the state of the re-
0 i “tatgt 3t P maining photons of the forri,0;1,0 +0,1;0,, which has
iliary modes in the forme.e/f, f ,. The above rather pean defined in Eq8).

lengthy procedure can be aided with a computer algebra sys- we will now analyze the effect of imperfections of the

tem. Explicitly, the relevant terms are auxiliary detectors in the proposed scheme. The most critical
1 1 issue is undercounting photons, when the detectors give a
|W3) = — sirf6, cosf, Sinf6,cos —(cld! + c;f,d;f,) fourfold single-photon coincidence even if more than two
V2 V2 photons have been reflected by the beam splitters BS1 and/or
Atatat 2t BS2. In such a case the output state will be contaminated by
Xexeyfx,fy,|vac>+ T 7 additional terms containing a single photon or vacuum,

. which are orthogonal to the maximally entangled two-photon
where - . ." denote all the other components. Itis thus seenc,mnonent. However, we shall demonstrate that the effect of
that the coincident detection of four photons in each of thejetection losses can be suppressed to some extent at the cost
modese,, . . . ,f,, nondestructively collapses the state of theof decreasing the efficiency of the state preparation.
output modes to the vector We shall model detector losses in the standard way as-

1 suming the same detection efficiency equahitdor all the
_ T ataty atgt four detectors. The most convenient way to include losses in
) \/E(cxdx+cydy)|vac>, ® the previous calculations is to introduce additional tilded

modese, e, Ty .f, that are mixed with the fields moni-

which describes a maximally entangled state of two photonsgreq by the detectofd5]. This corresponds to replacing the
This state can be of course transformed into any other Bell

state with the help of phase shifters and polarization rotator&Peratore, in Eq. (6a) by a comp|nat|onﬁex+ 1= e,

The efficiency of successful state preparation in ourdnd similarly forey, f,,, andf,,. The tilded operators
scheme can be defined as the probability of the fourfold cofaX, L ,?y, describe here photons that escape detection due
incidence event assuming that exactly three photon pairgy nonunit efficiency. After straightforward algebra we find
have been generated in the down-conversion process. It {fat the component of the reduced density matrix for the

explicitly given by output modes &, ¢, ;d,,d,) that is correlated with the ob-

P=1(sinf6,cosh, sirf 6, cosby)?, (9)  servation of a fourfold single-photon coincidence on the trig-
ger detectors has the following form:

and it attains its maximum, equal to (278)0.011, when the 51 A
power transmission coefficients of the beam splitters are €= 1 7" SIP[2 cod | @Y (P|+(1-17)

cog6,=cos6,=1/3. In order to obtain the overall prepara- - . . . .

tion efficiency, this value oP needs to be multiplied by the Xsi6 co$4(]1,0,0,0(1,0,0,0+[0,1;0,0(0.1,0.4
probability (\3)?, defined by Eq(2), of generating the six- +10,0;1,0¢0,0;1,0+0,0;0,2(0,0;0,1)

photon state. As it would be beneficial to run the down- 5 .

conversion process with the interaction parametas large +2(1- »)?sir*glvag(vad], (10)

as possible while staying within the perturbative regime, we h h d for simolicity th .
have also estimated the contribution from the next Ieadindvff,e,re we have assulmfe or r?II’T;]p icity the tr?nsmlismn co-
order term given by the staf,). The probability of pro-  cfficient to be equal for both the beam splitted= 0,

ducing a fourfold single-photon coincidence by this compo-=¢: @nd the statg®) has been defined in Eq8). The
nent i3 (sin 6, cosé, sin 6, cosé,)*, which for the choice of different terms are added incoherently in the above formula,

the transmission coefficients optimizir@ gives approxi- as there is distinguishing information provided by the pho-
mately 6.3< 10" 3. tons remaining in the undetected tilded modes modeling
The operation of the proposed scheme can be understod@sses. We have kept the normalizationgfmplied by the

more intuitively using the Fock state representation of thecomplete multimode wave function. This allows us to calcu-
state|W3): late the probability of the coincidence event as the trace of

5)=5(30:03-[21;,1.2+(12:29-(03:3,0). )

P=Tro=3(#sirf)*(1— 5sirfg)?, (11)
Observation of a twofold coincidence in the modeg,g,) o N
means that one photon has been extracted from each of th¢hereas the fidelity of the conditionally prepared state reads

modesa, anda,. This leaves us with the state of the re- olald 00
maining photons proportional te |1,0;1,2 +0,1;2,3. Fur- F=\ /< QA >: (12)
Tro

ther, a twofold coincidence on the detectors in the lower arm 1- nsin20'
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1.00 = . based on a spontaneous parametric down-conversion source
X that is capable of event-ready generation of polarization en-
R 095 B . ] tangled photon pairs. The scheme utilizes the three-pair com-
I 0.9 | ponent of the down-conversion output, and the deleterious
CERat R contribution from the lower order term vanishes due to the
“; 0.85 i well-known destructive two-photon interference effetd].
g The proposed scheme can be considered as a next-order gen-
£ 080 . eralization of the earlier concept of entanglement swapping
5 [10].
A 075 ] As our scheme relies basically on polarization interfer-
RS ence of photons from one down-conversion source, the re-
070 log7 il o 7 ™ A N ired experimental means appear to be moderate. The criti-
. . . . quire p pp
0.000 0002 0004 0006 0008 0010 0012 cal parameters of the source are its brightness and the
Coincidence probability, P preservation of the correlations in the number of produced

photons. These characteristics seem to be most promising for
currently studied sources based on nonlinear waveguides that
offer improved control over the spatio-temporal structure of
the produced photor{46]. Assuming that the probability of
producing a single photon pair would be of the order of 5%,

it is then easy to calculate that the probability of a fourfold

: . . coincidence in the proposed setup i Z0~ /. This should
In Fig. 2 we depict parametric plofP(6),F(6)] param- give a few dozens of useful photon pairs per second for a

etrized with the beam splitter coefficiedy for several values  nymp laser with 100-MHz repetition rate, and this figure

of the detection efficiency;. All the curves span from the could be improved by an order or two of magnitude by using
same point P=0,F=1) corresponding t@#=0, i.e., fully  a multigigahertz mode-locked lageii7], provided that it can
transmitting beam splitters, to the maximum possible prepadeliver enough pulse energy. These constraints, though cer-
ration efficiency[equal to the same value (2f9%s long as tainly challenging, do not seem to be very far from the ca-
n=2/3], with the fidelity of the prepared state getting Worsefhaebl\lll;[;?;nct):/ %ﬂﬁgtcﬁgg?rﬂgi?v%y.txosgﬁglt%r? I;c:e?feerr;c;]tsg (t)r::at
with 'dec.reasmgr;. However, itis clearly seenin F'.g'. 2 that curring for the second-order down-conversion term needs to
the fidelity can be improved for any detection efficiengy o high enough to make dominant the coincidence events
by increasing the beam splitter transmission. In this regimeyenerated by the next-order term. The experimental observa-
the probability of reflecting more than the minimum numbertion of the destructive interference for the second-order term
of photons necessary to the trigger detectors becomes loweshould be feasible right now, as demonstrated in recent ex-
and consequently the danger of undercounting the auxiliarperiments by Lamas-Linarest al.[13,18.

photons is less important. This results in enhanced fidelity of

the prepared state, though at the cost of lower preparatiofy,imsiey, A. K. Ekert, and N. Likenhaus. This research

efficiency. This effect demonstrates that the proposed schemg, g supported by ARO-administered MURI Grant No.
is, in principle, robust to the effects of the nonunit efficiency paaG-19-99-1-0125. C.S. thanks European Science Foun-

of the trigger detectors. dation for a travel grant under the Quantum Information
In conclusion, we have proposed a conditional schem&heory programme.

FIG. 2. The fidelityF of the prepared state versus the probabil-
ity P of a fourfold single-photon coincidence for several values of
the detection efficiency;. The curves are parametrized with the
beam splitter coefficien running from 0 to/2.
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