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1. I n t rod uct io n

Current adv ances in the operati onal contro l of quantum phenom ena enable
us to use the paradoxi cal aspects of the quantum wo rld as sources of pra cti cal
appl icati ons. The main areas in whi ch quantum phenom ena can be harnessed to
perform ta sks im possibl e for classical theo ry of inf orm ati on are quantum cryp-
to graphy (a l ready a rel iable technology), quantum com muni cati on (at the stage
of bi rth, e.g. the tel eporta ti on exp eriments) and quantum com puta ti on (stunni ng
theo reti cal resul ts, breaki ng the l im its of the T uri ng-t yp e machines, but sti l l far
away from operati onal real izati ons).

The basic noti on in the quantum inform ati on theo ry is tha t of the quantum
bi t or the qubi t. Cl assical bi ts can ta ke one of the two possible values 0 or 1 ( \ on" or
\ o˜ " , etc.). The qubi ts (the simpl est quantum system s wi th pure states described
by a two -dim ensional Hi lbert space, e.g. spins 1/ 2), since they are quantum enti ti es,
they can be in an arbi tra ry sup erpositi on of two basis states j 0 i and j 1 i :

j q u bi t i = ˜ j 0 i + Ù j 1 i : (1)

(21)
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Thi s superpositi on, and its generalizati ons to more com pl icated system s, is a source
of quantum para l lelism, whi ch can be expl oi ted to construct ul tra fast quantum
computer algori thm s. Quantum algori thm s are capable, in theo ry, of factori zing
large numb ers m uch faster tha n tho se based on the cl assical T uri ng pri ncipl es.
W i thi n an enti ty as simpl e as qubi t one Ùnds the elementa ry quantum interf er-
ence phenomena, one can also show tha t an unkno wn state of a qubi t, or any
other quantum system, cannot be cloned (whi ch is the property tha t al lows one
to propose quantum crypto graphi c proto cols).

If one has two qubi ts, the m ost bi zarre pure state tha t they can be in is an
enta ngled state

˜ j 0 i 1 j 0 i 2 + Ù j 1 i 1 j 1 i 2 ; (2)

wi th ˜ ; Ù 6= 0 . The state of Eq. (2) describes a coherent sup erpositi on of the two
pro duct states. No inform ati on wha tsoever exists about whi ch of the two possibi l-
i ti es is actual ly the case. Thi s inf orm ati on can only be gained vi a an addi ti onal
m easurement, whi ch destroys the sup erpositi on (j ust as any intera cti on wi th a
thi rd quantum system ).

Ano ther im porta nt property of the state (2) is tha t i t does not make preci se
predi cti ons about the resul ts of an indi vi dual measurement on one of the two
qubi ts. The qubi ts indi vi dua lly are in m ixed states, e.g. the qubi t 1 is described
by the density m atri x £ 1 = j ˜ j

2
j 0 i 1 1 h 0 j + j Ù j

2
j 1 i 1 1 h 1 j . If the pure state of the two

qubi ts is m axim all y enta ngled, i .e. j ˜ j = j Ù j , al l inf orm ati on is conta ined onl y
in the joint properti es described by (2), each indi vi dual qubi t is in a com pletel y
random m ixture of i ts possible states. As soon as m easurement on one of the
qubi ts is perf orm ed, the state of the other one is pure and wel l deÙned. Thi s
is independent of the spati a l separati on between the two qubi ts. Basical ly, al l
earl ier studi es of enta nglement, starti ng wi th the fam ous Ei nstein{ Podolsky{ Rosen
argum ent concentra ted on thi s aspect of enta ngled states.

It turns out tha t entanglement is an essential ingredient in the quantum
comm unica ti on (e.g. the quantum tel eporta ti on proto col involv es entanglement as
a necessary resource) and quantum com puta ti on.

In thi s presentati on we shal l di scuss the most paradoxi cal aspect of enta n-
glement, nam ely the Bel l theorem , as wel l as some opti cal m etho ds of obta ining
m ulti photo n enta ngled states. Fi na l ly, we shall bri eÛy di scussquantum tel eporta -
ti on. Fi rst, i ts deÙniti on wi l l be presented, then the experim enta l m etho ds uti l ized
in the Ùrst demonstra ti on of tel eporta ti on of a polarizati on state of a pho ton, in
whi ch the pho ton in the ori ginal sta te to be tel eported was emi tted indep endentl y
of the enta ngled pair empl oyed in the quantum part of the tel eporta ti on channel .

2 . B el l t heor em

Bef ore the advent of Bel l theo rem [1], despite Ei nstein ' s doubts [2], the ques-
ti on of the exi stence of a more deta i led descripti on of indi vi dual events in the m i-
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cro world, tha n the pro babi l isti c one pro vi ded by quantum m echanics, was trea ted
as interesti ng, however not falsiÙabl e, and theref ore as i rrel evant as the question of
\ how many angels Ùt on the ti p of the needle" . In early sixti es Bel l pro ved [1] tha t
the conÛict between quantum mechanics and the real istic theor iesÊ i s conÙned to
l o c al y versions of such theo ri es. Hi s f amous theorem is of profound scienti Ùc and
phi losophi cal consequences.

2. 1. Bel l inequal i ty

Let us consider pai rs of parti cl es (say, photo ns) simul ta neously emi tted in
wel l deÙned opposite di recti ons. Af ter som e ti m e the pho tons arri ve at two very
di stant m easuri ng devi ces A and B operated by two characters: Al ice and Bob.

Thei r appa ratuses have a knob whi ch speciÙes, whi ch dichoto mic (i .e., two -
-valued, yes-no, 0-1, one bi t) observable they actua l ly measure.z One can assign
to the two possibl e resul ts the num bers +1 (f or yes, bi t value one) and { 1 (f or no,
bi t value ni l ). x Al ice and Bob are at any ti me (a lso in a \ delayed choice" m ode,
after an emission) free to choose the observables (kno b setti ngs) tha t they want
to measure.

Let us assume tha t each photo n pai r carri es ful l inf orm atio n (determ inistic
or probabi l isti c) on the values of the results of al l possibl e experim ents tha t can
be perf orm ed on i t { (r eal i sm ). Al so, by l ocal it y , choicesm ade by them whi ch are
sim ulta neous in certa in ref erence fram e cannot inÛuence each other (i n Al ice's re-
gion of space{ ti me, whi ch conta ins the m easurement event, there is no inf orm ati on
wha tsoever avai lable on Bob' s choice, and vi ce versa) ; the choice m ade on one side
cannot inÛuence the results on the other side.

For simpl ici ty, let us assume tha t Al ice choosesto m easure either observable
^A 1 or Â 2 , and Bob either ^B 1 or ^B 2 . Let us denote the hyp otheti cal resul ts tha t

they may get for the j - th pai r by A
j

1
and A

j

2
, for Al ice's two possible choices, and

B
j

1
and B

j

2
, for Bob' s. The num erical values of these resul ts (+1 or À 1 ) are deÙned

by the two eigenvalues of the observables. Since, always ei ther j B
j

1
À B

j

2
j = 2 and

j B
j

1
+ B

j

2
j = 0 , or j B

j

1
À B

j

2
j = 0 and j B

j

1
+ B

j

2
j = 2 , wi th a simi lar pro perty of

Al ice's hyp otheti cal results the fol lowi ng relati on holds:

j A j
1

Ï A j
2

j j B j
1

Ï B j
2

j = 0 (3)

for al l possibl e sign choices wi thi n (3) except one, for whi ch one has 4. Theref ore

Ê Re ali sm, t h e cor ner sto ne of cl assical ph y si cs, is a v iew t ha t an y p h ysica l sy st em (i .e. also
a sub sy stem of a com p ou n d sy st em ) carr ies f ul l i nf or m at i on ( det erm ini st ic or pr ob ab ili st ic) on

r esult s o f a l l p ossib le m ea surem ent s t ha t ca n b e p erf orme d u p on i t .
y A t heo ry i s l oca l if it assu m es t h a t in f orm at io n a nd i n Ûu en ces ca nn o t t ra v el fa ster t h an lig h t .
z For exa m pl e, fo r a d ev ice co n sist ing of a p ol ar i zi ng b eam spl it t er a n d t wo d et ect or s b eh i nd

i t s ou t pu t s, t h is k n ob wo u l d specif y t h e o rien t at ion of t h e p ol ar i zer .
x W e a ssum e h ere p erf ect si t u at ion i n wh ich t h e d et ect or s n ev er f ail t o regi ster a p ho t on .

{ No t e t ha t in t h e pr esen t d isc ussi on, on ly t hi s id ea op en ly g oes b ey on d \ wh at is sp ea kab le"

i n q u an t um m ech ani cs.
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X

k = 0 ;1 ; l =0 ;1

j [ A j
1

+ ( À 1 ) k A j
2

] [ B j
1

+ ( À 1 ) l B j
2

] j = 4 : (4)

Let us im agine now tha t N pairs of photo ns are emi tted, pai r by pai r (N

i s su£ cientl y large,
p

1 =N § 1 ). The avera ge value of the pro ducts of the local
values for a joint test (o ften cal led the Bel l correl ati on functi on), duri ng whi ch,
for al l photo n pai rs, a speciÙc pai r of observabl es, say Â n and B̂ m , is chosen by
the local observers, is given by

E ( A n ; B m ) =
1

N

j = NX

j =1

A j
n B j

m ; (5)

where n = 1 ; 2 and m = 1 ; 2 . The relati on (4) impl ies tha t for the four possib l e

choicesof pairs of observabl esthe fol lowing \ Bel l " inequal ity [3{ 6] must be sati sÙedk

X

k =0 ;1 ; l =0 ;1

j E ( A 1 ; B 1 ) + ( À 1 ) l E ( A 1 ; B 2 )

+( À 1 ) k E ( A 2 ; B 1 ) + ( À 1 ) k + l E ( A 2 ; B 2 ) j ç 4 : (6)

In the actual experim ent only in part of the cases (say, appro xi matel y 1/ 4- th)
the given pai r of observables woul d be m easured, however i f N i s very large,
the correl ati on f uncti on obta ined on a random ly pre-selected sub- ensembl eÊÊ of
emissions cannot di ˜er to o much from the one tha t woul d have been obta ined for
the ful l ensemble.y y Theref ore, f or the values of the actu al l y chosen m easurem ents
the inequal i ty (6) also must hold.

T o compl ete the Bel l theo rem one should Ùnd a quantum pro cess whi ch
vi o lates thi s inequal i ty . zz Bel l has shown such a vi olati on for maxi ma lly enta ngled
states (the Ùrst exp eriment is reported in [8]). In fact, predi cti ons for any pure,
non- factori zabl e(i .e. not necessari ly m axi mal ly entangled) two -system state vi olate
such inequal i ty for som e speciÙc observables [9]. Thi s is the case for a wi de range
of mixed states [10, 5]. The inequal i ty (6) can be easily general ized to multi qubi t
system s, whi ch are kno wn to vi olate local real ism even more stro ngly tha n pai rs
of qubi ts [11].

k Th e f am ou s Cl au ser { Ho rn e{ Sh im ony {Ho l t in equ a lit y [ 7] is i m p li ed b y (6 ). Ho we ver, t h e
CHS H in eq ua lity , wh en gen erali zed t o an arb it rar y n umb er of q ub i t s, d o es n ot l ea d t o a set of
i n eq u ali t ies wh ich are n ecessar y an d s u f f i ci en t fo r a l ocal r eali sti c d escri p t ion of t h e co rrel at i on s.

I n con t r adi sti n cti on t he p resent i n eq u ali ty d o es ha v e t h is p r op erty .
ÊÊ Th e sub -en sem b le is sel ect ed b y t h e ch oice of o bservab les m ad e by Al ice a nd Bo b bef or e t h e

a ct u al m easur eme nts.
y y Wi t h N ! 1 t h e d i ˜ er ence m u st ap p ro ach zero , ot h er wi se we wo u ld susp ect t h at t h ese t wo

m agn it u des p ert ai n t o t wo d i ˜ erent p h ysic al p ro cesses ( i. e. , a sy stem a t ic err or m u st b e in vol ved) .
z z Vi o lat ion s of Be ll i n eq u ali t ies im pl y t h at t he con j unc t ion of l oca l it y a n d r ea l is m d o es no t

h ol d f or qu ant u m sy st em s. I t is p op u la r t o say ju st t ha t i t is lo cali t y t h at ca nn o t h ol d. Ho we ver,

such a cl aim h as n o gr ou n ds: q u ant um m ech ani cs f or bi d s i n sta nta n eous in f orm ati o n t ra n sfer .
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3. Op t i m al sour ce of en tan gled syst em s: spont an eou s
p ar am et r ic d own con v ers ion

One can Ùnd in the l i tera ture very deta i led theo reti cal descripti ons of the
parametri c down conversi on (PD C) pro cess. Thus, we shal l only give i ts essential
tra i ts and basic physi cs.

If one shines a stro ng l inearly polarized m onochrom atic laser beam , or a
quasi-m onochrom atic laser l ight pul se, on a suita bl y cut and ori ented bi refri ngent
crysta l endowed wi th a high quadra ti c nonl ineari ty , some pum p photo ns spon-
ta neously Ùssion into pai rs of photo ns of lower frequency (f or histori cal reasons
cal led signal and idler), Fi g. 1. The pro cess is quasi-elasti c. Thus the frequenci es
of pum p photo n, ! , signal , ! s , and idl er, ! i , sati sfy

! ¤ ! s + ! i (7)

(f or the pulsed pum p thi s relati on sti l l holds, however in thi s case the pul se fre-
quency is not preci sely deÙned). Since down conversi on can occur anywhere wi thi n
the laser i l lum inated part of the crysta l , the geom etry of the process leads to a
constructi ve interf erence of the pai r emissions into the so-cal led phase mat ched
di recti ons onl y. The photo ni c pha se matched wa ve vecto rs sati sfy (wi thi n the crys-
ta l ):

k p ¤ ks + k i ; (8)

i .e., the emissions are strongly correlated di recti onal ly (again, for the pul sed case
is not preci sely deÙned). D ue to the dependence of the speed of l ight on frequency,
phase m atching wi thi n a crysta l cannot occur f or all frequenci es, and al l emission
di recti ons, and thus into a given di recti on onl y speciÙc f requenci es are emi tted.
Kno wi ng the frequency and the di recti on of an idler we can predi ct wi th a good
accuracy corresp ondi ng param eters for the signal . The sharpness of Eq. (8) grows
wi th the size of the crysta l , and of the laser beam waist.

Let us now discuss a m ore quanti ta ti ve descripti on of the PD C radi ati on.
W e shal l consider a pul sed pum p. W e assume tha t: (i ) the probabi l i t y of a m ul-
ti ple emission from a single PD C is low; (i i) the laser pul se is not to o short, i .e.,
the nonm onochro matici t y of the pul se wi l l not blur to o much the stro ng angular
correl ati on of the emissions (due to the e˜ecti ve energy and m omentum conser-
vati on wi thi n the crysta l ). Thus, the photo ns can be sti l l described as emi tted in
speciÙed, very wel l deÙned di recti ons.
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Under the appro xi mati ons tha t: (i ) onl y two phase m atched di recti ons are
sing led out (by a pair of pi nholes in a di aphra gm); (i i ) the idler and signal frequen-
ci es sati sfy perf ect energy conservati on condi ti ons wi th the pum p photo ns, whi ch
is described by a sharpl y peaked at the ori gin functi on Â L ( ! À ! i À ! s) whi ch
appro aches D irac's del ta for L ! 1 ( L sym bolically represents the crysta l ' s size);
(i i i ) the pum p pul se is described as a cl assical wave packet (no-depl eti on) wi th
one sing le di recti on for al l wave vecto rs (the frequency proÙle of the pul se wi l l
be denoted by g ( ! ) ), the state of the photo n pair emerging from the PD C source
(pl us the Ùlteri ng system ) vi a two phase matched beam s a and d can be wri tten
as

j ê a d i =

Z
d ! 1d ! 2 d! Â L ( ! À ! 1 À ! 2 ) g ( ! ) f a ( ! 1 ) f d ( ! 2 ) j ! 1 ; a ij ! 2 ; d i ; (9)

where, e.g., the ket j ! ; e i describes a single photo n of frequency ! in the beam
deÙned by the pi nhole e, the functi on g represents the spectra l content of the
pul se, f e i s the tra nsmission functi on of the Ùlteri ng system in the beam e (a
pi nhole and/ or a Ùlter).

If one rem oves tri vi al reta rdati on e˜ects, the am pl itude to detect a photo n
at ti m e t x 0 by a detecto r moni to ring the beam x 0 and another one at ti m e t y 0

by a counter in the beam y 0 , pro vi ded the ini ti al photo n state wa s, say, j ê x y i ,
can be wri tten in a sim ple form as A x y ( t x 0 ; t y ) = ( h t x ; x 0

j h t y ; y 0
j ) j ê x y i , where

j t ; b i = 1
p

2 ¤

R
d! e !

j ! ; b i . The elementary ampl itudes of the detecti on pro cess
have a sim ple, intui ti vely appealing, form

A x y ( t x ; t y ) =
1

p

2 ¤

Z
dt G (t ) F x ( t x À t )F y ( t y À t ) ; (10)

where the functi ons denoted by capi ta ls are the Fouri er tra nsform s: H ( t ) =
1

p

2 ¤

R
d ! e ! h ( ! ) , for h = f or g . Note tha t the ti m e correlati on between the

detecti on of the idler and the corresp ondi ng signal pho ton is enti rely determ ined
by the band wi dth of the detecti on system . For exam ple thi s impl ies tha t in the
l im it of no Ùlteri ng, when the functi ons F ( t ) are approachi ng £ ( t ), the ti m e corre-
lati on is extrem ely sharp, whi ch can be i l lustra ted by som ewhat m athem atica l ly
incorrect l imiti ng case of (10), namely G ( t x ) £ ( t x À t y ) (in real i ty , one also has to
ta ke into account the pha se matchi ng functi on Â , and thi s im poses a sharp but
Ùnite ti m e correl ati on for the PD C pro cess). Ho wever, just a single Ùlter wi l l blur
thi s correl ati on to around the inverse of the Ùlter' s band wi dth, Â T ¤ 1 =Â ¡ (the
coherence ti m e of the Ùltered radiati on). The functi on G ( t ) represents the tem po-
ra l shape of the laser pulse and i ts presence in the form ula sim ply indi cates tha t
(ba rri ng reta rda ti on) the signal and idler can be pro duced only when the pul se is
present in the crysta l .

If the bi refri ngent crysta l is cut in such a way tha t the so-cal led typ e-I phase
m atchi ng condi ti on is sati sÙed, both PD C photo ns are of the sam e polarizati on
(i f the pum p beam is an ordi nary wa ve, the down converted photo ns are extra or-
di nary). D ue to the pha se m atching condi ti on (8) (si ngle) photo ns of the same
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frequency are emi tted into cones centered at the pum p beam . By pi cking photo ns
from a specially chosen cone one can have PD C radiati on wi th both pho tons of
equal frequency 1

2
! p . The selection can be done by a suita bl e pinhole arra ngement

in a diaphra gm behind the crysta l and/ or wi th the use of Ùlters. Pairs of pi nholes
can be pierced at points on a ci rcl e, drawn on the di aphra gm , and centered about
the pum p beam. The pinholes of each pai r should be bored at points sym m etri c
wi th respect to the center of the circl e. If a down- conversion photo n passesthro ugh
one of the pi nholes, then the other photo n wi l l pass thro ugh the di ametri cal ly op-
posite pinhole. If there are two pai rs of diam etri cal ly opposite pinholes, the state
of the photo n pai r wi l l be a superpositi on of passage thro ugh the tw o pai rs of
pi nholes. The state describi ng the coherent superpositi on for the pai r of photo ns
to leave the aperture system wi th equal pro babi l ity by either the pinholes a and
d or a 0 and c0 can be wri tten as

j ˆ A
i =

1
p

2
( j ê ad i + j ê a 0 d 0 i ) : (11)

For very sharp Ùlteri ng thi s state can be pra cti cal ly described as
1

p

2
( j a ij d i + j a 0

ij d 0
i ) , where, e.g., j a i describes a parti cle going thro ugh the pi nhole

a , etc.
In the case of typ e-I I phase-m atchi ng down conversion, idlers and signals

are emi tted into two cones. The pum p has the extra ordi nary polari zati on and the
two down- conv erted photo ns have ortho gonal polari zati ons. Idl er and signal f rom
each pai r have m omenta of opposite tra nsverse com ponents (wi th respect to the
m omentum of the pum p photo ns). Theref ore, they are emitted into opposite sides
of the pum p beam. One can arra nge the al ignm ent in such a way tha t the two
cones intersect along two l ines. If addi ti onal ly the frequenci es associ ated wi th each
of the cones are identi cal , there is no inf orm ati on whatsoever on the polarizati on
of the indi vi dual photo ns tra vel l ing along the l ines of intersecti on of the cones.
Neverthel ess, a joint property of the two photo ns is wel l deÙned: they have two
opp osite ortho gonal polari zati ons, i .e. thei r polari zati ons are in the enta ngled state

1
p

2
( j H ij V i + ei¢

j V ij H i ) ; (12)

where H and V denote opp osite l inear polari zati ons, and ¢ i s determ ined by the
pro perti es of the crysta l .

In summ ary, the down conversi on pro cess is an excel lent source of pai rs of
photo ns enta ngled in frequenci es, mom enta (di recti ons), and polari zati ons. The
compl ementa ry aspect of the frequency enta nglement are very sharp tempora l
correl ati ons. In a standa rd Bel l -typ e exp eriment these tem poral correl ati ons are
used to identi fy detecti ons associated wi th a sing le pai r of emi tted photo ns. The
correl ati on of polari zati ons or di recti ons of the pho tons give ri se to data whi ch
reveal vi olati ons of Bel l inequal iti es.
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4. En t an gli ng i nd ep end entl y em i t t ed p ar t icl es

Al l the progress in observati on and handl ing of the two -parti cle entanglement
sti l l leaves som e fascinati ng questi ons:

¯ Ca n one perform mul ti -parti cle higher order interf erence exp eriments for
parti cl es originati ng from ind epend ent sources (ra ther tha n for intense Ùelds
| e.g. interf erence experim ents invol ving two superposed laser beam s, or
attenua ted coherent Ùelds)?Ê

¯ There is an old questi on posed al ready by Bel l : can one have an \ event ready
detecto rs" test of Bel l ' s inequal i ti es?y

¯ Is the phenom enon of enta nglement conÙned onl y to parti cles ori ginati ng
from one source, or at least intera cti ng wi th each other at a certa in stage?

¯ Ca n one enta ngle parti cles tha t share no com m on past and are spati al ly
separated? And i f yes, then how stro ng can be such entanglement (i s i t
stro ng enough to vi o late some Bel l inequal it y)?

¯ Is i t techno logical ly f easible to tra nsfer a pure state of one system to an-
other one, whi ch is independentl y emi tted and spati al ly separated (qua ntum
tel eporta ti on)?

¯ Is i t possible to swap or tel eport enta nglement?

Yurke and Sto ler [12] have suggested tha t entanglement m ay ari se in the
coincidence count rates of parti cles ori ginati ng from independent sources. Such
a scheme requi res moni tori ng of the emissions wi th ti m e resoluti on signi Ùcantl y
sharper tha n the coherence ti me of the radiati on fed into the interf erom etri c setup
[13]. These pri ncipl es are of a general nature, and one must take them always
into account when designi ng setups invol ving m anipul atio ns of states of indepen-
dent quantum system s (e.g. tel eporta ti on, enta nglement swappi ng, intera cti ons in
the prospective quantum computi ng gates), since they a˜ect the qual ity of the
pro cesses.

4.1. Gener ic situat ion

Let us consi der Fi g. 2 whi ch depicts a generic situa ti on.
Two independent sources emi t one pair of, f or exam ple, beam enta ngled

parti cl es each. A sim pl iÙed representa ti on of the resulti ng four-parti cl e state is the
pro duct of two beam enta ngled states

p
1 =2 ( j a ij bi + j a 0

ij b0
i ) wi th

p
1 =2( j c ij d i +

j c 0
ij d 0

i ). Let us suppose tha t we register a parti cle in detecto r i 1 in coincidence
wi th a parti cle in detecto r i 2 (the parti cl es detected wi l l be cal led idlers, the

Ê Th e earl ier exp er im ent s i n vol v ing in t er f erence o f li gh t or i gin at in g f ro m i nd ep en dent sou rces
i n vol ved st at es (essen t iall y t h e coh erent on es) for wh ich t h e p art icle in t erp r eta t io n i s d ou b t f u l
ev en at v er y low in t ensi ty .

y Essen t ia lly, i n such exp er ime nt t h e en sem bl e u p on wh i ch t h e m ea sureme nts are t o b e p er-

f or m ed is d eÙn ed b ef or e t h e act u al m easur em ent s.



Remar ks on Ent anglement , i t s Sourc es and Appl icat ions 29

Fig. 2. I nterf erence of tw o indep end ent sources of entangled qubits. Entanglement

sw apping. BS stands for beam splitter.

other tw o parti cles wi l l be cal led signals). Then, the state of the other parti cles
col lapses into the enta ngled state

p
1 =2( j a ij d 0

i + j a 0
ij d i ) . Thi s is possible onl y

pro vi ded the pro cedure of emission and selecti on of the four parti cles is such tha t
one cannot ever know, not even in pri ncipl e, whi ch source pro duces the events at
the parti cle detecto rs. Thi s emerging enta nglement is a consequence of both the
ini ti al enta nglements from each source and the fact tha t coincident reg istra ti on in
detecto rs i 1 and i 2 pro jects the signal parti cles into the \ Bel l " state 2 À 1 = 2 ( j bij c0

i +

j b 0
ij c i ) . The exp eriment can be arra nged such tha t al l registra ti on events occur

outsi de each other' s l ight cones.

4. 2. Indi stingui shabi li ty of the sources of par ticl es

T o emi t beam -enta ngled pai rs, each source, e.g. parametri c down conversi on,
m ust ini ti al ly conta in a parent parti cle who se m om entum and energy is deÙnite
to som e extent (see the section on beam enta nglement). The emerging pai rs of
daughter parti cles wi l l, in general , carry correl ati ons in energy, m omentum (the
rati onale for beam enta nglement), spin (p olarizati on), energy (and thus ti m e). Any
of these can be expl oi ted to identi fy the true sibl ing and hence the source of the
parti cl e detected in i 1 or i 2 , and thereby prevent enta nglement of signals f rom
form ing. Ho wever, one can never expl oi t these correl ati ons to reveal the ori gin of
the parti cles pro vi ded:

1. for polari zati on (spi n, etc. ) correl ati ons: i f either al l parti cles sim ply carry
the sam e polari zati on, or in case of the ini ti al polari zati on enta nglement,
i f we place before the parti cle detecto rs a polari zer tha t selects just one
polari zati on, chosen in such a way tha t the ori ginal polarizati on correla ti on
is erased,

2. the energy correla ti ons of true pai rs (em i tted by the sam e source) are oper-
ati onal ly indi sti ngui shabl e from mixed pai rs (one parti cle from one source),

3. the tempora l correl ati ons of true pai rs and of m ixed pai rs are operati onal ly
indi sti ngui shable.
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Below we present several versions of operati onal condi ti ons to achi eve the
last two goals, i l lustra ted by the case of down converted photo ns.

4.3. Coinci dent detect ion

Even for ideal devi ces wi th perf ect ti m e resoluti on one always has to im pose
a Ùnite ti m e gate to deÙne tw o counts as coinci dent. In the case of ini ti al perfect
tem pora l correl ati on, if one of the entangled parti cles passes thro ugh a frequency
Ùlter, the band wi dth Â ¡ f of the Ùlter im pl ies tha t the detecti on ti me of one parti cle
now is determ ined by the registra ti on ti m e of i ts partner parti cle up to around i ts
coherence ti me T c ¤ 1 =Â ¡ f and vi ce versa (see the previ ous section). Thus in the
setup under considerati on we consider Ùlteri ng only in the beam s leading to the i

detecto rs.

4.3. 1. Pat h dist inguishabil i ty

Let us consider as coincident two parti cles (idl ers) arri vi ng at the detecto rs
i 1 and i 2 wi thi n a ti m e wi ndow § i = T c . Thi s impl ies tha t two other parti cles
(si gnals) are wi thi n the setup. Let us assume tha t some detecto rs wi l l sooner or
later register both signals. No w, a signal caught earl ier can be tho ught wi th a
hi gher probabi l i ty to be pai red wi th the idl er registered earl ier. Theref ore, the
larger both the ti m e separati on between the registra ti ons of the parti cles and tha t
between the registra ti ons of the signals, the m ore signal path inf orm atio n we have.
The resul ti ng parti al disti ngui shabi l i t y of the paths taken by the signals leads to
a reducti on of the two parti cle interf erence contra st in a possibl e two -parti cle
interf erence pro cess involvi ng the signals.

4.3. 2. U lt racoinci dence cr i t er ion

T o overcom e these probl ems, one can impose subcoherence ti me coincidence
on the registra ti on of the idlers [13]:

Â Tc oinc =Tc § 1: (13)

Thi s im pl ies high vi sibi l i ty in an exp eriment inv olving the signals: the idl ers are
registered wi thi n such a narrow ti m ewi ndo w tha t we have no signal path inform a-
ti on (si nce path inf orm atio n resoluti on in ti m e correl ati ons is T c ). However, due
to current techni cal l im ita ti ons (the ti m e resoluti on of opti cal detecto rs § ¤ 0 : 5 ns
ƒ T c ¤ 1 ps) thi s metho d is currentl y unreal izable.

Al terna ti vely, let us suppose tha t the sources are of a pul sed nature, wi th the
dura ti on of the pul se Â T p (and synchro ni zed pul ses), spectra l wi dth ¥ ¤ 1 =Â T ,
and tha t the band wi dths of the Ùlters of the idl er radiati on are narro wer tha n ¥ ,
i .e.

Â T =T § 1: (14)

Theref ore the unÙltered parti cles (signals) must app ear wi thi n a coincidence wi n-
dow deÙned by the pul se dura ti on; i .e., one has j t À t j ç Â T . But the Ùltered
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parti cl es (here, idl ers) due to the acti on of the Ùlters lose thei r ori gina l ti ght ti m e
correl ati on wi th thei r partner signals (whi ch is after the Ùlteri ng of the order of
T c ). The origin of the detecti on events at the idl er detecto rs is lost, and the signals
m ay reveal high vi sibi l i ty two -parti cle interf erence. Thei r joint sta te is close to the
m axi m ally enta ngled one.

Thi s metho d is perf ectly feasible, and has been tested in several exp eriments
in whi ch new m ulti photon states were generated, or quantum inform atio nal pro-
cesseswere demonstra ted [14{ 16]. Below is an exam ple.

5. E xem p lar y qu an tu m co m m un icat i on p rocess:
qu an tu m t elep or t at io n

Qua ntum tel eporta ti on [17] is the operati onal proto col , Fi g. 3, whi ch en-
abl es one to tra nsfer the quantum state of one system , say 1, to another quantum
system , 3. The tra nsfer can be obta ined by perf orm ing a j oint (\ Bel l-sta te" ) mea-
surement on 1 and a thi rd system 2, ori ginal ly EPR enta ngled wi th 3, and then
uni ta ri ly tra nsform ing 3 accordi ng to the outco me of thi s m easurement. T elepor-
ta ti on separates the compl ete inform ati on in 1 into two parts: a cl assical part
carri ed by the outco m e 3 of the joint m easurem ent on 1 and 2, and a noncl assical

part carri ed by the pri or entanglement between 2 and 3.

Fig. 3. T he principl e of quantum telep ortation. A lice receives a qubit in a state w hich

is unknow n to her and to Bob. She is also in a possession of one of the two maximall y

entangled qubits (the other one is in Bob' s lab ). A lice p erforms a j oint measurement

on her tw o qubits in the Bell- state basis. She receives, with equal probabil i ty , one of

the p ossible results, totally unrelated with the state of the qubit. N ext she transmits a

tw o-bit message to Bob, via classical means, inf orming him about her result. Dep endin g

on the message Bob perf orms one of the four unitary transf ormations on his qubit f rom

the entangled EP R pair (tw o qubits are called EPR entangled, if they are in a maximall y

entangled state). A s a result, his qubit emerges in a state w hich is a replica of the, now

nonexisten t, unknow n state of left hand side qubit.
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No te tha t thi s process is possible despite the fact tha t one cannot cl one
quantum objects. Tha t is, havi ng a single quantum obj ect in certa in unkno wn
arbi tra ry state j ê i there is no physi cal process tha t leads to two quantum system s,
each in the state j ê i . Note tha t thi s impl ies tha t there is no way to measure the
state in whi ch a quantum system is. Had thi s been possible one could clone by
Ùrst m easuri ng the state of the ini ti al system , and then prepari ng two , three, or
m ore system s in thi s state.

The f orm al descripti on of the tel eporta ti on pro cess in the sim plest case of
qubi ts runs as fol lows. The ini ti al three- parti cle state is

( a j x i 1 + b j y i 1 )

r
1

2
( j x i 2 j y i 3 À j y i 2 j x i 3 ) ; (15)

where x ; y denote two ortho gonal states of the three subsystem s. The com plex
parameters a and b are determ ined by the state preparati on procedure of Ceci l ,
and are unkno wn to both Al ice and Bob. A di ˜erent decom positi on of the state
above is given by

1

2

È
j ê À

i 1 2 ( À a j x i 3 À bj y i 3 ) + j ê +
i 1 2 ( À a j x i 3 + bj y i 3 )

+ j ¢ +
i 1 2 ( bj x i 3 + a j y i 3 ) + j ¢ À

i 1 2 ( À bj x i 3 + a j y i 3 )
Ê

; (16)

where the four Bel l states were intro duced
r

1

2
( j x i 1 j y i 2 À j y i 1 j x i 2 ) = j ê À

i 1 2 ; (17)

r
1

2
( j x i 1 j y i 2 + j y i 1 j x i 2 ) = j ê +

i 1 2 ; (18)

r
1

2
( j x i 1 j x i 2 À j y i 1 j y i 2 ) = j ¢ À

i 1 2 ; (19)

r
1

2
( j x i 1 j x i 2 + j y i 1 j y i 2 ) = j ¢ +

i 1 2 : (20)

Al ice perform s Bel l sta te m easurements on the parti cl es 1 and 2. W i th equal prob-
abi l i ty she gets one of the four possibl e results. Al ice's measurement pro jects the
parti cl e 3 on one of the four states, whi ch are spel led out in Eq. (18). The conse-
quence of the col lapse of the ful l wa ve vecto r due to Al ice's Bel l -state m easurem ent
is tha t Bob' s qubi t is in a speciÙc state. Perf orm ing one of four uni ta ry tra nsfor-
m ati ons depending on Al ice's speciÙc resul t, Bob can tra nsform hi s parti cle into
the ori ginal qubi t. Thi s is why he must kno w the resul t of Al ice's measurement,
whi ch has to be tra nsmi tted to hi m vi a a classical com muni cati on channel . These
four uni ta ry tra nsform ati ons are independent of the state of parti cle 1, and are
related solely to the result of Al ice's Bel l -state m easurem ent. If Al ice's m easure-
m ent gives j ê À

i , she sends to Bob a m essage, say 00, and he sim ply does nothi ng
(i .e. perf orm s an identi ty tra nsform ati on). Thi s is due to the fact tha t after such
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a resul t at Al ice's side the state of parti cle 3 is al ready a copy of the ori ginal state
of 1 (the overal l minus sign is of course i rrel evant). If she gets j ê +

i , and sends 0 1 ,
he perform s a uni ta ry tra nsform ati on whi ch leaves the x state inta ct, and changes
the phase of the y by ¤ . If her result is j ê À

i , and the m essage is 10, Bob' s tra ns-
form ati on must be the one tha t intercha nges the states x and y . And Ùnal ly, i f
the m essage is 11, whi ch m eans tha t the resul t was j ê +

i , he perform s both afore-
m enti oned tra nsform ati ons one after another. In al l cases the tra nsform ed state
of 3 is a perfect repl ica of the ini ti al sta te of 1. In the process the ori gina l qubi t
di sappears duri ng the Bel l -sta te m easurement, and thus Bob' s qubi t is not a copy
but a tel eported reapp earance of the origina l .

Al ice's Bel l -sta te measurement does not convey any inf orm ati on about the
ori gina l sta te. It is im porta nt to stress tha t thi s pro cedure can be used both to
tel eport pure states and m ixed ones.

5.1. Bel l-stat e measurement

The m ajor pro blem in the exp erimenta l veri Ùcati on of quantum tel eporta ti on
is the Bel l -sta te measurement of two independent ly created quantum system s. Thi s
m eans tha t these tw o qubi ts have to be m easured in such a way tha t it is not
possible to infer whi ch detecti on event refers to whi ch source. Thus the metho ds
di scussed in the previ ous section have to be empl oyed. The experim enta l pro blem
is tha t thus far no com plete Bel l-sta te analyzer exi sts in the laborato ry for any
ki nd of quantum system s. Thi s is due to the fact tha t compl ete Bel l -sta te analysis
requi res nonl inear intera cti on between the two qubi ts, whi ch has not been real ized
so far.

Neverthel ess, expl oi ti ng the f act tha t onl y j ê À
i i s anti symm etri c, whi le other

Bel l sta tes are symm etri c, parti al Bel l -sta te analysis is possible for tw o qubi ts
whi ch are in thi s case polari zati on states of two independent photo nsz , i.e. x and
y in the previ ous form ul as stand now for l inear polari zati on di recti ons. Thi s can
be done wi th the use of a 50-50 polari zati on neutra l beam spli tter. It is very easy
to show tha t i f photo ns 1 and 2, in the polari zati on Bel l sta te j ê À

i , hi t the beam
spl itter at two opposite entra nce ports, the interf erence at the beam spli tter causes
them to exi t the beam spli tter in such a way tha t one has one pho ton in each output
ports. In the case of the three other polari zati on Bel l sta tes both photo n exit vi a
one port.

Al l tha t sounds very sim ple, but sole appl icati on of a beam spli tter can-
not do the tri ck i f the photo ns, as i t should be in a tel eporta ti on proto col, are
created independentl y, i .e. they originate from two independent sources. T o thi s
end one has to addi ti onally use al l the metho ds to make independent photo ns
indi sti ngui shable whi ch were presented in the previ ous section. Onl y then the re-
qui red interf erence e˜ect occurs. In the Ùrst demonstra ti on of the ful l tel eporta ti on

z Ph o t on s are b oson s. Th ei r f ul l sta t e is sy m m et r ic. On ly t h e p ol ar izati on d egrees of f reed om

a re a n t isym me t ri c i n t h e di scu ssed ca se.
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pro cess [14] the EPR pai r and the qubi t to be tel eported were pro vi ded by two
independent emissions of a down converter.

5.2. Back t o t he foundat i ons of quantum physics: telepor t ation
and the int erpret ati on of the col lapse postulate

The quantum tel eporta ti on proto col di rectl y uti l izesthe col lapse postul ate of
the standard quantum theo ry of measurement. The contro versy around thi s pos-
tul ate is usual ly associ ated wi th i ts seemingly instanta neous, nonl ocal character.
Qua ntum tel eporta ti on sheds a new l ight onto thi s probl em. Let us assume tha t
Al ice knows the pure state tha t she wants to tel eport to Bob. Then, im mediatel y
after her Bel l-state m easurement she kno ws exactl y the pure state on Bob' s side.
Neverthel ess, unti l the classical , sub-lum inal tra nsmission of her resul t reaches Bob
there is absolutel y no way he can uti l ize the puri ty of hi s state. For him the state
rem ains maxi m ally m ixed.

Neverthel ess, i f he perform s m easurements on an ensemble of hi s parti cles,
and after tha t obta ins the inf orm ati on from Al ice whi ch m embers of hi s ensembl e
were associated wi th whi ch of Al ice's resul ts, then the ensembl e can be spl i t into
four parts, each reveal ing e˜ects characteri sti c of the one of the four pure states,
into whi ch the parti cl e 3 col lapses after Al ice's m easurements [18].

The m ora l of the story is tha t the col lapse of the wave vecto r at Bob' s
side occurs insta nta neously for Al ice (as she is im mediatel y in possession of the
inf orm ati on on her local result). W hereas, for Bob, the col lapse has practi cal value
onl y after Al ice gave hi m the inform ati on | no super- lum inal uti l i zati on of the
col lapse is possible. The local sta te of the system is described in accordance wi th
local ly accessible inform atio n.

Thi s work is supp orted by the Sta te Com mittee for Scienti ÙcR esearch grant
No . 5 P03B 088 20.

R ef er en ces

[1] J.S. Bell, Physi cs 1 , 195 (1964).

[2] A . Einstein, B. Po dolsky , N. Rosen, Ph ys. R ev. 47, 777 (1935).

[3] H . W einf urter, M. `ukow ski, Ph ys. Rev . A 64, 010102(R) (2001).

[4] R.F. W erner, M. M. W olf, preprint quant- ph /0102024 at (http: /xxx. lanl. gov),

2001.

[5] M. `ukow ski, ÑC . Brukner, preprint quant- ph/0102039 at (http: /xxx. lanl. gov),
2001.

[6] C. Brukner, M. `ukow ski, A . Zeili nger, preprint quant- ph/0106119 at
(http: /xxx. lanl. gov), 2001.

[7] J. C lauser, M. H orne, A . Shimony , R. H olt, Ph ys. R ev . L ett . 23, 880 (1969).

[8] S.J . Freedman, J .S. C lauser, Ph ys. R ev. L ett . 28, 938 (1972).

[9] N . Gisin, Ph ys. L ett . A 154, 201 (1991).



Remar ks on Ent anglement , i t s Sourc es and Appl icat ions 35

[10] R. H oro decki, P. H oro decki, M. H oro decki, Ph ys. L ett . A 200, 340 (1995).

[11] D.M. Greenb erger, M. H orne, A . Zeiling er, in: Bel l ' s Th eor em , Quantu m Th eory ,

an d Con cept i ons of the U n ivers e, Ed. M. K afatos, K luw er A cademic, Dordrecht
1989, p. 73.

[12] B. Yurke, D. Stoler, Ph ys. R ev. A 46, 2229 (1992).

[13] M. `ukow ski, A . Zeiling er, M. A . H orne, A .K . Ekert, Ph ys. Rev. L ett . 71, 4287
(1993) ; M. `ukow ski, A . Zeili nger, H . W einfurter, A nn . N Y Acad . Sc i. 755, 91
(1995).

[14] D. Bouw meester, J .W. Pan, K . Mattle, M. Eibl, H . W einfurter, A . Zeili nger, N a-
ture 390, 575 (1997).

[15] J.-W. Pan, D. Bouw meester, H. W einfurter, A . Zeiling er, Ph ys. R ev . L ett . 80,
3891 (1998).

[16] D. Bouw meester, K . Mattle, J.-W. Pan, H . W einfurter, A . Zeili nger, M. `ukow ski,

749 (1998).

[17] C.H . Bennett, G. Brassard, C. C rep eau, D. Jozsa, A . Peres, W. K . W ootters,
1895 (1993).

[18] A . Zeilin ger, 2401 (1997).


