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1. I n t rod uct io n

Qua ntum com munica ti on is an essential element requi red for constructi ng
quantum net works, and it also has the appl icati on for absolutel y secret tra nsfer
of classical messages by m eans of quantum crypto graphy [1]. The centra l pro blem
of quantum communi catio n is to generate nearly perf ect entangled states between
di stant sites. Such states can be used, f or exam ple, to impl ement secure quan-
tum crypto graphy using the Ekert pro to col [1], and to fai thf ul ly tra nsfer quantum
states vi a quantum tel eporta ti on [2]. Al l the kno wn real isti c schemes for quan-
tum com muni catio n are based on the use of the pho toni c channels. However, the
degree of enta nglement generated between two distant sites norm al ly decreases
exp onenti al ly wi th the length of the connecti ng channel due to the opti cal absorp-
ti on and other channel noise.T o regain a hi gh degree of enta nglement, puri Ùcati on
schemes can be used [3]. Ho wever, enta nglement puri Ùcati on does not ful ly solve
the long-distance quantum com muni catio n problem. Due to the exponenti al decay
of the enta nglement in the channel , one needs an exponenti al ly large numb er of
parti al ly enta ngled states to obta in one hi ghly enta ngled state, whi ch m eans tha t
for a su£ cientl y long di stance the ta sk becom es nearl y im possibl e.

T o overcome the di£ cul ty associated wi th the exp onenti al Ùdeli ty decay, the
concept of quantum repeaters can be used [4]. In pri ncipl e, i t a llows to make the
overal l communica ti on Ùdeli ty very close to the uni ty , wi th the com muni cati on
ti m e growi ng only polyno mia l ly wi th the tra nsmission di stance. In analogy to a

(325)



326 L. Duan et al .

faul t- to lerant quantum com puti ng [5, 6], the quantum repeater pro posal is a cas-
caded enta nglement puri Ùcati on proto col for communi cati on system s. The basic
idea is to divi de the tra nsmission channel into m any segments, wi th the length of
each segm ent com parabl e to the channel attenua ti on length. Fi rst, one generates
enta nglement and puri Ùesi t for each segment ; the puri Ùed enta nglement is then
extended to a longer length by connecti ng two adjacent segm ents thro ugh enta n-
glement swappi ng [2, 7]. Af ter enta nglement swappi ng, the overal l entanglement
is decreased, and one has to puri fy i t again. One can conti nue the rounds of the
enta nglement swappi ng and puri Ùcati on unti l nearl y perf ect enta ngled states are
created between two di stant sites.

T o impl ement the quantum repeater proto col , one needs to generate enta n-
glement between distant quantum bi ts (qubi ts), store them for su£ ci entl y long
ti m e and perform local col lecti ve operati ons on several of these qubi ts. The re-
qui rem ent of quantum m emory is essential since al l puri Ùcati on proto cols are
pro babi l isti c. W hen enta nglement puri Ùcati on is perform ed f or each segm ent of
the channel , quantum m emory can be used to keep the segm ent state i f the pu-
ri Ùcati on succeedsand to repeat the puri Ùcati on for the segm ents onl y where the
previ ous attem pt fai ls. Thi s is essentia lly importa nt for polyno m ia l scaling prop-
erti es of the communi cati on e£ ci ency since wi th no avai lable m emory we have
to requi re tha t the puri Ùcati ons f or all the segments succeed at the same ti m e;
the pro babi l i t y of such event decreasesexponenti ally wi th the channel length. The
requi rem ent of quantum memory impl ies tha t we need to store the local qubi ts in
the ato m ic interna l states instead of the photo nic states since i t is di£ cult to store
photo ns for a reasonabl y long ti me. W i th ato ms as the local inform ati on carri ers i t
seems to be very hard to im plem ent quantum repeaters since norm al ly one needs
to achi eve the strong coupl ing between ato ms and photo ns wi th hi gh-Ùnessecavi -
ti es for ato m ic enta nglement generati on, puri Ùcati on, and swapping [8, 9], whi ch,
in spite of the recent signiÙcant exp erim ental adv ances [10, 12], rem ains a very
chal lenging techno logy.

T o overcom e thi s di£ cul ty , Ref. [13] proposesa very di ˜erent scheme to re-
al ize quantum repeaters based on the use of ato mic ensembl es wi th the Ê II- level
conÙgurati on. The laser m anipul atio n of the ato m ic ensembles, to gether wi th
som e sim ple l inear opti cs devi ces and m oderate sing le-photo n detecto rs, do the
who le work f or long-di stance quantum com munica ti on. The setup is much simpl er
compared wi th the sing le-atom and high-Q cavi ty appro ach di scussed above. T o
achi eve thi s, the scheme m akes signi Ùcant adv ances in each step of entanglement
generati on, connecti on, and appl icati ons, wi th each step havi ng bui l t- in enta n-
glement puri Ùcati on and resil ient to the real istic noise. As a resul t, the scheme
ci rcum vents the realisti c noise and imperfecti ons, and at the same ti m e keeps the
overhead in the communi catio n ti m e increasing wi th the di stance onl y polyno -
m ial ly. In thi s paper, we wi l l revi ew the real izati on of quantum repeaters and
long-di stance quantum com muni cati on f ollowing the appro ach in R ef. [13].
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2. En t an glemen t gen er at ion

T o real ize long-di stance quantum comm unica ti on, Ùrst we need to entangle
two ato m ic ensembles wi thi n the channel attenua ti on length. The entanglement
generati on scheme described here is based on sing le-photo n interf erence at pho-
to detecto rs, and is f aul t- to lerant to real isti c noise. Thi s scheme is an extensi on of a
pro posal Ùrst pro posed in [14, 15] to entanglesing le ato ms. The extensi on wa s made
in [13] to enta ngle ato mic ensembles wi th signi Ùcant impro vements in the com -
m unica ti on e£ ci ency tha nks to the col lective enhancement of the signal -to -noise
rati o for m any- ato m ensembles.

The system is a sam ple of ato m s prepared in the ground state j 1 i wi th
the Ê I I- level conÙgurati on (see Fi g. 1). It can be shown tha t one can deÙne an
e˜ecti ve single-mode bosoni c anni hi lati on operato r a for the cavi ty output sig-
nal (i t is cal led the forwa rd-scattered Stokes signal in the free space case). Af -
ter the l ight- ato m intera cti on, the signal mode a and the col lective ato m ic m ode

Fig. 1. (a) T he relev ant level structure of the atoms in the ensemble with j 1 i , the

ground state, j 2 i ; the metastable state for storing a qubit, and j 3 i ; the excited state.

T he transition j 1 i ! j 3 i is coupled by the classical laser w ith the Rabi frequency ¨ ,

and the forw ard scattering Stokes light comes from the transition j 3 i ! j 2 i . For conve-

nience, w e assume o˜- resonant coupli ng w ith a large detuning Â . (b) Schematic setup

for generating entanglement b etw een the two atomic ensembles L and R . The two en-

sembles are pencil shap ed and illumin ated by the synchroni zed classical laser pulses.

T he forw ard- scattering Stokes pulses are collected af ter the Ùlters (p olarizati on and fre-

quency selective) and interf ered at a 50%{50% beam splitter B S af ter the transmissio n

channels, with the outputs detected resp ectively by two single- photon detectors D 1 and

D 2 . I f there is a click in D 1 or D 2 , the pro cess is Ùnished and w e successfully generate

entanglement betw een the ensembles L and R . Otherw ise, w e Ùrst apply a repumping

pulse to the transition j 2 i ! j 3 i on the ensembles L and R to set the state of the ensem-

bles back to the ground state j 0 i
L
a ¨ j 0 i

R
a , then the same classical laser pulses as the Ùrst

round are applie d to the transition j 1 i ! j 3 i and we detect again the forw ard- scattering

Stokes pulses af ter the b eam splitter. This pro cess is rep eated until Ùnally w e have a

click in the D 1 o r D 2 detector.
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s ² (1 =
p
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P

i
j 1 i i h 2 j are in a two -m ode squeezed state wi th the squeezing pa-

ram eter r c proporti onal to the intera cti on ti me t Â . If the intera cti on ti me t Â i s
very smal l , the whole state of the col lective ato m ic mode and the signal m ode can
be wri tten in the perturba ti ve form

j ¢ i = j 0 a ij 0 p i +
p

p c S y a y
j 0 a ij 0 p i + O ( p c ) ; (1)

where p c = tanh 2 r c i s the smal l exci ta ti on probabi l i ty and O ( p c ) represents the
term s wi th m ore exci ta ti ons who se pro babi l iti es are equal or smal ler tha n p 2

c .
The j 0 a i and j 0 p i are respecti vely the ato m ic and opti cal vacuum states wi th
j 0 a i ²

N
i

j 1 i i . There is also a fracti on of l ight from the tra nsi ti on j 3 i ! j 2 i

emi tted in other di recti ons whi ch contri butes to sponta neous emissions. It can be
shown tha t the contri buti on to the popul ati on in the collecti ve ato m ic m ode s

from the sponta neous emissions is very smal l for m any- ato m ensembl esdue to the
col lecti ve enhancement of the signal - to -noise rati o for thi s m ode.

No w we show how to use thi s setup to generate entanglement between two
di stant ensembles L and R using the conÙgura ti on shown in Fi g. 1. Here, two laser
pul sesexci ted both ensembles sim ulta neously, and the who lesystem is described by
the state j ¢ i L ¨j ¢ i R , where j ¢ i L and j ¢ i R are given by Eq. (1) wi th al l the operato rs
and states distinguished by the subscri pt L or R . The forwa rd scattered Stokes
signal from both ensembles is com bined at the beam spli tter and a photo detecto r
cl ick in ei ther D 1 or D 2 m easures the combined radi ati on f rom two sampl es,a y

+
a +

or a y

À
a wi th a = ( a L Ï e ' a R ) =

p

2. Here, ' denotes an unkno wn di ˜erence of
the phase shifts in the two -side channels. W e can also assume tha t ' has an
im aginary part to account for the possibl e asymm etry of the setup, whi ch wi l l
also be correcte d auto mati cally in our scheme. But the setup asym metry can be
easily m ade very smal l, and f or sim pl icit y of expressions we assume tha t ' i s real
in the fol lowing . Condi ti onal on the detecto r click, we shoul d appl y a or a to
the whole state j ¢ i L ¨ j ¢ i R , and the pro jected state of the ensembl es L and R i s
nearl y m axi mall y enta ngled wi th the form (neglecting the hi gh-order term s O ( p c ) )

j ˆ ' i
L R

= S
L

Ï e ' S
R

=
p

2 j 0 a i L j 0 a i R : (2)

The pro babi l it y for getti ng a cl ick is given by p c for each round, so we need to repeat
the pro cess about 1 =p c ti mes for a successful enta nglement preparati on, and the
average preparati on ti m e is given by T ¿ t Â =p c . The states j ˆ r i

L R
and j ˆ r i

L R

can be easily tra nsform ed to each other by a sim ple local phase shift. W i tho ut
loss of general i ty , we assume in the fol lowing tha t we generate the enta ngled state
j ˆ r i

L R
.

As wi l l be shown below, the presence of the noisem odi Ùesthe pro jected state
of the ensembles to

£ L R (c ; ' ) =
1

c + 1
( c j 0 a 0 a i L R h 0 a 0 a j + j ˆ ' i

L R
h ˆ ' j ) ; (3)

where the \ vacuum " coe£ cient c is determ ined by the dark count rates of the
photo n detecto rs. It wi l l be seen below tha t any state in the form of Eq. (3) wi l l be
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puri Ùed auto m ati cal ly to a m axim all y entangled state in the enta nglement- based
comm unica ti on schemes. W e theref ore cal l thi s state an e˜ecti ve m axi mally en-
ta ngled (EME) state wi th the vacuum coe£ cient c 0 determ ining the puri Ùcati on
e£ ciency.

3. En t an glem ent co nn ect ion t h rou gh swa p pi ng

Af ter the successful generati on of the entanglement wi thi n the attenua ti on
length, we want to extend the quantum communi cati on di stance. Thi s is done
thro ugh enta nglement swappi ng wi th the conÙgura ti on shown in Fi g. 2. Let us
supp ose tha t we start wi th two pairs of the enta ngled ensembles described by the
state £ L I 1

¨ £ I 2 R , where £ L I 1
and £ I 2 R are given by Eq. (3). In the ideal case,

the setup shown in Fi g. 2 m easures the quanti ti es corresp onding to operato rs
S

y

Ï
S Ï wi th S Ï = (S I 1

Ï S I ) =
p

2 . If the measurement is successful (i .e., one of
the detecto rs registers one photo n), we wi l l prepare the ensembles L and R into
another EME state. The new ' -parameter is given by ' + ' , where ' and
' denote the old ' -param eters for the two segment EME states. As wi l l be seen
below, even in the presence of the real istic noise and im perfections, an EME state is
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sti l l created af ter a detecto r click. The noise onl y inÛuencesthe success probabi l i ty
to get a click and the new vacuum coe£ cient in the EME state. In general , we can
express the successprobabi l i ty p 1 and the new vacuum coe£ cient c 1 as p 1 = f 1 ( c0 )

and c1 = f 2 ( c0 ) , where the functi ons f 1 and f 2 depend on the parti cul ar noise
pro perti es.

The above metho d for connecti ng enta nglement can be cascaded to arbi tra r-
i ly extend the com muni cati on distance. For the i -th (i = 1 ; 2 ; . . . ; n ) entanglement
connecti on, we Ùrst prepare in para l lel two pai rs of ensembl es in the EME states
wi th the sam e vacuum coe£ cient c i À and the same com muni cati on length L i ,
and then perf orm the entanglement swappi ng as shown in Fi g. 2, whi ch now suc-
ceeds wi th a probabi l i ty p i = f ( c i ) . Af ter a successful detecto r click, the com -
m unica ti on length is extended to L i = 2 L i , and the vacuum coe£ cient in the
connected EME state becom es c i = f ( c i ) . Since the i -th entanglement connec-
ti on needs to be repeated in avera ge 1 =p i ti mes, the to tal ti m eneeded to establ ish
an EME state over the distance L n = 2 n L i s given by T n = T n

i
(1 =p i ) , where

L denotes the di stance of each segm ent in the enta nglement generati on.

Af ter an EME state has been establ ished between two distant sites, we woul d
l ike to use i t in the com muni cati on pro to cols, such as quantum tel eporta ti on,
crypto graphy , and the Bel l inequal i ty detecti on. It is not obvi ous tha t the EME
state (3), whi ch is enta ngled in the Fock basis, is useful for these ta sks since in
the Fock basis i t is experim enta l ly hard to do certa in sing le-bi t operati ons. In
the fol lowing we wi l l show how the EME states can be used to real ize al l these
pro to cols wi th simpl e experim enta l conÙgurati ons.

Qua ntum crypto graphy and the Bel l inequal i t y detecti on are achi eved wi th
the setup shown by Fi g. 3a. The state of the two pai rs of ensembles is expressed as
£ L R £ L R , where £ L R ( i = 1 ; 2 ) denote the sam eEME state wi th the vacuum
coe£ cient c n i f we have done n ti m es entanglement connecti on. The ' -param eters
in £ L R and £ L R are the same provi ded tha t the two states are establ ished over
the sam e stati onary channel s. W e register only the coinci dences of the two- side
detecto rs, so the proto col is successful onl y i f there is a click on each side. Under
thi s condi ti on, the vacuum components in the EME states, to gether wi th the state
components S

L
S

L
vac and S

R
S

R
vac , where vac denotes the ensemble state

0 a 0 a 0 a 0 a L R L R , have no contri buti ons to the experim enta l results. Theref ore,
for the m easurement scheme shown by Fi g. 3, the ensembl e state £ L R £ L R i s
e˜ecti vely equivalent to the f ollowi ng \ polari zati on" m axi m ally enta ngled (PME)
state (the term inology of \ polari zati on" com es from an analogy to the opti cal case)

ˆ = S
L

S
R

+ S
L

S
R

= 2 vac : (4)

The success probabi l i ty for the pro jecti on from £ L R £ L R to ˆ (i .e.,
the probabi l i ty to get a cl ick on each side) is given by p a = 1 = [ 2 ( cn + 1 ) ] . One
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Fig. 3. (a) Schematic setup for the realization of quantum cryptography and Bell in-

equality detection. T w o pairs of ensembles L 1 ; R 1 and L 2 ; R 2 (or two pairs of metastable

states as show n in Fig. 1b) have been prepared in the EME states. T he collective atomic

excitation s on each side are transf erred to the optical excitations , w hich, respectively

af ter a relative phase shif t ' L or ' R and a 50%{50% beam splitter, are detected by the

single- photon detectors D L
1 ; D L

2 and D R ; D . W e look at the four possible coinciden ces

of D ; D with D ; D , w hich are functions of the phase di˜erence ' ' . Dep end-

ing on the choice of ' and ' , this setup can realize both the quantum cryptography

and the Bell inequali ty detection. (b) Schematic setup for probabil isti c quantum telep or-

tation of the atomic \p olariza tion " state. Simila rly , tw o pairs of ensembles L ; R and

L ; R are prepared in the EME states. W e w ant to telep ort an atomic \p olariza tion "

state d S d S w ith unknow n coe£cients d ; d f rom the lef t to the right

side, w here S ; S denote the collective atomic operators for the two ensembles I and

I (or two metastable states in the same ensemble). T he collecti ve atomic excitation s

in the ensembles I ; L and I ; L are transf erred to the optical excitations, w hich,

af ter a 50%{50% beam splitter, are detected by the single- photon detectors D ; D

and D ; D . I f there are a click in D or D and a click in D or D , the proto col is

successful. A ¤ -phase rotation is then perf ormed on the collectiv e mode of the ensemble

R conditional on that the tw o clicks app ear in the detectors D ; D or D ; D . T he

collecti ve excitation in the ensembles R and R , if app earing , w ould be found in the

same \p olari zati on" state d S d S .

can also check tha t in Fi g. 3, the phase shift or to gether wi th the
correspondi ng beam spl i tter operati on are equivalent to a single-bi t ro ta ti on in
the basis wi th the rota ti on angle

. Now, i t is cl ear how to do quantum crypto graphy and Bel l inequal i ty
detecti on since we have the PME state and we can perform the desired sing le-bi t
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ro ta ti ons in the corresp ondi ng basis. For instance, to distri bute a quantum key
between the two remote sides, we sim ply chooseê Ê rando mly from the set f 0 ; ¤ =2 g

wi th an equal pro babi li ty , and keep the m easurem ent results (to be 0 i f D Ê
1 clicks,

and 1 i f D Ê
1 clicks) on both sides as the shared secret key if the two sides become

aware tha t they ha ve chosen the same phase shift after the publ ic declare. Thi s
is exactl y the Ekert scheme [1] and i ts absolute security f ollows di rectl y f rom
the proofs in [16, 17]. For the Bel l inequal i ty detecti on, we inf er the correlati ons
E ( ê L ; ê R ) ² P D L

1
D R

1
+ P D L

2
D R

2
À P D D À P D D = cos(ê L À ê R ) from the

m easurement of the coinci dences P D D etc. For the setup shown in Fi g. 3a, we

wo uld have j E (0 ; ¤ =4 ) + E ( ¤ =2 ; ¤ =4 ) + E ( ¤ =2 ; 3 ¤ =4 ) À E (0 ; 3 ¤ =4 ) j = 2
p

2 , whereas
for any local hidden vari able theo ries, the Cl auser{ Horn{ Shimony{Ho l t (CHSH)
inequal i ty [18] im pl ies tha t thi s value shoul d be below 2.

W e can also use the establ ished long-di stance EME states for fai thf ul tra nsfer
of unkno wn quantum states thro ugh quantum tel eporta ti on, wi th the setup shown
by Fi g. 3b. In thi s setup, i f two detecto rs click on the left side, there is a signi Ùcant
pro babi l ity tha t there is no col lecti ve exci ta ti on on the ri ght side since the product
of the EME states £ L R ¨ £ L R conta ins vacuum com ponents. However, i f there is
a col lective exci tati on app eari ng from the right side, i ts \ polari zati on" state woul d
be exactl y the same as the one input from the left. Theref ore, as in the Innsbruck
exp eriment [19], the tel eporta ti on here is probabi l istic and needs posteri or conÙr-
m ati on; but i f i t succeeds, the tel eporta ti on Ùdeli ty wo uld be nearl y perfect since
in thi s case the entanglement is equivalently described by the PME state (4). The
success probabi l i t y for the tel eporta ti on is also given by p a = 1 = [ 2 ( cn + 1 ) ] , whi ch
determ ines the average num ber of repeti ti ons for a successful tel eporta ti on.

W e next discuss noise and imperfecti ons in the schemes f or entanglement
generati on, connecti on, and appl icati ons. In parti cul ar, we show tha t each step
conta ins bui l t- in enta nglement puri Ùcati on whi ch m akesthe who le schemeresil ient
to the real istic noise and im perf ections.

In the entanglement generati on, the dom inant noise is the photo n loss, whi ch
incl udes the contri buti ons from the channel attenua ti on, the sponta neous emissions
in the ato mic ensembl es (whi ch results in the popul ati on of the col lecti ve ato m ic
m ode s wi th the accompanyi ng photo n going to other di recti ons), the coupl ing
ine£ ci ency of the Stokes signal into and out of the channel , and the ine£ ciency of
the sing le-pho ton detecto rs. The lossprobabi l i ty is denoted by 1 À ² p wi th the over-
al l e£ ciency ² p = ² p e L =L , where we have separated the channel attenua ti on
e L =L (L i s the channel attenua ti on length) from other noise contri buti ons
² p wi th ² p independent of the communica ti on di stance L . The photo n loss de-
creases the success pro babl y for getti ng a detecto r click from p c to ² p p c , but i t
has no inÛuence on the resulti ng EME state. D ue to thi s noise, the entanglement
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prepa rati on ti me should be replaced by T 0 ¿ t Â = ² p p c . The second source of noise
comes from the dark counts of the single-photo n detecto rs. The dark count gives
a detecto r click, but wi tho ut popul ati on of the collecti ve ato m ic m ode, so i t con-
tri butes to the vacuum coe£ cient in the EME state. If the dark count com es up
wi th a probabi l i ty p dc for the ti m e interv al t Â , the vacuum coe£ cient is given by
c 0 = p dc = ² p p c , whi ch is typi cal ly m uch smal ler tha n 1 since the R aman tra nsi ti on
rate is much larger tha n the dark count rate. The Ùnal source of noise, whi ch inÛu-
ences the Ùdeli ty to get the EME state, is caused by the event tha t m ore tha n one
ato m are exci ted to the col lective m ode S whereas there is only one click in D 1 or
D 2 . The condi ti onal pro babi li ty for tha t event is given by p c , so we can estim ate
the Ùdeli ty imperfecti on Â F 0 ² 1 À F 0 for the entanglement generati on by

Â F 0 ¿ p c : (5)

No te tha t by decreasing the exci ta ti on pro babi l it y p c , one can m ake the Ùdeli ty
im perfection cl oser and closer to zero wi th the pri ce of a longer entanglement
prepa rati on ti m eT 0 . Thi s is the basic idea of the enta nglement puri Ùcati on. There-
fore, in thi s scheme, the conÙrm ati on of the cl ick from the single-photo n detecto r
generates and puri Ùesenta nglement at the sam e ti m e.

In the entanglement swappi ng, the dom inant noise is sti l l the losses, whi ch
incl ude the contri buti ons f rom the detecto r ine£ ciency, the ine£ ciency of the ex-
ci tati on tra nsfer from the col lecti ve ato mic mode to the opti cal m ode [20, 21],
and the smal l decay of the ato m ic exci ta ti on duri ng the storage [20, 21]. Note
tha t by intro duci ng the detecto r ine£ ciency, we have auto m ati cal ly ta ken into
account the imperfecti on tha t the detecto rs cannot di stinguish the single and
the two photo ns. W i th al l these losses, the overa ll e£ ciency in the enta ngle-
m ent swappi ng is denoted by ² s . The loss in the enta nglement swappi ng gives
contri buti ons to the vacuum coe£ cient in the connected EME state, since in
the presence of loss a sing le detecto r cl ick m ight result from two col lective ex-
ci tati ons in the ensembl es I 1 and I 2 , and in thi s case, the col lective m odes in
the ensembles L and R have to be in a vacuum state. Af ter ta ki ng into ac-
count the real isti c noise, we can specify the success probabi l i ty and the new vac-
uum coe£ ci ent for the i -th enta nglement connecti on by the recursion relati ons
p i ² f 1 ( c i À

) = ² s (1 À
²

c
) = ( c i + 1 ) and c i ² f ( c i ) = 2 c i + 1 À ² s .

The coe£ cient c for the enta nglement preparati on is typi cal ly much smal ler tha n
1 À ² s , then we have c i ¤ (2 i

À 1 )(1 À ² s ) = (L i =L À 1 )(1 À ² s ) , where L i denotes the
comm unica ti on distance after i ti m es enta nglement connecti on. W i th the expres-
sion f or the c i , we can easily evaluate the probabi l i ty p i and the com muni cati on
ti m e T n for establ ishing an EME state over the distance L n = 2 n L . Af ter the
enta nglement connecti on, the Ùdeli ty of the EME state also decreases, and after n

ti m es connecti on, the overa l l Ùdeli ty im perfection Â F n ¿ 2 n Â F ¿ ( L n =L )Â F .
W e need Ùx Â F n to be smal l by decreasing the exci ta ti on probabi l i ty p c in Eq. (5).

It is importa nt to point out tha t our entanglement connecti on scheme also
has bui lt- in enta nglement puri Ùcati on functi on. Thi s can be understo od as fol lows.
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Each ti m e we connect entanglement, the imperfecti ons of the setup decrease the
enta nglement fracti on 1 =( c i + 1 ) in the EME state. However, the entanglement
fracti on decays onl y l inearl y wi th the distance (the numb er of segm ents), whi ch is
in contra st to the exp onenti al decay of the enta nglement for the connecti on schemes
wi tho ut entanglement puri Ùcati on. The reason for the slow decay is tha t in each
ti m e of the entanglement connecti on, we need to repeat the proto col unti l there is
a detecto r cl ick, and the conÙrm ati on of a click removes part of the added vacuum
noise since larger vacuum com ponents in the EME state result in m ore ti m es of
repeti ti ons. The bui l t- in entanglement puri Ùcati on in the connecti on scheme is
essential for the polyno mial scal ing law of the com muni cati on e£ ci ency.

As in the entanglement generati on and connecti on schemes, our enta ngle-
m ent appl icati on schemesalso have bui lt- in enta nglement puri Ùcati on whi ch m akes
them resil ient to the real isti c noise. Fi rstl y, we have seen tha t the vacuum com po-
nents in the EME states are rem oved from the conÙrmati on of the detecto r clicks
and thus have no inÛuence on the Ùdeli ty of al l the appl icati on schemes.Secondl y,
i f the single-photo n detecto rs and the ato m-to -l ight exci ta ti on tra nsi ti ons in the
appl icati on schemes are im perfect wi th the overal l e£ ciency denoted by ² a , one
can easily check tha t these imperf ections onl y inÛuence the e£ ciency to get the
detecto r clicks wi th the success probabi l i ty repl aced by p a = ² a = [ 2 ( cn + 1 ) 2 ], and
have no e˜ects on the com muni cati on Ùdeli ty . Fi nal ly, we have seen tha t the phase
shi fts in the stati onary channels and the smal l asymm etry of the stati onary setup
are removed auto m ati cal ly when we pro ject the EME state to the PME state, and
thus have no inÛuence on the com munica ti on Ùdeli ty .

The noise not correcta bl e by our scheme incl udes the detecto r dark count in
the entanglement connecti on and the non-stati onary channel noise and set asym -
m etri es. The resul ti ng Ùdeli ty im perfection from the dark count increasesl inearl y
wi th the num ber of segm ents L n =L 0 , and form the non-stati onary channel noise
and set asymm etri es increasesby the random -walk law

p
L n =L 0 . For each ti m e of

enta nglement connecti on, the dark count probabi l i t y is about 1 0 À 5 i f we m ake a
typi cal choice tha t the col lective emission rate is about 10 MHz and the dark count
rate is 1 0 2 Hz. Theref ore, thi s noise is negl igible even i f we have com muni cated
over a long distance (1 0 3 the channel attenua ti on length L att for instance). The
non-stati onary channel noise and setup asym metri es can also be safely neglected
for such a di stance. For instance, i t is relati vely easy to contro l the non-stati onary
asym m etri es in local laser operati ons to values below 1 0 À 4 wi th the use of accurate
polari zati on techni ques [22] for Zeeman subl evels (as in Fi g. 2b).

W e have shown tha t each of our enta nglement generati on, connecti on, and
appl icati on schemes has bui l t- in enta nglement puri Ùcati on, and as a result of thi s
pro perty , we can Ùx the communica ti on Ùdeli ty to be nearly perf ect, and at the
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sam eti m ekeep the com muni cati on ti m eto increase only polyno m ially wi th the di s-
ta nce. Let us assume tha t we want to communica te over a distance L = L n = 2 n L 0 .
By Ùxing the overal l Ùdeli ty imperfecti on to be a desired smal l value Â F n , the
enta nglement preparati on ti m e becom es T 0 ¿ t Â = ² p Â F 0 ¿ ( L n =L 0 ) t Â = ² p Â F n .
For an e˜ecti ve generati on of the PME state (4), the to ta l communi cati on ti m e
T t o t ¿ T n =p a wi th Tn ¿ T0

Q
n

i =1
(1 =p i ). Theref ore the to ta l com muni catio n ti m e

scales wi th the distance by the law

T to t ¿

2 (L= L 0 )

² p p a Â F T
n

i
p i

; (6)

where the success probabi l i ti esp i ; p a for the i -th enta nglement connecti on and for
the enta nglement appl icati on have been speciÙed before. The expression (6) has
conÙrmed tha t the communi cati on ti m e T increases wi th the distance L onl y
polyno mial ly. W eshow thi s expl icitl y by ta ki ng tw o l imi ting cases.In the Ùrst case,
the ine£ ciency 1 À ² s for the entanglement swappi ng is assumed to be negl igibly
smal l . One can deduce f rom Eq. (6) tha t in thi s case the com munica ti on ti m e
T ¿ T ( L= L ) eL =L , wi th the constant T ² 2 t Â = ²

p
² a Â F T being inde-

pendent of the segment and the tota l di stancesL and L . The com muni cati on ti m e
T increases wi th L quadra ti cal ly. In the second case, we assume tha t the ine£ -
ci ency 1 À ² s i s considerably large. The com muni catio n ti m ein thi s case is appro xi -
m ated by T ¿ T ( L= L ) L =L = =² eL =L , whi ch increases
wi th L sti l l polyno m ial ly (or sub- exponenti al ly in a m ore accurate language, but
thi s m akes no di ˜erence in pra cti ce since the factor log ( L= L ) i s wel l bounded
from above for any reasonably long distance). If T increases wi th L= L by the
m -th power law ( L= L ) m , there is an opti mal choice of the segm ent length to be
L = mL to m inimi ze the ti m e T . As a sim ple estim ati on of the impro ve-
m ent in the com muni cati on e£ ciency, we assume tha t the tota l distance L i s
about 1 0 0 L , f or a choice of the parameter ² s ¤ 2 =3 , the communi cati on ti m e
T =T ¿ 10 wi th the opti mal segm ent length L ¿ 5 : 7 L . Thi s result is a
dra mati c impro vement com pared wi th the di rect com muni cati on case, where the
comm unica ti on ti m e T for getti ng a PME state increases wi th the di stance L

by the exp onenti al law T ¿ T eL =L . For the same distance L ¿ 1 0 0 L ,
one needs T =T ¿ 10 for di rect com muni cati on, whi ch means tha t for thi s
exam ple the present scheme is 1 0 ti mes more e£ ci ent.

In summ ary, in thi s section we expl ained the recent ato mic ensemble scheme
for im plementati on of quantum repeaters and long-distance quantum communi ca-
ti on. The proposed techni que al lows to generate and connect the enta nglement and
use i t in quantum tel eporta ti on, crypto graphy, and tests of the Bel l inequali ti es.
Al l of the elements of the scheme are wi thi n the reach of current exp erimenta l
techno logy, and have the importa nt property of bui l t- in enta nglement puri Ùcati on
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whi ch m akesthem resil ient to the real isti c noise. As a result, the overhead requi red
to im plem ent the scheme, such as the communi cati on ti m e, scales polyno m iall y
wi th the channel length. Thi s is in rem ark able contra st to di rect com muni cati on
where the exponenti al overhead is requi red. Such an e£ cient scal ing, combi ned
wi th a rel ati ve sim pl icit y of the pro posed exp erimenta l setup, opens up real istic
pro specti ve for quantum com munica ti on over long di stances.
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