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Abst ract 

The resonance transfer of quantum information from one two-level atom 
to another that is at an arbitrary distance from the former one is inves­
tigated. T he symmetric W s and antisymmetric W a states of the two-atom 
system are considered taking into account dipole-dipole interaction between 
atoms of this system. The closed-form analytical expressions for shifts and 
widths of the considered collective states W s(a) of two identical two-level 
atoms located at an arbitrary distance from each other. In the quite general 
considerations t he system of nonstationary equations describing separately 
evolution of states amplitudes of the compound-system "A(l) atom+A(2) 
atom+field" in symmetric and antisymmetric channels at absorption of a 
photon by one of the compound-system atoms. T hree cases of the obtained 
solutions for amplitudes of possible states of the compound-system at reso­
nance and nonresonance absorption of a photon are considered . It has been 
shown that when atoms are at an infinite distance from one another, so that 
there is no dipole-dipole interaction of atoms, quantum information can be 
transferred from one atom to another with a characteristic time considerably 
shorter than the time it takes for a photon to cover the interatomic distance. 
This effect is referred to as the effect of quantum teleportation in a system 
of resonance atoms. 

Introdu ction 

Among basic physical problems related to realization of idea of quantum comput­
ers and quantum calculations it is necessary to mark the search of the concrete 
processes performed logic operations [1]. As it is shown in [1] at physical realiza­
tion of the logical NOT operation it is need to influence on the carrier of quantum 
information (a qubit) by external pulse inverting qubit from ground state into ex­
cited one and vice versa, from excited state into ground one. At the present t ime 
many experimental groups (see for instance [2] and references therein) occupying 
ions in traps are able to prepare easy a single ion in the own state and then in the 
specified superposition of states with the coherence time larger than 1 sec. Two­
qubit logic CNOT operation (Controlled NOT) is performed by means of influence 
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moments of single-electron atoms, f1 and f2 are the opeTators of the momenta of
the first and the second atomic electTon, respectively.

л FОr the system of two interacting atoms having one electron, the Hamiltonian
f/ can Ье represented in the fоrm of sum of Hamiltonians of isolated atoms, frб :
Ёl(Ёr) + ft2(i2), and operator of electric dipole-dipole interaction betTreen them,
+(*).
n dip

* нz("ъ) * t :*)("j ,r1,;Ё).fI-й+t/е)_rtr("-i)

QuatчTUNл TBrtr.,_
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symmetrical and €шt

Let Bnrn" - En, *Еr, and |rzlra2) аrе the eigenvalue and eigenfunction of "un-
реrturЬеd" ореrаtоr of energy Но : Йl + flz without interatomic interaction,
respectively. The unperturbed wave function of the initial state of two atoms has
the fоrm

l00) : 9о(l)ро (2) ехр (-i,Eotl lh,) ехр (-iЙot2lh,) = Фа(l)Фо (2).

(2)

(3)

дЕ"(fr

Х 
[(,

гФi1
Lл

неrе _Eg is the energy of the initial states of the fiTst and second atoms, the indices
1 and 2 correspond to the coordinates and times fоr the first and the second atom,
respectively. Fоr atoms having по constant dipole moment in the first оrdеr of
pertuTbation thеоrу, the епеrgу correction is zеrо, i.e,, (00|И4iр(+)l00) :0. The
interaction between the atoms distoTts the wave functions of the atomic states,
and the disturbed тлаче function for а system of tTro atoms in the gTound state
has the fоrm [8, 1]):

ч0(1){,0(2) : Фа(l)Фо(2) * 
; ЖФ*,(!)Ф*,(2),пLп2

whеrе the indices 
"lr 

and rr2 colrespond to intermediate states of the atom.. {#J
consider the state {/0(1){/0(2) as initial state of atoms interacting Trith fietd of rеаl
photons.

Let the final
|n) of atom /(1)

state l"0) of two resonant atoms corresponds to the excited state

and ground state
and energy Eg.

In the first аррrохimаtiоп, to the stationary state of the system corresponds
to two Mrave functions:

with wаче function Ф,(1) : pn(1) ехр (-ОП,trlri and епеrgу En
|0) of atom А(2) with wаче function Фо(2) : ро(2) ехр (_l,Пotrlrr)

1--:Jz
1---:

{z

lФ"(1)Фо(2) + Фа(|)Ф.(2)] ,

lФ,(1)Фо (2) - Фо(|) Ф,(2)]

(5)

(6)

In оrdеr to obtain corrections to the enffgy of symmetrica| (а\ and antisym-
metrical (43) states of system of trvo resonant atoms iп the fiTst оrdет of pertuT-
bation thеогу опе has calcu]ate the mеап r,alue of the peгtuTbation operato, t :i)
(38) in these states, i.e.,

(7)



SaIBJauo ач} .,(q раzIJо}сtsJвчс aJB SIuo}B Jo Sal€ls lealJ+otumdslluв рu€ ItsclJ}ammds
(88) uоltсвrа}ш aIuIo}EJoluT аlоdrр-аlоdlр зо }тmосс€ +в }tsч} aas a;!& 'алодаlаqд,

,Jач?о ulo4 аuо dlаsоlэ

ра}всоI sшо}в ItsJ}nau one} uaa/ll}aq mollв}lcxa до а8uвqаха }utsuоsоJ зо d8raua аt11

JoJ [s] чпшrоJ uлоu{ ач} ч}Ijе SэрiсuIоС uоlssэлdха sTt11 '1ээdха рIподе аuо SY

(ит)

(gт )

(zT)

(в)

,(е'т)о.l(оlдl") l5T - 
o'',gg

,?jц 
Jo}BJado tтоt]ЕqJгl _,.

-;nl,Tad Jo JapJo ]sJU ati.
-тпfsтluв puв (cv) IBJIJ _J

,("ol1f

,(z) оф(I)0. -

(д)

(g)

(q)

(g)

(z)

ulчqo адд Dд.9 puB ?9 JoJ uэчI ,э lч3ц зо ,tllэоlа,r Еululвluоэ stuJo} }Iшо о}

PuB J rol (тт) uотssадdха аl71ulсfgОп ж (clgon)uls 'т - (2/uoco)soa o1n}I}sqns

о1 alqlssod }I so>IBTп 1Bq1 'stuоlв Jo uоIlэ€Iаlu1 alodp-эlodlp Jo uollвp;Bla"r 1саl3аu
uЕэ аuо asвc sIч} ol ,(0y >> ц,) srпоlв 8uтlсв.тэlu1 до TrTnlpads а\ oп/cltz : oy

qfua1 алеlц сI}sIJа}эвJ€ча uвч} JаIIвшs чDшII ц uralsds ruпluвпЬ cltuo}B-onд}Jo эzls
uаqд ''а,1 '0 <- cfgoy1 1в раgцdтurs aq uвэ "д.9 рuз ?9 доJ stтоlssалdхэ аqд

,suoI}IsuB.T1 3uтрuоdsаrlоэ Jo sJо}€IIIаsо Jo sql8uалls alqв^Jasqo адв ОY

(тт) '("*')"*ffi - (й)"." [ЕffiЕБ - dfu] 
: (arlz,T)ur

aJaH

(ОТ)'(rr:z'т)дzl(оl.{lu)lz,т:(g,)иид,уаЕт:(u)",?g
:s}JIчs хаldтпоэ Jo "gg рuв 'gg slлвd IваJ

sэJB}s Jo 0д. + "g {3лаuа эчт о} suоIJэаJJоэ JapJo-}sJlд

- 
оgg 

- оgy "/-ч1 - "gg - ",тV

dluо sалт3 (gи) рuв (еч)

(о) ,"Lцg
?

I

l

spuodsaJJoc TrTэls,is aii _

ug ,&?lэuа рuts (ц l 'J" з _

э}tsJS ра}I)ха эч] о] S}_),.; _

IBaJ Jo рIаg ч?I1д Зrтт]э:;-
алд ,Sшо}Е ач1 Jo Sэ],Е _S

(r)
:

'(z) "uф(т) ''Ф 
((а ,a.

a}B}s рuпо"т3 эчt tII зт_:_. _

'salBls этuIо}Е ач} Jo sl; _

Jo JарJо }SJg ач] uI }L.r _.

'TrrolB рuоэаs ачl рuЕ -ls*-

SээIрuI оч} 'sтпоlв plIcr-r=s
:sшо}в lо ("о) sql alBls (1вэ1.1рurrпdsтluв) 1встлlаrпrпds

lо (?) sд ,(8лаuа Jo lJIчs xaldruoa sl ("д.v) 'д,у dltluBnb эч} lвч} o}oN
,(z)у ulo1B ч}-? щ uотl]sutsJ} alodrp Jo uol}caJlp ач} рuts sэхв 3ulрuоdsалдоэ

Jo аuо uaanд}aq sol8uB оч+ оJв (z'l: й lo'io'jB's"тоlавд эlлlаtuоаЗ ечl аI€

ftg sоэ }в sоэ + Ео sоэ jB sоэ - (е'т),Ф

'lg sоэ [g sоэ е - ftg sоl jg sоэ + Ео sоэ jg sоэ = (z 'т )о

)н

.(zr 
)Yvgv - 

Г uОпе) 
- k T)o 

( zulruэ "zлРпс\ l
LйтБ -Q T)o(*f--?l] х

эдt (д) s}uэшаIа

tOт

}tsч} uтts}qо

хIJ}втп очt о}щ (gи) рuв (еч) '(вв) suoтssa.Tdxa ач} Еullп1I}sqпS

Sвч Sшо}ts олl} Jo э}в]S i:
'uотlэвJэ}uI эIuIоJвJа ]rTI

-uп,, Jo uоI}эuпдuа8та pT_i]

,(U:z!'F)r

нgдSNvuд, NоIJvиIЕо'.{NI cNy NоIл,vJt{оdштЕJ и[пJNyпý

'-aч} uaa/\l}aq uоI}эвJа]rl

uвтuо}IтIпвн ач+'uoJ]Jai.

Jo в}uаIпоIп ачl Jo SJO]E .т

хлтлVd ,с,о 'Vt{л]yн.\



104 V.Yu. Lдzuв, о,К. Rвlтч, S.I. N4vHa.T,vl,Ta, о.F, Рдчlук

and wave functions

V" : Ф" exp(-idЕ,tl/h,), Vо : Фо exp(-i,6Ц"tlf h), (15)

wheTe f1 is the local time for the atomic pair associated rvith the position of the

atom А(1).
It is apparent that states (15) are entangled states of а pair of interacting atoms

because in these states sераrаtе atom-qubit has not сеrtаiп епегgу.

In the first оrdеr of perturbation thеоrу the contribution of dipole interaction

in complete width Г" 1Г") is d,eteTmined, Ьу imaginary part т" (т") of doubled

complex shift А.Е" (АД"):

7(ll)(fi) : _llЪrrllв) : ?0 (r - #) )

.yg is the radiation width of an excited state Е, of the isolated atom.

The general expression (16) fоr 7" and ?с can Ье essentially simplified in the

limit саsЪs of "lаrgе" (fi >> )о) and "small" (о < R аа ,\о) interatomic distances,

Fоr ехаmрlе, when ugRf с ( 1and orientations of dipole transition in the both

atoms аrе along the system axis Л foTmula (16) becomes

(16)

(17)

(18)

(19)

whеrе the leading tеrm of expansion TIl|)(o) 
_ _/ll)(0) :79 coincid,es with hе

radiation vridth 79 of exited state of the isolated atom. similar expTessions fоr

vridth .у"lо1 one can find ,whеп the orientations of dipole transitions in both atoms

are perpendicular to the axis Я:

?ýr)(ft) _-1У)(в)-?о

тhеrеfоrе the complete чridths of symmetri
of the fоrm:

and antisymmetrical states аrе

(,

cal

ryа а3R2
г(ll) : ?о + ?(ll) = 21о, г(ll) - 7о * ?(ll) ж

Г!') : 70 + 7j') = 21о' Гr') - 7о * ?r')

10 с2)
луо a2nR2

N ":
5с2

(20)

(21)

\ме can see that under the condition Л ( )о the retarded interaction of atoms

in the symmetrical state tp" (15) leads to doubling of natural width of atomic

levels. Fоr antisymmetrical state the widths 7о and '/g compensate each оthеr

almost completely, and the complete width Го is small тrhеп соmраrе with 76.

QuнгттuNI Твt-г

It mеапs t}rat ,,,,,-

radiation deca,,

closely locateci а,

In рареr 11 ,

informatiorr о1l s

of intensil,e ci'_i;1:

of externai \\-t1,,-T
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transition ц/ ,
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time is determined Ьу а low frequency (rо - r). А similar system of equations
will a]so take рlасе for the antisymmetric channel if in (23) we rерlасе 6_р with
е_, defined as €- : *(6Е, +h^)lh. Дftеr making the substitution an(t\):
an(tr)g-l-t' the system (23) becomes as following:

irr+ : F"nnexp li(r,пп l a)tr] dп : F,n'exp (iu+tt)dn,
dtl

.-ddn
dtt

It is vrеll known that the exchange Ьу excitations Ьеtvrееп atoms through their
Iеsопапсе interaction is determined Ьу the characteristic exchange time n/6E! [8].
If, at а certain point in time, а system consisting of two identical dipole atoms
is in а state whеrе опе atom is excited, this excitation) as shown in [8], will Ье
transferred to the otheT atom in а time т' : h,lбЕ'" through resonance interaction.
With that, the time т/ required to trапsfеr the excitation is considerably shоrtет
than the lifetime Га|; of atoms in the symmetrical and (antisymmetrical) states,

therefore, the energy бЕ: (12) is independeцt of time. In this рареr, we consider
а situation rvhеrе the time f1 fоr Mrhich а system of tvrо interacting atoms exists
is also short соmраrеd to Г4};. Номrечеr, in contrast to [8], тrе take into account,
besides the interaction of the atoms чrith one another, their interaction with the
field of rеаl photons.

Solving system of equations (23) at а-(0) : 1, с,(0) : 0 and foltovring [1],
we obtain а wave function which corresponds to а symmetric channel fоr the
interaction of а pair of atoms with the field of rеаl photons:

fcos((a+ * i,0+)tr)-

Q+ * i0+- (с+ * i,l.)2

(26)

(27)

О+ with €-,)

QuHьTTUM Твr,вроп

wheTe the pтobabilit

лL:;{"*(-t
t(Е+ * iГ"/2
2(гr+ * iý+

+ пТи)F
Аz:-ryГл2h La+

Х еХР(- iбЕ"t11

+ujue_*

А, _dFn* Г_--^С- zrl L Q+_

х sin((a+ + iД

+#Е*
The probability aml
lArl' + lАrl2 : 1_ д,ý

а state тrhеrе both а
consider the }еhаrtо

А. Тruе rеsопаl
А1. Large iпtегаt{

consider the саýе of
photon a..l coincides r
contribution of ?*(о)
Г"(о) сап Ье neglectc
form t+ : -€_ _ бЕ

v

ý+

} 
(25)

й"(*,) - +exp(-Ttr* c+f,)
V

Фо(l)Фо(2)lп,) -
sin((a+ * i,ý+)tr)x

0i,,)]

с+,,)

where

|Frrrl' t

hr* 4

replac€ s+ , 0+ Г",Fоr an antisymmetric interaction channel we

Р_,, Го, а* in (26). Неrе we have

sа - (*6 Е, - h^)lrъ, О* * i0+-

Тhеrеfоrе, the wave function of the final state of the compound-system
А(2) + J7" being а superposition of Ф, (f , ) and Й* (t, ) i, of the fоrm

(2в)

,,А(1)+
1-

йltr; : цФо(L)ФоQ)|п.| + л2ф.(1)ф6(2)|п. - 1)+дзФ0(l)ф.(2)|п.- 1), (29)
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79 sin((O + iP)t|)
4(о + ip)

QuatTTuM TBI,B

assume that the r

г)*:а- *Г.I,L

ý+- в: + Г,,/z 
L\

and the ргоЬаЬili

л1 - ехр (-т

^ 
iF,.,o

l-Lz - -Б(CI+il

It is seen that fi
соmроuпd-sуstеш
of the аЬsоrрtiош
electric dipole trа
amplitude А2 of. 1

В2. Small intel

In the case чrhеп

amplitudes (30)-(

At- ехр (-Т*,) {cos((

, dЕ" sin((a + iiltiТ 
2h(а + ф)

In true rеsопапсе (А - 0) when 0 the amplitudes аrе equaI to

бE,tl \ *
2h )|

Q+?

""(

,}

,(

+

a>

coS

\
)

hen Е

,6)tr),

6Ert1
2h

dFn,nsin((O + i|)tt)
п(а + l,ý)

Fn,nsin((O + iý)tt)

exp(-Tt,) cos(Y) )
(36)

(37)

(3в)

fr,(a + 1,0)

F}оm (37) one can see the probability amplitude Az (Аз) reaches а maximum
(minimum) at а time given Ьу

t', - 2Th,l36gr.

After absorption of rеа1 photon Ьу ,а(2) atom the probability of remaining
the excitation пеаr this atom is equaI to |,4з|2, and the probability of excitation
trапsfеr to,4(1) atom is equa} |.42|2. If it does not mаttеr in which of the atoms
the excitation remains then the probability of photon trapping Ьу the systern of
two resonance atoms is determined as folloчrs

exp(-Ttr) sin(rY)

lArl'+ lArl' : ехр (-Тt1) ffi(.h 2ýtt- cos2ot1)

А2. Small interatomic distances

antisymmetric state is found to Ье stable as
decay goes Ьу symmetric сhаппеl rMith Г"
Г"(о) : 0* - 0, €1 - -g- - бЕ"f h,, оа
time which is short соmраrеd to ГаL, and
probability amplitudes:

to radiation damping, and the s5rstem

obtain the following formulas for tlre

В. Nопrеsопапсе absorption of а photon
В1. Large interatomic distances

Let us consider the case цrhеrе А f 0, i.e., the frequency of the rеа1 photon does

not coincide with the fTequency of the transition (ДЯl - Вý))/П. Моrеочеr, we

Ar:cos(Qotl)cos(#) -***C,-(Y) , (з9)

д" : -Ч*g'Ф"* (ч#), Аз : -т*8'с*" (#) (40)

The amplitude ,4z reaches а mахimum at а time given Ьу t\:2Thl36E". With
that, the amplitude Аз is а minimum.

J

Similarly to the с
states are realizet
absorption of а pt
transition of the l
Az of this state rr

С. Rеsопзпсl
distal}ceý,

Let us сопsidеr J

0+ - р-: 0, Еш(
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At the initial point in time tr : 0, as foilorvs from (45), (46), both atoms аrе

in the ground state. _However) even at an infinitely close subsequent point in

time, tй state б,(r)бg(2) frоm the superposition (29) starts being r_ealized. дt
the iime ti' : n"lz(l, ihe'probabilities Ьесоmе |лzl2 : 1 and lдr1' : 0, i.e.,

опе quantrim bit of information is transferred from one atom to anotheT at an

infinitely lаrgе interatomic distance in the time tfl. we rеfеr to this effect as

quantum teleportation in а system of two resonance atoms. This effect is quantum

in nature, being related to the superposition principle of quantum mechanics, and

corresponds to the quantum means of information transfeT whose characteristic

time iЪ defined aS 4/ : Tf2Q, irl, contrast to the classical means of information

transfeT with the characteristic time to being the time of flight of а photon through

а distance Е.
If to neglect the states damping (то : 0) one can use the following simpler

ехргеssiоп fЪr time of information transfer t'|' : Thl2lF,-,l, I1 ассоrdапсе чrith

the sense of this approximation, the condition t,|, << Гt}, should Ье fulfilled.

This condition is fulfilled the more precisely, the grеаtеr the amplitude of the

vectoT potential in (2а). Using the notion of the Rabi frеquепсу [12], we obtain

ti, : hll@i,o|t., where tб is the amplitude of the electric field of the light wave

acting оп the ,4(2) atom.

Thus, say we have been able to create entangled states Ф"1"; (42), (43) for

two widely spaced atoms. Bouweester et at. [13] could do this using one photon

source which distributes in а random manner photons randomly polarized in trvo

d,ifferent directions. Krein and ZeilingeT [14] used for this рuIроSе an electron

sоurсе. In оur case7 one possible way of creating entangled states mау Ье the use

of two Ьеаms of double-Ievel atoms irradiated in а rапdоm mаппеr vrith а light

field.
In ассоrdапсе vrith the sense of the obtained solution (45), (46) for а system of

two resonance atoms in the field of actual photons, we represent the operation of

the information system as follows: let us assume that the system operation begins

at а time tz: Rlс at the location of the,4(2) роlаrizеr atom rvhen this atom is

irradiated with the field of а light wave with а frequency u) : цJо. Дt а local point

in time, tt : 0, both atoms аrе in the ground state rvith ап епеrgу ,Е6, and at а

point in time t{/ the ,4(1) observer atom goes into an excited state with an епеrgу

En: Еg!hи. дs this iakes place, the ,4(2) atom remains in the fоrmеr state rvith

thb energy -Е6, and the average епеIgу of the system, calculated with the help of

the rMave function (29) with the amplitudes (45), (46), will Ье determined Ьу the

formula
(Е) : lA1|2(2Eo + лruо) * lA"l'(Eo + En + hbl(n. - 7)), (47)

Fоr an interatomic distance ,R : 30 km, the time it takes fоr а photon to сочеr

this distance with the classical means of information transfer will Ье fp : 10-4 sec,

The time of information trапsfеr due to the effect of quantum teleportation is

given Ьу ti, : hl{(i*g|tg). Fоr d,o : 4.8 х 10-21 units of the cgs electrostatic

system'arrd to :'i6-i units of the cgs electrostatic system, we obtain tfl :
z, l х ro-5 sec. Thus, the velocity of the information transfer due to the effect of

quantum teleportation,UQT: Rft!|l :1,4 х 106 km/sec, is substantially higher

QuabTTuM TBrrpoRTý

than the velociý of ligh
the relativity ргiпсiрIе.
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