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Abstract
Тhе feasibility of rеsопапсе_ trапsfеr of quantum information from one

tTro,level atom to another that is at ап алЬitrаrу distance frоm the fоrmеr one
has been proved. Symmetric and antisymmetric combinations of the wave
functiorrs of individual atoTns аrе considered. When taking into account the
interatomic dipole-dipole interaction, а сеrtаiп епеrgу соrrеsропds to each
чrаче function. А solution hаs Ьееп found to а system of equatioTB for the
amplitudes of the probability that а rеsопапсе photon rMill Ье аЬsоrЬеd Ьу
one of the system atoms, and it hаs Ьееп shorMn that the interaction of the
system vrith actual photons has the result that the Trave function of the
fiпаl state of the system сап Ье represented аs а linear combination of the
functions (00|, (0п|, a,Trd (n0 corresponding to the gTound'and excited states
of individual atoms. The amplitude of the probability of еасh of these states
depends on the interatomic distarrce and on the ралаmеtеrs of the action of
actual photons on atorns. Тhrее types ofsolution to the system ofequations
have been investigated fоr ,the rеsопilrсе апd попrеsопапсе absorption of
photons arrd different inteгatomic distaлces. It has Ьееп shown that чrhеп
atoms аге at агr infinite distarrce fTom one апоthеr, so that there is по dipolo.
dipole, interaction of atoms, quantum information са,п Ье trапsfеrrеd from
one atom to another rrith а characteristic time considerably shоrtеr than the
time it takes foT а photon to сочеr the iпtегаtоmiс dЫапсе. This effect Ъ
rеfеrrеd to as the effect of quantum teleportation in а system of rеsопапсе
atoms.

Introduction
The unit of quantum information (quantum bit оr qubit) is а superposition of
two base functions of а quantum system [1I. А method foT wTiting quantum in-
formation on ап individual double-level atom of а system taking а region vrhose
linear dimensions аrе substantially smaller than the wavelength of photons has
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Йr(й) + Йz(ф), and ореrаtоr of еlесtriс dipole,dipole interaction between them,
+(+).
"5,ёd,

й -й + t:*) - н{r') + йr(й) + i;(,i)("; ,rъ;Е).

?п,(1)ф", (2) ,

(5)

(б)

antisymmet-
perturbation

TBIBpoRTATIo}J AN D Т

Неrе
Ф(i.2 -

Ф

аrе the gеоmеtriс fасt, ,

corresponding axes &il,_j,

Note that the qua]-,

symmetrical (antisr-lll1llt

_\Е. =

First-оrdеr согг€сt it_i]

rеа1 parts dE_- arrd i]Д

dE_..,. ,г

Неrе

,Lлз
f na аrе observable stгеtl

The expression-. fol
size of two-atomic quеllt

neglect retardation of Cj

substitute соs(и,,gД ,с =

to omit terms contairrii;

As one rMould expeci. I

the епеrgу of resonalli €

closel5, опе frоm оthег.
Т}rеrеfоrе, ц,е see ti-

symmetrical and atltisr-i

F,гlJ5 
- 

1-7,

Ео - Е,

and wаvе functions

{/, - Ф,. €

ц,lrеrе tr is the ioca1 tii
atom Д(1).

Let Enrn" : En, * Еr, and lnryz) але the eigenlalue and eigenfunction of "un_
perturbed" operator of energy Но : Hl + .Flz Trithout interatomic interaction,
respectively, Тhе unperturbed rvave function of the initial state of tlMo atoms has
the fоrm

l00) : ра(l)ро(2) ехр (-iEot1 l h)ехр (-i0ot, l h) = Фо(t)Фо И.
Here ,Eg is the energy of the initial states of the first апd second atoms, the indices
1 and 2 соrrеsропd to the coordinates and times fоr the first and the second atom,
Tespectively. Fоr atoms having no constant dipole moment in the first оrdеr of
perturbation theory, the energy corTection is zero, i.e., (00|Йý|)|0О) :6. Тhе
interaction between the atoms distorts the vrаче functions of the atomic states,
and the disturbed wave function fo1 а system of tvro atoms in the ground state
has the fоrm [10, 1]):

(Ф,, (1) Фn,(2)lt ;-*) |Фо(1)Фо(2))

(2)

(3)

vrhеrе the indices п1 адd ?}2 colтespond to intermediate states of the atomr. {iJ
consider the state {/0(1)!Ir0(2) as initial state of atoms interacting with field of real
photons.

Let the final state |п0) of tпro rеsопадt atoms corresponds to the excited state
|n) of аtоm А(1) with wave function Ф,(1) : 9*(1) exp(-i,Entlffi) and епеrry En
andgroundstate |0)of atom,4,(2)withrMavefunction Фо(2): rp6(2)exp(-iEot2lrb)
and energy .Eg.

In the zeroth approximation, to the stationaTy state of the sptem соrrеsропds
to two ruаче functions:

Ф,(1,2) -

Фо(l)чо(2) : Фо(r)йо(2) +' 2Eo-Enr-E*"

lФ,(t)Фо(2) + Фа(l)Ф,(2)] ,

lФ,(l)Фо(2) _ Фо(|)Ф"(2)] .Ф" (1,2)

1
-----:

Jz
1

----=

Jz
In order to obtain corrections to the епеrg}i of symmetrical (5) and

riсаl (6) states of system of trMo resonant atoms in the first оrdеr of
thеоrу опе has calculate the mеап value of the perturbation ореrаtоr Йп$) {l) i"
these states, i.e.,

Аt, - (Ф" lt:*) |Ф,),

Substituting the expressions (1), (5) ё (6)
that

ьЕо - (Ф" lt ;*) lФ,). (7)

into the matrix elements (7) rMe obtain

ЬЕ,(я) - -А Е"{R} - k 3 "i,uoR/"[(rlalo) l' х

Х [(# -й") -(1,2) -Ё*3] -А,ЕАА(Е) (s)
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It is арраrепt that states (15) аrе entaлgled states of а pair of iлtеrасtiлg atoms
Ьесаusе in these states sepaлate atom-qubit has not ceTtain епеrgу.

In the first order of perturbation theory the contribution of dipole interaction
in complete width Г" (Г,) is determined Ьу imaginary раrt т" (то) of doubled
complex shift А.Е" (АЕ.),

TBrBpoRTATIoi\ AI\ D Т

the quantum transitiotr l

given b.v fоrmulаs (15 .

Е;,:

rчhеrе the uрреr sigll с,_

ц,,hilе the lоъrеr sigrr ге,,

а reai photon. А is til.
transition 'ФЯ) -+ V. 

__

With that, w€ shall ccills

system of equatiotls T-iir

.*dO- I-x

dtt

. * dТ,n 
'_- 

х
ttl 4ц - f ,-

ц,hеrе Е+ - (dt, - ft-\

Да is the amplitude of t:
ц,hich is absorbed at t:,
The matrix еlепrепt i'-
of the initial state. Ti.l

approximation fоr а s},s

is frош those terms о: : i

time is determined 1_,i- .

wili also take рlасе f,'ll

(21) :

and eliminate аm fгоtт,

equation:

u.itlr the coefficietlts l_,._

It is well knoч-tl tiia:
rеsопапсе interactiorr is

If, at а certain poiilT .,l

is in а state rь,hеrе о}lе

transferred to the оtilеr
With that, the tirle -'
than the lifetim* Г; ;

vrhеrе

rl,z;.) :[Ж-Ж?],,"(Т) -##-,(#) , (17)

79 is the radiation rate of an excited state Д, of the isolated atom.
The general expression (16) fоr ъ and ?с cal} Ье essentially simplified in the

limit cases of "large" (В > )о) a,nd "small" (а < R q< )о) interatomic distances.
Fоr example, ,when ugRf с ( 1 and orientations of dipole traдsition аrе identical
in the both atoms (0i : 0t, 0| : 0oz, 0i : Qil formula (17) becomes

(16)

(18)

(19)

The complete rvidths of symmetricai and antisymmetrical states аrе of the fоrm:

We сап see that under the condition Л ( }о the rеtаrdеd interaction of atoms
in the symmetrical state ![r, (15) leads to doubling of natural width of atomic
levels. Fоr antisymmetгica] state the vridths 7о and 70 compensate еасh other
almost completely, and the complete width Г" is small when соmраrе with 76.
It mеапs that vrhеп Л ( )о rеtаrdеd interaction of atoms completely suppresseý
radiation decay of excited states of atoms. This рrореrtу of mutual influence of
closely located atoms was interpreted in [12] as near-field effect.

In рареr [13} the neaT-field effect was proposed as а basis ofwriting the quantum
information on separate two-Ievel atoms of two-qubit quantum computer Ьу means
of intensive quasiresonant radiation at а modification of an angle of incidence
of external wave, Reading of the quantum information (after calculations) сап
Ье реrfоrmеd Ьу means of тrеаklу intensive рrоЬе radiation using solutions of
equations system for dipole oscillators obtained in [12].

Quantum teleportation and resonant transmission
of quantum information between two atom-qubits
Let us assume that at the initial point in time t1 : 0 the system of two atoms
uпdеr consideration is in the state ФЯ) : iРo(1)i[o(2) (see (а)), Let us consider



'salBls (рсr.rlаштu.{slluв) рuв 1вэт-тlаtutu.{s ачl uт sIIIо}з зо (il.i aTпIloJH atl+ uзq+
Jацочs dlqвларrsuос sI uоI}вlIэха ач} JaJsuзJ} о1 ралтпЬэ: /J аtпI} ач} '}3ч} ч}I/!\
,uоI}свJо}uI a)uвuosal qЗпоrql ",g g lч : /J аuп} в uI шо}в Jач}о эч} о} parJaJSuBJ}
aq IIIiД '[от] ,rl u,цочS sB 'uоrlвlrсха sTq1 'раlтэха SI Iпо+€ аuо аJач.ц a}B+S в ш SI

srпоlв alodtp IBcI}uapI ол.!I} Jo BuTlsTsuoc rualsds в 'аrпт1 ur 1urod uIB}Jac з }в 'JI
,IoTl ",g g lц аrur1 а8uвqаха сI}sIJа}эвJзчс ач} dq раuтtп.таlар sT uоI}свла}uт аэuзuоsоJ
rтаq1 q3полq1 ýпо}в uааlr,r,}эq suоI}€+Iсха dq а8rrвqэха эq1 tBq+ u.цоuч па.ц sI }I

,I1 ашI} IBDoI ач} Jo suol}cunJ pagraads 8uTaq sluаrашаоэ ач} ч+]l!l

{ус)'0 - ,чl,|u*,{ l'q + uч*" 
- 

u.q.

:rToTlBnba

Luo4 1ЛD э}вuIшIIэ рuв

,(тz)
,sЬg ur neolaq SuoI}n}I}SqnS аq} а{Еш Sп }arI ,цlftч + "я9)- : -з sB раugар '-з
ч}Iдr +з acqdal а^ (Tz) uI JT IаuuЕчс эт"rlаrurпdsrluв ач} JoJ ээвld аlв+ оsIз IIIд
suoTlBnba зо ruащds JвIIшБ ч ,(, 

- 0о) dаuапЬэ.ц rrro1 в dq роutтu:аlар sl ашI+

uo аэuарuаdар ач} qаIqlд uI uоrlвпЬа апвш, лаЗurрgJч?S эч}Jо sIIIJa} аsоч1 Tuo€ sI

uol}nqтJ+uoc 1trвэцu8ts }sош ач} }зч} чэпs 'su:o1B;o тпащls в JoJ IIоI}вшцолddе

IалаI-оlц} оч} о1 sрuоdsаlrоэ (16) suоцвпЬа до uraщds аqд ,alB}S 
рт}шI ач} Jo

(7) uоrlэuпд аq}Jо stцJa} 11в +uпоссg o1u1 sqB1 (6z) ul 0',! luатuаIа xIJ}€uI эчJ
,н, Jо}сал SпIрвJ ач} ч+р!е шо1€ puocas аq+ Jo uоI}вэоI ач} }в paqJosqв щ чэщпд
foloqd [вэJ ач}Jо Jо}сал алвпл ач} s1 

з '1Bllualod лоlэаzr ач}Jо арп}Idrпв aq1 sr Оу

(zz) '(glл;С*" О\очоп?_ : u*д

dq uапrЗ sI uoITsIIBJ} ач} Jo }ualuala ж.r+вш аq+ :ql(чq - ?g) - *з алач.lп

'u)O(rl+зр-)dха uYr{ _ 3r, {<i , uпр

'uо(l++з?) ха "Y,{ - u,о[r+(nl + u*n)z]dxa uT.{ 
- :У ц, ;LJ 

-пр

:0 <- I?"J 1вq1 osyroлd aq}

ч}.rд Чr prrB *о sарпlцdruв dlцrqвqо;d ач} ouIIIIJa}ap qсч.ц suоrlвпЬа зо tuapds
3urшоцоз ач} алвч адл 1д * tЫФ Iаuuвчс аr.rlашuтds ач} Jоd ,лоч}отrв аuо шо+
dlаlвлвdаs "д * tЫд рrrв "д * (ыд suoITsuBJ} ач} Japlsuoc Iрqs ац '}вч} ч}Iд\
,uoloqd ачt Jo IIоI}tsFчIuuв Jo +uала ач+ о} sрuоdsал.rос (")"д <- ,ffjд 

uoItрtrB:+

шпlr:впЬ ач+ }вч} alunssв sп }ат ,Зuпml-до эcuвuosal aqt sT V irioloqd 1ва.r в
gо dcuanbag ач} ц о '0д alels аrrlаrптшdsllrяв S+I о} SJaJaJ uЗrs *аlrшо1 ач+ аIтцлL

'rrвd crrrrolB aq1 gо 9д а}з}s эIJ}аIцruds аq+ о1 spuodsal.roc u8ts юddп аq+ аJачде

'(ч + Фч- -'gч *ug - аg 
- (#g - {ffg

JорISuоэ Sn }ат ,(tr ;;

Sшо}в oiY\} Jo uIэ}S.iS ;l

S}Tqnb-fuo}E (

uoISSIuISuEJ} }]

Jo SuoI}nIoS ЗtTTsn IIC,T _

u€э (suотlвIпэIЕJ Ja l;I:

suвalп {q -TalndrrTo,э T_L::.

шп}uвпЬ аq1 3rTTlT-t_lr ]i]
,}Ja..*;

Jo аэuапЕuI Iзn}ntLT ;(]

sassэJddns .,,(1alaldllIo,] ]

'0l- Ч}IД\ а"твdrrtоэ т_тэLт_,

Jач}о чэва э}ЕSuэdт_..:,_

эItuо}в Jo ч}рIлtt IЕ;:. - ?

SIUO}E JO LIОI}ЭВJЭ]LIl :

i-
(ol) (;" ,, ;(-.. ]

:ILIJOJ эчт Jo aJE Sa}E-S

(вt)

(zt)

(gT)

{
I

(Tz) {

L

SatLIojac;

IвэI}uэрI aJB LIOI}ISLIE.r].
,SээuЕ}SIр эILLIо}вJэ}LI j

аЧ} щ pЭsTIdLLTTs -tliBr-li
,urо}в 

р
,(й) *"f

'(Е:z'т)J

(оz)рэIqпор Jo ("t) ý,L }jrв

uот}эвJэ}uт эlоdтр Jo Iк
,rtВлэuа п

sшо}в ЗuтlэвJэ}ЕI Jo J.r€

>Iлтлуd ,с ,о 'YNлтY

sts аsвэ slq} лоз d8:аuа uoI1rsTIBJ} ач} аugар а,ц ,(gт) sBImuJoJ dq ua,r€
а.тв (О)"л suoT+cunJ олtsлi ач} аrаqла, '(")ад : (0iд * tЫд 

uоIтsIrЕJ} шпluвпЬ aq}

69 NоIIчиIuодNI иIпJNчпý ло l.TotsslиlsN]r'EJ cNv NoIJvJ;uods,IцJ



60 V. Yu. LazuB, О. К. RBtTv, S. I. Мyнат,чгла, О. F. Рдчlук

In this рареr, we consider
interacting atoms exists is

[10], w€ take into account,
their interaction with the

ТЕrвроRтАтIоli AND

А. Тruе resonanc

Fоr the case of truе геsi

we obtain the follorr-itl:

А1 - COS(iE.

i,F*-д ."-u'' 5ili,!J-л'2 
h,а 

Jlf l

mахimum at а tinre ]t

minimum.

В. Iýопrеsопапсе
distances

Let us consider tire с а:

not coincide r,rrith the
assume that the concit

1-_д:

Thus. during поIlrеsоll
аrе realized. T}re st а1

sorption of а photoil а

transition of the fiгst
rеасhеs а maximrrtrl ai

С. Resonance аЬ
distances

GivenA:OarrddE.

At - cos( iГ-,, : -

At the initial point il
ground state. Horтeгe
state Ф,(1)Фо(2) fгоt:

tl' : тГъl2lF*п; tlie р
tum iэit of informatioti
interatomic distance i.

tion in а sy,stem of tr,,-

which corresponds to а s}rmmеtriс
with the field of rеаI photons:

ic- l
," sirr(o+f ,) l lо(l)Фо(2) -

-J

Жexp(-ieati /2) sin(Q_pt1 ) #r' "( 
1 )фо (2) + ро ( 1 )й" (2)] ехр( -zб Е 

" 
l h). (25 )

Fоr an antisymmetric inteгaction channel we replace еа rvith с- and Q1 with
Q-. Неrе ,we have

fie}d of rеа1 photons.
Fоllо,ллiпg [1], we obtain а wave function

channel for the interaction of а раir of atoms

г
Й, (rr) _ + exp(dc|+tt/2) |cos(a+*r)чz L

€а - (+6 Е, - h^) lh, Qa -

The wave function of the final state of ап atomic pair, Й(tr) : 
[,,I,"(tr)

will then take the fоrm

_ 'ie+

2о+
,ic _

- 2о_

Az: 'iFn*
-2h ехр(-rс+ tt l2) sin(O+t1) ехр (-iб Е,И l Гr) +

thеrеfоrе, the епеrg.ч бЕ', (12) is independent of tinre.
а situation where the time с1 for which а s5rstеm of t,иrо

a}so short соmраrеd to Га1; Ноwечеr, in contrast to
besides the interaction of the atoms with опе another.

, 'iFnrn
U2h ехр {-i,e.,t, 12} sin(Oat1 ) ехр {-iб Е,И l rr) +

й(tr) : Афо(1,)фо(2) + А2Ф.(l)Фо(2) + лзФO(т)Ф.(2), (27)

where the probability amplitudes fоr possible states of the system are given Ьу,

siп(Г}аr,)] +

sin(Q *t1,] 
} 

,

; tехр 
(i,cat'12) 

[."*(a+tr)

* ехр (iu_ttlz) 
[.о*(П_f 

r) (28)

Гtl-

La*

sin(Q_t, ) "rр 
(iб E,t, l h)1,,j (29)

Г1
L-п

+ # ехр( -,ilc_ttlz)sin(O*tl)exp (iбE,rrin)] (30)

The probability amplitudes (12) are normaiized Ьу the condition lЦl2 +lАrl'+

цrhеrе both atoms have ап епеrgу
the behavior of the functior, Й(tl)

Еа, i.e., ,41 - 1, Az - Ag - 0. Let us consider
at subsequent points in time.

|F-пl2 f Е2
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related to the superposition principle of quantum mecharrics, and corresponds to
the quantum mеапs of information transfer whose characteristic time is defined as
t'|' : ГlllF.-|, in contrast to the classical mea,ns of information transfer with the
characteristic time to being the time of flight of а photon through а distance Л.
In ассоrdалсе with the sense of the obtained solution to Eq. (24), the condition
Г"(о)t'1' -+ 0 should Ье fulfilled. This condition is fulfilled the mоrе precisely, the
greater the amplitude of the vector potential iл (22). Using the notion of the Rabi
frequency [14], we obtain t'i' : hlJ2li.ol4o, $rhere -Eg is the ampiitude of the
electric fieid of the light vrave acting оп the second atom.

Thus, say we have been able to create entangled states (5), (6) for two vrideiy
spaced atoms. Bouweester et ai. [5] could do this using опе photon sоurсе чrhiсh
distributes in а random mаппеr photons rапdоmlу polarized in two different di
rections. Krein and Zeilinger [?] used fоr this рurроsе an electTon sоurсе. In оur
case, опе possible way of creating entang}ed states mау Ье the use of tvrо Ьеаms
of double-level atoms irradiated in а rапdоm mаппеr vrith а light field,

In ассоrdапсе Йith the sense of the obtained soiution (33) fоr а system of two
Iesonance atoms in the fieid of actual photons, we represent the operation of the
information system as follovrs: Let us aýsume that the system operation begins at
а time t2- Rlc at the location of the second, polarizer atom rчhеп this atom is
irra,diated rпith the field of а light vrаче with а frеquепсу Q : uJу. At а local point
in time, ft : 0, both аtоms аrе in the gTound state with ап епеrgу .Eg, and at а
point in time t{/ the оЬsеrчеr atom 1 goes into an excited state with an епеrgу
En: Ео*fuл. As this takes place, the аtоm 2 remains in the fоrmеr state vrith the
епеrgу Е6, and the average епеrgу of the system, calculated rvith the help of the
vrаче function (27) with thе amplitudes (ЗЗ), witt Ье determined Ьу the fоrmulа

(t) - lArlr2Йo +

The process under consideration occurs background of another process,
an excited state uпdеr the action

ТВlВРОНГАТIОN AND

1.5 х 10-5 s. Tirus. tr
quantum te}eportatiol.
of light. }ievertheiess.
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(36)

of а rеsопапсе light wave irrespective of the рrеsепсе of the first atom. То separate
this process frоm the рrосеýs of quantum teleportation, vrе caiculate average values
of the dipole moments that determine the amplitude and phase properties of these
processes. The dipole transitions in the system of trvo atoms in vievil of the effect
of qua.rrtum teleportation аrе defined Ьу the following ачеrаgе:

(dr + dzlqT - AlAz(dal) exp(-rrorr).

having the result that the second atom goes into

urhich differs frоm (35) only- b5r the phase tеrm.
FЬr ап interatomic distance R - 30 km" the time it

this distance with the classical mеапs of information
s. The time of information transfer due to the effect

The dipole transitions of the second atom vrith its correlations with the first atom
not taken into account аrе defined Ьу the average

{dr} - 012) siп{2х/2tо l d,"oltz lh) ехр (-i,agtr )(do,),

takes for а photon to cover

of quantum teleportation is
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