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Atom-atom correlations induced by resonant coupling with a laser field
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The correlations arising between identical atoms resonantly coupled with the same radiation field are studied
within a fully quantized theory. The atoms do not interact with each other and may be widely separated. We
study how a modulation of the atom-field parameter of any one atom is transmitted to the others. This exchange
of informations between remote systems was predicted in a previous account in the case of tm@igttahs
transmission by optical correlationsn this paper, the theory is generalized to more than two atoms in order
to model the effect of onlooker atoms. Outlines of experiments enabling investigation of the observability of
these correlations and the applications that can be made are pre$&i@sD-294{©9)05106-9

PACS numbdps): 42.50.Ct

[. INTRODUCTION example, in the case of two atoms, we assume that atom 1
emits the photon while atom 2 is an onlooker and we calcu-
The situation which is the topic of interest of this work is late the probability for this event. Then, without changing the
that of identical two-level atoms not interacting with eachatom-field parameters, we calculate the emission probability
other but resonantly coupled with an external radiation fieldfor atom 2. One verifies that, as expected, the sum of the
(lase). It has been showfl,2] that a pair of two such atoms probabilities is unity, which implies that if the value of one
coupled with the field via single-photon resonances are coref them varies, the other is altered correlatively. In other
related. The conditions under which these correlations occuwords, the atoms share the emission probability which is
are satisfied by atoms confined within interaction volumesaunity for an external observer whose sees the two atoms
whose size is much smaller than the wavelength of the rawhile two local observers, who ignore the presence of each
diation. We have called the regions, occupied by identicabther, will measure the probability rafe<1) corresponding
atoms, where the field paramet@pbase, polarization, wave- to the atom they look after. In the case of strictly identical
length can be considered as constastiprocal areas atom-field systems, the correlation is shown to be maximum
In order to generalize what holds inside a single recipro-and the probability is shared at equal rates. Since the atoms
cal area, we note that many identical atom-field systemsare correlated via photon emission this correlation manifests
along the laser beam exist. These hot points are separatédelf in the entanglement of the photons emitted by the at-
from each other by integer multiples of the wavelength andbms. Therefore, one can speak of atom or photon correla-
are themselves correlation centers. Such a cloning of recigions interchangeably.
rocal areas is made possible because the properties of the To study the correlation occurring between two photons
laser field show a spatial periodicity. Therefore, owing to theemitted at different placegemote reciprocal arepwe resort
indistinguishability of the atom-field systems inside remoteto an experimental device, a part of which is used to test the
reciprocal areas, the events occurring in each of them aneonlocality of quantum mechanics via fourth-order interfer-
influenced by similar events occurring inside the other onespmetry[3,4]. In such an experiment, two strongly correlated
in the same way as they are within the same area. Then, thghotons are launched on two interferomet@igsch-Zehnder
modulation of one or several atom-field paramet@nsen-  or Michelson which, in contrast to usual second-order inter-
sity, polarization, energy of atomic levels, ¢tm any recip- ferences, provide high coincidences rates for path-length dif-
rocal area changes the strength of the correlation with théerences much larger than the coherence length of the pho-
other ones and can be detected. This mechanism, which etens. Conversely, in the case where large coincidence rates
ables remote experimental devices to exchange informatiomre observed for path-length differences much greater than
has been namesignal transmission by optical correlations the coherence length of the radiation, one deduces that the
(STOO. photons impinging on the detectors are correlated. The ex-
The aim of the present work {§) to revisit the problem of perimental arrangement becomes an efficient apparatus for
resonant single-photon emission from a system of two identhe measurement of correlations of unknown photons.
tical two-level atoms initially in the upper stat@i) to gen- The emission processes taking place in the reciprocal ar-
eralize the calculation to the case of three atoms, (ando eas are correlated because the exchanges of photons between
propose the principles of experiments proving the existencéhe atoms and the field are not located and infinite in number.
of such correlations and displaying an application which carThus the entanglement of photon states involving two remote
be made. reciprocal areas can be efficiently tested with the above ex-
The problem is to calculate the probabilities of resonaniperimental device. The photons are supplied by sub-beams
single-photon emission by the atoms lying inside a reciprocatleflected at right angles of a laser beam interacting with a
area. By comparing the values of these probabilities, onéwo-level atomic vapor.
deduces the presence and the strength of the correlations. For An interesting application of STOC is to provide an alter-
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nate way for quantum cryptography. The interest in using
guantum cryptography to exchange information is that any
eavesdropper who tries to break the secret of the cipher per-
turbs the signal in such a way that the sender and the receiv
easily detect the presence of the eavesdropper. To model the
consequences of an eavesdropper in STOC, one introduces
additional atoms and calculates the resulting distortions of
the two-atom results. To this end, some results of the calcu-

lations involving a third atom are reported.

Il. THEORY
A. Spin-3 formalism

In what follows, the interaction between tfte atom and
the field proceeds via the exchange of a photon labkled
The indexk accounts for all the features of the field in a
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n
H=H4+ H,:+]Zl Zk (Ve Vi, (2.5
Where
n
HQ:JZl 00;Sh, (2.6)
H|::2k wkaiak, (27)

and

Vik:(VIk)* = (aLSj_+ a{'(*SL)ak (j=1---n),
(2.8

well-defined I’egion of space. It enables one to compare th@,here for more genera”ty, the energy level Separatmas

values of the field at different places of the beam. The re
gions of space for whick=k’ are indistinguishable and the

are assumed to be different.
From Egs.(2.2 and (2.3) one obtains the commutation

events occurring at these places are space independent. Singgtions for the operator¢™,

two-level atoms are involved, the Hamiltonian of the atom-
plus-field system may be expressed within the spiarmal-

[V} Vi -=0 2.9

ism. The correlations are related to the commutation rela-
tions of the field operators expressed in terms of spin-flipand

operators.
In order to take into account all the contributions to the

ViV o] =£{(a} a},8.9 + afal, 5 )

correlations, we do not use the rotating wave approximation.

The Hamiltonian for am-atom system igin atomic unit$
n
H=3 0gSht+2 (S +al S, )(a—a)
=1 1.k
+z wkalak, (21)
K

whereS;= 03/2, o3 being the Pauli matrix, anSji are the
spin-flip operatord’5] obeying the following commutation
relations:

[S.,8] ==284;, (2.2
and
[S,,8.] ==8.5;, (2.3

where, as Dicke difl6], the operator$; andS.. are labeled
by the index.

In Eq.(2.1), the coefficientv:‘ is expressed in terms of the
photon frequency wy, the single-photon fluxF'/Fg
(F’ =flux/photon numberF,=3.22x10** cm 2s™}), and
the dipole matrix element corresponding to jlieatom as

o F’ 1/2 L
akzl(F—O) w&/21~<i|rj'sk|1)j, (24)

whereg, is the photon polarization while the upper and the
lower states of th¢th atom are denoted by+); and|—);,
respectively.

The Hamiltonian of Eq(2.1) can be rewritten in the fol-
lowing form:

+C-C'}5k,k’ . (21@

Equation(2.10 is the condition for correlations to stand be-
tween identical atoms labeled pyndices. It shows interest-
ing features which are corroborated by numerical calcula-
tions, (i) the occurrence of correlations does not depend on
the intensity(absence of field operatoand(ii) the commu-
tator does not vanish forj#j’, which indicates that
absorption-emission processes may involve two identical re-
mote atomgwe note that in contrast to the field operators,
thej’s designate the atoms, not their states

B. Nonperturbative model

The effect we are concerned with involves the resonant
coupling of two and three atoms with a radiation field. One
knows that lowest-order perturbation theory fails when the
magnitude of the(intensity-dependeptinteraction energy
becomes comparable to that of an eigenenergy of the unper-
turbed system, or when the energy difference between any
two atomic levels vanishe&esonances In this case, the
perturbative series representing the solution to the problem
under consideration diverges and the lowest-order term is
unable to predict the behavior of the system. The relevance
of the theory may be restored by making exact resummations
of the perturbation series in order to increase their radius of
convergence.

Here, we are faced with the complicated problem of han-
dling four (two atomg and six(three atomsnoncommuting
absorption and emission operators. The problem has been
exactly solved in the case of two and four operators. For
more than two atoms, the number of contributiofka-
grams rapidly increases and the solution to the problem can
only be found by isolating a hard core of contributions which
account for the effect of additional atoms.
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In the Smatrix theory, the behavior of any system can bewhere ("«*)G(z) is the operator describing the resonant
predicted once the time evolution operator is known. Thisemission of a photon by atom 1. As a result of the resumma-
operator can be calculated from the resolvent opel@{(@) tion, this operator can be expressed as
by means of the inversion integral

MtDG(2)=G(2)BG™(2), (2.17)
1 _
_ —izt
Ut)=5— ée G(z2)dz (2.1)  where
where
G(z)= —, (2.18
1 1-p"(2)—p (2)
G(z)= H (2.12 L
G ()=—7F—, (219
The resolvent theory is well known and has been widely 1-p7(2)

utilized for many purposef7]. In particular, it provides a

powerful tool within the formalism of the dressed atom. It @nd

enables the resummation of diagrams within a time- n

independent theoretical scheme. For the sake of brevity, only o) — ot ,

the salient results are recalled below. p (Z)_le BiGT (@A, (220

According to Eqs(2.5) and(2.12, G(z) can be expressed

as n
p (2)=2 AG (2)B;, (2.21)
G(z2)=Gy(2) +Gy(z)H,G(2), (2.13 =1
where the subscripk has been dropped since the field is
assumed to be the same everywhere.
n The absorption-emission operatdks,B; of the jth atom
Hi=2 (V] +V)), (2.14  appearing in Eqs(2.17), (2.20, and (2.21) are defined by
=1 Aj=GoV; , BJ-=GOVJ»+, respectively. To get the computa-
tional formulas, we replac&=(z) in Egs.(2.20 and(2.21)
by their values obtained from E¢R.19 by iteration and then
1 one substitutes the obtained expressions into(£4.9.
E— (2.15 The operators entering into the calculation ®fz) are
Z—(H§T+ HF) much simplified compared to those obtained from the gen-
eral theory[1]. In particular, to make the problem tractable,

In Eq (214), the SUbSCfipt( referring to the field state is we On|y retain the terms where the Operatﬁg(z) are
dropped because it is assumed that the field is the same eYwitched between the lowest-order absorp('m[mission and
eryWhere. The solution of on213 is obtained by iteration emission (absorptioa OperatorsA(B) and B(A), respec-
techniques providing infinite series of increasing powers ofjyely. Higher-order irreducible absorption and emission op-
the interactiorH, . erators have been discarded. The consequences of this ap-

The problem under consideration consists of calculatingyroximation can be evaluated via the total emission
the resonant emission probability for atom 1 in the presenc@robability, which must be unity. The numerical results we
of atoms 2,3...n (which also can resonantly absorb and have obtained in most cases show that this last condition is
emit photons of the field Initially, all the atoms are assumed fyffilled to a high degree of accuracy. Therefore, the approxi-
to be in their upper states. The initial and final states of thenation which consists of discarding certain classes of

where

and

Go(2)=

system are|a;,ay, ...,a,;N) and |by,a,, ... 2Nk higher-order diagrams does not affect the final conclusion.
+1), respectively, i.e., atom 1 emits a photon by making a

transition from the upper statg toward the lower statb,, IIl. QUANTITATIVE ANALYSIS

by the time atoms 2,3..,n remain in their initial states

labeleda,,as, . . .,a, while n,, the number of photons in A. Analytic formulation

the modek is increased by one unit. Notice that the influence  Equations (2.16—(2.21) enable us to compute self-
of atoms 2, 3, etc. on atom 1 is independent of the choice cfonsistently, to all orders, the probability for the resonant net

lower states. photon. The formulation of the problem is done in the case
In the general case ofatoms, the matrix element one has yyhere atom 1 is isolated while the- 1 remaining ones are
to calculate is grouped at a remote place in the same reciprocal area, but
(Mg 2) other situations can be studied within the same framework.
bp.ay, ... 8nia1dy, ... 2y In particular, the numerical results of Sec. Ill C are obtained

in the case where the onlooker atom lies inside the reciprocal
area containing atom Zlactive atom. The computational
(2.16 codes we handle are made tractable by limiting the number

=(bja,, ... an; N1 VG(2)|aja,, .. . 8000,
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of iterations of the continued fractions to that ensuring theinto a form characteristic of two-level problems. In doing so,
stability of the results. The most convenient way to formu-the matrix element corresponding to the net emission of a
late the problem is to put the matrix element of E8.16 photon by atom 1 is

ag

ne+1 —
(& )Gbl,az ..... Q87,8 -y a, (Z)_ n

Z— wyl2— JZZ 00j/2= R 4, (2)

n 1
|:Z_ w+ w01/2—122 wOj/Z_ RaZaZ(Z):| - | CV]_|2
(3.1

where it is assumed that the atoms are initially in the upper state. This formula is calledbthevel formulabecause it has
the same form as the one encountered in the theory of two-level atoms.

In Eq. (3.1, the origin of energies has been changed by subtracting the quagtitgverywhere. On the other hand, for
each atom this origin is half the distance of {naked levels, i.e.,wo(1,2)=|wa(1,2)— wb(1'2)|/2. The atom-field paramete
are given by Eq(2.4) where the subscripts and the superscripts are replaced by a single subscripts ahe related to the
intensity by the relation

14.038< 10"
|=—————aj, 32
(Je-i?

which, in the case of theS:2P transition in hydrogen reduces lte- 2.53x 101X a2, wherel is in W/cn? anda is in a.u. The
operatorR(z) is called the effective operator or the shift operator because it provides the contributions to the shifts of the
levelsa, andb,. Its matrix elements are expressed in terms of continued fractiong ,0f», and wy; whose number and
complexity rapidly increase. For brevity, we do not write the most general expressionsithagix elements. We display

the formulas obtained in the case of three atoms and we write only the beginning of the continued fractions. One obtains

2
R, . (2)= ||
a;a - 2 2 2
e Wop W2 Wo3 |a1| |a2| |0‘3‘
ot T T
W1 W2 ®Wo3 W1 Wp2  Wo3 W1 W2 Wo3
z2+t20——F——F———F— z2t2wt+——+—F—+—— Z2+2wt+t———FF——F—""*
2 2 2 2 2 2 2 2 2
2
" \a2|
2 2 2
Wo1  Wo2 W03 |a1| ‘a2| |a3|
A
Wo1 W2 W3 Wo1 Wy Wo3 Wo1 W2  Wo3
2+2wt—+ —5——— ZH20——F— 5 ——F " Zt2w——F+ 5+
2 2 2 2 2 2 2 2 2
2
N || (3.3
2 2 2
Wo1 Wz  We3 [y |z | gl
S R R -
W1  Wg2  Wo3 W1  Wo2  Wo3 W1 Wp2 Wo3
z+t2wt+————F—+——— Z2r20——FF+—+—— Zt2w——F"——F———""*
2 2 2 2 2 2 2 2 2
and
2
Ry b (2)= ]
CILIAS A 2 2 2
i Wo1 Wpz Wo3 |y 2 | s
- 20— —/———F— ——
2 2 2 o 0m Qe @m0 On ©®2 Qs o0 o @z ®o3_
2 2 2 2 2 2 2 2 2
2
+ |a2‘
2 2 2
24 Qo1 @oz_ @os_ |ay] || ||
2 2 2 Wo1  Wo2 o3 W1 W2 ®Wo3 Wo1 W2 Wo3
Zto——F+ 55— Zteot—0— 5 ——— " Zteot—+ —+——
2 2 2 2 2 2 2 2 2
2
n \a2|
2 2 2
W1  Wp2 Wo3 ‘a1| |a2| |043|
Zr2wt ot pro— w Pr—
o1 02 03 01, Wo2 o3 01 02 , @Wo3
z-3w——+—4———5——" z2-3w——4+————F— z2-3wt+t—+—+———+-*

2 2 2 2 2 2 2 2 2
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2
o
N : | g i :
Wo1 Wo2 W3 |011‘ |az| |013|
Tt 0oL 0oy @ - 001 Wog @ oL @og @
01 02 03 01 02 03 01 02 03
+ ____+__... + +_+_+__... + +______...
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N |xsl? (3.9
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One must note that these matrix element®¢H) contain the each diagram, the fermion line on the left-hand side repre-
whole physics of the process we are concerned with. Thusents atom 1 while those on the right-hand side are assigned
the correlations come from crossed processes where one tr atoms 2, 3, etc. The photon absorptions and emissions are
several photon emissions or absorptions by any one atom iepresented by horizontal lines located on the left-hand side
followed by an equivalent number of absorptions or emis-and on the right-hand side of each fermion line, respectively.
sions by the other ones. More precisely, the atoms are coifhere is no Coulomb interaction between the fermion lines
related via the mixing of different species of atom-field since it is assumed that the wave functions of the atoms do
quantities in the continued fractions. This process seems oot overlap. Concerning the topology, we encounter to each
have no classical equivalent. order diagrams containin@) only absorption and emission
operators of atom 1, atom 2, etc., afiig mixings of absorp-
tion and emission operators coming from different atoms.
This last class of crossed diagrams is responsible for the
The operatoR(z) is represented in Fig. 1 by diagrams of correlations because they mix the events corresponding to
increasing orders inspired by the many-body theory. Accordatoms 1, 2, etc. Obviously these diagrams do not factorize.
ing to the usual rules, these diagrams are read upward. Fdiheir occurrence is the consequence of the equivalence of
the atom-field systems.

B. Diagrammatic representation

-,_’ + ___> + _.—’ + N C. Numerical results
To calculate the integral of Eq.(2.11) by the
technigue of residues, one needs the poles of
B R (nk+l)Gbl,a2 ..... a i, .a, ...a,(2). They are determined to
g R . . - .. any desired accuracy by a method which consists of search-
— — > - ing the position of the divergences induced by these poles.
~ i ™ Once the value of the poles is known one calculates the
residues in the usual way by isolating the regular part of
(nk+l)G ] (Z)
by.as, ..., A, 81,8y, -y a, .
One finds that the residue corresponding to the pole of
Res(w;,t)= (nk+1)Hb1,a2 ----- aniag,ay, .. an(Z)e_iwit,
(3.9
where "DHy o o e, ... a (2) IS the regular part
of (nk+1)Gbl,az ..... aiag .y ..., an(z) around the poley; .
* * * * The time-dependent probability is
2
FIG. 1. Diagrammatic representation of the shift oper&r) P(t)= ‘ E Res(w;,t)| . (3.6
in the case of two correlated atoms. The left- and the right-hand !

side vertical lines represent atoms 1 and 2, respectively. The arrows . . . .
arriving at a fermion line are the photon absorptions and the arrowd Ne expression of the probabilit3.6) contains many oscil-
leaving the fermion lines are the photon emissions. The diagram@ling terms. Most of them oscillate at very high frequencies
are read upward. The diagrams displayed in the first three lines aihile few of them exhibit low time variations. The sum of
the contributions to level shifts of atoms 1 and 2. The diagrams othese contributions leads to probability curves displaying
the last line concern atom-atom correlations. They mix the event§lowly varying functions of time modulated by high-
occurring in the two atoms. No Coulomb interaction line appearstequency oscillations. These oscillations can be eliminated
between the fermion lines since we assume that the wave functiorldy calculating the probability per unit time or by averaging
never overlap. over a large number of systems. These procedures which are
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(b)

PROBABILITY

20 00 0.5 1.0 1.5 20

LEVEL SPACING

FIG. 2. Single-photon emission by two correlated two-level atoms. The solid lines and the dashed lines represent the probabilities that
would be measured by a detector placed near atoms 1 and 2, respectively. The ihjesusibe place of atom 1 is kept constant and equal
to 0.045 a.u. (5.128 10" W/cn¥). The corresponding intensity for atom 2lis. Curves(a), (b), (c), and(d) are calculated for intensity
ratiosl, /1, equal to 0.4, 0.8, 1, and 1.5, respectively. Near resonance the two probabilities represented by the solid and the dashed lines sum
to unity according to the probability conservation principle.

easily handled analytically are not appropriate to numericatorrelations with respect to intensity and frequency does not
analysis, especially if no rotating wave approximation isdepend on the way the probability is defined.

used. Since only the low-frequency energy-conserving terms The field frequencyw whose value is unity in the calcu-
have a physical sense, they provide the main support to thiations is used as a scaling parameter. Three iterations of the
discussion. Accordingly, the quantity which is plotted in continued fractions are enough to ensure a good stability of
Figs. 2—4 as a function abg, is the maximum probability the solution. There exist a great number of poles in the en-
that atom 1 emits a photon. Notice that the behavior of theergy plane which come from higher-order iterations. How-

10
08+
(b)
06 |

04

0.2

0.0

1.0

PROBABILITY

0.8

06

04

0.2 -

0.0 I R " T ) n
0.0 0.5 1.0 1.5 20 0.0 0.5 1.0 1.5 2.0

LEVEL SPACING

FIG. 3. Same as Fig. 2 except that the photon emission concerns three atoms. Atoms 1 and 2 are confined within the same reciprocal area
located at a place where the intensity i The probabilities that atom 1 or 2 emits a photon are represented by solid lines. The dashed lines
in (a), (b), (c), and(d) are the probabilities that atom 3 emits a photon at places where the intensityrétje-0.4, 0.8, 1, and 1.5,
respectively. As in Fig. 2, the probabilities sum to unity near resonance.
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1.0 T - T ior of the system near resonance because any multilevel atom
behaves like a two-level atom. In contrast, it is expected that
08 . the additional levels change the probability curves far from
(a) resonance, i.e., in regions where nonresonant transitions are
06 [ . not negligible.
The situation would be somewhat different in the case of
04 | 4 multiphoton transitions. | plan to discuss this problem, which
is out of the scope of the present work, in future.
02+ j In Figs. 2 and 3 are displayed the resonant single-photon
J probabilities of a system of two and three correlated atoms,
0.0 . . . respectively. In the case of two atoms, the solid line repre-

sents the single-photon emission probability corresponding
to atom 1 and intensity; =0.045 a.u. while the dashed line
is the probability that the photon emission comes from atom
2. In Figs. 2a), 2(b), 2(c), and Zd) the intensity ratid , /I,

is equal to 0.4, 0.8, 1, and 1.5, respectivélyis the value of
the intensity at the place of atom 2.

In the case of three atoms, the curves have the same
meaning except that it is assumed that atoms 1 and 2 belong
to the same reciprocal area where the field intensity, is
=0.045 a.u. while atom 3 lies inside anotieemotg area
where the intensity i$,. Both areas are submitted to mea-
surements performed by two observers named Alice and
Bob, respectively. Since it is assumed that Alice and Bob do
not exchange any information with each other, the emission
probabilities they observéwhich are not independent of

LEVEL SPACING each otherare to be calculated separately. In the absence of
losses, these probabilities must sum to unity because sooner

FIG. 4. (a) Single-photon emission from two correlated atoms. or later the photon will be emitted and detected by an ob-
The curves correspond to the emission probability of atom 1 subserver looking at both experimental devices. On the other
mitted to intensityl ; =0.045 a.u. in the presence of atom 2, which hand, since Alice cannot determine which atom emits the
is affected by the intensity,. From top to bottom, the six curves photon, one has to make symmetric the final states of atoms
correspond to intensity ratidg/1,=0.2, 0.4, 0.8, 1, 1.5, 2, succes- 1 and 2 in the case of three atoms. As a result of elementary
sively. (p) S_mgle-photon emission from three correlated atoms'algebra, one finds a probability that is twice the emission
Atom 2 lies in the same reciprocal area as atom 1. The curves havﬁrobability for a single atom.

IEZ isr?thesliTye?::tligg as @) and are calculated for the same values of ™ o hrohapility predicted by our calculations for Alice’s
: and Bob’s measurements is represented by the solid and the
dashed lines, respectively. Near resonance, their sums depart
ever, the contribution of such poles to the probability isfrom unity by factors less than 1%. These small discrepan-
much smaller than that provided by the three principal polegies come from the truncation of the continued fractions and
lying within the energy ranggz=0, z=2w]. from the lack of certain classes of higher-order absorption-

As was previously mentioned, one obtains the maximuremission contributions which have been discarded.
correlation when the atom and the field parameters are iden- We note that the probabilities measured by Alice and Bob
tical at the places of the atoms. Conversely one may alter theum to unity only near resonance. This is a consequence of
indistinguishability of the two atom-field systems by chang-the assumptions which have been made. It is well known that
ing either the field or the atom parameters. In what followsthe probability conservation requires the summation of the
we study the value of the emission probability of atom 1probabilities of all the processes occurring in a well-defined
when the intensity at the places of aton{t®&o atomg or 3  system. In the presence of a resonance, some terms prevail
(three atompis varied. According to what it is usually done, over the remaining ones. They are sufficient to ensure the
the resonance curves are scanned by varying $#€R en-  probability conservation to a high degree of accuracy. In

PROBABILITY

ergy gap of atom 1, i.e., by varyingo; . contrast, far from resonance maflyonresonantprocesses
The intensity value at the place of atom 1 is chosen to bédecome equally probable and are to be included in the sum.
0.045 a.u., which corresponds te=5.123x 10" W/cn?. In the present case, the discussion holds only near resonance

This intensity, which is required to get a good precision ofsince many processes ensuring probability conservation far
the calculations concerning theS22P transition in hydro- from resonance are ignored.

gen, can be lowered by considering other transitions charac- Figures 4a) and 4b) display the resonant single-photon
terized by larger oscillator strengths. In this respect, multi-emission probabilities for atom 1 in the case of two and three
level atoms provide an interesting investigation field becausatoms, respectively. Alice performs measurements in its re-
there exist many possibilities for selecting transitions charciprocal area containing atom 1 or atom 1 and 2 according to
acterized by large oscillator strengths. The introduction ofwhether two atoms or three atoms are involved. The intensity
nonresonant levels in the theory does not modify the behavat Alice’s place id ;=0.045 a.u. while the intensity in Bob’s
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device isl,. The curves displayed in Figs. 4 correspond,
from top to bottom, to values of the intensity ratig/I,
equal to 0.2, 0.4, 0.8, 1, 1.5, and 2.

We note that the perturbations suffered by Alice’s reso- st
nance curves are important when the intensity ratio becomes ,| |\
equal to or greater than unity. These alterations do not vary mrRoR 4] ATOMS |
linearly with intensity as they would in single-photon emis- / \
sion. For example, a variation of the intensity value by a

factor of 10 changes the probability by factors of 4.5 and 3

for systems composed of two and three atoms, respectively. MIRROR g \/ —_—
This indicates that the variations of the probability come T l
from more complex mechanisms than mere intensity modu- LASER BEAM

lations. Such a behavior reveals the presence of atom-atom - _\
correlations which play an essential role in the effect named MIRROR

STOC|2].

This discussion holds for more than three atoms confined
within more than two reciprocal areas.

il A\

IV. EXPERIMENTS 1 l

The first step of experimental investigations consists of movasLe X/
proving the entanglement of photons emitted by an ensemble “RRR ~4

of two-level atoms not interacting with each other but reso- —_ —
nantly coupled with a radiation field. To this end, we pro-
posed, in Fig. 5, the outline of an experiment, a part of which l l l l
is widely encountered in problems dealing with nonlocality
of quantum theory3,4]. A cell containing a vapor of two- Rl COUNTER
level atom is placed inside a laser beam. The atoms are reso-
nantly coupled with the laser field. Two photon beams are
deflected at right angles and are sent separately at the entry FIG. 5. Outline of an experiment enabling investigation of the
of two Mach-Zehnderor Michelson interferometers, each correlations of photons emitted by two-level atoms resonantly
of them containing a long and a short path. The difference ircoupled to a laser beam. The photons are collected at right angles of
transit times over the two paths is the same for the two inthe beam and are launched at the entry of an experimental device
terferometers and is much larger than the coherence time ddentical to that of Ref[4]. From the dependence of the coinci-
the photons. Under these conditions, each interferometer Eence counting rate with respect to the path difference in the two
unable to give rise to second-order interferences, i.e., thiterferometers, one can deduce the degree of correlations of un-
signals delivered separately by the two counters are indepeKPoWn photons impinging upon this correlation detector.

dent of path-length difference between the long and the short

paths. It is not so if the rate of simultaneous arrival of pho- The problem of collector location becomes crucial when
tons upon the detectors is measured. It has been sfigdih few atoms are concerned. In this case, to increase the coin-
that when the photons which are launched at the entry of theidence rates one has to slow doyawoling) the atom mo-
interferometers are correlated, the coincidence counting ratiion and use subnanometer displacement devices to scan the
shows a cosine variation with the path-length difference. Thénot points of the interaction volume.

fourth-order interferences which appear come from photons Another interesting experiment to be done consists of in-
having traveled via long-long and short-short paths. This exserting a removable screen inside a laser beam interacting
periment, involving strongly correlated photons generated bwith a two-level vapor, according to Fig. 6. The measure-
down-conversion or cascade decay, has been extensively iment of large coincidence counting ratésgh fringe visibil-
volved for testing nonlocality of quantum mechanics. Theity) of photons emitted on both sides of the screen will prove
difference between this experiment and the one we proposiat correlations result from nonlocal interactions. As a con-
consists of replacing correlated photons by photons whossequence, the signals provided by Alice’s and Bob'’s detec-
correlation is unknown. Since the counting rate is directlytors will depend on the field parameters on both sides of the
related to the degree of correlation of the photons impingingscreen. If one observes the photon emission taking place in
upon the interferometers, the experimental device of Fig. he lower part of the screen, one expects that, according to
becomes a correlation detector which discriminates amonthe probability curves previously displayed, any intensity
the different species of photons contained in the beams. Onlyariation of the upperBob’s) sub-beam will modify the
photons coming from reciprocal areas exhibit, as expectedower (Alice’s) detector yield. This enables Bob to transmit
large coincidence ratggnaximum correlation information to Alice via atom-atom correlatiofSTOO.

The random motion of atoms in the vapor has little influ- By examining the curves of Figs(@ and 3c), ones sees
ence on the emission yield because the probability that twéhat the presence of an eavesdropper is easily detected. If
atoms lie at places where the field is the same, by the timenly Alice and Bob are concerned and for identical atom-
the emission takes place, is very large. field parameters, the corresponding two-atom curfég.
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FIG. 6. Principle of an experiment enabling testing of the ability for a signal to be transmitted from a point to another point of a laser
beam via atom-atom correlations. The intensity modulation at the place of reciprocal area 1 “crosses” the screen and influences the emission
rate of atom 2 in the lower part of the beam. The role of the beam attenuator is to compensate the losses coming from the modulator.

2(c)] share at equal rates the probability of detecting thehe sum of the probabilities that each atom emits a photon is
emitted photon(the two curves are superpogedhe pres- unity, each individual probability is strongly dependent on
ence of a third observer is modeled by an additional atom. Iithe other ones. In particular, for remote atoms the probability
this case, the curves of Fig(c3 show that the probabilities fluctuations experienced by any one of them are felt by the
measured by Alicgsolid curve and Bob(dashed curjewill ~ remaining ones and provide a way for transmitting informa-
never be equal. Therefore, they know that there exists afion (STOQ. This effect, which was previously studied in

eavesdropper without exchanging any information via a clastwo-atom systems, is also observed in the case of three at-
sical channel. oms. From unpublished results obtained in four-atom sys-

tems, it appears that the number of atoms has little influence
V. CONCLUDING REMARKS upon the entanglement of photon states. The sensitivity of
correlations with respect to intensity could be improved with
The correlations between photons emitted by atoms intemultiphoton transitions. As in the case of multiple atoms, the
acting with the same radiation field have been discussedalculation is to be done by resorting to a nonperturbative
within an all-order quantum theory. The process consideretheory, which implies making resummations of perturbation
is the single-photon emission by two-level atoms confinedseries of more than two noncommuting operators.
inside a single area of small dimensions compared to the Our main concern is to prove the existence of such corre-
wavelength of the field or inside several areas separated Hgtions via an indisputable experiment. To this end we resort
multiples of the wavelength. In every case, the existence ofo an experimental device that has given beautiful results
correlations comes from the indistinguishability of atom-concerning locality violation in quantum theory. We expect
plus-field systems which enable the photons to be indifferthat the question one asks about the nature of the photon
ently emitted by any atom. Accordingly, the theory is spacestates will get an answer via the results supplied by this
independent and accounts for probability conservation. Sinceurth-order interference experiment.
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