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Two-photon resonance induced by the dipole-dipole interaction
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The two-photon absorption by a pair of two-level atoms interacting with an incident field is examined.
If the laser field is weak, then the existence of the dipole-dipole interaction-induced two-photon reso-
nance follows from the higher-order Fermi golden rule. The effects of spontaneous emission and intense
fields on the dipole-dipole interaction-induced two-photon resonance is studied using density-matrix
methods. The presence of an intense field is shown to result in a significant enhancement of the two-
photon resonance. Numerical results for the probability of simultaneous excitation of two atoms, for the
atomic correlations, and for the radiated field intensity are presented.

PACS number(s}: 42.50.Fx, 42.50.Hz

I. INTRODUCTION

The interaction of a laser field with an atomic system
consisting of a pair of atoms has been a subject of con-
tinuous interest mainly because it is a prototype model
for studying the dynamics of dense atomic systems. Re-
cently, however, there has been a renewal of interest in
this system due to the experimental progress made in
confining a few atoms or ions at small interatomic separa-
tions in ion and neutral-atom traps [1]. This setup facili-
tates the isolation of the single-atom effects from those
arising due to the correlations between the atoms. In
view of the above it is useful to consider the modifications
in the dynamics of the two-atom system arising due to
cooperative decay as well as the dipole-dipole interaction.
Pairs of two-level atoms have been extensively studied in
the past [2-17]. Correlations between a pair of identical
atoms arising from the dipole-dipole (d-d) interaction
have been known to give rise to new resonances [6—10] in
the fluorescence spectrum. A correct interpretation for
the origin [8] of these resonances is possible by consider-
ing the dressed levels of the system consisting of two
atoms interacting with a laser field. The role of the d-d
interaction has also been examined in the quantum beats
produced in the intensity [11] and the intensity correla-
tions [12,13] of the spontaneous emission from a pair of
atoms. Recently the squeezing properties of the emitted
fluorescence [14] have also been shown to yield informa-
tion about the dynamical correlations between atoms.
Note that the system of two identical two-level atoms is
equivalent to a four-level atomic system. The four levels
can be described in terms of the eigenstates associated
with the collective spin operators S=S&+S2. One has
three symmetric states corresponding to S=1 and one
antisymmetric state corresponding to S=0. At small but
finite distances, the rnetastability of the antisymmetric
state gives rise to the phenomenon of macroscopic quan-
tum jumps whenever the system makes a transition from
the symmetric state to the antisymmetric state via the
cooperative decay process. At precisely the interatomic
distances where the antisymmetric state is metastable, the
d-d interaction also becomes important since it shifts the

states away from resonance with the laser frequency and
thus affects the jump rates [15] and the photon statistics
[16]of the fluorescence produced by the system. The role
of the d-d interaction has also been studied in the context
of quantum jumps from a pair of three-level atoms [17].

Experimental investigations in the optical emission
[18—20] and absorption [21] process in dense media have
reported the observation of the d-d interaction-induced
novel resonances at the sum frequency of the atomic tran-
sitions. Cooperative single-photon absorption by a pair
of coupled atoms was first demonstrated by Varsanyi and
Dieke [22]. They observed that weak absorption occurs
at the sum of the transition frequencies of the coupled
atoms. This effect was qualitatively explained by Dexter
[23] using first-order perturbation theory. He showed
that d-d interaction between the atoms leads to the simul-
taneous excitation of atoms, which can be utilized for
pumping lasers [24]. A strong-field theory for calculating
the pair-emission and absorption transition probability
for weakly coupled atoms has been developed [25].
Simultaneous excitation of a pair of nonidentical atoms of
frequencies co, and co2 interacting with a laser field of fre-
quency coI by a two-photon absorption process exhibits
[26] a new d dinteractio-n-induced resonance at
2'& =co&+co& which is in addition to the usual peaks at
col =~& and u2 for noninteracting atoms. For a pair of in-
dependent atoms the transition probability for simultane-
ous excitation is just the product of the transition proba-
bilities for finding each atom in the excited state. There-
fore, as the laser frequency is scanned, the peaks occur
whenever the laser is on resonance with the atomic fre-
quencies. Simultaneous excitation by absorption of two
photons occurs because one atom is resonantly excited by
one photon and the other atom is off resonantly excited
by the other photon. The emergence of an additional d-d
interaction-induced two-photon resonance is a clear indi-
cation of a totally different channel of excitation where
each of the atoms is off resonantly excited by absorption
of a photon, but an energy compensation occurs to over-
come this detuning. In the presence of the d-d interac-
tion the atom for which the laser is tuned above its tran-
sition frequency can transfer its excess energy to the
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second atom for which the laser is tuned below its transi-
tion frequency. This process thus shows the two-photon
resonance when the energy transfer exactly compensates
for the detuning, i.e., at co, —coI = —(co2 —co&). Nayfeh
and Hillard [27] have shown that when the atoms are not
restricted to being two-level systems, the line shapes and
the resonance positions for the two-photon-absorption
process can change depending on whether only one atom
is radiatively active or both the atoms are. It is thus in-
teresting to study how this two-photon resonance gets
modified when the strength of the d-d interaction in-
creases (i.e., as the atoms come closer to each other) in
the presence of an intense exciting field. It is also neces-
sary to incorporate the effects of spontaneous emission
from the atoms. Thus the purpose of this paper is to ex-
tend the previous studies on the two-photon resonance to
get exact results for arbitrary strengths of the atom-atom
and atom-field interaction including the spontaneous-
decay effects. This has been achieved using the master-
equation techniques [28]. For simplicity we consider only
two two-level atoms. The density-matrix equation is
solved numerically. We show that the two-photon reso-
nance becomes more and more dominant as the atoms
come closer to each other. In addition, the presence of a
saturating field can enhance this resonance considerably.
The origin of this enhancement is attributed to the in-

creasing correlations between the atoms. In addition it is
also found that the radiated power reflects the behavior
of the transition probabilities.

In Sec. II we give the Hamiltonian for the system of
two two-level atoms interacting with each other via the
dipole-dipole interaction and interacting with an incident
laser field. In Sec. III we give the perturbative result for
the probability for two photon absorption using the Fer-
mi golden rule. We study the effect of a saturating field

on the two photon resonance using the master equation
approach in Sec. IV. We give the numerical results for
the transition probability for the simultaneous excitation
of atoms, atomic correlations and the far-zone radiated-
field intensity.

II. THE HAMILTONIAN FOR THE MODEL

Consider a system of two two-level atoms of frequen-
cies co, and co&, which interact with a single laser field of
frequency ~1. The incident monochromatic field is writ-

ten as

E(r, t)=e(r)e ' +c.c. , (2.1)

where e(r) is the amplitude and coi is the frequency of the
field. Figure 1 shows the energy levels of the free atoms.
The levels

Ij ) and
I
i ) represent, respectively, the ground

state and the excited state of the atom of frequency co&.

Similarly, the states IP) and Ia) are, respectively, the
ground state and excited state of the second atom of fre-

quency e2. The two two-level-atom system is equivalent

to a four-level atomic system obtained as a direct product
of the one-atom states. These states will be represented
as Ik, lt) with k=i or j and t)=a or p having energy

(col, +co„)(A'=1). We denote by Ijp) the state when

both the atoms are in the ground state. The state when

both the atoms are excited is denoted by Ii a). The states

corresponding to the case when either one of the atoms is

excited is denoted as
I ip) and

Ija ). The dipole moment

of each atom is given by

d; =d;(S,++S, ), i =1,2. (2.2)

H =Ho +Hdd +He

where

2

Ho= g b,;S, 5;=co;—col, i=1,2
i=1

(2.3)

(2.4)

is the unperturbed Hamiltonian of the two atoms and 6;

Here S;, S,' are the spin- —,
' operators for each atom. In

what follows we work in a frame rotating with the fre-

quency of the external field. The Hamiltonian for the
system of two two-level atoms interacting with a laser of
frequency ~I is given by

' la)
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Direct Product Ii))
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2

d1+d2
2
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FIG. 1. Schematic diagram of the energy levels of the two two-level atoms of frequencies co, and co2 interacting with the incident

laser field of frequency coI. These are shown in the frame rotating with the frequency col of the field. The diagram also shows the en-

ergies of the direct-product states and the states obtained after the dipole-dipole interaction has been diagonalized.
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gives the detuning of the field. The second term in Eq.
(2.3) describes the dipole-dipole interaction between the
atoms and can be approximated by

r

Hdd= g VS;+S~ +H. c. , i,j=1,2. (2.5)

a/2

ly+ &=S»'Iip&+s»'lja&, )
(2.10)

In writing Eq. (2.5) non-energy-conserving terms like

S,+S2+ and S, S2 have been dropped. The dipole-dipole
interaction cannot simultaneously excite or deexcite both
the atoms. The static form of the d-d interaction is given
by

where

+I vl'
$2

4

1/2

and the diagonalization matrix S is given by

1 —1

(2.11)

12V=
3 d1 d2 3 d1'

lr]21'
(2.6)

' 1/2 ' 1/2

where r12 is the separation between the two atoms. The
last term in Eq. (2.3) describes the interaction of each
atom with the laser field, which in rotating-wave approxi-
mation is given by

1+
V2

/V
2

' 1/2

1+
V2

—+I, /V
2

' 1/2

2 h

H,„t= g g, S,++H. c. , g, = —d,'e, ,
i —I

(2.7)
1+

V2
1+

V2

where g; is the coupling constant of each atom to the field
and e; is the field at the position of the ith atom. The un-
perturbed energy levels for the four atomic states ob-
tained as a direct product of the single-atom states are
shown in Fig. 1. Various detunings shown in the figure
are defined as

Ct) 1 CO I k2 C02

4 =41+42=a), +CO2 —2', ,

5 6 5 co Qj1 2 1 2 '

(2.8)

2
0 g2 g1

In the basis of the four direct-product states
li, a &, Ii,p&, Ij,a &, Ij,p&, the matrix representation of the
Hamiltonian is

(2.12)

It is evident from Eq. (2.10) that dipole-dipole interaction
mixes up the intermediate levels lip& and Ija & only. The
new energy levels lead to a resonant cooperative absorp-
tion of light which results in a two-photon resonance,
which cannot occur for free atoms. This is because in the
absence of dipole-dipole interaction the destructive in-
terference between the two channels of two photon ab-
sorption Ijp&~lja&~lia& and Ijp&~lip&~lia& is
complete.

III. THE DIPOLE-DIPOLE INTERACTION-INDUCED
TWO-PHOTON RESONANCE —A PERTURBATIVE

ANALYSIS

g2
(2.9)

g2

We first diagonalize Eq. (2.9) in the absence of the laser
field. The new eigenstates and the corresponding eigen-
values are given by

We now calculate the transition probability for simul-
taneous excitation of atoms by a two-photon absorption
process when both the atoms are initially in the ground
state. We work in the basis [Eq. (2.10)] that diagonalizes
the unperturbed Harniltonian and the dipole-dipole in-
teraction. For weak fields, the probability for the two-
photon absorption process can be calculated using
second-order time-dependent perturbation theory. The
Fermi golden rule for the rate 812 for transition from
I @ss & ~ I g„&gives

2
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where the intermediate states lg+ ) and Ig ) are the new
states given in Eq. (2.10), and H,„,is the atom-field in-
teraction defined by Eq. (2.7). The paths
Ijp)~If+)~lia) and ljp)~lg ) —+Iia) are the two
excitation channels. Simultaneous excitation of atoms
occurs along either of these two channels. As long as the
matrix elements in Eq. (3.1) are nonzero, R,z shows a
two-photon resonance at 2co&=co&+co2. In terms of the
exact eigenstates given by Eq. (2.10), R &z is found to be

2 2

1+ ——
A, /V V+ —+A,

6 2 5
2 227Tg

i6Z4

piete radiation field (including the vacuum degrees of
freedom) is included, however, the resulting shifts,
widths, and mixing of the single-excitation states Iip)
and

Ija) allows the transition to occur. In the presence
of the coupling, R &2 shows a resonance at ct)&+ct)2=2co~.
Thus this two-photon resonance is a dipole-dipole
interaction-induced extra resonance. We also note that it
would not be possible to take the limit of Eq. (3.5) for the
case of identical atoms as the two-photon resonance con-
dition would reduce to the single-photon resonance con-
dition co, =co&, whereas the validity of the second-order
perturbation theory demands that the intermediate reso-
nances should be avoided. Thus one has to use Eq. (3.2)
which holds to all orders in d-d interaction. In fact Eq.
(3.2) for identical atoms reduces to

1+ —+A, /V V+ ——
A,

6 5
2 2

2 8R„='g fi(S). (3.6)

X5(cd, +co~ —2coi }, (3.2}

and

lg+&=IcP&+
fi

Ija&,V

I@ &=Ija& ——Iip&,
V .
5

(3.4)

giga(co~+cop 2co~ )
R )2=2+

(co~ —
co~ )(cdp coal )

X 5(cd i +co~
—2co i ) .

V(gi+gp)
(co~ coi )(cdp coal )

(3.5)

Note that Eq. (3.5) is a sixth-order perturbative result for
R,2. It is obtained to second order in dipole-dipole cou-
pling and to fourth order in external field amplitudes. It
is clear that in the absence of dipole-dipole coupling
( V =0), R,~ =0, since (co, +coz —2co, }5(cd,+co&—2cdc)=0. The Process in which two free nonidentical
atoms are simultaneously excited by the absorption of
two photons of frequency cot, such that 2'&=co, +co2 is
not allowed because of exact destructive interference be-
tween the two excitation channels

Ijp) ~
Ij )a~ lia )

and Ij p ) ~ I i p) ~ I
ia ). If the interaction with the com-

where for simplicity we have set g &
=g2 =g.

For the case when the dipole-dipole coupling is also
weak, the corrections to the states can be obtained by us-
ing first-order perturbation theory, which implies that
there are no corrections to the energy eigenvalues. Then

Ija&& jalHddlip&
t('+ ip E

(3.3)
Iip & & ipled Ija &

E Eip ja

with E. =E +E, E;&=E, +E&. Putting in the exact
form of Hdd from Eq. (2.5)

Note, however, that Eq. (3.6) ignores the width of the in-

termediate states g+ which should, in principle, be in-

cluded. Thus Eq. (3.6) holds in the limit that the strength
of the dipole-dipole interaction is much bigger than the
width of the intermediate states g+. Note further that
the widths of the intermediate states g+ can be obtained
from equations in the Appendix.

IV. NONPERTURBATIVE ANALYSIS OF THE EXTRA
TWO-PHOTON RESONANCE —EFFECTS OF INTENSE

FIELDS

The perturbative analysis [Eq. (3.5)] shows the ex-
istence of a new resonance at 2co&=co, +co2 for coupled
atoms, the strength of which depends on the dipole-
dipole interaction V. The width of the resonance can be
obtained from considerations involving the spontaneous
emission of photons. For treating spontaneous emission
we need to consider the interaction of the atoms with a
large number of vacuum modes of the radiation field. We
work in the transverse gauge. It is also desirable to ex-
amine the effects of an intense electromagnetic field on
the two-photon resonance. One thus needs a formulation
which can account for both spontaneous-emission effects
as well as intense-field effects. This can be done within
the framework of master equations [28]. This has the ad-
vantage that even the dipole-dipole interaction can be
handled to all orders. The master equation for the evolu-
tion of the atomic density-matrix operator obtained by
tracing over the radiation field variables is given by [28]

2

i[H,p] —g —y, (S,+S, p
—2S, pS,++pS; S, },

1,J =1

(4.1)

where H is the total Hamiltonian defined by Eq. (2.3)
with the static dipole-dipole interaction now replaced by
the retarded dipole-dipole interaction
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s1nx cosx0,2= —,
' [di d2 —3(di ri2)(d2 ri2)] 2

+ cosx—[di.d2 —(di r,2)(d2. ri2) )
C01 N2

c
X =kpT12, kp c

In Eq. (4.1) y;J is the collective decay constant of the atomic system given by

A A A A SIQX A A A cosx
y;~.

=
—,y [(d, .d2) —(d, .r,2)(d2.r, 2)] + [(d, d2) —3(d, r,2)(12 r,2)] 2

slnx

X
X =kpf12

(4.2)

(4.3)

where d;, i = 1,2 are unit vectors along the electric dipole
moments. In the limit when r12~0 we can write

probabilities of finding each atom in the excited state.
This is given by

y12 y O12 (4.4) IgiI' Ig2I'p„=&s',s; &&s,+s; &
= (4.8)

where V is given by Eq. (2.6). We will work at distances
such that Eq. (4.4) is indeed a good approximation. Note
that the master equation (4.1) treats the external field and
the dipole-dipole interaction to all orders and thus multi-
photon processes induced by the external field are au-
tomatically included. Only the spontaneous-emission
events are considered to be single-photon processes.
Note further that if the retardation effects are completely
ignored, i.e., if one formally sets the velocity of light
equal to infinity, then 0;J~V and y; ~0.

The two two-level-atom system is equivalent to a four-
level atomic system. On using the normalization condi-
tion Trp=1, these reduce to the set of 15 coupled equa-
tions given in the Appendix. In the matrix notation these
equations are given as

Each term of the product in the above equation is the
transition probability for the excitation of a single atom
by a one-photon absorption process. P,2 thus shows res-
onance at 6,=0 and 52=0, i.e., at co& =co& and co& =co2.
The last term in Eq. (4.7) gives the cooperative contribu-
tion, which is nonzero only in the presence of the d-d in-
teraction. This term is responsible for the origin of the
two-photon resonance at co1+co2=2~&. A perturbative
solution for the steady-state transition probability P12 for
simultaneous excitation of the two atoms can be obtained
using Eq. (4.5). The perturbative solution to first order in
the dipole-dipole coupling and fourth order in the field
coupling, in the limit when the detunings 51 and 52 are
large, is given by

d =M/+I,dt
(4.5) Ig I' 4lg I'~v

g2g2 g2g2(4 2+ g2)
(4.9)

where f is the 15 X 1 column matrix of the mean atomic
operators defined in Eq. (Al), and M is the 15 X 15 matrix
of the coefficients which can be easily constructed from
Eq. (Al). The only nonzero matrix elements of 15X1
column matrix I are

I3= y1 I6= —
y2 . (4.6)

Equation (4.5) allows us to easily study the long-time be-
havior of the atomic system. Of particular interest is the
behavior of the transition probability for simultaneous
excitation of atoms, the characteristics of the radiated
power, and the correlations between the atoms.

We first examine the transition probability for simul-
taneous excitation of atoms by a two-photon absorption
process. This is given by

P12 P;~;~=&S,+S, S—2+S2 &

= &(-,'+s;)(-,'+s;) &

=-,'+-,'&s; &+-,'&s; &+ &s;s; & . (4.7)

The first three terms in Eq. (4.7) are the contributions to
P12 arising from each atom independently. If one ignores
the dipole-dipole interaction and if one ignores the
cooperative decay, i.e., if one sets y,2=0 in Eq. (4.1), then
the atoms are not correlated and P,2 is the product of the

where we have assumed that g, =g2 =g and y1=y2=y.
In this expression we have retained only those terms
which contribute to the two-photon resonance. Note
that since Eq. (4.9) is a perturbative result, the second
term is smaller than the first term, so that P12 remains
positive. This shows the presence of the dipole-dipole
coupling-induced resonance at h=h, +62=0. It is evi-
dent that the extra resonance vanishes in the absence of
the dipole-dipole interaction ( V =0). Equation (4.9) pre-
dicts a dispersionlike line shape proportiona1 to the
dipole-dipole interaction strength V. The situation would
be different if the V term dominates (cf. Fig. 2). Note
that the sixth-order perturbative result given in Eq. (3.5)
gives the rate for exciting both atoms, whereas the per-
turbative result given in Eq. (4.9) gives the actual steady-
state probability for exciting both atoms by a two-photon
absorption process.

We will next show how the two results, Eqs. (3.5) and
(4.9), can be connected. For this purpose we need to in-
troduce the width of the state Iia &. Equations (4.7) and
(Al) show that the state Iia & decays at the rate 4y. The
rate R,2 [Eq. (3.5)] does not account for the width of the
final state. The width of the intermediate state is not im-
portant as coi is greatly detuned. The result Eq (3.5).
upon accounting for the width (4y) of the final state, is
modified to [5(x)=(2y/vr)/(4y2+x2)]
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g g 2 Vg 4y
1~2 8 162 4y2+2 2

(4.10)

2.5-

2.0-
g/2

where we have set g, =g2=g. The pumping of the state
~ia} at the rate R,2 and its decay at the rate 4y would
result in the steady-state population of the state ~i a ) be-
ing given by

R,2
Pi a ia 4

which on combining with Eq. (4.10) reduces to
2'2

g 6 2Vg
Pi a, ia

1 2 1 2

1

4y +6

(4.11)

(4.12)

1 + 1
2

Note that here the term to lowest order in V is the same
as Eq. (4.9), assuming that the terms of order V are still
smaller. Note further that the V-independent term in Eq.
(4.12) is the same as the corresponding term in Eq. (4.9).
To see this explicitly we recall that the denominators
co&

—
cot and co&

—cot in Eq. (3.5) should in principle have
the damping of the corresponding state, i.e.,

i y and co2 ~I ~2 t iy, and
thus the terms

1.5-

P)2
1.0-

0.5-

0.0 ~ .-8.0
I ~ ~ ~ ~ ~ ~ / ~ ~ ~ ~ ~ III I) III ~ ~ ~ ~ ~ ~

/
~ ~ I I ~ III ~ / ~ I ~ I ~ I ~ ~ ~ / ~ ~ ~ ~ ~ ~ ~ ~ ~ $ ~ I ~ ~ II I ~ I-6.0 -4.0 -2.0 0.0 2.0 4.0 6.0

(a&~+u2 —2m& }/2y

FIG 2 Transition probability P» for simultaneous excita-

tion of a pair of nonidentical atoms (co&%co&) as a function of the

detuning (co&+co2—2coI)/2y, for two different values of the

dipole-dipole coupling V/2y. The laser field is assumed to be

weak. The atom-field coupling parameter is chosen to be the

same for each of the two atoms, g/2y=2. The difference in

atomic frequencies is chosen as (co&
—~2)/2y =200, and the col-

lective decay parameter is chosen to be y»/2y=0. 5. The

curves are labeled by the dipole-dipole coupling parameter:

curve a, V/2y=5, and curve b, V/2y=20. The actual values

of P» for a and b are, respectively, 10 ' and 10 times smaller

than those shown in the figure.

should be replaced by

2 1 1
g

(co] —cot i y ) (C02
——cot i y )—

2

2(6—2iy }
(co, cot i y

—)(c—02cot i y )—
4(b, +4y )

Q2Q2

To study the behavior of the two-photon resonance for
arbitrary strengths of the d-d interaction and the atom-
field interaction it is necessary to obtain the exact solu-
tions of Eq. (4.5). The steady-state solution is

0=( M) 'I . — (4.13)

The exact solution requires the inversion of the 15 X 15 M
matrix. We do this numerically. We present the numeri-
cal results for the transition probability P,2 for simul-

taneous excitation of atoms as a function of the detuning
6=co&+~2—2coI. For simplicity we choose the coupling
constants g, and g2 and the decay constants yI and y2
for each atom to be equal, so that g&=g2=g and

y, =y2 =y. 2y is the rate at which excited state of a sin-

gle atom decays. We normalize all frequency parameters
with respect to 2y. Figure 2 shows the behavior of P&2

when the driving field is weak (g/2y =2}, for two
different values of the dipole-dipole coupling strength. It
shows the presence of the dipole-dipole interaction-
induced two-photon resonance at 2~& =co, +co2. As com-
pared to the peak value for V/2y=5, the two-photon

R (E' '(R, t)E'+'(R t)} (4.14)

where:: are the normal ordered products. The operators
E'+ ' (E' ') denote the positive-(negative-) frequency

resonance increases by one order of magnitude for
V/2y=20. The dipole-dipole interaction between the
atoms determines the relative size of the two-photon res-
onance. Thus as the atoms come nearer to each other,
the two-photon resonance becomes more and more prom-
inent. At optical frequencies co=3X10' Hz and dipole
moments of =1 D, dipole-dipole coupling of V/2y=5
corresponds to interatomic distance =292 nm and
V/2y=20 to a distance =184 nm between the atoms.
The resonance line shapes have an asymmetric shape.
This arises because of the partial interference between the
two excitation channels, via the

~ g+ } and
~ g ) inter-

mediate states [Eq. (3.3)j. Figure 2 does not show the
dispersive feature of Eq. (4.9) as the dipole-dipole interac-
tion is large enough so that the V term dominates. We
next consider two-photon excitation of two atoms by in-
tense fields (g/2y =20). This result is shown in Fig. 3.
For large dipole-dipole coupling of V/2y =20, the strong
field leads to an enhancement of the two-photon reso-
nance by three orders of magnitude as compared to the
weak-field case shown in Fig. 2.

The power emitted by the two-atom system into a unit
solid angle around a point R, per unit time, is obtained
from the normal component of the Poynting vector

I(R, t)=R R S
cR (:EXB:}.R
4m.
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(a),+a),-2ur~ )/2y

FIG. 3. Transition probability P&2 when the incident field is
assumed to be strong, g/2y=20. All other parameters are
same as in Fig. 2. The two curves are labeled by the dipole-
dipole coupling parameter: curve a, V/2y=5 and curve b,
V/2y =20.

components of the electromagnetic field. In the far zone
k&R &&1 and k2R &&1, where k& and k2 are given by
k; =co;/e, i = 1,2. The positive-frequency part E+ of the
fluorescence-field operator is given by

E'+'(R, t) =E'+'(R, t)

R; X(R; Xd)
IR I

' c

FIG. 4. Radiated field intensity I as a function of the detun-

ing (co&+co2—2coI)/2y, for two different values of the dipole-
dipole coupling constant V/2y when the incident field is weak

(g/2y =2). All other parameters are the same as in Fig. 2. The
curves are labeled by the dipole-dipole coupling parameter:
curve a, V/2y=5, and curve b, V/2y=20. The actual values
of I for a and b are, respectively, 10 and 10 times smaller
than those shown in the figure.

The spontaneous emission in general leads to correla-
tions among atoms and thus the absorption and emission
characteristics of the two-atom system differ from those
of independent atoms. An idea of atomic correlations in-
duced by spontaneous emission can be obtained by study-
ing the quantity

Xexp( ik, R r, ) . — (4.15) G=&s,+s; &
—&s+ &&s; & . (4.18)

Here r; is the position vector of each atom and
R;=R—r; Eo+(R, t) denotes the free field. The second
term in Eq. (4.15) depends directly on the atomic opera-
tors and represents the radiation field emitted by the
atom. Substituting (4.15) in (4.14), I(R, t) is evaluated
under the assumption that in the far zone k&R -k2R
leading to

3$0 ikoR r"
I(R, t)= sin 8 g e ' "(S;+(t)SJ (t)), (4.16)

ij =1

This represents correlations between the dipole moments
of two atoms and becomes zero as the distance between
the atoms becomes large, i.e., as kR; &) 1. The behavior
of ReG and ImG is plotted in Figs. 6 and 7, respectively.
The real part of G shows a dispersive structure and the
imaginary part an absorptionlike structure. The atoms
are strongly correlated for large dipole-dipole coupling
strength and strong fields.

where 8 is the angle between d and R, and we have ig-
nored retardation effects. Integrating over the solid angle
around R, the total radiation rate is

1.0-

0.8-
g/27=20

I(t) =f I(R, t)d0„=2cooyg (S+(t)S, (t) ), (4.17)

where it is assumed that interatomic distance r, 2 is much
smaller than the optical wavelengths so that
exp(ikoR r;~ ) = 1.

The nature of the intensity of the radiation emitted by
the two-atom system in the far-zone region is shown in
Figs. 4 and 5. The radiated power reflects the behavior of
P,z. For weak fields (Fig. 4) the two-photon resonance
becomes more and more prominent as the atoms come
closer. This effect is enhanced in the presence of the in-
tense driving field (Fig. 5). Thus the two-photon reso-
nance induced by the dipole-dipole interaction can be
probed by fluorescent-intensity measurements.

Le-

I
OA-

0.2-

0.0 ~ ~ ~ ~ ~ ~ ~ ~ I ~ ~ ~ ~ ~ ~ ~ I ~ 0 I I ~ I ~ ~ ~ ~ ~ ~ I ~ ~ ~ ~ ~ ~ ~ ~ ~ I ~ ~ ~ ~ ~ ~ ~ ~ ~ I-1s.o -10.0 -5.0 0.0 5.0 10.0

(a&(+a&g—2a&q )/2y

FIG. 5. Radiated field intensity I when the incident field is
assumed to be strong, (g/2y=20). All other parameters are
same as in Fig. 2. The curves are labeled by the dipole-dipole
coupling parameter: curve a, V/2y=5, and curve b, V/2y=20.
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FIG. 6. Real part of the atomic-correlation function 6 as a
function of the detuning (cu&+co&—2col)/2y. Different curves
are labeled by the values of the atom-field coupling parameter
g/2y and the dipole-dipole coupling parameter V/2y. All oth-
er parameters are the same as in Fig. 2. Curves a and b corre-
spond to the weak-Geld case: curve a, g/2y=2, V/2y=5, and
curve b, g/2y=2, V/2y=20. Curves c and d, correspond to
the strong-field case: curve c, g/2y=20, V/2y=5, and curve
d, g/2y=20, V/2y=20. The actual values for a, b, c, and d
are, respectively, 0.2X10, 0.2X10, 10, and 10 times
smaller than those shown in the figure.
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In conclusion, we have examined the phenomenon of
cooperative excitation of two two-level atoms by a two-
photon absorption process. The transition probability for
simultaneous excitation of atoms shows a dipole-dipole
coupling-induced two-photon resonance. Master-
equation formalism is adopted to include the effects of
spontaneous emission and intense external fields. We find
that the extra resonance is significantly enhanced in the
presence of an intense driving field. The intensity of the
emitted fluorescence reflects the behavior of the pairwise
excitation of atoms. Measurement of the fluorescence in-

tensity from a pair of trapped atoms can thus be a possi-
ble means for probing pair interactions. In addition, the
dipole-dipole interaction introduces nonzero correlations
between the atoms which increase significantly as the
atoms come closer and closer to each other as expected.
The intensity of the external field also affects the intera-
tomic correlations significantly. Resonant enhancement
of the correlations between the atoms and the presence of
the extra two-photon resonance in the absorption spec-
trum suggests that the fluorescence spectrum of the radi-
ation scattered from a pair of coupled atoms will be
modified from the three-peaked Mollow spectrum [29] of
isolated atoms. The case of identical atoms is discussed
in Refs. [6—8] and the case of nonidentical atoms will be
reported in a future work. The frequencies of emission
are given by ~~+(A, ,

—A, ), where A, s (i =1,2, 3,4) are
the eigenvalues of Eq. (2.9). In general, these eigenvalues
are to be obtained numerically. For example, for the case
when the detunings are such that the two-photon reso-
nance condition is satisfied, i.e., 5&+ h2 =0, and
6&=20y, V=40@, and g =40y, the atomic system is
found to emit radiation at the frequencies co&, co&+52. 1,
cot —18.03, and coI —34.07. It is also expected that the
dipole-dipole interaction will give rise to new effects in
the nonlinear response of dense atomic systems which
would also be the subject of a future study.
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APPENDIX

In this appendix we present explicitly the coupled
equations for various mean values involving the single-
atom operators and atomic correlations. These follow
from the master equation (4.1}:

&s,' &=j,=i —y, + ~, )(s,+ &+2y„(s;s,' &

—2iv(s)S2+ ) 2ig", (—S; ),
(S, )=f =( —y, —'b, , )(S, )+2y, (S;S )

+2iv(sfs2 )+2ig, (sf ),
(S', ) =g, = —2y, (S; ) —y, —y, z(S,+S; &

—y»& s;s,+ ) —i v(s,'s; )

+iv(s;s,+ ) —ig, (s,+ )+ig*, &s; &,

-2.0 ~ I l ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ 1 S I I % ~ f 0 I ~ ~ I ~ ~ ~ g l ~ ~ I ~ ~ ~ ~ I ~ ~ ~ ~ ~ ~ ~ \ ~ ~

15.0 -10.0 -5.0 0.0 s.b 10.0

(a,+~g—2~, )/2y

&S,+ ) =j,=( —y, + &,)&S,+ &+2y„&s;S,+
&

2iV(S2—S,+ ) 2ig 2 (S2—),
FIG. 7. Imaginary part of the atomic correlation function G

as a function of (ct)1+co2 2coI )/2y for the same parameters as
in Fig. 6. Different curves are labeled by the coupling parame-
ters: curve a, g /2y =2, V/2y =5; curve b,
g /2y =2, V/2y =20; curve c, g /2y =20, V/2y =5; and curve d,
g/2y =20, V/2y=20. The actual values for a, b, c, and d are,
respectively, 10, 10, 10, and 10 times smaller than
those shown in the figure.

(Sq ) =$5=( —
yq

—id~)(S2 )+2y)2(sqs) )

+2iv(S2S, )+2ig2(S2),

(Sq ) =f6= —2y2(sp ) —
y2

—y, ~(S,+S2 )

—y)2(S) S2+ )+iV(S)+Sp )

iv(s, S+—) ig (S+ )+—ig*(S ),
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(s,+s,+ &
=j,= [ —(y, +y, )+is](s,+s,+ )

—2ig', (s;s,+ ) —2ig,* (s;s,' &,

(S;S;) =f,=[ (y—, +y, ) ib—, ](s;S;)

+2igt(sis2 )+2ig2(S2st ),
(S;S;& =/, = —2(y +y, )(s'S; &

—y, &s; &

—y, (s;)+y„(s,'s, )

+yi2(S i S2+ ) —igi (S2S t+ ) —
ig2 (Sis2+ )

+igi (S2Si )+ig2 (Sis2 ),
(Al)

(s,'s, )=j„=[—(y, +y, )+is](s,'s, )+y„(s;)
+rl2(S2 &+4r»&S;S; &

—V((S;)—(S;))+2ig (S'S,' &

2ig—,'(sis, ),
(S, S,+ )=P„=[ (y—, +y, ) t5]—(S, S,+ )+y„(S;)

+y»&s; &+4r»&s;s; &

+i V((s'i ) —(S2 ) ) —2ig,' &s's; )

+2igi (S;S2+ ),
(S;S+ ) =tj(i2= —y, (S+ ) + [ —(2yi+y2)+i 62](s'S+ )

(s ) 23 (s s ) i (s )

—g, &s,+s,+ &+ g', (s;s,+ &

2ig2 (Si—sz ),

(SiS2 ) =its= —yt(S2 ) —[2y, +y2+ib2](sts2 )

"(s;&
—2y„(s;s;&+i—&s, &

+lgt (St $2 ) lgt(si S2 )

+2ig2(Sis2),

(Szst &
—Pi4= —yz{st+ &+[—(2yq+yt)+tht](szsi

,
"

&s,+ ) -2y„&s;s,+ &- —,&s,+ )

ig (S,+—S+ )+ig'(S,+S )

2ig—t (Sisz),

(S2S, ) =f,s= —y~(S, ) —[2y 2+y, +ih, ](s'sz, )

(S2 ) —2yt2(s;S2 )+i (S2 —)

+igz (Si Sz ) igz(s—, S2+ )

+2ig, &sis2& .

The interdependence of the dynamical evolution of one
atom on the other through the dipole-dipole coupling is
evident in these equations. When V=O, these equations
reduce to the optical Bloch equations for each single
atom.
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