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Effects of spatial interference on intensity—intensity
correlations in collective two-atom emission*
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In this paper, we investigate the effects of the spatial variation of driving-laser phase in a collective two-atom

system on the intensity—intensity correlations of the resonant fluorescence. It is shown that the intensity—intensity

correlations exhibit quite different characteristics for the different values of the spatial phase of the laser at the position

of the two atoms in both cases of the weak and strong driving lasers. Our results suggest that the intensity—intensity

correlations can serve as a probe of the spatial interference effect arising from the spatial variation of the laser phase.
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1. Introduction

Cooperative behaviour can occur in a system of
two or more atoms interacting with common vac-
uum radiation field when the interatomic separation
is smaller than the relevant resonant wavelength.[!:?]
Since the concept of collective spontaneous emission
was first introduced by Dicke,! collective effects of
the interactive atoms have become a subject of great
interest in quantum optics and have undergone exten-
sive investigation.[*~ 1 Especially, recent studies(!2:13!
show that the collective spontaneous emission can
create entanglement between two cooperative atoms
which is a crucial element in quantum information
processing.

Most recently, in a collective system of two laser-
driven two-level atoms, Das et all'¥ investigated
quantum interference effects which arise from the spa-
tial variation of the pumping-laser phase. They found
that when the atoms are weakly excited by the laser,
the fluorescence intensity and the entanglement be-
tween the two atoms can be considerably enhanced if
the propagation of the laser is arranged to be parallel
or antiparallel to the interatomic axis, as compared to
the case of laser propagation perpendicular to the axis.
Therefore, they proposed that the intensity spectrum
of the resonant fluorescence can serve as a probe of the
new interference effects. In the case of a strong pump-
ing laser, however, it is shown in Ref. [14] that the spa-
tial interference effects on the fluorescence spectrum

and interatomic entanglement are less obvious.

In this paper, we therefore investigate the effects
of the spatial phase variation of the driving laser on
the intensity—intensity correlations of the resonant flu-
orescence emitted by the collective atomic system, on
the basis of the current theoretical and experimental

s,[15-22] anq

efforts on intensity—intensity correlation:
the fact that nonclassical photon correlations (entan-
gled photonsm]) are considerably significant in quan-
tum information processing. It is found that the pho-
ton correlations exhibit quite strong dependence on
the spatial phase factor 0 of the laser. Especially, when
the atoms are excited by the strong laser, quantum
interference with the spatial phase # = 0 leads to no-
ticeable oscillations in the intensity correlations even
for large time delay 7, quite different from the case
of @ = 7/2 in which the correlations cease to oscil-
late in the small time delay. Also, we show that when
the laser—atom detuning is equal to the interatomic
strength, the photon correlation is insensitive to the
spatial variation of the laser phase. Our results sug-
gest that the intensity—intensity correlations can serve
as a good probe of the spatial interference effects aris-
ing from the spatial variation of the laser phase. This
paper is arranged as follows: in Section 2, the model is
introduced and the working equation is presented. In
Section 3, the intensity—intensity correlation function
is calculated, and we discuss in detail the influences of
the spatial-phase variation of the driving laser on the
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intensity correlations of the resonant fluorescence. In
the last section, we give our main summary.

2. Model

Our system consists of two identical two-level
atoms with transition frequencies wg and dipole mo-
ments p. The atoms are assumed to be separated by
a distance r12 and driven by a monochorionic laser of
frequency wy, described by

E(t) = gre” ikertont) 4 cc (1)

with wave vector kr, (see Fig. 1). Taking into account
the damping of the atoms in vacuum, in the rotating-
wave approximation, the density operator p of the sys-
tem is governed by the following master equation!!]

dp
- — _iH.
dt 1[ m‘mp]
2
+ Y (257 pST — 8787 p— pS; ST,
b=l (2)

where Sj and S} are the raising and lowering oper-
ators for the jth atom. The Hamiltonian Hj, in the
interaction picture is given by

2
1 _ vy
Hine = 5 > (ASFS; + nemi%iSH)
j=1

+ 21287 S5 + H.c., (3)

where A = wy — wr,, 2 = p - e, are the Rabi fre-
quencies of the laser field and are taken to be real by
choosing the initial phase of the electromagnetic field,
and ¢; = kr, - r; is the spatial phase factor of the laser
at the position r; of the jth atom. The variation of
the spatial phase means that the two atoms experi-
ence different driving fields, which leads to interesting
interference effects such as the modification of the flu-
orescence intensity and the interatomic entanglement
degree.l'" Here, we focus on the spatial interference
due to the effect of spatial variation of the laser on
the intensity—intensity correlations of the resonance
fluorescence emitted by the atoms. The interatomic
interaction (215, coming from the interaction between
the two atoms mediated by the vacuum radiation field,

takes the form of

3y 5 .\ cos(koria)

Q = — —_ 1 —_ S —_—
12 5 { ( cos” 3) koT1a
Sin(k‘orlg)

+(1—300525){

N cos(korlg)} }
2 3 )
(/f()?"12) (k0T12) (4)
where (3 is the angle between the dipole moment p and
the vector r19 = 73 — 71, and we will take § = 7/2 in
the following discussions; kg = wo/c, k12 = |k12|, and
r12 = |r12]|. We can see that the interatomic interac-
tion described by (212 is dependent on the interatomic
separation rio and it becomes especially significant at
the small separation. The collective decay rates -;; of
the atoms satisfy 712 = 721 and

Y2 = 37{(1 — cos? ﬁ)ism(korm)

2 koT‘lg
ko'l"lg) Sin(korlg)
+ (1 — 3082 {cos( B 7
( cos B) (k07‘12)2 (k0T12)3

()

with v = +;; being the single-atom spontaneous
emission rate. Here, the interatomic interaction (215
and the cooperative damping 712 of the atoms deter-
mine the collective properties of the two-atom system.
From Egs. (4) and (5), for small interatomic distance
korio < 1, we have

3y

Qo= ——"—
12 2(/€0T12)3

(1-3cos’p), ma=n, (6)
while for large separation between the two atoms,
koriz > 1, one has 212 = 0 and ;2 = 0 and thus
the collective effect vanishes. Now if performing trans-
formation S; — S;e” 1%, the master equation (2) is
unchanged, except for

Q19 — DaeT 1?7~y — ygeT 10 (7)

where the relative phase

2
Gr =1 — P2 =k -T12 = ~, T2 €08 0, (8)

where )\ is the wavelength of the laser and 6 the an-
gle between the propagation direction of the laser and
the interatomic axis. According to Eq. (7), we see
that the variation of the laser spatial phase will modu-
late the collective parameters {215 and 7y15. Therefore,
the collective effects can be modified by arranging the
propagation of the laser.
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Fig. 1. The geometry of the present system, in which 0 is
the angle between the propagation vector kp, of the laser
and the interatomic axis r12, and g is the angle between
the vector k1, and the atomic dipole pu.

By defining the following atomic operators Xj

X, = ST, X, = Sy,
X3 =57, X,=S;,
Xs =575, Xe¢=55S;,
X; =878y, Xs=5FS7,
Xo=S878F,  Xy0=578;,

X1 = S80Sy, Xip=S;S78],

Xi3 =87 5555, Xia=57575;,

X5 = Sf 875555, (9)
according to the master equation (2), the equations of
motion of the expectation values of the atomic opera-
tors X; = (X;) can be derived as

X1 =X —9-X3 +27-X12 + 26 (X5 — 1/2),
X3 = -nXs —7-X1 +27-X14 + 265 (X6 — 1/2),
X5 =—29Xs — & X1 — X2 — 1. X7 — 7-Xs,
X7=—-2X7 - &X1 — Xy — 91 X5 —7- X6
+ 267 X11 + 26 X14 + 4712 X015,
Xo=—2m1 X9 — & X1 — 61 X + 267 X1p + 265 X4,
X1 = —2%X11 —7-Xuu — &X5 —6.X7
— & X0 + 26 X5,
X3 =—2%X14 —7-X11 — 61X — £2X5
— & X0 + 26 X5,
X5 = —47X15 — & X1 — &X0o
— & X3 — & X,
where 3, = v; =14 (j = 1,2), 74+ = 712 +if2,
Y- = m12 — {2, and & = i2e'%. The remaining

(10)

equations can be obtained by taking complex conju-
gates of Eq. (10). By writing the Bloch equation as

d -

aX(t) =MX(t)+ N, (11)

where X = (X, Xo,...,X15)T, M is a 15 x 15 ma-
trixand IV = (_ffa _517 _557 _527 Oa 07 07 07 07 Oa 07
0, 0, 0, 0)T, the formal solution of the above equation

is given by
X(t)=eMX(0) - (I —-eM)M'N. (12)
When ¢t — oo, the stationary solution is obtained
X (00)=—-M"'N. (13)
3. Intensity—intensity correl-

ations

The second-order two-time correlation function of
the light field is defined as

GO et +7) = (B (r, t) EC) (r,t + 1)
x E) (r t +7)ED)(r, 1)),
(14)

where E (i)(n t) are respectively the positive- and
negative-frequency parts of the electric field operators
at the observation point » = r#. The two-time corre-
lation function is proportional to the joint probability
of detecting one photon at time ¢ and another photon
at time t 4+ 7, yielding information about the pho-
ton statistics of the emitted field. With the positive-
frequency part of the electric field E(*) in the far-field
zonel?4
ED(r )= kY MS; (t—r/c)e™ hofms,
j=1

(15)
the two-time correlation function can be expressed, in
terms of the atomic operators, as

2

GO tirt+7)=f2(r) Y (S

k,l,m,n=1
x SH(t+71)S,(t+171)S, (1)),
(16)
where f(r) =
that the observation direction is perpendicular to

(wo/c)*(1?/r?); we have assumed

the atomic dipole moments p and the vector ris.
The normalized intensity—intensity correlation func-
tion g (7, t;r,t + 7) is defined as

G (r t;r,t
gD (r e t+7) = (r,tir,t+7)

= 1
GO (r, )G (r,t+ 1)’ (17)

where G (7, t) is the first-order one-time correlation
function, defined as

014205-3



Chin. Phys. B Vol. 19, No. 1 (2010) 014205

2

GO (1) = (B (r,)ED(r, 1) = f(r) Y (SHO)S, (1), (18)

which describes the intensity of the emitted field.

m,n=1

Therefore, the normalized intensity—intensity correlation function in the steady regime can be expressed as

2

@)y — 1
g7 (1) tlggoklz_l

(S (OS] (t+7)S,(t+7)S, (1))
(ST msy e

(19)

Now we evaluate the two-time correlation function appearing in Eq. (19). According to the quantum

regression,[%] the two-time correlation functions for certain atomic operators X ;j(t) satisfy the same equation

as the Bloch equation in Eq. (10), i.e.,

d
dr

with its solution

X OX ¢+ )X (1) = MXTOX(t+7)X; (1)) + (X ()X ()N, (20)

(XX +7m)X7 (1) =eM(XT X)X (1)
— (I =M )M™'N x (X ()X (1) (21)

J

The two-time correlation functions in Eq.(19) can be obtained as

15

(S OX;(t+m)SE) = Y (M7)50 (S (6 X5 ()5, (1))

j'=1

—[(I = eMT)M ™ N5 x (S ()S, (1), (22)

Therefore, with Eq. (22) the normalized intensity—intensity correlation of the field in the steady-state regime

can be calculated numerically.

In Figs. 2-4, the intensity—intensity correlation
function g®(7) is plotted for different Rabi frequen-
cies {2 and atomic distances. From them we can see
that the photon correlations are dependent on the an-
gle 6 between the propagation of the laser and the
interatomic axis, the interatomic separation ri2 and
It is
shown that with the decrease of interatomic distance

the Rabi frequency (2 of the pumping laser.

r12 the stronger oscillations are exhibited in the inten-
sity correlation of the fluorescence light [by comparing
Fig. 2(a) with Fig. 2(b)]. This is because the photon-
mediated interaction between the two atoms becomes
stronger, as a consequence of the reduction of inter-
atomic separations. In addition, from Eq. (8), one
can find that the variation of the spatial angle factor
0 can be visualized effectively as the changes of the in-
teratomic separation 1o which in turn determines the
indirect-interactive strength (215 between the atoms.
As a result, as shown in Figs. 2-4, we can see that the
effects of the spatial interference which results from

the variation of the spatial phase factor 6 are obvi-
ously demonstrated in the intensity correlations of the
fluorescent light. In particular, as shown in the insets
in Figs. 2 and 3, the nonclassical antibunching feature
[9®(0) < 1] of the emitted field is much stronger for
0 = /2 than that in the case of # = 0. More interest-
ingly, from Fig. 4 we can see that when 6 = 7/2 (i.e.,
the propagation direction of the laser is perpendicular
to the interatomic axis), fast stopping of the oscillation
of the correlation function is observed for the strong
Rabi frequency {2 of the laser. Inversely, for the case
0 = 0, very obvious quantum beating is exhibited in
the photon correlations. For example, as shown in
Fig. 4, for # = w/2 the intensity correlation function
g (1) — 1 and ceases to oscillate when 7 > 2, while
for # = 0 the damped oscillation of the correlation
function can be noticeably observed as 7 > 2 and the
antibunching ¢(® (1) < 1 can still exhibit at a certain
time delay 7. This can be explained in terms of the
collective states of the driven two-atom system.
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Fig. 2. Dependence of the intensity—intensity correlation function on the spatial angle factor € for the interatomic separation
ri2 = A/6 (a) and r12 = A/12 (b) with £2/4 = 0.1 and A/y = 7. The insets depict the correlation function with = = 0.
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Fig. 3. Dependence of the intensity—intensity correlation function on the spatial angle factor 6 for the interatomic separation
ri2 = A/6 (a) and r12 = A\/12 (b) with /v =2 and A/ = 7. The insets depict the correlation function with 7 = 0.

' ' ' quantum interference between the two possible tran-
_Tz : 2/8 1o = A/12 sition amplitudes |s(a)) — |g). The amplitude of this
modulation becomes maximum when the spatial phase
factor & = 0 (i.e., the propagation direction of the

laser is parallel to the interatomic axis). In addition,

l |w)
15) wo
6 54 4 et B
i [ 215
Fig. 4. Dependence of the intensity—intensity correlation on |a)
function on the spatial angle factor 6 for the interatomic
separation r12 = A\/12 with 2/y =5and A/y =7. l
lg)
In the framework of the two-atom collective Fig. 5. Collective states of the two-atom system with the

upper state |u) = |e1ez), the ground state |g) = |g192),

four-level atom (shown in Fig. 5). The oscillatory be- the symmetric state |s) = (|e1g2) + |g1¢2))/ V2, and the
asymmetric state |a) = (lerg2) — |g1e2))/v2. The fre-

haviour of the photon correlation originates from the quency shift 21 is due to the dipole dipole interaction.

states, the two-atom system is equivalent to a single
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for large interatomic separations, {215 is approxima-
tively zero, and the transitions from |s) and |a) to |g)
have the same frequency, leading to the disappearance
of the oscillation. As a result, as revealed in Fig. 4,
the obvious oscillation of the intensity—intensity cor-
relation function can be observed for § = 0 and for
the small atomic distance r1s.

1.0 T T T T o T T
y R
.\ \
\ \
0.8 N
\
N
N,
N
—6=0 y
g2 ma= iz
""" 0=mn/4
""" 0=m/2 1
O T T T T T T T
—20 —10 0 10 20
Aly
Fig. 6. The intensity—intensity correlation function

g (0) versus the laser-atom detuning with /v = 2.

1.0
= e,
a TtO=mw =)/12
@m """ 0 =mn/4 me2 =/
o514 T 0271'/2 4
0 T T T T
0 1 2 3 4 5

Fig. 7. Dependence of the intensity—intensity correla-
tion function g(2)(r) on the spatial angle factor 6 for the
interatomic separation ri2 = /12 with £/ = 2 and
Aly ==

Therefore, the interference effects due to the spa-
tial phase variation of the laser apparently manifest in

the intensity—intensity correlation function of the res-
onant fluorescence, especially in the case of the high
laser intensity. This suggests that the photon correla-
tions can serve as a probe for such a kind of spatial in-
terference effect, which is obviously advantageous over
the detection scheme of studying the fluorescent spec-
trum since the effect of spatial interference on the flu-
orescent intensity is almost insignificant in the case of
the strong pumping.l'¥ In Fig. 6 we plot the depen-
dence of the intensity—intensity correlation function
g (0) on the laser-atom detuning. From it, one can
see that when the detuning — A is in the vicinity of the
interatomic strength £212(=~ 9.3), the correlation func-
tion ¢(?)(0) ~ 0, indicating the maximum antibunch-
ing effect. Furthermore, from Figs. 6 and 7 the spatial
variation of the phase angle 6 has little effect on the
intensity—intensity correlations when the laser-atom
detuning (—A) is turned in the vicinity of the interac-
tion strength (215. This is because for A = —§215/7,
the fluorescent light results from the transition from
the symmetric state |s) to the ground state |g), which
radiates in all directions.[®) Thus, the photon correla-
tions of the resonant fluorescence are little influenced
by the variation of the angle 6.

4. Conclusions

In conclusion, we investigate the effects of the spa-
tial interference arising from the spatial phase varia-
tion of the laser on the intensity—intensity correlations
of the resonant fluorescence emitted by a cooperative
two-atom system. We have shown that the photon
correlations can exhibit quite different features for dif-
ferent values of the spatial phase factor 8 of the laser,
especially in the case of the strong pumping laser.
This suggests that the intensity—intensity correlations
can serve as a probe of such spatial interference effects
as are due to the spatial phase variation.
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