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Intensity-intensity correlations as a probe of interferences under conditions of noninterference
in the intensity
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The different behavior of first-order interferences and second-order correlations are investigated for the case
of two coherently excited atoms. For intensity measurements this problem is in many respects equivalent to
Young’s double-slit experiment and was investigated in an experiment by Eichmannet al. @Phys. Rev. Lett.70,
2359~1993!# and later analyzed in detail by Itanoet al. @Phys. Rev. A57, 4176~1998!#. Our results show that
in cases where the intensity interferences disappear the intensity-intensity correlations can display an interfer-
ence pattern with a visibility of up to 100%. The contrast depends on the polarization selected for the detection
and is independent of the strength of the driving field. The nonclassical nature of the calculated intensity-
intensity correlations is also discussed.
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I. INTRODUCTION

Young’s double-slit experiment along with its mode
variants has been central to our understanding of many
portant aspects of quantum mechanics@1,2#. In this experi-
ment the interferences arise because the photon can reac
screen either by passing through one or the other slit and
the inability to distinguish between the two paths that p
duces the interference fringes. If, however, one could de
a method so as to detect the path the photon took then
interference would be wiped out@3–10#. Young’s double-slit
experiment and other experiments have also been perfor
with matter waves@11–13# where one has clearly understoo
the disappearance or the fuzziness in the interference pa
if one tries to identify the atomic path, e.g., by detecting
scattered light or probing the internal levels of the diffract
particles@14–18#. There are also proposals involving cav
ties to efface the interference by gettingWelcherweginfor-
mation and to recover the interference by using quan
eraser@5#. A recent experiment by Bertetet al. @17# follows a
scheme very close to the one proposed by Scully and D¨hl
@4#. All these experiments provide us with a clear und
standing of the close relationship between complementa
Welcherweginformation, and the presence or absence of
interference pattern.

Recently, Eichmannet al. carried out a very interesting
experiment where the two slits were replaced by two mic
scopic objects, namely, two Hg1 ions well localized in a
linear Paul trap@19# ~see also Refs.@20–24#!. The two ions
were driven coherently by a linear polarized laser field clo
to the 6s 2S1/2– 6p 2P1/2 transition in 198Hg1. To measure
the intensity profile of the scattered fluorescence light in
far field they used a polarization selective detection. In t
case well defined interference fringes were reported
p-polarized scattered radiation whereas no interference
found for s-polarized emitted light. A detailed theoretic
analysis of these findings was given by Itanoet al. @20#. The
results are again interpreted in terms ofWelcherweginforma-
tion: for p-polarized detection the final states of the two io
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are the same after scattering of a photon, whereas
s-polarized detection they are different and thus one d
not ~does! have which-path information@20#.

In this paper we examine the question whether it is p
sible to see interference fringes even fors-polarized emitted
light if one changed the setup and decided to measure o
physical quantities. We know from previous work@25# that
the radiation emitted by a coherently driven system can h
highly nonclassical characteristics. Therefore, in order to
derstand all the features of the scattered radiation it beco
almost mendatory to study higher-order correlations, in p
ticular intensity-intensity correlations of the field emitted b
the two atom system@26–28#. In what follows we thus turn
our attention to the intensity-intensity second-order corre
tion function. We demonstrate that for two four-level atom
quantum interferences in the second-order correlations of
emitted fluorescence light can be observed for the cas
joint detection with two detectors~see Fig. 1!. We derive the
remarkable result that the depth of modulation in such co
cidences can be 100% for boths- and p-polarized fluores-
cence light, independent of the strength of the driving fie
This is in strong contrast to the visibility of the interferen
pattern of the far-fieldintensityprofile that can be observe
only in case ofp-polarized emitted radiation and strong

FIG. 1. Two-atom system considered: a plane wave with w

vectorknW l is impinging on two atoms fixed at positionsRW A andRW B .
The light scattered by the two atoms is registered in the far field
two detectors positioned atrW1 and rW2 .
©2002 The American Physical Society26-1
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depends on the power of the laser driving the atoms@23,24#.
We can interpret our outcomes on interferences in
intensity-intensity correlations as resulting from interfe
ences in the two photon decay channels of the system
show that such interferences are absent in case of a s
photon decay@29#.

The outline of the paper is as follows. In Sec. II w
present a general approach to the problem of interference
the intensity of emitted fluorescence light and derive ba
conditions for the existence of an interference pattern. He
connection with the traditionalWelcherwegargument is
made. In Sec. III we derive a very general result for t
second-order intensity-intensity correlation for a two ato
system and find conditions for which such a correlation w
exhibit interferences. In Sec. IV we apply the results of S
III to the experiment of Eichmanet al.; here we make some
predictions. We use a master-equation framework so tha
can deal with arbitrarily strong coherent driving fields. T
main result of the paper is that in order to observe quan
interferences in the fluorescence light it is not necessa
adequate to study the intensity of the emitted radiation
very interesting interference information can be revealed
studying quantum statistics and in particular the intens
intensity correlations of the scattered light field.

II. CONDITIONS FOR THE OBSERVATION OF QUANTUM
INTERFERENCES IN THE INTENSITY: GENERAL

CONSIDERATIONS

Consider a system of identical atoms located at positi
RW j . Each atom can in principle involve several emissi
lines, i.e., emissions at several frequencies. The atom
also produce emission at the same frequency but each e
sion can come from a different transition. For the purpose
this paper we assume emission at a single frequency com
say from several different transitionsua&→ub&. Each atom
can either be continuously driven or the initial state might
prepared by a pulsed excitation.

A. Intensity distribution

Let dW ab be the dipole matrix element for the transitio
ua&→ub&. In quantum theory it is known how to relate th
statistical properties of the spontaneously emitted radia
to the atomic properties@30#. In fact, the positive frequency
part of the electric-field operator in the far-field zone can
written in terms of the atomic operators (ub&^au) j as

EW ~1 !~rW,t !5EW 0
~1 !~rW,t !1S v0

c D 2 eikr

r (
j ,b,a

e2 iknW •RW jnW

3~nW 3dW ba!~ ub&^au! j , ~1!

rW5nW r , k5
v0

c
,

where in Eq.~1! we sum over all transitions corresponding
the possible spontaneous decay channels. LeteW denote the
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polarization of a detected signal assuming that the detec
is polarization selective. The detected signal will then
volve the component

eW•EW ~1 !~rW,t !5eW•EW 0
~1 !~rW,t !2S v0

c D 2 eikr

r

3 (
j ,b,a

e2 iknW •RW j~eW•dW ba!~ ub&^au! j ~2!

and hence, except in the forward direction, the intensity
the signal, in arbitrary units, will be

I 5^eW•EW ~2 !~rW,t ! eW•EW ~1 !~rW,t !&

5
1

r 2 S v0

c D 4

(
j ,l ,a8,b8,b,a

e2 iknW •~RW j 2RW l !~eW•dW ba!~eW* •dW b8a8
* !

3^~ ua8&^b8u! l~ ub&^au! j&. ~3!

Let us rewrite Eq.~3! as

I 5
1

r 2 S v0

c D 4

(
j ,b,a,a8

~eW•dW ba!~eW•dW ba8
* !^~ ua8&^au! j&

1
1

r 2 S v0

c D 4

(
j Þ l ,a8,b8,b,a

e2 iknW •~RW j 2RW l !~eW•dW ba!

3~eW* •dW b8a8
* !^~ ua8&^b8u! l~ ub&^au! j&. ~4!

As can be seen from Eq.~4!, the intraatomic interference
terms show up in the intensity provided that the correlatio
^(ua8&^b8u) l(ub&^au) j& are nonzero.

Of special concern for us is here the case ofuncorrelated
atoms. In this case the two atom expectation value factor
in terms of single atom quantities

^~ ua8&^b8u! l~ ub&^au! j&5^~ ua8&^b8u! l& ^~ ub&^au! j&, lÞ j .

~5!

From Eqs.~4! and~5! we can see that the radiation from tw
uncorrelated atoms can interfere only if the atoms have n
zero coherences, i.e., nonzero dipole moments

^~ ua8&^b8u! l&Þ0. ~6!

This situation is similar to the one occurring in classic
electrodynamics, e.g., in the case of interference in the ra
tion from coherently driven classical antennas. On the ot
hand, if there are no atomic coherences the interferences
be exhibited only if the atoms arecorrelated, as one would
expect from Eq.~4!.

B. Nonzero dipole moment and the lack ofWelcherweg
information

In quantum theory the existence of interference can
interpreted in terms ofWelcherweginformation@3#. Thus one
would like to understand the interference resulting from no
zero dipole moment as something arising from our lack
information regarding the source of the detected phot
6-2
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Consider for this purpose, for example, an initial state o
system of two identical two-level atoms asueA ,eB&. The
atoms decay independently of each other. There are
paths of decay, i.e., ueA ,eB&→ugA ,eB& or ueA ,eB&
→ueA ,gB&. For these two paths the final state of the tw
atom system is different and therefore interference does
occur. Let us next consider as initial state a state that
superposition of ground and excited levelsuc&5ceue&
1cgug&. Note that this is a state for which the dipole m
ment is nonzero. Let the initial state of the two atom syst
be ucA ,cB&. After decay of a photon we get, depending
which path of decay is considered,

ucA ,cB&→ceugA&ucB& ~7!

or

ucA ,cB&→ceucA&ugB&. ~8!

The two paths lead to final states that have a comm
componentugAgB& occurring with amplitudececg . Thus an
interference appears, which is proportional toucecgu2 or to
the modulus square of the dipole momentce* cg . In this man-
ner we have established a connection between argum
based onWelcherweginformation and the existence of a d
pole moment.

III. QUANTUM INTERFERENCES IN INTENSITY-
INTENSITY CORRELATIONS: GENERAL RESULT FOR

UNCORRELATEDATOMS

From our discussion in Sec. II it is clear that the case
uncorrelatedatoms with zero dipole moment is especia
challenging since in this case no quantum interferences
observable in the intensity profile of the far field, i.e.,^I&
shows no modulation. In this section we demonstrate on v
general grounds that, nevertheless, quantum interfere
with high modulation depth may exist, in particular if th
intensity-intensity correlations in the field produced by t
uncorrelated atoms are considered.

In order to motivate our discussion consider again
simple case of two identical two-level atoms with initial sta
ueA ,eB&. Consider the following two-photon emission cha
nels ~see Fig. 1!:

ueA ,eB&→ugA&ueB&ukW i&→ugA&ugB&ukW1kW2& ~9!

or

ueA ,eB&→ueA&ugB&ukW i&→ugA&ugB&ukW1kW2&, ~10!

i 51,2.

Clearly, the different paths for two photon decay can
terfere as the final states of the paths are identical. This
be demonstrated explicitly by using higher-order Fer

golden rule. The phase factors likeeikWa•RW b originating from
the intermediate states give rise to the interference term

We now consider the general situation for a two ato
system using the result~2!. Let us write it in the form
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eW1•EW ~1 !~rW1 ,t !5eW1•EW 0
~1 !~rW1 ,t !1EA

~1 !~1!1EB
~1 !~1!,

~11!

where, for example,EA
(1)(1) is the contribution to the scat

tered field by atomA at the pointrW1 , with polarizationeW1 . In
what follows we examine the second-order intensi
intensity correlation for measurements with two detectors
cated atrW1 and rW2 . We furthermore suppose a polarizatio
selective detection, e.g., we assume that the detector arWa
selects polarizationeWa . Let us consider the intensity
intensity correlation function defined by

G~2!~rW1 ,eW1 ,t;rW2 ,eW2 ,t !5G~2!~1,2!

5^eW1* •EW ~2 !~rW1 ,t !eW2* •EW ~2 !~rW2 ,t !

3eW2•EW ~1 !~rW2 ,t !eW1•EW ~1 !~rW1 ,t !&,

~12!

which on using Eq.~11! reduces to

G~2!~1,2!5^@EA
~2 !~1!1EB

~2 !~1!#@EA
~2 !~2!1EB

~2 !~2!#

3@EA
~1 !~2!1EB

~1 !~2!#@EA
~1 !~1!1EB

~1 !~1!#&.

~13!

Note that the vacuum terms do not contribute to norma
ordered correlations. Since the single atom operators sa
the property

ua&^bua8&^b8u5dba8ua&^b8u, ~14!

the terms likeEA
(2)(1)EA

(2)(2) are identically zero. Hence Eq
~13! reduces further to

G~2!~1,2!5^@EA
~21!~1!EB

~2 !~2!1EB
~2 !~1!EA

~2 !~2!#

3@EB
~1 !~2!EA

~1 !~1!1EA
~1 !~2!EB

~1 !~1!#&.

~15!

We next make use of theuncorrelatednature of the atoms
A andB to simplify Eq. ~15! in the following manner:

G~2!~1,2!5^EA
~2 !~1!EA

~1 !~1!&^EB
~2 !~2!EB

~1 !~2!&

1^EA
~2 !~1!EA

~1 !~2!&^EB
~2 !~2!EB

~1 !~1!&

1^EA
~2 !~2!EA

~1 !~1!&^EB
~2 !~1!EB

~1 !~2!&

1^EA
~2 !~2!EA

~1 !~2!&^EB
~2 !~1!EB

~1 !~1!&.

~16!

Clearly, the existence of interference terms inG(2)(1,2) de-
pends on the nonvanishing of theamplitude correlationfunc-
tion

GA
~1!~1,2!5^EA

~2 !~1!EA
~1 !~2!&. ~17!
6-3
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Note thatGA
(1)(1,2), which is a measure of spatial coheren

is not necessarily zero even if^EA
(2)(1)& is zero.

We can rewrite Eq.~16! also in the form

G~2!~1,2!5@GA
~1!~1,1!GB

~1!~2,2!1GA
~1!~2,2!

3GB
~1!~1,1!#•@11G~2!~1,2!#, ~18!

where

G~2!~1,2!5
@GA

~1!~1,2!GB
~1!~2,1!1c.c.#

$GA
~1!~1,1!GB

~1!~2,2!1GA
~1!~2,2!GB

~1!~1,1!%
.

~19!

Note that Eq.~18! has resemblance to the well-know
result for thermal light@3#. However, it should be borne in
mind that for radiation produced by coherently driven sin
atomsG (2)(1,2) can also be negative~see, e.g., Sec. IV!.

Let us now examine more closely the structure of E
~17!. By using Eq.~2!, we obtain

GA
~1!~1,2!5S v0

c D 4 eik~r 22r 1!

r 1r 2
e2 ik~nW 22nW 1!•RW A( ~eW2•dW ba!

3~eW1* •dW b8a8
* !^ua8&^b8ub&^au&

5S v0

c D 4 eik~r 22r 1!

r 1r 2
e2 ik~nW 22nW 1!•RW A( ~eW2•dW ba!

3~eW1* •dW ba8
* !raa8 , ~20!

which becomes

GA
~1!~1,2!5S v0

c D 4 eik~r 22r 1!

r 1r 2
e2 ik~nW 22nW 1!•RW A

3( ~eW2•dW ba!~eW1* •dW ba* !raa , ~21!

if there are no excited state coherences, i.e., ifraa850 @31#.
In this caseGA

(1)(1,2) is nonvanishing as long aseW2•eW1* Þ0.
For a two-level transitionua&↔ub& whereua& ~ub&! repre-

sents the excited~ground! state~20! can be simplified to

GA
~1!~1,2!5S v0

c D 4 eik~r 22r 1!

r 1r 2
e2 ik~nW 22nW 1!•RW A~eW2•dW ba!

3~eW1* •dW ba* !raa . ~22!

On substituting in Eq.~19! we get~see also Ref.@26# !.

G~2!~1,2!5cos@k~nW 22nW 1!•~RW A2RW B!#. ~23!

The interference pattern of the intensity-intensity seco
order correlation functionG(2)(1,2) can thus exhibit a modu
lation depth of 100% irrespective of the strength of the dr
ing field, i.e., irrespective of the degree of excitation of t
atom. In particular, for the initial stateueA ,eB& in absence of
a continuous coherent drive, one obtains well defined in
ferences in the second-order correlation functionG(2)(1,2)
05382
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whereas no interference fringes can be seen in the far-
intensity distribution̂ I& as already shown in Sec. II.

IV. YOUNG’S INTERFERENCE EXPERIMENT
BY EICHMANN et al. REVISITED: PREDICTIONS

FOR CASES WHEN NO INTERFERENCES
WERE OBSERVED IN THE INTENSITY

In this section we will reexamine the experiment by Eic
mannet al. introduced above in Sec. I@19,20#. For that pur-
pose we make use of a master-equation approach for
atomic dynamics, which has the advantage of being abl
deal with arbitrarily strong coherent driving fields. Thus, u
like in the work of Itanoet al. @20#, we do not use a pertur
bation theoretical approach. In what follows we demonstr
how quantum interferences can be recovered even in cas
s-polarized fluorescence light by observing intensi
intensity correlations. In this case no interferences were
served in the far-field intensity distribution@19,20#.

The corresponding level scheme is shown in Fig. 2. Ei
mannet al. considered excitation of two four-level atoms b
p-polarized light@19#. The spontaneous emission could o
cur on the transitionsu1&→u2&; u3&→u4& ~p polarization!
and on the transitionsu1&→u4&; u3&→u2& ~s polarization!
~see Fig. 2!. Assuming excitation by resonant light, th
density-matrix equations for this system can be written in
form

ṙ115 igr212 igr1222~g01g!r11,

ṙ125 igr222 igr112~g01g!r12,

ṙ135 igr231 igr1422~g01g!r13,

ṙ145 igr241 igr132~g01g!r14,

ṙ2252 igr211 igr1212g0r1112gr33, ~24!

ṙ235 igr131 igr242~g01g!r23,

ṙ245 igr141 igr23,

ṙ3352 igr431 igr3422~g01g!r33,

ṙ3452 igr442 igr33.

FIG. 2. J51/2→J51/2 internal level scheme of the two atom
Both atoms are excited byp-polarized light.
6-4
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INTENSITY-INTENSITY CORRELATIONS AS A PROBE . . . PHYSICAL REVIEW A 65 053826
The remaining equations can be generated by taking c
plex conjugates or using Tr$r%51. Here 2g is the Rabi fre-
quency of the driving fieldg5(dW 12•eW /\) and 2g0 and 2g are
the rates of spontaneous emission as shown in Fig. 2. U
Eq. ~24!, the steady-state solutions are found to be

r135r235r245r1450, ~25!

r115r335
1

2

g2

@2g21~g01g!2#
,

r225r44512
1

2

@3g22~g01g!2#

@2g21~g01g!2#
, ~26!

r1252r345
i

2

g~g01g!

@2g21~g01g!2#
.

For the present system we therefore get, using Eq.~2! and
Fig. 2,

EA
~1 !~1!52S v0

c D 2 eikr 1

r 1
e2 ik~nW 12nW l !•RW A

3$eW1•dW 21u2&^1u1eW1•dW 43u4&^3u

1eW1•dW 41u4&^1u1eW1•dW 23u2&^3u%, ~27!

wherenW l is the direction of the exciting radiation. Note th
dW 21idW 43, dW 41'dW 23* , dW 41'dW 21, etc. Thus, if the polarization

vectoreW1 is chosen such thateW1'dW 21, then one obtains from
Eqs.~25! and ~27!,

^EA
~1 !~1!&52S v0

c D 2 eikr 1

r 1
e2 ik~nW 12nW l !•RW A$eW1•dW 41r14

1eW1•dW 23r32%50 ~28!

if eW1•dW 2150.

On the other hand, foreW1'dW 41 one gets

^EA
~1 !~1!&522S v0

c D 2 eikr 1

r 1
e2 ik~nW 12nW l !•RW A~eW1•dW 21!r12Þ0

~29!

if eW1•dW 4150.

Thus the mean dipole moment or the mean radiated fi
in case ofp-polarized emitted light is nonzero~29! whereas
it vanishes fors polarization~28!. Therefore, as shown in
Sec. II, interference fringes in the far field intensity can
observed only forp-polarized fluorescence but not fo
s-polarized fluorescence light. This is in agreement with
experimental and theoretical results of Wineland’s gro
@19,20#. To show this more explicitly we present in wh
follows the general result for the far-field intensity distrib
tion of the emitted fluorescence light.
05382
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Far-field intensity pattern for arbitrary polarization

Using Eq.~27! and the solutions~25! and ~26! we find

GA
~1!~1,1!5S v0

c D 4 1

r 1
2 r11$ueW1•dW 21u21ueW1•dW 43u21ueW1•dW 41u2

1ueW1•dW 23u2%, ~30!

where the different dipole matrix elements can be shown
be given by@32#

dW 2152dW 4352Dẑ,

dW 415dW 23* 5
D
)

ê2 , ~31!

with ê25( x̂2 i ŷ)/&. In Eq. ~31! D denotes the reduce
matrix element of the dipole operatordW . On substituting Eq.
~31! into Eq. ~30! we obtain

GA
~1!~1,1!5S v0

c D 4 1

r 1
2 r11S D2

3 D , ~32!

which also turns out to be equal toGB
(1)(1,1). Similarly, one

can prove that

^EB
~2 !~1!EA

~1 !~1!&5^EA
~2 !~1!EB

~1 !~1!&*

54S v0

c D 4 1

r 1
2 ur12u2S D2

6 D uẑ•eW1u2

3exp@2 ik~nW 12nW l !•~RW A2RW B!#

~33!

from which the complete expression for the far-field intens
distribution can be derived@see Eqs.~3! and ~11!#

^I ~1!&5^@EA
~2 !~1!1EB

~2 !~1!#@EA
~1 !~1!1EB

~1 !~1!#&

5@GA
~1!~1,1!1GB

~1!~1,1!1^EB
~2 !~1!EA

~1 !~1!&

1^EA
~2 !~1!EB

~1 !~1!&#

5
1

r 1
2 S v0

c D 4S D2

3 D ~2r11!F11
u2r12u2

2r11
uẑ•eW1u2

3cos@k~nW 12nW l !•~RW A2RW B!#G , ~34!

with, according to Eq.~26!

u2r12u2

2r11
uẑ•eW1u25

~g01g!2

@2g21~g01g!2#
uẑ•eW1u2. ~35!

As can be seen from Eq.~34!, the depth of modulation of
the far-field intensity distribution is determined by Eq.~35!.
Note that this factor not only goes to zero fors-polarized
fluorescence light~via the termuẑ•eW1u! @20# but also in the
limit of strong driving fields@23,24#. The latter is also true
6-5
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for two coherently driven two-level atoms@26,27#. Here one
finds for the far-field intensity distribution@26#

^I ~1!&;
2g2

~2g21g2! F11
g2

~2g21g2!

3cos@k~nW 12nW l !•~RW A2RW B!#G . ~36!

Again, the depth of modulationg2/(2g21g2) vanishes in
case of increasingly high laser power.

Interferences in intensity-intensity correlations

The question thus remains: is there a possibility of exh
iting quantum interferences even in case ofs-polarized emit-
ted light or in the case of strong driving fields? According
our general discussion in Sec. III the answer is yes if
study intensity-intensity correlations. For this purpose,
turn our attention to the analysis of the crucial object~17!.
On using Eqs.~17! and ~27! we find:

GA
~1!~1,2!5S v0

c D 4 eik~r 22r 1!

r 2r 1
e2 ik~nW 22nW 1!•RW A$~eW1* •dW 21* !

3~eW2•dW 21!1~eW1* •dW 43* !~eW2•dW 43!1~eW1* •dW 41* !

3~eW2•dW 41!1~eW1* •dW 23* !~eW2•dW 23!% • r11. ~37!

In deriving Eq. ~37! we used the steady-state solutio
~25! and ~26! of the master equation for the atomic syste
Note thatGA

(1)(1,2) is proportional to the population in th
upper state, which is nonzero as long as the system is
cited. The term in the curly brackets in Eq.~37! can be
shown to be proportional to (eW1* •eW2). Using Eq.~37! in Eq.
~19! we thus obtain a very simple result:

G~2!~1,2!5ueW1* •eW2u2 cos$k@~nW 12nW 2!•~RW A2RW B!#%.
~38!

Clearly,G (2)50 if one decides to pick up orthogonal po
larizations at the two detectors. For identical polarization
haveeW1* •eW251 so that one obtains 100% modulation dep
in the intensity-intensity correlation even ifeW corresponds to
s-polarized radiation. According to Eq.~38! the depth of
modulationM is simply determined by the two polarizatio
vectors

M5ueW1* •eW2u2. ~39!

Note that this factor does not depend on the strength of
driving field exciting the system.

Finally, in order to understand the nonclassical nature
the emitted light it is useful to introduce the normaliz
intensity-intensity correlation functiong(2)(1,2) via @30#

g~2!~1,2!5
G~2!~1,2!

I ~1!I ~2!
, ~40!
05382
-

e
e

.

x-

e

e

f

which on using Eqs.~34! and ~38! simply becomes

g~2!~1,2!5
D21~1!D21~2!

2
„11ueW1* •eW2u2

3cos$k@~nW 12nW 2!•~RW A2RW B!#%…, ~41!

with

D~ i !511
u2r12u2

2r11
uẑ•eW i u2 cos$k@~nW i2nW l !•~RW A2RW B!#%,

i 51,2. ~42!

For detection of polarization such thatẑ•eW15 ẑ•eW250 we
obtain

g~2!~1,2!5
1

2
„11ueW1* •eW2u2 cos$k@~nW 12nW 2!•~RW A2RW B!#%…,

~43!

so that for measurements with a single detector one gets

g~2!~1,1!51. ~44!

We recall from Ref.@26# that the nonclassical nature o
the radiated field is reflected by the violation of the inequ
ity

)
i 51

2

@g2~ i ; i !21!>~g~2!~1,2!21#2. ~45!

Clearly, withg(2)(1,2) given by Eq.~41! @or in the special
case by Eq.~43!#, a strong violation of this inequality is
possible, indicating that the emitted light has highly noncl
sical properties.

V. CONCLUSIONS

In conclusion, we have demonstrated interference p
nomena in the second-order correlations of the fluoresce
light from ion pairs. The phenomena occur even in situatio
where first-order interferences do not appear. An expl
manifestation of this phenomenon is presented by analyz
the system of two four-level ions driven by a linearly pola
ized coherent laser field. In this case the far-field intens
distribution of the scattereds-polarized light does not ex
hibit first-order interferences. By contrast, well defined int
ferences are displayed in the second-order correlations o
emitted fluorescence light. Here we find the rather rema
able result that the intensity-intensity correlations can sho
modulation depth of up to 100% for boths- andp-polarized
fluorescence light, independent of the strength of the driv
laser. In contrast, the modulation of the intensity profi
whenever present, depends strongly on the power of the d
ing laser field, vanishing in the limit of very high laser in
tensities. Finally, we discussed the nonclassical nature of
emitted fluorescence radiation. As can be seen from E
6-6
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~41!–~45!, the nonclassical nature of the scattered light c
be displayed independent of the polarization of the emit
light or the strength of the driving field, i.e., independent
the appearance or disappearance of first-order interfer
fringes. The observed interferences in the intensity-inten
correlations can also be explained in terms of the entan
ment induced by the detection of the first photon. Needles
say, our results can be generalized to include more atom
ions, and more complex atomic transitions can be con
d
,

B

e

er

.

05382
n
d
f
ce
ty
e-
to
or

d-

ered. The former should be especially relevant to exp
ments with ion chains or with atoms trapped in an opti
lattice.
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