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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 EichehahiPhys. Rev. Lett70,
2359(1993] and later analyzed in detail by Itamd al. [Phys. Rev. 467, 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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[. INTRODUCTION are the same after scattering of a photon, whereas for
o-polarized detection they are different and thus one does
Young’s double-slit experiment along with its modern not (doeg have which-path informatiof20].
variants has been central to our understanding of many im- In this paper we examine the question whether it is pos-
portant aspects of quantum mecharits]. In this experi- Sible to see interference fringes even éopolarized emitted
ment the interferences arise because the photon can reach fight if one changed the setup and decided to measure other
screen either by passing through one or the other slit and it iBhysical quantities. We know from previous wdiz5] that
the inability to distinguish between the two paths that pro_the radiation emitted by a coherently driven system can have

duces the interference fringes. If, however, one could devisBi9Nly nonclassical characteristics. Therefore, in order to un-
a method so as to detect the path the photon took then t erstand all the features of the scattered radiation it becomes

interference would be wiped o{8—10]. Young’s double-slit a most_mend_ato_ry to gtudy highe_.\r-order corr_elations_, in par-

experiment and other experiments have also been perform(it-'h?mar intensity-intensity correlations of the field emitted by
. e two atom systerf26—2§. In what follows we thus turn

m;h drigztpt)?)re\;vgvnec%ir_ghaevmzezri?\ggseimiglaetlgyf;rgiis?:t?eour attention to the intensity-intensity second-order correla-

fidn function. We demonstrate that for two four-level atoms

if one tries to identify the atomic path, e.g., by detecting the, . anm interferences in the second-order correlations of the

scattered light or probing the internal levels of the diffractedamitted fluorescence light can be observed for the case of
particles[14—18. There are also proposals involving cavi- joint detection with two detectoree Fig. 1 We derive the
ties to efface the interference by gettikigelcherwegnfor-  remarkable result that the depth of modulation in such coin-
mation and to recover the interference by using quantungidences can be 100% for both and -polarized fluores-
erasef5]. Arecent experiment by Bertet al.[17] follows @ cence light, independent of the strength of the driving field.
scheme very close to the one proposed by Scully andhiDru This is in strong contrast to the visibility of the interference
[4]. All these experiments provide us with a clear under-pattern of the far-fieldntensityprofile that can be observed
standing of the close relationship between complementaritypnly in case ofm-polarized emitted radiation and strongly
Welcherwegnformation, and the presence or absence of an

interference pattern. 7
Recently, Eichmanret al. carried out a very interesting
experiment where the two slits were replaced by two micro- _ .

scopic objects, namely, two Hgions well localized in a
linear Paul trag19] (see also Refd20-24)). The two ions
were driven coherently by a linear polarized laser field close
to the 6 2S;,—6p 2Py, transition in g™, To measure

the intensity profile of the scattered fluorescence light in the
far field they used a polarization selective detection. In this
case well defined interference fringes were reported for
m-polarized scattered radiation whereas no interference was
found for o-polarized emitted light. A detailed theoretical  FIG. 1. Two-atom system considered: a plane wave with wave
analysis of these findings was given by Itagtaal. [20]. The  vectorki, is impinging on two atoms fixed at positioRs, andRg .
results are again interpreted in terms/élcherwednforma-  The light scattered by the two atoms is registered in the far field by
tion: for 7r-polarized detection the final states of the two ionstwo detectors positioned & andf,.
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depends on the power of the laser driving the atp2324]. polarization of a detected signal assuming that the detection
We can interpret our outcomes on interferences in thés polarization selective. The detected signal will then in-
intensity-intensity correlations as resulting from interfer- volve the component
ences in the two photon decay channels of the system and
show that such interferences are absent in case of a single
photon decay?29].

The outline of the paper is as follows. In Sec. Il we
present a general approach to the problem of interferences in —ikA-Ri( 2. g ,
the intensity of emitted fluorescence light and derive basic Xj%a € (& dga)([B)al) @)
conditions for the existence of an interference pattern. Here a
connection with the traditionaWelcherwegargument is and hence, except in the forward direction, the intensity of
made. In Sec. Il we derive a very general result for thethe signal, in arbitrary units, will be
second-order intensity-intensity correlation for a two atom

é-EM(Ft)=¢ ég+>(r,t)—(—

system and find conditions for which such a correlation will 1=(& E(F,t) & E)(F1))

exhibit interferences. In Sec. IV we apply the results of Sec. 1 a )

Il to the experiment of Eichmaet al; here we make some = _z(ﬂ) efikﬁ-(RrF%)(g. aﬁ y(ex-d*, )
predictions. We use a master-equation framework so thatwe "\ €/ ;. 5 5.4 “ pla

can deal with arbitrarily strong coherent driving fields. The N oo

main result of the paper is that in order to observe quantum X((la"){B |)'(|B><“|)J>' )
interferences in the fluorescence light it is not necessarily ot s rewrite Eq(3) as

adequate to study the intensity of the emitted radiation as

very interesting interference information can be revealed by 1 [ wo\? . Y
studying quantum statistics and in particular the intensity- 1= z| > (€-dga)(€-dj, ) ((|e')al);)
intensity correlations of the scattered light field. I.B,aa’

l (O] 4 P > -

+_2 - e*lkﬂ‘(Rl‘*R”(é’_d )
Il. CONDITIONS FOR THE OBSERVATION OF QUANTUM V) sia 5 pa Ba
INTERFERENCES IN THE INTENSITY: GENERAL S
>. J*
CONSIDERATIONS X(€* - dg ([ WB Di| B)(al)))- 4)

) Consider a system of identical atoms located at positiongs can be seen from Ed4), the intraatomic interference
Rj. Each atom can in principle involve several emissionterms show up in the intensity provided that the correlations
lines, i.e., emissions at several frequencies. The atom ca(r(|a'></g’|)|(|/3><a|)j> are nonzero.

also produce emission at the same frequency but each emis- Of special concern for us is here the casaintorrelated
sion can come from a different transition. For the purpose oatoms. In this case the two atom expectation value factorizes
this paper we assume emission at a single frequency comirig terms of single atom quantities

say from several different transitiona)—|B). Each atom

can either be continuously driven or the initial state might be((|a’){(B"i(|B){a]);)=((la")}B'Di) ((IB){a]);), 1#].
prepared by a pulsed excitation. (5)

S From Egs.(4) and(5) we can see that the radiation from two
A. Intensity distribution uncorrelated atoms can interfere only if the atoms have non-

Let d,s be the dipole matrix element for the transition Z€"° coherences, i.e., nonzero dipole moments

|@)—|B). In quantum theory it is known how to relate the Y
statistical properties of the spontaneously emitted radiation {(Ja")(B" ) #0. ©
to the atomic propertief30]. In fact, the positive frequency  Thjg sjtuation is similar to the one occurring in classical

part of the electric-field operator in the far-field zone can begjectrodynamics, e.g., in the case of interference in the radia-
written in terms of the atomic operator§3)(al); as tion from coherently driven classical antennas. On the other

wn| 2 gkt ) hand, if there are no atomic coherences the interferences can
E<+)(F,t)=ﬁg+)(F,t)+ =0 > e kiR be exhibited only if the atoms a®rrelated as one would
C/ T jBa expect from Eq(4).
X (Axd . 1
( ﬁ“)(|’8><a|)l @ B. Nonzero dipole moment and the lack oWelcherweg
information
F=nAr, k= %, In quantum theory the existence of interference can be

interpreted in terms dfVelcherwegnformation[3]. Thus one

would like to understand the interference resulting from non-
where in Eq(1) we sum over all transitions corresponding to zero dipole moment as something arising from our lack of
the possible spontaneous decay channels.eLéénote the information regarding the source of the detected photon.
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Consider for th|§ purpose, for example, an initial state of a gl'E(H(Fl’t):gl'EE)+)(F1at)+5(A+)(1)+5(B+)(1)'
system of two identical two-level atoms &s,,eg). The (11)
atoms decay independently of each other. There are two

paths of decay, i.e. |ea,eg)—|0a.€8) OF |ea,€g)
—|ea,0gg). For these two paths the final state of the two
atom system is different and therefore interference does n
occur. Let us next consider as initial state a state that is
superposition of ground and excited levelg)=cgl€e)

where, for example£")(1) is the contribution to the scat-
tered field by atonA at the point’;, with polarizatione; . In
Qbhat follows we examine the second-order intensity-
ﬁnensity correlation for measurements with two detectors lo-
cated atr; andr,. We furthermore suppose a polarization

+Cg|g_>' Note that this is.a. state for which the dipole mo- selective detection, e.g., we assume that the detectdy at
ment is nonzero. Let the initial state of the two atom systenmy s polarizationé, . Let us consider the intensity-
o

be | ¢/, ). After decay of a photon we get, depending onintensity correlation function defined by
which path of decay is considered,

Q(F) & tiTy. ér ) =G?
|¥a1h) — Cel )| ¥ss) (7 CT(ME&,6M,& =612
or =(&-EC(M 0 -EC ()
|a ) — Cela)|g8)- (8 X & BT 1)  ECD(FLL D),
The two paths lead to final states that have a common (12)
componenigagg) occurring with amplitudec.cy. Thus an which on using Eq(11) reduces to
interference appears, which is proportional|®@cg|2 or to
the modulus square of the dipole momeft,. In this man- (2) _ 9 9 9 9
ner we have established a connection between argumentsG (L2=(& (M +& (W& 2+ & (2]
based onWelcherwegnformation and the existence of a di- X[EF(2)+ () EN () +E57(1)]).
pole moment. 13

IIl. QUANTUM INTERFERENCES IN INTENSITY-
INTENSITY CORRELATIONS: GENERAL RESULT FOR
UNCORRELATEDATOMS

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

From our discussion in Sec. Il it is clear that the case of
uncorrelatedatoms with zero dipole moment is especially la)(Bla" W B'|=bgarla)(B', (14
challenging since in this case no quantum interferences are
observable in the intensity profile of the far field, i.d)  the terms |ik§§()(1)5§()(2) are identically zero. Hence Eq.
shows no modulation. In this section we demonstrate on very13) reduces further to
general grounds that, nevertheless, quantum interferences
with high modulation depth may exist, in particular if the (2) _re-1) -) -) -)
intensity-intensity correlations in the field produced by the ™12 <[5(A (1)5(5 (2)+5(B (1)€(A (2)]

uncorrelated atoms are considered. ><[5<B+)(2)5<A+>(1)+5<A+>(2)g<B+)(1)]>,
In order to motivate our discussion consider again the
simple case of two identical two-level atoms with initial state (19
lea,eg). Consider the following two-photon emission chan-
nels (see Fig. 1 We next make use of thencorrelatednature of the atoms
A andB to simplify Eq. (15) in the following manner:
|eA’eB>‘>|gA>|eB>|E'>H|gA>|gB>||Z1IZZ> €) _ _
| GA(1,2=(& (D& (D) (26" (2))
or
+HETDET (2))(E5 ()& (1)
|eAaeB>_>|eA>|gB>|ki>_’|gA>|gB>|klk2>a (10 +<5(A*)(2)5(A+)(1)><5(B*)(1)5'(B+)(2)>
1=12. +(E (287 (2))(& (Vg (1)),
Clearly, the different paths for two photon decay can in- (16)

terfere as the final states of the paths are identical. This can _ _
be demonstrated explicitly by using higher-order FermiClearly, the existence of interference termsGF)(1,2) de-

golden rule. The phase factors lilieRs originating from pends on the nonvanishing of theplitude correlatiorfunc-
the intermediate states give rise to the interference terms. 10N

We now consider the general situation for a two atom " 0 )
system using the resulp). Let us write it in the form G (1,2=(& (1)E(2)). 17
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Note thatG{M(1,2), which is a measure of spatial coherence, | 1> 13>
A

is not necessarily zero even(i£l, (1)) is zero.
We can rewrite Eq(16) also in the form

G?(1,2=[G¥(1,1)G(2,2+G (2,2
XG(1,D)]-[1+TP(1,2)], (18)
where

[GY(1,2GE(2,1)+c.c]

160(1,06%(2,2+6P(2,26P(1,1}
(19

r@(1,2=

Y 2y 2y 2y,

A 4 A 4

12> [4)

FIG. 2. J=1/2—J=1/2 internal level scheme of the two atoms.
Both atoms are excited by-polarized light.

Note that Eq.(18) has resemblance to the well-known Whereas no interference fringes can be seen in the far-field
result for thermal ligh{3]. However, it should be borne in intensity distribution(l) as already shown in Sec. II.
mind that for radiation produced by coherently driven single

atomsI'(®)(1,2) can also be negativsee, e.g., Sec. IV

Let us now examine more closely the structure of Eq.

(17). By using Eq.(2), we obtain

wo 4eik(r27rl) L - R
GH(1,2= ?) — e M RRY (& dg)

Mo
X (& -dy, ) {la'}B'IB)al)

w0)4eik(r2r1)

c

e k(M=) Ra -d
rifs 2 ( 2 Ba)

X(& - dg,)Paar (20)
which becomes

4 Aik(ro—rq) N
[0} etz 1 P
0) e~ ik(ny=n)-Rp

c

GRl(12)= o

XD (&2:dg) (& A5 )pua, (2D

if there are no excited state coherences, i.en,,jf:=0 [31].
In this caseGgl)(l,Z) is nonvanishing as long &s- €} # 0.

For a two-level transitiona)«|8) where|a) (|3)) repre-

sents the excite@@round state(20) can be simplified to

o
c

X(& - dp)Paq- (22)

On substituting in Eq(19) we get(see also Ref.26]).

e*ik(ﬁzfﬁl)'éA( é,- aﬂa)

4eik(r2—r1)
=[] S

rars

I'?(1,2=cogk(fi,—fi;) - (Ra—Rg)]. (23

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 Eich-
mannet al. introduced above in Sec[19,20. For that pur-
pose we make use of a master-equation approach for the
atomic dynamics, which has the advantage of being able to
deal with arbitrarily strong coherent driving fields. Thus, un-
like in the work of Itanoet al.[20], we do not use a pertur-
bation theoretical approach. In what follows we demonstrate
how quantum interferences can be recovered even in case of
o-polarized fluorescence light by observing intensity-
intensity correlations. In this case no interferences were ob-
served in the far-field intensity distributidd9,2Q.

The corresponding level scheme is shown in Fig. 2. Eich-
mannet al. considered excitation of two four-level atoms by
m-polarized light[19]. The spontaneous emission could oc-
cur on the transition$l)—|2); |3)—|4) (7 polarization
and on the transitionfl)—|4); |3)—|2) (o polarization
(see Fig. 2 Assuming excitation by resonant light, the
density-matrix equations for this system can be written in the
form

pP11=19p21~19p12— 2( Yo+ ¥) P11,
P12=19p22—19p11~ (Yot ¥) P12,
p13=19p23+i9p14—2(v0+ V) P13,
P14=19p24t19p13— (vot ¥)p1a,

p2o= —19p21+igp1ot 2yop11+2ypas, (24

The interference pattern of the intensity-intensity second-
order correlation functios(?)(1,2) can thus exhibit a modu-
lation depth of 100% irrespective of the strength of the driv-
ing field, i.e., irrespective of the degree of excitation of the
atom. In particular, for the initial stafe, ,eg) in absence of
a continuous coherent drive, one obtains well defined inter-
ferences in the second-order correlation funct®t?)(1,2)

053826-4
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The remaining equations can be generated by taking com-

plex conjugates or using {ls} =1. Here 23y is the Rabi fre-
quency of the driving fieldj= (&12' €/h) and 2y, and 2y are

the rates of spontaneous emission as shown in Fig. 2. Using

Eq. (24), the steady-state solutions are found to be

P13= P23= p24= P14=0, (25
1 g2
=P3BT5 o020 (0 2T
PLTPeT3 267+ (vo t 17
1[39°— (yo+ y)?
[39°—(yot+¥)°] (26

=ppu=l-=——"——>-,
P Puam S 2 [2g% 4 (y0+ 9)7]

__ b 9oty
P12 P34 2 [292+(7’0+’)’)2]'

For the present system we therefore get, using(Bogand
Fig. 2,

2 Aikr

el P I

5A+><1>=—(—“’°) —— e ki) R
C rq

X { &) 0| 2)(1] + &~ dygl 4)(3|

+ & dgg 4)(1| + & - dog 2)(3]}, (27)

wheren, is the direction of the exciting radiation. Note that

dyqlld,s, daldis, dyldy, etc. Thus, if the polarization
vectoré; is chosen such that.L d,, then one obtains from
Egs.(25) and(27),

2eikr1

e_ik(ﬁl_ﬁ')'ﬁ‘\{gl‘ da1p1a

(E(1))= —(?)

+é1-dpapa} =0

M

(28)
|f gl . a21: 0.

On the other hand, fo#; L 641 one gets

. wo Zeikrl P
(E&H)y=-2 < 7€ K(N1=M)Ra(g) - dyp)pyp# 0
1
(29
if &-d=0.
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Far-field intensity pattern for arbitrary polarization
Using Eq.(27) and the solution$25) and (26) we find

4
(l)o 1 N - R > o >
GW(1,)= _C> r_2p11{|61'd21|2+|61'd43|2+|61'd41|2

1

+|&,-dd?}, (30

where the different dipole matrix elements can be shown to
be given by[32]

621: - 543: - Dz,

dp=di=—%_, 31
41 23 ‘/3 ( )
with €_=(X—iy)/v2. In Eq. (31) D denotes the reduced
matrix element of the dipole operatar On substituting Eq.

(31) into Eq. (30) we obtain

(O] 4 Dz
S r_fpll ENE
which also turns out to be equal @El)(l,l). Similarly, one
can prove that

GH(1,1)= (32)

(EMET (L) =(& ()& (1))

(1)0)4 1

2
_ 22 5. 212
4 C r_f|p12| ( 6 )|Z &

X exd —ik(f;—f})- (Ra— Rg)]
(33

from which the complete expression for the far-field intensity
distribution can be derivefbee Eqs(3) and(11)]

(L)Y =([E(D+E(DIE D+ (D)D)
=[G(1,D+GP(L,)+(& (1T (1))
(& (DE(1))]

Thus the mean dipole moment or the mean radiated fieldvith, according to Eq(26)

in case ofmr-polarized emitted light is nonzer@9) whereas

it vanishes foro polarization(28). Therefore, as shown in
Sec. ll, interference fringes in the far field intensity can be

1 00)4(172) |2P12|2
=>|—| | 5] (2p1)| 1+ 2-&?
22 (5 2o 1+ 2L
xcowﬁl—ﬁ')-(ﬁ,\—ﬁgu}, (34)
2p19 2 (70t 7)? B
7-€|f=—=——"—5-17-€4|%. 35
2o 2 gt (g 2 39

observed only forw-polarized fluorescence but not for

o-polarized fluorescence light. This is in agreement with the As can be seen from E¢34), the depth of modulation of
experimental and theoretical results of Wineland’s groughe far-field intensity distribution is determined by E85).
[19,20. To show this more explicity we present in what Note that this factor not only goes to zero ferpolarized
follows the general result for the far-field intensity distribu- fluorescence lightvia the term|z- €;|) [20] but also in the
tion of the emitted fluorescence light. limit of strong driving fields[23,24]. The latter is also true
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for two coherently driven two-level atonf26,27. Here one  which on using Eqs(34) and(38) simply becomes
finds for the far-field intensity distributiof26]

D Y1)D %2)

2¢2 52 9?(1,2= > (1+]|&-&)?
=gz | M g7 )
x cogK[(1i;—1ip)- (Ra—Re)1D), (41
X cog K(fi;—fi)) - (Ra— F*eBn] (30 with
Again, the depth of modulation?/(2g%+ y?) vanishes in _ 12p1d2 A .
case of increasingly high laser power. D(i)=1+ E'Z' &% codk[(f;—f))- (Ra—Rg) 1},

Interferences in intensity-intensity correlations i1 (42)
i=1,2.
The question thus remains: is there a possibility of exhib-
iting quantum interferences even in casergiolarized emit- For detection of polarization such thiaté; =z- €,=0 we
ted light or in the case of strong driving fields? According to gptain

our general discussion in Sec. lll the answer is yes if we
study intensity-intensity correlations. For this purpose, we 1
turn our attention to the analysis of the crucial objeLt). 9?2(1,2==(1+|é .g2|2cog{k[(ﬁ1_ﬁ2).(|§A_ ﬁB)]})
. ! i ’ 2 1 ’
On using Eqs(17) and (27) we find: 43

4 glkrary) so that for measurements with a single detector one gets

c efik(nzfnl)RA{(gvlc' J*

G,(Al)(l=2): 21

Farsg

R . . . g?(1,)=1. (44)
X(€-dpp) + (€] - dja)(€r-dyg) + (€1 - djy)
We recall from Ref[26] that the nonclassical nature of

X(&y-dgp) + (& - d3) (& doa)} - p1z. (30 the radiated field is reflected by the violation of the inequal-

In deriving Eq.(37) we used the steady-state solutionsIty
(25 and(26) of the master equation for the atomic system. 2
Note thatG{M(1,2) is proportional to the population in the TT [9%i:i)—1)=(g@ (1,2~ 1] (45
upper state, which is nonzero as long as the system is ex- =1 ’ ' '
cited. The term in the curly brackets in E(B7) can be
shown to be proportional toef - €,). Using Eq.(37) in Eq.
(19) we thus obtain a very simple result:

Clearly, withg(®)(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 nonclas-
2 i = 1o o . sical properties.

['?(1,2=|& - &|? cogk[(f;— i) - (Ra—Re)]}.
(38) V. CONCLUSIONS

Clearly,'®=0 if one decides to pick up orthogonal po-  In conclusion, we have demonstrated interference phe-
larizations at the two detectors. For identical polarization wenomena in the second-order correlations of the fluorescence
have €} - €,=1 so that one obtains 100% modulation depthlight from ion pairs. The phenomena occur even in situations
in the intensity-intensity correlation evendfcorresponds to where first-order interferences do not appear. An explicit
o-polarized radiation. According to Eq38) the depth of manifestation of this phenomenon is presented by analyzing

modulationM is simply determined by the two polarization the system of two four-level ions driven by a linearly polar-
vectors ized coherent laser field. In this case the far-field intensity

distribution of the scattered-polarized light does not ex-
hibit first-order interferences. By contrast, well defined inter-
ferences are displayed in the second-order correlations of the

Note that this factor does not depend on the strength of thMmitted fluorescence light. Here we find the rather remark-
driving field exciting the system. able result that the intensity-intensity correlations can show a

Finally, in order to understand the nonclassical nature offodulation depth of up to 100% for both and 7-polarized
the emitted light it is useful to introduce the normalized fluorescence light, independent of the strength of the driving

intensity-intensity correlation functiog®(1,2) via[30] laser. In contrast, the modulation of the intensity profilg,
whenever present, depends strongly on the power of the driv-

@ ing laser field, vanishing in the limit of very high laser in-
9?(1,2) = G712 (40) tensities. Finally, we discussed the nonclassical nature of the
' ()12’ emitted fluorescence radiation. As can be seen from Egs.

M=|& - &2 (39
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(41)—(45), the nonclassical nature of the scattered light carered. The former should be especially relevant to experi-
be displayed independent of the polarization of the emittednents with ion chains or with atoms trapped in an optical
light or the strength of the driving field, i.e., independent ofattice.
the appearance or disappearance of first-order interference
fringes. The observed interferences in the intensity-intensity
correlations can also be explained in terms of the entangle-
ment induced by the detection of the first photon. Needless to

say, our results can be generalized to include more atoms or J. von Zanthier and G. S. Agarwal thank A. Beige for
ions, and more complex atomic transitions can be considdiscussions on the experiment of Eichmagiral.
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