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Nonclassical interference effects in the radiation from coherently driven uncorrelated atoms
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We demonstrate the existence of nonclassical correlations in the radiation of two atoms, that are coherently
driven by a continuous laser source. The photon-photon correlations of the fluorescence light show a spatial
interference pattern not present in a classical treatment. A feature of this phenomenon is that bunched and
antibunched light is emitted in different spatial directions. The calculations are performed analytically. It is
pointed out that the correlations are induced by state reduction due to the measurement process when the
detection of the photons does not distinguish between the atoms. It is interesting to note that the phenomena
show up even without any interatomic interaction.
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Resonance fluorescence from a single atom driven b
coherent field was the first example allowing observation
nonclassical effects such as antibunching and sub-Poisso
statistics@1–3#. These experiments, first done with atoms
a beam, were later performed using single trapped ions@4,5#.
Squeezing in resonance fluorescence has also been in
gated @6#. Since the early work of Mollow@7#, and Car-
michael and Walls@8#, the quantum statistical characteristi
of radiation produced by a cooperative system of two a
more atoms have been studied in much detail@9,10#. There
are also some recent proposals to investigate cooperativ
fects, including the interactions between the atoms@11–13#.

In the present paper we study two-atom fluorescence le
ing to nonclassical effects. We consider a situation where
two atoms are driven coherently by a continuous laser so
~Fig. 1!. The nonclassical effects are observed in the phot
photon correlations when state reduction occurs in the m
surement process. We note that in an earlier study by Ma
@14# correlation effects in a similar system were discuss
However, in that case, in contrast to our paper, no conti
ously pumped atoms were considered there. We calcu
nonclassical two-photon correlations for all times includi
dissipation of the atoms. The dynamics resulting from ex
tation by cw fields and by spontaneous emission is very
portant for the present results. We should mention that on
experimental side first order interference in the radiation p
duced by a system of two atoms has been reported@15#. We
also point out that the creation of entangled states of dis
atoms has been discussed in a different context@16#.

It may be noted that trapped ion technology is w
enough advanced to envisage resonance fluorescence
surements with chains of trapped ions driven by coher
fields. One can also use single molecules in crystalline ho
where recently nonclassical photon statistics have been m
sured@17#.

We consider two identical atoms with the levelsue& i and
ug& i ( i 51,2) at fixed positionsx1 and x2 with dipole mo-
ment d and transition frequencyv. They are driven by a
resonant external laser field with wave vectorkL . We as-
sume that the only dissipative terms are due to the spont
ous decays of the levelsue&1,2. In the rotating-wave, Markov
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and Born approximations, the time evolution of the system
given by the master equation@18#

ṙ52 iV (
m51

2

@e[ i (kL•xm2vLt)]sm
11H.c.,r#

2 (
m51

2

g~sm
1sm

2r1rsm
1sm

222sm
2rsm

1!, ~1!

where 2V is the Rabi frequency of the atom laser syste
sm

6 are the atomic raising and lowering operators for at
numberm, and 2g5 4

3 udu2v3/\c3 is the EinsteinA coeffi-
cient for the single atom. As we assume that the electrom
netic field outside the laser beam is in the vacuum state,
first and second order correlation functions can be written

G(1)~r ,t !5 (
m,n51

2

e[ ikxm,n• r̂ ]^sm
1~ t !sn

2~ t !&, ~2!

FIG. 1. Two atoms in a coherent laser field show interferen
fringes in the first order correlation function.
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G(2)~r1 ,t;r2 ,t1t!5 (
m,n,l,r51

2

e[ ik(xl,n• r̂11xr,m• r̂2)]

3^sl
1~ t !sr

1~ t1t!sm
2~ t1t!sn

2~ t !&

~3!

with xm,nªxm2xn and r̂5r /ur u.
The two-time correlations~3! can be calculated using th

quantum regression theorem and the time evolution of
density operator. Therefore the normalized second order
relation function can be written as

g(2)~r1 ,t;r2 ,t1t!5
P~r2 ,t1tur1 ,t !

P~r2 ,t !
~4!

whereP(r ,t) is the probability of finding a photon at pos
tion r at time t, and P(r2 ,t1tur1 ,t) the conditional prob-
ability of finding a photon at positionr2 at timet1t assum-
ing the detection of a photon at pointr1 at time t. Using the
inequality

Tr$r@aI ~r1!1bI ~r2!#2%>0 ;a,b ~5!

leads us to

)
i 51

2

@g(2)~r i ;r i !21#>@g(2)~r1 ;r2!21#2 ~6!

for classical systems. This gives us a good possibility
estimating the nonclassical behavior of our system.

As one state can always be found that does not inte
with the laser field it seems appropriate to use this stat
build up the basis for further calculations. We call this st
ua& and define

ue&ªue,e&,

us&ª
1

A2
~e2 ifue,g&1eifug,e&),

ua&ª
1

A2
~e2 ifue,g&2eifug,e&),

ug&ªug,g&, ~7!

with u i , j &ªu i &1^ u j &2 and fª

1
2 kL•x12.

In this representation~Fig. 2! the master equation reduce
to the following set of 613 equations:

ṙee54~ares
i 2ree!, ~8!

ṙss52@ree2rss12a~rsg
i 2res

i !#,

ṙaa52~ree2raa!,

ṙes
i 523res

i 22a~ree2rss1reg
r !,
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ṙsg
i 52res

i 2rsg
i 12a~12ree2raa22rss1reg

r !,

ṙeg
r 522@reg

r 1a~rsg
i 2res

i !#,

ṙea
r 523rea

r 22arsa
i ,

ṙsa
i 52@a~rea

r 1rag
r !2rsa

i #,

ṙag
r 522rea

r 22arsa
i 2rag

r , ~9!

with aªV/A2g, rkl
r
ªRe(rkl), andrkl

i
ªIm(rkl). By solv-

ing the first set of equations~8! we find the diagonal ele-
ments in the steady state to be

rgg
SS5

~g21V2!2

~g212V2!2
, ~10!

rss
SS5

V2@2g21V2#

~g212V2!2
, ~11!

raa
SS5ree

SS5
V4

~g212V2!2
. ~12!

This calculation does not depend on the direction of the d
ing laser, although it is included by the proper definition
our symmetric and antisymmetric states.

If the laser direction is perpendicular to the atom sepa
tion (f50) this solution corresponds to the solutions
Richter found earlier@10#, where we neglect the dipole
dipole interaction. This is justified when the atom distance
in the range of several wavelengths of the atomic transit
or larger. In this case the solutions are completely indep
dent of the separation of the atoms. For strong laser fie
(V@g) the populations are equal for each of the atom
states (rgg

SS5rss
SS5ree

SS5raa
SS51/4) ~Fig. 3!.

We next discuss how a detection event leads to state
duction and entanglement. After a detection at the pointr we
have to find a new density operator in the following way:

r~r !5
s2~r !rSSs1~r !

^s1~r !s2~r !&
, ~13!

FIG. 2. Level scheme of the atomic system for the symmetri
set of states.
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where

s6~r !ªs1
71eikLr•x12s2

6 . ~14!

If, for instance, the system is in stateue& before a detection a
r with r̂•x1250, we find it in us& after the detection. This
explains how entanglement can come into the system, as
system is transformed from a nonentangled stateue& to an
entangled stateus& by a detection event.

Let us now check if the atoms remain uncorrelated afte
detection event, i.e., ifr(r ) factorizes into a product of den
sity matricesr i with r i referring to the density matrix of the
i th atom. We find that this is not the case; for example,

Im@r~r !sa#5
V2 sinf

2$V21g2@11cosd~r !%
, ree~r !50, ~15!

with d(r )5(kL2kL r̂ )•x12. On the other hand a factorize
density matrix would imply that Im@r(r )sa#50 after any
detection event. Furthermore, the dependence of Im@r(r )sa#
on the coordinates of the two atoms throughd(r ) also points
out the nonexistence of a factorized density matrix after
tection. Thus there are values ofr where the state reductio
by the measurement leaves the system in an entangled
With this mechanism the entanglement that is necessary
nonclassical effects is simply generated by the detection
single photon.

To calculate the intensity at positionr we use the relations

^s1
1s1

2&5^s2
1s2

2&5ree1
1

2
~rss1raa!, ~16!

^s1
1s2

2&5^s2
1s1

2&* 5
1

2
e2if~rss2raa!, ~17!

FIG. 3. Steady state populations of the symmetric and antis
metric states as functions of the laser intensityV.
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where we assumed the system to be in the steady state~i.e.,
rsa

SS50). We then find

G(1)~r ,t !5@11cosd~r !#@ree~ t !1rss~ t !#

1@12cosd~r !#@ree~ t !1raa~ t !#. ~18!

This leads to the well known interference fringes in the fi
order correlation function as studied in the experiment
Eichmannet al. @15#.

In this case the system behaves as in the well kno
double slit experiment where the atoms act as slits and
two optical paths interfere. As in a system with prepar
initial states, the photons emitted by symmetric transitio
ue&→us& and us&→ug& show inverse fringes compared t
those emitted by antisymmetric transitionsue&→ua& or ua&
→ug&. This follows from the 16cosd(r ) terms in Eq.~18!.
One major difference is that the contrast depends on the
tensity of the laser light so that the fringes disappear
higher laser intensities whenV@g. The populationsrss

SSand
raa

SS then equalize.
To get the second order correlation function we solve

master equation by calculating the Liouville operator and
for the initial state the density matrix given by Eq.~13!. This
procedure is also equivalent to using the quantum regres
theorem.

Remarkably enough we are able to give an analytical
pression for the intensity-intensity correlation:

FIG. 4. Second order correlation function for one detector w
d15d25d, V50.8g.

-

g(2)~r1,0;r2 ,t!511
e23t

4n2~s1cosd1!~s1cosd2!
F4e2tn2s sind1 sind21s@etn2s1~s21!2#cosd1 cosd2

2e3t/2ns2@2n cos~nt !13 sin~nt !#12e3t/2ns~cosd11cosd2!@~2s23!sin~nt !

22n cos~nt !#1et/2n~2et cosd1 cosd21s sind1 sind2!@2n~s22!cos~nt !1~5s26!sin~nt !#

1
1

4
cosd1 cosd2„$s@s~4s233!164#236%cos~2nt !12n~s22!~5s26!sin~2nt !…G ~19!
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with sª2(V/g)211, d i5d(r i), andnª 1
2 A8s29 being pa-

rameters for the intensity of the driving field andtªgt the
time scaled by the atom spontaneous emission rate. Ft
50 Eq. ~19! reduces to

g(2)~r1,0;r2,0!5
s2 cos2@~d12d2!/2#

~s1cosd1!~s1cosd2!
. ~20!

Assuming measurements with only one detector at posi
r , g(2)(r ,0;r ,0) shows interferences fringes with maxim
larger and minima smaller than 1~Fig. 4!. This means that
the system is emitting super-Poissonian light in one and s
Poissonian light in the other direction. This behavior has
analogy in the first order correlation, i.e., in the two-slit e
periment.

For two detectors the situation is different. For any det
tor position with d25(2n11)p1d1 , g(2)(r1,0;r2,0) van-
ishes completely, while at other positions we find maximu
detection probability~Fig. 5!. After a detection at positionr1
with d152np we find ree5raa50. Therefore, there is no
probability of detecting any photon at a position withd2
5(2n11)p at the same time, as no emission into the an
symmetric channel can take place~18!. So we again find
fringes as a function ofd2. For d15(2n11)p we detect an
emission in the antisymmetric channel first, so we fi
g(2)(r1,0;r2,0) vanishing for positionsr2 with d252np for
the same reasons as above~Fig. 6!.

After any detection in a specific channel the system ne
time for reexcitation to emit to the orthogonal channel;
the other hand, cascade emissions can take place only i
same channel. Note that the behavior ofg(2)(r1,0;r2 ,t) is
well understood in terms of our symmetrized basis~7!. These
results show also that the inequality~6! could be violated by
choosing the two detector positions in such a way t

FIG. 5. Second order correlation function for two detectors w
d152np, V50.8g.
.
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g(2)(r1,0;r1,0).1 andg(2)(r2,0;r2,0),1. In this manner we
find nonclassical behavior in our system as a consequenc
the detection induced entanglement of the two atoms.
note that dependence of the type cos2 in two-photon correla-
tions was also derived by Mandel in his work on radiati
from atoms prepared in atomic coherent states@14#. In con-
trast to that, we are dealing here with the more general c
of continuous excitation of the atoms including dissipatio

In conclusion, it has been shown by analytic calculatio
that a system of two atoms coherently excited by a cw la
source shows nonclassical features that are dependent o
distance between the atoms, although there is no assu
interaction between the particles. This can be understood
measurement induced entanglement, which comes into
system only if the detection does not distinguish between
two atoms, i.e., the detected photon does not carry wh
way information. At first glance the system studied seems
be similar to the two-slit experiment; however, the noncla
sical effects discussed here do not show up in the first o
correlation and can be seen only in the second order co
lation, as should be the case for a quantum phenomeno

To see the reported effects single ions stored in a linea
trap can be used; the remaining micromotion could be ov
come by phase-sensitive detection@19#. In this paper the case
was discussed where the detector or detectors do not
criminate the light emitted by individual atoms. There a
however, further interesting phenomena observable when
which-way information is available. One example is that t
excitation of one atom and the selective observation of
fluorescence from the other one opens, among other effe
the possibility of investigating the dipole-dipole interactio
between the atoms. These results will be described e
where.

FIG. 6. Second order correlation function for two detectors w
d15(2n11)p, V50.8g.
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