
VOLUME 79, NUMBER 14 P H Y S I C A L R E V I E W L E T T E R S 6 OCTOBER 1997

s
.

2650
Cavity-Induced Interference Pattern with Dark Center from Two Fluorescing Atoms
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(Received 30 May 1997)

We show that the resonance fluorescence from a symmetric system of two incoherently pumped atom
coupled to a cavity mode produces interference fringes that possess a minimum on the symmetry plane
This unique deviation from Young-type interferences can be explained intuitively by the process of
stimulated emission and reabsorption, leading to a cavity-induced anticorrelation of the atomic dipoles.
Detailed consideration of an optical pumping scheme reveals the surprising role of cavity damping. We
propose an experiment utilizing a two-level system in In1. [S0031-9007(97)04211-7]

PACS numbers: 32.80.– t, 42.25.Hz, 42.55.–f
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In a recent experiment by Eichmannet al. [1] it
was demonstrated that Young-type interferences may
observed in the light scattered by a pair of trapp
ions which are weakly and coherently driven. The ion
elastically scatter the driving field and, therefore, a
as point sources of coherent light similar to the sli
in Young’s original experiment. The case of a stron
field has been investigated by Kochanet al. [2], who
established that the reduction of fringe visibility, arisin
from the increasing dominance of inelastic scatteri
processes, may be partially recovered by coupling the t
atoms to a cavity mode. We shall report here an ev
stronger cavity-induced modification of the interferenc
pattern that occurs when the coherent driving field
replaced by an incoherent pump. In stark contrast to
Young-type interference patterns resulting from cohere
excitation [1–3], we find for the first time that an intensit
minimumcan occur at line center despite the setup bei
entirely symmetric. This is an intrinsically quantum
mechanical effect with no classical analog and arises fr
the destructive quantum interference of the two pat
coupling the antisymmetric Dicke state [4] to the atom
ground state via the cavity.

In this Letter, we study a pair of incoherently pumpe
two-level atoms coupled to a single cavity mode. By a
lowing the atomic excitation rate to be greater than t
decay rate, we generalize the system to the simplest th
retical model of a two-atom laser. For the two-level mod
of a one-atom laser, the statistical [5,6] and spectral
properties have been studied in detail. Furthermore, the
troduction of a pump operator has permitted the treatm
of more realistic, multilevel schemes [8]. The culminatio
of this effort has been the first proposal for an experimen
realization of a one-atom laser in the form of the ion-tra
laser [9]. These theoretical proposals, together with
cent advances in the trapping of two ions [1,10], sugg
that it is now sensible to investigate microscopic laser s
tems utilizing more than one atom [11]. Here, we focu
on the far-field intensity pattern of the fluorescence from
two-atom laser below and above threshold. The interf
ence fringes are of particular significance as they prov
0031-9007y97y79(14)y2650(4)$10.00
be
d
s

ct
ts
g

g
g

wo
en
e
is
he
nt

y
ng
-
m

hs
ic

d
l-
e

eo-
el
7]
in-
nt

n
tal
p
e-
st
s-
s
a
r-

de

a measure of atom-atom correlations. For weak pumpin
the fringes are shown to possess a minimum in the ce
ter, i.e., on the symmetry plane perpendicular to the lin
connecting the atoms. On the other hand, a maximum
found at line center in the laser regime. These effects a
explained using an intuitive picture of stimulated emissio
and reabsorption as well as more rigorously in terms of a
optical pumping scheme and quantum interference.

The two-atom laser model under consideration, a
shown in Fig. 1, is described by the master equation

≠

≠t
r 
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for the atom-field density operatorr with the Tavis-
Cummings Hamiltonian [12] in the case of resonan
interaction
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describing atomic relaxation and field damping, respec
tively. We have introduced the atomic decay rateRAB, the
pump rateRBA, the cavity decay rateA, the photon anni-
hilation (creation) operatora (ay), and the atomic lower-
ing operatorss1  jB1l kA1j ≠ 1 ands2  1 ≠ jB2l kA2j

FIG. 1. Schematic representation of the two-atom laser.
© 1997 The American Physical Society
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for the first and second atoms, respectively. The inte
atomic spacing is assumed to be much larger than
transition wavelength so that cooperative effects [4,1
can be ignored. Furthermore, we consider the atoms
be well localized and neglect their external motion. Un
less stated otherwise, we restrict the discussion to the c
g1  g2  g.

For the remainder we focus on the fringe contrast fact

C 
ksy

1 s2 1 s
y
2 s1l

ksy
1 s1 1 s

y
2 s2l

in the steady state. We stress thatjCj is simply the fringe
visibility of the far-field intensity pattern

jCj 
Imax 2 Imin

Imax 1 Imin
.

The sign ofC, however, contains additional information
about the position of the interference maxima with respe
to the line center. For positive values ofC, the intensity
of the fluorescent light displays a maximum on th
symmetry plane; for negativeC, there is a minimum. In
this way the nature of the atom-atom correlations may
extracted from the contrast factor. All symmetric two
atom systems studied so far [1–3] display a positiv
contrast factorC, indicating that the atomic dipoles are
always oriented in the same sense. However, this is
true for the present atom-field system. In Fig. 2, w
establish that strong anticorrelations, corresponding to
negative contrast factor, may exist.

We now present an intuitive physical picture for the oc
currence of cavity-induced anticorrelation with the help o
Fig. 3. For incoherent pumping, the atoms are correlat
solely through their interaction with the cavity mode. Fu
thermore, for a weak pump, the resonator field will be a
proximately in the vacuum state and the two atoms on
weakly excited with most of their population remainin
in the ground state. We now consider an event in whi

FIG. 2. Fringe contrast factorC versus pump rateRBA for
RAB  1 andg  3. The symmetric caseg1  g2  g (solid
curve) is compared to the asymmetric caseg1  g and g2 
gy2 (dashed curve). All rates are in units ofA. The inset
focuses on the weak-pump regime.
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one of the atoms, due to its small excited-state populat
undergoes a stimulated emission process. As a resu
single excitation is deposited into the cavity mode. Th
now exists a likelihood that the second atom absorbs
photon because of the high probability that it initially occ
pies the ground state. Thus, for the case of weak pump
we would expect the atomic dipoles to be anticorrela
leading to a minimum at line center. This heuristic arg
ment predicts that the anticorrelation should survive
pump strengths sufficiently small such that there is
atomic inversion and only a small number of cavity ph
tons. By comparing Fig. 2 with Figs. 4 and 5, depictin
respectively, the steady-state atomic inversion and m
photon number, we find that this is indeed the case.

For stronger pump strengths, we find a positive frin
contrast factor, indicating that the atomic dipoles have
same orientation. This is a consequence of the pump
ing sufficiently strong to invert the atoms. Similar to t
behavior found in studies of the one-atom laser [5,6],
permits the accumulation of a coherent cavity field. The
fore, the interference pattern will be comprised not o
of inelastically scattered pump radiation, but also of el
tically and inelastically scattered light from the cohere
cavity field. The occurrence of elastic scattering proces
naturally leads to an intensity maximum at line center
found in previous studies [1–3]. With this heuristic a
gument based on population inversions and cavity p
ton statistics, we would expect that the maximum at l
center will persevere provided that the pump strength
not crossed the second lasing threshold at which la
terminates [5,9]. For pump strengths beyond the sec
threshold, the contrast factor will approach zero due to
diminished contribution of elastic scattering. This may
confirmed by inspection of Fig. 4, in which we identify th
lasing regime as the section of the curve where the in
sion has a linear relationship with pump strength. Alt
natively, the thresholds for lasing can be inferred from
laser peak in Fig. 5.

It is worth noting that the laser peak of Fig. 5 is
factor of 4 greater for the two-atom laser than for t

FIG. 3. Intuitive explanation for the (a) negative a
(b) positive atom-atom correlation.
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FIG. 4. Atomic inversionW versus pump rateRBA for RAB 
1 and g  3. The two-atom laser withg1  g2  g (solid
curve) is compared to the one-atom laser (dashed curve) an
a single atom not coupled to a cavity field (dotted curve). A
rates are in units ofA. The inset focuses on the weak-pum
regime.

one-atom laser, similar as in Ref. [11]. This increase
related to the extra depletion of pump-induced atom
inversion, relative to the one-atom case, as observed
comparing the solid and dashed curves in Fig. 4. Clos
inspection of Fig. 4 (see inset) reveals that for wea
pumping less excited population is depleted with tw
atoms than with one. This is a natural consequence
the reabsorption process sketched in Fig. 3(a). One mi
be tempted to think that there is also an anticorrelati
when the atoms are weakly excited by a thermal cav
field instead of an incoherent pump. In such a cas
however, the excitation process itself correlates the atom
dipoles and this correlation cannot be compensated by
emission-and-reabsorption process described above.

A more rigorous and quantitative understanding
cavity-induced anticorrelation may be arrived at by stud
ing the ladder of atom-field states shown in Fig. 6. W

FIG. 5. Mean photon numberkayal versus pump rateRBA for
RAB  1 and g  3. The two-atom laser withg1  g2  g
(solid curve) is compared to the one-atom laser (dashed curv
All rates are in units ofA.
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first examine the caseRAB  0 to highlight the special
role of the antisymmetric Dicke state. If the atoms ar
not pumped (RBA  0), the steady state of the field will
be the vacuum and the atoms will in general be in th
ground state, i.e., the atom-field system is described b
the state vector

jc1l  jB1, B2l ≠ j0l .

Without atomic relaxation, however, the steady-state so
lution is not unique. Instead, there is a second stationa
state, in which the atoms occupy the antisymmetric Dick
state,

jc2l 
jA1, B2l 2 jB1, A2l

p
2

≠ j0l  j2, 0l .

This can be seen from the equationHjc2l  0, which
summarizes the destructive interference of the two prob
bility amplitudes for the deexcitation of the first and sec
ond atoms. In the absence of atomic decay, the stea
state can thus be any incoherent superposition ofjc1l and
jc2l. The assumption of an exactly vanishing decay rat
RAB is, of course, unphysical, and any nonvanishing deca
will always lead to the steady statejc1l. Nevertheless, as
we now show, the statejc2l continues to play an impor-
tant role in a more general situation. This is of particula
relevance since population of the antisymmetric state co
responds to an anticorrelation of the atomic dipoles. Thu
population of this state will contribute to a negative con
trast factor.

Figure 6 depicts a schematic representation of th
lowest levels and transitions for the atom-field system
in terms of the atomic Dicke statesjA1, A2l, jB1, B2l,
j6l  sjA1, B2l 6 jB1, A2ldy

p
2 and the Fock statesjnl

of the cavity mode. States with the same excitatio
energy are horizontally aligned. All the coherent and
incoherent couplings between the states due to atom-fie
interaction, atomic decay, pumping, and cavity dampin
are represented by arrows. Note that the antisymmetr
statesj2, nl do not couple coherently to any other state
However, they are populated by incoherent processes w
the same rates as the symmetric statesj1, nl.

The physics leading to a preferred population of th
antisymmetric state, and correspondingly an intensit
minimum at line center, is most transparent in the cas

FIG. 6. Schematic representation of the lowest levels an
transitions for the total atom-field system with the atomic Dicke
statesj6l  sjA1, B2l 6 jB1, A2ldy

p
2.
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where RBA ø RAB, g, A. In such a regime the steady-
state density operator will be an incoherent superpositi
of the four lowest energy states:jB1, B2, 0l, j6, 0l, and
jB1, B2, 1l. A preferred population of the statej2, 0l
relative to j1, 0l will now occur for the simple reason
that they are both incoherently populated with equ
rates, but depopulated with unequal rates. Specifical
j1, 0l has an additional decay channel to the groun
state jB1, B2, 0l via the statejB1, B2, 1l, as shown in
Fig. 6. The rate of depopulation ofj1, 0l through this
cavity-induced channel is naturally maximized for larg
values ofg. Furthermore, for a given coupling strength
g an optimum value of the cavity decay rateA exists.
It is clear that small values ofA will result in a low
rate of depopulation as the statejB1, B2, 1l will be only
marginally damped. Large values ofA will also result in
low rates of depopulation by suppressing the coherence
the transitionj1, 0l ! jB1, B2, 1l before any significant
exchange of atomic to cavity excitation can occur. Thu
we have the surprising result that the anticorrelatio
between the atomic dipoles is strongest neither for a go
cavity (A ø g), nor for a bad cavity (A ¿ g), but in the
intermediate regime.

Having considered the role of the cavity in inducing
anticorrelations, we now consider the influence of atom
decay in the weak-pump limit. Atomic decay has th
effect of destroying anticorrelations by reducing th
difference between the depopulation rates ofj1, 0l and
j2, 0l. Therefore, for increasingRAB the fringe contrast
factor approaches zero. On the other hand,C approaches
21 asRAB tends towards zero.

The features described above are manifest in the ex
analytical expression for the contrast factor in the wea
pump limit. By solving a judiciously chosen subset of th
equations of motion we find

C0 ; lim
RBA!0

C 
24g2A

4g2sA 1 2RABd 1 ARABsA 1 RABd
.

As may be inferred from Fig. 2, this limit is particularly
interesting since it gives for a given system the lowe
possible contrast factor. The analytical expression sho
that the contrast factor is minimized forA  g

p
8; that is,

dissipation can play a constructive role in the generatio
of quantum correlations.

We finally propose an experimental scheme using tw
trapped In1 ions localized in a resonator to obtain inter
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ference fringes with a minimum at the center. To co
tinually cool the ions, the cavity mode could be detune
to a motional sideband. By coupling the In1 transition
betweenjBl  j5 1S0l and jAl  j5 3P1l to a circularly
polarized, incoherent pump fieldG and a resonator mode
a two-level system with decay rateRAB  2.3 MHz 1 G,
pump rateRBA  G, and wavelengthl  230.6 nm is se-
lected [13]. Forg  3 MHz (corresponding to a mode
volume V  0.5 3 10212 m3), A  10 MHz, and G 
0.2 MHz, a negative contrast factor of37% is obtained.
In this case, each atom has a probability of 0.1 to be in t
excited state, resulting in a flux of5 3 105 fluorescence
photons per second. The cavity-induced anticorrelation
robust with respect to variations of the parameters.
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