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Cavity-Induced Interference Pattern with Dark Center from Two Fluorescing Atoms
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We show that the resonance fluorescence from a symmetric system of two incoherently pumped atoms
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 ifi.In [S0031-9007(97)04211-7]

PACS numbers: 32.80.—t, 42.25.Hz, 42.55.-f

In a recent experiment by Eichmanet al.[1] it a measure of atom-atom correlations. For weak pumping,
was demonstrated that Young-type interferences may bile fringes are shown to possess a minimum in the cen-
observed in the light scattered by a pair of trappeder, i.e., on the symmetry plane perpendicular to the line
ions which are weakly and coherently driven. The ionsconnecting the atoms. On the other hand, a maximum is
elastically scatter the driving field and, therefore, actfound at line center in the laser regime. These effects are
as point sources of coherent light similar to the slitsexplained using an intuitive picture of stimulated emission
in Young’s original experiment. The case of a strongand reabsorption as well as more rigorously in terms of an
field has been investigated by Kochah al.[2], who  optical pumping scheme and quantum interference.
established that the reduction of fringe visibility, arising The two-atom laser model under consideration, as
from the increasing dominance of inelastic scatteringshown in Fig. 1, is described by the master equation
processes, may be partially recovered by coupling the two B 1
atoms to a cavity mode. We shall report here an even aP = E[H,p] + Laomp t Lficlap
stronger cavity-induced modification of the interferencer . .o o400 fialg density operatgs with the Tavis-
pattern that occurs when the coherent driving field 'SCummings Hamiltonian [12] in the case of resonant
replaced by an incoherent pump. In stark contrast to th teraction
Young-type interference patterns resulting from coherent + + + +
excitation [1—3], we find for the first time that an intensity ~ H = —fhigi(aoy + a'oy) — ligalaoy + a'oy)
minimumcan occur at line center despite the setup bein@nd the Liouville operators

entirely symmetric. This is an intrinsically quantum- Rip < + ‘ +

mechanical effect with no classical analog and arises fromLatomp = — BN Z(Uk arp + poror — 201poy)

the destructive guantum interference of the two paths R =

coupling the antisymmetric Dicke state [4] to the atomic _ RBA t L |

ground state via the cauvity. 2 k;(m‘akp T POk = 206p0%),
In this Letter, we study a pair of incoherently pumped A

two-level atoms coupled to a single cavity mode. By al- Lficiup = — E(GTaP + pata — 2apa’)

lowing the atomic excitation rate to be greater than thedescribing atomic relaxation and field damping, respec-

depay rate, we generalize the system to the simplest theﬂi/ely. We have introduced the atomic decay rig, the
retical model of a two-atom laser. For the two-level model ! i
ump rateRg4, the cavity decay ratd, the photon anni-

of a one-atom laser, the _stat_lstlcal .[5’6] and spectral Wﬁilation (creation) operatat (a'), and the atomic lower-
properties have been studied in detail. Furthermore,thelq- operatorsr; = |B,)(A;| ® 1 andos = 1 ® |Ba) {4y
troduction of a pump operator has permitted the treatment @ °P ! A 72 22
of more realistic, multilevel schemes [8]. The culmination

of this effort has been the first proposal for an experimental

realization of a one-atom laser in the form of the ion-trap |A1) |Ag)

laser [9]. These theoretical proposals, together with re- Tk Ny

cent advances in the trapping of two ions [1,10], suggest Do D A
Rpa) iRap |91 Epai iRap |92 —

that it is now sensible to investigate microscopic laser sys-

tems utilizing more than one atom [11]. Here, we focus ; !' Y A Y
on the far-field intensity pattern of the fluorescence from a IB) IBy)

two-atom laser below and above threshold. The interfer- 1 2

ence fringes are of particular significance as they provide FIG. 1. Schematic representation of the two-atom laser.
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for the first and second atoms, respectively. The interone of the atoms, due to its small excited-state population,
atomic spacing is assumed to be much larger than thendergoes a stimulated emission process. As a result, a
transition wavelength so that cooperative effects [4,10Fingle excitation is deposited into the cavity mode. There
can be ignored. Furthermore, we consider the atoms tnow exists a likelihood that the second atom absorbs the
be well localized and neglect their external motion. Un-photon because of the high probability that it initially occu-
less stated otherwise, we restrict the discussion to the cagées the ground state. Thus, for the case of weak pumping,

g1 =g =g. we would expect the atomic dipoles to be anticorrelated
For the remainder we focus on the fringe contrast factoteading to a minimum at line center. This heuristic argu-
(ofay + ol o) ment predicts that the anticorrelation should survive for

C= pump strengths sufficiently small such that there is no

t t
(o101 + 0307) atomic inversion and only a small number of cavity pho-

in the steady state. We stress th@} is simply the fringe tons. By comparing Fig. 2 with Figs. 4 and 5, depicting,
visibility of the far-field intensity pattern respectively, the steady-state atomic inversion and mean
photon number, we find that this is indeed the case.
For stronger pump strengths, we find a positive fringe
contrast factor, indicating that the atomic dipoles have the
ame orientation. This is a consequence of the pump be-
ing sufficiently strong to invert the atoms. Similar to the
behavior found in studies of the one-atom laser [5,6], this
permits the accumulation of a coherent cavity field. There-
fore, the interference pattern will be comprised not only

this way the nature of the atom-atom correlations may b%f inelastically scattered pump radiation, but also of elas-

e?tracted tfrom tr;e dg:o(?trastffactir. SAg_sylmmetrlc t\/\io tically and inelastically scattered light from the coherent
atom systems studied so far [1-3] ISpiay a posl IVecavity field. The occurrence of elastic scattering processes
contrast factorC, indicating that the atomic dipoles are

I iented in th H this | aturally leads to an intensity maximum at line center, as
always onented in the same sense. However, IS IS NGy, g iy previous studies [1-3]. With this heuristic ar-
true for the present atom-field system. In Fig. 2, we

tablish that strong anticorrelations. corr nding t ument based on population inversions and cavity pho-
establis at strong anticorreiations, correspo 910 &n statistics, we would expect that the maximum at line
negative contrast factor, may exist.

L . ) center will persevere provided that the pump strength has
We now present an intuitive physical picture for the oc- b P bump 9

currence of cavity-induced anticorrelation with the help ofnot qrossed the second lasing threshold at which lasing
X icoh t ina. the atoms are correlatet rminates [5,9]. For pump str_engths beyond the second
F'Qll' I3. hFor 'EC% erent pumping, hth ; d reshold, the contrast factor will approach zero due to the
ff? elyt ro?g their 'Qteracnot?]w't the (iav'ft.y lrgo 'ﬁb l:ur'diminished contribution of elastic scattering. This may be
ermore, for a weak pump, the resonator Neid Will D€ ap-,gmaq by inspection of Fig. 4, in which we identify the
proximately in the vacuum state and the two atoms onl

. . . . >~ Jlasing regime as the section of the curve where the inver-
weakly excited with most of their population remaining sion has a linear relationship with pump strength. Alter-

in the ground state. \We now consider an event in WhICmatively, the thresholds for lasing can be inferred from the
laser peak in Fig. 5.

|C| _ Imax = Imin )
Imax + Imin
The sign ofC, however, contains additional information
about the position of the interference maxima with respe
to the line center. For positive values 6f the intensity
of the fluorescent light displays a maximum on the
symmetry plane; for negativ€, there is a minimum. In

0.2 It is worth noting that the laser peak of Fig. 5 is a
1 factor of 4 greater for the two-atom laser than for the
(a)
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FIG. 2. Fringe contrast facto€ versus pump rateg, for
Rsp = 1 andg = 3. The symmetric casg, = g, = g (solid
curve) is compared to the asymmetric case= g and g, =
g/2 (dashed curve). All rates are in units af The inset FIG. 3. Intuitive explanation for the (a) negative and
focuses on the weak-pump regime. (b) positive atom-atom correlation.
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1.0 first examine the cas®45 = 0 to highlight the special
] role of the antisymmetric Dicke state. If the atoms are
not pumped Rp4 = 0), the steady state of the field will
be the vacuum and the atoms will in general be in the
ground state, i.e., the atom-field system is described by

the state vector

l1) = |B1,By) ® |0).

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

A9 state
0 40 80 120 ’

Rpa |A1, B2) — |By,Az)

. _ [hr) =
FIG. 4. Atomic inversionW versus pump rat&g, for Ryp = \/5

1 and g = 3. The two-atom laser withg, = g, = g (solid . . :
curve) (?s compared to the one-atom Iasrgr1 (dagszhed %u(rve) and ilg)hls can be seen from _the_ equatiéfiy,) = 0, which

a single atom not coupled to a cavity field (dotted curve). AllSUmmarizes the destructive interference of the two proba-
rates are in units oft. The inset focuses on the weak-pump bility amplitudes for the deexcitation of the first and sec-
regime. ond atoms. In the absence of atomic decay, the steady
state can thus be any incoherent superpositiosof and
5{%). The assumption of an exactly vanishing decay rate

A IS, Of course, unphysical, and any nonvanishing decay

® |0) = [—,0).

one-atom laser, similar as in Ref. [11]. This increase i
related to the extra depletion of pump-induced atomic*/
inversion, relative to the one-atom case, as observed BYfill always lead to the steady stalig,). Nevertheless, as
comparing the solid and dashed curves in Fig. 4. Closef/€ oW show, the statiy,) continues to play an impor-
inspection of Fig. 4 (see inset) reveals that for weaKant role in a more gene.ral situation. 'ThIS is qf particular
pumping less excited population is depleted with two'€levance since population of the antisymmetric state cor-

atoms than with one. This is a natural consequence Jesponds to an anticorrelation of the atomic dipoles. Thus,
the reabsorption process sketched in Fig. 3(a). One migmopulatlon of this state will contribute to a negative con-
be tempted to think that there is also an anticorrelatior @St factor. _ _ _

when the atoms are weakly excited by a thermal cavity Fi9ure 6 depicts a schematic representation of the
field instead of an incoherent pump. In such a Case!pwest levels and transitions for the atom-field system
however, the excitation process itself correlates the atomit! te_rms of the+atom|c D'\C/iie statelgl;, A2), |B1, Ba),
dipoles and this correlation cannot be compensated by tHe-? = (141, B2) = |B1,A2))/¥2 and the Fock statep:)
emission-and-reabsorption process described above.  ©f the cavity mode. States with the same excitation

A more rigorous and quantitative understanding of€Nergy are horizontally aligned. All the coherent and

cavity-induced anticorrelation may be arrived at by Study_!ncoherent couplings between the states due to atom-field

ing the ladder of atom-field states shown in Fig. 6. Welntéraction, atomic decay, pumping, and cavity damping
are represented by arrows. Note that the antisymmetric

states|—, n) do not couple coherently to any other state.
20 However, they are populated by incoherent processes with
] the same rates as the symmetric states:).
The physics leading to a preferred population of the
antisymmetric state, and correspondingly an intensity
minimum at line center, is most transparent in the case

] — R P —
] |-, 1) &\ /d IAl,Az,O)\\ ,4 |+? 1) IBI’.BZ’Z)
5_- ,/v\\ SRRt ” v‘\-/*«-\- ---------- ----------------------------
] -7~ Y A \ A Y
1 e S~o e -
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FIG. 5. Mean photon numbétta) versus pump rat&g, for _ )
R4 = 1 and g = 3. The two-atom laser withe; = g, = g FIG. 6. Schematic representation of the lowest levels and

(solid curve) is compared to the one-atom laser (dashed curvelyansitions for the total atom-field system with the atomic Dicke
All rates are in units ofd. states|=) = (|4, B,) = |B1,A2))/V/2.
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where Rpy << Rap,g,A. In such a regime the steady- ference fringes with a minimum at the center. To con-
state density operator will be an incoherent superpositiotinually cool the ions, the cavity mode could be detuned
of the four lowest energy statefB;, B,,0), |=,0), and to a motional sideband. By coupling the*Irtransition
|Bi,B>,1). A preferred population of the state-,0)  between|B) = |51Sy) and|A) = |53P,) to a circularly
relative to|+,0) will now occur for the simple reason polarized, incoherent pump field and a resonator mode,
that they are both incoherently populated with equak two-level system with decay raiz = 2.3 MHz + T,
rates, but depopulated with unequal rates. Specificallypump rateRgs = I', and wavelengtih = 230.6 nm is se-
|+,0) has an additional decay channel to the groundected [13]. Forg = 3 MHz (corresponding to a mode
state |By, B,,0) via the state|B;,B,,1), as shown in volumeV = 0.5 X 1072 m?), A = 10 MHz, and " =
Fig. 6. The rate of depopulation d¢f-,0) through this 0.2 MHz, a negative contrast factor 6% is obtained.
cavity-induced channel is naturally maximized for largeln this case, each atom has a probability of 0.1 to be in the
values ofg. Furthermore, for a given coupling strength excited state, resulting in a flux 6f X 103 fluorescence

g an optimum value of the cavity decay rateexists. photons per second. The cavity-induced anticorrelation is
It is clear that small values of will result in a low robust with respect to variations of the parameters.

rate of depopulation as the stdi@,, B,, 1) will be only G. Y. acknowledges financial support by the European
marginally damped. Large values #fwill also resultin  TMR Network ERB-FMRX-CT96-0087.

low rates of depopulation by suppressing the coherence of

the transition|+,0) — |By, B>, 1) before any significant

exchange of atomic to cavity excitation can occur. Thus _ ) _
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