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Interference pattern with a dark center from two atoms driven by a coherent laser field
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In a recent paper Meyer and Yeomfgphys. Rev. Lett79, 2650(1997] have shown that the resonance
fluorescence from two atoms placed in a cavity and driven by an incoherent field can produce an interference
pattern with a dark center. We study the fluorescence from two coherently driven atoms in free space and show
that this system can also produce an interference pattern with a dark center. This happens when the atoms are
in nonequivalent positions in the driving field, i.e., the atoms experience different intensities and phases of the
driving field. We discuss the role of the interatomic interactions in this process and find that the interference
pattern with a dark center results from the participation of the antisymmetric state in the dynamics of the driven
two-atom system[.S1050-2947®8)10306-3

PACS numbdps): 32.80—t, 42.25.Hz, 42.50.Fx

Young's interference-type pattern has recently been obinterference pattern on the direction of propagation of the
served experimentally in the resonance fluorescence of twooherent field relative to the atomic axis. We also include in
trapped iong1]. In the experiment the ions were separatedour calculations a detuning of the driving field from the
by a distance ;,~ 20\, where\ is the optical wavelength, a atomic resonance and find that, depending on the detuning
separation for which the collective effects can be ignggdd ~ and the direction of propagation of the coherent field, the
The ions were driven by a coherent laser field propagating dfterference pattern can show a minimum or a maximum at
an angle of 62° to the atomic axis, so that the ions experiline center.
enced different intensities and phases of the driving field. Following Meyer and Yeomaf6], we calculate the fringe
The experimental results have been explained theoreticallgontrast factor
by Wong et al. [3], and can be understood by treating the

ions as independent radiators that are synchronized by the (S1S;+S;S)
constant phase of the driving field. Various situations have lysr——— 1)
been analyzed, including the effects of the motions of the (5185 5;)

ions in the trag4] and the dependence of the interference
pattern on the polarization as well as the intensity of thefor the steady-state fluorescence field emitted by two two-
driving field. It has been shown that for a weak driving field, level atoms driven by a coherent field. We assume that the
the fluorescence field is predominantly composed of an elastomic axis lies parallel to thex(y) plane and the fluores-
tic component and, therefore, the ions behave as pointence is observed in the direction of thaxis, perpendicular
sources of coherent light producing an interference patterrio the interatomic axis. The driving field is propagated in
Under strong excitation the fluorescence field is mostly comdirections that lie in thex,y) plane. In Eq(1), S" (S) are
posed of the incoherent part and consequently there is nihe dipole raisinglowering operators of théth atom. The
interference pattern. factor C can be positive as well as negative, d@d is sim-
Kochanet al.[5] have shown that the interference patternply the fringe visibility [6,7]. For positive values o€, the
of the strongly driven atoms can be partially recovered byinterference pattern exhibits a maximum at line center
placing the atoms inside an optical cavity. The coupling of(bright centey, whereas for negativ€ there is a minimum
the atoms to the cavity mode induces atomic correlationsdark center. The optimum positivenegativé value isC

which improves the fringe visibility. Recently, Meyer and =1 (C=-1), and there is no interference pattern when
Yeoman[6] have reported an even stronger cavity-inducedc =0,

modification of the interference pattern that occurs when the The correlation functions appearing in E() can be
coherent driving field is replaced by an incoherent field.found from the Lehmberg master equat{@, which, for an

They have shown that, in contrast to the coherent eXCitatithrbitrary combinatiorQ of the atomic operators, reads
the incoherent field produces an interference pattern with a

dark center. 2
In this Brief Report, we show that an interference pattern ,Gy— _j ASTS™ +H10.st+0*s
with a dark center can be observed even witlcoherent (@ 21{ ([S7S7.Qh+2(iS 'S QD
driving field. We first consider the case in which the atoms
are in free space and are separated by a distance comparable _ (S'STO0+0S'S —25'0S
to an optical wavelength. At this distance collective effects IEJ 7y(STS QT QSS QS
are important. We then consider a situation where the atoms
are separated by a distancg>\, for which the collective +iX Q([S'S,Q), 2)
effects can be ignored. We discuss the dependence of the ETR !
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where A= w, —wq is the detuning of the driving-field fre-
guencyw, from the atomic resonance,, and(}; is the Rabi
frequency of the driving field at the position of thth atom.

In the following, we choose the reference frame such that the

atoms are at positiong=(0,—r5/2,0) andr,=(0,,42,0),
i.e., they are a distance;, apart. In this cas€;=(},
whereas

92:Qeik|"r121 (3)
where k_ is the wave vector of the driving field an@
=[Qj|. In Eq. (2), the parametely;; (i=]) is one-half the
EinsteinA coefficient for spontaneous emission, wherggs
and;; (i#]) describe the interatomic coupliri@,8], and

are the collective damping and the dipole-dipole interaction

potential defined, respectively, by

Sln(krij) +[1—3(i"Fij)Z]
J

kl’i-

f

3 .
VijZEY{[l_(M'rij)Z]

cogKri;) B sin(krj;)

4
(krij)2 (krij)3

and
3 ~ ~ __cogkr;; ~ -
Qijzz')’[_[1_(M'rij)z]%+[l_3(ﬂ"rij)z]
sin(kr;j)  cogKkr;;)
(krij)2 ! (krij)3 H ©

where u and Fij are unit vectors along the transition dipole
moment and the interatomic axis, respectively.
The master equatio(?) leads to a closed system of 15

equations describing the evolution of the coupled atomic cor

relation functiong9]. However, for a specially chosen ge-

ometry for the driving field, namely that the field is propa-

gated perpendicularly to the interatomic axig {r,,=0),

symmetric and six equations for antisymmetric combination

of the atomic operator®,10]. In this case, we can solve the
system analytically, and find that the steady-state values
the correlation functions appearing in Eg) are

2y AH0
<5152+3251>:T, (6)
2(y*+ A%+ 0202
(sisrrsy )= S AT

where

D=0%+2(y* + AM{Q*+ 2 (y+ 712+ (A~ Q1p) "},
®)

and y= y11= y22;
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FIG. 1. The fringe contrast fact® as a function of the detun-
ing A for ri,/A\=0.1, L ,, Q=0.5y, and different directions of
laser field propagation with respect to the atomic axs: /2
(solid line), #=0.47 (dashed ling and #=0.257 (dashed-dotted
line).

2(y?+A?)

2(y2+AH)+ Q2% ©

which is positive for all parameter values and is completely
independent of the interatomic interactions. As has been
pointed out beford3,5,11], for Q< v the fringe visibility
|C|~1, whereagC|~0 for largeQ) and there is no interfer-
ence pattern. Fof)#0 the visibility may be improved by
detuning the laser field from the atomic resonance.

The fringe contrast factor exhibits interesting modifica-
tions when the driving field propagates in directions different
from perpendicular to the interatomic axis. In this situation
strongly depends on the interatomic separation and the de-
tuning A. This can produce the interesting modification that
C may become negative. We show this by solving numeri-
cally the system of 15 equations for the atomic correlation

YUnctions. The facto€ is plotted against the detunin in
ﬁzig. 1 forr,/A=0.1, 2=0.5y, and various angle$ be-

tween the interatomic axis and the direction of the driving-

Yleld propagation. The factdC is positive for most values of

A, exceptA~—Q4,. At this detuning the paramet& is
negative and reaches the optimum negative valee-1. In
order to understand what is happening &t —Q,,, we
refer to the collective states of the two atom sysfeh7—
10]:

|G)=191)|92), Eg=—tiwy,

1
1S)=—=(len)|g2)+91)[€2)), Es=%Q4,,
2 (10
1
|A>:E(|el>|92>_|gl>|62>)y Ea=—1Q,,

U)=lei)les), Ey=tawy,
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FIG. 2. Populations of the symmetric and antisymmetric states FIG. 3. The fringe contrast fact@ as a function of the detun-
forri,/A=0.1, L T1,, Q=0.5y, andf= m/4: psa (solid line) and  ing A for ry,/N=19, mLF;,, Q=y, and differents: 6=61.7°
pss (dashed ling (solid line), 6=60.9° (dashed ling and #=60° (dashed-dotted

line).
where|g;) (|&;)) is the groundexcited state of theth atom,
and E, («=G,S,A,U) are the energies of the collective

states. . Eichmannet al. [1], where the interference fringes in the
Within the framework of the collective staté20), the gt scattered by two trapped ions were observed. At this
two-atom system behaves as a single four-level system W'thparation the parametefs, and Q;, are negligibly small

g{;’tlém_jtﬁ;atdn?r)n’etl:%pigga;ﬁé)ght‘.”m%mﬁr.?tet;n;d'ﬁte and the atoms radiate independently. The three valugs of
stales. sy ic stal) ISy ics )- have been chosen such that #o+61.7° both atoms experi-

is clear that the resonanee=—( 5, seen in Fig. 1, corre- gnce the same phase of the driving field: for 60.9° the

sponds to the situation when the driving field is resonan ) e
with the|A)—|G) transition. Therefore, the negative values phases are shifted by/2, whereas fop=60° the atoms are

of C are related to the dynamics of the antisymmetric state!! opposite phases. In practice the atoms experience opposite
In order to demonstrate this quantitatively, we write thePhases whek,-ry;=(2n+1)m, wheren=0,12... .When
fringe contrast factor in the basis of the collective st4t@y  the atoms experience the same phase, the farisipositive
as and C=1 for large detunings. When the atoms experience
= (11 opposite phases the fact@ is negative and approaches
pPsstpaat2puu —1 for large detunings. No interference pattern is observed
for a phase difference af/2. In the case of opposite phases
the atoms are synchronized antisymmetrically by the con-
&tant phase of the driving laser field. This type of interfer-
ence is not possible with an incoherent field.

In summary, we have shown that the resonance fluores-
cence from two coherently driven atoms can produce inter-
the same parameters as in Fig. 1, with /4. The figure ference fring_es With_a dark center. This happens when the

atoms experience different amplitudes and/or phases of the

shows that atA=—{),, the antisymmetric state is signifi- _driving field. We have shown that the effect results from an
cantly populated, whereas the population of the symmetric

state is close to zero. This effect leads to negative values of o> population in the antisymmetric state over that con-
C. as seen in Fig. 1 ' 9 RRined in the symmetric state of the two-atom system. For

small interatomic separations, where the atoms experience

We have shown that the fringe contrast factor can bealmost the same field amplitude and phase, the collective

hegative for th_e fluorescence field emitted t_)y two (T’Oher.ent%ffects are important in producing the negative fringe con-
driven atoms in free space. However, this requires inter;

atomic separations smaller than or comparable to the o tict ast. At large distances, where the atoms radiate indepen-
P X P X P ently, the negative fringe contrast can be obtained by allow-
wavelength. Nevertheless, we will show that mterferencei

fringes with a dark center can be observed in the fluorese 9 the wo atoms to experience different phases of the

cence field emitted by twmdependenatoms in free space. driving field.

In Fig. 3, we plot the fringe contrast factor for two atoms  This research was supported in part by the Natural Sci-
separated by,;,= 19\, ) = y and differentd. The separation ences and Engineering Research Council of Canada, and by
r1,=19\ corresponds to that in the experiment performed bythe Australian Research Council.

Pss™ PAA

wherep;; (i=S,A,U) are the populations of the excited col-
lective stategi). Equation(11) shows that the sign of
depends on the population difference between the symmetr
and antisymmetric states. Fpgs>pana, the fringe contrast
factor is positive, whereas it is negative whasns<ppa. We
plot the populations of th¢S) and|A) states in Fig. 2, for
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