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Interference pattern with a dark center from two atoms driven by a coherent laser field
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~Received 11 December 1997!

In a recent paper Meyer and Yeoman@Phys. Rev. Lett.79, 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.@S1050-2947~98!10306-2#

PACS number~s!: 32.80.2t, 42.25.Hz, 42.50.Fx
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Young’s interference-type pattern has recently been
served experimentally in the resonance fluorescence of
trapped ions@1#. In the experiment the ions were separat
by a distancer 12'20l, wherel is the optical wavelength, a
separation for which the collective effects can be ignored@2#.
The ions were driven by a coherent laser field propagatin
an angle of 62° to the atomic axis, so that the ions exp
enced different intensities and phases of the driving fie
The experimental results have been explained theoretic
by Wong et al. @3#, and can be understood by treating t
ions as independent radiators that are synchronized by
constant phase of the driving field. Various situations ha
been analyzed, including the effects of the motions of
ions in the trap@4# and the dependence of the interferen
pattern on the polarization as well as the intensity of
driving field. It has been shown that for a weak driving fie
the fluorescence field is predominantly composed of an e
tic component and, therefore, the ions behave as p
sources of coherent light producing an interference patt
Under strong excitation the fluorescence field is mostly co
posed of the incoherent part and consequently there is
interference pattern.

Kochanet al. @5# have shown that the interference patte
of the strongly driven atoms can be partially recovered
placing the atoms inside an optical cavity. The coupling
the atoms to the cavity mode induces atomic correlatio
which improves the fringe visibility. Recently, Meyer an
Yeoman@6# have reported an even stronger cavity-induc
modification of the interference pattern that occurs when
coherent driving field is replaced by an incoherent fie
They have shown that, in contrast to the coherent excitat
the incoherent field produces an interference pattern wi
dark center.

In this Brief Report, we show that an interference patte
with a dark center can be observed even with acoherent
driving field. We first consider the case in which the ato
are in free space and are separated by a distance compa
to an optical wavelength. At this distance collective effe
are important. We then consider a situation where the at
are separated by a distancer 12@l, for which the collective
effects can be ignored. We discuss the dependence o
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interference pattern on the direction of propagation of
coherent field relative to the atomic axis. We also include
our calculations a detuning of the driving field from th
atomic resonance and find that, depending on the detu
and the direction of propagation of the coherent field,
interference pattern can show a minimum or a maximum
line center.

Following Meyer and Yeoman@6#, we calculate the fringe
contrast factor

C5
^S1

1S2
21S2

1S1
2&

^S1
1S1

21S2
1S2

2&
, ~1!

for the steady-state fluorescence field emitted by two tw
level atoms driven by a coherent field. We assume that
atomic axis lies parallel to the (x,y) plane and the fluores
cence is observed in the direction of thez axis, perpendicular
to the interatomic axis. The driving field is propagated
directions that lie in the (x,y) plane. In Eq.~1!, Si

1 (Si
2) are

the dipole raising~lowering! operators of thei th atom. The
factor C can be positive as well as negative, anduCu is sim-
ply the fringe visibility @6,7#. For positive values ofC, the
interference pattern exhibits a maximum at line cen
~bright center!, whereas for negativeC there is a minimum
~dark center!. The optimum positive~negative! value is C
51 (C521), and there is no interference pattern wh
C50.

The correlation functions appearing in Eq.~1! can be
found from the Lehmberg master equation@8#, which, for an
arbitrary combinationQ of the atomic operators, reads

^Q̇&52 i(
i 51

2

$D^@Si
1Si

2 ,Q#&1 1
2 ^@V iSi

11V i* Si
2 ,Q#&%

2(
i , j

g i j ^Si
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2Q1QSi
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222Si
1QSj
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1 i(
iÞ j

V i j ^@Si
1Sj

2 ,Q#&, ~2!
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PRA 58 749BRIEF REPORTS
whereD5vL2v0 is the detuning of the driving-field fre
quencyvL from the atomic resonancev0, andV i is the Rabi
frequency of the driving field at the position of thei th atom.
In the following, we choose the reference frame such that
atoms are at positionsr15(0,2r 12/2,0) andr25(0,r 12/2,0),
i.e., they are a distancer 12 apart. In this caseV15V,
whereas

V25VeikL•r12, ~3!

where kL is the wave vector of the driving field andV
5uV i u. In Eq. ~2!, the parameterg i j ( i 5 j ) is one-half the
EinsteinA coefficient for spontaneous emission, whereasg i j
and V i j ( iÞ j ) describe the interatomic coupling@2,8#, and
are the collective damping and the dipole-dipole interact
potential defined, respectively, by

g i j 5
3

2
gH @12~m̂• r̂ i j !

2#
sin~kri j !

kri j
1@123~m̂• r̂ i j !

2#

3Fcos~kri j !

~kri j !
2

2
sin~kri j !

~kri j !
3 G J ~4!

and

V i j 5
3

2
gH 2@12~m̂• r̂ i j !

2#
cos~kri j !

kri j
1@123~m̂• r̂ i j !

2#

3Fsin~kri j !

~kri j !
2

1
cos~kri j !

~kri j !
3 G J , ~5!

wherem̂ and r̂ i j are unit vectors along the transition dipo
moment and the interatomic axis, respectively.

The master equation~2! leads to a closed system of 1
equations describing the evolution of the coupled atomic c
relation functions@9#. However, for a specially chosen ge
ometry for the driving field, namely that the field is prop
gated perpendicularly to the interatomic axis (kL•r1250),
the system of equations decouples into nine equations
symmetric and six equations for antisymmetric combinatio
of the atomic operators@9,10#. In this case, we can solve th
system analytically, and find that the steady-state value
the correlation functions appearing in Eq.~1! are

^S1
1S2

21S2
1S1

2&5
2~g21D2!V2

D
, ~6!

^S1
1S1

21S2
1S2

2&5
@2~g21D2!1V2#V2

D
, ~7!

where

D5V412~g21D2!$V212@~g1g12!
21~D2V12!

2#%,
~8!

andg5g115g22;
e

n

r-

or
s

of

C5
2~g21D2!

2~g21D2!1V2
, ~9!

which is positive for all parameter values and is complet
independent of the interatomic interactions. As has b
pointed out before@3,5,11#, for V!g the fringe visibility
uCu'1, whereasuCu'0 for largeV and there is no interfer-
ence pattern. ForVÞ0 the visibility may be improved by
detuning the laser field from the atomic resonance.

The fringe contrast factor exhibits interesting modific
tions when the driving field propagates in directions differe
from perpendicular to the interatomic axis. In this situationC
strongly depends on the interatomic separation and the
tuning D. This can produce the interesting modification th
C may become negative. We show this by solving nume
cally the system of 15 equations for the atomic correlat
functions. The factorC is plotted against the detuningD in
Fig. 1 for r 12/l50.1, V50.5g, and various anglesu be-
tween the interatomic axis and the direction of the drivin
field propagation. The factorC is positive for most values o
D, exceptD'2V12. At this detuning the parameterC is
negative and reaches the optimum negative valueC521. In
order to understand what is happening atD52V12, we
refer to the collective states of the two atom system@2,7–
10#:

uG&5ug1&ug2&, EG52\v0 ,

uS&5
1

A2
~ ue1&ug2&1ug1&ue2&), ES5\V12,

~10!

uA&5
1

A2
~ ue1&ug2&2ug1&ue2&), EA52\V12,

uU&5ue1&ue2&, EU5\v0 ,

FIG. 1. The fringe contrast factorC as a function of the detun

ing D for r 12/l50.1, m̂' r̂12, V50.5g, and different directions of
laser field propagation with respect to the atomic axis:u5p/2
~solid line!, u50.4p ~dashed line!, and u50.25p ~dashed-dotted
line!.
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750 PRA 58BRIEF REPORTS
whereugi& (uei&) is the ground~excited! state of thei th atom,
and Ea (a5G,S,A,U) are the energies of the collectiv
states.

Within the framework of the collective states~10!, the
two-atom system behaves as a single four-level system
ground stateuG&, upper stateuU&, and two intermediate
states: the symmetric stateuS& and antisymmetric stateuA&. It
is clear that the resonanceD52V12, seen in Fig. 1, corre-
sponds to the situation when the driving field is reson
with the uA&→uG& transition. Therefore, the negative valu
of C are related to the dynamics of the antisymmetric sta
In order to demonstrate this quantitatively, we write t
fringe contrast factor in the basis of the collective states~10!
as

C5
rSS2rAA

rSS1rAA12rUU
, ~11!

wherer i i ( i 5S,A,U) are the populations of the excited co
lective statesu i &. Equation ~11! shows that the sign ofC
depends on the population difference between the symm
and antisymmetric states. ForrSS.rAA , the fringe contrast
factor is positive, whereas it is negative whenrSS,rAA . We
plot the populations of theuS& and uA& states in Fig. 2, for
the same parameters as in Fig. 1, withu5p/4. The figure
shows that atD52V12 the antisymmetric state is signifi
cantly populated, whereas the population of the symme
state is close to zero. This effect leads to negative value
C, as seen in Fig. 1.

We have shown that the fringe contrast factor can
negative for the fluorescence field emitted by two cohere
driven atoms in free space. However, this requires in
atomic separations smaller than or comparable to the op
wavelength. Nevertheless, we will show that interferen
fringes with a dark center can be observed in the fluor
cence field emitted by twoindependentatoms in free space
In Fig. 3, we plot the fringe contrast factor for two atom
separated byr 12519l, V5g and differentu. The separation
r 12519l corresponds to that in the experiment performed

FIG. 2. Populations of the symmetric and antisymmetric sta

for r 12/l50.1,m̂' r̂ 12, V50.5g, andu5p/4: rAA ~solid line! and
rSS ~dashed line!.
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Eichmannet al. @1#, where the interference fringes in th
light scattered by two trapped ions were observed. At t
separation the parametersg12 and V12 are negligibly small
and the atoms radiate independently. The three valuesu
have been chosen such that foru561.7° both atoms experi
ence the same phase of the driving field; foru560.9° the
phases are shifted byp/2, whereas foru560° the atoms are
in opposite phases. In practice the atoms experience opp
phases whenkL•r125(2n11)p, wheren50,1,2 . . . .When
the atoms experience the same phase, the factorC is positive
and C51 for large detunings. When the atoms experien
opposite phases the factorC is negative and approache
21 for large detunings. No interference pattern is obser
for a phase difference ofp/2. In the case of opposite phase
the atoms are synchronized antisymmetrically by the c
stant phase of the driving laser field. This type of interfe
ence is not possible with an incoherent field.

In summary, we have shown that the resonance fluo
cence from two coherently driven atoms can produce in
ference fringes with a dark center. This happens when
atoms experience different amplitudes and/or phases of
driving field. We have shown that the effect results from
excess population in the antisymmetric state over that c
tained in the symmetric state of the two-atom system.
small interatomic separations, where the atoms experie
almost the same field amplitude and phase, the collec
effects are important in producing the negative fringe co
trast. At large distances, where the atoms radiate indep
dently, the negative fringe contrast can be obtained by allo
ing the two atoms to experience different phases of
driving field.

This research was supported in part by the Natural S
ences and Engineering Research Council of Canada, an
the Australian Research Council.

s FIG. 3. The fringe contrast factorC as a function of the detun
ing D for r 12/l519, m̂' r̂12, V5g, and differentu: u561.7°
~solid line!, u560.9° ~dashed line!, and u560° ~dashed-dotted
line!.
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