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We report a way of manipulating the spontaneous emission process leading to a spatial modulation of
spontaneous decay. The effect is observed in the case of coherently driven atoms separated by less than a
transition wavelength. It is quantified by Glauber’s photon-photon second-order correlation function. We show
that the photon arrival time, usually regarded as an entirely random process, depends not only on where a
photon is detected but also on where a former photon had been recorded previously. Our results shed light on
the unexpected consequences of state reduction and entanglement for the fundamental process of spontaneous
emission.
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Spontaneous deexcitation of atomic systems into their
ground state is a basic fact of nature and has been known
since the early days of quantum mechanics �1�. It results
from the dynamical interaction between an excited atom and
the electromagnetic fluctuations of the vacuum. It is also
well known that this fundamental process can be modified in
various ways by �i� changing the properties of the vacuum,
e.g., using a cavity or metallic or dielectric interfaces �2–8�,
�ii� employing external laser fields �9,10�, �iii� continuously
monitoring the decay process �11�, or �iv� placing the system
in a cooperative environment �12�, leading to the collective
phenomena of subradiance and superradiance �13–16�. Here
we report a further aspect of manipulating the spontaneous
emission process: namely, a spatial modulation of spontane-
ous decay in the case of coherently driven correlated atoms.
The effect is quantified by calculating the photon-photon
second-order correlation function, which describes the prob-
ability of detecting a photon at r2 and time t+� after a pho-
ton at r1 and time t has been recorded. The phenomenon is
found to result from two kinds of correlations generated be-
tween the atoms, one from the dipole-dipole interaction
when the particles are sufficiently close to each other �12�
and the other by a back action on the atomic system when a
photon emitted by the atoms is detected and the photonic
detection does not distinguish between the atoms �17–20�.
The spatial dependence of the spontaneous decay rate is dis-
tinct from standard position-dependent retardation phenom-
ena. It is also not to be confounded with the usual intensity
pattern of a single or several atoms which merely reflects the
spatial fluorescence distribution of the corresponding multi-
polar atomic transitions and their possible interferences. In
the latter case, for a single or uncorrelated atoms, the tem-
poral behavior of the photon arrival time is the same in all
directions.

To understand the outlined behavior, we consider two
identical atoms 1 and 2 at fixed positions x1 and x2 with
internal levels �e� and �g�, dipolar transition frequency �
=2�c /�, and single-atom free-space Einstein A coefficient
2�. This system is conveniently described in the Dicke
basis �12� ��g�ª �g ,g� , �e�ª �e ,e� , �s�ª 1

�2
��e ,g�+ �g ,e�� , �a�

ª

1
�2

��e ,g�− �g ,e��	, which forms a set of eigenstates of the

combined system. From the work of Dicke �12� we know
that correlations between the two atoms are produced if the
interatomic spacing x12
�x1−x2� is reduced down to or be-
low the transition wavelength �. Correlations between the
atomic dipoles are generated because the emission or absorp-
tion of a photon cannot be assigned to a specific particle any
longer so that the atom-field interaction has to be symmetric
with respect to atomic permutation. As a consequence, an
imbalance appears among the possible transitions between
the Dicke states that causes the atomic system to decay with
different rates, one enhanced and the other reduced with re-
spect to the free-atom spontaneous emission rate 2� �12–16�.
The decay rates towards and from the symmetric state �s�
�antisymmetric state �a�� are given by 2�+=2��+��� �2�−

=2��−����, where �� is the imaginary part of

�� + i�� =
3

2
�e−ikx12� cos2 � − 1

kx12

+ �1 − 3 cos2 ��� i

�kx12�2 +
1

�kx12�3� . �1�

Here, ±�� represents the level shift of the states �s� and �a�,
respectively, due to the dipole-dipole interaction between the
two atoms, k=� /c, and � is the angle between the atomic
dipole moment d and x12. The Dicke states, level shifts, and
modified transition rates are schematically shown in Fig. 1.

Next, we investigate the two time photon-photon second-
order correlation function �21�

g�2��r1,t;r2,t + �� =
G�2��r1,t;r2,t + ��
G�1��r1,t�G�1��r2,t�

, �2�

where G�1��r , t� and G�2��r1 , t ;r2 , t+�� are given by

G�1��r,t� = 2�u�r� �
	,
=1

2

e�ikx	,
·r̂���	
+�t��


−�t�� , �3�
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G�2��r1,t;r2,t + �� = 4�2u�r1�u�r2� �
	,
,�,�=1

2

e�ik�x�,
·r̂1+x�,	·r̂2��

���
+�t���

+�t + ���	
−�t + ���
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Here r̂=r / �r�, �	
− = �g�		�e� is the atomic lowering opera-

tor for atom 	 �	=1,2�, �	
+ = ��	

−�†, x	,
=x	−x
, and u�r�
= ��4d2 /2r2c4��0�sin2 � describes the usual dipole intensity
pattern, with � the angle between the observation direction r
and the dipole moment d. Equation �2� can also be written in
the form

g�2��r1,t;r2,t + �� =
P�r2,t + ��r1,t�

P�r2,t�
, �5�

where P�r , t� is the probability of detecting a photon at
position r and time t and P�r2 , t+� �r1 , t� is the conditional
probability of finding a photon at r2 and t+� assuming that a
photon at r1 and t has been recorded. In case of a
single atom we know that the overall time behavior of
g�2��r1 , t ;r2 , t+��—i.e., the photon arrival time—is indepen-
dent of the direction of observation and is governed by the
free-atom spontaneous decay rate 2� modified by the Rabi
frequency of the driving field �22,23�.

The probabilities P�r1 , t� and P�r2 , t+� �r1 , t� can be
calculated—using the quantum regression theorem �24�—
from the dynamical behavior of the density operator � via

P�r,t� = �D†�r�D�r����t�, �6�

P�r2,t + ��r1,t� = �D†�r2�D�r2�����t + ��r1,t
, �7�

where ��t� is the density operator of the two-atom system at
time t, ���t+��r1,t is the density operator at time t+� assum-
ing a photon has been detected at point r1 and time t, and
D�r� is the photon detector operator �21�

D�r� = �1
− + ei��r��2

−, �8�

with ��r�=kr̂ ·x12. In the case that the atoms are coherently
driven by a laser of Rabi frequency 2� and wave vector kL,
resonant with the single-atom transition � and chosen
�though not necessary� to be perpendicular to x12, the time
evolution of the density operator � in the interaction picture
obeys the master equation �14�

�̇ = − i��
	=1

2

�eikL·x	�	
+ + H.c.,�� − i�� �

	�


��	
+�


−,��

− i�
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where �	
=� for 	=
 and �	
=�� for 	�
.
In Fig. 2�a�, g�2��r1 ,0 ;r2 ,�� is plotted for a single detector

at r in the case of a large distance between the two atoms
�x12=20��. Here, the dipole-dipole interaction is negligible
so that the results of �19,26� are recovered: a strong modu-
lation of g�2��r ,0 ;r ,�=0� with respect to r is observed,
changing from sub-Poissonian statistics and antibunching to
super-Poissonian statistics and bunching. The decay and
growing time scales of g�2��r ,0 ;r ,�� are equal in this case, in
accordance with �+=�−=�, which holds for large distances
x12 between the two atoms �see Eq. �1��.

For small distances �x12���, we observe for �=0 still the
same spatial modulation of g�2��r ,0 ;r ,��. However, the de-
cay and growing times are now different, reflecting the dif-
ference in the decay constants �+ and �− when the dipole-
dipole interaction is significant. A clear imbalance in the
photon arrival times for the different spatial directions is ob-
served in this case �see Fig. 2�b��.

In Fig. 2�c�, the second-order correlation function is plot-
ted for two detectors located in opposite directions. It shows
that for particular detector positions �such that ��r�= ±� /2�,
complete antibunching is observed �i.e., g�2��r ,0 ;−r ,0�=0�,
while the imbalance in the photon arrival times for different
spatial directions is preserved as in Fig. 2�b�.

To understand this highly nonclassical behavior we recall
that in addition to the correlations generated between the
atomic dipoles in the case of x12�� further correlations are
produced if a single photon emitted by the two-atom system
is detected and the photonic detection does not distinguish
between the two atoms �17–20�. These correlations are gen-
erated even in case of distant atoms—i.e., in the absence of
any interatomic interaction �17–20�. The production of cor-
relations can be understood by investigating the reduced
state of the atomic system after the detection of the first
photon. According to the von Neumann projection postulate
the reduced state reads

��r1� =
D�r1��̃D†�r1�

�D†�r1�D�r1���̃

, �10�

with �̃ the steady-state density matrix just before detection.
From Eq. �10� the density operator evolves again according
to Eq. �9�.

For the two detectors positioned at ri �i=1,2� such that
��ri�=2n� ���ri�= �2n+1��, n integer�, Eq. �8� leads to

D�ri� = �1
− ± �2

−. �11�

In the first case, the detector operators D�ri� are symmetric,
which means that the atomic system is projected such that
only photons decaying along the “symmetric decay channel”
�e�→ �s�→ �g� are produced. In the second case, the detector
operators are antisymmetric so that only photons decaying
along the “antisymmetric decay channel” �e�→ �a�→ �g� are

FIG. 1. Dicke states �g�, �e�, �s�, and �a� of two identical two-
level atoms with corresponding level shifts ±�� and transition
rates 2�±.
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generated �see Fig. 1�. Combining both ways of generating
correlations between the two atoms one notices that depend-
ing on the detector positions one can select not only the
channel along which the two atom system will decay but also
the rate at which the photons are emitted �see Fig. 1�. Differ-
ent photon arrival times are thus observable in different di-
rections, depending on where the spontaneously emitted pho-
tons are recorded.

For the two detectors located at r1=r=−r2 such that
��r�= �2n+1�� /2, n even �odd�, we get, from Eq. �8�, D�r�
=�1

−± i�2
− and D�−r�=�1

−� i�2
−. In both configurations,

D�r�D�−r�=0, so that two subsequent detections can never
occur and perfect antibunching is observed.

These behaviors can be further elucidated by considering
a pulsed excitation where the two atoms are initially in the
double-excited state �e�. For the two detectors located at r1
and r2 we obtain in this case, from Eqs. �5�–�9� for the
second-order correlation function,

g�2��r1,0;r2,�� = e−2���e−2��� cos2 ��r1�
2

cos2 ��r2�
2

+ e2��� sin2 ��r1�
2

sin2 ��r2�
2

+ sin ��r1�sin ��r2�
cos�2����

2
 . �12�

Equation �12� is 2� periodic in ��r1� and ��r2�. The full
range of effects is thus observed when these parameters vary
between −� and �. This can be achieved whenever the in-
teratomic distance x12�� /2. For smaller distances the range
of variation ±kx12 of ��r� is reduced to values �±�.

In case that a single detector at r=r1=r2 is employed and
for an interatomic spacing x12 large compared to � �i.e.,
���0����, Eq. �12� simplifies to

g�2��r,0;r,�� = e−2��; �13�

i.e., a mean photon arrival time ��2��−1 is observed, inde-
pendent from the direction of observation, as expected. How-
ever, for x12�� �i.e., ���0����, we see from Eq. �12�
that the photon arrival time is modulated as a function of the
detector position r. In particular, for the detector located
such that ��r�=0, Eq. �12� simplifies to

g�2��r,0;r,�� = e−2�+�, �14�

whereas for ��r�= ±� we obtain

g�2��r,0;r,�� = e−2�−�. �15�

Note that for ��r�=0 ���r�= ±�� the detection of the first
photon transforms the system from the nonentangled state �e�
to the entangled state �s� ��a��. As the two states �s� and �a�
have not the same spontaneous decay rate �2�+ and 2�−,
respectively�, different emission rates are monitored in dif-
ferent spatial directions. Moreover, since the atoms are en-
tangled after the detection of the first photon, the dependence
of the arrival time of the second photon on the detector lo-
cation becomes a nonlocal phenomenon.

FIG. 2. �Color online� Correlation function g�2��r1 ,0 ;r2 ,�� with
respect to � for two coherently driven atoms. Parameters are �=0,
�=0.7�, �a� r1=r=r2, x12=20�, �b� r1=r=r2, x12=� /2, and �c�
r1=r=−r2, x12=� /2. In �a� and �b�, the curves from bottom to top
refer to ��r�=0, ±� /2 , ±�. In �c�, the curves from bottom to top
refer to ��r�= ±� /2 ,0 , ±�.
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This aspect becomes more apparent if the two detectors
are located at different positions r1�r2: As can be seen from
Eq. �12� the detection of a photon at r1 influences the arrival
time of the second photon at r2. The photon arrival time

depends thus on where the first photon was detected and
where the second photon is to be detected. This is yet another
example of the nonlocal character of the measurement pro-
cess in the case that entangled states are considered �25�;
however, in this case it applies to the fundamental phenom-
enon of spontaneous emission, usually regarded as an en-
tirely random process.

In particular, for the two detectors located at r1=r=−r2,
the overall behavior of g�2��r ,0 ;−r ,�� as a function of ��r� is
shown in Fig. 3. This figure exhibits clearly the spatial
modulation of the arrival time of the second photon �Eqs.
�14� and �15� still hold for the two detectors located in op-
posite directions�, as well as the occurrence of perfect anti-
bunching for ��r�= ±� /2.

Note that our results can be used to demonstrate experi-
mentally in a simple manner the subradiance and superradi-
ance behavior of a two-atom system simultaneously. For that
purpose the atoms need to be placed sufficiently close to
each other so that the decay rates of the two decay channels
are significantly modified. This has been experimentally re-
alized for two trapped ions �27� and could be envisaged—in
view of recent advances �28�—also for neutral atoms. The
system is then automatically forced to subradiate or superra-
diate, depending solely on where the photons are recorded.
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