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Engineering of spontaneous emission in free space via conditional measurements
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We study the collective spontaneous emission of three identical two-level atoms initially prepared in the
excited states by measuring Glauber’s third-order photon correlation function. Assuming two atoms at subwave-
length distance from each other such that they are subject to the dipole-dipole interaction while the third one is
located several wavelengths away, we observe super- and subradiant decay alike, depending on the direction of

observation. Unlike the case where no remote atom is introduced or no conditional measurements are performed,
the spontaneous emission behavior of the conditioned three-atom system is strongly modified, i.e., differing from
the single-atom and the canonical two-atom configuration. The conditional measurements associated with the
three-photon correlation function in combination with the dipole-dipole interaction between the adjacent atoms
lead to quantum interference among the different decay channels allowing one to engineer the spontaneous

emission in space and time.
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I. INTRODUCTION

The coupling of an excited atom to the electromagnetic
vacuum field leads to deexcitation of the atom, a random pro-
cess called spontaneous emission. A plethora of publications
has discussed the possibilities to modify this fundamental
process, e.g., by changing the properties of the vacuum
field by use of cavities [1-5], by exploiting nano-optical de-
vices [6-12], or applying external coherent fields [13,14].
Interestingly, an ensemble of interacting emitters in free space
also leads to modified spontaneous emission, e.g., mediated
by the dipole-dipole interaction [15], giving rise to collective
spontaneous emission coined super- and subradiance [16—19].

The superradiant cascade from the fully excited state of
an atomic ensemble to its ground state, where the system
passes by the set of symmetric Dicke states with different
decay rates, has been studied extensively in the past [17,18].
Recently, there has been renewed interest in the collective
emission of atomic ensembles also in the single-excitation
regime (sometimes labeled “single-photon” regime), where
steady-state shifts [20-26] as well as superradiant [27-30] and
subradiant [29-32] emission have been reported. The subradi-
ant emission has been observed in particular in the late-time
regime, after decoherence has eliminated the short-lived states
and populated essentially the long-lived levels [33-35]. These
works have in common that the radiation is typically moni-
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tored in a given direction, that is, all the photons are recorded
within the same emission angle. In this way, only minor spa-
tial modulations of the spontaneous emission rate have been
observed, attributed to multiple scattering [27] or to linear
dispersion [36].

In this work we show that a pronounced spatial mod-
ulation of the spontaneous emission rate can be obtained
by combining dipole-dipole interactions among the emitters
with conditional measurements of the scattered photons. We
consider the simplest configuration where this phenomenon
is observable, namely three atoms, where two of them are
separated at subwavelength distance from each other, while
the third one is located several wavelengths apart, all entan-
gled via conditional photon measurement [30,37—44]. In this
configuration, the strong dipole-dipole interaction between
the adjacent atoms leads to a marked modification of the
spontaneous decay rate of the two emitters [16]; this rate
is, however, almost isotropic due to their close separation.
The decay rate becomes modulated in space only due to the
presence of the remote atom, entangled with the other two
atoms. By measuring Glauber’s third-order photon correlation
function where two photons are initially recorded in given
directions, all three atoms become entangled giving rise to
spatially varying quantum interferences among the different
decay channels of the three atoms. In this case a modulated
spatial pattern for the emission rate of the last photon is
obtained, displaying both superradiant and subradiant decay.
Note that a two-atom system cannot support both a strong
modification of the spontaneous emission rate (obtained for
close atoms) and a spatial modulation (accessible only with
remote atoms). Our work thus paves the way for engineering
the photon emission rate by taking advantage of both dipole-
dipole interactions and distant atom-atom correlations.
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FIG. 1. (a) Three identical two-level atoms placed at Ry = 0, R, = A/3%, and R; = 4)\% along the x axis; with Rj» < A, the first two
atoms are subject to the dipole-dipole interaction, while the third atom, with Ry; 3> A, is not. Starting from the fully excited state, the
three-atom system is projected onto an entangled state via the measurement of two photons at space-time points (¢; = 27 /3, = 0) and
(9 =m/4.4,1, = 0) (blue detectors). The signal of the third detector (red) then corresponds to the probability to record the last photon at
space-time point (@3, 13), collectively scattered by the entangled atomic ensemble. The contour plot shows the third-order photon correlation
function G® (g3, t3), normalized for each direction by its initial value; angles @3, ~ 1.56 (g3, =~ 2.85) indicate the directions at which an
effective superradiant (subradiant) decay is observed. (b) Time evolution of G® (g3, f3), normalized by its value at time zero, for the two
directions @s ; (thick lime line) and ¢;3 , (thin magenta line), where the decay rate is approximately given by the symmetric I'y = 2(y + Ay)
and antisymmetric I', = 2(y — Ay) decay rate, respectively; the dash-dotted purple, dashed orange, and dotted green lines are exponential
curves displaying the antisymmetric, single atom, and symmetric decay rates, respectively. (c) Third-order correlation function G® (g3, t; = 0)
(blue solid curve) and first-order correlation function GV (¢;, t; = 0) (red dash-dotted curve) at initial times; the entanglement of the three-atom
system created by the measurement of the first two photons leads to a strong modulation in space of G (g3, 13 = 0), whereas GV (g, t; = 0)
displays only the dipole radiation pattern; the direction at which an effective superradiant (subradiant) decay is observed is indicated by the
dotted lime (dashed magenta) line.

II. TIME EVOLUTION - QUANTUM MASTER EQUATION equation for the three-atom density matrix p reads [17,45]

We start by investigating the emission dynamics by use of R . S W » . 2 o) a0) A
the master equation for three identical two-level atoms. To dp = —iawo Z [Sz P ] T Z AQIST ST, Pl
demonstrate the effect, it is sufficient to restrict the analysis to n=1 "/L‘;ful
three atoms located at positions R, = (x,,y,), u € {1, 2, 3}
within the xy plane, as illustrated in Fig. 1(a). Here, two atoms

are assumed to be adjacent with subwavelength separation
such that they are subject to the dipole-dipole interaction,
while the third atom is located at a distance of several wave-
lengths from the other two emitters, so that the light-mediated
interaction with the first two atoms can be neglected. The
state of the atomic system is conveniently expressed using the
collective Dicke basis for the first two atoms,

|E) =le.e), |G)=1g8).

IS) = %(Ie, g + 18 e),
|A) = %(Ie, g — 18 €)). ey

and the bare atomic basis with excited state |e) and ground
state |g) for the remaining third atom. In this case, the master
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Here, S‘Sf‘) (S'(f‘ )) denotes the raising (lowering) operator of
the pth atom and S = %(.SA’SF“)S(_”) — §W38U). Moreover,
wy = koc = 2mc/A stands for the atomic transition frequency
and I' = 2y the single atom decay rate, whereas the coupling
parameters Ay and A2 account for the dipole-dipole interac-
tion between the first two atoms
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with Rj, = |R12| = |R; — R;| and i the angle between the
atomic dipole moment d and R;.

III. THIRD-ORDER PHOTON CORRELATION FUNCTION

We assume the system to be initially in the fully excited
state |E, e). To calculate the third-order photon correlation
function, we assume that two detectors at »; and r, record
two photons spontaneously emitted by the three-atom system
at time t; = f, = 0, whereas the third photon is measured at
position r3 at time #3. The detection of a photon corresponds
to the annihilation of the light particle, described by the

positive frequency part of the electric field operator £ ,(;r) (with

EU) = (BSP1h). Calling #1y = r/rm = & €08 ¢ + 9 sin gy
the direction of the detector in the far3ﬁeld we can write
B\ oy x (y x d) - Y ePnm300, )

u=1 |

A (=) 2

GOr1.12.13:0,0,13) = (B E
Without loss of generality, we can set Ry = (0, 0) leading to [48]

where the cross product yields the usual dipole radiation pat-
tern. In addition, the phase

8/1,111 = _kOR;L Py = _k()[xu COS @ + Yy sing,] (5)

accounts for the relative geometric phase (or optical path)
accumulated by a photon when propagating from the emitter
at R, to the detector at r,, relative to a photon emitted at the
origin [see Fig. 1(a)].

Considering the fully excited state Glauber’s third-order
photon correlation function, i.e., the conditional probability
to record a photon at the third detector at space-time point
(r3, t3) given that two photons have been measured at (r;, 0)
and (ry, 0), we find [46-48]
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where the coefficients cge, csq, and c4, read (see also the
discussion on the two-photon subtracted state in [48])

CGe = (€™ 4 &%),

. = (61(53.1+52.z) +el(52,1+53,2) +el53,| +el53,2)’

(ei(53.1+52.2) 4 ei(52<1+53,2) _ ei53,1 _ eias,z)’ ®)

and the phases associated with the complex coefficients cg,
and cy, are given by @ggug = Arg(%). In Eq. (7), the
sin?(ar) term accounts for the dipole radiation pattern, with
o the angle between the direction of the last detector #3 and
the dipole moment d of the atoms.

IV. SPATIAL INTERFERENCE PATTERNS

In what follows, we place the three atoms along the x
axis and assume the dipole moment to be parallel to this
axis, d = dx, such that ¢ = @3 [see Fig. 1(a)]. The spatial
and temporal behavior of G (r3, ;) is thus tuned by the six
geometrical phases &, ,,, u € {2,3} [with R; = (0, 0)] and
m € {1,2,3}. This large parameter space results in a great
variety of atom geometries, state preparation, and detection
setups, each with different outcome for G (rs, 13). For exam-
ple, the specific cases |cse| = 0 or |c4,| = O reveal regimes in
which G®(t3) strongly deviates from a true exponential decay
and rather presents either a global maximum or a true root
G (t3) = 0 at finite time #; > 0, corresponding to birth and
death of spontaneous emission, respectively [48].

(

If the three atoms are placed at R; = 0, R, = A/3%, and
R; = 4)% and the first two photon detection events at time
zero occur in space at ¢ = 2w /3 and ¢, = 7w /4.4, then
Glauber’s third-order correlation function G®(r3, t3), normal-
ized for each direction @3 by its value at time zero, takes
the form shown in Fig. 1(a). In this case, both super- and
subradiant decay can be observed along certain directions
simultaneously, i.e., depending only on the position of the
third detector, as illustrated in Fig. 1(b). We note that one
can also find positions of the first two detectors for which one
can observe solely either superradiant or subradiant decay for
particular positions of the third detector. We further emphasize
that similar emission patterns as the one shown in Fig. 1(a) can
be found for other positions of the first two detectors, allowing
one to engineer the spontaneous emission of the three-atom
system in a similar manner. We finally note that the emission
dynamics in each direction results from the sum of different
modes [see Eq. (7)].

This variety of decay rates in space comes with a rich spa-
tial interference pattern of G (r3, 3 = 0) exhibiting a series
of fringes [Fig. 1(c)]. The pattern stems from the quantum
interference of the emission probability of the remote atom
with that of the other two emitters, with the latter two being
too close to produce a spatial modulation on their own. The
number of fringes is directly related to the distance of the third
atom to the other two atoms, i.e., putting it farther away will
increase that number.

We highlight that this great variety of modified spon-
taneous emission in both space and time results from the
combined action of dipole-dipole interaction and conditional
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FIG. 2. Effective decay rate I'';) of the third-order photon cor-
relation function G®(gs,t;) as a function of the direction of
observation (thick blue solid curve), together with the effective decay
rate I}) of the intensity measurement G(¢;, #,) (red solid line),
the symmetric decay rate I'y = 2(y + Ay) (green dotted line), the
single-atom decay rate I" (orange dashed line), and the antisymmetric
decay rate I'y = 2(y — Ay) (purple dash-dotted line) for the same
setup as in Fig. 1. The effective decay rates, all presented in units of
y, are calculated by an exponential fit of the correlation functions in
the time interval yt € [0, 0.5].

measurements leading to entanglement of the sources. In-
deed, although one may argue that interference of the light
fields among the three emitters occurs independently of the
conditional measurement intrinsic to G®(r3, 13), i.e., leav-
ing aside the conditional measurements, alters the emission
pattern drastically. This is due to the fact that the states re-
sponsible for the light emission are very different in both
cases. While only an isotropic emission pattern is obtained
for GV(ry,t; = 0) starting from the state |E, e) [up to the
dipole radiation pattern sin’(a)], G®(r3, 13 = 0) displays
strong spatial modulations. In Fig. 1(c), the emission pat-
terns obtained from Glauber’s first- and third-order correlation
functions are presented. As can be seen, the superposition of
the light fields from the two close atoms with the one of the
remote atom fails to produce the intricate fringe pattern pro-
duced by the three-atom system entangled via the conditional
measurements [49].

V. DIRECTIONAL DECAY RATES

Moreover, a careful analysis of the emission dynamics
reveals how the entanglement of the atoms affects also the
temporal emission properties of the three-atom system. In
Fig. 2 (thick blue solid curve) the effective decay rates of
GO (rs, t3) are computed for different directions of observa-
tion for the same conditional measurement configuration as
in Fig. 1. The decay rates are obtained by fitting exponen-
tially the radiation dynamics of G® (r3, #3) in the time interval

yt € [0, 0.5]. We note, however, that in general the emis-
sion pattern results from a superposition of different modes
leading not to a simple exponential decay but rather to a
superposition of exponential decays or even to mode beating
and an oscillatory behavior. Therefore, an exponential fit to
obtain the effective decay rates is only viable in the early
time dynamics. Yet, the emission from the entangled states
associated with a G® measurement in fact allows all three
modes (symmetric, antisymmetric, and single atom) to con-
tribute to the temporal emission behavior, thus producing the
intricate pattern of effective decay rates displayed in Figs. 1(a)
and 2. The latter is in strong contrast to the pattern obtained
by a direct measurement of the decaying intensity G, i.e.,
obtained without conditional measurement, leading merely to
a weak modulation of the decay rate in space as shown in
Fig. 2 (red solid curve). This modulation results only from
the interference between the emission of the first two atoms.

We note that, while the dipole-dipole interaction between
two atoms allows for modifications of the decay rate which
are either larger or smaller than the single-atom decay rate
[i.e., the signatures of super- and subradiance as in Eq. (3)],
G®(r3, 13) displays a multitude of directions with faster-than-
symmetric and slower-than-antisymmetric decay rates (see
Fig. 2). Indeed, the coherent part of the dipole-dipole in-
teraction leads to frequency shifts of the collective modes
and eventually mode beating since the different modes con-
tributing to the radiation in Eq. (7) compete. The obtained
oscillations result in an increase or decrease of the decay rates
at initial times [48], surpassing the symmetric and antisym-
metric decay rate in certain directions.

We end by noting that the conditional measurements, i.e.,
the necessity to select photons with specific properties, in-
evitably lead to a limited efficiency, since only a small part of
the total emitted power fulfills these requirements. However,
recent experiments have shown that our proposals can be im-
plemented in realistic setups [50,51]. Our study rather aims to
investigate the conditions of a system allowing one to design
the spontaneous emission properties in specific directions,
based on dipole-dipole interactions and quantum interference.

VI. CONCLUSION

In conclusion, we demonstrated how conditional mea-
surements combined with dipole-dipole interactions enable
manipulation and even engineering of the spontaneous emis-
sion behavior, both in space and time, of an atomic ensemble.
Dipole-dipole interactions are strongest for subwavelength
samples [16], from which, however, no appreciable inter-
ference pattern is obtained. Imposing correlations between
remote atoms by conditional measurements allows one to
bypass this restriction of short interatomic distances; this
becomes an option because the generation of entanglement
via conditional measurements is possible even for remote
atoms [49,52]. In this work, we have shown how to com-
bine these two atom-correlating processes within the simplest
configuration, i.e., using a pair of close atoms correlated to a
remote one by conditional measurement.
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The marked quantum interference resulting from the
conditional measurements reveals directions along which
subradiant decay dominates the emission, from the earliest
moment and at odds from the two-atom case [48]. However, it
should be mentioned that in the three-atom case, congruent to
the two-atom case, the subradiant mode scales in the small-
distance limit as ¢4y & R12/A. Thus increasing the lifetime
of the subradiant mode goes along with a decrease in the
corresponding population. In the future, we will investigate
how subsequent conditional measurements in space and time
will modify the collective decay and how the behavior scales
with increasing number of emitters. This work shows that
collective spontaneous emission is a rich line of research with
unexpected outcomes beyond the canonical two-atom case,
even if only a single atom is added to the system.
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