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Dipole Moment of a Superatom
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Homodyne detection is used to measure the (collective) atomic dipole moment for an atomic ensemble
that is prepared in a superposition of spatially phased Dicke states having at most two excitations (a
so-called “superatom”). Homodyne detection allows one to isolate the contributions to the radiated
intensity that depend linearly on the average value of the collective atomic dipole moment operator.
Depending on whether the atom-reference field interference is constructive or destructive, either super-
Poisson or sub-Poisson statistics for the combined field is observed.
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Introduction—There has been an ongoing debate over
the last 60 years as to the role played by the collective
dipole moment operator in theories of superradiance. In one
section of his classic paper on superradiance, Dicke
considered the radiation emitted by an extended atomic
sample following excitation by a short radiation pulse [1].
By calculating the emission pattern of a phased array of
atomic dipoles, he found that the signal radiated in the
phase-matched direction scales as the square of the number
of atoms in the sample. Rehler and Eberly developed a
somewhat more complete theory of this superradiant emis-
sion, allowing for media having a large optical depth [2].
Using an approximation in which each atom in the ensemble
has the same decay dynamics, they found that it is possible to
have almost all the energy initially stored in the sample
emitted in the phase-matched direction. The quantum-
mechanical expectation value of the phase-matched radiated
field, denoted by (E), is nonvanishing for this scenario.

In contrast, experimental protocols involving two-
photon decays in a cascade (ladder) level configuration
were proposed and implemented [3] in which a shared
single excitation among the atoms leads to superradiant
emission from the sample, despite the fact that the average
value of the dipole moment vanishes. For the radiation to
be superradiant, the optical depth of the sample must be
large [4,5]. To produce a fully symmetric Dicke state
without post selection, it proved advantageous to use level
schemes involving Rydberg atoms [6—18].

Scully et al. emphasized that the directional phase-
matched emission radiated by an atomic ensemble in which
the atoms share a single, phased excitation [19] was
produced despite the fact that the dipole moment of the
ensemble vanishes identically and (E) of the radiated field
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is equal to zero. In other words, the spatial phase imprinted
on the atoms by the excitation field is the critical ingredient
required for superradiant, phase-matched emission, a con-
clusion shared by Eberly [20].

That is, there is no reason to believe, a priori, that a
nonvanishing average dipole moment operator is needed
for superradiant emission, since the radiated intensity
depends on the expectation value of the product of
collective dipole operators rather than on the average value
of the dipole moment operator itself. It is only in a scheme
such as that considered by Rehler and Eberly or those
considered in traditional theories of optical coherent
transients [21-25], where the expectation value of the
product of dipole operators is equal to a product of the
expectation values, that a nonvanishing expectation value is
required.

On the other hand, if one mixes the atomic output with a
reference field, the field-ensemble interference term serves
as a measure of the average value of the collective dipole
operator. This term would contribute if the atoms are
prepared in an unentangled factorized state but would
vanish if the atoms are prepared in a pure Dicke state.
Moreover, since the interference term is proportional to the
expectation value of the dipole moment operator, a phase-
dependent measurement of the field also serves as a
measurement of the atomic dipole moment.

In this Letter, we investigate the collective atomic dipole
moment for a strongly-interacting atomic ensemble using
homodyne detection with a reference field. Using two-
photon laser excitation in resonance between the ground
and Rydberg states, an ensemble of atoms is prepared in a
state that can be described as a superposition of Dicke states
having zero (n = 0), one (n = 1), and two (n = 2) atomic
excitations. A retrieval pulse then maps this excitation onto
a state that is radiatively connected to the ground state (see
Fig. 1). The advantage of this excitation scheme is that a
collective state can be prepared across the entire sample,
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FIG. 1. Laser fields £, and E, (not shown) induce excitations
within an ensemble of 8’Rb atoms. A readout field then leads to
phase-matched atomic emission E4, which is proportional to the
expectation value (S, ) of the collective atomic lowering operator.
A classical probe field Ep having amplitude @ and phase ¢
spatially overlaps and interferes with E,. Interference terms
scaling linearly with (S,) can be isolated from the combined
intensity measured at a detector and serve as a measure of the
collective dipole moment of the ensemble.

since the excitation pulse undergoes negligible absorption
as it traverses the sample. Depending on whether the
interference between the atomic and reference fields is
constructive or destructive, the combined field is charac-
terized by either super-Poisson or sub-Poisson statistics.

While our focus is on how quantum correlations between
atoms affect the dipole moment, related single-atom effects
were investigated by Thomas and coworkers who
employed heterodyne detection of atomic fluorescence to
study its phase-dependent properties [26], quadrature
squeezing [17,27], and atomic noise [28], while heterodyne
measurements of a single-ion fluorescence were used to
confirm that the elastically scattered light (and, therefore,
the ion’s dipole moment) are coherent with the driving laser
field [29,30].

Experimental protocol—An ensemble of ~900 ultracold
8Rb atoms is prepared in a state-insensitive trap for the
5s — 75s transition of our experiment. The longitudinal waist
of the atomic cloud is ~10 pm along the excitation beam
direction, and the transverse waist of the atomic
cloud is ~6 pm defined by the excitation beam waist.
The atoms are optically pumped into the ground state
l9) = 5812, F = 2, mp = —2), with the state of the ensem-
ble described by a productstate, |0) = |gy, ..., gy ). The atoms
are then coherently driven from the ground state |g) to the
Rydberg state |r) = |755, 5, m; = —1/2) by laser fields E;
and E, with duration 7', and detuning of 6 = 2z x 20 MHz
from the intermediate state [¢) = |SP3,, F = 3, mp = =3).

Owing to the combined action of the Rydberg blockade
and the interaction-induced dephasing, the state vector is
truncated to include at most two excitations in the following
form |¥) = f|0) + p,|1) + ,]2) [31,32], where |1) and
|2) represent symmetric Dicke states having one and
two excitations, respectively, defined as S, |0) = |1) and

S.|1) = v/2|2), in the large N approximation. The operator

Sy is givenby S. = (1/v/N) Yl og), with 0'3'? being the
raising and lowering operators for atom j. Spatial phase
factors have been suppressed since they will not contribute
in the phase-matched direction.

Following a storage period of Ty ~ (0.3 ps, the atoms are
driven by a (6" -polarized) retrieval field E resonant on the
|r) <> |e) transition. This process creates an array of atomic
dipoles leading to a phase-matched emission £, from the
sample. For sufficiently small ensembles and/or high
principal quantum numbers, the n =2 Dicke state does
not measurably contribute to the retrieved light, E 4. This is
indicated by the second order correlation function for Ey,

gf)(O) = ((E_E_E.E_)/|(E_E.)|*) being close to zero
[8,14]. However, in this experiment, the combination of
ensemble size, the principal quantum number of the
Rydberg state, and the storage time are such that there is
an admixture of the n = 2 Dicke state. As a consequence,
there is a contribution to the expectation value of the atomic
dipole moment operator between both the (n =2 and
n=1) and the (n =0 and n =1) components of the
state vector. We are able to separate these contributions
experimentally.

The emitted field E, is spatially and temporally over-
lapped with a probe pulse Ep, as in the scheme shown in
Fig. 1, within a ~60 ns time window. The probe pulse Ep is
tuned to have the same frequency as E,. The combined
field is then split by a polarizing beam splitter and directed
into two single-mode optical fibers coupled to the single-
photon-counting modules (SPCMs), forming a Hanbury
Brown—Twiss (HBT) setup [33-35].

Theoretical model—In dimensionless units, the electric
field operator at the position of the detector, E_ = a*+
Bv/NS ., i1s a sum of the classical probe field amplitude and
atomic source field operator [36,37], where a = |a|e'®= is a
complex number characterizing the intensity and phase of
the probe field E, at the detectors and B is effectively the
cooperativity of the sample. For perfect spatial and tem-
poral overlap of the probe and atomic fields, the field
intensity incident on the detectors, integrated over the
time window containing both field pulses, is given by
Ir = [di(E_E.,), where E, = E', and the second order
correlation function by ¢®(0) = A;/I3, where A; =
[dt{E_E_EE.). For simplicity, we define g» = ¢ (0).

We account for the temporal overlap and spectral phase
noise between E, and Ep using a coefficient & described in
Supplemental Material [38]. It then follows that the
intensity is given by

1
ﬁ: L+ f2(1+ 2581 )

+2f&(Bocosd + /sl cos (o + ). (1)

and A7 by
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|2|T4= 42221+ sl 2)(1+ &) + fs

+4fE(Bycos g + /s|Bi]* cos (¢ + ')
+ 2128 py\/s cos(2¢ + ')
+4f3&/scos (¢ +¢'), (2)

where we define f = Bv/N|f|/|a| as the ratio between the
emission and probe field amplitudes, and s = 2|,|*/|p, |*
as the value of ¢ associated with the source field. There
are two phases that enter these expressions: ¢ = ¢p; — ¢, is
the phase between the n = 1 Dicke state and the probe
field, which is introduced by the controllable phase
between E; and Ep, and ¢’ = ¢, — 2¢); is the interac-
tion-induced phase difference, which measures the phase
shift in the n = 2 Dicke state due to the Rydberg inter-
action. The terms varying as cos ¢ originate from coher-
ence between states (n = 0 and n = 1), those varying as
cos (¢ + ¢') from coherence between states (n =2 and
n = 1), and those varying as cos (2¢ + ¢') from coherence
between states (n = 0 and n = 2).

Equation (1) predicts a sinusoidal interference pattern
with destructive interference approximately at ¢ ~ 7. In
scenarios where f ~ 1, we also expect to observe a peak in
the second-order correlation function g2 at the point of
destructive interference (¢p = 7). In the context where only
the n = 0 and n = 1 Dicke states are considered, Egs. (1)
and (2) can be simplified by setting s to zero. In this limit, the
visibility V of the interference fringe and the maximum value

of g<2) at the lowest point of the fringe, gﬁfgx are given by
2fPo
V=—-:, 3
T (30)

g(z) _ 1+ 4f% = 4fp,
ML+ 2= 21B0)*

Experimental results—Figure 2(a) shows the observed
interference fringe for the photoelectric detection event
probability per trial P as a function of phase ¢. The data are
in agreement with our theoretical model when contributions
to the collective dipole moment of both singly- and doubly-
excited states are included, providing evidence for the
phase-coherent nature of the collective dipole moment
beyond the regime of single excitation. Notably, at
¢ = Pmax = 200°, we observe a minimum in the photo-
electric detection probability with P = 0.002. This mini-
mum is different from the theoretical minimum at ¢p = 180°
due to the experimental phase offset, ¢y, which is mainly
due to the optical path difference between the excitation
and probe fields.

In Fig. 2(b), the measured values of g®) exhibit either
photon bunching and antibunching depending on the value
of ¢p. When the probe field and emission field destructively

(3b)
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FIG. 2. Photoelectric detection event probability per trial P and
second-order correlation function ¢ as a function of the relative
phase ¢ between the n = 1 Dicke state and the probe field.
(a) Sum of detection count rates at D; and D, shows an
interference fringe with visibility V'~ 0.85 £+ 0.03 (blue solid
curve). The error bars are smaller than the size of plot markers.
(b) The measured values of g(z), with the theoretical (gray solid)
curve based on theory with no fitting parameters.

interfere, a pronounced bunching is observed. This corre-
sponds to the nearly complete destructive interference
between the Poisson components of the atomic and the
probe field, therefore isolating the contribution of the
doubly-excited collective atomic state [37]. The highest

value of the second-order correlation function ¢® is

gggx = 11.7 + 2.4, while, under the condition of construc-

tive interference, the observed antibunching effect of
g» ~ 0.5 can be understood as being a result of an equal
mixture of Poissonian probe with ¢® ~ 1 and an (approx-
imately) single-photon emission with g(?) ~ 0.

It is important to note the slight asymmetry in Fig. 2(b),
where the plot appears skewed to the left. This asymmetry
is ascribed to the presence of two-photon components in the
atomic emission. In an ideal scenario where s is exactly
zero, the ¢ distribution would be perfectly symmetric
around its peak. However, in our experiment, the presence
of ¢’ and s introduces additional components to A, for
¢ < Pmax, resulting in the left-skewed appearance in
Fig. 2(b). Calculating the dynamic ¢'* and interaction-
induced phase shift after the storage period 7, yields
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FIG.3. Visibility V of the interference fringe (a) and g\ (b) as
a function of the single-excitation probability |3, |2 The value of
|31]? is controlled and estimated by the length of the excitation
pulse T,. Both the visibility and gggx decrease with increasing

|31|?. The vertical error bars in (a) are extracted from the fitting of
the interference fringes. The solid curves are based on the theory
model.

¢ = —-03x and s =0.12 at n =75 [35,38], which we
employ as fixed parameters for our theoretical model. The
negative sign of ¢’ is indicative of the repulsive nature of
the Rydberg interactions in our system.

A notable feature of the dipole moment for a two-level
system, either a single atom or a superatom, is that it
vanishes when all the atoms are in their ground states and
when all the atoms are completely inverted. The degree of
inversion is a function of parameter || in our model. In
Egs. (3a) and (3b), both the visibility, VV, and the maximum

of the second order correlation function, gggx, depend

implicitly on the value of |8,| ~ \/1 — 3. We vary || by
changing the pulse widths of the excitation fields E; and
E,, given the many-body Rabi oscillation [9,34,38].
Subsequently, we calculate the visibility of the interference
fringe through a sinusoidal fit and record the highest value
of g(z) observed as gl(lﬂx. As shown in Fig. 3, an increase in

the single-excitation rate || correlates with a decrease in
both visibility and g[(fgx, consistent with the predictions
of Eq. (3).

The visibility of the interference fringe and the g@x is
also sensitive to the amplitude ratio f between the emission
field £, and the probe field Ep. In Figs. 4(a) and 4(b), we
demonstrate the effects of varying f by adjusting the
intensity of the probe pulse while maintaining a constant
value for |$;|%. In this set of experimental trials, we select
T, = 0.2 ps, which corresponds to |ﬂ1|2 = 0.30, a value

intentionally chosen to be higher than that used in Fig. 2(b)
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FIG. 4. Visibility V of the interference fringe (a) and gggx (b) as
a function of emission-probe ratio f using 7', = 0.2 ps. The solid
curves are based on the theory model.

in order to reduce measurement time for ¢). Consequently,

g,(fgx in Fig. 4(b) is observed to be lower than that in Fig. 2.

We found that both the visibility and gﬁ,ﬂx reach their peak
values when the probe and emission fields are balanced in
amplitude at f= 1, a conclusion in agreement with
Egs. (3a) and (3b). Likewise, when the probe field and
emission field are imbalanced in amplitude, the imperfect
cancellation between the fields leads to a reduction in both

Vand g\z from f = 1. In fact, when f — 0, the probe field
Ep dominates, leading to V — 0 and ¢® — 1; when
f — oo, the emission field E, dominates, leading to
V — 0 and g — s (for |5,]* > 2|5, %).

Conclusion—If atoms are viewed as classical oscillators,
superradiant emission can occur only if the dipole moments
of the oscillators are nonvanishing and only if the con-
tributions from the oscillators interfere constructively. Of
course, atomic dipoles are not classical dipoles. In the case
of an atomic ensemble of two-level atoms, superradiance
can occur even when the dipole moment of each atom
vanishes, provided the atoms are prepared in a state having
spatial phase coherence. Thus, there is no debate as to
whether or not a nonvanishing dipole moment is needed for
atoms to undergo superradiant emission.

In our experiment we have observed phase-dependent
properties for the field emitted by an ensemble of atoms
prepared in a superposition of the ground and the two
lowest-excited Dicke states. The interference effects in the
field intensity and ¢® can be interpreted in terms of
the dipole moment contributions of the singly- and doubly-
excited state components. By tuning the relative phase
between these two fields, the combined field is bunched or
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anti-bunched when destructive or constructive interference
occurs, respectively. In the absence of the reference field,
both the intensity and the second order correlation func-
tions of the field radiated by the atoms depend only on
collective state populations. It is only by using homodyne
detection that we can generate a signal that depends on both
the populations and coherences (that is, a nonvanishing
dipole moment) of the Dicke states.
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