
 

Experimental Fock-State Superradiance

L. Ortiz-Gutiérrez,1 L. F. Muñoz-Martínez,1 D. F. Barros,2 J. E. O. Morales,1 R. S. N. Moreira,1 N. D. Alves,1

A. F. G. Tieco,1 P. L. Saldanha,2 and D. Felinto1,*
1Departamento de Física, Universidade Federal de Pernambuco, 50670-901 Recife, Pernambuco, Brazil

2Departamento de Física, Universidade Federal de Minas Gerais, 30161-970 Belo Horizonte, Minas Gerais, Brazil

(Received 5 July 2017; published 23 February 2018)

Superradiance in an ensemble of atoms leads to the collective enhancement of radiation in a particular
mode shared by the atoms in their spontaneous decay from an excited state. The quantum aspects of this
phenomenon are highlighted when such collective enhancement is observed in the emission of a single
quantum of light. Here we report a further step in exploring experimentally the nonclassical features of
superradiance by implementing the process not only with single excitations, but also in a two-excitation
state. Particularly, we measure and theoretically model the wave packets corresponding to superradiance in
both the single-photon and two-photon regimes. Such progress opens the way to the study and future
control of the interaction of nonclassical light modes with collective quantum memories at higher photon
numbers.
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The full quantum mechanical treatment of spontaneous
emission from an ensemble of atoms may lead to
enhanced emissions in particular modes [1]. This phe-
nomenon, known as superradiance, highlights the coher-
ent nature of spontaneous emission. On the other hand, it
was clear since the first experiments [2,3] that several of
its features could be understood through classical models
[4]. Such classical analogues, however, cannot be applied
to recent experiments observing the superradiant collec-
tive acceleration of emission with just a single excitation
participating in the process [5,6]. This single-photon
superradiance is a direct manifestation of the wave-
particle duality, with a single particle being emitted faster
due to the interference of the probability amplitudes of
emission by each atom. Such a regime can be approxi-
mated by exciting an atomic sample with weak laser light
[7,8], although the photon statistics in this scheme do not
present quantum correlations.
Here we move further, exploring superradiance with

particular collective quantum states, and report its imple-
mentation in both the single- and two-excitation regimes.
We use the experimental scheme proposed in the Duan-
Lukin-Cirac-Zoller (DLCZ) protocol for long-distance
quantum communication [9] that resulted in a long line
of works [10–16] exploring quantum correlations in the
interaction of single photons with collective atomic
memories. In our experiments, either one or two excita-
tions are initially stored in the atomic memory. The
readout process results in the superradiant emission of
one or two photons, respectively, with properties that
depend on the quantum state of the memory. Due to
collective enhancement, the photon emission in the read
process is highly directional, which permits efficient

detection by selecting the appropriate mode. Our main
purpose is to observe the increase of the photon emission
rate due to superradiance, together with the characteri-
zation of the Fock-state regimes with one or two photons
being emitted by the memory. To do so, we measure the
wave packets of the single-photon and of the biphoton
emissions, evidencing superradiant acceleration in both
cases, and we perform a photon statistics analysis that
indicates the presence of quantum correlations.
In the DLCZ scheme, an ensemble of three-level atoms

in Λ configuration is initially prepared with all atoms in
level jgi (Fig. 1). A write beam induces the transition of
atoms to level jsi through the emission of photons in a
selected mode 1. The system state at this stage can be
written as

jΨa;1i ¼
ffiffiffiffiffiffiffiffiffiffiffi
1 − p

p X∞
n¼0

pn/2jna; n1i; ð1Þ

with the storage of n excitations in a collective mode a, and
n photons in mode 1. The parameter p indicates, for p ≪ 1,
the probability of having a single excitation both in the
ensemble and in the light field. Using non-number-resolv-
ing detection with low efficiency (the usual case), a single
detection in field 1 ideally projects the ensemble in the state

jψ1i ∝ j1ai þ p1/2j2ai þ pj3ai þ � � � : ð2Þ

On the other hand, two detections in field 1 would result in
the state

jψ2i ∝ j2ai þ p1/2j3ai þ � � � : ð3Þ
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The Fock states j1ai and j2ai are then obtained as limits of
the states jψ1i and jψ2i, respectively, when p → 0.
Differently from previous superradiant experiments, then,
with this scheme we can investigate the phenomenon of
superradiance with a controlled number of excited atoms in
particular collective states.
The ensemble of cold rubidium-87 atoms in our experi-

ment is obtained from a magneto-optical trap, turned off for
2 ms. After waiting 1 ms for the complete decay of the trap
magnetic field, a sequence of 1000 sampling periods of
1 μs duration follows. Residual dc magnetic fields are
canceled following the method of Ref. [17]. The temper-
ature of the atoms is below 1 mK so that their motion can be
neglected during a sampling period. At each period an
optical pumping field of 200 ns duration [Figs. 1(a) and
1(b)] prepares the atoms at the jgi¼j5S1/2;F¼2;mF¼−2i
state. This beam is red-detuned 32 MHz from the F ¼
2 → F0 ¼ 3 transition and has circular σ− polarization,
being retroreflected to reduce its mechanical action over the
atoms. Pulse durations in the experiment are controlled by
acousto-optic modulators and two 10 GHz in-fiber Mach-
Zehnder intensity modulators [Fig. 1(a)].
Once in state jgi, the atoms are excited during 50 ns by a

circular, σþ write pulse 22 MHz red-detuned from the
jgi → jei transition, with jei ¼ j5P3/2; F ¼ 2; mF ¼ −1i.
With small probability, n atoms may be transferred to the
state jsi ¼ j5S1/2; F ¼ 1; mF ¼ 0i, spontaneously emitting
n σ− photons in field 1 [Figs. 1(c) and 1(d)]. These are
coupled to a single-mode fiber beam splitter (FBS), leading
to two detectors (D1a,D1b) for the projective measurements
resulting in storage of jψ1i or jψ2i.
After a storage time of 200 ns, the atoms are excited by a

strong, 30 ns read pulse resonant with jsi → jei. This pulse

maps the stored collective state into the state of a second
light mode, field 2, leaving the whole ensemble again in
state jgi. During the write process, atoms can also decay to
other states, but these do not contribute to field 2 [5,18].
Field 2 is then directed to the analysis by a time-
multiplexing detection (TMD) apparatus, consisting of a
sequence of two FBSs with a fiber loop delaying for 100 ns
one of the arms in the middle. The outputs of the second
FBS reach two detectors (D2a, D2b). This apparatus
corresponds to a cascade of beam splitters leading to four
detectors [19], as in the inset of Fig. 1(a), with D0

2a, D
0
2b

representing the 100 ns delayed responses of D2a, D2b.
Field 1 is selected by an optical fiber in a Gaussian mode

with a 4σ diameter of 150 μm in the ensemble, forming an
angle of about 2° with the direction of the write field, which
has a 4σ diameter of 420 μm. The read and field-2 beams
are mode matched and counterpropagating to the write and
field-1 beams, respectively. This configuration results in
single-mode superradiance with negligible propagation
effects [5,6].
The photon-number analysis of field 2 conditioned on

one [Fig. 1(c)] or two [Fig. 1(d)] detections in field 1 are
presented in Figs. 2(a) and 2(b), respectively, as a function
of the probability p1 for a detection in field 1 (ratio between
the number of detections in field 1 and the number of trials).
Pi;j indicates the probability for j detections in field 2
conditioned on i detections in field 1. In this way, Fig. 2(a)
plots the values of P1;j, related to jψ1i, and Fig. 2(b) the
values of P2;j, related to jψ2i. The two panels were
obtained from the same data set. Error bars come from
the uncertainty in the accumulation of detection events,
proportional to the square root of the number of detections.
To compare Fig. 2 to the predictions of Eq. (1), note that

p1 ≈ η1p, with η1 the detection efficiency. As p1 decreases,
with decreasing write intensities, we observe two plateaus
forming for P1;1 and P2;2, since those quantities should be

FIG. 1. (a) Experimental setup. PBS stands for polarizing beam
splitter; IM for in-fiber intensity modulator; TMD for time-
multiplexing detection; and λ/2 and λ/4 for half- and quarter-wave
plates, respectively. The inset shows the effective configuration of
detectors of the TMD apparatus. (b) Pulse sequence for each
measurement cycle. (c) and (d) provide the level scheme and
fields for single- and two-photon superradiance, respectively.

FIG. 2. Probabilities Pi;j to detect j photons in field 2
conditioned on the detection of i photons in field 1 as a function
of the probability p1 to detect one photon in field 1, with (a) i ¼ 1
and (b) i ¼ 2. Circles, squares, and diamonds plot the proba-
bilities of detecting one, two, and three photons in field 2. Solid
lines are linear fits. Black dashed lines provide the values for the
plateau of Pi;1 [0.0085 for (a) and 0.0170 for (b)]. Red and blue
dashed lines give the square and cube, respectively, of the black
one, corresponding to the Poisson levels for two- and three-
photon components.
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roughly independent of p in this limit [see Eqs. (2) and (3)
for jψ1i and jψ2i, respectively]. For perfect detection,
100% efficiency and number resolving, we should not see a
P2;1. However, in our limit of low efficiency, the loss of a
photon in the pair leads to a plateau on P2;1 with twice
(≈0.017) the value of P1;1 (≈0.0085), since now two
photons enter the TMD apparatus.
Fock states j1ai and j2ai are limits of jψ1i and jψ2iwhen

p → 0. For finite p, there are always some higher-order
components. For instance, from Eq. (2) we expect the
probabilities P1;2 and P1;3 to decrease proportionally to p
and p2, respectively. From the log-log plot in Fig. 2(a), we
obtain P1;2 ∝ ps12

1 and P1;3 ∝ ps13
1 , with s12 ¼ 1.07� 0.02

and s13 ¼ 1.99� 0.07. From Eq. (3), on the other hand, we
expect P2;3∝p, obtaining P2;3∝ps23

1 with s23¼1.10�0.07
from Fig. 2(b). Besides observing the predicted suppression
of higher-order components, it is also interesting to
compare their values to the expectation for a coherent
state with single-photon components consistent with the
plateaus of Figs. 2(a) and 2(b) (upper dashed lines). In both
panels, the dashed lines in the middle and on the bottom
give the square and the cube of the value for the upper line,
the expected results for a coherent state. We measure then
clear suppressions of P1;2 and P1;3 down to sub-Poissonian
levels. On the other hand, due to the low efficiency for
detecting coincidences between five events (two in field 1
and three in field 2), we could not measure P2;3 in a clear
sub-Poissonian regime.
In order to directly address the superradiant aspects of

the problem, we now focus on the wave packets of the
retrieved photons in field 2. Our guide is the theoretical
expression for the single-photon wave packet, given by the
probability pcðtÞ to observe a single detection in field 2 at
time t after turning on the read pulse, conditioned on a
single detection in field 1 [6]:

pcðtÞ
Pc

¼ αe−χΓt/2 sin2
�
Ωt
2

�
Δt; ð4Þ

with α¼χΓΩ2
0/Ω2, Ω¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Ω2
0−χ2Γ2/4

p
, Γ/2π¼6.065MHz

(natural line width of jei), Ω0 the reading Rabi frequency,
and χ the superradiant enhancement for the jei → jgi
decay. Δt is the detection window, and Pc is the total
detection probability, integrated in time. Equation (4)
indicates the way to directly extract information on the
superradiant acceleration from the wave packets. In the
high-read-power regime (high Ω0), the emission dynamics
decouples into two well-defined parts [6]: a Rabi oscillation
between jsi and jei with frequency close to Ω0 and an
exponential decay from jei to jgi with rate χΓ. Differently
from a single atom decaying at a rate Γ, collective
constructive interference in the ensemble may result in
χ > 1. Measuring the decay rate of the Rabi oscillations
provides directly the value for χΓ. For the geometry of our
ensemble, we calculate χ ≈ 1þ N/ðω2

0k
2Þ [5], with N the

number of atoms in mode 1, ω0 the mode waist radius, and
k the photon wave number.
Two modifications had to be introduced to the setup of

Fig. 1 at this stage. First, the read pulse duration was
increased to 190 ns to fulfill the condition of constant read
power assumed for Eq. (4). Second, the TMD apparatus
was substituted by a fiber beam splitter, since the read
duration is now longer than the fiber loop delay. For jψ1i
we acquired three wave packets, all plotted in Fig. 3. The
black curve in Figs. 3(a) and 3(b) is the wave packet for
our maximum optical depth (OD1 ¼ 31.4� 0.4) and
maximum read power (PR1 ¼ 3.95 mW). Since OD ∝ N,
maximum OD enhances the collective effects behind
superradiance, while high read powers are crucial to induce
Rabi oscillations. OD was measured on the transition
jgi → j5P3/2; F ¼ 3; mF ¼ −3i, with OD1 corresponding
to N ≈ 1.9 × 106 [6]. Other important parameters for
this curve are Δt ¼ 0.5 ns, Pc ¼ 6.3%, p1 ¼ 0.015, and
g2 ¼ 0.405� 0.004 ≈ P1;2/P2

1;1, indicating a two-photon
component significantly below the Poissonian level of 1.
The insets provide the corresponding theoretical predic-
tions from Eq. (4). For the black curve on the insets, we
assumedΩ0 ¼ 0.4 × 109 rad/s (to match the observed Rabi
oscillation) and χ ¼ 4.0 (to match the observed decay of
the oscillations). These theoretical values would corre-
spond to PR ¼ 2.1 mW and N ≈ 1.1 × 106 [6], lying
within a factor of 2 of our estimation for these experimental
parameters.
The red curve in Fig. 3(a) represents the photon wave

packet with OD1 and the read power reduced to PR2 ¼
1.76 mW. For the red curve in the inset of Fig. 3(a), we
modify the Rabi frequency to Ω0 ¼ 0.27 × 109 rad/s, con-
sistent with the read-power relation

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
PR2/PR1

p
≈ 0.67

between red and black curves. It can be seen that the
modification of the read power changes the frequency of
the Rabi oscillations, but not the exponential decay rate. The
red curve in Fig. 3(b) represents the photon wave packet
with PR1 and the optical depth reduced to OD2 ¼
15.9� 0.5. The optical depth was decreased by reducing
the trapping laser power [6]. In the inset of Fig. 3(b), the red

(a) (b)

FIG. 3. Single-photon wave packets—Conditional probability
pcðtÞ for a single detection in field 2 at time t, normalized by Pc.
(a) For OD1, wave packets for PR1 (black curve) and PR2
(red curve). (b) For PR1, wave packets for OD1 (black curve)
and OD2 (red curve). The insets plot the corresponding theo-
retical curves according to Eq. (4) along with the respective pure
exponential decays (dashed lines).
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curve is for χ ¼ 2.52 ¼ 1þ ð4.0 − 1ÞðOD2/OD1Þ, since
χ − 1 and OD are both proportional to N [5,6]. It can be
seen that the modification of the number of atoms changes
the superradiant decay rate, but not the frequency of the
Rabi oscillations.
The single-photon wave packets on Fig. 3 follow

Eq. (4) with a few remarks. First, the first minimum
of the experimental curves, at t ¼ 7 ns, has no relation to
the underlying dynamics we are investigating, coming
from a small ringing on the beginning of the read pulse
that we were not able to fully eliminate. Note that its
temporal position does not vary with read power or
optical depth. Second, the single-photon wave packet
reaches a small plateau for long times. This comes from a
larger noise level due to removal of a frequency filter in
field 1 [6], resulting in a significant increase in the
photon-pair generation rate, up to 40 Hz. Finally, the
number of atoms was changed by a relatively small
amount between the black and red curves in Fig. 3(b), to
avoid decreasing the rate of four-photon detections. Both
compromises to improve the count rates were crucial for
the two-photon wave-packet measurements.
Our measurements for the superradiant two-photon wave

packets, in which we observe two detections in field 2
conditioned on two detections in field 1, are shown in Fig. 4
for the two optical depths of Fig. 3(b). Figures 4(a) and 4(c)
were obtained for OD1, and Figs. 4(b) and 4(d) for OD2.
Since there are two detections in field 2, the wave-packet
information was divided into two parts. In Figs. 4(a) and
4(b), we plot the probability pc1ðt1Þ of detecting the first
photon of the pair in field 2 at a time t1 after turning on the

read field. In Figs. 4(c) and 4(d), we plot the conditional
probability pcτðτÞ of detecting the second photon of the
pair at a time τ after the first one. Our largest rate of four-
photon generation, for OD1, was 14 mHz.
Neglecting the reabsorption of photons by the atomic

ensemble, a theoretical analysis of the reading process
starting with a Fock state j2ai in the atomic ensemble leads
to a simple result for the two-photon wave packet [20]:
pccðt1; t2Þ ¼ pcðt1Þpcðt2Þ. This approximation is justified
in our system [6], since the read process occurs in a
condition of electromagnetically induced transparency
(EIT) [21], in which the read pulse induces a transparency
in the medium for the outgoing photons.
From Eq. (4) and the simple expression relating it to the

two-photon wave packet, we derive the theoretical func-
tions [20] to directly compare to the experimental results of
Fig. 4. By having t2 ¼ t1 þ τ > t1, we can integrate over τ
to obtain the normalized probability to detect in t1 the first
photon of the pair in field 2:

pc1ðt1Þ
Pc1

¼ a1e−χΓt1sin2
�
Ωt1
2

�

× ½1þ b1 sin ðΩt1Þ − c1 cos ðΩt1Þ�; ð5Þ

where a1 ¼ 2αΔt1, b1 ¼ χΓΩ/2Ω2
0, c1 ¼ ðχΓÞ2/4Ω2

0, and
Pc1 is a constant equal to the integral of the curve for
pc1ðt1Þ. On the other hand, if the integration is run over t1,
we obtain the probability to detect the second photon in
field 2 at a time τ after the first one was detected:

pcτðτÞ
Pcτ

¼ aτe−χΓτ/2½1þ bτ cos ðΩτÞ þ cτ sin ðΩτÞ�; ð6Þ

with aτ ¼ αΔτΩ2
0/ð2Ω2 þ 2χ2Γ2Þ, bτ ¼ ð6Ω2 − 4Ω2

0Þ/4Ω2
0,

cτ ¼ 3ΩχΓ/4Ω2
0, and Pcτ another normalization constant to

keep the integral of the curve equal to 1. Equation (5) [(6)]
is plotted as the red curves in Figs. 4(a) and 4(b) [Figs. 4(c)
and 4(d)], for the same parameters, respectively, as the
black and red curves of Fig. 3(b). The results of Eqs. (5) and
(6) capture the essential aspects of the two-photon wave
packets, with the decay of pc1ðt1Þ with twice the rate of
pcτðτÞ and Rabi oscillations in both curves. This clearly
demonstrates the superradiant emission of the biphoton,
with the proper enhanced decay rates, and largely validates
our hypothesis of independence in the emission of the two
photons. These results are consistent with Dicke’s theory
for superradiance [1], which also neglects interactions
between the outgoing photons.
In conclusion, we have shown single-photon and two-

photon superradiance in the reading process of an atomic
memory. The photon statistics analysis confirmed that the
emitted light was close to Fock states, and the temporal
dynamics of the photons emissions confirmed that they
were in superradiant regimes. There is still plenty of room
to improve the system, in terms of both the four-photon

(a) (b)

(c) (d)

FIG. 4. Biphoton wave packets—Panels (a) and (b): Probability
pc1ðt1Þ to detect the first field-2 photon at t1, normalized by Pc1.
Panels (c) and (d): Probability pcτðτÞ to detect the second photon
at time τ after the first detection, normalized by Pcτ. Data in
panels (a) and (c) [(b) and (d)] resulted from the same measure-
ments as for the experimental black [red] curve in Fig. 3(b).
Solid lines provide the theory from Eqs. (5) and (6), for the
same parameters as the inset in Fig. 3(b). Dashed lines plot the
respective pure exponential decays.
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generation rate and the number of atoms in the ensemble.
Larger generation rates may lead to purer single- and two-
excitation states, but also to investigations of collective
states with three or more excitations. On the other hand,
larger numbers of atoms, through larger optical depths of
the atomic ensemble, may lead to different superradiant
regimes, possibly presenting some interaction between the
extracted photons. As a whole, such developments point to
the feasibility of a new approach to generate and control
larger and purer Fock states connected to long-lived atomic
memories, useful for quantum metrology [22] and helping
to lift the usually assumed restriction to single-photon
sources as a possible resource in the designing of new
quantum information protocols [23].
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