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We demonstrate collectively enhanced vacuum-induced quantum beat dynamics from a three-level
V-type atomic system. Exciting a dilute atomic gas of magneto-optically trapped 85Rb atoms with
a weak drive resonant on one of the transitions, we observe the forward-scattered field after a sudden
shut-off of the laser. The subsequent radiative dynamics, measured for various optical depths of the
atomic cloud, exhibits superradiant decay rates, as well as collectively enhanced quantum beats.
Our work is also the first experimental illustration of quantum beats arising from atoms initially
prepared in a single excited level as a result of the vacuum-induced coupling between excited levels.

Introduction.—Quantum beats are a well-studied phe-
nomenon that refers to the interference between spon-
taneously emitted radiation from two or more excited
levels, resulting in a periodic modulation of the radiated
field intensity [1]. This has been a valuable spectroscopic
tool to measure the energy difference between excited
levels across many experimental platforms such as atoms
[2, 3], molecules [4], semiconductors [5], and quantum
dots [6, 7].

Although quantum beats have been extensively stud-
ied, here we demonstrate two new aspects: (i) quantum
beats without an initial superposition of excited levels,
and (ii) enhanced beat amplitudes due to collective emis-
sion of light [8, 9]. In a typical quantum beat experi-
ment, an excitation pulse with sufficient bandwidth to
span the energy spacing between multiple excited atomic
levels is used to create an initial coherent superposition.
The beat signal amplitude is proportional to the coher-
ence between the excited levels, and in the absence of
an initial superposition, one might expect no quantum
beats. This notion was challenged in [10, 11], predicting
that the vacuum electromagnetic (EM) field can create
the required coherence between the excited atomic lev-
els. However, experimental observation of such vacuum-
induced quantum beats is challenging due to the com-
peting requirements on the level structure: The excited
levels separation needs to be large compared to the nat-
ural linewidth to enable the initialization of only one of
the levels, which, in turn, reduces the strength of the
vacuum-induced coupling.

We experimentally address this using the well-
separated 85Rb 5P3/2 F ′ = 3 and 4 hyperfine levels
as our excited levels and using a long enough (200 ns)
excitation pulse such that any coherence due to the
turn-on edge decays away, leaving the atomic popula-
tion in a single excited level. Detecting the forward-
scattered mode (see Fig. 1 (a)) allows us to observe the
radiation from a timed-Dicke state [12–14]. We theo-
retically illustrate that for such a collective state, the
quantum beat dynamics can be cooperatively enhanced

by the constructive interference between the transition
processes in different atoms. The collective amplification
of the forward-scattered beat signal allows us to observe
vacuum-induced quantum beats and serves as an experi-
mental proof of collective effects in quantum beats. Such
collective enhancement may also be used to amplify small
signals that are otherwise unobservable.

Model.—Let us consider a system of three-level V-type
85Rb atoms, with the ground level |1〉 =

∣∣5S1/2, F = 3
〉

and the two excited levels |2〉 =
∣∣5P3/2, F

′ = 4
〉

and
|3〉 =

∣∣5P3/2, F
′ = 3

〉
(see Fig. 1 (b)). The frequency dif-

ference between the excited levels is ω23 = 2π · 121 MHz,
and the optical transition wavelength between the ground
and the excited levels is λ = 780 nm. We observe the for-
ward scattering, where the phase factor of the field from
propagation within the atomic cloud is exactly compen-
sated by the phases of the atomic dipoles initially induced
by the drive [12]. The damping rates of atomic levels
originating from second-order coupling between |j〉 and
|l〉 is Γjl =

−→
d j1·
−→
d l1ω

3
j1

3πε0~c3 , where
−→
d j1 and ωj1 are the tran-

sition dipole moments and the transition frequency be-
tween |j〉 and |1〉, respectively. Note that Γ23 represents
cross-damping rate between the excited states [11], while
Γ22 and Γ33 describe the normal decay of the excited
states. Assuming that all the transition dipole moments
are real and parallel to each other Γ23 ≈

√
Γ22Γ33. In

our system Γ22 = 2π · 6.1 MHz is the single-atom decay
rate of the 5P3/2 level and Γ33 = 5

9Γ22, as |3〉 decays to
|1〉 only fractionally with the branching ratio 5/9 [15].

The atoms are initialized in a symmetric state with a
shared single excitation in |2〉. After a sudden turn-off of
the drive field, the atomic ensemble starts to decay due to
its interaction with the vacuum field modes, which couple
the excited levels to reveal quantum beating. We analyt-
ically solve the atomic and field dynamics using Wigner-
Weisskopf theory in the experimental regime where the
excited atomic levels are well-separated from each other
(Γ(N)
jl � ω23) [16] to find the intensity of light emitted
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from the ensemble as (see Supplemental Material)

I(t)
I0

= e−Γ(N)
22 t + Ibe

−Γ(N)
avg t sin (ω23t+ φ), (1)

where we have defined the total collective decay rate as
Γ(N)
jl ≡ (1+Nf)Γjl, with f corresponding to the angular

emission factor in to the forward scattered modes and N
corresponding to the effective number of atoms emitting
collectively [17]. We have assumed here that the atoms
emit collectively in the forward direction as a result of the
phase coherence due to the timed-Dicke state, while the
emission in the remainder of the modes is independent.
Γ(N)

avg ≡
(

Γ(N)
22 + Γ(N)

33

)
/2 is the average decay rate of

excited levels, and the beat contrast is defined as

Ib =

(
Γ(N)

23

)2

ω23Γ(N)
22
≈ 5

9
Γ(N)

22
ω23

, (2)

and the beat phase is defined as

φ = arctan
(

Γ(N)
22
ω23

)
. (3)

The first term of Eq. (1) represents the collective decay
from |2〉, with a cooperatively enhanced amplitude and
decay rate relative to a single atom. The second term
accounts for the small but non-negligible beat which de-
cays away with an enhanced average rate Γ(N)

avg . This
result shows that vacuum-induced quantum beats in the
absence of an initial superposition of excited atomic levels
can exhibit collective effects, generalizing the single atom
quantum trajectory prediction in [11]. From Eq. (2) we
observe that the collective nature of the quantum beat
originates from the virtual coupling between the excited
levels as indicated by the cross-damping term Γ23.

Experiment.—Fig. 1 (a) shows the schematic of the ex-
periment. A cold atomic cloud of ∼108 85Rb atoms
is produced by a magneto-optical trap (MOT) with
Gaussian-shaped atomic density distribution having a
1/e diameter of ∼2mm. The ensemble satisfies the di-
lute regime, ρλ3 � 1, where ρ is the spatial atomic den-
sity, meaning that the separation between atoms is much
larger than the photon wavelength. An excitation beam
with 1/e2 diameter of 1.6 mm is overlapped with the
cloud whose transmitted light is collected by a single-
mode (SM) fiber 0.6-meter away in the forward direction.

For the observation of the spontaneous emission, the
MOT lasers are turned off for 200 µs during which atoms
initialized in |1〉 are illuminated by a train of excitation
pulses that resonantly drive the |1〉↔|2〉 transition. The
peak intensity of the excitation beam is ∼6 × 108 times
smaller than the saturation intensity Is = 3.9 mW/cm2

of the transition [15], delivering less than one photon per
pulse on average, ensuring that the system is well within
the single-excitation regime. Each excitation pulse is
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FIG. 1. (a) Experimental setup. A linearly polarized excita-
tion beam containing a train of pulses illuminates a cold 85Rb
atomic cloud produced by the MOT. The photons scattered
by the cloud in the forward direction are coupled into the
single-mode (SM) fiber, counted by the avalanche photodiode
(APD) and histogrammed to obtain the atomic radiative de-
cay profile. (b) Relevant energy levels of 85Rb atom. The
excitation beam (780 nm) resonantly drives the |1〉↔|2〉 tran-
sition. Γ22 and Γ33 are the decay rates of the excited levels
|2〉 and |3〉, respectively, to the ground level |1〉.

turned on (off) for 200 ns (800 ns) with>30 dB extinction
and a 3.5-ns fall-time controlled by two fibered Mach-
Zehnder intensity modulators (EOSPACE AZ-0K5-10-
PFA-PFA-780) in series.
After the driving field is switched off, spontaneously

emitted photons coupled to the SM fiber are counted
by an avalanche photodiode (APD) and histogrammed
with 0.5-ns resolution. By detecting only those photons
coupled to the SM fiber, we effectively filter out incoher-
ent fluorescence, owing to the small collection solid angle
(≈ 6 × 10−6 sr). The atomic velocity v ≈ 120 nm/µs
corresponding to the Doppler temperature TD ≈ 150 µK
gives negligible motion compared to the optical wave-
length (780 nm) within the time scale of the emission
process (1/Γ(N)

22 ≤ 26 ns). After the repetition of 200
pulses within 200-µs, the MOT lasers are turned back
on to recover and maintain the atomic cloud for 1.8 ms
before a new measurement cycle begins, repeating the
whole sequence every 2 ms. For typical histogrammed
data, we run the sequence continuously for 30 minutes,
comprising 2× 108 excitation pulses.
Examples of histogrammed photon counts are shown

in Fig. 2 (a) where I(t) represents the intensity of the
forward-scattered light normalized to the incident inten-
sity. The atomic samples are almost transparent at the
sharp switch-on edge of the excitation pulse due to its
broad spectral components, but the transmission soon
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FIG. 2. (a) Examples of the histogrammed photon counts for various optical depths (OD), representing the forward-mode
intensity, normalized to that of the excitation pulse. As the excitation pulse is abruptly (within ≈ 3.5 ns) turned off, the flash
of the photon emission occurs with the peak intensity close to I0. (b) The decay profiles after the flash peak are zoomed-in for
analysis. The intensity of each curve is further normalized to the exponential decay amplitude I0 (≈ flash peak size shown in
(a)). The error bars represent the shot-noise limit of the photon counts. The overlaid solid lines fit the data using Eq. (1) whose
results are displayed in Fig. 3 for the entire OD range of the experiment. The black dashed line represents the single-atom
decay curve I(t) = e−Γ22t (Γ22 = 2π · 6.1 MHz) without considering collective effects. In the inset, the absolute value of the
fast-Fourier transform (FFT) of the beat signal for OD = 0.9 (solid-blue), 2.1 (dashed-red), and 4.2 (dash-dot green line) show
peaks at the splitting between the two excited levels (see Supplemental Material for detail).

decays to a steady-state value Ts, which we use to calcu-
late the optical depth (OD = − lnTs). We vary the OD
of the MOT cloud between 0 and 5 by adjusting the in-
jection current running through the rubidium dispensers
(SAES Getters RB/NF/7/25) between 3.5 A and 6.5 A to
increase atomic background pressure. The steady state
transmission Ts results from the destructive interference
between the driving field and the field coherently radi-
ated (with π-phase shift) in the forward direction by the
atomic dipoles. When the driving field is switched off,
only the atomic radiation field remains in the forward
direction, resulting in a sudden intensity jump (“flash”),
which has been intensively investigated in recent studies
[18–20]. The flash peak intensity, which is proportional
to the OD before it saturates at OD ≈ 4, represents the
intensity I0 of the overall decay as in Eq. (2).

The decay profiles after the flash peak are magnified in
Fig. 2 (b) for detailed analysis. Each curve is normalized
to the exponential decay amplitude I0 (see Eq. (1)), so
the enhanced decay rates and the beat contrast for dif-
ferent OD can be easily compared. For comparison, the
single-atom decay curve I(t) = e−Γ22t with no collective
enhancement is also shown (black dashed line). We first
note that a higher OD results in an enhanced decay rate
demonstrating the collective nature of the emission pro-
cess. The quantum beat signal is apparent as a sinusoidal
modulation of the exponential decay. To verify the fre-
quency of the observed beat signal, we first remove the
exponential decay profile from the data and then fast-
Fourier transform (FFT) the residual. The FFT results

(see inset) confirm that the observed beat frequency is
ω23 as expected. This illustrates the occurrence of quan-
tum beats in the absence of an initial superposition be-
tween the excited levels.
The solid curves overlaid with the experimental data

in Fig. 2 (b) represent the fitting of Eq.(1) with Ib, Γ(N)
22 ,

and φ as fitting parameters, showing excellent agreement
between the analytical prediction and the observed emis-
sion dynamics. To preclude the possibility of exciting
additional population in the levels |2〉 and |3〉 due to the
off-resonant Fourier components of the drive intensity, we
numerically simulate the atomic dynamics via the opti-
cal Bloch equations (OBEs) considering a realistic model
for the laser dynamics with a 3.5-ns turn-on edge, 200-
ns drive, and a 3.5-ns turn-off edge (see Supplemental
Material). The emitted intensity curves calculated from
the OBE dynamics are indistinguishable from the solid
curves that represent the analytical Wigner-Weisskopf
approach excluding the drive dynamics (Eq. (1)). We
therefore conclude that the off-resonant Fourier compo-
nents associated with the turn-on and turn-off edges are
sufficiently small that they do not cause an appreciable
difference to the beat dynamics.
The data fitting of Eq. (1), examples of which are pre-

sented in Fig. 2 (b), is extended to the full experimental
range of OD between 0 and 5 as presented in Fig. 3. In
the inset, the linear dependence of the enhancement fac-
tor Γ(N)

22 /Γ22 on OD displays the collective nature of the
emission process, in agreement with the superradiant be-
havior [13, 17, 21–24]. The blue solid line fitting the data
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FIG. 3. (a) The beat contrast Ib is plotted as a function of Γ(N)
22 /Γ22 for various OD. The plotted error bars represent the

one-sigma confidence interval of the fitting to the modulated decay curves. The shaded region displays the one-sigma confidence
band of a linear fit to the data. The red solid line is the theory curve plotting Eq. (2). The inset shows a linear dependence
of Γ(N)

22 /Γ22 on the OD. (b) The beat phase φ subtracted by the common offset φ0 is presented. The shaded region represents
the one-sigma confidence band of the fitting of Eq. (4) to the data.

provides a linear relation Γ(N)
22 /Γ22 = 1.0(1) ·OD+1.4(4),

showing a qualitative agreement with the previous stud-
ies [25]. The beat contrast Ib is plotted as a function
of Γ(N)

22 /Γ22 in Fig. 3 (a). The blue shaded region rep-
resents the one-sigma confidence band of the linear fit
to the data, displaying the amplification of the quantum
beat due to the increasing number of cooperative atoms.
The red solid line plotting Eq. (2) is in good agreement
with the data, confirming the validity of our model.

The measured beat phase φ is displayed in Fig. 3 (b)
fit to

φ = arctan
(
η · Γ(N)

22
Γ22

)
+ φ0. (4)

The fitted value of φ0 = 0.17 is presumably due to the
transient intensity of the driving field during the switch-
off time. From the fit, η = 1.5(3) × 10−1 is almost
three times larger than its expected value of Γ22/ω23 =
5.0 × 10−2 (see Eq. (3)). We note that non-equilibrium
dynamics during the switch-off time can produce an addi-
tional OD-dependent phase delay, potentially resulting in
a larger η value than expected, which is not captured by
our current model. Such an additional phase can be used
to characterize the non-equilibrium dynamics of emission
during the transient time, the study of which is left to
future work.

Discussion.—We have demonstrated collective quan-
tum beats in a spontaneous emission process without
an initial superposition of the excited levels in a three-
level atomic system. The collective nature of the for-
ward emission results in an enhanced coupling between
the excited levels, manifested in cooperatively amplified
quantum beats. We observe that the enhancement factor

Γ(N)
22 /Γ22 for the collective decay rate increases with the

atomic OD. The beat contrast also scales with Γ(N)
22 /Γ22,

in agreement with our theoretical prediction. It sig-
nifies a combination of two different quantum interfer-
ence phenomena featuring interplay between multi-level
atomic structure and multi-atom collective effects which
has been the focus of many theoretical studies [26–28].
The collective enhancement of quantum beats can be a

valuable tool in precision spectroscopy by enhancing beat
amplitudes in systems with small signals. It can also be
utilized as a source of strongly correlated photons. For
example, previous works have illustrated that a system
of three-level V type atoms in an interferometric setup,
as in the case of a “quantum beat laser” [29, 30], can ex-
hibit strong correlations in the two-frequency emission
[31, 32]. It has been suggested as a means of gener-
ating or amplifying entanglement in the radiated field
modes [33, 34]. These proposed schemes rely on the co-
herence between the excited atomic levels, therefore re-
quiring a strong classical drive to induce such coherences.
Vacuum-induced collective quantum beats can circum-
vent the need for a classical drive, thereby avoiding addi-
tional noise, while facilitating a collective signal enhance-
ment.
Our study of collective quantum effects can be read-

ily combined with waveguide optics to study interactions
between distant atomic ensembles [35–41]. Recent stud-
ies have shown that such delocalized collective states can
exhibit surprisingly rich non-Markovian dynamics [42–
49]. A challenge in observing such exotic dynamics is
that the quantum optical correlation between the multi-
ple emitters is highly sensitive to the position of individ-
ual atoms, requiring sub-wavelength precision. Replacing
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the optical frequency by the beat RF frequency could al-
low one to bypass the strict requirements on controlling
the atomic positions. An experimental investigation of
collective effects in non-Markovian regimes with multi-
level atomic ensembles coupled to optical nanofibers is
within the scope of our future works [41].
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