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Resonance fluorescence from atomic systems consists of a single spectral peak that evolves into
a Mollow triplet for a strong excitation field. Photons from different peaks of the triplet show
distinct photon correlation

:::::
timing

:::::::::::
correlations

:
that make the fluorescence a useful light source

for quantum information purpose
::::::::
purposes. We characterize the fluorescence of a single optically

trapped 87Rb atom that is excited resonantly at different power levels. Second-order correlation
measurements reveal the single photon nature of the fluorescence concurrently with Rabi oscillations
of a strongly excited atom. The asymmetry in correlations between photons from two sidebands of
the fluorescence spectrum when the atom is exposed to an off-resonant field further indicates that
there is a preferred time-ordering of the emitted photons from different sidebands

::::
[1–5].

I. INTRODUCTION

The investigation of fluorescence emitted from reso-
nantly excited atomic systems has played a major role in
understanding the interaction between atom and radia-
tion

:::
[6]. In 1930, Weisskopf first established the theory

of atomic resonance fluorescence in the limit of weak ex-
citation [7]. In this limit, the fluorescence spectrum of a
two-level atom shows a single scattering peak centered
at the excitation frequency.

:::
The

::::::
single

:::::
peak

::::::::
consists

::::::
mostly

::
of
:::::::::

coherent
:::::::::
scattering

:::::
and

::::
had

:::::
been

:::::::::
measured

::
in

:::::::
various

:::::::
systems

::::::
[8–10]

:
,
::::::
which

::
is

::
a
:::::::::
promising

:::::
way

::
to

:::::::
generate

::::::
highly

::::::::
coherent

::::::
single

::::::::
photons

::::
with

::::::::::
subnatural

::::::::
linewidth

:::::::
[11, 12]

:
.
:

Later this result was extended to include the effect
of strong excitation radiation by Mollow in 1969 [13].
When the driving intensity increases above the saturation
regime, the inelastic

:::::::::
incoherent component in the fluores-

cence dominates, and the single peak spectrum evolves
into a triplet structure. The photons emitted in this pro-
cess continue to be of interest in quantum optics, as these
photons exhibit different correlation signatures in partic-
ular conditions such as off-resonant excitation [1–5, 14,
15].

:::::
There

::::
has

::::
been

::::::::
renewed

:::::::
interest

::
in

:::::::
photon

::::::::
statistics

::
of

:::
the

::::::::
coherent

:::::
and

:::::::::
incoherent

:::::::::::
component

::::
that

:::::::
coexist

::
in

:::
the

::::::::::::
fluorescence.

:::::
With

::::::
better

:::::::
filtering

::::::::::
techniques

::::
that

:::
are

::::::::
available

:::::::::
nowadays,

:::
the

:::::::
photon

::::::::::
correlation

::::
from

:::::
these

:::
two

:::::::::::
components

::::
can

:::
be

::::::::
measured

:::::::::::::
independently

:::::::
[16–18]

:
.

The Mollow triplet was first observed experimentally
in an atomic beam passing perpendicularly through an
intense laser field [19–21] where the emitted fluores-
cence spectrum was analyzed using a Fabry-Perot cavity.
This configuration minimized Doppler broadening due to
atomic motion , and the fluorescence could be approxi-
mated as light emitted from individual non-interacting
atoms. Since then, the Mollow triplet has been suc-
cessfully observed in many different systems such as
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quantum dots [3, 10, 23–25]
::::::::::::
[3, 10, 22–25], molecules [26],

ions [27, 28], cold atomic cloud [29], and superconducting
qubits [30–32].

While easier to implement experimentally, light in-
teraction with an ensemble of atoms will mask certain
features of the process such as photon anti-bunching.
In contrast, a single optically trapped atom is an ex-
cellent candidate to investigate photon correlations be-
tween different frequency components in the Mollow
triplet. An optically confined atom can be cooled to sub-
Doppler temperature owing to polarization gradient cool-
ing (PGC) [33, 34], and therefore suppresses the Doppler
contribution to the spectrum. Using a magnetic field to
lift the Zeeman degeneracy and an appropriate driving
laser polarization, the closed transition of an ideal two-
level system can be implemented, coming close to the
ideal situation considered in the Mollow triplet theory.

In this paper, we report the observation and analysis of
fluorescence collected from a strongly driven single 87Rb
atom in a far off-resonance optical dipole trap (FORT).
An aspherical lens focuses near-resonant probe laser light
onto the atom and collects backscattered photons with
minimal laser background. The probe is near-resonant
with the closed transition 5S1/2 |F = 2, mF = −2〉 ≡ |g〉
to 5P3/2 |F = 3, mF = −3〉 ≡ |e〉. We analyze the spec-
trum of the light scattered by the atom at different exci-
tation intensities with a scanning Fabry-Perot cavity. A
second-order photon correlation measurement of the flu-
orescence shows the signature Rabi oscillation with fre-
quency that relates to the driving intensity. Under off-
resonant excitation, the temporal cross-correlation be-
tween photons originating from different sidebands is
measured to reveal the dynamics of the underlying op-
tical transitions.

::::
The

:::::::::
preferred

::::::::::::
time-ordering

:::
of

::::
the

:::::::
emitted

::::::::
photons

:::::
from

::::::::
opposite

::::::::::
sidebands

:::::
could

::::::
prove

::
to

:::
be

::::::
useful

:::
as

::
a
:::::::::
heralded

:::::::::::
narrowband

::::::
single

:::::::
photon

::::::
source,

:::
or

:::
a

:::::::::
quantum

::::::::
resource

:::
in

:::::::::
quantum

::::::::
network

:::::
where

:::::::::
quantum

:::::::::::
information

::
is

::::::
stored

::::
and

::::::::::
processed

::
at

:
a
::::::::::
stationary

:::::
node,

::::::
which

:::::
could

:::
be

::::::
atomic

:::::::::
ensemble

::::
[35]

::
or

:
a
::::::

single
:::::
atom

::::::
within

::
a
::::::
cavity

:::::::
[36, 37].

:
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FIG. 1.
::::::::::
Dressed-state

:::::::
picture

:::
for

:::
an

::::
atom

::::::::
coupling

::
to
:::

an

::::::
intense

::::::
driving

:::::
field.

:::::
Bare

::::::
states

:::
are

::::::::::::
characterized

:::
by

:::
the

::::::
photon

::::::
number

:::::
Fock

:::::
state

:::
(n),

::::
and

:::
the

:::::
atom

:::
in

:::
the

::::::
ground

::
(g)

:::
or

::::::
excited

:::
(e)

:::::
state.

:::::
Their

::::::
energy

:::::::::
difference

::
is

:::
h̄∆

::
in

:::
the

::::::
rotating

::::::
frame,

::::::
where

::
∆

::
is

:::::::
detuning

::
of
::::
the

::::::
driving

::::
field

::::
from

:::::
atomic

::::::::::
resonance.

:::::::
Dressed

:::::
states

:::
are

:::::::::
described

::
by

::
a
::::
pair

::
of

:::::
states

::::
with

:
a
:::::::
number

::
of

::::
total

::::::::::
excitations,

::
N ,

::::
split

:::
by

:::
h̄Ω′

::::
with

:
a
:::::::::
generalized

:::::
Rabi

::::::::
frequency

::::::::::::::
Ω′ =

√
Ω2 + ∆2.

:

II. THEORETICAL BACKGROUND

In the limit
::::::::
Assuming

::
a
:::::
weak

::::::::::::::
monochromatic

:::::::
driving

::::
field,

::::
the

::::
light

::::
will

:::
be

:::::::::
scattered

:::::::::
elastically

:::
by

:::
the

::::::
atom.

:::
The

::::::::
coherent

:::::::::::
component

::
of

:::
the

:::::::
atomic

:::::::::::
fluorescence

::::
that

:::::::
consists

::
of

::::
this

::::::::::
elastically

::::::::
scattered

:::::
light

::::::
shows

::
a

:::::
sharp

::::
peak

:::
at

::::
the

::::::::
driving

:::::::::
frequency

:::
in

::::
the

:::::::::
spectrum

:::::
that

::::::::
resembles

:::::
that

:::
of

::::
the

:::::::
driving

::::::
field.

:::::
As

::::
the

:::::::
driving

::::::::
intensity

::::::::
increases,

::::::::::::
incoherently

::::::::
scattered

:::::
light

::::::
starts

::
to

::::::
appear

::
in

::::
the

::::::::::
spectrum,

:::::
while

::::
the

::::::::
coherent

::::::::::
component

:::
will

::::::::::
gradually

::::::::
reduce.

:::::::
The

::::::::::
incoherent

:::::::::::
component

:::::::::
dominates

::::
the

::::::::
spectrum

:::
as

:::::
Rabi

:::::::::
frequency

:::
Ω

::::::::
increases

:::
and

::::
the

:::::::::
sidebands

:::::
begin

:::
to

:::::::
emerge.

:

::
In

:::::
the

:::::::::
regime

::
of a strong driving field

(Ω� Γ/4)
:::::::::
(Ω > Γ/4), the power spectrum of the

resonance fluorescence is given by
:::
can

:::
be

:::::::::::
decomposed

:::
into

::
a
::::::::
coherent

:::::::::::
component,

::::::::
Scoh(ω),

::::
and

:::
an

::::::::::
incoherent

::::::::::
component,

:::::::::
Sincoh(ω):

:

S(ω) = Scoh(ω) + Sincoh(ω),
::::::::::::::::::::::::

(1)

::::
with

:

Scoh(ω) =
s

(1 + s)2
δ(ω),

::::::::::::::::::::

(2)

Sincoh(ω) =
s

8π(1 + s)

Γ

ω2 + (Γ/2)2

+
s

32π(1 + s)2

3Γ(s− 1) + Γ
Ω (5s− 1)(ω + Ω)

(ω + Ω)2 + (3Γ/4)2

+
s

32π(1 + s)2

3Γ(s− 1)− Γ
Ω (5s− 1)(ω − Ω)

(ω − Ω)2 + (3Γ/4)2
,

::::::::::::::::::::::::::::::::::::::::

(3)

where ω is the relative frequency from the monochro-
matic driving field , Ω is the Rabi frequency and Γ rep-
resents the natural linewidth of the atomic transition,
which in this case is 2π × 6.07 MHz for 87Rb D2 tran-
sition.

:::
The

:::::::::
resonant

:::::::::
saturation

::::::::::
parameter

:::::::::::
s = 2Ω2/Γ2

:::::::::::
characterizes

:::::
how

::::::::
strongly

:::::
the

:::::
atom

:::
is

:::::::
driven,

:::::
and

:::::::::
determines

:::::
the

::::::::
strength

:::
of

:::::::::
coherent

:::::
and

::::::::::
incoherent

::::::::::
components

:::
in

:::
the

::::::::::::
fluorescence.

:

According to Eqn
:::
The

::::::::::
coherent

::::::::::::
component

:::
is

::::::::::::
characterized

:::
by

::
a

:::::
Dirac

::::::
delta

::::::::
function

::
at

::::
the

:::::::
driving

::::::::
frequency

:::::
(Eq. (1), the power spectrum contains a

:::
2)),

::::::
while

:::::::::
Sincoh(ω)

::::
has

::
a

::::::
central

:
resonant Lorentzian

peak with a full width half maximum (FWHM) of Γ
and

::
as

:::::
well

:::
as

:
two side peaks located at ±Ω away

from the resonance, with a FWHM of 3Γ/2. These
sidebands, together with the central peak, form the
Mollow triplet.

::::
The

::::::::
coherent

:::::::::::
component

::::::::::
dominates

:::
the

:::::::::
spectrum

::::
over

::::
the

::::::::::
incoherent

::::
one

:::::
when

::
s
::
is
::::::
small,

::::::
reaches

:::
an

:::::::::
absolute

:::::::::
maximum

:::
at

::::::
s = 1,

::::
and

:::::::::
decreases

:::::
when

::
s

::::
gets

::::::
larger

::::::
while

::::
the

::::::::::
incoherent

::::::::::::
contribution

::::::::
saturates.

::
This result was derived by Mollow using a

semi-classical approach [13], but the same result can be
obtained using a fully quantum-mechanical picture [38].

One way to interpret the spectral features is to de-
scribe the atomic energy states as dressed by the driv-
ing field [15, 39]. In this

:::
the

:
dressed-state picture, the

new eigenstates are a superposition of the bare states
|g, n+ 1〉 and |e, n〉, where “g

:
g” and “e

:
e” refer to the

ground and excited states of the atom, while n indi-
cates the number of photons from the driving field

:::
(see

:::
Fig.

:::
1). In every manifold where the total number N of

photons plus atomic excitation
::
of

::::::::::
excitations,

::::
N , is the

same, the eigenstates are split by the Rabi frequency
::
for

:::::::::::
on-resonance

::::::::::
excitation.

The three frequency components in the fluorescence
can be explained by spontaneous decay from a manifold
of N total excitations to a manifold with (N − 1) ex-
citations. Four optical transitions are possible in this
process. Two of them are degenerate

:::::
(green

:::::::
decays

::
in

:::
Fig.

:::
1) and correspond to the central peak in the fluores-

cence spectrum, while the sidebands ±Ω away from the
central peak originate from the other two transitions

:::
(red

:::
and

:::::
blue

::::::
decays

::
in
:::::

Fig.
::
1). This leads to the weightage

::::::::
weighting

:
of 1:2:1 in the total spectral intensities of the

incoherent peaks under resonant excitation.
:::::
Note

::::
that

:::
this

:::::::
picture

::
is

::::
most

::::::
useful

:::::
when

::::::
Ω� Γ

::::::
where

:::
the

:::::::
dressed

:::::
states

:::
are

:::::::::
spectrally

:::::::::
resolved.

:

III. EXPERIMENTAL SETUP

Our experiment starts with a single 87Rb atom trapped
in a red-detuned FORT that is loaded from a magneto-
optical trap (MOT) (see Fig. 2). This dipole trap
is formed by a linearly polarized Gaussian laser beam
(wavelength 851 nm) that is tightly focused by a pair of
high numerical aperture lenses (NA = 0.75, focal length
f = 5.95 mm) to a waist of w0 = 1.1µm. Part of the
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FIG. 2. Setup for probing light-atom interaction in free
space. A single 87Rb atom is cooled and trapped in a far off-
resonance dipole trap. One avalanche photodetector (APD1)
is used to monitor the atomic fluorescence which act

:::
and

::::
acts

as a trigger to start experiment
:::
the

:::::::::::
experimental

:
sequence.

(a) A Fabry-Perot cavity is placed before another APD
:2 :

to
measure

:::::
record

:
the frequency spectrum of the atomic fluores-

cence. (b) Hanbury Brown
:::::::::::::
Hanbury-Brown and Twiss (HBT)

configuration to measure second-order intensity autocorrela-
tion. (c) Cross-correlation measurement setup by placing

:::
with

a cavity in each arm before each APD
:5::::

and
::::::
APD6 to se-

lect photon
::::::
photons

:
from specific frequency window

:::::::
windows.

UHV: ultra-high vacuum chamber, IF: interference filter cen-
tered at 780 nm, λ/4: quarter-wave plate, PBS: polarizing
beam splitter, FBS: fiber beam splitter, B: magnetic field.

atomic fluorescence is collected through the same lenses
and coupled into single mode fibers that are connected
to avalanche photodetectors (APD).

Once an atom is trapped, we apply 10 ms of PGC
to reduce the atomic motion to a temperature of
14.7(2)µK [40]

:
,
:::::::::::::
corresponding

::
to

::
a
::::::::
Doppler

::::::::::
broadening

::
of

:::::::
113 kHz. Then, a bias magnetic field of 1.44 mT is

applied along the FORT laser propagation direction to
remove the degeneracy of the Zeeman states, and the
atom is optically pumped into |g〉 [41]. Next, we turn
on the probe laser beam along the optical axis for 2µs.
This

::::
pulse

:
length is chosen to maximize the duty cycle

of photon collection while avoiding excessive recoil heat-
ing of the atom. The probe frequency is locked to the
F = 2 → F ′ = 3 hyperfine transition of the 87Rb D2

line, and shifted by an acousto-optic modulator (AOM)
in order to address the |g〉 ↔ |e〉 transition. The probe
is prepared into a σ− polarization with a quarter-wave
plate after a polarizing beam splitter (PBS) to target the
closed transition.

We collect photons scattered backwards through the
same lens and couple them into a single mode fiber, avoid-
ing the strong light levels of the probe laser for analysis.
The photon scattering rate is first characterized for dif-
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FIG. 3. (a) Resonant saturation measurement, with the blue

solid line representing the fit to
ηΓ

2

Pprobe

Pprobe + Psat
with satu-

ration power Psat = 6.3(2) pW and total detection efficiency
η = 1.79(2) %. Here, Pprobe is incident probe power. (b) Cav-
ity transmission of the probe laser to characterize the cavity
linewidth.

ferent intensity levels of the probe field, as illustrated
in Fig. 3(a). The atomic response saturates at a probe
power of 6.3(2) pW and total detection efficiency, η =
1.79(2) % can be inferred from the fit.

The collected photons are frequency-filtered with a
Fabry-Perot cavity and subsequently detected with an
APD

::::::
APD2. By scanning the cavity resonance frequency,

the frequency spectrum of the fluorescence can be ob-
tained. To precisely control the resonance frequency of
this cavity, it is locked to a tunable sideband generated by
an electro-optical modulator (EOM) from another laser
locked to the D1 transition of 87Rb. The linewidth of
the cavity is characterized to be 3.92(5) MHz with an ex-
ternal cavity diode laser (see Fig. 3(b)). This value will
be used for deconvolution of the atomic spectrum in the
next part of this paper.

Figure 4 shows a series of frequency spectra for increas-
ing excitation powers. At weak excitation, the FWHM of
the single peak in Fig. 4(a) is 2.5(3) MHz after deconvo-
lution from the cavity contribution. This shows that at a
driving power that is well below saturation, the coherent
component with linewidth smaller than Γ dominates the
spectrum.

As the power increases, the three-peak structure
emerges and the splitting between the peaks also in-
creases. The fit to the experimental data is done with
Eqn

::
Eq. (1) convoluted with the cavity transfer func-

tion. After excluding cavity contribution, the central
peak in Fig. 4(e) has a FWHM of 7.3(5

::::
7.8(3) MHz ex-

tracted from the fit. This value is close to the atomic
natural linewidth of 87Rb, thus justifying the claim that
an optically trapped single atom can be laser cooled to
mitigate the Doppler broadening effect.

Theoretically, the height ratio between the central
peak and the sidebands is 1 : 3 : 1 according to Eqn

::
Eq. (1),

:::::
owing

::
to

::::
the

::::
fact

::::
that

::::
the

:::::::::
sidebands

::::
have

::
a
::::::
larger

:::::
width
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FIG. 4. Normalized resonance atomic emission spectra at dif-
ferent excitation intensities recorded by scanning the Fabry-
Perot cavity with the setup in Fig. 2(a). For (b)-(e),

:::
the solid

line is a fit to Eq. (1) convoluted with the cavity transfer func-
tion and the effect of laser reflection.

:::
The

:::::
Rabi

::::::::
frequency

::
Ω

::::::::
extracted

::::
from

:::
the

::
fit

::
is
:::::::
labeled

::
in

::::
Fig.

:::::::
4(b)-(e).

:

::::::::
compared

:::
to

::::
the

:::::::
central

:::::
peak. After taking into ac-

count the cavity contribution, the height of the central
peak should decrease such that the ratio reaches around
1 : 2.6 : 1. However, the measured spectra show central
peaks with about 3.7 times the height of sidebands (av-
erage value of Fig. 4(c)-(e)). This inconsistency between
the theoretical prediction and the experimental data can
be likely attributed to the reflection and scattering of the
probe laser from the optics.

::::::
Taking

::::
this

:::::::::
reflection

::::
into

::::::::::::
consideration

:::
by

::::::
adding

::
a
::::::

term
::
to

::::
Eq.

::::
(1)

::::
that

::::::
scales

::::
with

::::::
power

::
in
::

a
::::::

model
:::

to
::::::::
describe

::::
our

:::::::::::
experiment,

:::
we

:::
can

:::::::
extract

::::
how

:::::
much

::::::
power

::::
from

::::
the

::::::::
observed

::::::::
spectrum

:::
can

:::
be

:::::::::
attributed

:::
to

::::
such

::
a
:::::::::
reflection.

:
We characterized

this laser reflection
::::
from

:::
the

:::
fit

:
and found a contribution

of around 7.6
:::::
0.9 %,

::::::
2.4 %

::::
and

:::
4.5 % of the total power

in the spectrum.With addition of this contribution, the
calculation shows that the ratio after cavity convolution
will be 1 : 3.7 : 1 , which explain the measurement results.

::::::
spectra

:::::::
(c)-(e)

::
in

::::
Fig.

::
4.

:
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FIG. 5. Second-order correlation function of the single atom
at different excitation intensities.

:::
The solid line is a fit to

Eq. (4) with addition
::::::::
inclusion of triangle function resulted

:::::::
resulting from a convolution of two square pulses. The Rabi
frequency Ω extracted from the fit is labeled in Fig. 5(b)-(e)

:::::
shown

:::
for

::::
each

::::::::
spectrum

::
is

::::::::
extracted

::::
from

::::
the

::::::::
respective

:::
fit.

IV. SECOND ORDER CORRELATION
FUNCTION

In the subsequent part of the experiment, we replace
the Fabry-Perot cavity with a fiber beam splitter and two
APDs in a Hanbury-Brown and Twiss configuration as
shown in Fig. 2(b) [42]. The arrival time of the photons
is recorded. The second-order intensity correlation func-
tion (g(2)(τ)) of the atomic fluorescence can be inferred
from this measurement. This correlation function can re-
veal some characteristics of the photons emitted by single
atom such as photon anti-bunching. It was first demon-
strated experimentally by Kimble et al. in 1977 [43] which
showed that fluorescence from a two-level atom is man-
ifestly quantum. While a vanishing second-order inten-
sity correlation of the fluorescence at zero delay is a clear
indication for this phenomenon, the dynamic of g(2)(τ)
near the zero delay reveals more about the underlying
atom-light interaction such as a Rabi oscillation.

For driving fields of low intensity, g(2)(τ) shows a
monotonic increase to unity as τ increases from zero to
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set: Normalized intensity autocorrelation of the unfiltered off-
resonance atomic fluorescence to extract Ω′.

much larger than 1/Γ. When the driving field intensity
increases above the saturation, g(2)(τ) resembles the case
for weak excitations at large delay, but oscillations corre-
sponding to the Rabi frequency appear around zero delay.
Upon the detection of

::::::::
detection

::
of
::::

the
:
first fluorescence

photon, the atom is being projected onto the ground state
and the probability to detect the subsequent photon at
some later time, τ is proportional to the excited state
population of the atom. This correlation function for
fluorescence from a single atom can be expressed as [44]

g(2)(τ) = 1− e−(3Γ/4)|τ |
(

cos Ωτ +
3Γ

4Ω
sin Ω|τ |

)
. (4)

The correlation measurements shown in Fig. 5 are fit-
ted using Eqn

::
Eq. (4)

:
, multiplied with a triangle function

that results from convolution of two square pulses of the
same length.

::::
This

::
is
:::::
done

:::
to

::::::::
account

:::
for

:::::::::::
fluorescence

::::
from

:::::
each

::::::::
detector

::::::
being

::::::::
collected

:::::::
during

::
a
::::
2µs

:::::
wide

::::
time

::::::::
window.

::::
The

::::::::::
correlation

:::::::
between

::::
two

::::
such

::::::::
windows

:::
will

::::::
result

::
in

::
a
::::
4µs

:::::
wide

:::::::::
triangular

:::::::::
envelope.

:
The Rabi

frequency Ω can be also extracted from the fit, and it
serves as an independent measurement allowing compar-
ison to the values obtained from the Mollow triplet mea-
surement. The extracted values, shown in Fig. 5 for dif-
ferent driving powers, agree well with the values for Ω
obtained from the Mollow triplet spectra.

V. OFF-RESONANT EXCITATION

While the atom is excited resonantly, the emission of
the sideband photons does not have a preferred order.
As such, the cross-correlation between photons from dif-
ferent sidebands is symmetric with respect to zero time
delay, τ = 0. However, if the excitation field is detuned
from the atomic resonance, this symmetry is broken as

the emission process of the sideband photons now have
a preferred order [1–3, 15]. The preferred order of the
emission depends on the sign of the detuning and man-
ifests as an asymmetry in the correlation measurement
around τ = 0.

In this part of the experiment, we red-detune the ex-
citation laser by 30 MHz from the atomic resonance. As
shown in Fig. 2(c), there is a Fabry-Perot cavity in front
of each APD to filter the incoming fluorescence such that
photon correlation between chosen spectral components
can be measured. To better transmit the photons from
different peaks, the cavities used in this experiment have
linewidth of 20 MHz.

The spectrum of the fluorescence is slightly different
when the atom is excited off-resonantly, with the central
peak sitting at the driving frequency,

:
and the sideband

are separated from
::
the

:
central peak by the generalized

Rabi frequency, Ω′ =
√

Ω2 + ∆2,
::

where ∆ is the de-
tuning of the laser from atomic resonance.

:::
The

::::::
power

::::
ratio

::::::::
between

:::
the

::::::
central

:::::
peak

::::
and

:::
the

:::::::::
sidebands

:::::::
deviates

::::
from

::::
the

:::::::::::
on-resonance

:::::
case,

:::::
with

:::
the

:::::::
central

:::::
peak

:::::
being

:::::::::
suppressed

:::
as

::::::::
detuning

:::::::::
increases.

::
In order to align the

cavity resonance with the respective sidebands, we first
measure the second-order correlation of the off-resonance
fluorescence. The data is shown in the inset of Fig. 6
and the blue solid line is the fit to extract Ω′, which is
2π × 42(1) MHz in this case. As such, the cavity reso-
nance is locked at ±Ω′ away from the driving frequency
to isolate the sidebands photon.

Figure 6 shows the cross-correlation measurement be-
tween the opposite Mollow sidebands where we use pho-
ton from the lower energy sideband as ‘start’ trigger and
the photon from the other sideband as ‘stop’ signal. The
measurement shows a clear bunching behavior around
τ = 0.

:::
We

::::::::::
normalize

:::
the

:::::::::::
correlation

::::::::
function

:::::
with

::::::
respect

:::
to

::::::::::
coincidence

::::::
counts

:::::
from

:
a
:::::
time

:::::::
window

::::
that

::
is

::
far

:::::
from

::::::
τ = 0.

:::::
With

:::::
this,

:::
we

::::::
obtain

:
a
:::::::::
bunching

:::::
value

::
of

::::::
8.1(8).

:
The normalized correlation is

::::
then

:
fitted by two

exponentials, with time constants of τrise = 7.8(9) ns and
τfall = 30(2) ns, respectively. The

::::::::::
theoretical

:::::::::
prediction

::::::::
following

:::
[2]

:::
for

::::
τrise::::

and
::::
τfall::::

are
:::::::
7.96 ns

::::
and

::::::::
35.02 ns,

:::::::::::
respectively.

:::::
The

:
asymmetry of the correlation func-

tion justifies the claim
:::::::
indicates

::
that the emission of

the sidebands photon
:::::::
sideband

::::::::
photons

:
has a preferred

time-order for off-resonant excitation, which in this case
photon

::::
first

:::
an

:
emission from the lower energy side-

bandfollowed by photon ,
::::::::
followed

:::
by

::
a

::::::
second

:
emission

from the higher energy sidebandforms a temporal cascade
emission

:
.
:

:::::
Using

::::
Eq.

:::::
(40)

:::::
from

:::
[2]

:
,
:::
the

::::::::::::
theoretically

:::::::::
predicted

::::::::
bunching

::::::
value

:::
is
::::

11
::::

for
:::::

the
:::::::::::

parameters
::::

in
::::

our

::::::::::
experiment.

:::::
The

:::::::::::
discrepancy

:::
to

::::
our

::::::::
observed

::::::
value

::
of

:::
8.1

::::
can

:::
be

::::::::::
attributed

:::
to

::::
the

::::::::::::
imperfection

::
in

::::::::
spectral

:::::::
filtering

:::::::
process.

::::::
With

:::::::::
separation

:::
of

::::::::::
42(1) MHz,

:::::::
cavities

::::
with

::
a

::::::::
linewidth

:::
of

:::::::
20 MHz

::::::
cannot

::::::::
suppress

::::
the

:::::::
photons

::::
from

:::
the

:::::::
central

:::::
peak

:::
and

::::
the

:::::::
opposite

:::::::::
sideband

:::::::
entirely.

:::::::::
Therefore,

:::::
there

:::
are

:::::
some

::::::::::
correlation

::::::::::::
contributions

:::::
from

:::::::
different

::::::::::::
combinations

:::
of

:::::::
photons

:::
in

:::
our

:::::::::::
experiment,

:::
for
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:::::::
example

::::::::
between

::::::::
photons

::::::
from

::::
the

:::::::
central

:::::
peak

::::
and

:::::::
photons

:::::
from

::::
two

::::::::::
sidebands.

:::::::
These

::::::
would

::::::
reduce

::::
the

::::::::
expected

::::::::
bunching

:::::
value.

VI. CONCLUSION

In summary, we have measured the frequency spec-
trum of the resonance fluorescence of an optically trapped
atom at different excitation intensities, until the emitter
is saturated. The distinctive Mollow triplet has been ob-
served and has been compared to the theoretical model.
After taking into account the effect of the cavity trans-
fer function and excitation power fluctuations, our re-
sults agree with the theoretical prediction very well. For
each excitation intensity used in the measurements of the
emission spectra, we also record the second order cor-
relation function of the atomic fluorescence. The Rabi
frequency can be extracted by fitting g(2)(τ) and this
value serves as a benchmark for the results obtained in
each measured spectrum. With off-resonant excitation,
the photons from opposite sidebands have a preferred or-
der of emission which is reflected in the asymmetry of
the correlation around τ = 0. This can be useful when
using a single atom as

::::
Such

::
a
::::::::
preferred

:::::::::::::
time-ordering

::
of

:::
the

:::::::
emitted

::::::::
photons

:::::
from

::::::::
opposite

::::::::::
sidebands

:::::
could

:::
be

:
a
:::::
used

::
in

:
a heralded narrowband single photon source ,

or a quantum resource in quantum network where the
quantum information is stored and processed through a
node, which could be atomic ensemble [35] or a single
atom within a cavity[36, 37]

:::
that

::::::
might

::::
find

:::::::::::
applications

::
in

::::::::
quantum

:::::::::
networks

:::::
using

::::::
atoms

:::
or

:::::::::
atom-like

:::::::
systems

::
as

:::::::::
stationary

::::::
nodes.
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Appendix A
::::::::
SINGLE

:::::::
ATOM

::::::::::::
TRAPPING

:::
We

:::::
first

::::::
form

::
a
::::::

cloud
::::

of
::::::

87Rb
::::::

atoms
:::::::

using
::

a

::::::::::::::
magneto-optical

::::::
trap

::::::::
(MOT)

:::::::
inside

::::
an

::::::::::
ultra-high

:::::::
vacuum

::::::::
chamber

:::::::
(UHV).

::
In

::::::
order

::
to

::::
load

::
a
::::::
single

:::::
atom,

:::
the

:::::
MOT

::
is
::::::::
spatially

:::::::::::
overlapped

::::
with

::::
the

::::::
optical

::::::
dipole

::::
trap.

:::::
This

::::::
dipole

:::::
trap

::
is

:::::::
formed

::
by

::
a
:::::::
linearly

:::::::::
polarized

::::::::
Gaussian

:::::
laser

:::::
beam

:::::::::::
(wavelength

::::::::
851 nm)

::::
that

::
is

::::::
tightly

::::::
focused

:::
by

:
a
::::
pair

::
of
:::::
high

:::::::::
numerical

:::::::
aperture

::::::
lenses

::::
(NA

::
=

::::
0.75,

:::::
focal

::::::
length

:
f
::
=

:::::::::
5.95 mm)

::
to

:
a
:::::
waist

::
of
::::::::::::
w0 = 1.1µm.

:::
We

::::::
collect

::::
the

::::::::::::
fluorescence

:::::
from

::::
the

:::::
atom

::::::::
through

:::
the

:::::
same

::::
lens

::::
and

:::::::
couple

::
it

::::
into

::
a
::::::
single

:::::
mode

:::::::
optical

::::
fiber

:::::::::
connected

::
to

:::::::::
avalanche

:::::::::::::
photodetector

::::::
APD1.

::::::
When

:
a
::::::

single
::::::

atom
::::::
enters

::::
the

::::::
dipole

::::::
trap,

::::
the

::::::
count

::::
rate

::
at

::::::
APD1:::::::::

increases
::::::

from
:::::::

200 s−1
::::

to
:::::::::
7000 s−1.

::::::
Our

:::::::::::
experimental

::::::::
control

:::::::
system

:::::::
collects

:::::
this

:::::::::::
fluorescence

::::::
during

::
a
::::::::::
qualifying

:::::
time

::::::::
window

::
of

:::::::
20 ms.

::::
If

:::::
more

::::
than

::::
40

::::::::::::
photoevents

::::
are

:::::::::
detected

:::
in

:::::
this

::::::::
window

:::::::::::::
(corresponding

:::
to

::
a
:::::

rate
:::

of
::::::::::
2000 s−1),

:::
an

::::::
atom

::::
was

::::::
loaded

::::
into

::::
the

:::::::
dipole

:::::
trap

:::::
with

::
a
:::::
high

:::::::::::
probability;

:::::::::
otherwise,

::::
the

::::
next

::::::::::
qualifying

::::::::
window

::
is

::::::::
started.

::::
On

:::::::::::
qualification,

::::
the

:::::::
system

::::::::
branches

:::
to

::
a

::::::::
sequence

::::::
where

:::
the

:::::
MOT

::
is
:::::::

turned
:::
off

::
to

::::::::
prevent

:::::::::
collisional

::::::
losses,

::::
and

:::
the

:::::::::::
spectroscopy

:::
on

:::
the

:::::
single

:::::
atom

::
is
:::::::
carried

::::
out.

::::::
Lastly,

:
a
::::::
second

::::::::::
qualifying

::::
test

::::
with

::::
the

:::::
MOT

::::::
turned

:::
on

::::::
allows

::
to

:::::::
exclude

:::::::::::::
measurements

::::::
where

::::
the

:::::
atom

::::
was

::::
lost,

::::
and

::
to

:::::::::
laser-cool

:::
the

::::::
atom

::
to

:::::::
remove

:::::::::::
momentum

::::::
gained

:::
by

:::
the

:::::::::
scattering

:::::::::::
experiment.

::::
The

::::::::::
conditional

::::::::::::
experimental

:::::::::
sequencing

:::::::::
technique

::
is
:::::::
similar

::
to

::::
[45]

:
.
:

Appendix B
:::::::::::::::::
NARROW-BAND

::::::::::::
SPECTRAL

::::::::::::
FILTERING

:::
The

::::::::
cavities

:::::
used

:::
in

::::::
these

::::::::::::
experiments

:::
are

:::::::
simple

:::::::::::
Fabry-Perot

:::::::::
resonators

:::::::
formed

:::
by

::::
two

::::::::
mirrors,

:::::
with

::
a

::::
piezo

:::::::::
actuator

::
to

:::::
tune

:::
the

::::::
cavity

::::::::::
resonance.

::::
The

::::::
cavity

::::::::
resonance

:::
is

::::::
locked

:::
to

:
a
:::::

light
:::::
from

::::
the

:::::::
795 nm

:::::::
repump

::::
laser

:::
for

::::
the

:::::
MOT

:::::::::
operation

:::::
that

:::::
itself

::
is

::::::
locked

:::
to

:::
the

::::::::::::::::::::::::::::
|5S1/2, F = 1〉 → |5P1/2, F = 2〉

:::::::::
transition

::
of
::::::

87Rb
::
in

::
a

:::
gas

::::
cell.

::::::
Light

:::
at

:::::::
795 nm

::::
can

::
be

::::::
easily

:::::::::
separated

:::::
from

:::
the

:::::::::::
fluorescence

::::
light

:::::::::
(780 nm)

::::
with

:::
an

::::::::::
interference

:::::
filter

::
so

::::
that

::
it
::::

will
::::
not

:::::
affect

::::
the

:::::::::::
fluorescence

:::::::::::::
measurements

:
a
:::
the

::::::
single

:::::::
photon

:::::
level.

:

:::
The

:::::::::::
tunability

:::
of

::::
the

::::::
filter

:::::::
cavity

::::::::::
frequency

:::
is

::::::::::::
accomplished

:::
by

::::::
using

:::
a
:::::::::

sideband
::::

of
::::

the
::::::::

original

::::::
795 nm

:::::::::
pumping

:::::
light

::::
for

::::
the

:::::
lock,

::::::::::
generated

:::
by

:::
an

::::::::::::
electro-optical

::::::::::
modulator

::::::::
(EOM)

::::::
driven

:::
by

::
a
::::::::
tuneable

::::
radio

::::::::::
frequency

::::::
signal.

:
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