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Theinteraction of light with a single two-level emitter is the most

fundamental process in quantum optics, and is key to many quantum
applications. As a distinctive feature, two photons are never detected
simultaneously in the light scattered by the emitter. This is commonly
interpreted by saying that a single two-level quantum emitter can only
absorb and emit single photons. However, it has been theoretically
proposed that the photon anticorrelations can be thought of as arising
from quantum interference between two possible two-photon scattering
amplitudes, which one refers to as coherent and incoherent. This picture
isinstark contrast to the aforementioned one, in that it assumes that the

atom has two different mechanisms at its disposal to scatter two photons at
the same time. Here we experimentally validate the interference picture by
showing that, when spectrally rejecting only the coherent component of the
fluorescence light of a single two-level atom, the remaining light consists

of photon pairs that have been simultaneously scattered by the atom. Our
results offer fundamental insights into the quantum-mechanical interaction
between light and matter and open up novel approaches for the generation

of highly non-classical light fields enabling, for example, Fourier-limited
photon-pair sources that approach the theoretical limit in brightness.

The interaction of a single two-level quantum emitter with a near-
resonant coherent light field is one of the cornerstones of quantum
opticsand lies at the heart of many modern experiments and applica-
tions in this field' . The quantum-mechanical description of this inter-
action”®shows that the scattered light exhibits photon antibunching;
thatis, it never contains two photons at the same time and place®™.
This property can be seen as a consequence of the photon emission
beingassociated with quantum jumps from the emitter’s excited state
toitsground state. It thus seems natural to state that asingle two-level
atomwill never scatter two photons simultaneously. However, amore
in-depthinspection of the optical Bloch equations reveals the existence
oftwo distinct components of the scattered field, referred to as coher-
entlyandincoherently scattered light, reflecting their respective ability
and inability to interfere with the driving field. Taken together, these

components form the well-known Mollow structure in the fluorescence
spectrum®. Interestingly, when considered individually, each of these
components also contains higher photon-number components, that
is, two or more photons at the same time and place. In view of this fact,
it has been argued that the origin of antibunching in resonance fluo-
rescence stems from the destructive interference between the higher
photon-number components of the coherently and incoherently scat-
tered light'. Cross-correlation measurements between the sidebands
of the Mollow structure have revealed a time ordering between the
detected photons, whereby the photon originating from the sideband
furthest from the emitter’s resonance typically arrives first” ™. This is
commonly interpreted as a cascaded two-photon emission from the
dressed states of the emitter'®'®, Recently, motivated by theoretical
works'”"?, it has been experimentally shown that by spectrally rejecting
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the incoherently scattered component of the fluorescence light of a
single quantum dot, one can modify the photon statistics of the scat-
tered fieldinsuch awaythatall correlations arelost, and the remaining
light again recovers the spectral and temporal characteristics of the
classical driving field???. In this Article we show that when performing
the opposite, that is, rejecting the coherent component via spectral
filtering, the remainingincoherent component of the fluorescence light
of asingle two-level atom consists of pairs of photons that appear to
have been simultaneously scattered by the atom. Our results validate
the picture that antibunching in resonance fluorescence arises from
fully destructive interference between the two-photon components
of the coherently and incoherently scattered light.

In more detail, we use aweak and detuned light field to excite the
atom such that the coherent and incoherent components are spec-
trally separated while also ensuring that the latter consists purely of
photon pairs (Fig. 1). To collect only the incoherently scattered light,
we make use of a novel adjustable, narrowband optical notch filter to
continuously reduce the amplitude of the coherently scattered light.
Subsequently, we measure the second-order correlation function,
g2(1), of the residually transmitted light. By tuning the relative magni-
tude of the two scattered components, we observe an evolution froma
clear photon antibunching of g?(0) = 0.43 + 0.05 without filtering to
astrong photonbunching of up tog?(0) = 7.65 + 1.21when maximally
rejecting the coherently scattered light. The latter indicates that, coun-
terintuitively, theincoherently scattered light only consists of pairs of
simultaneously scattered photons.

Inourexperiment we prepareasingle®*Rbatominanoptical dipole
trap thatisloaded fromamagneto optical trap (MOT). The MOT lasers,
with frequency w,, are red-detuned with respect to the Stark-shifted
atomic resonance by 4/2m=-57.9 + 3.7 MHz. In this setting, the atom
scatters photons fromthe MOT laser beams into free space. The quan-
tum state of this fluorescence light can be separated into a coherent
state, |a), and anincoherently scattered component, |¢), whereby the
latter originates from the saturable nature of the emitter. We weakly
drive the atom with a saturation parameter S = 0.025 + 0.004. In this
low-saturationregime, the incoherently scattered part consists solely
of photon pairs**?, with a probability amplitude for finding two
photons within atime delay 7 given by

PO(1) = _%e—w—imm o)

This wavefunction is the temporal representation of an energy-time
entangled state, whereby the photonsjointly propagate withina time
interval -1/y and exhibit perfect frequency correlations. The corres-
ponding two-photon amplitude for the coherent component is given
by the time-independent value

@ _ Meoh 2
a 3 (2)

Details are providedin the Methods. Here, n, = yS/(S + 1)%is the photon
scattering rate of the coherent component, and y/2n =3.0 MHz
(ref.28) is the amplitude decay rate of the D, transition of **Rb. The total
scattered field is given by the sum of the two components [¢) = |a) + |)
and for its two-photon amplitude one obtains

‘P(Z)(T) =a® 4+ ¢(2)(T)
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Importantly, atzero time delay (7= 0), the coherently and incoherently
scattered components have equal amplitude but are 1t out of phase.
This resultsin perfect destructive interference suchthat the light never
contains two simultaneously scattered photons. Despite this fact, taken
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Fig.1| Two-photon scattering processes in resonance fluorescence.

a, Observation of resonance fluorescence from a two-level quantum emitter of
resonance frequency w,, driven by alight field at frequency w, = w, + 4, where
Adenotesthe detuning. b, Coherent two-photon Rayleigh scattering leads to a
pair of uncorrelated photons. ¢, Incoherent two-photon scattering leads to an
energy-time entangled pair of photons that are, in general, detuned from the
driving field. d, For zero time delay 7, the theoretically predicted second-order
correlation functionyields g (r = 0) = 0. For |t] > 0, Rabi oscillations are apparent.
e, Temporal two-photon wavefunctions of the coherent and incoherent
component, a®?(7) and (1), respectively, where ¢®(0) = -a®(1). f, Two-photon
wavefunctionsin the frequency domain. The coherent component, d(z)(w), isa
delta function centred at w,, and the incoherent component, (ﬁ(z (w),isgiven

by adouble Lorentzianat w, +A4.

individually, both the coherent and incoherent components have a
non-zero probability for containing two simultaneous photons.

Now, the two components exhibit different spectra, which for the
coherently scattered component is given by a delta function at w,,
whereas for the incoherently scattered component, at low saturation,
the spectrumis approximately given by a pair of Lorentzian lines, each
of width y, which are separated by +4 from w, (ref. 8; Fig. 1). Their dis-
tinct spectra allow us to separate the components by applying a fre-
quency notch filter centred at the driving laser frequency. For this, we
first collect the atomic fluorescence with a high-numerical-aperture
(NA) objective before couplingitinto asingle-mode fibre, which guides
thelighttothefilter (Fig.2). Thelatterisrealised by means of afibre-ring
resonator, where we use alow-loss variable-ratio fibre beamsplitter to
control the coupling rate into the resonator, k., and in turn the
on-resonance transmission past the resonator (Fig. 2, rightinset). The
resonator is stabilized to resonance with the driving laser and has an
extremely narrow linewidth that is adjustable between 1and 15 MHz,
whichismuchsmaller than the separation of the coherent and incoher-
entcomponents of |4]. Asa consequence, the filter reduces the coher-
ent component by the k. ,-dependent complex-valued field
transmission factor, ¢, (k..), but does not substantially alter theinco-
herent component (Methods). To measure the modified photon statis-
tics after filtering, we send the light to a Hanbury Brown and Twiss
set-up consisting of a50/50 beamsplitter and asingle-photon counter
in each of its outputs®’, and record the second-order correlation func-
tion, 82T, Kext) & |teon(Kext) a® — @ (D)2, for different settings of
the coupling parameter k..

Figure 3 showcases the second-order correlation functions as k., is
increased. For k., = 0, the filter resonator has no effect on the collected
atomic fluorescence. The resulting measured second-order correla-
tion function (purple) isg®(0) = 0.43 + 0.05, which is compatible with
perfect photon antibunching when considering the background count
rates of our photon counters. Thisillustrates the expected behaviour
whereby, in the absence of spectral selection, the light scattered by a
single atom never contains more than one photon at the same time
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Fig. 2| Experimental set-up. a, A single Rb atom is loaded from aMOT into

an optical dipole trap. Fluorescence photons from the atom are collected with
alens (NA =0.55), separated from the trapping laser with a dichroic mirror,

and coupled into asingle-mode fibre. Inset: measured time trace of the photon
count rate, indicating the presence or absence of a single atominside the trap.
b, The collected fluorescence s fibre-guided to an optical notch filter realised
by means of a fibre-ring resonator. A variable-ratio coupler allows for control
over the couplingrate, .., into the resonator, which has an intrinsic loss rate of
Ko. A piezo-electric fibre stretcher (not displayed) is used for stabilization of the
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resonator to the MOT laser frequency w, . A fibre-polarization controller (not
displayed) is used to compensate for birefringence to realise a non-polarization-
selective filter operation. Inset: transmission spectrum for the critically coupled
filter resonator, that is, when k., = k,. This spectrum shows a full-width at half-
maximum linewidth of 4.4 MHz with a free spectral range of 89.1 MHz. ¢, The
filtered fluorescence light is sent to a Hanbury Brown and Twiss set-up consisting
of apair of single-photon counters behind a 50/50 beamsplitter. Photon arrival
times are recorded by a time-tagging unit, from which we measure the second-
order correlation function, g?(t), of the filtered light.

and place. For || > 0, we observe a damped oscillatory behaviour,
originating from the driven atom undergoing Rabi oscillations at an
effective frequency of Q= 4, which are dampened on the timescale
of the excited-state lifetime, 1/2y. This oscillatory behaviour can also
be considered to originate from interference between the coherently
and incoherently scattered two-photon components, (equation (3)).
When increasing k.., the power transmission, |t ., (Ke.)|%, of the
coherent component through the filter is reduced. Consequently, we
upset the delicate balance of the two components, resulting in less
destructiveinterference and henceincreasingg®(r = 0) (blueand green
datasets). Around ., = k,, the coherent component is strongly attenu-
ated. Consequently, the second-order correlation function resembles a
double-exponential envelope centred at T = 0, featuring strong photon
bunching of up tog?(r=0) =7.65 + 1.21 (yellow and orange datasets).
When further increasing k., the transmission, ¢,.,(k,.), of the cohe-
rent component will increase again, and the bunching decreases (red
and violet datasets). For very large values of k.., antibunching would
berecovered, althoughitis not observed here for technical reasons.
Figure 4 shows the evolution of the measured second-order cor-
relation function at 7= 0, as afunction of k.,.. For each setting, the value
of g?(0, k., is obtained by averaging the datashowninFig.3ina3-ns
window centred around 7= 0. The solid orange curveis the theoretical
predictionofg?(0, k,,,) (Methods). We note that our model takes into
account residual drifts of the filter resonance, which we obtain from
fits to the datasets in Fig. 3 (Methods). As a consequence of these
drifts, maximum suppression of the coherently scattered component
isreached for asetting of k,,, slightly larger than k,. Across all settings
of our filter, we observe a beating in the second-order correlation
functionresulting from theinterference between theincoherently and
remaining coherently scattered two-photon components, once again
illustrating their coherence with respect to each other. For perfect

suppression of the coherent component, these oscillations vanish
and the g (1) would exhibit a pure double-exponential decay centred
att=0,withadecaytime of1/2y.

From the two datasets exhibiting the best suppression of the
coherently scattered light (k. = 1.00k, and k., = 2.23k,), we obtain a
rate of detected photon pairs of n(?, = (4.91+0.47) x 103571
(Methods). Given the pair detection efficiency 1%/2 of our set-up, this
corresponds to a total rate of photon pairs incoherently scattered
by the atom of ngzal = 5.3+ 0.5kHz. This agrees well with the rate
of incoherently scattered photon pairs, n;,./2=5.7 + 1.4 kHz, that is
expected for our saturation parameter (Methods). Note, that n;,  is
much smaller than the rate of coherently scattered photons,
n.., =455+ 55kHz, and, as the ratio of these two components is given
by S, foravanishing saturation, the relative contribution of the incoher-
entcomponent tends to zero. Yet, intriguingly, when interfering with
the coherent component, its small but finite value is still necessary for
the observation of photon antibunching.

To conclude, we returnto theinitial discussion on whether asingle
two-level atom will simultaneously scatter two photons. Asis often the
casein quantum mechanics, the answer is both yes and no, depending
on which picture is considered. Indeed, the unmodified light field
emitted by the atom never contains two simultaneous photons. Here,
we have highlighted the picture where this is a consequence of the
atom continuously scattering the incident two-photon component
in two different ways—coherently and incoherently—which perfectly
destructively interfere to yield antibunched photon statistics. An
alternative pictureis to state that the atom only scatters photons one
by one, and that the emitted stream of antibunched photons is trans-
formed into bunched photons by the passive linear notch filter in our
set-up. In this picture, the resonator acts as a storage medium for the
scattered light, and Hong-Ou-Mandel quantuminterference®® at the
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Fig. 3| Measured second-order correlation functions g(7) for different filter
settings k... Each dataset has the same vertical scale. The solid lines are fits of
our theoretical model to the data points (open circles), with the temperature
ofthe trapped atom and aresidual resonator-laser detuning as fit parameters

(Methods). For the unfiltered dataset (k.. = 0), the purple horizontal line
indicates the noise floor due to background counts.

incouplingbeamsplitter between the incoming fluorescence light and
the stored field resultsin photon bunching of the light transmitted past
theresonator (Methods). Beyond these fundamental considerations,
the demonstrated effect lends itself to realising spectrally narrowband
photon-pair sources that areinherently compatible with optical transi-
tionsin quantum emitters®-**(Methods). In particular, for high photon
collection efficiencies**, the achievable photon-pair rate would
approach the theoretical limit in brightness of a Fourier-limited pair
source. Consequently, we envision that photon-pair sources based on
this effect will emerge as a key resource in optical quantum techno-
logies and quantum information processing.
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Fig.4 | Correlations at zero time delay as a function of filter setting. The data
points show the measured value of g?(t = 0, k.,,) averaged over a 3-ns window
centred around 7 = 0. The horizontal error barsindicate the lo uncertainty in the
setting of k., and the vertical error bars indicate the statistical lo uncertainty
interval obtained from the number of detected photon pairs for each setting.
Thesolid line is the theoretical prediction (details are provided in the main text).
Inset: dark count corrected detected photon rate after filtering (data points),
with the corresponding theory prediction (blue solid line), which contains the
single-photon detection efficiency n as the only fit parameter. From the fit we
obtainn =0.136 + 0.002%. The individual contributions to the scattering rate are
depicted by the black dotted (coherent) and purple dashed (incoherent) lines.
The horizontal error bars are the same as in the main figure, and those in the
vertical direction are not visible on the scale of the inset.
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Methods

Theoretical description

Wavefunction description of the scattered field. In a standard pic-
ture, the atom-light interaction is described by optical Bloch equa-
tions, in which the atom is excited by a coherent laser beam and the
scattered quantum field can be calculated from the time evolution
of the atomic raising and lowering operators®. In the steady state, the
scattered field exhibits two distinct components, usually referred to
ascoherently andincoherently scattered light, and their ratiodepends
on the saturation parameter of the excitation laser field

_1_@p’
=s—— 4)
214Ar)
Here, A =w, — w,isthelaser-atomdetuning withlaser frequency w, and
atomic resonance frequency w,. Qis the Rabi frequency of the driving
field and yisthe amplitude decay rate of the excited state. The coherent
andincoherent scattering rates of the atom are given by

S
Neoh =V 5~ S - 252) (5)
S+1)
and
52
Nipc =V 5~ VSZ (6)
$+1

respectively, where the right-hand-side expressions are the low satura-
tion expansions up to second order in S, which we apply throughout
the manuscript to obtain a simple theoretical description of the scat-
tered light. In the following, we consider the case where we drive the
atom with an excitation laser beam for time duration 7, where T is
chosen such that itis much larger than the atomic decay time, 7> 1/y
(toneglect transient features), and small enough that the mean photon
number is much smaller than one, thatis, T < 1/yS. We note that in the
low saturation regime, S < 1, this is always possible. The coherently
scattered light can thenbe represented as a coherent state

la)y = |0) + a 1) + L 12) @
V2

with mean photon number &? = n.,, T, where, without loss of general-
ity, we assume a to be real. In the time domain, in a frame rotating
with the laser frequency, the two-photon component of the state can
be writtenas

7/2

o? a2
?|2>= f/dtl de, Z_Tajlajz |0) (8)
2 12 «©

where ] (a,) is the creation (annihilation) operator for aphoton at time
t,and a® = n_;/2 is the amplitude of the two-photon wavefunction. In
the low saturation limit, the incoherently scattered light consists of
energy-time entangled photon pairs®* and the state in the time
domain can be writtenas

T2

@) = ff dey de, 9@t — ty)a af |0) )

-T/2

Here, theintegrals extend over time duration Tand the temporal enve-
lope (1) is given by

P (1) = _%e—w—imm (10)

The total scattered field is thus given by

1) = o) + |§) (11)
and for its two-photon component one obtains
T/2
jp) = Mo /f dtydt, [1 - e-0-i%)a-al] ! g |0) 12)

—-T7/2

Modelling the photon statistics. The spectral distributions of the
two components differ fromeach other; the spectrum ofthe coherent
state |a) is approximately given by a delta function at laser frequency
w,, whereas the spectrum of the incoherently scattered component,
at low saturation, is approximately given by a pair of Lorentzian lines
centred at frequencies w, + A. This frequency separation between the
coherent and incoherent components allows us to separate them by
using a narrowband notch filter at the laser frequency, which in our
experiment is realised as a fibre-ring resonator. The complex-valued
field transmission factor®® of the resonator is given by

Ko — Kext + i(w — wres)

- (13)
Ko + Kext + l(w - wres)

e (@, Kext) =

Here, k. is the external coupling rate into the filter resonator, k, is
the intrinsic loss rate of the filter resonator, and w,., is its resonance
frequency. As thefilter bandwidthis much smaller than the separation
ofthefrequency components, in the following we make the simplifying
assumption that the filter acts only on the coherently scattered light
andreducesits field amplitude by the k.,.-dependent transmission fac-
tOr £,o (Koye) = Le(®y, Keyr), @S presented in the maintext. The wavefunction
of the light after filtering is then given by

[WF) = |tcon(Kext) @) + |P) (14)

and the corresponding envelope of the two-photon wavefunction is
given by

n 2 (v
(p(FZ)(T) = b [tcoh(Kext) —€ Y IA)M]

> (15)

In our experiment, we analyse the photon statistics of the filtered
atomic fluorescence by measuring its second-order correlation
function

o _ (@@ aa)t GO
gv(m= =0

: (16)
+
(a, a[>t

where(...),indicates the time-averaged expectationvalueandr=¢,- t;
is the temporal separation between the two photons. G®(1) x n? \tp(Fz’P
is the unnormalized second-order correlation function, for which we
obtain from equation (15)

) 2
CO() PSP [foon (Kext)” — €011 17)

The mean photon flux, n, after the filter is given by

n= ysrl(|tcoh(’(ext)‘2(1 -25)+ 5)

(18)
= n('tcoh(’(ext)lzncoh + ninc)

Here we introduce the total single-photon collection and detec-
tion efficiency of our set-up, . In the experiment, in addition to the
measured photon rate, we also have to take into account the total
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background countrate, d, that originates fromstray light and detector
dark counts. Including this background in the experimentally expected
second-order correlation function, we obtain

G@(1) — n?
(n+ d)2

(2)

Bexp(D ~ +1 (19)

Description in the time domain. It has been shown that the spectral
filtering of coherent light can alter its statistical properties, such that
the phase noise of, for example, a laser light field”, is changed into
intensity fluctuations by anarrow linear filter, resulting in chaotic light
inits output. Although sucha classical reasoning cannot be applied to
our experiment, the transformation of the stream of antibunched
photons emitted by the atom into a stream of bunched photons after
the notch filter can still be explained by evoking Hong-Ou-Mandel
quantum interference®. To this end, we make use of the fact that the
resonator has a slow temporal response to the light field with a char-
acteristic timescale of (ko + kex)~* that is much slower than the ampli-
tude fluctuationsin the atomic fluorescence, whichare onatimescale
of -A7.. Consequently, the resonator averages over these fluctuations
and, in the steady state, the light stored in the resonator can approxi-
mately be described by a coherent state with amplitude

V 2Kexe

a, =—/n T
' con '(w - (‘)res) + Kext + Ko

(20)

To calculate the probability of a photon coincidence detection with
time delay rafter thefilter resonator, we have to consider the different
ways in which such a detection event can occur. In this picture, there
aretwo fields, theresonator field and the incident fluorescence, which
are overlapped on the incoupling beamsplitter of the resonator. Two
photons can either both originate from the original fluorescence light
(amplitude, ¢), both from the resonator (amplitude, ¢*) or one
photonfromeach (amplitude, z,bgf)). Note thattheincoupling beamsplit-
ter is highly asymmetric with a transmission of approximately one for
the incident fluorescence light. The three probability amplitudes are
then given by

2 _ Ncon _(y—iA
g = 5 (1—en0mia) @
2
(=0 2Kexe) n
9P = = St (kex) = 1 @2
wg) = ~V/cohy/ 2Kext @y = Neoh (Eeoh(Kexe) — 1) (23)

The total two-photon detection probability amplitude is the coherent
sum of the three components, and for the two-photon field after the
resonator we obtain

2 2 2 2
o7 = o ey

Neol 2 —(y—i
= 2h [tcoh(Kext) —e IA)M]

(24)

This is the same expression as equation (15), which demonstrates the
equivalence of the two pictures.

Implementing a photon-pair source. Using the filtering technique
presented in this Article to remove the coherently scattered light
lendsitselfto realising spectrally narrowband energy-time entangled
photon-pairsources that areinherently compatible with optical transi-
tionsin quantumemitters. Asitrelies on the fundamental mechanism
of resonance fluorescence, this technique can be utilized with any
two-level emitter. The crucial figure of merit for such a photon-pair

sourceis the achievable photon pair rate. In general, the rate of photon
pairs, n,, after the optical filtering is given by
Ninc

2 =
n, sn =

Mine _ 2V _ S
2

2 (s +1)

(25)

where r7is the photon collection efficiency of the optical set-up. Note
that, inthisinequality, n, = n’n;,,/2 only holds for S <1.For close-to-unity
collection efficiencies that can be realised using high-NA optics® or
solid-state quantum emitters withintegrated structures®**, the maxi-
mum entangled photon pair rate that can be realised isbounded by y/2
for large saturation powers. This is the fundamental limit that can be
achieved forany source of photon pairs with linewidth y, as otherwise
the temporal separation of subsequent photon pairs is smaller than
their extensionin time, ~1/y. Consequently, one can conclude that for
high photon-collection efficiencies, the filtered resonance fluores-
cenceyieldsanideal source of photon pairs. Comparison with alterna-
tive theoretical models* shows that our theoretical descriptionshould
be valid for saturation parameters of S < 0.25, otherwise theincoherent
componentalso contains higher-order photon-scattering processes.
For $=0.25, one would obtain a pair source with photon-pair rates of
n,=y/50 = 4 x 10° pairs per second with abandwidth of y = 2rt x 3 MHz,
whichissubstantially better than state-of-the art photon-pair sources
with a comparable bandwidth®.

Effect of non-perfect filtering. Imperfect filtering of the coherent
light, thatis, |¢.,;| > 0, would lead to a background of coherently scat-
tered photons. The ratio of the coherent to incoherent components
after opticalfilteringis given by

Ninc _ S

=—_ (26)
Neon [€coh |2

For a low background of coherently scattered photons, this
signal-to-noise ratio should be much larger than one. For saturation
parametersaround S = 0.1, this can be readily achieved with aresidual
filter transmission of |t |* = 1%.

Experimental methods

Trapping and detecting single atoms. We prepared a cloud of Rb
atoms inside an ultrahigh-vacuum chamber using a MOT. The MOT
lasers, with frequency w,, are red-detuned with respect to the unper-
turbed D, transition of Rb (transition frequency w,) by Syor = @, — @,
=-2m x16.3 MHz. The MOT cloud contains several million %Rb atoms
and is used as a reservoir of cold atoms for loading the optical dipole
trap. To load a single atom, the MOT cloud is positioned at the focus
region of an aspheric lens with NA of 0.55 (AS-AHL12-10, Asphericon),
located inside the vacuum and with a focal length of f=10 mmand a
working distance of w, = 7.6 mm. The optical dipole trap is generated
byfocusingtheincident trap laser beam (wavelength, A,,,, = 784.65 nm)
to a waist radius of w,=1.8 + 0.2 pm inside the MOT cloud. For a laser
power of P,,,=2.5 mW, we obtain an optical trapping potential with
adepth of Uy,,/ks =1.66 mK, corresponding to trap frequencies of
w,=21 x 96 kHz and w,=2m x 17 kHz in the radial and axial directions,
respectively. The photon scattering rate of the trapping light field
amountsto 0.86 kHz.

The presence ofanatominthetrapisregistered by anincreasein
the photon detection rate from120 s™t01,050 s for the case without
spectral filtering (Extended Data Fig. 1). Here, we collect the fluo-
rescence light with the same lens that we use for focusing the trap
beam. Due to the microscopic trap volume, our trap operates in the
collisional blockade regime*® such that, at most, asingle atom is pre-
sent inside the trapping volume at any time (Extended Data Fig. 1).
The collected fluorescence light is separated from the trapping light
with a bandpass dichroic mirror centred at 780 nm that features a
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linewidth of 3 nm (LLO1-785-25, Semrock). We then couple the light into
asingle-mode fibre, which also acts as a spatial filter. The fibre-guided
fluorescenceis sent viathefibre-ring resonator filter to afibre-based
Hanbury Brown and Twiss set-up consisting of two fibre-coupled
single-photon counting modules behind a 50/50 fibre-optic cou-
pler. The two single-photon counting modules are connected to a
field-programmable gate array-based time-tagger that records the
arrival times of each detected photon.

Spectral filtering. Our fibre-based optical notch filter consists of a
variable ratio coupler (F-CPL-830-N-FA, Newport) that allows setting
of the coupling rate, k., into the resonator. A polarization controller
isincluded in the fibre-ring section, such that the two polarization
eigenmodes of the resonator are degenerate and the resonator acts as
a polarization-independent filter. This is important for consistent
spectral suppression of the collected atomic fluorescence. A section
of the fibre ring is glued to a piezo-electric stack, which allows us to
strain-tune the resonance frequency, ... The resonator is passively
stabilized by placingits whole set-up inside athermally and acoustically
insulating box, isolating the set-up from external environmental fluc-
tuations. To compensate for residual, slow drifts of the resonance
frequency, every 5 s we launch a stabilization light field at frequency
w, into the resonator set-up, scan the resonator length, and set it such
that the point of minimum transmission is reached. The resonator
has a geometrical length of /=2.25 + 0.05 m, yielding a free spectral
range of Vi = 89.0 £ 0.5 MHz. Extended Data Fig. 2 shows the on-
resonance transmission of the resonator for different coupling rates
K- From afit to the data, we obtain an intrinsic resonator loss rate of
Ko =21 x1.08 + 0.02 MHz, which results in an unloaded resonator
finesse of # = Mvgsp/ky = 41.2 £ 0.8.

Analysis of measured correlation functions. To fit the theory to the
measured correlation functions in Fig. 3, we perform the following
procedure.

First, the measured correlation functions exhibit aweak bunching
effect onamicrosecond timescale, which originates from the diffusive
motion of the trapped atoms through the complexintensity and polari-
zation pattern of the MOT laser field* (Extended Data Fig. 3). Toaccount
for this, we fit the function 1 + Ael% to the data for large time delays
|z| > 1/2y, from which we obtain typical values of its amplitude A =1.38
and decay time t, = 3.48 ps for the measurement without filtering
(Ko = 0). For each g? measurement, our model is then adjusted such
that the value 1+ A serves as the new baseline. Second, the finite tem-
perature of the atom in the dipole trap gives rise to a temperature-
dependent distribution of atomic positions in the trap and, conse-
quently, of the a.c. Stark shifts. To account for this, we assume a thermal
position distribution and fit the second-order correlation function of
the unfiltered case (k. = 0) with the atom temperature and the maxi-
mumaa.c. Stark shift as free fit parameters. The latter takes into account
that the atom experiences a substantial tensor light shift, which results
in a Zeeman state-dependent transition frequency. From the fit, we
obtainatemperature of 144 + 47 pK and a mean detuning of the atom
from the MOT lasers of 4/21 = -57.9 + 3.7 MHz. These values are used
to fit the data obtained for all other settings of the filter resonator.

Finally, for the measurements that incorporate the filter resona-
tor, an additional experimental uncertainty occurs due to drifts of
the narrow resonator absorption line with respect to the MOT laser
frequency. To account for these residual resonator drifts in our model,
we assume that the filter exhibits a Gaussian probability distribution
of resonance frequencies with a width of o centred around an aver-
age resonator-laser detuning 6 = w,. - w,. Using this model, we fit all
measured correlation functionsin Fig. 3 with k., # 0. From the results
weobtainanaveragelaser-resonator detuning of = -0.26 + 0.58 MHz
withawidthof =192+ 0.36 MHz.

Detection efficiency. From the atomic temperature obtained from
the previous section, we calculate the distribution of saturation
parameters S from which we obtain the expected scattering rates of
the incoherent and coherent components. Together with the laser—
filter detuning, we canthen calculate the expected photon detection
rate. We fit this model with the total photon detection efficiency, i,
astheonly free parameter to the datashowninthe inset of Fig. 4. The
fit yields n=0.136 + 0.002%, which agrees with the value expected
fromour collection efficiency of -1.3%, together with the propagation
losses through the filter set-up and the limited detector efficiency
of -0.55.

Correlation function at zero time delay versus filter setting. To
evaluate the theory prediction of the zero-time-delay value of the
second-order correlation as a function of k., shown in Fig. 4, we use
the approximate expression for g () given in equation (19). Here,
we use the temperature-induced distribution of §, the residual laser—
resonator detunings and the photon detection efficiency n, which we
obtained from previous measurements, as well as the mean detector
background rates as parameters.

Photon-pair rate. To determine the number of detected photon pairs,
we start with the histogram of measured coincidences and subtract
the base level found for |7] > 1/2y, which stems from accidental coinci-
dences. By summing up all remaining coincidences withinatimeinter-
val of 100 ns around 7 = 0 and dividing by the effective measurement
time, we obtaintherate of detected photon pairs. Given our photon-pair
detection efficiency 1%/2, we then determine the total rate of photon
pairs scattered by the atom, 2n(),. /n2. For the case of strong suppres-
sion of the coherent component, thatis, t; = 0, these detected pairs all
originate fromthe incoherently scattered light, so the rate of scattered
photon pairs should be given by n;,./2 (equation (6)).

Data availability
Source datafor all figures in this study are available in an open-access
repository*.

Code availability
The code used for data analysis during this study is available, upon
reasonable request, from the corresponding authors.
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Extended Data Fig.1| Histogram of the detected photon count rate when oneatomis trapped. The absence of higher count rates indicates the
originating from the trap volume. Without spectral filtering, we observe an sub-poissonian occupation statistics due to the collisional blockade effect
increase in the most likely count rate from a background of120s™,t01050 s™ present in microscopic optical traps*’.
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Extended DataFig. 2| Characterisation of the spectral filter. Measured on-resonance power transmission |¢-(w,c)|? as a function of k., (blue data points). The solid
redlineisafitaccordingto Eq. (13), yielding anintrinsic resonator loss rate of k,/2m = 1.08 + 0.02 MHz.
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Extended Data Fig. 3| Long-term behaviour of the second order correlation function. A weak bunching effect arising from diffusive atomic motionis apparent.
It exhibits a decay time of ¢, = 3.48 us for the dataset with k., = 0, see main text. Inset: zoom on the area indicated by the dashed line.
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