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EXPERIMENTAL METHODS

Finesse degradation

The initial cavity field decay rate of k=27 x (24.5 +
0.8) MHz [S1] increased after the resonator was placed
under high-vacuum conditions (~ 10~ mbar), due to a
sudden rise of optical losses on the fiber-mirrors’ coating.
This resulted in a finesse degradation where the type of
decay and the time scales involved are strongly influenced
by the presence of ultraviolet (UV) light on the mirrors.
We observe that UV radiation turned a rapid exponential
decay of the finesse into a slower decline with a half-life
of ~300 days (see Fig. S.1(a)). As a consequence of the
finesse variations, the bandwidth of the resonator dur-
ing the measurements presented in the main text varies
between two and three times the initial value. We ob-
serve that the finesse can be recovered (up to 80% of the
initial value) when flushing the vacuum apparatus with
pure oxygen. The recovery process takes place at rates
much faster than the ones predicted by the oxygen deple-
tion model [S2, S3|. It remains unclear why UV radiation
slows down the degradation process in vacuum, and if it
affects both mirrors equally (the surface layer of the mir-
rors coating is composed of SiOy and TayOs5 for the LT
and HT mirrors, respectively).

Effective coupling strength

The interaction strength between an atom and the
resonator mode varies in our experiments depending on
two factors: the transition addressed by the cavity, and
the distance of the atom to the center of the Gaus-
sian transversal cavity mode. Regarding the first fac-
tor, the strongest coupling is associated to the cycling
transition |F,mp) = [2,2) < |3',3’), corresponding to
Jmax = 27 X 120 MHz for an atom at the center. This
is achieved in our experiments when using a circularly-
polarized probe laser injected into the cavity. After a few
cycles, the light optically pumps the atoms to the outer-
most Zeeman sublevel of the ground state (]2,2)), thus
ensuring the addressing of the strongest transition. The
quantization axis is defined by a small bias magnetic field
parallel to the resonator and to the electric field of the
red-detuned dipole traps. This is not the case when using
the linllin side-probe laser, where the resulting atomic
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FIG. S.1. (a) Decay of the finesse under vacuum after the
first oxygen treatment (monitored with 770 nm light) repre-
sented as a percentage of the initial value. The initial decay
corresponds to an exponential increase in losses L of the form
L (t)=Lo+AL exp(t/71) (red curve) yielding a time constant
of 71 =14.5days. With constant UV illumination the finesse
quickly recovers (sudden positive slope) and the decay pro-
cess slows down, following the curve predicted by the oxygen
depletion model [S3] given by L (¢)=Lo+AL (1 exp( t/7m2))
(blue) with a time constant of 72 = 1670days. (b) Effective
coupling of an atomic ensemble for an increasing number of
atoms. N, is estimated from fluorescence images of the en-
semble. a=0.12 is the reduction factor accounting for imper-
fect positioning of the atoms.

steady-state population is a mixture of different mp-
sublevels, with the population distribution depending on
the frequency of the driving field. For instance, in the
cavity backaction measurements, the side probe is red-
detuned by 63 MHz from the ac-Stark shifted atomic res-
onance, to ensure one-dimensional polarization-gradient
cooling that extends the trapping lifetime. This detuning
and polarization provides on average a population of the
outermost mp sublevels of 40 %, as compared to the 10 %
present when pumping at resonance (as the master equa-
tion simulations suggest). As a consequence, the atomic
excitations do not correspond to the closed cycle and the
coupling strength associated to an externally driven atom
is effectively reduced t0 geff < gmax. The exact reduction
factor is extracted from the master equation simulations.
A way to address the cycling transition when driving the
atom with lin | lin light would be to substantially increase
the trap depth. The resulting strong ac-Stark shift would
liftt the degeneracy of the mpg-sublevels of the excited
states, thus allowing for frequency selection of the o
component of the light. This would correspond to the
cycling transition if the atom has been previously opti-
cally pumped to the ground-state |2,2) sublevel (e.g. by



a cavity-probe pulse).

With respect to the different possible positions of the
atom in the cavity mode, the typical loading leads to a
distribution of coupling strengths following a Gaussian
curve of average gesr < geg and of typical width o, ~
27 x 18.2 MHz when the transport feedback technique is
employed. The 2D optical transport capabilities of our
system could be used to deterministically place single
atoms at the optimum position in the resonator (i.e., by
monitoring the cavity reflection while performing a 2D
position scan).

When an ensemble (as opposed to a single atom) is
coupled to the resonator, we observe that the coupling
scales phenomenologically with the number of atoms as
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where the factor 0.12 accounts for the average distance
to the cavity center, as shown in Fig. S.1(b). The es-
timated average coupling from Fig.1(c) scales slightly
more favorable than expected from Eq. S.1, due to the
transport feedback scheme pre-selecting atoms at posi-
tions of strong coupling. Thus, by coupling dense ensem-
bles instead of single atoms, collective interaction rates
could approach the GHz regime. This is critical in hy-
brid quantum communication links, where the coherent
interaction between photonic and stationary qubits must
be faster than the cavity decay rate (and ideally higher
than the fast-photon bandwidth).

Number of atoms coupled to the cavity (Nat):
deterministic transport and push-out sequence.

As introduced in the main text, the influence of the
atom on the reflective spectrum of the cavity is employed
to detect the atom’s presence. In particular, when an
atom enters the cavity, it shifts its resonance and the
cavity-probe beam is reflected leading to a rise in the
SPCM counts, which is then used to stop the transport.
This signal saturates (i.e., the probe is fully reflected) in
the case of strong coupling, meaning that the technique
does not distinguish between a single strongly coupled
atom or an ensemble of them. In order to ensure that
only one atom is coupled to the resonator, we load the
conveyor belt sparsely, such that the distance between
the few trapped atoms is longer than the transversal
cavity mode. The reflection threshold used to stop the
transport is typically set at 90% of the maximum of the
reflected power. It is worth noting that, independently
of the total amount of atoms in the resonator, the num-
ber of atoms per trapping site is never bigger than unity.
This is due to light-induced collisions [S4] taking place
during the trap loading, where the near-resonant MOT
beams project the number of atoms per site to either 0
or 1.

By performing fluorescence imaging inside the cavity
region after the deterministic transport technique, we ob-
serve that less than 15% of the cases lead to the cou-
pling of more than one atom (resulting in an average of
N, =1.07 when also considering cases with zero atoms).
This sets an upper limit, as the camera also detects flu-
orescence from atoms close to the cavity mode that are
not coupled to it. In the Purcell-broadening measure-
ments we employ the cavity-probe laser as a side probe
(since it allowed for a wider frequency scan), and there-
fore the transport feedback technique is not available.
In that case, the average number of atoms is estimated
by counting the fraction of traces that have one or more
atoms coupled to the cavity (by detecting photons emit-
ted into the resonator), and assuming that the loading
process is random and, therefore, Poissonian. We found
that 77% of the cases yielded a cavity-output signal over
the noise floor (signaling the presence of atoms in the
cavity). The 23% of cases with zero atoms leads to a
Poissonian distribution with an average of N, ~1.5.

In the context of the cavity backaction measurements,
the signal-to-noise ratio of a coupled-atom’s scattering
into free space is reduced in the presence of uncoupled
atoms in the proximity of the cavity mode, the fluores-
cence of which is also collected by the high-NA lenses.
To avoid such contamination of the fluorescence, we push
the atoms that are not coupled to the resonator out of
the optical trap. This is done by first using the cavity-
probe light to only pump the atom in the resonator into
the dark state manifold |F'=1) and, subsequently, per-
forming a push-out pulse [S5] with the side-probe beam.
This expels all the atoms remaining in the bright state
|F'=2) out of the trap. The probability of an atom be-
ing pumped to the dark state increases with its coupling
strength. The technique leads to a preselection of atoms
with stronger coupling (manifesting as a rise in the aver-
age cooperativity, as shown in the main text), since those
that are weakly coupled have a higher chance of remain-
ing in the bright state and being expelled off the trap.
As a consequence, the loading in these measurements is
expected to be lower than N,;=1.07.

Trapping lifetime corrections

Under external laser driving, the atoms continuously
scatter photons in all directions resulting in emission re-
coil events that increase the temperature of the trapped
atoms. The polarization gradient of the driving field
(side-probe laser) only provides cooling along the illumi-
nation axis and, therefore, the atoms accumulate thermal
motion in the remaining two directions. This results in
trapping losses that hinder the precise estimation of pho-
ton emission rates.

Additionally, the loss rate depends on the resonator
detuning due to cavity backaction on the total atomic



scattering rate. Such a dependence needs to be charac-
terized, in order to obtain the atom-loss-corrected scat-
tering rates. We average over 150 SPCM data traces
for each cavity resonance frequency; from these average
traces we infer the atom loss rate from the decay in the
counts. Since different coupling strengths lead to dif-
ferent trapping times, the average decay curve is not a
single exponential, but a distribution of them. The data
is, therefore, fit to a more general stretched exponential,
defined by A -exp[(—t/7)?]. This function represents the
time evolution of a system that is driven by a specific
distribution of decay processes (given by ), each with a
different amplitude A; and lifetime 7; [S6]. Although this
particular function does not contain a full model of the
heating mechanism, we find that such a phenomenologi-
cal approach is enough for the scattering rate evaluation.

The amplitude A of each averaged trace yields a direct
estimation of the output rate of the cavity R, as it rep-
resents the scattering rate before the heating processes
take place. In addition, the decay time of each curve cor-
responds to the trapping lifetime for the different cavity
detunings. The decay behavior is used to estimate the
rate Ry, which is extrapolated from the amount of accu-
mulated photoelectrons np, on the EMCCD chip during
a 100-ms-long exposure. We assume that the free-space
emission follows the same decay as the one obtained from
the corresponding SCPM traces, and consider Ry as the
amplitude of the exponential that would lead to npn pho-
toelectrons when integrating over 100 ms.

Single-photon statistics

In order to characterize the quantum character of the
light emitted by the coupled system, we perform a simple
experiment — depicted in Fig. S.2 — where we externally
drive a single (coupled) atom and collect its emission
with the resonator. The photon statistics of the cavity’s
output field is then analyzed by performing a Hanbury
Brown—Twiss experiment [S7] in which the field is split
and subsequently detected by two photon counting mod-
ules. The cross-correlation between the time-resolved sig-
nals of both photodetectors yields the second-order inten-
sity correlation function ¢(® of the field

<Cl (t) Co (t + T)>
{er(t)) (e2(t))

Here ¢(t) is the number of counts detected at time ¢ (ei-
ther 0 or 1), () is the time average for sufficiently long pe-
riods, 7 is the delay time between both detection traces,
and the subindices 1 and 2 represent the photodetectors.

Effects characteristic of single-photon sources, such as
antibunching (corresponding to the absence of two or
more photons emitted at the same time), can be directly
observed in the ¢ function. In particular, the mea-
sured cross-correlation of the cavity output (depicted in
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FIG. S.2. Experimental setup for the single-photon genera-
tion. A single atom is driven by the side probe (and a re-
pumper field, not shown), and its emission is efficiently col-
lected by the resonator (magnified sketch). The light that
leaves through the high-transmission (HT) mirror is guided
through the fiber to a 97%/3% beam splitter, used to couple
the probe into the cavity during the feedback transport. The
single photons are split and sent to both multi-mode (MM-)
fiber-inputs of the detectors (SPCM 1,2), the output of which
is registered in a time tagging unit (81 ps resolution). The
signal from SPCM 1 is duplicated and sent to an FPGA card
that computes and generates the signal to stop the optical
transport.
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Fig.4 in the main text) shows both an antibunching dip
at 7=0, followed by a bunching feature (¢(*) >1) around
the central dip. While the dip manifests the quantum
nature of the field, the bunching behavior is attributed
to insufficient optical power of the repumper field which
causes the atom to spend a considerable fraction of the
time in the dark state. The typical emission pattern is
thus comprised of emission windows separated by “dark”
periods, and the compression or “clustering” of photons
in packets leads to the bunching. The behavior can be
described phenomenologically by a simple model given
by (see e.g. [S8])

gP()=1—(14b)e 2 4 b7/ (S.3)

where b and 7, describe the amplitude and decay time
that characterize the photon bunching, and (2v.)~!
stands for the enhanced atomic decay rate.

In this case (27.)~! = (3.3 & 0.5) ns, which is to be
compared to the natural decay time of (27) ™! =26.24ns.
We account for the limited time resolution of the de-
tectors by convolving Eq. S.3 with a Gaussian of width
o0 =1.35ns, which describes the specified detectors’ jitter-
ing. The fast atomic decay and the considerable bunch-
ing amplitude (b = 0.33) reduce the effective width of
the antibunching dip. In combination with the detectors
jittering, the feature is washed out and the central value
of the fit model rises, leading in our case to the value
g (0)=0.34 £ 0.05.



THEORETICAL CONSIDERATIONS

The driven, dissipative system

In the absence of dissipative channels, the closed atom—
cavity system is fully described by the Jaynes—Cummings
Hamiltonian [S9] which, under the rotating wave approx-
imation, is given by

Hic = hwa 676 + hweala + hg (6Ta+6a") ., (S4)
where £ is Plank’s constant and & and a are the atomic
lowering and the photon annihilation operators respec-
tively. This simple description is enough to characterize
the energy bands of a single excitation in the coupled
system (shown in Fig. 1(c) in the main text). However it
does not contain the external-driving term necessary to
explore the Purcell and backaction dynamics, which lie
at the heart of the experiments presented here.

We consider the atom as a two-level system and that
the external driving (o< ) is weak enough to create max-
imum one excitation. The open, driven system can then
be heuristically described by a non-Hermitian Hamilto-
nian (see e.g. [S10])

N . . e i Q ~

Ho = Hyc — ih(v6'6 + ra'a) + 3 (6T+6) (S.5)
that includes the irreversible dissipative losses (imaginary
term) and the external weak pumping (last term). Em-
ploying Heisenberg’s equation on both cavity and atomic
amplitude operators (afa and 676) — and assuming a
steady state scenario — provides the scattering rate of
photons emitted into the cavity and in free space, re-
spectively:

Ris = 27(676), (S.6a)
R. = 2r(ata)s, (S.6b)
which leads to Egs.1(a,b) in the main text. Notice

that R, here represents the amount of photons leaving
the cavity, of which a fraction ngr = 67% (for the
initial finesse) is collected through the HT-fiber output.
Considering the optical path losses and the SPCM
quantum efficiency, only 7. ~ 2.1 % of the cavity output
rate R, is finally detected in the cavity backaction mea-
surements (where the finesse decay reduced ngr to 18 %).

Master equation corrections

The external side-driving of the atom in our measure-
ments is constituted by a lin_Llin polarization gradient
that effectively drives both 7- and o4-transitions between
the |F=2) — |F’'=3) sublevels (if averaging over several

atom positions). As a consequence, the atom cannot be
considered a two-level system any longer. Furthermore,
in some cases the driving powers employed are of the or-
der of the saturation intensity, and the weak excitation
approximation does not hold.

To describe the system in such scenario we resort to
the master equation (ME) formalism, where the system of
interest (described by a reduced density matrix) evolves
according to a Liouvillian operator containing the envi-
ronmental degrees of freedom. Although analytical solu-
tions of the ME are not available for this level of complex-
ity, there are numerical computational approaches [S11]
that provide steady-state solutions. The numerical re-
sults are used to benchmark the simplified model. In-
deed, we observe that the simulations qualitatively con-
firm the system’s behavior predicted from Egs. 1, except
for small correction factors on the systems main param-
eters — namely the coupling strength, the cavity band-
width, the detunings, and the photon collection efficien-
cies. We simulate the measurement conditions and ob-
tain correction factors for said parameters by comparing
both methods. For example, when simulating the red-
detuned illumination used in the cavity backaction mea-
surements, we observe that the numerically calculated
scattering rates closely follow the behavior from Egs. 1,
as long as one accounts for a reduction of 5% in g and
a rise of 15% in k. These effects are then included in
the fitting model (except for g, which is used as a free
parameter anyway).

Cavity backaction fit

The fit shown in Fig. 3 (main text) is part of a single fit
commonly applied to four of such pair of curves, which
corresponds to the same type of measurement with differ-
ent driving laser powers (see Fig. S.3). The fit assumes
a single free-space collection efficiency 7y for all mea-
surements, as well as the same resonator bandwidth «
and an unknown frequency offset of the cavity resonance
we. Without such frequency offset, we observe an obvious
systematic discrepancy between the eight data sets and
the common fit. The discrepancy is considerably reduced
when assuming the cavity resonance frequency as a free
parameter, while the extracted cooperativity only varies
by 15%. The exact origin of the 70 MHz shift is un-
clear, but we attribute it to thermal (or heating) effects
on the atoms, which are not included in our simulations.
This influences the atomic emission properties, e.g. dif-
ferent effective ac-Stark shifts for different atom’s tem-
peratures. Additionally, each measurement pair has the
coupling strength as a free parameter (four in total), since
higher driving powers induce more heating and therefore
smaller effective coupling constants. This leads to seven
free parameters for eight curves.
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FIG. S.3. Free-space (blue, left) and cavity (red, right) emis-
sion rates from a single atom for different cavity resonance
frequencies (horizontal axes). Each plot contains four data
sets corresponding to different illumination powers (6.5 mW,
25mW, 65 mW and 250 mW from bottom to top), which are
vertically shifted for better clarity. The curves correspond to
a single fit to our model (see discussion and Fig. 3 in the main
text). The dashed, black lines correspond to Rpg.

The cavity collection efficiency 7. was determined in
an independent calibration to be ~ 2.1%. A direct
measurement, of the free-space detection efficiency 7gs,
though, remains challenging. The collection capability
of the high-NA lens depends on the dipole emission pat-
tern of the atom, which varies for different cavity reso-
nant frequencies due to optical pumping effects. An ap-
proximation considering the emission dipole of an atom
driven with linLlin light (and no cavity present) yields
Nes = 2.2 %, in contrast to the value retrieved from the
fit of nf . =3.3+0.1%.

The effective cooperativity extracted from the fits dif-
fers for the free-space and cavity emission curves. Al-

though both (cavity and free-space emission) curves are
extracted from the same measurement (and therefore
same average atomic coupling), the master equation sim-
ulation predicts that optical pumping effects lead to a
behavior equivalent to reductions on g of 5% for R,
and 11% for Rg,. In combination with the fit param-
eters, this results in effective average cooperativities of
C_’LC = 12.6 &+ 0.8 and C_’Lf_s = 10.0 £ 0.6, respectively
(their arithmetic mean is the value reported in the main
text).
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