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EXPERIMENTAL DETAILS

Our experimental setup is depicted by the simple
drawing in Fig. 1A of the manuscript, with many of
the technical aspects described in more detail in Refs.
[S1, S2]. After releasing a cloud of atoms from a magneto-
optical trap (MOT) above the cavity, transverse cool-
ing beams illuminate the cavity region, at which point
an atom can be loaded into the intracavity far-off res-
onance trap (FORT), which is matched to a standing-
wave, TEMyy mode along the cavity axis. The trap
depth is Up/kp = 2.3 mK (47 MHz), and because its
wavelength is Ap = 935.6 nm, the potential for the
atomic center-of-mass motion is only weakly dependent
on the atom’s internal state [S2]. The cavity length is
actively stabilized with an auxiliary laser at wavelength
Ac = 835.8 nm that does not interfere with the trapping
or the cQED interactions. Relevant cavity parameters
are length lp = 42.2 pym, waist wg = 23.6 um, and fi-
nesse F = 4.2 x 10° at 852 nm.

For our system, the Rabi frequency 2gq for a single
quantum of excitation is given by go/2m = 16 MHz,
where gy is based upon the reduced dipole moment
for the 65,5, F' = 4 < 6P3/5, F' = 3’ transition in
atomic Cs (Fig 1B). The amplitude decay rates (k,~)
due to cavity losses and atomic spontaneous emission
are k/2r = 4.2 MHz, and /27 = 2.6 MHz. Since
go > (K, "), strong coupling is achieved, resulting in crit-
ical photon and atom numbers ng = 72/(2g3) ~ 0.013,
No = 2k7y/g2 ~ 0.084.

With an atom loaded into the intracavity FORT, our
protocol for the generation of single-photon pulses con-
sists in illuminating the atom with a sequence of laser
pulses according to the timing diagram shown in Fig.
1(c) of the manuscript. Within each trial, the first pulse
Q3(t) contains light tuned 10 MHz blue of F = 3 —
F’ =3, which initiates the adiabatic transfer F =3 — 4
between the ground hyperfine levels, with the emission
of a photon into the cavity mode. This transformation
is principally accomplished via “dark” eigenstates of the
atom-cavity system, with no contribution from the ex-
cited level I’ = 3/, and hence with a concomitant reduc-
tion of fluorescent loss [S3, S4, S5]. The second pulse
Q4(t) is tuned 17 MHz blue of F =4 — F’ = 4’ and re-
cycles the atom back to the F' = 3 ground state through
spontaneous decay F' = 4" — F = 3. Each Q34 field
consists of two orthogonal pairs of counter-propagating

beams in a 0™ —o~ configuration. The detuning between
the 3’ — 4 transition at w43 and the cavity resonance w¢g
is ACA = we — w3 = 21 X 9 MHz [86]

We now provide some additional details on the optical
path from the cavity to the detectors. After emerging
from the vacuum chamber window, the path includes a
polarizing beam splitter (PBS), several dichroic mirrors
and two interference filters. The light is next coupled into
a single-mode fiber, and then split using a 50/50 fiber
coupler. The two output fibers of the coupler are con-
nected to fiber-coupled avalanche photodiodes (APD), la-
belled D4 and Dp.

LOSSES AND EFFICIENCIES

Photons generated in the cavity are subject to various
types of loss along their path to the detectors. These are
summarized in Table S1.

Independent diagnostic measurements reveal the ra-
tio of scattering/absorption losses to transmission of our
cavity mirrors [S7]. From this we infer the cavity escape
efficiency a.. Our cavity is also symmetric (nominally
identical mirrors) meaning that 1/2 of the generated pho-
tons leave through the mirror M; and are not detected
(a2s). Once the light exits the vacuum chamber, the un-
polarized stream of output photons is first reflected from
the PBS, resulting in a 50% loss (apps). The remain-
ing optics, including the fiber coupling efficiency, on the
way to the APD’s gives the quantity ap. The quantum
efficiency aapp of the APD’s is also independently mea-
sured.

The uncertainty in «, comes from the difficulties re-
lated to mode matching and scattering in the reflec-
tion dip measurement we used [S7]. The efficiencies ap
and aspp are obtained using measurements of the fiber
transmission, which has fluctuations in our system of
around # 10%. The values and uncertainties enumerated
in Table S1 combine to give a total efficiency of escape,
propagation and detection

Q= Qe X ags Xapgs X ap X aapp = 0.024 £+ 0.004 (1)

From these efficiencies, their associated uncertainties
and our measurements of photon statistics of the emit-
ted light, we infer that each generation attempt succeeds
with probability ¢ = 1.15+0.18. The fact that we suc-



ceed with efficiency consistent with unity (within error)
derives from the strong coupling of atom and cavity field.

DATA ANALYSIS
Determination of the Presence of a Trapped Atom

For each attempt to load an atom into the FORT, we
obtain an output stream of photoelectric events. The
first step in the analysis of such an output stream is to
determine whether an atom was indeed loaded into the
trap. The procedure is as follows: we assume an atom
is present at time ¢ if more than n, photons total were
recorded during the Wy detection windows immediately
prior to t. The result is not sensitive to the exact values
of n, and Wy; typical values are n, = 1-5, Wy = 500
(i.e., 5 ms).

Calculation of C(7)

Counts recorded outside the gating intervals
[ty — 16t,t) + 36t] are removed from the record
due to an excess of stray light between trials {j}. This
occurs because of our use of an optically pumped Cs cell
in the output path for the purposes of filtering residual
scattered ()3 light. These records are then converted into
a pair of lists (a¥,--- ,a%;) and (0%, - -+ ,b%;) for detectors
D4 and Dpg, respectively. The nt" entry in each list
is 1 if a photoelectric event was recorded in the time
interval [nd, (n + 1)d], and zero otherwise, where ¢ is
the time resolution of our data acquisition system. The
correlation function is obtained by convolving the two
lists against each other, and then convolving the result
against a smoothing function f(t) = (2ro?)~1/2e=1"/20%,
with o = 20 ns:

C(T):Zf(r—mé)ZZabeﬁ+m . (2)
m k n

TWO-EVENT PROCESSES

We have investigated several optical processes that
might yield more than one photon per trial, including
the atom’s recycling by stray light from the €4 beam or
by diverse off-resonant excitation mechanisms, including
from the FORT itself. We conclude that none of these are
responsible for the observed disparity between R and Rp.
Instead, as demonstrated by Fig. 4 in our manuscript,
the excess coincidences likely arise from infrequent events
in which two atoms are trapped within the cavity, each
atom contributing one photon during the detection win-
dow.

Model for Inferring the Two-Atom Probability

In a straightforward fashion, we derive that the pho-
todetection probabilities Py, P, for one and two-photon
detection in the absence of detector dark counts are:

P = nrage + 2nrrage(l — agg) + Ps (3)
Py = nragePs + nrage(ape + 2Ps(1 — ape)) + P3.

The principal assumptions in the derivation of these
equations are (i) that there are at most two atoms in the
cavity and (ii) that two atoms act independently inside
the cavity both in their decay from the trap (assump-
tion supported by separate measurements) and in their
generation of ideal single photons.

In Eq. (3), ¢¢ is the probability that one atom within
the cavity will generate one photon during a given trial
j, and Ps = Pg — Pp is the probability of a background
event other than from detector dark counts in the detec-
tion window [}, t} + dt] (i.e., scattered light). From the
measured photoelectric counting statistics, the known
probability Ps = 4.9 x 1072, and the overall efficiency «,
we can solve this pair of equations for the two unknowns
¢ and nry. For the first bin of Fig. 4 of the manuscript
(with the values P, = 0.0285, P, = 2.68 x 10~° de-
rived from Pj, P» by correcting for dark counts), we find
a¢pg = 0.0276 and nr; = 0.033.

The full curve in Fig. 4 of our manuscript is ob-
tained by employing these values for a¢g and nr; as
initial conditions to deduce the time dependence of the
photon statistics over the duration of the trapping in-
terval. The time dependence of ny,n;; is modelled by
simple rate equations with initial conditions (n?,7%;) =
(0.967,0.033). We also use the experimentally deter-

mined decay rate I'y = 1/0.14 s, and the assumption
I'y =2I'y.

’ Description Symbol Value Error‘
Cavity escape Qe 0.6 0.1
Two-sided cavity s 0.50 N/A

Polarizer apps 0.50 N/A
Propagation ap 0.32 0.03
Detection QAPD 0.49 0.05

Total @ 0.024 0.004

TABLE S1: List of efficiencies associated with photon
propagation and detection.
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