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Nanophotonic quantum phase switch with a single atom
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In analogy to transistors in classical electronic
circuits, a quantum optical switch is an impor-
tant element of quantum circuits and quantum
networks[IH3]. Operated at the fundamental limit
where a single quantum of light or matter controls
another field or material system[4], it may en-
able fascinating applications such as long-distance
quantum communication[5], distributed quan-
tum information processing[2] and metrology[6],
and the exploration of novel quantum states of
matter[7]. Here, by strongly coupling a pho-
ton to a single atom trapped in the near field
of a nanoscale photonic crystal cavity, we real-
ize a system where a single atom switches the
phase of a photon, and a single photon modi-
fies the atom’s phase. We experimentally demon-
strate an atom-induced optical phase shift[8] that
is nonlinear at the two-photon level[9], a photon
number router that separates individual photons
and photon pairs into different output modes[10],
and a single-photon switch where a single “gate”
photon controls the propagation of a subsequent
probe field[11, 12]. These techniques pave the
way towards integrated quantum nanophotonic
networks involving multiple atomic nodes con-
nected by guided light.

A quantum optical switch[IT, I3HI6] is challenging
to implement because the interaction between individ-
ual photons and atoms is generally very weak. Cav-
ity quantum electrodynamics (cavity QED), where a
photon is confined to a small spatial region and made
to interact strongly with an atom, is a promising ap-
proach to overcome this challenge[d]. Over the last two
decades, cavity QED has enabled advances in the control
of microwave[I7HI9] and optical fields[I3] 20H23]. While
integrated circuits with strong coupling of microwave
photons to superconducting qubits are currently being
developed[24], a scalable path to integrated quantum cir-
cuits involving coherent qubits coupled via optical pho-
tons has yet to emerge.

Our experimental approach, illustrated in Figure 1la,
makes use of a single atom trapped in the near field of a
nanoscale photonic crystal (PC) cavity that is attached
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to an optical fiber taper[2]. The tight confinement of the
optical mode to a volume V ~ 0.4 A3, below the scale of
the optical wavelength A, results in strong atom-photon
interactions for an atom sufficiently close to the surface
of the cavity. The atom is trapped at about 200 nm from
the surface in an optical lattice formed by the interference
of an optical tweezer and its reflection from the side of the
cavity (see Methods Summary, ST and Fig. 1la,b). Com-
pared to transient coupling of unconfined atoms|[I3] 22],
trapping an atom allows for experiments exploiting long
atomic coherence times, and enables scaling to quantum
circuits with multiple atoms.

We use a one-sided optical cavity with a single port for
both input and output[8]. In the absence of intracavity
loss, photons incident on the cavity are always reflected.
However, a single, strongly-coupled atom changes the
phase of the reflected photons by m compared to an empty
cavity. More specifically, in the limit of low incident in-
tensity, the amplitude reflection coefficient of the atom-
cavity system is given by[20]:

(n—1)y+2i0

(n+1)y—2i6 )

Tec (77) =

where 7 = (29)?/(k7) is the cooperativity, 2g is the single
photon Rabi frequency, ¢ is the atom-photon detuning,
and the cavity is taken to be resonant with the driving
laser. In our apparatus, the cavity intensity and atomic
population decay rates are given by k = 27 x 25 GHz
and v = 2w x 6 MHz, respectively. The reflection coef-
ficient in Eq. [1| changes sign depending on the presence
(n > 1) or absence (n = 0) of a strongly-coupled atom.
If the atom is prepared in a superposition of internal
states, one of which does not couple to the cavity mode
(e.g. another hyperfine atomic sublevel), the phase of the
atomic superposition is switched by 7 upon the reflection
of a single photon. By also adding an auxiliary photon
mode that does not enter the cavity (e.g., an orthogo-
nal polarization), this operation can be used to realize
the Duan-Kimble scheme for a controlled-phase gate be-
tween an atomic and a photonic quantum bit[8]. The
property of the atom-cavity system that a single photon
and a single atom can switch each other’s phase by 7 is
the key feature of this work.

We quantify the single-atom cooperativity n by mea-
suring the lifetime 7 of the atomic excited state when it
is coupled to the cavity. We excite the atom with a short
(3ns) pulse of light co-propagating with the optical trap
and resonant with the |55 /5, F = 2) — [5P5,9, F' = 3)
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FIG.1. Strong coupling of a trapped atom to a photonic crystal cavity. a. A single 5"Rb atom (blue circle) is trapped
in the evanescent field (red) of a PC (gray). The PC is attached to a tapered optical fiber (blue), which provides mechanical
support and an optical interface to the cavity. The tapered fiber-waveguide interface provides an adiabatic coupling of the
fiber mode to the waveguide mode. The inset shows the one-dimensional trapping lattice (green), formed by the interference
of an optical tweezer and its reflection from the PC. b. Scanning electron microscope (SEM) image of a single-sided PC.
The pad on the right-hand side is used to thermally tune the cavity resonance by laser heating. c. The PC is integrated in a
fiber-based polarization interferometer. A polarizing beamsplitter (PBS2) splits the D-polarized input field into an H-polarized
arm containing the PC and a V-polarized arm with adjustable phase ¢v. Using a polarizing beamsplitter (PBS1) and half
wave plate (HWP) the outgoing D and A polarizations are detected independently. d. Excited-state lifetime at an atom-cavity
detuning of 0 GHz (red) and —41 GHz (blue). The excited state lifetime is shortened to 7 = I'"! = 3.0(1) ns from the free
space value of y~1 = 26 ns, yielding a cooperativity n = 7.7 + 0.4. The difference in the fluorescence signal at ¢t = 0 for the two
detunings is consistent with the change in cavity detuning. The inset shows the enhancement of the atomic decay rate versus

atom-cavity detuning.

transition (near 780nm). The atomic fluorescence is
collected through the cavity to determine the reduced
excited-state lifetime 7 = I'"!, as shown in Fig. 1d,
which yields the cooperativity n = (I' — «)/7. Fitting
a single exponential decay gives 7 = (3.0 & 0.1) ns, cor-
responding to n = 7.7 & 0.3 and a single-photon Rabi
frequency of 2g = 27 x (1.09 £ 0.03) GHz.

To probe the optical phase shift resulting from the
atom-photon interaction, we integrate the cavity into a
fiber-based polarization interferometer, which converts
phase shifts into polarization rotations (Figure 1c). The
H-polarized arm of the interferometer contains the cav-
ity, while the V-polarized arm is used as a phase refer-
ence. For an input photon state |1;,) in the polarization
basis {|H),|V)}, the state exiting the interferometer is
given by R|¢in), where R = rve® [V)(V|+r.(n)| H)(H|
and ry, ¢y are the amplitude and phase of the reflec-
tion of the reference arm. We choose the reflectivity
ry of the reference arm to match that of the empty
(lossy) cavity (see SI), such that in the absence of an
atom, the light emerges in the incident polarization state
D) = (V) + |H))/v2. In the presence of an atom,

for ¢y = 0 and 1 > 1, input light exits the interfer-
ometer predominantly with the orthogonal polarization

[4) = (IV) = [H))/ V2.

Figure 2a demonstrates the optical phase shift arising
from an atom coupled to the cavity. A weak D-polarized
probe field is applied at the interferometer input, and
the output power in the A and D ports is recorded as a
function of the reference phase ¢y . The phase of the re-
flected light is shifted by (1.1 £0.1)7 relative to the case
with no atom, and the visibility of the oscillation with
oy is (44 £ 2)% and (39 £ 2)% in the A and D ports,
respectively. By repeating this measurement for a range
of atom-photon detunings J, we observe a 27 change in
the reflection phase across the atomic resonance (Figure
2b), in agreement with Eq. . For the data presented,
the events where an atom was not present in the cav-
ity (e.g. by escape from the trap) were excluded. The
remaining contributions to the reduced fringe visibility
are imperfect balancing of the interferometer (~ 5%),
atomic saturation effects (~ 10%), state-changing scat-
tering processes that leave the atom in a different final
state and therefore reveal which-path information in the
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FIG. 2. Photon phase shift produced by a single atom. a. Normalized interferometer output versus reference phase ¢v.
The blue circles, blue squares, red circles, red squares correspond to A /P1, D1/P1 (with atom) and Ag/Po, Do/Po (without
atom) where A and D are the powers in the A and D output ports and P = A+ D. The measurement is performed near
resonance (6 = —2MHz) and the lines are sinusoidal fits resulting in a phase shift of (1.1£0.1)w. The maximum fringe visibility
with and without an atom is (44 £ 2)% and (97 + 1)%, respectively. b. Measured phase shift versus detuning in the presence
(blue) or absence (red) of an atom. The curve includes cavity losses in Eq. [1| (see SI), and corresponds to a cooperativity of
n = 7.7 and a small (5 MHz) offset from the free-space resonance. The inset shows A1 /Py at ¢y = w. The solid line is the
expected value for the same model parameters as in the main figure. The expected increase in reflectivity in the presence of
an atom (P1/Po > 1) arises because the atom reduces the field amplitude in the lossy cavity (see SI). In our experiment we
observe P1 /Py ~ 1.2. The error bars reflect +1o statistical uncertainty.

interferometer (~ 20%) and thermal motion of the atom
(~20%) (see SI).

The saturation behavior of the atom-cavity system is
examined in Figure 3a, which shows the fraction of the
output power in the A and D ports as a function of the
input power. We set the reference phase ¢y =~ 0 such
that the A port is dark in the absence of the atom. The
distribution of the output is power-indepedent for low in-
put powers, as expected for a linear system. At higher
powers, the atomic response saturates and the output
fraction at the A port decreases. The saturation becomes
evident when the input photon rate approaches the en-
hanced excited state decay rate I', in agreement with
theoretical predictions (see SI). This nonlinearity results
in different reflection phases for single photons and pho-
ton pairs. In a Hanbury-Brown-Twiss experiment, we
measure the photon-photon correlation functions g(® (7)
at low input power. We observe strong anti-bunching
of gff)(O) = 0.12(5) and bunching of gg)(O) = 4.1(2)
in the A and D ports respectively, indicating that the
atom-cavity system acts as an effective photon router by
sending single photons into output A and photon pairs
into output D[27].

To realize a quantum switch where the state of a single
atom controls the propagation of many probe photons, we
use two atomic hyperfine states, |¢) = |F = 2,mp = 0)
and |u) = |F = 1,mp = 0) (see Figure 4a) which can
be coherently manipulated with microwaves. While the
atom-photon interaction strength is similar for all of the
sublevels in a given hyperfine manifold, the F' = 1 lev-
els (including |u)) are effectively uncoupled because the

probe is far-detuned from all optical transitions originat-
ing from this level. In Fig. 4b, we show the output signal
at the A port for a D-polarized probe field with an atom
prepared in F' = 1 or F' = 2. The switch is “on” and
the input light goes mostly to the A port when the atom
is in F' = 2, while the switch is “off” and the A port is
dark when the atom is in F' = 1. We estimate that up
to m4 ~ 75 photons could be transmitted to the A port
in the “on” state before the atom is optically pumped
out of the F' = 2 manifold. In the experiments shown in
Figure 4, a smaller number of photons (g = 6.2) was
used to increase the rate of data acquisition by allowing
a greater number of measurements with the same atom.
This photon number allows us to distinguish the switch
state with an average fidelity of 95%.

As the effect of an atom on a photon and that of a
photon on an atom are complementary, it follows from
Eq. [I] that a single photon can shift the phase of the
coupled state |c¢) by m. This phase shift can be converted
into a flipping of the atomic switch, |¢) «> |u), using an
atomic Ramsey interferometer[18]. An atom is first pre-
pared in the |u) state via optical pumping and rotated
to the superposition (|u) + |c))/v/2 by a microwave /2
pulse (see SI). A single H-polarized “gate” photon flips
the atomic superposition to (|u) — |c))/v/2. As reflection
of the gate photon does not reveal the atomic state, the
atomic superposition is not destroyed. Finally, a second
microwave 7/2 pulse rotates the atomic state to |c) or |u)
depending on the presence or absence of the gate photon,
leaving the switch on (atom in |c)) or off (atom in |u)). A
similar technique was recently explored for nondestruc-
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FIG. 3. Quantum nonlinear optics with the atom-PC system a. Interferometer output as a function of the photon
rate incident on the interferometer. The outputs A1 /Po (blue) and D1 /Py (red) are normalized to the case without an atom.
The incident photon rate is normalized to the enhanced atomic decay rate I' = (n + 1)y. The interferometer is tuned such
that port A is dark in the absence of the atom and the output in port A starts to saturate at a rate below one photon per
bandwidth I". Unlike the data in Figure 2 and 4 these measurements were performed in the presence of the dipole trap which
reduces A; /P1 at low driving intensities (see SI). b-c. Photon-photon correlation functions g‘® () for the A (b) and D (c)
ports. Port A shows clear anti-bunching with gg)(()) = 0.12(5), while port D exhibits a strong bunching of gg?)(O) =4.1(2).

The solid lines in figure a-c are obtained from a model including inhomogeneous light-shift broadening arising from the dipole
trap (see SI). The error bars reflect +1o statistical uncertainty.

gate photon
a b
prepare in F=1 or F=2 probe field time prepareinfu) 7/2 -t 7/2 probe field ~time
1.0 1.0 "
P 5= Oy
780nm =
kel
> ©
= F=2 |C>—— 5
Q05 B 2 00L : :
8 F= 68GHz [uw | 21005 1hhvm,
e F=1 —X ] I
|u) B
S
- F=2
0 0.0kL : : : : : : :
0 5 10 15 -7 —7/2 0 /2
number of photons MW phase ()

FIG. 4. Realization of the quantum phase switch a. Number of probe photons detected in port A as a function of the
internal atomic state. If the atom is in the F' = 2 manifold the switch field is “on”, thereby routing n4 = 6.2 photons to
port A. If the atom is absent (dashed line) or in the F' = 1 manifold, 74 = 0.2. The input photon number is the same in
all cases, with a peak rate much smaller than I". The separation between the two distributions allows the switch states to be
distinguished with 95% average fidelity. The inset shows the relevant levels for the quantum switch. The laser is tuned to the
F =2 to F' = 3 transition, and couples only to |c). b. (top) The switch sequence (see text). (bottom) The probability P, of
finding the switch “on”, as a function of the phase 6 of the second microwave pulse (6 = 0 (top panel) and § = 27 x 14 MHz
(bottom panel)). P, is shown in several cases: without a gate field (PS,, red); and with a gate field, both with (P2,, blue)
and without (P, green) conditioning on the detection of a reflected photon. The error bars reflect +1o statistical uncertainty
in the data, while the shaded region shows the range of curves with fit parameters within 1o of the best fit.



tive photon detection in a Fabry-Perot cavity[12].

In our measurement, we mimic the action of a sin-
gle gate photon by applying a weak coherent field with
n ~ 0.6 incident photons and measuring the probe trans-
mission conditioned on the detection of a reflected gate
photon at either interferometer output. Fig. 4c shows
the probability P,, to find the switch in an “on” state
as a function of the phase of the second microwave pulse.
The dependence of P,, on the microwave phase when a
reflected gate photon is detected shows that the super-
position phase is shifted by (0.98 £ 0.07)7w. The atomic
coherence is reduced but not destroyed. The absence of
a phase shift in the unconditioned data (green curve in
Fig. 4c) confirms that the switch is toggled by a single
photon. The phase shift depends on the gate photon de-
tuning: tuning the laser to § = 27 x 14 MHz results in a
phase shift of (0.63+0.15)7, in good agreement with the
detuning dependence of the photon phase shift (Figure
2b).

For an optimally chosen phase of the second microwave
pulse, we find that the switch is in the “on” state with
probability Pl = 0.64 + 0.04 if a gate photon is de-
tected, P2 = 0.11 £ 0.01 if no gate field is applied, and
P}¢ =0.46 £ 0.06 without conditioning on single photon
detection. The finite P, > 0 without a gate field arises
from imperfect atomic state preparation and readout fi-
delity (see SI). Pl is also affected by the finite proba-
bility for the gate field to contain two photons, of which
only one is detected. This results in a decrease (increase)
of PL, (P“) by about 20% in a way that is consistent
with our measurements (see Methods Summary and SI).
We attribute the 8 % positive offset in Pl and P to
spontaneous scattering events of the gate photon, which
cause atomic transitions to a final state other than |c)
within the F' = 2 manifold. Lastly, we estimate that fluc-
tuations in 7 arising from thermal motion do not change
P} by more than 10%, since the atom-photon interaction
scheme used here[§] is inherently robust to variations in 7
for n > 1. The imperfect fringe visibility in Figure 2 and
4, due to the technical imperfections discussed above, can
be improved by better atomic state preparation, align-
ment of the cavity polarization with the magnetic field
defining the quantization axis, and improved atom local-
ization. The fringe visibility does not directly depend
on the cooperativity and absent technical imperfections,
perfect fringe visibility should be achievable; however,
the probability of gate photon loss is reduced as the co-
operativity increases (see SI).

Our experiments open the door to a number of intrigu-
ing applications. For instance, efficient atom-photon en-
tanglement for quantum networks can be generated by

reflecting a single photon from an atom prepared in a
superposition state. The quantum phase switch also al-
lows for quantum non-demolition measurements of op-
tical photons[12], 28]. With an improved collection ef-
ficiency of light from the PC cavity and reduced cav-
ity losses, it should be possible to make high-fidelity
non-demolition measurements of optical photon number
parity to create non-classical “cat”-like states[29], with
possible applications to state purification and error cor-
rection. Most importantly, the scalable nature of both
nanofabrication and atomic trapping allow for extensions
of this work to complex integrated networks with multi-
ple atoms and photons.

A. Methods Summary

We begin our experiments by loading a single 8"Rb
atom from a magneto-optical trap into a tightly focused
optical dipole trap. After a period of Raman sideband
cooling[I] to localize the atom in the trapping potential,
we translate the optical dipole trap to the PC cavity,
where the interference of the dipole trap light with its
reflection from the PC forms an intensity maximum that
confines the atom at a distance of about 200 nm from the
surface of the PC[2] (Fig. la,b). The success probability
of loading an atom near the PC is > 90%. We modulate
the dipole trap with full contrast at 5 MHz to interro-
gate the trapped atom at instances that the light-shift is
negligible.
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SUPPLEMENTARY MATERIAL
I. EXPERIMENTAL SETUP
A. Apparatus

Our setup is described in detail in Ref. [S1] 2], and is only briefly reviewed here. The apparatus consists of an
ultra-high vacuum (UHV) system with a 8"Rb MOT. We trap single atoms in a tightly focused scanning optical
tweezer (waist wg = 0.9 pm, wavelength A = 815nm, trap depth Uy = 1.0mK), which is formed at the focus of an
aspheric lens (Thorlabs 352240). After loading an atom from the MOT and performing Raman sideband cooling [S1]
to better localize the atom, we increase the tweezer depth to Uy = 2.1 mK and translate the tweezer to the photonic
crystal cavity, about 40 pm away. At its final position the optical dipole trap is formed by the interference of the
optical tweezer with its reflection from the PC, creating a 1D optical lattice. Based on numerical simulations we
estimate the closest lattice site to be 180 nm away from the surface, with a maximum light shift of ~ 4 mK. The trap
depth is smaller than this maximum value because of a finite light intensity at the surface of the PC and additional
surface forces. From measurements of the atom-cavity coupling, we infer that the loading procedure succeeds more
than 90% of the time. The lifetime of the atom in the tweezer is about 0.25s near the photonic crystal, which is
shorter than the lifetime in the tweezer in free space (6s). To ensure relative position stability of the tweezer and
the PC we periodically measure the position of the PC and adjust our coordinate system for observed drifts. The
PC position is determined by inserting 815 nm light into the PC and detecting the emitted light through the optical
tweezer path. By taking 5 images in different focal planes the PC position is determined in 3D.

The finite temperature of the atom leads to time-varying light shifts of the optical transition in the presence of the
dipole trap [S2]. In order to suppress this effect in the measurements presented in Figures 2 and 4, we modulate the
dipole trap intensity with full contrast at 5 MHz and probe the atom-photon interaction only when the intensity is
nearly zero. Since this modulation is much faster than the highest trap frequency (710kHz), the atom experiences a
time-averaged potential and the trapping potential is well-described by the potential averaged over one modulation
period, as explored in time-orbiting potentials for ultra cold atoms and RF Paul traps for ions. For modulation
frequencies above 4 MHz we observe no reduction of the trap lifetime compared to the unmodulated trap. The
modulation is produced by dividing the dipole trap beam into two paths, shifting with two coherently driven acousto-
optic modulators (AOM) detuned by the desired modulation frequency, and recombining the two AOM outputs into
a single-mode fiber. When applying this modulation we observe the optical transition frequency to be within 5 MHz
of its free space value. In an unmodulated trap of the same average intensity it is shifted by ~ 120 MHz.

For the measurements in Figures 2 and 4, both the probe and gate pulses consist of a train of Gaussian pulses with
a FWHM of 24ns. These pulses are generated by a fiber-based electro-optic modulator (Jenoptik AM 830) driven
by an arbitrary waveform generator (Agilent 33250A). Synchronization with the dipole trap modulation is achieved
by triggering the pulse train with a low-jitter delay generator (SRS DG645) from a photodiode which monitors the
dipole trap power directly.

All measurements were performed with single photon counting modules (Perkin Elmer SPCM-AQRH), recorded
using a PicoHarp 300 time-correlated single-photon counting system.

B. Polarization interferometer

In section [[V] we give a detailed theoretical description of the input and output modes of the interferometer. Here,
we discuss the experimental implementation.

1. Experimental implementation

The PC is mounted inside the UHV system attached to a tapered optical fiber. The fiber is guided out of the UHV
system through a fiber feedthrough and integrated into a fiber based interferometer (see Figure . All fiber-fiber
connections are fusion spliced to ensure high coupling efficiencies and we achieve a total efficiency from the free space
fiber coupler to the tapered fiber of 78%, mostly limited by PBS2. The fiber of the |V) polarized reference arm is
glued to the side of a piezo stack, which allows for tuning ¢v over many tens of 7. We adjust the polarization of
the various arms by means of fiber polarization controllers. We find that optimizing the polarization controllers once
every few weeks is sufficient for stable operation of the interferometer.
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FIG. S5. Schematic drawing of the fiber based polarization interferometer. All components within the dashed line are fiber-
based. PBS1 and PBS2 are free-space and a fiber-based polarization beamsplitters, respectively. BS denotes 50/50 beamsplitters
and HWP and FC are a A/2-plate and a fiber coupler. In both the D and A ports of the interferometer a pair of detectors is
used for photon-photon correlation measurements. The fiber beamsplitters (FBS) are labeled with their coupling ratios. The
two 780nm input fields are used for coupling to the atom and for stabilizing the cavity and interferometer, while the 815 nm
field is used for stabilization of the device position.

The path length of the two arms of the interferometer are adjusted to be within several mm of each other, so that
the free spectral range of the interferometer is large (> 30 GHz) compared to the range of frequencies used to probe
the atom.

Thermal effects cause fluctuations of the relative phase of the two interferometer arms. We compensate for these
drifts by stabilizing ¢y such that the power in the A port is minimized in the absence of an atom. In order to obtain
an error signal for the stabilization we send a 780 nm probe beam through the interferometer while dithering ¢y . We
use a field programmable gate array (FPGA) to implement lock-in detection of the modulated probe reflection and
apply feedback to ¢y. This feedback is applied during the Raman cooling sequence (which lasts ~ 150 ms).

C. Photonic crystal design and fabrication

The PC cavities are fabricated using electron beam lithography and reactive ion etching, as described previously
in [S2]. The cavities used in this work are formed from waveguides with a cross section of 500 nm by 175nm, and are
patterned with rectangular holes of size 225 nm by 126 nm. The pitch of the holes is 280 nm in the center of the cavity,
and gradually increases to 315 nm on either end of the cavity. To make the cavity single-sided, there are 5 extra holes
on the side of the cavity opposite the fiber, which increases the reflectivity of this mirror by a factor greater than 10.

To enable the cavities to be heated with a laser for thermal tuning of the transition frequency, a pad is formed on
the waveguide (as visible in Figure 1c) and coated with amorphous silicon. Depositing this material is the final step
in the fabrication process, to allow the absorbing material to be chosen independently of its compatibility with the
strong acids and bases used for undercutting and cleaning the waveguides. This is accomplished by using a patterned
silicon nitride membrane as a stencil for electron beam evaporation of the absorbing material. The membrane is held
several microns over the top of the cavities with a spacer, and aligned to deposit the absorbing material on the pads
without contaminating the cavities.

After fabrication, an array of cavities is characterized with a tapered fiber probe. Using the linewidth and the
amount of power reflected at the cavity resonance frequency, we can extract both the decay rate into the waveguide
and the decay rate into other modes that we do not collect. In the set of cavities fabricated for this experiment, the
decay rates into other modes ranged from k. = 4 — 15 GHz, corresponding to loss-limited quality factors of about
30,000 - 100,000. The waveguide decay rate was fixed by the fabrication parameters to be x4, = 20 GHz, ensuring
that all cavities are over-coupled.

Finally, a single PC is selected, removed from the substrate, attached to a tapered optical fiber and inserted into
the UHV chamber. The fiber-waveguide coupling efficiency is 62 %.
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FIG. S6. Characterization of the interferometer and PC. The solid blue and black curves are the measured sum and difference
of the two interferometer ports respectively. The red solid and dashed lines are the fit to Eq. and Eq. respectively.

D. Interferometer and PC characterization

We characterize the cavity and interferometer using a New Focus Velocity TLB-6712 tunable laser. In the absence
of an atom we measure the reflection of a diagonally polarized probe field as a function of laser frequency v. The
output state of the interferometer is [tous) = (1/v/2)(|ry €|V +r.(0)|H)) where ¢o(v) = v/vrsr is the relative
phase accumulated between the two arms, vpgp is the interferometer free spectral range, 7.(0) = |r.(v)|e*?**) and
|re(v)] and ¢.(v) the reflection coefficient and phase of the empty cavity respectively. We measure the power in the
D and A ports as a function of probe detuning and analyze the sum and difference of the two detectors:

Dt A~ L (vl + Ire0)P) (s2)

D—A~Re (|TV\TC(O)e_i¢°(>‘)> (S3)

Figure [S6]shows a measurement of both the sum and difference of the output intensities at the A and D interferometer
ports. The sum shows a dip in reflected power at the cavity resonance, which arises from the finite losses of the cavity.
In the differential signal the resonance is visible as a 27 phase slip in the interferometer signal across the cavity
resonance. The red lines are fits of Eq. and with vpsr, Kuwg, Kse and a global phase and amplitude as free
parameters. We obtain vpsp = 33GHz, kyg = 20.3GHz and ks, = 5.2GHz, yielding k = Kyy/k = 0.8, where
K = Ksc + Kuwg-

E. Cavity tuning

At room temperature the cavity resonance is at 779.8 nm, selected to be slightly to the blue of the atomic 3"Rb
resonance at 780.03 nm. We thermally tune the cavity resonance by applying a 802 nm laser beam focused to a 2.1 um
beam waist on the absorptive silicon patch shown in Figure 1b. Heating the cavity allows for thermal tuning of the
cavity resonance to the red with a measured tuning coefficient of ~ 0.4nm/mW. We have observed reversible tuning
up to +2nm from the room-temperature resonance.

To lock the cavity on the atomic resonance we use a similar scheme as we use to lock the interferometer. We measure
the reflection of the same 780 nm probe beam and lock the cavity resonance by applying feedback to the heater laser
intensity. We dither the heater-intensity and perform a lock in measurement and feedback using the FPGA. The
feedback is applied during the Raman cooling sequence, when the probe beam does not disturb the atom. The cavity
is typically locked ~ 1 —2 linewidths to the blue of the 3”Rb resonance to account for a small additional heating of the
cavity by the optical tweezer. Pointing alignment of the heater laser on the PC is periodically optimized by scanning
the heater laser position using a scanning piezo mirror minimizing the heater laser intensity required for locking the
cavity.
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FIG. S7. A schematic representation of the switch sequence. See text for details.

F. Measurement sequence for switching experiment

Figure [S7] shows a detailed version of the sequence used for the switch experiment. The first 500 us consist of
preparing the atom in the |u) state by means of microwave transfer and optical pumping (see section. Following,
the atom is put in the superposition |u) + |¢) by means of a 7.5 us long 7/2 microwave pulse. Then 10 Gaussian
(FWHM of 24ns) H-polarized gate pulses are applied at instances that the dipole trap is at its minimal intensity.
A second 7/2 microwave pulse with variable phase 6 rotates the atomic superposition to its final state. The atomic
state is detected with 500 Gaussian probe pulses at times that the dipole trap intensity is minimal, followed by a 15 us
long 7 pulse and a second identical readout sequence. For the data with the gate pulse a fast conditional logic circuit
(Lattice ispMACH LC4256ZE) prohibits the execution of the readout sequence if no photon was detected during the
a several ps-wide window around the gate pulses. This prevents unnecessary heating of the atom by the readout at
instances that no gate photon was detected. The complete sequence is typically repeated 100 times for one atom.

For the measurements of the photon phase presented in Figure 2 we use a similar method of pulsed probing using
the dipole trap modulation without applying the microwave modulation and the gate pulse. For the data in Figure
3, no dipole trap modulation was applied.

II. EXPERIMENTAL METHODS
A. Internal state preparation

For the switching experiments we perform state preparation into the |F = 1,mp = 0) magnetic sub-level. Con-
ventional methods for state preparation in magnetic sub-levels involve optical pumping with well defined polarization
such that one internal state is dark to the optical pumping process. However, in the vicinity of the PC obtaining a
clean polarization is challenging because of unavoidable scattered light. To achieve efficient optical pumping while
being trapped near the PC we employ a combination of optical pumping and coherent microwave transfer. We apply
light resonant with the FF = 2 — F’ = 2 transition of the D2-line to deplete the F' = 2 manifold. Simultaneously,
we perform a coherent microwave transfer between the |F = 1,mp = £1) and |F = 2, mp = £2) sub-levels. As a
result the atomic population accumulates in the dark |F' = 1,mp = 0) sub-level. We toggle the microwave pulses
(each 17 us) and the optical pulses (10 us) sequentially but have observed similar behavior with the optical beam
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FIG. S8. Determining the presence of a single atom. 80 readout measurements (each consists of 500 24 ns pulses) are performed
on the same atom. The histogram shows the number of photons counted per readout measurement. The blue dots show the
probability P; for a single measurement that an atom was present and the red line PC that an atom was present at the i-th
measurement based on all measurements in the dataset (see text).

continuously on and 25 us microwave pulses. The optical intensity is chosen to have similar optical pumping rates
and microwave transfer rates. We use the stretched |F = 1,mp = 1) — |F = 2,mp = £2) transitions instead of
| =1,mp = £1) = |F = 2,mp = +£1) because of the larger Clebsch Gordan coefficients and slightly o-polarized
nature of our microwave field, leading to a faster pumping rate. Under conditions with 25 us microwave pulses and
continuous optical pumping we find that after 5 cycles the atom is with ~ 90% probability in the |F = 1,mp = 0)
state, and the pumping rate is well fit by an exponential time-constant of 1/, = 57 us.

B. Single shot readout and verification of the atom presence

A single readout measurement of the atom consists typically of 500 D-polarized probe pulses (see Figure over
which we detect 1}y ~ 6.2 and 7% =~ 0.2 for the cases with and without an atom present in the F' = 2 manifold
(see Figure 4b). We observe no distinction between an atom present in the uncoupled F = 1 manifold and no atom
present, confirming that the F' = 1 state is not coupled to the cavity field. We assign events with n > 1 to have an
atom present in the F' = 2 manifold. For this threshold the measured fidelity for correctly assigning the cases without
and with an atom in the F' = 2 manifold is 97.2% and 93.7% respectively, yielding a combined readout fidelity of
95%. Poissonian distributions with the measured mean photon numbers would yield a readout fidelity of 98%. The
reduction from the expected value is mostly due to an increased probability of events with low photon numbers, which
we attribute to a finite optical pumping probability out of F' = 2 during the readout period.

We typically repeat a measurement 100 times per trapped atom. After this period the atom is lost from the trap
with high probability. Hence, we analyze our data to select only events where an atom was present or not with high
certainty. Based on only the collected photons for a single measurement ¢ and the Poissonian distributions above, we
determine the individual probability P; that an atom was present during that measurement. However, by combining
the 100 individual probabilities P; of all measurements and assuming that the atom escapes the trap once and for all
at a certain point in time, we obtain a more accurate probability P of having had an atom at the i-th measurement.

A typical dataset of 80 measurements on the same atom is shown in Figure[S§l The histogram shows the number of
counted photons for each measurement, the blue dots P; and the red line PiC. We typically condition on a probability
for the atom to be present of 99.9%. For this particular case it implies the atom is lost at the 38-th pulse.

For the measurements of the atomic spin state the uncoupled state |u) is indistinguishable from having no atom
present in the trap. Therefore, for a typical experiment every 4th measurement we perform a control measurement by
optically pumping the atom in the F' = 2 manifold and verify its presence. In case the atom presence is not confirmed
we discard all data after the last control measurement where an atom was detected.

For the switching experiments we perform two readout sequences (see Figure to ensure the atom was in the
{|u), |c)} subspace. During the first readout sequence the atom is projected on either |u) or |c) by the first scattered
probe photon and the following scattering events distribute |¢) over the F = 2 manifold but do not affect |u).
Subsequently, we apply a microwave m-pulse transferring |u) to |c) followed by a second readout pulse. If in either of
the two readout sequences the atom is detected then the atom was in the {|u), |c)} subspace.

In the data in Figure 2a we can verify the presence of the atom only for certain values of ¢y (—0.3 < ¢y < 0.2 and
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0.8 < ¢y < 1.2), where the mean photon numbers in A and D are significantly affected by the presence of an atom.
For these values of ¢y we determine that in 89% of the cases an atom was present during the first 10 measurements
on each atom. We apply a correction of 11% to the other data in Figure 2 obtained at ¢y where the contrast was not
sufficient to verify the presence of the atom.

III. SUPPLEMENTARY DISCUSSION

In this section we discuss several aspects of the experiments presented in the main text.

The proximity of a surface can alter the spontaneous emission rate of an atom substantially even in the absence of
resonant structures [S3]. We estimate the change in spontaneous emission due to the proximity of the SiN waveguide
by performing Finite-Difference-Time-Domain (FDTD) simulations of a dipole located at 180nm from the surface
of a waveguide with equal dimensions to our PC. We perform simulations for an unpatterned waveguide and for
a waveguide with holes spaced at 315nm, corresponding to the mirror sections of the PC but no resonant cavity
structure. We find that the enhancement of the decay rate for all dipole orientations is between 1 and 1.25, hence
only a perturbation compared to the cavity enhanced decay rate. In the rest of our analysis we neglect this effect.We
expect non-radiative contributions to the decay of the atomic excited state to be negligible because the imaginary
part of the dielectric permittivity of SiN in this wavelength range is small. Additionally, non-radiative decay processes
would be represented in the data as a frequency independent decay enhancement, which we do not observe (see Figure
1d).

In Figure 1d, we measure the lifetime of the atomic excited state. Given a possible shot-to-shot variation in
cooperativity (resulting e.g. from atomic motion), fitting a single exponential decay to the data gives a conservative
estimate of the fastest decay rate in the ensemble. The data is accumulated over a window that begins 1ns after the
end of the excitation pulse, to ensure that background light from the falling edge of the pulse is excluded. However, this
has the effect of systematically biasing the measurement away from fast decay rates. Therefore, the cooperativity of
n = 7.7 measured from the decay rate should be interpreted as a conservative estimate of the maximum cooperativity
in an ensemble. We also attribute the linewidth in the inset of Fig. 1d to this effect: the measured linewidth is 43
GHz, while the independently recorded cavity linewidth is 25 GHz (Fig. .

For the measurements presented in Figure 2 various experimental imperfections contribute to reduction of the
fringe visibility (Pimaz — Pmin)/(Pmaz + Pmin). Imperfect balancing of the interferometer accounts for 5% reduction
of the visibility, which we extract from the measurements without an atom. Additional reduction can arise from finite
saturation. To estimate the influence of saturation we have performed a measurement similar to Figure 2a at ¢y = 7
and an 8 times smaller driving intensity. We observe a maximum signal in the A port of A; /Py = 85%, compared to
75% as shown in Figure 2.

In our experiment the magnetic field axis is aligned orthogonal to the linearly polarized cavity field. Therefore,
linearly polarized photons emitted into the cavity mode can leave the atom in a final state different from the initial
state and reveal which-path information in the interferometer and therefore reduce the fringe visibility. We estimate
this contribution to be ~ 10% of the scattering events. This effect can be suppressed by aligning the magnetic field
axis and the cavity field polarization. The same effects are present in the measurements presented in Figure 4 where
such scattering events move the atom out of the {|u), |¢)} subspace.

Additional reduction of the fringe visbility could arise from positioning uncertainty of the atom with respect to the
cavity mode (e.g. from thermal motion of the atom in the dipole trap) that gives rise to a fluctuating 1. The cavity
mode is a standing wave along the cavity axis and the effect of position uncertainty on our measurements depends
strongly on the precise distribution of positions. Assuming complete uncertainty in the position along the cavity axis
we estimate that this does not account for more than 20% in reduction of the fringe visibility.

In Figure 4 we typically route n4 = 6.2 photons which is optimized to have a high readout fidelity and minimal
heating of the atom, thereby increasing the number of repetitions of the experiment with the same atom. In the
same configuration we have routed up to n4 = 14 photons per readout pulse and in an unmodulated trap we have
routed up to 14 ~ 75 detected photons after which the atom is optically pumped to the F' = 1 manifold with ~ 50%
probability.

In Figure 4b we present two datasets with an applied gate field: one where the switch state is conditioned (P},) on
having detected at least one gate photon, and one where it is not conditioned (P%¢) . The readout of the switch state
is triggered by the arrival of a gate photon in a broad time window. The conditioned and unconditioned datasets are
extracted from the same measurement by dividing the events based on the arrival time of the gate photon. If the
gate photon arrived during one of the 24 ns pulses, then the measurement was included in the conditioned dataset.
Otherwise, the photon is assumed to be a background event uncorrelated with the gate field, and the measurement is
included in the unconditioned dataset. Careful analysis of the arrival times shows that about 70% of the background
events are fluorescence from the dipole trap, while 30% are actually leaked gate photons that arrive at the wrong
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time. Since most of these photons arrive at times when the dipole trap intensity is high, they are mostly detuned by
more than 77, on average, and can be safely approximated as background events.

Finally, in Figure 4c an additional reduction of the fidelity arises from a combination of imperfect internal state
preparation and readout, dephasing and microwave-pulse accuracy. All these effects are present in the data without
a gate field (red curve) and amount to a maximum reduction of the fidelity of ~ 10%.

IV. THEORETICAL ANALYSIS

In this section, we outline the theoretical framework used to analyze our experimental observations.

A. Theoretical model

We consider an atom interacting with a single mode, single sided optical cavity. In a frame rotating with the
incident laser, the Hamiltonian governing the atom-cavity dynamics is:

1
H, = iAaUz + Acata + g(aTJ + aaT), (S4)

where ¢ and a are the atomic and photonic lowering operators, o, is the atomic pseudo spin operator, A, = w, — wp,
and A, = w, —wy, are the detunings between the bare atomic (w,), cavity (w.) and laser (wr) frequencies, and 2g
is the single-photon Rabi frequency. Note that A, = —4§ in the main text. In the presence of atomic excited state
decay () and cavity decay into the waveguide (k.,4) and into other dissipation channels (ks.) the quantum dynamics
is governed by Heisenberg-Langevin equations of motion [S4]:

a(t) = —igo(t) — (k/2 +ilc)a(t) = \/Fugluwg,in(t) = VFscse(t) (S5)
o(t) = iga(t)o.(t) — (/2 +iBa)o(t) + VAar(t)o=(t) (S6)
d.(t) = ~2ig(o" (Ha(t) — o (t)al(t) = 7(0:-() + 1) — 2/7EL (Do (1) — 2707 (£)€ar (1) (S7)

where aq4,in(t) is the input field operator representing the cavity-waveguide coupling and &,.(t) and &q(t) are noise
operators corresponding to other cavity dissipation channels and atomic spontaneous emission into other modes,
respectively. The cavity output field is described by the input-output relation:

Qg out(t) = Qug,in(t) = \/Fuga(t) (S8)
Following the notations defined in Fig. the interferometer input and output fields 5m, gout are:

bin = by, + 06, (S9)

bout = (OF + \/Fuga)én + bl e'®V &, (S10)

where €5/, are unit vectors denoting horizontal and vertical polarization. Here, we have treated the action of the
V-polarized reference arm as perfect reflection with a phase shift ¢y. Using a HWP to orient the detection basis at
an angle § with respect to the H axis, the fields at the two detectors are given by:

dy = byt - (cos@'éy, +sinf'é,) (S11)

do = byt - (—sin@'¢y, + cosO'¢,) (S12)
If the input field is linearly polarized at an angle 6 with respect to the H axis, then we can define two input modes by
and b, such that by = by (cos 0¢;, + sin 6é,) and b, = b, (— sin O¢j, + cos 0¢,,). The mode b, is orthogonal to the input
field and is not driven.

In practice, we fix 8/ = m/4 and adjust 6 to compensate for the effects of cavity losses and finite reflectivity in the
V-polarized arm of the interferometer, as discussed in the next section. In this case, the output modes are given by:

dy = Arb, + ay /% 1 Cib, (S13)
dy = Asb, — ay /% + Cyb, (S14)

with Ay = (cos @+ eV sinf)/v/2, Ay = (—cos O+ eV sin ) //2, C; = (e'*V cos —sin0)/v/2 and Cy = (e'*V cosf —
sinf)/v2. Note that for § = 7/4 and ¢y = 0 these equations are identical to the input-output relations for a
symmetric cavity driven from one side by bs and from the other side by b,,.
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FIG. S9. Modes at various points in the interferometer, see text for details.

B. Linear response

When the driving field is weak, the atom is nearly always in its ground state and we can approximate the action
of the operator ao, with —a. In this case, the expectation values of Eq. (S51S6|) form a closed system of differential
equations that we can solve exactly to find the response to a slowly-varying incident coherent field (a.g,in):

(a) = ﬂM (S15)
K 14+ '%
(o) = @M (S16)

Ry 1+%

where we have introduced complex decay rates & = § +iA, and ¥ = 3 +iA,, and defined the cooperativity 77 = g% /RA.
On resonance, it reduces to n = 4g2/k. The reflected field from the cavity is given by Eq.

R+ 1) = Fug n—1

/2,(1 +’F]) <awg,in>m7 (817)

<awg,out> = <awg,in>

where the final limit is taken on resonance and with k., = x. This expression captures the key result of the atom-
photon interaction: the reflection coefficient of the cavity changes from —1 to +1 in the presence of a strongly coupled
atom with n > 1.

The output fields at the two ports of the interferometer are given by Eq. (S13{S14]). For the data presented in the
paper, the angle § was chosen to null the light in one port (d;) in the absence of an atom, with the probe field on
resonance with the cavity. This is accomplished when tan§ = (2k — 1), with k = k,4/k. For this choice of 6 the d;
and ds ports correspond to the A and D ports in the main text respectively. The output field is given by:

- (bs) (v (2k — 1) + 1)(1 + 1) — Fug/R BN
=3 1+ 2k(k—1) 147 —><bs>lJr77 (S18)
_ (s) (e"V(2k —1) = 1)(1 4 7)) + Kuwg/F 1
==y 1+2k(k —1) 147 = o (519)

where the final expression is evaluated on resonance with £ = 1 and ¢y = 0. In this case, the fields at the ports d;
and dg are identical to the reflection and transmission outputs of a symmetric cavity with an atom. Within this linear
approximation, the intensity at the output ports is given by (didy) = |(d1)|2.

Figure shows the output power of the interferometer on resonance (A, = A. = 0) versus cooperativity, both
without losses (red, k = 1) and with losses for our cavity parameters (blue, &k = 0.8). At 7 = 1/k the cavity reflection
vanishes, and the interferometer reflection is 0.5. In the absence of an atom (1 = 0) the cavity reflection is determined
by the cavity losses. For an atom strongly coupled to the cavity (n > 1) the light is blocked from entering the cavity,
therefore the cavity losses are suppressed. For our parameters (n ~ 8) the reflection on resonance without an atom
is [(d1)]? + [(d2)|* = 0.35 and is expected to increase by (|{(d1)|* + |(d2)|?)y=s/(|(d1)|* + |{d2)|*)n=0 = 1.46 due to the
presence of an atom. The expected maximum fraction of the power switched from D to A is [(dy)|?/(|{d1)|*+]|{d2)|?) =
0.97.
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Interferometer output power

FIG. S10. Interferometer output as a function of cooperativity given by Eq. [S18 and The red solid curve shows the total
power in the absence of cavity losses, blue dashed, dotted and solid lines show the power |(d1)|?, |(d2)|> and |(d1)|* + |(d2)|?
respectively including cavity losses of k = 0.8.

C. Saturation behavior

The treatment above made use of the approximation (o,) ~ —1. This is valid for input field amplitudes such that
the excited state population ~ (oo) remains small:
t 2 Kwg g 2
(0'o) = [(0)]" = —5 ——5 [{auwg.m)|” < 1. (520)
[FAI7 11+ 7]

In the limit of large n and neglecting other cavity loss channels, this corresponds to |<awg’m>|2 < 1y/2. That is, the
rate of incident photons should be much less than one per excited state lifetime.

For stronger input fields, this approximation breaks down due to atomic saturation. This has two consequences.
First, we can no longer make the approximation (o,) ~ —1. Second, we can no longer factor expectation values of
operator products. To describe saturation dynamics of our system, we make use of the hierarchy of our experimental
parameters (k > (g,7)), which allows us to integrate out the cavity degree of freedom. Following [S5], in the limit of
large xk we find:

a(t) = [_igo-(t) - Mawg,in(t) - \/'%750 sc(t)} /f% (821)

which yields the following atomic dynamics (assuming vacuum for the &;. and &,; operators):
: 9 ig
(o)=— {7+ = (o) — Ev’fwg<awg,in><UZ> (522)

. %K oW awg.i o a]L .
(02) = — <7+ fg/|2> ((o2) +1) + 2ig\/Fuwg << ><~“’97”"> _ { ><~wg,tn>> )

(S23)

K R*

Focusing on the resonant cw case (A, = A, = 0) and introducing a dimensionless amplitude of the driving field

Y = % Ruwg(Gwg,in), we find the following steady state solution:
(0) = m (S24)
(02) = m (S25)
Choosing tanf = 2k — 1 and ¢y = 0 again, we find for the output ports of the interferometer:
(dld;) = %kﬁm (S26)
(dbdy) = %kyz Y2+ 10 - 2k]);(ﬂ;5§1+—(11€)£1n;2)2k)n it k)2n2- (S27)
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The dimensionless driving intensity is Y2 = 47"k|bs|2 cos? 0, in terms of the input field intensity |bs|? (which has units

of photons/second).
The two-photon correlation functions are calculated using:

(dE ()] (¢ +7)di(t + T)di(t))
(d] (t)ds ()

with the operator d; for the A port, and ds for the D port. The time dependence has been worked out analytically

for the case of a double-sided cavity in the bad cavity limit in Ref. [94]. Here, we calculate g?(7) numerically from

the master equation using the Hamiltonian together with the quantum regression theorem [S4].

The data in Figure 3 was taken in the presence of the dipole trap which imposes a position-dependent AC-Stark shift,
which fluctuates because of the finite kinetic energy of the atom. To account for this effect, we average equations
(S26{-HS28) over a Gaussian distribution of atomic detunings with a standard deviation of 60 MHz. The resulting
averaged intensities and correlation functions are shown as the solid lines in Figure 3. We estimate the maximum
differential light shift between the ground and excited state in our trap to be ~ 130 MHz. In the normalization of
the averaged ¢g2(7) we account for the detuning-dependent intensity at the detector, with the assumption that the

timescale on which the detuning fluctuates is much faster than the window over which photon data is accumulated
(tens of ms) but slower than the excited state dynamics in Figures 3b-c.

gi(r) = (S28)

D. Analysis of the quantum phase switch

In this section we consider the effect of imperfections such as photon loss and multiphoton excitations on the
operation of the quantum phase switch.

Photon loss is included in the Heisenberg-Langevin equations - in the form of coupling to three photonic
modes: the waveguide mode a4, a second cavity loss mode ., and a spontaneous emission mode ;. For low
input intensities, with less than one photon per bandwidth, the optical response is linear. In this case the combined
evolution of the atomic and photonic systems can be represented as:

U= (rijele)(cl + rijulu)(ul) ala;, (S29)
,J

where r;; . and 75, denote the scattering amplitudes coupling modes 4, j, with an atom in the coupled or uncoupled
states. a; corresponds to one of the modes {awg,Esc, Ear}- The scattering amplitudes can be found by using input-
output relations similar to Eq. for the modes . and &4, together with the linear response as described in m
Since only the mode a4 is driven, the important terms are the coefficients for a:fugau,g, ¢l a,, and fltawg, which we
denote as r;, t; and [;, respectively, with the appropriate atomic state subscript. They obey |r;|? + [t;|* + |I;|*> = 1.
These are related to microscopic parameters of the system as follows:
Raw

p—1-t (S30)

re=1- R(’fi‘fn) (S31)

t, = - Y (S32)

be = tu/(1+7) (533)

la=0 (S34)
] Fw

I, = m (S35)

For an initial atomic state |1;,) = |+) = (|u) + |c))/v/2 and a coherent state o in a4, the output state is:
[out) = (|t 70, tya, Lyar) + |, e, tea, loa)) /V/2, (S36)

where the output state is labeled by the atomic state and the three coherent state amplitudes in the output modes
{awg7 EseyEat - If we detect at least one photon in the mode Gwg, then the conditional state of the system ‘ (c)ﬁ?d> ~
Aug|tout) 18 given by:

1
\ww"d> = (ryau, ryo, tya, Lya) + reale, rea, teay lear)) . (S37)

out
|Tua|2 + |7”004|2
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Since the residual photons in all three modes are eventually measured or lost to the environment, the state of the
system in both the unconditioned and conditioned cases can be described by tracing over all photon modes. This
results in the reduced density matrix for the atom:

1 1 D
pout - 5 < D* 1 ) (838)
1 || Drir
cond u u
— _ L c S39
Pout (‘T.U‘Q + |7ac‘2) (D e |7“c|2 ) ( )
D = (rea, teay lealrya, ty o, Lya) (S40)

where D is the overlap between the output photonic states, which scales as e~lel” . Now we calculate two fidelities,
quantifying the extent to which we leave the input state untouched without conditioning (P*"¢), and the overlap with
the target output state with conditioning (P°°"?). These two quantities are related to the visibility of the green and
blue curves in Fig. 4 of the main text, respectively. They are given by:

Puncond _ <+|pout|+> — }(1 + RG[DD (841)

2
COTL COTL 1
peend = (—|pGo?

)= (|ru|* + |re|* — Re[Driry]) . 542
out > 2(|Tu|2+|rc|2) (‘T ‘ +‘7" | e[ TeT ]) ( )

These expressions can be easily generalized to evaluate an overlap with arbitrary atomic state.

To illustrate the combined effect of photon loss and multiphoton excitations, we set r = r, = —r.. Even in
the presence of losses (k < 1) this case is experimentally achievable by balancing the cavity losses with a finite
cooperativity. In this case, the conditional and unconditional fidelities become the same: P¥neond = peond — %(lJrD).
Additionally, if n > 1, D takes a simple form such that:

1
Puncond _ Pcond _ 5(1 + 6*(1+7~2)|a|2). (843)

Note that while a lower « results in a higher conditional fidelity, it also decreases the probability of successfully
flipping the switch, which scales as P = 2en.r?/(1+r?2), where 7. is the total detection efficiency of reflected photons
and € = P — 1 is the error of the gate operation.

For our experimental parameters (k = 0.8,  ~ 8 and |a|? = 0.6) we estimate a gate fidelity from of
pPeond = (.79 and PU"e"? = (.80 on resonance, mostly limited by the relatively large |a|2. Additional reduction of
the fidelity arises from spontaneous scattering events by the gate photon leaving the atom in a different hyperfine
sub-level than |¢) (~ 10%) and from imperfect hyperfine state preparation and readout (~ 10%) as discussed in section

Finally, implicit in this discussion is the assumption that the reflected H- and V-polarized photons occupy the
same temporal mode, so the photon arrival time does not contain any which-path information for the photon. Since
the V-polarized interferometer arm is just a mirror, this requires the response time of the atom-cavity system to be
instantaneous as well, in the sense that the intracavity field must equilibrate to its steady-state value on a timescale
that is short compared to the duration of the input pulse. In our experiment, the bandwidth of the coupled atom-
cavity system is given by 7y. Thus, as long as the temporal mode containing the input photon is much longer than the
inverse of this rate, the output mode should be identical to the input mode and the gate will operate as expected. In
practice, we use gaussian pulses of duration 24 ns (FWHM), which is not quite long enough to fully neglect retardation
in the atomic dynamics. We estimate that this introduces imperfections at a level of less than 10%.
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