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Abstract

Single-atom waveguide-QED systems have emerged as a leading platform for
demonstrating non-linear optics in the few-photon regime [1–5]. Devices with
such non-linear behavior are necessary for developing deterministic gates for pho-
tonic quantum computing [6, 7]. Artificial atoms coupled to nanophotonic or
superconducting waveguides can be used to engineer highly efficient light-matter
interfaces for such non-linear interactions, where every photon in the system
interacts with the quantum emitter [8, 9]. However, it has been a challenge to
access the reflection port of the waveguide due to the inability of rejecting stray
electromagnetic fields that do not interact with the artificial atom [10, 11]. Here,
we show coherent reflection of single photons from a semiconductor quantum dot
strongly coupled to the fundamental waveguide mode of a nanowire. We utilize
the tapered end of the nanowire for ideal mode-matching in a vertical geometry,
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enabled by a novel extinction technique. This mode-matching allows for efficient
transfer of photons from the input to the reflection port while having all inter-
acted with the quantum dot. Such a high-efficiency scalable photonic platform
opens up applications in few-photon quantum nonlinear optics and has been
proposed for creating key resource states for universal photon-based quantum
computing [12–15].

Introduction1

Resonance fluorescence, where a single two-level system (TLS) is irradiated with2

monochromatic light, has fascinated physicists for more than a century. Its non-linear3

quantum mechanical behavior is evident in the fact that the TLS can only scatter4

a single photon at a time. The consequence of this, known as photon antibunching,5

was predicted by Carmichael and Walls [16] and observed by Kimble et al. in the6

fluorescence from sodium atoms [17]. It was envisioned by Kimble et al. that a TLS7

coupled strongly to a single electromagnetic mode could be used for deterministic8

photon-photon interactions [6, 18, 19]. Since then, it has been an outstanding challenge9

to couple a TLS to a single spatial electromagnetic mode. Originally, it was assumed10

that an optical dipole, which has a scattering cross-section of σ = 3λ2

2π , can be spatially11

matched with a focused Gaussian spot. However, more than 25 years ago, Enk and12

Kimble showed that most of the input light will not interact with the TLS in such13

an optical setup [20]. This weak coupling of the dipole with light is due to a non-14

uniform electric field distribution in the near-field of a tightly focused Gaussian spot.15

Soon after, Domokos et al. [8] proposed a solution to overcome this coupling problem16

by envisioning a TLS strongly coupled to a waveguide such that the spatial extent of17

the confined waveguide mode is comparable to the TLS scattering cross-section. In18

contrast to a focused Gaussian spot, a waveguide does not suffer from beam divergence19

and has a uniform k-space distribution along its optical axis. Thus, in such systems,20

strong waveguide-TLS coupling can be achieved. In this strong coupling regime, the21
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emission of the TLS is confined to a one-dimensional electromagnetic guided mode,22

thus forming a ‘one-dimensional atom’.23

In a one-dimensional atom, all of the incident electromagnetic field is perfectly24

reflected off the TLS when treated as a classical oscillating dipole in the ideal limit25

with no additional dephasing processes [21]. In the quantum regime, the quantized26

nature of the TLS restricts it to reflect only one photon per radiative lifetime. Alterna-27

tively, multiphoton states are transmitted through the one-dimensional atom [10, 22],28

analogous to a beamsplitter that sorts an input state based on its photon number.29

These processes are illustrated in Figure 1a, where we show a quantum trajectory30

(QT) simulation for a resonant coherent drive incident on an ideal waveguide-TLS31

system. Quantum jumps to the ground state (marked by green triangles) indicate a32

reflected single photon. In contrast, a quantum jump marked by the orange trian-33

gles implies a photon in the transmission port. As illustrated, two reflection events do34

not occur within the TLS lifetime, while a transmitted photon is always accompanied35

by a second photon emission into the reflection or transmission port. This effect in36

the classical limit was first observed in superconducting circuits by measuring near-37

perfect extinction of the incident electromagnetic field in the transmission port [23].38

To demonstrate the quantum nature of the scattered field in the waveguide, autocor-39

relation measurements were performed in a later experiment showing antibunching40

in the reflection port and bunching in the transmission port. However, until now, it41

has been technically difficult to access the reflection port of the waveguide in a clean42

manner (i.e., without stray electromagnetic fields that have not interacted with the43

TLS backscattering into the reflection port). This is evident in previous results as44

even though the g(2)(0) was sub-Poissonian, it was limited to 0.6 [11].45

In this work, we measure resonant reflection from a semiconductor quantum dot46

strongly coupled to a nanophotonic waveguide in the Heitler regime. In this regime, it47

has been well established that the resonant fluorescence spectrum in the weak drive48
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limit of a TLS is coherent with the excitation [24–26]. Mainly, we establish near-unity49

mode-matching to the nanowire waveguide, obtaining clean access to the reflection50

port of the one-dimensional atom for the first time. Since the quantum dot is strongly51

coupled to the fundamental waveguide mode, we show that all the back-scattered light52

can be treated as reflection off the TLS. Using this novel mode-matching technique,53

we demonstrate single photon reflection off the TLS by measuring antibunching with54

a g(2)(0) of 0.025. Combining this antibunching of g(2)(0) < 0.5, and the coherent55

nature of the reflected light, we realize a ‘quantum mirror’ in our experiment. This56

quantum mirror effect disappears with increasing number of incident photons within57

the radiative lifetime as the TLS is continuously saturated and its emission becomes58

incoherent with respect to the drive. Such non-linear behaviour has long been sought59

after for the development of deterministic gates in photonic quantum computing and60

quantum networks.61

Mode-matching to the Nanowire Quantum Dot62

We realize our waveguide-TLS with a single InAsP quantum dot located on the axis63

of a cylindrical InP nanowire waveguide. The waveguide-quantum dot system is grown64

in a site-selected manner by chemical beam epitaxy using vapour-liquid-solid and65

selective-area growth. The growth parameters can be tuned to achieve precise control66

over the waveguide and quantum dot dimensions [27]. To achieve strong coupling67

between the nanowire waveguide and the TLS, the waveguide mode cross-section68

must be comparable to the scattering cross-section of the TLS [8]. This regime is69

achieved when at least half of the spontaneous emission from the TLS couples to70

the fundamental HE11 waveguide mode, defined as the β-factor. For our nanowire71

waveguide-quantum dot (NWQD) system, this condition is met for d/λ ranging from72

0.17 to 0.33 [28, 29], where d is the effective diameter of the nanowire waveguide and73

λ is the emission wavelength of the TLS. The nanowires used in our experiments have74

a d/λ of ∼0.29, yielding a beta-factor of ∼ 90%.75
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Additionally, the nanowire waveguide is tapered adiabatically towards the tip with76

a tapering angle of ∼ 1 ° as shown in the SEM image of Figure 1b. In Supplementary77

Note 2, we show the finite-difference time-domain (FDTD) simulations for a radiating78

dipole placed on the axis of the nanowire waveguide, modeled using the dimensions79

from Figure 1b. The taper ensures that the fundamental HE11 mode gradually expands80

from inside the nanowire to a free-space Gaussian propagating mode with minimal81

back-reflections. Previous studies have shown efficient coupling (∼93%) of the quan-82

tum dot emission to a single mode fiber from similar NWQD structures, confirming83

this Gaussian emission [30].84

In this work, we focus on the efficient in-coupling of a free-space Gaussian light85

beam to the HE11 waveguide mode of the nanowire. First, we used FDTD simulations86

to model the in-coupling and determine the ideal in-coupling efficiency of 97%. Sup-87

plementary Figure 3a shows the evolution of the electric field for an incident focused88

Gaussian beam on the tapered nanowire waveguide under optimal mode-matching89

conditions. By leveraging the mode matching parameters, we design an optical system90

shown in Figure 1c. We choose a lens that collimates the input laser from a single-mode91

fiber (SMF) to have the same mode field diameter as the collimated NWQD emission92

from the objective lens. The input laser is reflected from a 93(T):3(R) non-polarizing93

beam-splitter into the objective lens inside a 4K cryostat and focused on the NWQD.94

The QD emission is then collected from the transmission port of the beam-splitter95

and coupled into a second SMF using a replica of the input collimating lens.96

To determine the mode-field diameter of the QD emission at ∼895 nm, we measure97

its k-space distribution using a 4f-imaging setup (see Supplementary Figure 4 for98

details of the 4f-imaging setup) [30]. In Figure 2a, we show a typical emission profile99

of a NWQD, which has a 99% overlap with a 2D Gaussian corresponding to an NA100

of 0.30 (at 1/e2). To achieve efficient in-coupling to the nanowire, we shape the input101

mode to have a NA and wavelength similar to that of the output (see Methods). To102
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obtain optimal mode-matching conditions on the nanowire, the Gaussian spot needs103

to be focused ∼4 µm from the growth substrate (shown in Supplementary Figure 3a).104

We solve this challenge by monitoring the extinction pattern of the reflected laser in105

k-space. Here, we leverage the fact that the k-space image is invariant to translation106

of the focal point in the z-direction. This contrasts with the real-space image that107

defocuses sharply with any change in z. Full details of mode-matching in the z-direction108

is given in Supplementary Note 3. It is important to note that light coupled into the109

HE11 waveguide mode propagates through the NW and leaves the system through110

the zinc blende growth substrate. This transmission of the light through the system111

is observed as a reduction in the intensity (I) of the reflected light as compared to112

the Fresnel reflection off the planar substrate. Using the FDTD model discussed in113

Supplementary Note 2, we calculate the ideal magnitude of this extinction, E, to be114

90% (E = 1− INW /Isubstrate).115

In Figure 2b, we show the measured k-space image of the reflected light from116

the substrate (left panel) and under ideal mode-matching conditions on the nanowire117

(right panel) without changing the focal plane. We observe an angular distribution118

of the back-scattered light from the nanowire that matches qualitatively with the119

expected distribution shown in Supplementary Figure 3c. Quantitatively, we observe120

an average extinction of 86% for 10 nanowires as shown in the Supplementary Table121

1. For the remainder of this work, we focus on a nanowire with an 85% extinction122

ratio under mode matching conditions. This close agreement between theory and123

experiment allows us to conclude that ∼95% of the input Gaussian beam is124

coupled to the HE11 waveguide mode .125

By combining the high in-coupling and out-coupling mode matching efficiencies,126

we effectively extend the reflection port of the NWQD-waveguide mode from 4K to127

room temperature. The high in-coupling efficiency and β-factor ensures that all the128
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input light interacts with the QD. Since the outcoupling SMF only couples to a Gaus-129

sian mode, the high NA components of the back-scattered/reflected light (Figure130

2b right panel) are not collected. As a result, our NWQD system enables effective131

suppression of the input laser signal without the need for the well-known and uti-132

lized cross-polarization filtering technique for resonance fluorescence [31]. Remarkably,133

with our mode-matching technique, we can obtain robust resonance fluorescence134

from a TLS while only using spatial filtering enabled by our nanophotonic135

structure .136

Quantum Mirror137

Resonance fluorescence in the Heitler regime has been observed previously to con-138

sist of elastically scattered photons from the TLS [25, 26]. Interestingly, in our NWQD139

system, all of the elastic scattering occurs into the reflection port, mimicking reflec-140

tion off a mirror. Nonetheless, due to the quantized nature of the TLS, our ‘mirror’141

can only reflect single photons at a time and is saturated when, on average, more142

than one photon arrives within its lifetime. We now verify the high efficiency of our143

optical setup and demonstrate this quantum mirror effect by comparing the modeled144

reflection from the NWQD to experimental results.145

We model the resonance fluorescence from our one-dimensional atom using a mas-146

ter equation with an input-output formalism to include the influence of the waveguide147

on the quantum TLS (see Supplementary Note 1 for the mathematical treatment). To148

probe the reflection, we input coherent light on the excitation path, which is mode-149

matched to the NWQD. We then scan the wavelength of the input light across the150

exciton resonance and monitor the reflection port of the NWQD through the 93%151

transmission path of the optical setup (Figure 1c). The result of one such scan in the152

low power regime with an input laser power corresponding to a mean photon number153

⟨n⟩ of 0.01 per QD lifetime is shown in Figure 3a. Using the parameters shown in the154

Supplementary Note 4, we modelled the expected response of the reflected intensity155
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(Supplementary Note 1) with ⟨n⟩ as the only free parameter. The fit estimates ⟨n⟩156

to be 0.014, which is in close agreement with the measured value, thus validating the157

input parameters to our model. We note that these input parameters were obtained158

by separate measurements and simulations.159

We find that the observed reflection exhibits Gaussian line broadening due to160

charge noise. A Voigt fit yields an inhomogeneous FWHM QD linewidth of 4.4 ±161

0.6GHz, which is >20x away from the Fourier-transform limit of 177 MHz (determined162

by radiative life-time measurements; see the Supplementary Figure 7). We note that a163

weak above-band laser onto the nanowire was needed to reduce charge noise and obtain164

a more stable response. We confirm that this above band laser does not introduce any165

additional luminescence to the reflected signal (see Supplementary Note 5 for details).166

With an increasing incident ⟨n⟩, this perfect reflection from the NWQD saturates.167

This saturation effect is demonstrated in Figure 3b, where we plot the total reflected168

intensity normalized to the background (Rint) as a function of incident laser intensity169

given as ⟨n⟩ per QD lifetime. The background is defined as the intensity of light170

observed off-resonance and is interpreted to have not interacted with the NWQD.171

The blue data points are extracted from the fitted model to the NWQD reflection172

linewidth scans similar to Figure 3a. We measure the QD reflection response for seven173

decades of incident ⟨n⟩. The red line plots the expected Rint using parameters from174

the fit of Figure 3a where we now vary ⟨n⟩. We observe excellent agreement between175

the experimentally measured data points and the modeled response. As shown in176

Figure 3b, the reflected intensity, Rint, is constant for ⟨n⟩ ranging from 10−6 to 10−1177

where the one-dimensional atom behaves as a perfect reflector of single photons. As178

⟨n⟩ increases above 0.1, the probability of multiphoton components in the incident179

drive increases significantly, resulting in a drop of Rint.180

To confirm the single photon reflection, we perform second-order correlation mea-181

surements on the reflected signal using a standard Hanbury-Brown and Twiss setup.182
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The results of these measurements for varying incident ⟨n⟩ are shown in Figure 4a.183

We observe an antibunching dip centred around zero-time delay with a width that is184

consistent with the measured spontaneous emission lifetime of the TLS. We empha-185

size that due to the precise mode matching of the light in and out of the nanowire186

waveguide, we obtain a low g(2)(0) of 0.025 for an incident ⟨n⟩ of 0.001 without any187

corrections. This confirms that the coupling into the reflection port of back-scattered188

laser light that did not interact with the TLS is heavily suppressed. This fact is evi-189

dent in the g(2)(τ) for an incident ⟨n⟩ = 1, where we do not observe any degradation190

of the g(2)(0) signal compared to ⟨n⟩ of 0.001, while even for an ⟨n⟩ = 10, the g(2)(0)191

is only 0.21.192

We now turn our attention to the changing dynamics of the g(2)(τ) response to193

increasing incident drive. At high drive (⟨n⟩ = 10), we observe side-bunching peaks194

within the spontaneous emission lifetime corresponding to fast Rabi oscillations of195

the TLS. The Rabi oscillations indicate the significant dressing of the TLS due to the196

input drive and the onset of the Mollow triplet.197

As discussed previously, the majority of the reflected signal (> 95%) consists of198

emission from the one-dimensional atom. We now study the spectral response of the199

reflected signal at resonance by resolving it using a Fabry-Perot etalon (see Methods)200

as shown in Figure 4b. In the Heitler regime, the emission from the TLS is dominated201

by coherent scattering in the weak drive limit. This is evident as the input drive power202

is reduced. At the highest input power of ⟨n⟩ = 10, a significant amount of incoherent203

emission is observed when the measured intensity is plotted in log scale. We distinguish204

between the coherent and incoherent emission by overlaying the instrument response205

function (IRF, red curve) of the Fabry-Perot etalon with the data (colored dots). We206

attribute the part of the RF under the red curve as the coherent emission. Note that207

the actual coherent emission is on the order of the laser linewidth (∼10 kHz), which is208

far below the IRF of 66 MHz. The remaining RF is attributed to incoherent emission.209
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As the input drive power decreases, the fraction of incoherent to coherent emission210

reduces according to 2(Ω/γ)2, where Ω is the Rabi frequency and γ is the spontaneous211

emission rate. We emphasize that at low input drive power (⟨n⟩ = 0.001) we can no212

longer distinguish between the coherent and incoherent emission since a Voigt fit to213

the raw data gives a linewidth similar to the IRF.214

Discussion215

We now discuss the physical picture of the underlying dynamics of this single-216

photon reflection. In the low-power limit, the reflection port of the NWQD behaves217

analogous to an optical mirror, as the reflected signal has the same frequency and218

similar spectral linewidth to that of the excitation. Yet, despite this spectral overlap,219

the photon statistics of the reflected light are distinctly non-classical as observed in220

the second-order correlations. In our waveguide-QED system, the TLS at its resonant221

frequency imposes a π phase shift on the input drive, analogous to a driven classi-222

cal harmonic oscillator. Due to the additional non-linear saturation of the TLS, this223

reflection is effectively limited to one photon per radiative lifetime [32], which leads224

to destructive interference of all multiphoton components in the detection channel of225

our experiment. This non-linearity imparts anharmonicity to the TLS and thus, the226

reflected field can be shown to be a displaced, squeezed vacuum state by perturbative227

expansion of the TLS response. Here, the photon antibunching in the reflection port228

is associated with self-homodyning of this squeezed fluorescence from the TLS [33].229

We model the squeezing of our reflected signal, as shown in Supplementary Note 1,230

and note that pure dephasing reduces the squeezing considerably. However, we find231

that this reduction in squeezing does not affect the measured antibunching. Alterna-232

tively, the NWQD can also be thought of as capable of reflecting photons spaced by233

its radiative lifetime, but if two photons arrive within its lifetime, one photon will be234

transmitted while the TLS is busy interacting with the other photon [32] as shown by235

the QT plot in Figure 1a. The contrast between these continuous (time-independent)236
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and discrete pictures has led to recent fruitful debates and is being exploited for237

creating new forms of non-classical light by multi-photon engineering of resonance flu-238

orescence from bulk quantum dots [34]. Our NWQD waveguide-QED system provides239

a nanophotonic platform whereby non-linear photon transport is efficiently confined240

to a single spatial mode such that every photon in the system can be accounted241

for. Thus, our novel mode-matching technique enables efficient access to non-linear242

quantum optics at the few-photon level in a scalable nanophotonic platform.243

Summary244

By near-perfect mode matching into a photonic nanowire quantum dot sys-245

tem, we have shown the first demonstration of clean single-photon reflection from246

a one-dimensional atom where we measure a raw g(2)(0) of 0.025 without cross-247

polarized laser suppression. We verified the high (∼95%) in- and out-coupling from248

the NWQD by achieving close agreement between our model and experimentally mea-249

sured reflected intensity and second-order correlations as a function of input drive.250

Finally, we confirmed that the coherence of the reflected signal is comparable to the251

excitation as the input drive is reduced. Thus, the NWQD photonic system is an ideal252

platform for generating bright sources for such non-classical states of light, which are253

required for practical implementations of engineering photon statistics for photonic254

quantum information processing and networks [34–36]. For such applications obtain-255

ing Fourier-limited linewidths is critical and will require electrostatic control over the256

charge environment around the quantum dot. Furthermore, the transmission port of257

the NWQD can be easily accessed through the transparent growth substrate and will258

enable complete access to the photon dynamics of our waveguide QED system [10].259

Future work on this platform can now focus on the study of non-Markovian260

dynamics of quantum systems. Such experiments require excitation of the TLS with261

antibunched light, which can be realised in our NWQD system with delayed coher-262

ent feedback by rerouting the resonance fluorescence of the TLS back to itself [37].263
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Alternatively, on-demand single-photon sources are now reaching maturity and thus264

can also be used for non-classical excitation of the TLS. We envision that our system265

will enable access to few photon nonlinearities to realize single-photon waveplates [18]266

and photon-photon gates [6, 7], as originally proposed by Kimble.267
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Methods

µ-PL Setup with mode-matching to a NWQD.

The NWQD sample was kept at 4.5K in an attoDRY 800 cryostat with an optical

access window. A wedged CaF2 window was used as a 93:3 (T:R) beamsplitter allowing

for efficient collection on the reflection port.

A 3.1mm focal length aspheric lens (LightPath 355330) housed inside the optical

cryosat was used as the objective lens to mode-match into the NWQD and collect

reflected fluorescence. The NWQD emission collimated by the aspheric lens has a mode

field diameter of NANW /NAobj×Clear Aperature = 0.30/0.77×5mm = 1.96mm. See

Supplementary Note 6 for the fitted cross-section of the NWQD emission in k-space

used to determine the NA of the NW. To match the MFD of the collimated NWQD

emission, the drive laser is launched from a 780HP fiber with an aspheric lens of 11 mm

focal length (Newport 5725-B-H) to create an MFD of 0.11/0.3 × 5.5mm = 2.0 at

885 nm. Similarly, the reflected fluorescence (transmitted through the beamsplitter)
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is coupled into a second 780HP fiber using a second 11 mm Newport aspheric lens. A

detailed account of the total system efficiency is described in Supplementary Table 2.

The drive laser used for resonant excitation was a Toptica CTL 900 external tun-

able diode laser with a nominal linewidth of 10kHz. The intensity of excitation to

the NW is monitored by measuring the transmission through the beamsplitter using

a calibrated silicon photodiode (Thorlabs S120C). The input drive intensity is con-

trolled using a set of pre-calibrated absorptive neutral density filters and a half-wave

plate with a polariser.

Fabry-Perot measurements

A Thorlabs (SA210-8B) scanning Fabry-Perot interferometer (FPI) was used to

measure the linewidth of the reflected signal from the NWQD. The nominal free-

spectral range (FSR) and finesse of the FPI are 10GHz and 180, respectively. A

Qontrol Ltd. Q8iv programmable voltage source was used to drive the piezo actuators

inside the FPI to scan a full FSR with a step size of 30MHz. See Supplementary Note

7 for details on the measurement of the instrument response function of the FPI.

Single Photon Detection

All single photon detection was performed using Single Quantum superconducting

nanowire single-photon detectors with ∼ 85% detection efficiency at 900 nm and 14 ps

timing jitter (FWHM).

Main Figures:
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Fig. 1: Waveguide-QED with a semiconductor quantum dot in a nanopho-

tonic waveguide. (a) Sample quantum trajectory in the weak-excitation limit of a
single-atom waveguide-QED system. Photon detection events in the transmission and
reflection ports are labeled with orange and green triangles, respectively. See Supple-
mentary Note 1 for details. (b) False colored SEM image of the NWQD showing the
InP nanowire waveguide with an adiabatic taper in blue and the nominal location of
the InAsP quantum dot with a yellow circle. (c) Schematic of the experimental con-
figuration for extending the waveguide mode of the NWQD in a 4K system to a room
temperature single-mode fiber (780HP). The collimating/coupling lenses (L1 & L2)
for the single-mode fiber are chosen to match the output mode of the NWQD after
the collimating objective (Obj.). This mode-matching to the fundamental mode of the
nanowire waveguide enables ≥ 90% input and collection efficiencies of the reflection
port.
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Fig. 2: Establishing mode-matching to the nanowire quantum dot. (a) K-
space image of the quantum dot emission obtained using a 4f imaging system under
above-bandgap excitation. The emission mode fits a Gaussian profile with an NA of
0.3, which is used to design the experimental setup shown in Figure 1c (see Methods).
(b) K-space image of the reflected laser from the planar growth substrate (left) and the
NWQD under ideal mode matching conditions (right) taken with 1x and 5.7x exposure
times, respectively. The extinction of the Fresnel reflection of the input laser is used
to monitor mode matching to the nanowire waveguide mode. The total intensity of
the reflected signal on the right shows a reduction of 85% as measured using a power
meter. Concentric rings observed under mode-matched conditions and the extinction
value obtained are in good agreement with FDTD simulation results.
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Fig. 3: Resonant reflection from a quantum dot in a waveguide. (a) Reflection
from the NWQD as a function of detuning ∆ω centred around the exciton resonance.
Black dots show the experimental data with a measured input drive corresponding to
an incident mean photon number ⟨n⟩ of 0.01. The expected response from the master-
equation model is shown by the red line, which estimates the input drive to be ⟨n⟩ =
0.014. A Voigt fit to the data (shown in SI) yields an inhomogeneous QD linewidth
of 4.2 GHz. (b) Integrated reflected intensity Rint, obtained by integrating detuning
scans similar to Figure 3a, as a function of ⟨n⟩ varied from 10−6 to 10. Blue squares
with error bars are experimentally measured data points, and the red line shows
the expected response determined from the parameters of the model used in Figure
3a. The single-photon reflection from the NWQD saturates as ⟨n⟩ exceeds 1 and is
characterized by the expected drop in Rint. This reduction in Rint is also observed
by the experimental data. We note that a higher Rint is measured compared to the
model at lower drive power (< 10−4), and is due to overestimating the background
counts in the experiment.
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Fig. 4: Coherent single-photon reflection in a waveguide-QED system. (a)
Second order correlation g(2)(τ) and (b) coherence of the reflected signal for three
input ⟨n⟩ of 0.001 (orange), 1 (green) and 10 (blue) respectively. (a) The g(2)(τ) data
is shown by colored dots while the modeled response is outlined by a solid line of the
same color. The raw g(2)(0) for low ⟨n⟩ of 0.001 is 0.025, which remains below 0.5 for a
significantly higher ⟨n⟩ of 10 with a g(2)(0) of 0.21. The modeled response recreates the
Rabi oscillations observed for ⟨n⟩ of 10 as shown by the solid blue line. (b) The coher-
ence is measured using a Fabry-Perot etalon with an instrument response function
(IRF) shown by the solid red line (see Methods). Colored dots represent the measured
response. Incoherent emission is observed for higher ⟨n⟩ where the reflected signal
consists of emission that is far detuned from the input drive frequency, ∆ω ∼2.5 GHz
for ⟨n⟩ of 10 (blue dots). A reduction in incoherent emission with lower incident drive
is clearly observed. Note that the incoherent components for ⟨n⟩ of 0.001 cannot be
separated from the coherent emission as a Voigt fit (orange line) to the raw data gives
a similar linewidth to the IRF.
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