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Single photon detection is a key resource for sensing at the quantum limit and the enabling technology
for measurement-based quantum computing. Photon detection at optical frequencies relies on irreversible
photoassisted ionization of various natural materials. However, microwave photons have energies 5 orders
of magnitude lower than optical photons, and are therefore ineffective at triggering measurable phenomena
at macroscopic scales. Here, we report the observation of a new type of interaction between a single two-
level system (qubit) and a microwave resonator. These two quantum systems do not interact coherently;
instead, they share a common dissipative mechanism to a cold bath: the qubit irreversibly switches to its
excited state if and only if a photon enters the resonator. We have used this highly correlated dissipation
mechanism to detect itinerant photons impinging on the resonator. This scheme does not require any prior
knowledge of the photon waveform nor its arrival time, and dominant decoherence mechanisms do not
trigger spurious detection events (dark counts). We demonstrate a detection efficiency of 58% and a record
low dark count rate of 1.4 per millisecond. This work establishes engineered nonlinear dissipation as a key

enabling resource for a new class of low-noise nonlinear microwave detectors.

DOI: 10.1103/PhysRevX.10.021038

I. INTRODUCTION

High-performance photon detectors in the optical domain
[1] are the workhorses of various quantum optics experi-
ments: by combining them with Gaussian resources such as
optical parametric oscillators or beam splitters, they have
been used to generate nonclassical states [2], entanglement
between remote stationary qubits [3], long-distance quan-
tum cryptography protocols [4], or one-way quantum
computing [5]. In such nondeterministic protocols, the
preparation of the desired quantum state is heralded by
the detection of a single itinerant photon. Crucially, by
conditioning the success of the experiment upon the detec-
tion events, such protocols are highly robust against losses
and inefficiencies whereas their fidelity is directly linked to
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the number of false-positive events, also known as “dark
counts” [6]. Transposing such techniques in the microwave
domain has been the subject of intense theoretical [7—12]
and experimental [13—17] activity as it would leverage the
high level of control over superconducting quantum circuits
in a modular architecture where various solid-state quantum
systems are connected via lossy connection lines [18].
Moreover, such detectors are increasingly sought after
due to their applications in the detection of dark matter
axions [19], electron-paramagnetic-resonance spectroscopy
[20], or quantum-enhanced imaging [21]. In such applica-
tions, where the arrival time of the photon is not known in
advance, the possibility to operate the detector in a cyclic
regime with a short reset time is a crucial requirement.
The detection of individual photons trapped in long-lived
microwave cavities has been pioneered by atomic cavity
quantum electrodynamics experiments [22,23], and later on
transposed to circuit quantum electrodynamics [14,24]. In
these detection schemes, the trapping of the photon into a
long-lived cavity enhances the interaction to the measure-
ment apparatus. Two fundamental difficulties arise in the
detection of itinerant photons: the incoming photon only
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interacts briefly with the detector and it occupies an
unknown temporal mode out of a continuum. Recently,
several strategies have been explored experimentally. In a
first approach, a current biased Josephson circuit develops a
macroscopic voltage [13] or a photon avalanche [15] upon
the absorption of a single photon. Another strategy involves
an ac-modulated flux qubit that transits into an excited state
through a photon-induced Raman transition [25]. In this
implementation, the switching of the ac modulation induces
a significant number of dark counts. Finally, in detection
schemes based on the Ramsey interferometry of a transmon
qubit, the photon imprints a phase on the qubit as it reflects
off a cavity [16,17]. These experiments demonstrate the
quantum nondemolition (QND) detection of the itinerant
photons; however, the dark count rate is directly impacted
by the qubit decoherence time.

In the seemingly unrelated area of dissipation engineer-
ing [26], one carefully designs the coupling of a quantum
system to a bath to achieve desired dissipative dynamics.
This approach defeats the natural intuition that quantum
systems need to be isolated from their environment. Indeed,
the irreversible loss of information toward the bath leads to
non-Hermitian dynamics that bring asymptotically the
system toward the desired quantum state or manifold.
Such a peculiar loss channel can be carefully engineered
by parametric interaction mediated by strong microwave
pumps. This new paradigm has paved the way toward
cavity cooling [27], stabilization of quantum states [28,29]
and decoherence-free subspaces for autonomous quantum
error corrections [30], and the fabrication of nonreciprocal
components that do not rely on an external magnetic
field [31,32].

In this work, we use dissipation engineering to perform
the quantum nondemolition detection of single itinerant
photons by irreversibly coupling the transmission line
toward a single two-level system (qubit). A photon propa-
gating in the line is absorbed by the qubit, but the reverse
process is inhibited: an excitation in the qubit does not
propagate back in the line. Upon arrival of a single photon,
the qubitis left in its excited state, leaving ample time for it to
be measured with a microwave pulse containing tens to
hundreds of photons, which is measurable with readily
available amplification techniques [33]. In practice, we
demonstrate that implementing this engineered dissipation
triggers dark counts at a rate one order of magnitude smaller
compared to state-of-the-art experiments [14—17,25].

II. ENGINEERING THE
QUBIT-CAVITY DISSIPATOR

The detector, depicted in Fig. 1(a), is composed of two
superconducting microwave resonators: the buffer, which
hosts the incoming field, and the waste, which plays the
role of the bath, releases the detected photon. The reso-
nators are coupled through a Josephson junction in a bridge
transmon configuration [34], and are strongly coupled to
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FIG. 1. Principle of the itinerant photon detector. (a) The circuit
consists of two microwave modes: a buffer (orange) and a waste
(green) coupled to a transmon qubit (blue). Each mode is well
coupled to its own transmission line so that a photon can enter the
device on the left and leave on the right into the dissipative 50 Q
environment. A pump (purple) is applied on the Josephson
junction to make the three-wave mixing interaction resonant
[Eq. (2)]. (b) When a photon enters the buffer, the pump converts
it via the Josephson nonlinearity (black cross) into one excitation
of the qubit and one photon in the waste. The waste excitation is
irreversibly radiated away in the transmission line, so that the
reverse three-wave process cannot occur. The quantum state of
the qubit is measured with a standard dispersive readout via the
waste to detect whether or not a photon arrived while the pump
was on. (c) When a coherent tone drives the waste, the qubit
excitation can combine with waste photons and be released via
the Josephson nonlinearity in the buffer, enabling a fast reset of
the detector.

p

transmission lines at a rate «,/2z =0.97 MHz and
K,/2m = 2.4 MHz, respectively. A microwave drive,
referred to as the pump, is applied to the transmon qubit
at frequency

w, :cbq—i-a)fv—wi, (1)

where @, is the qubit frequency shifted by the pump power
through the ac-Stark effect (see Appendix G), @¢, and wj
are the buffer and waste frequencies conditioned on the
qubit being in its excited state |e) and its ground state |g),
respectively. In the absence of the pump w,/27 =
4.532 GHz, w}/2x=5.495GHz and w¢,/27=5.770GHz.
The pumped system is well described by the effective
Hamiltonian (see Appendix C),

Hyy/h = g3sb6™ W' + gibT6 W, (2)

where g is the parametrically activated three-wave mixing
rate and verifies g3 ==&, /¥ qpX g Here, y g/ 20=1.02MHz
and y,,, /27 = 2.73 MHz are the dispersive couplings of the
buffer and waste to the qubit, respectively. The pump
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amplitude £, is expressed in units of square root of photons
and is typically smaller than one. The buffer and waste

annihilation operators are denoted b and w, and 6 denotes the
lowering operator of the qubit. The itinerant photon to be
detected, incident on the buffer, is converted into a pair of
excitations in the qubit and in the waste by the term bW,
We place ourselves in the regime where |g3| < k,, so that the
photon in the waste is immediately dissipated in the natural
environment while the qubit excitation is stored. Since the
waste remains close to its vacuum state throughout the
dynamics, the reverse process (b6 W) is effectively inhibited.
The subsequent detection of the qubit in the excited state
based on single-shot dispersive readout [35] reveals the
transit of the photon during the detection time [see Fig. 1(b)].

The irreversible buffer-qubit dynamics, arising from the
adiabatic elimination of the waste, is entirely described by a
single loss operator as derived in Appendix D

L = /k b6, (3)

where the engineered dissipation rate is k, = 4|g3|*/x,,.
This dissipator is unusual for two reasons. First, it is
nonlocal [32], since it involves operators from two different
modes. Second, it is nonlinear [30], since it involves the
product of these operators. These properties are at the heart
of the detection process: under the effect of L, the qubit
dissipates toward its excited state conditioned (nonlinear)
on the buffer (nonlocal) occupation. As a consequence, the
detector is oblivious to the specific mode shape of the
incoming photons (within the detector bandwidth) by
evacuating the associated entropy into the unread dissipa-
tive channel.

III. PHOTON DETECTOR PERFORMANCES

A. Efficiency

The efficiency # of the detector is defined as the
probability of detecting the qubit in its excited state
assuming a single incoming photon. For mode shapes well
within the detector bandwidth (k,; + k;,)/27 = 1.40 MHz
and short compared to the qubit relaxation time, the
efficiency is (see Appendix E)

KnKp

=400
(P

4)

The efficiency reaches unity for «, = k;,, when the
nonlinear dissipation matches the coupling to the trans-
mission line.

In practice, we satisfy Eq. (1) by performing a calibration
experiment [Fig. 2(a)]. The pump power is chosen as the
largest that did not induce significant qubit heating, thus
maximizing the efficiency to dark count ratio. The chosen
pump power leads to x, /27 = 0.43 MHz, which results
in an efficiency predicted by Eq. (4) of 80% [red line of
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FIG. 2. Calibration and diagnosis of the detector. (a)—(d) A
pump tone (purple pulse) of duration 7, powers the device through
the qubit port, and an incoming coherent wave packet (orange
pulse) of duration 7, and amplitude b;,, is applied on the buffer. The
qubit excited state population p, is detected after a delay #,
through the waste (green pulse). (a) We plot the pump frequency
f » which maximizes p, for various pump powers (x axis). The first
10 data points (purple open circles) are fitted using a linear
regression (purple line), leading to a y intercept within 0.04% of
the expected value f,o = (@, + @{, — @} )/2z. The slope of this
line provides a calibration of the pump power in units of photon
number |§p|2 [see Eq. (C5)]. For each pump power, we plot the
induced nonlinear dissipation rate «,; (blue open circles), which is
extracted from a full model simulation [see Eq. (E4)], to best match
all measured values of p, for small values of b;,, taking into
account the readout fidelity (0.94). For pump powers |&), [?<o0.11,
these extracted values follow a linear trend within 10% of the
expected one Ky = 4|&,|*¥p¥wy/Kw (blue line). For all sub-
sequent experiments, |§p 2 =0.11 (gray arrow). The saturation
of k,, is mainly due to the fact that, as g5 increases with the pump
power, we are leaving the adiabatic elimination regime. (b) Mea-
sured p, (open circles) as a function of 1 — P, where P is the
probability of the incoming wave packet being in the vacuum; see
Eq. (E13). This quantity is varied by increasing b;, for a fixed
t, = 2 pus. The slope at the origin is the detection efficiency #, and
the y intercept is the dark count. The theory (solid line) is obtained
by simulating the full model Eq. (E4). (c) For each ¢, (x axis), i is
measured (open circles) as in (b). The theory curves (solid lines)
are obtained by simulating the full model Eq. (E4) with readout
infidelity (brown) in four regimes: 7, k;, = oo (red), k, = oo
(orange), T} = oo (green), and the measured 7', k;, (blue). Note
that the discrepancy between orange and red at small time is due to
the finite switching time of the pump pulse 7, = 500 ns. (d) Mea-
sured p, (open circles) as a function of 7, with b, =0, at a
repetition rate of 2 ms. An exponential fit (solid line) rises from the
residual excited population after the reset p,(t, = 0) = 0.003 to
the thermal equilibrium n,, ¢, = 0.015 atarate '" = 1.4 ms™" =
ngm/Ty at early time.
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Fig. 2(c)] taking into account the readout fidelity (0.94).
The detector efficiency is measured by varying the ampli-
tude of a calibrated coherent pulse [36], as shown in
Fig. 2(b). The measurement is repeated for increasing pulse
length, as shown in Fig. 2(c). We observe a smooth
dependence of the efficiency as a function of the pulse
length, that is well reproduced by our model if we take into
account the finite detector bandwidth at short pulse
duration [green curve of Fig. 2(c)] and the finite qubit
lifetime, 7; = 8 us, for long pulses [orange curve of
Fig. 2(c)], resulting in a maximum detection efficiency
of Nmax = 58% for a 2 us pulse length.

B. Dark counts

A crucial figure of merit of the detector is the dark count
rate [y, defined as the number of clicks per unit time in the
absence of incoming photons. By virtue of our dissipation
engineering approach, I'y. is robust against the two main
decoherence mechanisms of the qubit: dephasing and
energy relaxation. This is in stark contrast with the best
performing schemes relying on Ramsey interferometry
[16,17], where the dark count rate scales with the qubit
decoherence rate such that T3 ~ 1/(2T,); in other
words, the detection outcome is blurred after a detection
time of order T,. In our case, dark counts come from the
next limiting process: the qubit thermal excitation.
Therefore, the dark count rate is given by the qubit
thermalization rate I'y. ~ n, /T, Where n, g, is the qubit
thermal occupancy. Figure 2(d) shows the detection prob-
ability p, as a function of the detection window ¢, in the
absence of buffer excitation. At short time compared to the
qubit relaxation time 7, we find p, = 0.003 + I'yc X 1,,.
The first term of 0.003 results from the improper initial-
ization of the qubit in its ground state and detection errors.
We find Fg‘ci“ = 1.4 ms™!, limited by pump-induced heat-
ing of the qubit bath [36,37] [see Fig. 2(d)]. We have
observed that for the same detection window, when the
repetition rate increases from (2 ms)~! to (50 ps)~!,
the dark count rate increases to 4 ms~!, suggesting that
the qubit bath thermalizes over timescales of hundreds
of microseconds. In spite of the modest lifetime of our
transmon qubit, the dark count rate reported here is one
order of magnitude lower than the values reported pre-
viously in the literature [14,16,17,25].

C. Detector reset

A key requirement for practical photon detectors is a fast
and high-fidelity reset, which we achieve using the reverse
process g3b'6W [see Fig. 1(c)]. By shining a resonant tone
on the waste in the presence of the pump, the qubit relaxes
to the ground state with the emission of a photon in the
buffer, leading to a fast reset at a rate e = (370 ns)~!

and a ground state preparation fidelity of FT;;‘“" =99.3%

he>mld = 99.6% with a subsequent heralding

improved to F’ 7
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FIG. 3. Reset protocol and cyclic operation. (a) The qubit is

initialized in its excited state (blue pulse) and the pump is activated.
The decay of p, is measured (open circles) in the presence (green)
or absence (blue) of a reset tone of duration ¢, applied to the waste
mode (green pulse). The exponential fits (solid lines) yield a qubit
T; reduced from 7.7 us to 370 ns. Note that the residual qubit
population is reduced in the presence of the reset tone from 3.5%
(see Fig. 2) to 0.7%, demonstrating that the reset is in fact cooling
the qubit below its effective bath occupation. (b) Cyclic operation
of the pulse sequence in between the two vertical dashed lines, in
the presence of a continuous input tone of variable amplitude
(orange pulse). First, the qubit is reset for 2 us (first green and
purple pulses), followed by a heralding measurement to confirm
the preparation in the ground state (second green pulse). The
detector is then activated during a time 7, = 3 us by switching on
the pump (second purple pulse), and finally, the qubit state is read
out (third green pulse). The measured p, (open circles) is plotted as
a function of the photon number in the input pulse integrated over
the cycle time 7 ps. A linear regression (solid line) yields an
overall efficiency of 20% (which accounts for the 43% duty cycle)
and a dark count of 2% per cycle. (c) Real-time trajectories of 1000
successive detection cycles, with 7 =0 (top) and 7 = 0.38
(bottom), as marked by the full dot in (b).

readout [Fig. 3(a)]. The downtime of the detector comprises
the reset, heralding, and readout pulses, and is as low as
3.5 us [Fig. 3(b)]. The cyclic operation is demonstrated by
running the detector with a 43% duty cycle in the presence
of a coherent tone on the buffer of variable strength
[Fig. 3(c)]. Moreover, the qubit is at all times either in
lg) or |e) (see Appendix E), and therefore a weak and
continuous dispersive readout could be added to detect
uninterruptedly the incoming photons with a precise timing
of the clicks. Figures 3(c) and 3(d) are an example of 1000
samples from such measurement sequences in the absence
of the probe tone giving a dark count rate of
2800 countss~! and a total efficiency, including the pho-
tons lost during the detector’s downtime and 7 event
during the detection, given by 7cycjic = 0.19.
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FIG. 4. Quantum nondemolition characterization by tomogra-
phy of the quantum state released in the waste line. (a) The three-
wave-mixing interaction is activated by a pump tone (purple
pulse) during which the detector is first initialized by a reset pulse
on the waste port (first green pulse) preceding the injection of a
small coherent field (mean occupation 77 = 0.35) on the buffer
port. The qubit excitation, detected at the end of the sequence by a
readout pulse (second green pulse), is correlated with the creation
of a single photon by the waste. During the detection process, a
near quantum-limited phase-preserving amplifier is used to
monitor the field emitted by the waste (gray shaded rectangle).
(b) The signal, demodulated at the frequency (@, + @%)/2, is
dominated by quantum and amplifier noise, as exemplified with
20 overlayed single-quadrature time traces (2 time traces have
been colored in black for readability). (c) The waveform of the
emitted wave packet can be deconvoluted from the uncorrelated
detection noise by statistical analysis of the traces [38]. The real,
imaginary part, and envelope of the waveform retrieved exper-
imentally are represented in full line, dashed line, and green
shaded area, respectively. (d) The quantum state of the field in the
temporal mode plotted in (c) is reconstructed by analyzing the
moments of the measured amplitude distribution [39] as de-
scribed in Appendix H. The Wigner function of the state
conditioned on the detection of the qubit in state |g) (Je)) is
represented on the left (right).

D. QND-ness

Finally, the waste which up to now has been considered as
a bath can, in fact, be monitored to demonstrate that our
detector is quantum nondemolition. Indeed, the qubit acts as
a witness of the photon passage; the latter is first absorbed in
the buffer and released through the waste at another carrier
frequency [Fig. 1(b)]. By performing the heterodyne detec-
tion of the outgoing field, heralded by the click of the
detector, we first extract the temporal mode of the photon
based on the eigenmode expansion of the autocorrelation
function [38]. Then, we reconstruct the density matrix of the
photon by measuring the moments of the signal distribution

up to the fourth order [39]. Based on a maximum likelihood
reconstruction, we perform the tomography of the outgoing
field (Fig. 4) and obtain a single photon probability Py =
757$% conditioned on a click of the detector and a vacuum
probability Py = 94f1l % conditioned on the absence of a
click. The uncertainties were computed assuming a 0.5 dB
calibration uncertainty on the gain of the amplification chain
(see Appendix H). The source of infidelities can be carefully
modeled based on the detector imperfections such as
spurious thermal excitations, detection inefficiencies, read-
out infidelity, given the photon statistics of the itinerant
coherent state. As described in Appendix H, we estimate the
single photon probability P|;, conditioned on a click of the
detector to be 80% while the vacuum probability Py
conditioned on the absence of a click is estimated to be
94%. These values are in agreement with the state
reconstruction, thus validating the quantum nondemolition
character of the detector.

IV. CONCLUSION

We have realized a nonlinear and nonlocal dissipator
involving a qubit coupled to a resonator. Conditioned on
the impact of a photon on the resonator, the qubit
irreversibly switches to its excited state which is then
detected with a single-shot readout. This photon detector
achieves both high efficiency and an unprecedentedly low
dark count rate owing to its robustness against the main
decoherence mechanisms of superconducting circuits.
Following the example of Josephson parametric amplifiers
in the advent of circuit quantum electrodynamics, this new
class of robust detectors based on dissipation engineering
constitutes an essential step toward the practical use of
photon detectors in the microwave domain. By engineering
higher-order dissipators, one can envision more complex
detection patterns, such as number-resolving or multimode
correlation detectors.
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APPENDIX A: CIRCUIT PARAMETERS

The circuit consists of 1/2-coplanar waveguide resona-
tors as depicted in Fig. 5(b). The circuit is made out of
sputtered niobium with a thickness of 120 nm deposited on
a 280-um-thick wafer of intrinsic silicon. The main circuit
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Amplifier 'FR(:V@
transmon

-20 fump g filter
b'l waste| PhOtON | pufter [6
—

counter
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Purcell Filter
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FIG. 5. (a) Schematic of microwave cabling of the dilution
refrigerator. (b) Superconducting coplanar-waveguide layout;
note that this vector layout is the exact mask used for the circuit
fabrication.

TABLE I. Measured system parameters. Note that the internal
losses of the waste are too small in comparison to the external
losses to be accurately measured.

Qubit

w,/2n 4.532 GHz
Tl 8-9 HUS
T3 10 ps
Xqql 27 146 MHz
Kb/ 27 1.02 MHz
Xaw/2m 2.73 MHz
Waste mode

w}/2x 5.7725 GHz
Kext/ 270 2.38 MHz
Kint/ 27 <100 kHz
Buffer mode

), /2n 5.4952 GHz
Kext/ 27 0.890 MHz
Kint/ 27 80 kHz

is etched after an optical lithography step and then the
Josephson junction is made of evaporated aluminum
through a PMMA/MAA resist mask written in a distinct
e-beam lithography step.

APPENDIX B: PURCELL FILTER

In order to strongly couple the waste resonator to the cold
50 Q environment which provides the dissipative character
of the scheme without degrading the qubit relaxation time
T,, we have employed a Purcell filter in series with the
waste resonator as depicted in Fig. 5(b). As described in
Ref. [40], another benefit of the Purcell filter is that the
readout time of the qubit is reduced; hence, the readout
fidelity is enhanced.

The Purcell filter is a bandpass filter consisting in
a 1/2 resonator coupled in series with the waste resonator
at a rate G and placed on resonance with the latter,
@purcell = 27 X 5.786 GHz, and coupled to the transmis-
sion line at a rate Kpyeen = 27 X 36 MHz. The filter is
designed to be in the strong damping regime Kpygeep => G S0
that the expected anticrossing due to the hybridization of
the modes is irrelevant. The effective decay rate of the
waste resonator to the transmission line through the filter is
then given by

4G% 1
K, =
" Kpurcell I+ [2<a)Purcell - ww)/’ﬁ’urcell]2

~ .
Kpurcell

(BI)

021038-6



IRREVENRSIBLE QUBIT-PHOTON COUPLING FOR THE ...

PHYS. REV. X 10, 021038 (2020)

Experimentally, we extract an effective decay rate of
K, =27 x 2.38 MHz leading to a coupling strength
G =27 x 5.6 MHz between the waste and the Purcell
filter. The qubit is coupled to the waste resonator at a rate
g =2 x41 MHz. Its residual decay rate through the
waste channel in the presence of the Purcell filter is
given by

) g 4G 1
! (ww - a)q)z Kpurcell 1+ [2(wPurcell - wq)/KPurcell]z
202
~ L“Kpume” =27z x 1 Hz. (B2)
(a)w - wq)

Note that for a given decay rate of the waste in the
transmission line, the Purcell filter enables the suppression
of the qubit relaxation through the waste channel by a
factor k3,cen/ (@purcenn — @)% ~ 1072,

APPENDIX C: SYSTEM
HAMILTONIAN DERIVATION

Our system consists of three electromagnetic modes,
referred to as the buffer, the waste, and the qubit, coupled
through a Josephson junction. A strong radio-frequency
drive, referred to as the pump, is applied to the qubit mode.
The Hamiltonian of this system is well described by

Hih= " w,nm

m=>b,w.q
EJ A D N ot
- [cos(®) + /2] + 2¢, cos(w,1) (g + §").

(;b: §0m(ﬁ1+ﬁ1T)’

m=b,w,q

where the index m = b, w, g refers to the buffer, waste, and
qubit modes, respectively, of angular frequency ®,,, and
annihilation operator 71. The Josephson energy is denoted
E;, and @ is the phase across the junction, which can be
decomposed as the sum of the phase ¢,, (7 + /') across
each mode, where ¢,, is the zero point fluctuation of the
phase across mode m. The pump’s amplitude and angular
frequency are denoted ¢, and w,, respectively.

The strong pump is accounted for by moving into a
frame where the qubit mode is displaced by its mean field
amplitude &,e~"»!, where £, ~ —¢,/(w, — ) [30], pro-
vided that the pump is adiabatically switched on and off
with respect to the detuning @, — @, (about 300 MHz in
our experiment) [41].

Following this frame displacement, we place ourselves
in the interaction picture with respect to the Hamiltonian
> mebowg (@ — 8,,)i i, where &, are arbitrary detunings
that will be used to cancel the ac-Stark shifts due to the Kerr
effect. The transformed Hamiltonian reads:

R E R
Aih= 3" Syt ==L [eos(§)) + /2,

m=b,w.q
(p/ — g @m(ﬁle_i(w”’_(s'”)t + ﬁ/lTei(wzri_(sm)t)

+ (ﬂq(épe_iw”t + ézeiwl’t). (Cl)
We now take
o, = (wq - 51]) + (ww - éw) - (a)b - 517)’ (Cz)

and expanding the cosine term to fourth order, and keeping
only the nonrotating terms leads to

g/zHStark+HKen+H4WMv
I:IStark/h: Z <5m _)(qm|§p|2)ﬁ11.ﬁ’l+(5q_2)(qq|§p|2)&T217

m=b,w
A % A N AnA o
HKerr/h: Z - ’;mmJﬂmz_)(qbbquTq

m=b,w,q
X WG G =1, b BT,

Hywy/h=g3bW'§" + g5b™Wwg, (C3)

with the coefficients 7iy,,,, = E;pn/2, hy, = E;Q2d7,

h)(qw:EJ(ﬁ%] gv’ h)(bw:EJ¢12; 3% and hg3:_EJ§p¢121¢b¢w’
which can also be written as

93 = _fp\/)(qb)(qW' (C4)

Note that we have neglected terms of the form 7'
arising from the normal ordering of the fourth-order term,
since they simply shift the bare frequencies w,, by a
constant amount. Since the qubit anharmonicity y,, is
much larger than all the dissipation and excitation rates, in
the following, we project the qubit mode onto its two
lowest energy levels |g) and |e). We thus replace the
bosonic operator ¢ by the two-level lowering operator
6 = |g)(e|. Moreover, we choose the mode reference
frames such that &, = 2y,,|¢,1% 6, = x,/&,|*, and
Sy = Xawlé)p |> + A. We have introduced an arbitrary detun-
ing A which, as we see in the next section, can be chosen to
cancel the effect of the cross-Kerr effect between the qubit
and the waste y,,,. This leads to Hgpi/h = AW, The
pump frequency thus needs to be adapted for each value of
&, in order to always verify Eq. (C2):

a)p:wq+ww_wb_A_|'§p|2<2)(qq+)(qw_)(qb>‘ (CS)
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The Hamiltonian now reads:

H'/h = gsbW'6" + g5b™Wwé +Ant
+ >0 —Eie = b be'e

m=b,w

— X W06 =y, B BW .

APPENDIX D: ADIABATIC ELIMINATION
OF THE WASTE MODE

A crucial resource in our system is the intentional
dissipation of the waste mode w, which is coupled to a
transmission line with a rate «,,. In addition, the buffer
mode is overcoupled (rate x,,) to the input line which carries
the incoming photons. Finally, the qubit mode is designed
to be isolated from its environment, but inevitably has a
residual uncontrolled dissipation at a rate x,, and dephas-
ing k.

7l —i[H" /1. p] + k,D[W]p + K, D[b]p

A K A
+x,Dlelp + 5 Dlap.

(D1)
where the Lindblad operator is defined for any operator 9]
as D[0]p = 0pO' — 1 0'0p — %p@*@.

We place ourselves in the regime where |gs], ¥,5> Ypw»
Xbb> Kps Kgs Ky ~ OK,,, and & is a small parameter 6 < 1.
In our experiment, y,,,/k, ~ 1, and we assume A/x,, ~ 1.
In this regime, the waste mode can be adiabatically
eliminated, leading to an effective dynamics for the
buffer and qubit modes alone. Following Ref. [30], we
search for a solution of the full buffer-qubit-waste dynam-
ics of the form

P = poo ® [0)(0] +8(p10 ® [1)(0] + por ® [0)(1])
+ 8% (p11 ® |1)(1] + pao @ [2){0] + po2 @ [0)(2])
+0(8%), (D2)

where p,,, = (m|p|n) is the reduced density matrix acting
on the buffer Hilbert space with |m), |n) being the Fock
states basis of the waste mode. Whereas |n) (m| acts on the
waste Hilbert space. The goal here is to derive the dynamics
of pgy = Tr,(p) = poo + 6°p11 up to second order in 5,
where Tr,, denotes the partial trace over the waste degrees
of freedom. The low occupancy of the waste mode justifies
this expansion. We are interested in the dynamics of the
reduced density operator for the qubit-buffer modes p,,
which is obtained by taking the partial trace over the waste
mode. We rewrite the Hamiltonian of Eq. (D6) in the
following form,

H'/h = g:b6" Wt + g5b'6Ww
+ (A = 2876 = 2, T BYWW + H /11,

/0 = —’% b2 = y b 6" 5, (D3)
and we define
I~
Lyp(Pgp) = 7 (H 4+ Pgb)
R A Ky
+x, Dblp g 41, D16]p g +_/)D[6z}qu- (D4)

2

By projecting Eq. (D1) with (0]...]0), (0]...|1),and (1]...|1),
respectively, we get

1 d . A A 1
0= & (ippA—iATpig+p11) +K__£qb (Poo) +0(5%),
(Ds)
1d N 1 o
——po1 = ipooA’ — ——iA ) + 0(5), D6
Kwdtp01 P00 ,001<2 l >+ (8) (D6)
1d Car =
K—EﬂnzlﬂloA —iApy —i[A,p1i]—p1 +0(5), (D7)
where
A= pst, (D8)
K,,0
o A— 66
A-"TEwo 0 (DY)

Note that ||A|| and ||A|| are of order §°. Considering Eq. (D6),
we see that the derivative of py; is composed of a term
proportional to pg, that can be viewed as an external drive,
and a term proportional to py;, that includes a damping term.
Since the variation of pyy, is slow [dpy/k,,dt of order 6%; see
Eq. (C5)] in comparison to the damping term (of order §°), we
can make the adiabatic approximation: we consider that p; is
continuously in its steady state. The same reasoning applies
to p11; we thus set to 0 the derivatives of the left-hand side of
Egs. (D6) and (D7). Moreover, by noting that AA =
(A —;(qw)f\/zcw, we can solve for py;, p10, 211 as a function
of pyy. We find

1 (A _)(qw)> A
po1 = ———5——— | 2i —4—"= ) pooA”, (D10)
e S ( :
P = 7_4APOOAT- (D11)
1+ 4 T2
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We denote
4‘93|2/Kw
W=, (D12)
1 +4| ="
49 2/Kw Haw — A
I A k)

2 Ky

= 1t 4| A;iqw

Inserting the solutions (D10) and (D11) into Eq. (D5),
we find

d N RER At
2P0 = —iAn[b'b 66", poo]

+ kD68 poo + Lyp(poo) + O(8°).  (D14)

The term proportional to k,; is the nonlinear damping
term at the heart of the single microwave photon detector.
It is maximized for A = y,,. In this configuration, the
pump angular frequency w, = @, + ®,, — @y — g4, 18
such that hw, exactly matches the energy difference
between the initial state 57|0,0)|0) = [1,0)|0) (@) and
final state 6"W'(0,0)|0) = [0,1)|1) (w, + ®,, — x,,), and
ko = 4|g3|*/x,,. The term proportional to A, is a “gener-
alized frequency pull” that corresponds to a tunable cross-
Kerr effect between the qubit and buffer modes. Note that
Pab = Poo + 5°py, follows the same dynamics as Eq. (D14)
(since we assumed dp;;/k, dt = 0).

APPENDIX E: QUBIT DYNAMICS
AND DETECTION EFFICIENCY

1. Efficiency for single photon Fock states

The detector efficiency is defined as the probability p, to
find the qubit in the excited state, when a Fock state |1) is
incident on the buffer cavity. However, in this work, we
calibrate our photon detector with coherent states. In the
following, we provide a simple argument to bridge the gap
between this definition of # and the experiment performed
with coherent states.

We can formally describe the output of a random source
that emits a single photon with a small probability e with
the density matrix

p = (1-¢)[0){0] + &[1)(1]. (E1)
With such a source, the detector should click with a
probability p, = ne. Additionally, a coherent state with a
small complex amplitude « reads

s (151 )(0 +a). @

and thus the statistical mixture of coherent states with
unknown phase reads

p~ (1=1al?)[0)(0] + |a*[1)(1]. (E3)
Therefore, one can identify this statistical mixture with an
intermittent single photon source providing that & = |a|? is
small. The probability of click will then be p, = ne = nin in
either case.

2. Efficiency for coherent states

In order to describe the effect of coherent states on the
detector and to compute #, we now add an input drive of
amplitude € = |/k,bj,, where by, is the amplitude of the
coherent pulse. We start from Eq. (D14), where we neglect
Xbb> Xqb> Kq <K Kni, Kp, and take A = y .

d . .
_pqh = Knlp[b6| ]pqh +KbD[b]qu +€[b - bkqub]' (E4)

dt

We would now like to calculate the qubit excited state
population p, as a function of the number of photons in the
incoming wave packet of length T': i, = |b;,|> x T, where
we assume for simplicity that b;, is time independent.
We may write the solution of Eq. (E4) in the general form
Pab =Pygl9) (9l +Pgel9) (el + pegle) (gl +pecle)(e], and we
are interested in p, = Tr(p,,). We find

d . Kyl
a’m = "
+x,Dblpy, + elb = b, py,l.

(b"bpyy + pyyb'b)
(ES)

d Aa A PO
E/)ee = Knlbpgng + KbD[b]/)ee + €[b - bI ’pee]' (E6)

Hence,

A

d N
Epe = Kanr<bpggbI ),

and we now need to solve Eq. (C5) for which, remarkably,
we find a simple ansatz:

(E7)

2

poult) = exp (—4ﬁr) 8. (E8)

P = —2¢/(km + ), (E9)

where [f) is a coherent state of amplitude f.
Note that Tr(bp,,b") = p? exp{—4[e*/ (ku + Kp)*Knt},
and hence inserting this expression in Eq. (E7), we find

4, —4 R ( PR z) (E10)
— P = 4Ky —— —4—— Kyt |-
" T e )2 TP AT (e 2

Assuming the qubit in its ground state at t = 0, we find

P(T) = 1 = exp(-n|bin[*T). (E11)
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where

KpKn]

=4 = E12
1= e o) (E12)

which can be written as
pe=1=Py_~ nity. (E13)

Here P, = exp(—7, ) is the population of Fock state 0 of
the incoming coherent pulse, which has a mean photon
number ii;, = |b;,|? x T and follows a Poisson distribution.
We see from Eq. (4) that = 1 when «,; = k.

3. Time-dependent pulses

This derivation was made for a time-independent pulse
amplitude e, but one arrives to a similar result for e(z).
We start from Egs. (C5) and (E6), where € is replaced by a
time-dependent pulse (7). We assume that e(¢) represents
a wave packet so that e(t > —o0) = ¢(r — o0) = 0. We
define p,, such as

d ! 71~ 7 7 ~
Epgg = (Kb + Knl)D[b]pgg + e(t) [b - bT?pgg]’ (E14)

which is the intracavity state of a two-port driven cavity.
Importantly, this is a coherent state at all time. We can show
that

Pualt) = £y (E15)

is the solution of Eq. (E5) with a time-dependent pulse,
where

10 =exp (s ["p0Par). (E16)
0
B(1)2 = Tr(bp,,(1)b7), (E17)
and f(t) is easy to compute. We have that
d Ay
—DPe = Kanr(bpggb') - Kn]f(l)|ﬂ([)|2, (ElS)

dt

so we can find the occupation of the qubit after the pulse
pe(+00) = Pe = 1 —f(+00)

pe=1-exo( s [ iptopar)
1 o
=1—-exp (—Knlﬁ/f |ﬂ(w)|2dw>

1 +oo b
=1—exp (—2—/ KKl in(@)
T J-co

(kny +55) /2 + i
where b;,(w) is the incoming pulse in the frequency
domain. We can rewrite this as

2
dw) ,

(E19)

Pe=1- exp<_ﬁcav) =1- I]:DO,cavv (Ezo)
where 7i.,, is the overall number of photons that actually
reach into the buffer. This is to be compared to

1

+0o0
fpulse = 2—/ |bin(w)|2dws (E21)
T J-0

the number of photons in the incoming pulse.
Equation (E19) shows the filtering of the incoming pulse
due to the loss mismatch (x;, # k) of the detector and its
finite bandwidth (x;, + xp)-

APPENDIX F: RESET PROTOCOL

For the reset procedure, we switch off the drive on the
buffer mode, and instead, we add a resonant drive on the
waste port (this drive is sent at w,, — y,,,, since the qubit is in
|e) when we want to reset). This adds to the Hamiltonian of
Eq. (D3) the following term, H ;.. = €, (W + Ww'), which
can be absorbed by replacing the operator bt —
bs" + €,,/g3. Using this modified expression, the rest of
the calculation follows. Note that

ALy € AL € (2 av T
KnlD|:b6T+g_jj|qu:KHID[bO-T]qu_FKnl—W[bGT_bTvaqb}'

293
(F1)
This leads to
d 7 Pt
2P = Ky D[blp g + knD[bG"|pyy, (F2)
+enlbs" = b5, py), (F3)

where ¢, = Ky (€,,/2g3). Instead of repeating the entire
analysis of the previous sections, we will proceed using a
useful analogy. We see that Eq. (F2) can be mapped to
Eq. (E4) by making the following substitutions: x;, <> ky,
b < bé', and €n <> €. We have shown that the dynamics
of Eq. (E4) leads the qubit to dissipate from its ground to its
excited state at rate 4[e?/(ky + K, )* ]k [see Eq. (E11)]. By
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analogy, the dynamics of Eq. (F2) leads the qubit to
dissipate from its excited state to its ground state at a rate

K *467311(‘ (F4)
reset — (Kb+Knl)2 b
2
-4 (F5)

(Kb + Knl)z " Ky

APPENDIX G: SPECTROSCOPIC
CHARACTERIZATION OF THE DETECTOR

When inserting the optimal pump frequency predicted by
Eg. (D14) (A = y,,,) into the frequency matching condition
(C5), we find

w, = (a)q - 2)(qq|‘j=:p|2> + [a)w _quu + |§p|2)]

= (@5 = xgl&p ) (G1)

This equation is equivalent to Eq. (1) with @, =
@g = 249lEp 1P 5, = 0 =g (1+18,P), and o =
w, — ;(qb|§p|2. Note that in the main text, for clarity, we
have neglected the ac-Stark shifts on the buffer and waste

since |€,%x . < |g3|- To match this condition, we realize

(a) rurs (b)
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FIG. 6. Complete spectroscopic data. (a),(b) The excited state
population of the qubit p, (color coded) is represented as a
function of the pump amplitude (x axis) and pump frequency (y
axis). (a) When there is no incoming photon on the buffer port,
we find one spectroscopic line (red diamonds) for which the qubit
is sent into its excited state. This corresponds to a higher-order
amplification process of the form. We also observe that the
background p, is rising approximately linearly with the pump
power at all the frequencies, which is consistent with the heating
of the qubit bath by the pump. (b) When we add a pulse on the
buffer port at frequency @, another line (purple circles) appears.
This line corresponds the process b&" W' and the white dashed
line indicates the chosen pump power which maximize the ratio
n/Tq.. We can also observe a spectroscopic line which goes
upward which seems to cool the qubit and thus decreases the
efficiency [see dip in k,; in Fig. 1(a)]. This was the main reason
for limiting the pump power to the chosen value. Also, past this
line, the dark count rate increases too much compared to the gain
in the efficiency.

a calibration experiment where the pump power and
frequency are scanned over the relevant range of parameter
space and we measure the probability p, to find the qubit in
the excited state. We first perform a control experiment,
where the buffer is left undriven [Fig. 6(a)]. The experiment
is then repeated with a small coherent drive pulse on the
buffer [Fig. 6(b)]. The line corresponding to the process
be™Ww! is clearly identified since the qubit excitation
probability p, vanishes in the absence of buffer drive.
For each pump power, the frequency f,, that maximizes
the qubit excitation probability within the relevant line is
represented with a red dot in Fig. 8, and it is also reported in
Fig. 1(a). The linear dependence of f,, as a function of
|£,]% is used, together with the independently measured
value y,, = 146 MHz, to calibrate |£,|* in terms of photon
number via the relation (G1). We attribute the spurious line
appearing in both control and calibration experiments to the

sixth-order nonlinear process ff,faTa*&Zf, where 6, is the

lowering operator between the second and first qubit excited
states. Indeed, the frequency and slope of the line as a
function of pump power are in good qualitative agreement

with the expected value @, sourions = (@4 + cbf]f +wy)/3.

APPENDIX H: TOMOGRAPHY OF THE
ITINERANT TRANSMITTED PHOTON

The nonlinear process at the heart of the single photon
detector converts the incoming photons (centered around
the buffer frequency ;) into photons emitted into the
waste line at the waste frequency ¢, (the frequency of the
waste when the qubit is in the excited state). The field
propagating in the waste line is amplified by a near
quantum-limited phase-preserving amplifier and demodu-
lated at the frequency (@i, + @¢,)/2. Examples of demodu-
lated time traces, with a sampling rate of 50 MS/s are
shown in Fig. 7(c). Besides providing a strongly damped
mode for the converted photons, in our experiment, the
waste is used to read out the qubit state. Consequently,
the time traces are split in two consecutive segments
[see Fig. 7(c)]. The first part of the traces of duration
t,, = 3.4 us contains an excess noise directly attributable to
the up-converted photon and are used to reconstruct the
quantum state of propagating field. The second part of the
traces of duration ¢, = 0.6 us, during which the waste
cavity is coherently driven by the readout pulse, are used to
infer the qubit state.

1. Determination of the outgoing photon mode shape

The complex mode shape in which single photons are
emitted by the waste corresponds to the input pulse mode
shape which is filtered by the buffer and waste bandwidth
as well as the qubit thresholding response, and it also
undergoes an overall frequency conversion. We employ the
method described in Ref. [38] to determine this waveform
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FIG. 7. Tomography of the itinerant field states. Measurement of the field emitted during a detection sequence (left) and calibration
experiment (right). (a),(g) Pulse sequences for the state-reconstruction experiment (a) and amplification calibration (g). The field emitted
by the waste is monitored by a phase-preserving amplifier (gray rectangle). (b),(h) Experimental traces demodulated at (wf, + @¢,)/2
(only one quadrature is represented): the first part of the trace (duration t,,) is used for the itinerant field state reconstruction while the
second part (duration ¢,) is used for qubit state discrimination. (c),(i) Mode shape determined experimentally for the single photon (c)
and coherent fields (i) used for calibration. (d),(j) Measured phase space distribution of the propagating field before amplification
§/+/G; it corresponds to the Husimi-Q representation of the quantum state broadened by the equivalent input noise of the amplifier
expressed in units of square root of photons. The distribution is conditioned on the detection of the qubit in |g) or |e) (d) and for the
various coherent state amplitudes used for calibration (j). (e),(k) Experimental reconstruction of the moments of the distribution
{(ahyr ””) obtained by inverting Eq. (HS). (f) Diagonal of the reconstructed density matrix. The error bars are estimated assuming a
+0.5 dB miscalibration of the amplification chain gain.

experimentally from the 88 000 traces where the qubit was
detected in state |e): we first combine the raw I and Q
quadratures from the digitizer to form the complex discrete-
time traces:

z(t;) = 1(t;) +iQ(t;). (H1)

We then compute the autocorrelation matrix (z*(¢;)z (1))
by averaging the two-time correlators over the full dataset.
The autocorrelation matrix is diagonalized to find the basis
of uncorrelated temporal modes. While most of the
eigenvalues have a comparable weight, corresponding to
the vacuum and amplifier noise in the unpopulated tem-
poral modes, the largest eigenvalue is significantly larger

(by ~25%). The corresponding complex eigenfunction
f(t;) provides thereby the optimal temporal mode, as

plotted in Figs. 4(c) and 7(c), and is normalized such that

YilfaP =1

2. Photon reconstruction
Now that the temporal shape of the itinerant mode is
identified, we will focus on its quantum state. Following
Ref. [39], we infer the quantum state in the mode shape f
by calculating the various moments of the complex
amplitude distribution:

§= 1)zt

(H2)

The experimental phase-space distribution of S conditioned
on measuring the qubit in |g) and |e) is presented in
Fig. 7(d). The measured distributions—that would
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correspond to the field’s Q function for a quantum-limited
detection—are significantly broadened by the amplifier’s
classical noise. However, a clear excess noise is visible on
the distribution corresponding to |e), that reflects the
increased fluctuations in the mode of interest due to the
emitted photon. On a formal level, the observable S can be
expressed as a function of the amplifier gain G, the
annihilation operator @ in mode f, and the annihilation
operator h in an external mode describing the noise added
by the amplifier:

S=VGa+h"). (H3)
Under the assumption that the amplifier noise h is uncorre-
lated with the signal a, we get the following expression for

the moments of S [39]:

(878,
— Gntm)/2 Z( ) ( > & )iflj>/,<fl”_i(ilT)m_j>.
i,j=0
(H4)
Remarkably, the moments (A"(h")") = G=(mtm/2 x

((§T)8my 0y(0| can be retrieved experimentally by perform-
ing a calibration experiment with the mode & in the vacuum
state, where <(S‘T)”S””>|O><O‘ comes from the raw data and
the only remaining unknown is the gain G.

The gain G is calibrated by a control experiment.
We send a well-calibrated pulse (see Ref. [36]) on the
waste port which reflects back and gets detected by the

digitizer [Figs. 7(f) and 7(g)]. Provided the waste is
overcoupled to its transmission line (see Table I), the
coherent state in the reflected mode shape [Fig. 7(h)] is
equal to the incoming one. Assuming the noise is unbiased,
we have (8) = v/G(a), and, hence, measuring (S) for 3
values of (a) [Fig. 7(i)], we deduce G.

The relation (H5) can then be inverted to obtain the
moments of the field’s distribution ((a’)"a™) poy» Where
Pexp 18 the experimental density matrix to be reconstructed
[Figs. 7(e) and 7(j)]. We perform this reconstruction up to
fourth order (n + m < 4). We finally perform a maximum-
likelihood estimation of the field’s density matrix p,
by minimizing the distance between the measured and
expected moments:

> I

m,n
m+n<4

- ((@%)am), . (HS)

pexpmoml

pexp

The Wigner functions plotted in Fig. 4 are calculated from
the density matrix pp,.

3. QND-ness budget

In this section, we estimate the fidelity expected for the
observation of the Fock state |1) out of the waste mode
conditioned on the click of the detector as depicted in Fig. 4
as well as the fidelity expected for the observation of the
Fock state |1) out of the waste mode conditioned on the
click of the detector. This calculation aims at taking into
account the main imperfections of the detector: the readout
infidelity, the dark counts originating from qubit thermal
excitations, the finite detection efficiency, and the photon
statistics arising from the coherent state. The contribution

Thermal Photon Detection Readout
excitation statistics efficiency fidellities Buffer - Waste
| ; | Pes  click M0, 1)
E I 77@»‘6 0, 1>T no click N [0, 1)
: 15/0,|971’0>\ Phes  click N0, 0)
Qubit Buffer Waste
state state state ﬁth ’g, Q, 0> Tdet |g, 0 O>_’ no click N |O O>
| O> / nC
a —
g, o 4 click N |0, 0)
19,0, O>T’ no click N |0, 0)
Pac
Pth

FIG. 8.

g click N |0, 0)
|€>0>O>T no click N0, 0)

C

Probability tree for modeling imperfection of the detector and quantum nondemolition character of the device. The input of the

tree denotes the joint state of the qubit, the buffer, and the waste, respectively. Starting from the qubit in the ground state and the input
field in a coherent state «, a spurious thermal excitation can flip the qubit with a probability py, the coherent state gets projected to the
vacuum state with a probability p,, the photon gets detected with a probability 74, and the qubit gets read out correctly with a
probability p¢ when in its excited state or pj. when in its ground state.
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of each imperfection can be quantified separately and
summarized on an event tree shown in Fig. 8.

(1) Thermal excitation. The probability of observing a
thermal excitation caused by the thermal environ-
ment and the pump heating due to the waiting time
Iwair,1 =3 s between the reset and the photon arrival
is given by py = I —exp(—Tachyaie1) + 0.003 =
0.0149.

(i) Photon statistics. The probability of being in
the vacuum state with an input coherent state of
mean photon number 7 = 0.35 is given by py =
exp(—n) = 0.70.

(iii) Detection inefficiency. The detection efficiency for a
1 — ps-long pulse discarding the readout infidelity is
expected to be 74 = 0.58/0.94 = 0.62 according
to Fig. 2.

(iv) Readoutinfidelity. The qubit readout fidelities can be
estimated precisely including the waiting time
between the photon arrival and readout pulse of
I'wait2 = 3 ps. Taking into account the relaxation time
T, and the residual thermal heating 'y, = Tny,,
itis given by p¢ = 0.94 exp(—tyaic2/T1) = 0.72 and

|

(1) click) = 2Ltk n 1)

Pic = 0.997 exp(—Tgelyaira) = 0.98,  respectively,
the probability of clicking (not clicking) while the
qubit is in its excited (ground) state.

We build an event tree in order to model the contribution
of each inefficiency; this event tree is depicted in Fig. 8.
Starting from the qubit in its ground state and a coherent
state in the input line, each source of inefficiency, as listed
above, leads to the occurrence probability of each branch.
Using this tree, we compute the probability of having a
click p(click) using the notation p =1 — p.

p(click) = > p(click n

branches
= P [Pol_?gc + p()(ﬁdetpgc + NaePE)] + P PE
=0.14.

0,0)) + p(click n |0, 1))

(Ho)

Then, we compute the probability of observing the Fock
state |1) going out of the waste mode conditioned on the
click of the detector using standard conditional probability
relations:

p(|1)|no click) =

p(click)
_ PiPoldePe
PwlPoPic + Po(flaePic + Maelé)] + PP
— 0.80, (H7)
p(no click N |1))
1 — p(click)
_ DinPoMdeDé
1= {Pu[poPic + Po(llgePic + NaePE)] + PinPE}
— 0.047. (H8)

These probabilities are directly related to the QND-ness
presented in Fig. 4, in particular: Py ik = 1 — PR click —
0.95 and P‘Clhfk = p(|1)|click) = Oé(g On the one hand, the
vacuum fidelity conditioned on the absence of a click
Py click agrees well with the experimental fidelity (0.94).
On the other hand, the Fock state |1) fidelity conditioned on

a click of the detector P|°1“>Ck is significantly larger than the

experimental value (0.75). This discrepancy can be attrib-
uted to two experimental imperfections.

(i) Moment reconstruction. The reconstruction of the
density matrix from heterodyne detection is based
on the measurement of high-order moments (up to
fourth order). The fourth-order moment of the
reconstruction (§™) , is unexpectedly large.

The signal coming out from the waste mode
cannot be linked to any reference oscillator phase

¢,,- Indeed, the phases of signals are constrained
through the parametric conversion by the following
phase relation: ¢, = ¢, + ¢,, — ¢,,. The only oscil-
lator phases available are the pump oscillator phase
¢, and the input photon oscillator phase ¢,. How-
ever, during the conversion process, there is no
reference oscillator associated to the qubit; therefore
¢, remains undefined. As a consequence, the phase
of the demodulation oscillator ¢,, must be arbitrary,
and the off-diagonal component should vanish.
The nonzero contribution of off-diagonal mo-
ments is attributed to statistical fluctuations due to
limited dataset. The effect of this spurious higher-
order moment can be visualized as the slight quadru-
pole component in the Wigner distribution shown in
Fig. 4. In order to emphasize this point, we
have performed an error analysis of the moment
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reconstruction from the dataset based on the boot-
strap method [42]. The result of this analysis is
shown as confidence interval in the moment matrix
written in Eq. (H9). We observed significant

|

1.00 £0.00 0.00 +£0.01
0.00£0.01 0.78 £0.01

((@"yam), |=]0024£001 002003
0.01 £0.04 0.04=0.07
0.17£0.15 X

A reasonable assumption is to consider the distribution
to be phase invariant since there is no absolute local
oscillator associated with the converted signal. Indeed,
during the conversion process, the phase of the incoming
photon is mixed with the pump phase and the qubit phase.
The latter is not referenced at any point since the qubit sits
in either its ground state or its excited state (no defined
phases are associated to these states).

If we assume the distribution to be phase invariant (i.e.,
the off-diagonal element to be zero), then the probability of
finding Fock state |1) is improved to P“’]“;’k =0.78.

(i) Calibration of amplifying chain gain. Finally, we
suspect a slight uncertainty on the gain of the
amplifying chain in the vicinity of the waste mode.

The waste photon is released at a frequency w,, —
X qw Since the qubit is its excited states. However, the
calibrations have been performed at a frequency w,,
since the qubit was in its ground state. This slight
shift in frequency of y,,, /27 = 2.73 MHz can lead
to a slight discrepancy in the gain of the amplifying
chain, which is usually negligible since the electro-
magnetic environment is often considered as flat
over such a small scale.

—
Y
=
5
—
O
~

Relative reflected
angle
o
Relative reflected
power (dB)

574 576 578 580 582 574 576 578 580 5.82
Frequency (GHz) Frequency (GHz)

FIG. 9. Spectroscopy of the waste mode. (a),(b) Relative
reflected phase (a) and power (b) (y axis) of a small spectroscopic
tone on the waste port for varying frequencies (x axis). (a) The
sharp 27 phase roll corresponds to the waste mode, whereas
the wide one corresponds to the Purcell filter. (b) Because of the
presence of a lossy Purcell filter (large interdigitated capacitor;
see Fig. 5), the relative reflected power is not flat around the
waste frequency (solid line). The detected photon comes out of
the detector with y,,, frequency shift (dashed line).

uncertainties for the off-diagonal components as
expected. It clearly indicates that the quadrupole
components of the state reconstruction can be
attributed to statistical fluctuations.

0.02£0.01 0.01+£0.04 0.17£0.15

0.024+0.03 0.04 +0.07 X
0.07 4+ 0.06 X X (H9)
X X X
X X X

However, due to the presence of the resonant
Purcell filter at the waste frequency shown in Fig. 5,
we observed some significant variation of the
amplitude of reflection coefficient on scales of order
Xqw @s shown in Fig. 9. An uncertainty of the total
gain of the amplifying chain of order +0.5 dB can
be attributed to this resonant structure.
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