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Motivation
• Axion : well-motivated candidate 

for dark matter
• The vast majority of the 

theoretically motivated 
parameter space (yellow shaded 
region & 𝒪(1) 𝜇eV ~ 𝒪(100) 𝜇eV 
mass) has not yet been explored.
• Very weak coupling strength
→ The expected event rate is 
extremely low.
→ Requires measurement beyond 
the Standard Quantum Limit (SQL).
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Current upper bound on axion-photon 
coupling. (O’HARE, C. cajohare/AxionLimits: AxionLimits. 
Zenodo https://doi.org/10.5281/ZENODO.3932430 (2020).)



Working Principle of SMPD realized using a 
transmon qubit
• Transmon qubit : Artificial two-level 

system realized by the nonlinear  
LC circuit.
• Input photon entering through the 

resonator (𝜔! ) → transmon
switches to the excited state ( 0 →
1 ) via four-wave mixing process. 

(Lescanne et al. Phys. Rev. X 10, 
021038 (2020))
• Photon counter frequency is swept to 

search for signal peaks  induced by 
axion-converted photons.

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 qubit is 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

transmission lines at a rate κb=2π ¼ 0.97 MHz and
κw=2π ¼ 2.4 MHz, respectively. A microwave drive,
referred to as the pump, is applied to the transmon qubit
at frequency

ωp ¼ ω̄q þ ωe
w − ωg

b; ð1Þ

where ω̄q is the qubit frequency shifted by the pump power
through the ac-Stark effect (see Appendix G), ωe

w and ωg
b

are the buffer and waste frequencies conditioned on the
qubit being in its excited state jei and its ground state jgi,
respectively. In the absence of the pump ωq=2π ¼
4.532 GHz, ωg

b=2π¼5.495GHz and ωe
w=2π¼5.770GHz.

The pumped system is well described by the effective
Hamiltonian (see Appendix C),

Ĥeff=ℏ ¼ g3b̂σ̂†ŵ† þ g%3b̂
†σ̂ ŵ; ð2Þ

where g3 is the parametrically activated three-wave mixing
rate and verifies g3¼−ξp

ffiffiffiffiffiffiffiffiffiffiffiffiffiχqbχqw
p . Here, χqb=2π¼1.02MHz

and χqw=2π ¼ 2.73 MHz are the dispersive couplings of the
buffer and waste to the qubit, respectively. The pump

(b)

(a)

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 Ω
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.
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Axion Search with SMPD

the effect (“off” measurement). We, therefore, estimate the
background by recording off-resonance clicks when νb is
detuned by !1 and !2 MHz and the source plus back-
ground when νb ¼ νc.
To explore different axion masses, the cavity frequency

νc is tuned during the quantum sensing protocol, with
parameters νc, loaded quality factor QL, and coupling β to
the transmission line being monitored periodically with the
SMPD (see Fig. 2).
The detector efficiency η is measured by monitoring the

count rate of the detector while applying a microwave tone
at its input, whose power is calibrated by measuring the ac-
Stark shift and photon-induced dephasing of the transmon
qubit (see the Appendix). We measure an operational
efficiency η ¼ 0.47! 0.013 on average including dead
times and imperfections of the SMPD. We observe effi-
ciency fluctuations on a timescale of minutes of the order of
!10% mainly due to slow drifts of the flux threading the

detector SQUID loop as well as fluctuations of the trans-
mon qubit relaxation time [20].

III. DATA ANALYSIS AND SMPD DIAGNOSTICS

The counts acquired as described in the previous section
are then grouped into resonance and off-resonance counts.
Because of the chosen quantum protocol structure, the
acquisition duration at frequency step is 28.6 s at resonance
and 7.15s × 4 ¼ 28.6 s at sideband frequency. Over the
long timescales required in cavity haloscope searches, the
SMPD dark count rate is nonstationary with variations
within 10% as shown in Fig. 3(b). We observe that about
600–700 clicks are recorded in 7.15 s on each sideband
frequency, while about 2700–2900 on-resonance clicks are
registered for 28.6-s-duration intervals. These clicks are
originating from photons present at the SMPD input due to
an effective temperature of the input line and only to a

(a)

(b) (c)

(d)

FIG. 2. Microwave cavity reflection spectroscopy using a
photon counter. (a) The SMPD response to a continuous
calibration tone is plotted as a function of frequency. While
the SMPD bandwidth is 0.7 MHz, its center frequency can be
tuned over a range exceeding 100 MHz by threading magnetic
flux through the SQUID loop. Here, the SMPD is tuned across a
5 MHz span centered around the haloscope frequency, which
appears as a dip in the measured counts—a signature of the
absorption of the haloscope cavity measured in reflection (see the
Appendix). (b) To estimate the cavity parameters Q0 and β, the
SMPD frequency is swept across the haloscope resonance. (c),(d)
The measurements of the cavity parameters are repeated cycli-
cally as part of the quantum protocol during cavity frequency
scans. For the interval ½7.369355 − 7.369442$ GHz, the quality
factor is determined to be Q0 ¼ ð8.8135! 0.31Þ × 105, and the
coupling coefficient is β ¼ 3.08! 0.07. These parameters remain
approximately constant across the scanned frequency range.
Horizontal lines represent the average values of Q0 and β across
N ¼ 72 measurements.
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(b)
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FIG. 1. Schematic of the axion search setup. (a) The haloscope
cavity, located in a 2T magnet, connects to the detector via a fixed
antenna port and features cryogenic frequency tuning through
three sapphire rods attached to a nanopositioner. (b) The SMPD, a
superconducting circuit with λ=2 coplanar waveguide resonators
linked to a transmon qubit, is positioned approximately 50 cm
above the magnet and connects via standard coaxial cables. Its
frequency is adjustable by threading the flux through a SQUID
embedded in the buffer resonator. Upon activating the four-wave
mixing process, the qubit cycles through photon detection phases.
(c) The detector center frequency alternates between resonance
(red) and off-resonance (gray) settings relative to the haloscope’s
frequency (blue) in differential mode. (d) Measurement records
from the photon counter display clicks over time, with color
indicating the detector’s frequency setting. Labels 0;!1;!2
above the graphical representation of individual photon arrival
times indicate that the frequency of the buffer resonator has been
set to νc, νc ! 1 MHz, and νc ! 2 MHz, respectively.
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• A photon converted from an axion in 
a cavity is transmitted through a 
coaxial cable to the SMPD. (→The 
cavity and the SMPD are spatially 
separated.)

• Proposals for improvement
Connecting to a dish antenna 
→ enabling wide-band Axion search
Multiple qubits 
→ higher detector sensitivity



Test Chip Fabrication

Optical microscope image of our transmon qubit, 
resonator (central figure) and Josephson junction (right 
figure) Sample holder

~ 500 [𝜇m]

Transmon qubit : the key component of the SMPD
→ Fabricating a high-performance transmon is important.



Result

• Energy relaxation time : typical timescale over which an excited state 
loses its energy and returns to its ground state.
→Improving T1 is crucial for better SMPD performance.
• By optimizing the fabrication process, the maximum energy relaxation 

time and echo dephasing time of our 2D transmon exceeded 100 𝛍𝐬
and 200 𝛍𝐬, respectively



Future Plan
• Future Plan
Short-term prospect : Building a prototype device and carry out 
proof-of-principle experiments.
Long-term prospect : Modifying the experiment setup and detector 
design,  from the prior research.

I would be very happy to receive your questions and 
comments during the poster session.


