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09 : 15→ 11 : 00 Science targets – Overview and Landscape

− Axions and other DM searches

− EDM searches and tests of fundamental symmetries

− Tests of Quantum Mechanics

− Multimessenger detection (atom interferometer networks and gravitational waves)

11 : 30→ 13 : 00 Experimental methods and techniques - Overview and Landscape

− Precision spectroscopy and clocks

− Novel ionic, atomic and molecular systems

13 : 30→ 16 : 00 Experimental and technological challenges, New Developments

− Superconducting platforms (detectors: TES, SNSPD, Haloscopes including single photon detection and
squeezing)

− High sensitivity superconducting cryogenic electronics, low noise amplifiers including TWJPA

− Broadband axion detection

− Mechanical/optomechanical detectors

− Spin-based techniques



SEARCHES AT THE PRECISION FRONTIER OF PARTICLE PHYSICS

sensitive, lab-scale experiments
search for tiniest deviations
arising from higher energy
scales (/weaker couplings) than
can be reached at colliders

Towards the development of the Ferromagnetic Axion Haloscope

Axion detectors in Germany nicolo.crescini@phd.unipd.it

Conclusions

The low energy frontier

Physical advantage of this approach:
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! fifth forces experiments

reaching energies far from accelerators
capabilities (including near future).

Lots of possible
measurements

! neutrino absolute mass
! quantum information/physics

... And, maybe, gravitational waves!
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quantum sensors
can reach
unprecedented
sensitivity and probe
ultralight DM
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FIG. 1. Range of available dark matter candidates. Current observations allow for dark matter to

consist of quanta with an enormous range of masses. Here we classify these candidates as particle-

like when m & 1 eV, and ultralight, wave-like dark matter when m . 1 eV. A few prototypical

models are listed as examples.

II. MOTIVATIONS FOR MECHANICAL SENSORS

The present landscape of viable dark matter candidates is enormous, leading to a wide
variety of potential experimental signatures. Dark matter particles could range in mass
from 10�22 eV up to hundreds of solar masses, a range of some 90 orders of magnitude.1

Moreover, dark matter could interact with the standard model through many possible in-
teractions, although perhaps only through gravity. To span this diverse range of possible
models, di↵erent regions of parameter space will require di↵erent detector architectures and
measurement techniques. In particular, for models interacting with the standard model only
through mass or other extensive quantities such as nucleon number, massive mechanical sen-
sors may be required. Mechanical sensing technologies o↵er an extensive set of platforms,
as discussed in section IV, and thus have the potential to search for a wide range of such
dark matter candidates in regions of parameter space that are complementary to existing
searches.

The ability to monitor a large number of atoms in aggregate o↵ers two key advantages over
other approaches. The first advantage is the large volume integration of any putative dark
matter signal. Any dark-visible interactions are necessarily tiny, so using a large volume (or a
large mass of target nuclei or atoms, for models that can resolve the underlying substructure
of the masses) is key to meaningful detection prospects. The second advantage is that long-
wavelength signals can be integrated coherently across the full device, leading to greatly
enhanced sensitivities. Such coherent detection has applications in the search for signals
from wave-like dark matter signals like the axion or other ultralight bosons, as well as in
the case of impulses delivered with extremely small momentum transfers. In section III,
we give some examples of dark matter models leading to these types of signals, and discuss
prospects for their detection with mechanical sensors.

III. DETECTION TARGETS AND TECHNIQUES

Possible signals of dark matter are controlled by a few key parameters. Astrophysical ob-
servations tell us that the dark matter mass density in our neighborhood is ⇢ ⇠ 0.3 GeV/cm3

1 In this paper, we use natural units ~ = c = 1 to quote particle physics quantities like masses and momenta.



QUANTUM SENSING

“Quantum sensing” describes the use of a quantum system, quantum properties or quantum phenomena to perform a
measurement of a physical quantity
Rev. Mod. Phys. 89, 035002 (2017)

1. Use of a quantum object to measure a physical quantity
(classical or quantum). The quantum object is characterized
by quantized energy levels, i.e. electronic, magnetic or
vibrational states of superconducting or spin qubits, neutral
atoms, or trapped ions.

2. Use of quantum coherence (i.e., wave-like spatial or
temporal superposition states) to measure a physical quantity

3. Use of quantum entanglement to improve the sensitivity or
precision of a measurement, beyond what is possible
classically.
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are

V||(t) = Vz(t) ,

V?(t) = Vx(t) + iVy(t), (7)

where the z direction is defined by the qubit’s quantiza-
tion axis. The corresponding signal Hamiltonian is

ĤV (t) = �Re[V?(t)]�̂x + �Im[V?(t)]�̂y + �V||(t)�̂z . (8)

3. Control Hamiltonian

For most quantum sensing protocols it is required to
manipulate the qubit either before, during, or after the
sensing process. This is achieved via a control Hamilto-
nian Ĥcontrol(t) that allows implementing a standard set
of quantum gates (Nielsen and Chuang, 2000). The most
common gates in quantum sensing include the Hadamard
gate and the Pauli-X and Y gates, or equivalently, a set of
⇡/2 and ⇡ rotations (pulses) around di↵erent axes. Ad-
vanced sensing schemes employing more than one sensor
qubit may further require conditional gates, especially
controlled-NOT gates to generate entanglement, Swap
gates to exploit memory qubits, and controlled phase
shifts in quantum phase estimation. Finally, the control
Hamiltonian can include control fields for systematically
tuning the transition frequency !0. This capability is
frequently exploited in noise spectroscopy experiments.

B. The sensing protocol

Quantum sensing experiments typically follow a
generic sequence of sensor initialization, interaction with
the signal, sensor readout and signal estimation. This
sequence can be summarized in the following basic pro-
tocol, which is also sketched in Fig. 2:

1. The quantum sensor is initialized into a known ba-
sis state, for example |0i.

2. The quantum sensor is transformed into the desired
initial sensing state | 0i = Ûa|0i. The transforma-
tion can be carried out using a set of control pulses
represented by the propagator Ûa. In many cases,
| 0i is a superposition state.

3. The quantum sensor evolves under the Hamiltonian
Ĥ [Eq. (2)] for a time t. At the end of the sensing
period, the sensor is in the final sensing state

| (t)i = ÛH(0, t)| 0i = c0| 0i + c1| 1i , (9)

where ÛH(0, t) is the propagator of Ĥ, | 1i is the
state orthogonal to | 0i and c0, c1 are complex co-
e�cients.

1. Initialize

5. Project, Readout

3. Evolve for time 

4. Transform

2. Transform

6. Repeat and average

“0” with probability 
“1” with probability

7. Estimate signal

FIG. 2 Basic steps of the quantum sensing process.

4. The quantum sensor is transformed into a superpo-
sition of observable readout states |↵i = Ûb| (t)i =
c00|00i + c01|10i. For simplicity we assume that the
initialization basis {|0i, |1i} and the readout basis
{|00i, |10i} are the same and that Ûb = Û†

a , but this
is not required. Under these assumptions, the co-
e�cients c00 ⌘ c0 and c01 ⌘ c1 represent the overlap
between the initial and final sensing states.

5. The final state of the quantum sensor is read
out. We assume that the readout is projective,
although more general positive-operator-valued-
measure (POVM) measurements may be possi-
ble (Nielsen and Chuang, 2000). The projective
readout is a Bernoulli process that yields an answer
“0” with probability 1� p0 and an answer “1” with
probability p0, where p0 = |c01|2 / p is proportional
to the measurable transition probability,

p = 1 � |c0|2 = |c1|2 (10)

that the qubit changed its state during t. The bi-
nary answer is detected by the measurement appa-
ratus as a physical quantity x, for example, as a
voltage, current, photon count or polarization.

Steps 1-5 represent a single measurement cycle. Because
step 5 gives a binary answer, the measurement cycle



QUANTUM SENSING (IN THIS TALK)

quantum sensing techniques and devices in quantum information science being applied to particle detection
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Quantum Sensing
for

High Energy Physics

Report of the first workshop to identify approaches and
techniques in the domain of quantum sensing that can be utilized

by future High Energy Physics applications to further the
scientific goals of High Energy Physics.

Organized by the Coordinating Panel for Advanced Detectors of the Division
of Particles and Fields of the American Physical Society

March 27, 2018
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ULTRALIGHT BOSONIC DARK MATTER
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FIG. 1. Range of available dark matter candidates. Current observations allow for dark matter to

consist of quanta with an enormous range of masses. Here we classify these candidates as particle-

like when m & 1 eV, and ultralight, wave-like dark matter when m . 1 eV. A few prototypical

models are listed as examples.

II. MOTIVATIONS FOR MECHANICAL SENSORS

The present landscape of viable dark matter candidates is enormous, leading to a wide
variety of potential experimental signatures. Dark matter particles could range in mass
from 10�22 eV up to hundreds of solar masses, a range of some 90 orders of magnitude.1

Moreover, dark matter could interact with the standard model through many possible in-
teractions, although perhaps only through gravity. To span this diverse range of possible
models, di↵erent regions of parameter space will require di↵erent detector architectures and
measurement techniques. In particular, for models interacting with the standard model only
through mass or other extensive quantities such as nucleon number, massive mechanical sen-
sors may be required. Mechanical sensing technologies o↵er an extensive set of platforms,
as discussed in section IV, and thus have the potential to search for a wide range of such
dark matter candidates in regions of parameter space that are complementary to existing
searches.

The ability to monitor a large number of atoms in aggregate o↵ers two key advantages over
other approaches. The first advantage is the large volume integration of any putative dark
matter signal. Any dark-visible interactions are necessarily tiny, so using a large volume (or a
large mass of target nuclei or atoms, for models that can resolve the underlying substructure
of the masses) is key to meaningful detection prospects. The second advantage is that long-
wavelength signals can be integrated coherently across the full device, leading to greatly
enhanced sensitivities. Such coherent detection has applications in the search for signals
from wave-like dark matter signals like the axion or other ultralight bosons, as well as in
the case of impulses delivered with extremely small momentum transfers. In section III,
we give some examples of dark matter models leading to these types of signals, and discuss
prospects for their detection with mechanical sensors.

III. DETECTION TARGETS AND TECHNIQUES

Possible signals of dark matter are controlled by a few key parameters. Astrophysical ob-
servations tell us that the dark matter mass density in our neighborhood is ⇢ ⇠ 0.3 GeV/cm3

1 In this paper, we use natural units ~ = c = 1 to quote particle physics quantities like masses and momenta.

− BSM theories predict the existence of ultralight bosons which could be the dark matter

− mχ . 1 eV⇐⇒ wavelike dark matter

− wavelike dark matter can interact with Standard Model particles: photons, fermions, gluons, . . .

− experiments target different portals, mass (/frequency) ranges

− blooming phase



AXION vs WIMP DETECTION

“The axion would be something of a spiritual cousin to the photon, but with just a hint of mass” P. Sikivie

WIMP [4-1000 ] GeV
− number density is small
− tiny wavelength
− no detector-scale coherence

=⇒ observable: scattering of
individual particles

AXION [mA . eV]
− number density is large (bosons)
− long wavelength
− coherence within detector

=⇒ observable: classical, oscillating,
background field
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FIG. 1. Range of available dark matter candidates. Current observations allow for dark matter to

consist of quanta with an enormous range of masses. Here we classify these candidates as particle-

like when m & 1 eV, and ultralight, wave-like dark matter when m . 1 eV. A few prototypical

models are listed as examples.

II. MOTIVATIONS FOR MECHANICAL SENSORS

The present landscape of viable dark matter candidates is enormous, leading to a wide
variety of potential experimental signatures. Dark matter particles could range in mass
from 10�22 eV up to hundreds of solar masses, a range of some 90 orders of magnitude.1

Moreover, dark matter could interact with the standard model through many possible in-
teractions, although perhaps only through gravity. To span this diverse range of possible
models, di↵erent regions of parameter space will require di↵erent detector architectures and
measurement techniques. In particular, for models interacting with the standard model only
through mass or other extensive quantities such as nucleon number, massive mechanical sen-
sors may be required. Mechanical sensing technologies o↵er an extensive set of platforms,
as discussed in section IV, and thus have the potential to search for a wide range of such
dark matter candidates in regions of parameter space that are complementary to existing
searches.

The ability to monitor a large number of atoms in aggregate o↵ers two key advantages over
other approaches. The first advantage is the large volume integration of any putative dark
matter signal. Any dark-visible interactions are necessarily tiny, so using a large volume (or a
large mass of target nuclei or atoms, for models that can resolve the underlying substructure
of the masses) is key to meaningful detection prospects. The second advantage is that long-
wavelength signals can be integrated coherently across the full device, leading to greatly
enhanced sensitivities. Such coherent detection has applications in the search for signals
from wave-like dark matter signals like the axion or other ultralight bosons, as well as in
the case of impulses delivered with extremely small momentum transfers. In section III,
we give some examples of dark matter models leading to these types of signals, and discuss
prospects for their detection with mechanical sensors.

III. DETECTION TARGETS AND TECHNIQUES

Possible signals of dark matter are controlled by a few key parameters. Astrophysical ob-
servations tell us that the dark matter mass density in our neighborhood is ⇢ ⇠ 0.3 GeV/cm3

1 In this paper, we use natural units ~ = c = 1 to quote particle physics quantities like masses and momenta.

− BSM theories predict the existence of ultralight bosons which could be the dark matter

− mχ . 1 eV⇐⇒ wavelike dark matter

− wavelike dark matter can interact with Standard Model particles: photons, fermions, gluons, . . .

− experiments target different portals, mass (/frequency) ranges

− blooming phase!



IS DM MADE OF AXIONS?

⇒ a well motivated scenario:
− “three birds with one particle”

1. a CP problem solution
2. Dark Matter candidate
3. barion asymmetry [PRL 124, 111602 (2020)]

− SUSY is failing tests at LHC

− WIMPs searches with next generation of experiments

⇒ blooming phase:
− new detection concepts

− commissioning of
small-scale setups

− upgrade to large scale
experiments for established
techniques
https://cajohare.github.io/AxionLimits/



EXPERIMENTAL TECHNIQUES -TF5

Ultralight spin-0 & spin-1 bosons

QCD axion
Axion-like particles (ALPs)
Moduli & other scalar particles
Dark/hidden photons

TORQUES ON SPINS

PHOTON COUPLING

FORCES

VARIATION OF 
“CONSTANTS”

Ultralight bosonic 
dark matter = 
oscillating field TORQUES 

ON SPINS

PHOTON 
COUPLING

FORCES

VARIATION 
OF 

CONSTANTS

ULTRALIGHT 
BOSONS

ELECTROMAGNETIC 
RESONATORS

NMR, ESR, 
magnetometers

INTERFEROMETERS &
RESONANT MASSES

ATOMIC CLOCKS

from Derek F. Jackson Kimball “Quantum sensors for wavelike Dark Matter Searches” Snowmass 2021



EXPERIMENTAL TECHNIQUES -TF5

TORQUES 
ON SPINS

PHOTON 
COUPLING
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CONSTANTS

ULTRALIGHT 
BOSONS

ELECTROMAGNETIC 
RESONATORS

NMR, ESR, 
magnetometers

INTERFEROMETERS &
RESONANT MASSES

ATOMIC CLOCKS

Photon counting, squeezing, 
quantum-limited amplifiers 

RF and microwave cavities in 
multi-Tesla B fields

 Back-action evasion, hyper-polarization, 
optical magnetometers networks

from Derek F. Jackson Kimball “Quantum sensors for wavelike Dark Matter Searches” Snowmass 2021



HALOSCOPE - resonant search for axion DM in the Galactic halo

− original proposal by P. Sikivie (1983)
− search for axions as cold dark matter constituent: SHM from ΛCDM, local DM density ρ
→ signal is a line with 10−6 relative width in the energy(→ frequency) spectrum
→ + sharp (10−11) components due to non-thermalized

− an axion may interact with a strong ~B field to produce a photon of a specific frequency (→ ma)



HALOSCOPE - resonant search for axion DM in the Galactic halo

− if axions are almost monochromatic then their conversion to detectable particles (photons)
can be accomplished using high-Q microwave cavities.

− ωTM0nl =

√( εn
r

)2
+
(

lπ
h

)
TM0nl are the cavity modes that couple with the axion

− resonant amplification in [ma ± ma/Q]

− data in thin slices of parameter space;
typically Q < Qa ∼ 1/σ2

v ∼ 106

− signal power Pa→γ is model-dependent

Pa→γ ∝ (B2VQ)(g2
aγ

ρ

ma
)

exceedingly tiny (∼ 10−23 W)

“The last signal ever received from the 7.5 W transmitter aboard Pioneer 10 in 2002, then 12.1 billion kilometers from
Earth, was a prodigious 2.5× 10−21 W. And unlike with the axion, physicists knew its frequency!”

K. V. Bibber and L. Rosenberg, Physics Today 59, 8, 30 (2006)



HALOSCOPES: 2020 RESULTS

ADMX PRL 124, 101303 (2020)
Given the absence of axion-like signals, a 90% upper

confidence limit was set on the axion-photon coupling over
the scanned mass range. Due to the loss of sensitivity at
mode crossings, we do not report limits over some regions.

The fractional systematic uncertainties in the experiment
are listed in Table I, which are modeled as uncertainties on
the expected axion signal from the cavity. For models
where axions make up 100% of dark matter, these limits
exclude DFSZ axion-photon couplings between 2.66
and 3.31 μeV for both isothermal sphere halo models
and N-body simulations (Fig. 4). These results represent
a factor-of-4 increase in mass coverage over those reported
in Ref. [22].
ADMX will utilize a similar cavity with larger tuning

rods and improved thermalization between the dilution
refrigerator and quantum amplifier package to continue to
search dark-matter axions at higher masses with increased
sensitivity. These future searches, built on current research
and development [36,37], will probe even more deeply into
the well-motivated yet unexplored axion parameter space.

FIG. 4. 90% confidence exclusion on axion-photon coupling as a function of axion mass for the Maxwell-Boltzmann (MB) dark-
matter model and N-body model. Blue: Previous limits reported in Ref. [35]. Orange: Previous limits reported in Ref. [22]. Green:
Limits from this work. Darker shades indicate limits set for the MB model [22,33], and lighter shades indicate limits set for the N-body
model [22,34].

FIG. 3. An example of combined power spectra after a
Maxwell-Boltzmann shape filter, with blue indicating the initial
scan data and orange indicating data taken during a rescan with
roughly 4 times more integration time. The prominent peak
centered at 730.195 MHz corresponds to a blind signal injection
identified in the analysis that persisted after a rescan; the small
peak to the left at 730.186 MHz was a candidate that did not
persist in the rescan. Because of a mismatch between the receiver
spectral shape and the axion signal, the power at frequencies
surrounding the candidate is suppressed by the receiver spectral
background removal. This can be seen in the frequency back-
ground surrounding the 730.195 MHz candidate in the rescan
(orange) data.

TABLE I. Primary sources of systematic uncertainty within the
experiment. The total combined uncertainty was treated as an
uncertainty on the total axion power from the cavity.

Source Fractional uncertainty

B2*V*f 0.05
Q 0.011
Coupling 0.0055
RF model fit 0.029
Temperature sensors 0.05
SNRI measurement 0.042
Total on axion power 0.088

PHYSICAL REVIEW LETTERS 124, 101303 (2020)

101303-5− sensitivity to QCD axion
− 2.82− 3.31µeV mass range
− cylindrical cavity at T = 100 mK,
Q0 ∼ 30000, V = 136 l
− 7.6 T field

HAYSTAC Nature 590, 238 (2021) 4

inant noise. In practice, squeezing is limited by ⌘, the
transmissivity of the cables and microwave components
between the SQ and AMP, scaling as S = ⌘Gs + (1 � ⌘)
where Gs is the inferred squeezing at the output of
the squeezer, limited by saturation e↵ects [16]. In the
HAYSTAC system, ⌘ ⇡ 0.63, giving S = 0.37 as the the-
oretical maximum squeezing. This is nearly saturated by
the measured value and corresponds to an almost twofold
scan rate enhancement relative to optimal unsqueezed
operation.

RESULTS

Using the SSR apparatus described above, we probed
over 70MHz of well-motivated parameter space [2, 3]
in half the time that would have been required for un-
squeezed operation, saving approximately 100 days of
scanning. Initial data acquisition occurred from Septem-
ber 3 to December 17, 2019, covering 4.100–4.178 GHz
and skipping a TE mode at 4.140–4.145 GHz which does
not couple to the axion [29]. A total of 861 spectra
were collected, of which 33 were cut due to cavity fre-
quency drift, poor JPA performance, or an anomalous
power measurement in a probe tone injected near cavity
resonance. Analysis of the initial scan data yielded 32
power excesses that merited further scanning, consistent
with statistical expectations [30]. Rescan data were col-
lected from February 25 to April 11, 2020. None of the
power excesses from the initial scan persisted in the anal-
ysis of rescan data. The process of optimizing the SSR
as well as further measurements and calibrations taken
periodically are described in Appendix A.

From this data, we report a constraint on axion masses
ma within the 16.96–17.12 and 17.14–17.28 µeV/c2 win-
dows. Using the Bayesian power-measured analysis
framework [24] described in Appendix B, we exclude ax-
ions with g� � 1.38⇥gKSVZ

� . Figure 3a shows in greyscale
the prior update (change in probability) Us that the axion
resides at any specific location in parameter space, with
the solid blue line showing the coupling where Us = 10%
at each frequency. The aggregate update U (blue curve
in Fig. 3b) to the relative probabilities of the axion and
no-axion hypotheses corresponds to exclusion at the 90%
confidence level over the entire window at the coupling
where U = 10%. The results from our quantum-enhanced
data run are shown alongside other axion haloscope ex-
clusion curves in Fig. 3c, including previous HAYSTAC
results [6, 18], which operated a single JPA near the
quantum limit.

CONCLUSION

With these results, the HAYSTAC experiment has
achieved a breakthrough in sensitivity by conducting a
sub-quantum-limited search for new fundamental par-
ticles. Through the use of a squeezed state receiver

FIG. 3. Axion exclusion from this work. (a) Prior updates Us

in greyscale in the two-dimensional parameter space of axion
frequency ⌫a and coupling g� are achieved with a Bayesian
analysis framework [24]. The 10% prior update contour is
shown in solid blue. The corresponding 90% aggregate exclu-
sion level of 1.38 ⇥ gKSVZ

� is shown as dashed blue. (b) The
frequency-resolved Us are combined into a single aggregate
prior update U as a function of coupling g� over the entire
frequency range covered by the dashed blue line in (a). (c)
Results of this work are shown alongside previous exclusion
results from other haloscopes (see Ref. [31]). The QCD axion
model band [32] is shown in yellow, with the specific KSVZ
[25, 26] and DFSZ [33, 34] model lines shown as black dashed
lines.

which delivers 4.0 dB of o↵-resonant noise variance re-
duction relative to vacuum, we have demonstrated record
sensitivity to axion dark matter in the 10 µeV/c2 mass
decade. This work demonstrates that the incompatibility
between delicate quantum technology and the harsh and
constrained environment of a real search for new parti-
cle physics can be overcome: in this instance in an ax-
ion haloscope requiring e�cient tunability and operation
in an 8T magnetic field. As intense interest in quan-
tum information processing technology continues to drive
transmission losses downward, quantum-enhanced mea-
surement will deliver transformative benefits to searches
for new physics. In particular, the prospect of removing
nonreciprocal signal routing elements [35] would boost
transmission e�ciencies above 90%, yielding a greater-
than-tenfold scan rate increase beyond the quantum limit
[1].
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− 17.14− 17.28µeV axion mass range
− squeezing doubled the search rate
− cylindrical cavity at T = 60 mK
Q0 ∼ 50000, V = 1.5 l
− 8T magnet

“Roberto and I spent a few months cooking up this theory, and now the experimentalists have spent 40 years looking for it ”
H. Quinn



QUAX - QUAERERE AXIONS
Detection of cosmological axions through their coupling to electrons or photons

ELECTRON COUPLING – QUAX the FMR haloscope

the axion DM cloud acts as an effective RF magnetic field on the
electron spin exciting magnetic transitions in a magnetized sample
(YIG)→ RF photons

PHOTON COUPLING – QUAX aγ high frequency range (8.5− 11) GHZ

DM axions are converted into RF photons inside a resonant cavity
immersed in a strong magnetic field



QUANTUM SENSING
To get to cosmologically relevant sensitivity:

I develop high Q (& 106) microwave cavities, compatible with strong magnetic fields (B & 8 T)

9

rectangular section. Three 1 mm diameter venting holes
are also drilled on one end cap for every separate volume
that is formed in the interior of the assembly. All the
copper parts were polished by chemical etching before
being mounted.

When the two lateral sides are joint together and
blocked with M5 non magnetic stainless steel bolts, the
two end caps can still be moved indipendently and fas-
tened. This allows for the easy positioning of the sapphire
cylinders while keeping one end cap out. The cavity is
normally operated keeping its axis vertical. For this rea-
son no specific holding system for the sapphire tubes has
been designed yet, and so they just keep their positions
through gravity.

A photograph of partial assembly of the dielectric cav-
ity is shown in Fig. 11. The final assembly of the sap-
phire shells is done with only one end-cap removed and
the cavity in the vertical position.

FIG. 11. Partial assembly of the dielectric cavity.

We characterized the resonant modes of the dielectric
cavity at LNL in a LHe-cryostat at 4.2 K. The spec-
trum of the resonant modes was measured at 300 and
5.4 K with a Vector Network Analyzer (VNA). We se-
lect the pseudo-TM030 as the lowest-frequency peak with
strong coupling with the dipole antenna. At room tem-
perature the pseudo-TM030 mode has a frequency ⌫030 =
10.886 GHz with quality factor Q030 = (150, 000±2, 000)
where the uncertainty is estimated from repeated mea-
surements. A second peak at higher frequency corre-
sponds to the TM031 mode. Transmission and reflec-
tion parameters for the pseudo-TM030 mode taken at this
temperature are shown in Fig. 12 as measured from the
port with higher coupling to the cavity, while on the other
port the reflected signal was barely visible. The measured
loaded quality factor is QL = 632, 000. The unloaded
quality factor is calculated as Q030 = (1+k)⇥QL where
k ⇠ (1�S11(⌫030))/(1+S11(⌫030)) is the coupling to the
antenna. We obtain Q030 = (720, 000 ± 10, 000) a very
large quality factor if compared with copper cavities at
these frequencies and temperatures with typical quality
factor of less than 100,000.

FIG. 12. Trasmission and reflection parameters as a function
of frequency for the pseudo-TM030 mode at 10.916 GHz at
5.4 K.

B. Axion electron coupling

1. LNL Ferromagnetic haloscope

In the apparatus that we operated at the Labora-
tori Nazionali di Legnaro of INFN, the TM110 mode
of a cylindrical copper cavity is coupled to ten 2.1 mm-
diameter spheres of YIG. The spherical shape is needed
to avoid geometrical demagnetization. We devised an on-
site grinding and polishing procedure to obtain narrow
linewidth spherical samples starting from large single-
crystals of YIG. The spheres are placed on the axis of
the cavity, where the rf magnetic field is uniform.

Several room temperature tests were performed to de-
sign the YIG holder: a 4 mm inner diameter fused silica
pipe, containing 10 stacked PTFE cups, each one large
enough to host a free rotating YIG. Free rotation permits
the spheres’ easy axis self-alignment to the external mag-
netic field, while a separation of 3 mm prevents sphere-
sphere interaction. The pipe is filled with 1 bar of helium
and anchored to the cavity for thermalization. The cavity
and pipe are placed inside the internal vacuum chamber
(IVC) of a dilution refrigerator, with a base temperature
around 90mK. Outside the IVC, in a liquid helium bath,
a superconducting magnet provides the static field with
an inhomogeneity below 7 ppm over all the spheres.

The electronic schematics, shown in Fig. 13, consists
in four rf lines used to characterize, calibrate and oper-
ate the haloscope. The HS output power is collected by
a dipole antenna (D1), connected to a manipulator by
a thin steel wire and a system of pulleys to change its
coupling. The source oscillator (SO) line is connected
to a weakly coupled antenna (D2) and used to inject
signals into the HS, the Pump line goes to a Joseph-
son parametric amplifier (JPA), the Readout line ampli-
fies the power collected by D1, and Aux is an auxiliary
line. The Readout line is connected to an heterodyne
as described in [40], where an ADC samples the down-
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FIG. 7. Final design of the cavity with its relevant dimensions.

Since the sapphire dielectric constant varies in a wide
range depending on the crystal orientations, impurities
and temperature, in the simulations we have consid-
ered a sapphire dielectric constant equal to 11.5 and a
loss tangent of 10�5 at room temperature, and 11.2 and
10�7 the corresponding values at cryogenic temperature
(See [78]). The copper surface resistance was set to about
5.5 m⌦ as expected in the anomalous regime at this fre-
quency71. The two conical end plates were designed in or-
der to reduce their loss contribution to a negligible level.
In particular, as already implemented and illustrated in
ref.59,60, the length of the conical shapes is such as to per-
mit a su�cient attenuation of the electromagnetic field
at the end plates. To realize the cavity two pieces of oxy-
gen free high purity copper were machined to form two
separate identical halves of the cavity. The inner surfaces
were electro polished to reduce surface roughness. The
two parts can then be joined together to form a closed
cylinder, tightness is guaranteed by twelve M4 steel bolts.
Bolts have been chosen of non magnetic stainless steel
(AISI 304). Before closing the cavity, the 36 sapphire
rods are mounted. For each of them a 2.1 mm diame-
ter hole is present on each ends of the two cavity halves.
Excluding the two most central ones, all sapphire rods
are kept in place by teflon screws provided with copper
berillium springs at their ends. The use of the springs
is necessary to avoid breaking of the rods when cooling
the system to cryogenic temperatures and, at the same
time, keeping a constant force on the rods to avoid un-
wanted displacements. Figure 8 shows the two halves of
the cavity, complete of sapphire rods and teflon screws.

Table I summarizes the main results obtained. As can
be seen from this table, the values measured at room tem-
perature agree quite well with the simulations. For the
cryogenic temperature, this is no longer true regarding
the values of the Q factor: the largest discrepancy can
be found for the TM010 mode, where indeed the spuri-
ous peak mentioned before is spoiling the measured value.
For the TM011 mode, which does not have spurious peaks

FIG. 8. Photograph of the photonic band gap cavity opened
in two halves.

TABLE I. Results obtained with the photonic cavity.

Measured Simulated

Mode Frequency Q0 Frequency Q0

(MHz) (MHz)

Room temperature (300 K)

TM010 13 495 160 000 13 499 160 000

TM011 13 578 90 000 13 565 104 000

Cryogenic temperature (4.2 K)

TM010 13 592 290 000 13 563 1.1 · 106

TM011 13 665 520 000 13 621 770 000

nearby, the results is much closer to the expected value,
confirming the validity of the proposed scheme.

3. Dielectric cylinders

Here we describe the design, fabrication and test of a
pseudo-cylindrical cavity with dielectric shells made of
sapphire enclosed in a copper cavity as sketched in Fig. 9
with an extremely high quality factor (potentially larger
than 106 in the X-band frequency range at cryogenic tem-
perature as shown in simulations) and with a relatively
simple and tunable geometry. These types of geometries
have been already implemented by other authors for dif-
ferent applications79–83. In particular, the realization of
a resonant cavity with hollow dielectric-cylinders for ax-
ion haloscopes was first proposed in [84] and a proof-of-
concept demonstration was done in [85]. As pointed out
by these authors, if properly designed, the two cylindri-
cal sapphire shells act as shielding that strongly reduce
the magnetic field amplitude on the outer wall of the
cavity and, therefore, the power losses. More precisely,
the cavity working mode in this type of structures is a
pseudo-TM0n0 mode where the dielectric shells, acting
as electromagnetic screens, reduce the amplitude of the
secondary lobes of the field with respect to the main one.
On the other hand, losses due to sapphire can be neg-
ligible thanks to its low loss-tangent, going from about
10�5, at room temperature, down to a fraction of 10�7

at cryogenic temperatures for purest samples78,86.
In the proposed configuration, with two shells, the se-

5

III. QUAX RESULTS

A. Axion photon coupling

The QUAX collaboration has developed the first ap-
paratus employing an hybrid cavity constituted by a su-
perconducting part inside a normal conducting copper
cavity. With this system, coupled to a HFET based het-
erodyne detection chain, good sensitivity to axion cou-
pling has been demonstrated and worth a publication on
Physical Review D. The corresponding results are shown
in figure 1.

This result has been obtained mainly due to the im-
proved Q factor with respect to other apparatuses. The
collaboration has continued to follow this road, trying
to develop cavities capable of working in high magnetic
field and exhibiting extremely high factor of merit. After
the first realization of a photonic band gap cavity (work
submitted to Review of Scientific Instruments), having
Q value of about 300 000, a better design was realized
based on the use of sapphire cylinders (work submitted
to NIM). In such a case the figure of merit was in excess
of 700 000 for the selected cavity mode.

1. NbTi superconductive resonant cavity

To increase the quality factor and match the optimal
condition for the coupling to cosmological axions, it is
natural to consider SCCs as they were widely studied
in accelerator physics. However, in axion searches these
are operated in strong magnetic fields that, on the one
hand, weaken superconductivity and, on the other, are
screened by the superconducting material. To overcome
both these limitations we designed a cavity divided in
two halves, each composed by a Type II superconducting
body and copper endcaps. Type II superconductors are
infact known to have a reduced sensitivity to the applied
magnetic field. Moreover, magnetic field penetration in
the inner cavity volume may be facilitated by interrupt-
ing the screening supercurrents with the insertion of a
thin (30 µm) copper layer between the two halves.

The cavity layout is shown in the upper part of Fig. 4,
featuring two identical copper semi-cells with cylindri-
cal body and conical endcaps to reduce current dissipa-
tion at interfaces. The cylindrical body is 50 mm long
with diameter 26.1 mm, while the cones are 19.5 mm
long. For the detection of axions through its interaction
with the electron spin 40, part of the cylinder was flat-
tened to break the angular symmetry and prevent the
degeneration of mode TM110. A finite element calcu-
lation performed with ANSYS HFSS 70 of the TM010
mode used for Primako↵ axion detection gives a fre-
quency ⌫sim

c = 9.08 GHz and a coe�cient Cmnl = 0.589
in a volume V = 36.43 cm3. The calculated field profile
of this mode is shown in Fig. 4. Because of this hybrid

FIG. 4. The upper image represents the electric field of
9.08 GHz TM010 mode in arbitary amplitude units, while the
lower photo is one of the two halves of the superconducting
cavity.

geometry, the quality factor is expressed as

1

Q0
=

Rcyl
s

Gcyl
+

Rcones
s

Gcones
, (14)

where Rs are the surface resistances. The simulation
yields Gcones = 6270.11⌦ and Gcyl = 482.10⌦. At
9 GHz and 4K temperature the surface resistance for Cu
is RCu

s = 4.9 m⌦ 71. A pure Cu cavity with this geom-
etry would have QCu

0 ' 9 ⇥ 104 while an hybryd cavity
with copper cones and no losses on the cylindrical surface
would have Qmax

0 = Gcones/RCu
s ' 1.3 ⇥ 106.

To test this promising simulation results, a prototype
of the cavity was fabricated as shown in the lower part
of Fig. 4. The inner cylindrical part of the cavity was
coated by means of a 10 cm planar magnetron equipped
with a NbTi target. The estimated coating thickness
ranges between 3 to 4 µm. To minimize the losses due
to the interaction of fluxons 72 with the superconducting
microwave-current, only the cylindrical body, where the
currents of the mode TM010 are parallel to the applied
field, were coated as evidenced by the di↵erent colors of
the lower picture of Fig. 4.

We characterized the cavity in a thermally controlled
gas-flow cryostat equipped with an 8 T superconduct-
ing magnet located at Laboratori Nazionali di Frascati
(LNF). No copper layer was inserted between the two
halves. Two tunable antennas were coupled to the cav-
ity mode and connected through coax cables to a Vector
Network Analyzer for the measurement of the reflection
and transmission waveforms, S11(⌫) and S12(⌫). The un-
loaded quality factor Q0 was extracted from a simulta-
neous fit of the two waveforms. An expected system-
atic error of ±5% follows from the fit procedure. At
4.2 K and no applied external magnetic field we mea-
sured Q0 = 1.2 ⇥ 106 in agreement with the maximal
expected value Qmax

0 and corresponding to a surface re-
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field variation of 7 mT, drastically simplifying the tuning
of the haloscope.

2. YIG production

Super polished YIG spheres show the sharpest mag-
netic resonance linewidth47,91,92. Material purity and
surface roughness are the two key elements to be cured
in order to obtain the best linewidth values at all
temperatures93. Our spheres have been produced on site
to have better control of all the relevant parameters. We
buy large single crystal high purity YIG cylinders, nor-
mally a few cm length and 5 to 7 mm diameter, and cut
them into 2.5 mm size cubes. Each cube then follows a
grinding procedure to obtain spheres of about 2.1 mm
diameter. The grinder in based on a high frequency ro-
tating plate with replaceable silicon carbide (SiC) sand-
paper foils where the YIG piece get abraded while tum-
bling inside a plastic holder (see Fig. 15(left)). Starting
from a P800 SiC paper, finer and finer grit size are used
in sequence up to the final P4000. The duration of each
step has been optimized after several trials. The last step
consists of 4 passages with P4000 virgin SiC paper, each
lasting half an hour. At the end of this process, we get
spheres with the nominal diameter within a few percent
and linewidths of about 2 MHz. A final 24 hours pol-
ishing with Alumina-based polishing suspension on a low
frequency rotating system results in a linewidth slightly
above 1.3 MHz at room temperature (see Fig. 15(right)).

FIG. 15. The instrument used to produce the spheres (left).
Improvement of linewidth with subsequent steps for a batch
of 6 spheres (right).

3. Josephson parametric amplifiers

Even if their noise temperature is low, HEMTs are not
the most sensitive amplifiers available. At the frequency
of 10GHz the standard quantum limit of linear amplifiers
is close to 0.5 K, which is about one order of magnitude
lower than the Tn of HEMTs. Such remarkably low Tn

is achieved by JPAs, resonant amplifiers with a narrow
bandwidth but with quantum-limited noise. This feature
makes them the ideal tool to measure faint rf signals, and
thus to be implemented in ferromagnetic or Primako↵
haloscopes.

JPAs are essentially three-wave mixing devices which
convert power among three mw fields, called signal, idler
and pump. The non-linear mixing is given by a J-RLC
circuit with a quadratic time-dependent Hamiltonian,
which can be degenerate or non-degenerate depending
on whether the signal and idler waves are at the same
frequency or not94. A non-degenerate device consists in
a three-modes, three-input circuit made of four Joseph-
son junctions forming a Josephson ring modulator. It
e↵ectively is a three-wave purely dispersive mixer which
can be used for parametric amplification95.

Such device can be improved extending its working
frequency range by adding four linear inductances cross-
linking the ring modulator88. For large pump amplitudes
and low pump depletion, the non-linear mixing process
appears as a linear scattering, thus the JPA is a linear
amplifier. As such, it is quantum limited and its noise
temperature depends on the working frequency. The am-
plifier used in QUAX implements this type of Josephson
parametric converter (JPC), and it is a commercial de-
vice we have bought from a US company.

The JPC is inside two concentric cans, the external
one is made of Amuneal and the external is of aluminum.
The first is useful to reduce the Earth magnetic field in
which the SC parts (shields and junctions) undergo the
transition, while the second screens from external distur-
bances. Everything is attached to the mixing chamber
plate of a dilution refrigerator with a base temperature
of about 90 mK. To use the amplifier in a wide frequency
range, a bias field is applied to the ring and the resonance
frequencies of the signal, idler and pump mode are tuned.
This is achieved with a small SC coil placed below the
ring, biased with a current Ib.

FIG. 16. Phase-field characteristic obtained by varying the
current Ib of a superconducting coil located close to the ring
modulator of the QUAX JPC. The color scale representing
the phase is in degrees. The horizontal line around 10.4 GHz
is due to the cavity.

To understand the working frequencies of the JPC it
is useful to measure the e↵ect of Ib on the modes. To
this aim multiple S21 spectra of the ring are measured
for di↵erent Ib, resulting in the plot in Fig. 16 (upper
plot). The parametric amplification process occurs on
the beginning and ending parts of the long lobes in Fig. 16
(upper plot). Here the derivative of the mode resonant
frequency with respect to an external field is maximum,
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SCAN RATE

Revisiting the detection rate for axion haloscopes D. Kim et al JCAP03, 066 (2020)

Abstract. The cavity haloscope has been employed to detect microwave photons resonantly
converted from invisible cosmic axions under a strong magnetic field. In this scheme, the
axion-photon conversion power has been formulated to be valid for certain conditions, either
Qcavity ⌧ Qaxion or Qcavity � Qaxion. This remedy, however, fails when these two quan-
tities are comparable to each other. Furthermore, the noise power flow has been treated
independently of the impedance mismatch of the system, which could give rise to misleading
estimates of the experimental sensitivity. We revisit the analytical approaches to derive a
general description of the signal and noise power. We also optimize the coupling strength of
a receiver to yield the maximal sensitivity for axion search experiments.
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Insertion of the isolator makes the power transfer independent of the coupling strength,
which confirms the aforementioned feature of isolators as matched loads. The flat distribution
is also statistically represented by a small R-squared value. For the directional coupler, we
find that the departure from the theoretical estimation particularly in the tail is attributed to
the insertion loss of 0.2 dB, which is consistent with the value obtained from the fit by taking
a purely real propagation constant � into account in parameter B. The maximum power
appears when the impedance is matched (� = 1) regardless of the type of added component
and the corresponding values are comparable with each other. Since an isolator brings higher
noise to the detector at any coupling, it would be desirable to consider an alternative design
for the detector chain in order to improve the SNR particularly for systems which require
impedance mismatches.

5 Experimental scanning rate

The sensitivity of axion search experiments is determined by the SNR defined in eq. (1.2). For
convenience sake, we reformulate the signal power (eq. (3.3)) and system noise (eq. (4.10)) as

Psignal = P0
�

1 + �

QlQa

Ql + Qa
and

�Pnoise = kBTe↵

✓
4�

(1 + �)2
+ �

◆r
�⌫a

�t
,

(5.1)

with, respectively, P0 ⌘ g2
a��(⇢a/ma)B

2
0V C and � ⌘ Tadd/Te↵ , the relative contribution of

the added noise with respect to the thermal noise of the system. By putting eq. (5.1) into
eq. (1.2), the general form of the scanning rate is derived as

df

dt
=

1

SNR2

✓
P0

kBTe↵

◆2
 �

(1+�)

4�
(1+�)2

+ �

!2

QlQ
2
a

Ql + Qa
. (5.2)

For a fixed Qa, the coupling � can be optimized to maximize the detection rate for a
given cavity quality factor Qc and noise contribution ratio �. The general solution for the

optimal coupling, �opt, is obtained by requiring d
d�

⇣
df
dt

⌘
= 0, which arrives at

���4 � (�� 4)�3 + (8Q̃ + 2�Q̃ + �� 4)�2

+(4�Q̃ + �)� + 2�Q̃ = 0,
(5.3)

where we use Q̃ ⌘ Qc/Qa + 1 for simplicity. Four non-trivial solutions exist which satisfy
eq. (5.3), but in physically meaningful conditions of � � 0 and Q̃ � 1, there is only one real
positive solution. If the added noise is the dominant contribution to the total noise, i.e.,
� � 1, the optimal � for a given Qc is obtained to be

�opt =
1

2

⇣
1 +

p
9 + 8Qc/Qa

⌘
.

It is noted that for Qc ⌧ Qa, the scanning rate and the optimal coupling become respectively

df

dt
/ �2

(1 + �)2
QaQl and �opt = 2,

which restores the descriptions in eq. (1.4).
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Figure 6. Comparison of the scanning rate between the original (eq. (1.4)) and revised (eq. (5.2))
calculations as a function of normalized cavity quality factor, Qc/Qa, for three di↵erent values of �,
the relative noise contribution. The former and the latter estimations are represented by dashed and
solid lines, respectively.

rate is sensitive to the receiver coupling strength, which was optimized for various scenar-
ios of the experimental parameters. A comparison with the original calculation indicates
that further development of superconducting RF science and quantum technology would be
more beneficial than we expected. This revision would have non-trivial impacts on not only
the sensitivity calculation of present experiments but also the conceptual design of future
experiments.
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A Validity of the Cauchy approximation

The energy spectrum of halo axions in the galactic rest frame is thermodynamically modeled
by a Gamma distribution with a shape parameter of 3/2 and a scale parameter associated
with the energy dispersion. The spectrum, however, appears boosted by an observer on
Earth owing to the Sun’s circular motion as described in ref. [20] and the analytical form is
rephrased as

ã(u) =

r
3

2⇡

1

r
exp


�3

2

�
r2 + u

��
sinh

⇥
3r
p

u
⇤
, (A.1)

where u is the axion kinetic energy in the unit of mav
2
rms/2 with its mass ma and rms velocity

vrms ⇡ 270 km/s, and r = v�/vrms ⇡ 0.85 is the boosting ratio with v� being the circular
velocity of the Sun. Ignoring the orbital and rotational motions of the Earth and using the
average (Ea = mav̄

2
a/2) and dispersion (�Ea = mav̄

2
dis/2) of the kinetic energy, the boosted

distribution function returns the average axion quality factor of 1.0 ⇥ 106.

For cavity haloscopes, the axion conversion power is proportional to the inner product
of the axion distribution function and the cavity transfer function, which is represented by
the Cauchy distribution. An approximation of the axion energy spectrum to the Cauchy

– 11 –
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barrier to improving haloscope scan rates that can only be overcome 
using quantum enhanced measurements22. Without a means of bypass-
ing the quantum limit, the highly unfavourable R ∝ ν−14/3 frequency 
scaling23 of single-cavity haloscopes poses a stark challenge. At the 
quantum limit, scanning the 1–10 GHz frequency decade at the bench-
mark Kim–Shifman–Vainshtein–Zakharov (KSVZ)24,25 coupling g γ

KSVZ 
would require hundreds of years of live time for today’s state-of-the-art 
haloscopes. Novel measurement technology is therefore needed to 
circumvent the quantum limit.

Here we report on a quantum enhanced axion search. The search 
was carried out with the Haloscope At Yale Sensitive To Axion Cold 
dark matter (HAYSTAC), which is designed to detect QCD axions in the 
range ma > 10 µeV/c2, which is favoured by recent calculations based 
on lattice classical field theory for the Peccei–Quinn field in 
post-inflationary Peccei–Quinn symmetry breaking scenarios, and 
assuming that axions saturate the cosmological dark matter density10,11 
(alternative views should be noted, however; see for example ref. 26). 
This work surpasses the quantum limit by coupling the HAYSTAC cav-
ity to the squeezed-state receiver (SSR) shown in Fig. 19. The SSR com-
prises two flux-pumped Josephson parametric amplifiers ( JPAs)27 
coupled to the axion cavity via a microwave circulator. The first JPA, 
labelled the ‘squeezer’ (SQ), prepares a squeezed vacuum state, which 
is coupled into the axion cavity and subsequently measured noiselessly 
using the second, ‘amplifier’ (AMP), JPA. We achieve 4.0  dB of 
off-resonant vacuum squeezing, after the state is degraded by trans-
mission losses and added noise, yielding a scan rate enhancement of a 
factor of 1.9 beyond what would have been achievable at the quantum 
limit. We observe no signature of dark matter axions in the combined 
16.96–17.12 µeV/c2 and 17.14–17.28 µeV/c2 mass window for axion–pho-
ton couplings above g g= 1.38γ γ

KSVZ , reporting exclusion at the 90% 
level.

The SSR1 is coupled to the cavity, which is governed by the Hamil-
tonian

( )H
hν

X Yˆ =
2

ˆ + ˆ , (1)c 2 2

where X̂  and Ŷ  are the quadratures of the cavity field and obey X Y[ ˆ, ˆ] = i, 
where i is the imaginary unit. The SQ, with half-pump frequency νp 

centred on the cavity frequency νc, νp/2 = νc, performs a unitary squeez-
ing operation on the electromagnetic field at its input, reducing the X̂  
quadrature variance below vacuum and amplifying the Ŷ  quadrature 
variance in accordance with the uncertainty principle. An axion field, 
if present, displaces the squeezed state along a random direction from 
the origin in the cavity field quadrature phase space via the inverse 
Primakoff effect28. The displacement is proportional to the Lorentzian 
transmission profile of the cavity at νa and the square root of the 
axion-converted power29. The squeezed quadrature is then amplified 
by the AMP via the inverse operation used to perform the squeezing. 
In the absence of any loss, the entire process is noiseless and unitary.

Squeezing improves the bandwidth over which the apparatus is sensi-
tive to an axion, rather than its peak sensitivity, obtained at the cavity 
resonant frequency9. This bandwidth increase can be understood by 
considering the behaviour of the three distinct noise sources within a 
haloscope that obscure an axion-induced signal. The first is Johnson–
Nyquist noise (which in the zero-temperature limit is vacuum noise), 
Nc, sourced from the internal loss of the cavity as a consequence of 
the quantum fluctuation-dissipation theorem. This noise is by defini-
tion inaccessible to the experimentalist and cannot be squeezed. It 
is filtered by the cavity response, giving it a Lorentzian profile at the 
cavity output. The second noise source is the system added noise, Na, 
which encompasses the added noise of the entire amplification chain, 
including the AMP, referred to the input of the AMP. This noise source 
has historically been a dominant or co-dominant contribution8,18,19, but 
here we operate our JPAs in a phase-sensitive mode, which can com-
pletely eliminate the contribution of this noise in one quadrature30,31 
(switching from phase-insensitive to phase-sensitive operation on its 
own does not improve scan rate, but only phase-sensitive operation 
obtains a benefit from squeezing; see appendix C of ref. 9). In Methods, 
we show that our added noise is sufficiently small to be of negligible 
importance at all frequencies of interest. The third noise source is 
Johnson–Nyquist noise incident on and reflected off the cavity, Nr, 
which dominates away from cavity resonance. This noise is invariably 
present in any receiver configuration, and in our setup it is sourced from 
a 50-Ω termination held at the cryostat base temperature (61 mK). The 
ratio of the signal spectral density Sax(δν) that would be delivered by 
an axion at any given detuning δν = ν − νc from cavity resonance to the 
cavity noise Nc(δν) is spectrally constant. Thus, the axion visibility α(δν), 
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Fig. 1 | Illustration of the SSR-equipped haloscope, showing the 
transformation of the vacuum state in quadrature space. A vacuum state, 
the Wigner function (colour surface)34 of which is symmetric in quadratures X̂  
and Ŷ , is sourced as Johnson–Nyquist noise from a 50-Ω microwave termination 
(black box) at 61 mK. It is routed by a nonreciprocal element (Circ) to the SQ JPA, 
which squeezes the X̂  quadrature. The squeezed state may then be displaced by 

a hypothetical axion field a in the axion cavity (Cav). It is subsequently 
unsqueezed by the AMP JPA, which in the process amplifies the axion-induced 
displacement along X̂ . The resulting state is measured by a conventional 
microwave receiver led by a high-electron-mobility transistor (HEMT) 
amplifier. The time record of many realizations of this process is 
Fourier-transformed for subsequent spectral analysis (SA).



QUANTUM SENSING

I (next step in sensitivity?) we need to be able to count photons⇐⇒ develop the microwave SPD
NOTE: photon detection at optical frequencies relies on ionization, microwave photons are 5 orders of
magnitude lower!

 

Irreversible Qubit-Photon Coupling for the Detection of Itinerant Microwave Photons
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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 Subject Areas: Quantum Information

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

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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magnon state although direct energy exchange is sup-
pressed [32–34]. Measuring the qubit state thus yields
different results depending on the number of magnons
present in the Kittel mode. In the experiment, the Kittel
mode frequency ωm=2π ≈ 7.781 GHz is fixed such that the
system is in the strong dispersive regime, where the
dispersive shift is greater than the linewidth of either
system [32–34]. This can be verified via Ramsey interfer-
ometry as in Fig. 1(b), examining a Fourier transform of the
Ramsey oscillations to reveal the magnon-number splitting
of the qubit spectrum as in Fig. 1(c) [16,21,39]. The shift
per excitation is 2χq−m=2π ¼ −3.48 MHz, compared to the
qubit linewidth γq=2π ¼ 0.36 MHz and magnon linewidth
γm=2π ¼ 1.6 MHz. Magnons in the Kittel mode induce
both increased dephasing and a continuous frequency shift
of the qubit. However, for the qubit resonance for the
magnon Fock state nm ¼ 0, only the former remains in the
strong dispersive regime as the latter is suppressed [32,39].
Sensing of a steady-state population of a coherent state

of magnons in the Kittel mode is carried out by performing
Ramsey interferometry on the qubit. The sensitivity S is
defined as the smallest measurable value of the magnon
population that can be detected with a unit signal-to-noise
ratio over a one-second integration time [1]. Figure 1(d)
shows the magnon detection sensitivity S calculated from

an analytical model as a function of the magnon linewidth
γm for two values of the dispersive shift amplitude jχq−mj,
with all other parameters similar to those in the experiment
[39]. For values up to γm ≈ 4jχq−mj, increasing the magnon
linewidth improves the sensitivity with a scaling S ∼ 1=γm,
demonstrating that the sensing is governed primarily by
dissipation in the Kittel mode. Notably, within the strong
dispersive regime with γm < 2jχq−mj, further increasing the
amplitude of the dispersive shift jχq−mj has a negligible
effect on the sensitivity as the magnon-number peaks are
already sufficiently resolved.
The sensitivity is benchmarked by using a microwave

drive applied near resonance with the Kittel mode to excite
a coherent state of magnons with an average population n̄m
with the qubit in the ground state [Fig. 1(b)]. The magnon
population excited by a given drive amplitude is calibrated
from the qubit spectrum as in Fig. 1(c) [39]. During the
continuous magnon excitation, two π=2 pulses around the
same axis are applied to the qubit, separated by a free
evolution time corresponding to the sensing time τ. At the
end of the sequence, the qubit state is measured using
the high-power readout technique [45]. Measurements of
the qubit state are taken over 104 to 106 averages. For
n̄m ¼ 0, the probability of the qubit being in the excited
state peð̄nm ¼ 0Þis determined primarily by the sensing

(a) (b)

(c)

(d)

FIG. 1. (a) Photographs and schematics of a 0.5-mm-diameter single-crystal yttrium-iron-garnet (YIG) sphere and a superconducting
transmon qubit. A static magnetic field B0 magnetizes the YIG sphere to saturation. The Kittel mode couples dispersively to the qubit
with a dispersive shift χq−m. The Kittel mode and qubit have linewidths γm and γq, respectively. (b) Pulse sequence used for the quantum
sensing of magnons. Two X̂π=2 pulses with frequency ωs, separated by the sensing time τ, are applied to the qubit as in conventional
Ramsey interferometry, followed by a readout of the qubit state. A continuous drive close to resonance with the Kittel mode creates a
coherent state of magnons with population n̄m. (c) Qubit spectra obtained from Ramsey interferometry with a steady-state magnon
population n̄m ¼ 0 (blue circles) and 0.61 (red dots). The detuning jω − ωsj=2π is relative to the qubit control frequency ωs=2π, which is
itself detuned from the qubit frequency by −4 MHz to induce Ramsey oscillations (shown in the inset up to τ ¼ 1 μs) from which the
spectra are obtained. Solid black lines show fits to a model. The spectra are normalized to the maximal value of the fit for n̄m ¼ 0.
(d) Magnon detection sensitivity S calculated as a function of the Kittel mode linewidth γm=2π, for amplitudes of the qubit–magnon
dispersive shift jχq−mj=2π ¼ 2 MHz (solid line) and 10MHz (dashed line). The sensing time τ ¼ 0.89 μs is fixed to be equal to the qubit
coherence time T$

2 ¼ 2=γq measured in the experiment with no magnons present.
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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 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),

Ĥ eff=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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magnon state although direct energy exchange is sup-
pressed [32–34]. Measuring the qubit state thus yields
different results depending on the number of magnons
present in the Kittel mode. In the experiment, the Kittel
mode frequency ωm=2π ≈ 7.781 GHz is fixed such that the
system is in the strong dispersive regime, where the
dispersive shift is greater than the linewidth of either
system [32–34]. This can be verified via Ramsey interfer-
ometry as in Fig. 1(b), examining a Fourier transform of the
Ramsey oscillations to reveal the magnon-number splitting
of the qubit spectrum as in Fig. 1(c) [16,21,39]. The shift
per excitation is 2χq−m=2π ¼ −3.48 MHz, compared to the
qubit linewidth γq=2π ¼ 0.36 MHz and magnon linewidth
γm=2π ¼ 1.6 MHz. Magnons in the Kittel mode induce
both increased dephasing and a continuous frequency shift
of the qubit. However, for the qubit resonance for the
magnon Fock state nm ¼ 0, only the former remains in the
strong dispersive regime as the latter is suppressed [32,39].
Sensing of a steady-state population of a coherent state

of magnons in the Kittel mode is carried out by performing
Ramsey interferometry on the qubit. The sensitivity S is
defined as the smallest measurable value of the magnon
population that can be detected with a unit signal-to-noise
ratio over a one-second integration time [1]. Figure 1(d)
shows the magnon detection sensitivity S calculated from

an analytical model as a function of the magnon linewidth
γm for two values of the dispersive shift amplitude jχq−mj,
with all other parameters similar to those in the experiment
[39]. For values up to γm ≈ 4jχq−mj, increasing the magnon
linewidth improves the sensitivity with a scaling S ∼ 1=γm,
demonstrating that the sensing is governed primarily by
dissipation in the Kittel mode. Notably, within the strong
dispersive regime with γm < 2jχq−mj, further increasing the
amplitude of the dispersive shift jχq−mj has a negligible
effect on the sensitivity as the magnon-number peaks are
already sufficiently resolved.
The sensitivity is benchmarked by using a microwave

drive applied near resonance with the Kittel mode to excite
a coherent state of magnons with an average population n̄m
with the qubit in the ground state [Fig. 1(b)]. The magnon
population excited by a given drive amplitude is calibrated
from the qubit spectrum as in Fig. 1(c) [39]. During the
continuous magnon excitation, two π=2 pulses around the
same axis are applied to the qubit, separated by a free
evolution time corresponding to the sensing time τ. At the
end of the sequence, the qubit state is measured using
the high-power readout technique [45]. Measurements of
the qubit state are taken over 104 to 106 averages. For
n̄m ¼ 0, the probability of the qubit being in the excited
state peð̄nm ¼ 0Þis determined primarily by the sensing

(a) (b)

(c)

(d)

FIG. 1. (a) Photographs and schematics of a 0.5-mm-diameter single-crystal yttrium-iron-garnet (YIG) sphere and a superconducting
transmon qubit. A static magnetic field B0 magnetizes the YIG sphere to saturation. The Kittel mode couples dispersively to the qubit
with a dispersive shift χq−m. The Kittel mode and qubit have linewidths γm and γq, respectively. (b) Pulse sequence used for the quantum
sensing of magnons. Two X̂π=2 pulses with frequency ωs, separated by the sensing time τ, are applied to the qubit as in conventional
Ramsey interferometry, followed by a readout of the qubit state. A continuous drive close to resonance with the Kittel mode creates a
coherent state of magnons with population n̄m. (c) Qubit spectra obtained from Ramsey interferometry with a steady-state magnon
population n̄m ¼ 0 (blue circles) and 0.61 (red dots). The detuning jω − ωsj=2π is relative to the qubit control frequency ωs=2π, which is
itself detuned from the qubit frequency by −4 MHz to induce Ramsey oscillations (shown in the inset up to τ ¼ 1 μs) from which the
spectra are obtained. Solid black lines show fits to a model. The spectra are normalized to the maximal value of the fit for n̄m ¼ 0.
(d) Magnon detection sensitivity S calculated as a function of the Kittel mode linewidth γm=2π, for amplitudes of the qubit–magnon
dispersive shift jχq−mj=2π ¼ 2 MHz (solid line) and 10MHz (dashed line). The sensing time τ ¼ 0.89 μs is fixed to be equal to the qubit
coherence time T$

2 ¼ 2=γq measured in the experiment with no magnons present.
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qubit frequency⇐⇒ number of photons in the cavity
The electric field of even a single photon will excite the
non-linear response of the qubit oscillator and shift its
frequency

JPA readout vs counter

Example:
linear amplifier σLA, and quantum counter σQC power
sensitivity
TLA

N = 1 K,
QC noise rate Rn = 100 Hz,
f = 10 GHz,
Qa = 106

→ sensitivity improved by a factor 14⇐⇒ 200 in
measurement time!
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SIMP: SINGLE MICROWAVE PHOTON DETECTION

§ 3 years project funded by CSN V of INFN
§ Goal: development of single microwave photon detectors with nanowire-TES and Current Biased Josephson

Junction (CBJJ)
§ In collaboration with CNR-IFN, CNR-Nano and INRiM

TTc ~ 100 mK 

R

Workig Point

1 ph

Nanowire TES 
Small volume and low critical temperature 
allow steep variation of resistance when a 
single photon of 50-100 GHz is absorbed.

CBJJ
The absorption of a single 10 GHz photon causes
the transition of the JJ from the superconducting to 
the resistive state.



Full DC characterization in F.Paolucci et al arXiv:2007.08320

1. Nanowire TES 
fabricated at INRiM
(Ti/Au) and CNR-Nano 
(Al/Cu) with typical
size 20 nm x 100 nm x 
1000 nm and Tc ~100 
mK.

2. Waveguide photon collected with a  finline terminated with the 
nano-TES. 3. DC-SQUID readout and RF tests

in preparation in the TIFPA 
(Trento) dilution refrigerator.

TIFPA Dilution Refrigerator

Transition measured with nano-TES coupled to DC-SQUID at INRiM



1. JJ fabricated with EBL 
and Al shadow
evaporation technique
at CNR-IFN
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2. JJ characterization with IV measurements in a dilution
refrigerators at 40 mK
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3. RF tests ongoing at LNF on chip 
with transmission lines
terminated on CBJJ or DC-
SQUID. Devices tested also as
JPA.  T=10 mK.
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Two diĄerent technological approaches

Traveling Wave Josephson Parametric Ampliªers
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• TWJPA implemented as a nonlinear lumped-element
transmission line;

• One unit cell consists of a Josephson junction and a
capacitive shunt to ground;

• Already demonstrated quantum-limited noise read out;

• High bandwidth: over a 4 GHz centred at 5 GHz;

• Limited gain: < 20 dB

• Small dynamic range: < −90 dBm

Dispersion-engineered Traveling Wave Kinetic Inductance

In Out

250 µm

D

16 mm

• DTWKI exploits the Nonlinear kinetic inductance of TiN
and NbTiN superconducting ªlm;

• Phase matching by Coplanar Waveguide (CPW) or
lumped-element aĒiªcial transmission line;

• Noise near to quantum-limited

• High bandwidth: over a 4 GHz centred at 5 GHz;

• Limited gain: < 20 dB, and gain proªle with large ripple

• High dynamic range: from -50 to -45 dBm
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DART WARS: Detector Array Readout with Traveling Wave AmpliªeRS

The principal objectives of DART WARS are

1. The practical development of high peĐorming parametric ampliªers following two diĄerent promising approaches
(DTWKI, TWJPA) and exploring new design solutions, new materials and advanced fabrication processes;

2. The read out demonstration of various detectors/components (TESs, MKIDs, microwave cavities and qubits) with
improved peĐormances due to a parametric ampliªcation with a noise at the quantum level;

The technical goal is to achieve

• a gain value around 20 dB, comparable to HEMT;

• a high saturation power (around -50 dBm);

• quantum limited or nearly quantum limited noise (noise
temperature < 600 mK)

• reduction of the gain ripple and yield improvement.

These features will lead to reading out large arrays of
detectors or qubits with no noise degradation by reaching
unprecedented energy resolution, noise equivalent power,
energy threshold, opening future prospective toward next

generation of paĒicle, astropaĒicle and astrophysics
experiments.
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