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Quantum sensors for new particle physics experiments

Quantum detectors for high energy particle physics

Some words on the landscape

Clarification of terms
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It is recommended that several “blue-sky” R&D activities be pursued. The development of solid state photon detectors from 
novel materials is an important future line of research, as is the development of cryogenic superconducting photosensors for 
accelerator- based experiments. Regarding advances in PID techniques, gaseous photon detectors for visible light should be 
advanced. Meta-materials such as photonic crystals should be developed, giving tune-able refractive indices for PID at high 
momentum. Finally, for TRD imaging detectors, the detection of transition radiation with silicon sensors is an important line of 
future research.

RECFA Detector R&D roadmap 2021

Chapter 4: Particle Identification and Photon Detectors

Chapter 5: Quantum and Emerging Technologies Detectors 
108 CHAPTER 5. QUANTUM AND EMERGING TECHNOLOGIES DETECTORS

Must happen or main physics goals cannot be met Important to meet several physics goals Desirable to enhance physics reach R&D needs being met

Quantum materials
Metamaterials, 0/1/2D-materials
Atom nterfer  i ometry
Atoms/molecules/ions
Optomechanical sensors
Superconducting sensors
Spin-based sensors
Kinetic detectors
Clocks and clock networks
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Figure 5.1: Schematic timeline of categories of experiments employing detectors from
the quantum sensing and emerging technology areas discussed in Section 5.3. A wide
range of related topics are grouped under a common heading (e.g. tests of fundamental
interactions also includes measurement of neutrino properties). The colour coding is
linked not to the intensity of the required e↵ort but to the potential impact on the
intended physics programme and experiments. Must happen or main physics goals
cannot be met (red, largest dot); Important or required to meet several physics goals
(orange, large dot); Desirable to enhance physics reach (yellow, medium dot); R&D
needs being met (green, small dot); Not applicable or fundamentally new approaches
needed (blank).

tween the large energy scale, f , whose inverse sets the overall size of the feeble cou-
plings of the axion to the Standard Model (SM) and the particle mass ma ' 6meV
(109GeV/f' 1.5THz) [Ch5-4]. Axion-like-particles (ALPs), a generalisation of the QCD
axion, have interactions again parametrically set by 1/f , but now the ALP mass is a
free parameter. The theoretical attractiveness of the QCD axion and ALPs is enhanced
both by their natural, symmetry-protected light mass, and their ubiquitous presence in
realistic completions of the SM and gravity, especially string theory [Ch5-5], [Ch5-6].
The details of their couplings and the relation between 1/f and their mass provides
information on extremely high energy scales, potentially including Planck-scale physics.
Importantly, both provide attractive DM candidates with natural early-universe produc-
tion mechanisms [Ch5-7], [Ch5-8], [Ch5-9], [Ch5-10].

Massive spin-1 “dark photons” (ultra-light dark Z
0), A

0µ, are another attractive
DM candidate with motivated production mechanisms [Ch5-11], [Ch5-12], [Ch5-13],
as well as couplings to the SM, particularly kinetic mixing ✏Fµ⌫F

0µ⌫ with the pho-
ton [Ch5-14], [Ch5-15], [Ch5-16], [Ch5-17]. Here ✏ ⌧ 1 is sensitive to physics even at
the highest energy scales. Similarly to axions, vector bosons, either broken (massive) or

https://cds.cern.ch/record/2784893

quantum sensing & particle physics

M. Doser,  Physics frontiers, 9/10 Mar 20223/32
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quantum sensing & particle physics

Scientific Objectives

• Assess the areas of 
potential quantum 
advantage in HEP 
applications (QML, 
classification, anomaly 
detection, tracking) 

• Develop common 
libraries of algorithms, 
methods, tools; 
benchmark as technology 
evolves 

• Collaborate to the 
development of shared, 
hybrid classic-quantum 
infrastructures 

•

Computing & Algorithms 

• Identify and develop 
techniques for quantum 
simulation in collider 
physics, QCD, cosmology 
within and beyond the SM 

• Co-develop quantum 
computing and sensing 
approaches by providing 
theoretical foundations 
to the identifications of 
the areas of interest 

•

Simulation & Theory 

• Develop and promote 
expertise in quantum 
sensing in low- and high-
energy physics 
applications 

• Develop quantum sensing 
approaches with 
emphasis on low-energy 
particle physics 
measurements 

• Assess novel 
technologies and 
materials for HEP 
applications  

•

Sensing, Metrology & 
Materials 

• Co-develop CERN 
technologies relevant to 
quantum infrastructures 
(time synch, frequency 
distribution, lasers) 

• Contribute to the 
deployment and 
validation of quantum 
infrastructures 

• Assess requirements and 
impact of quantum 
communication on 
computing applications 
(security, privacy) 

Communications & 
Networks 

CERN quantum initiative

https://quantum.web.cern.ch/

https://quantum.web.cern.ch/

M. Doser,  Physics frontiers, 9/10 Mar 20224/32
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quantum sensors register a change of quantum state caused by the interaction with 
an external system: 

• transition between superconducting and normal-conducting
• transition of an atom from one state to another
• change of resonant frequency of a system (quantized)

Clarification of terms

ECFA Detector R&D Roadmap Symposium of Task Force 5 ECFA Detector R&D Roadmap Symposium of Task Force 5 ECFA Detector R&D Roadmap Symposium of Task Force 5 ECFA Detector R&D Roadmap Symposium of Task Force 5 
Quantum Quantum Quantum Quantum and Emerging Technologiesand Emerging Technologiesand Emerging Technologiesand Emerging Technologies

How do we define “quantum technology” and “quantum sensor”?

Which quantum technologies are likely to lead to disruptive discoveries in 

fundamental physics in the next 10-20 years?

A technology or device that is naturally described by quantum mechanics is 
considered ``quantum''.

Then, a "quantum sensor" is a device, the measurement (sensing) 
capabilities of which are enabled by our ability to manipulate and read 
out its quantum states.

Quantum Technology and the Elephants
Quantum Science and Technology Editorial
Marianna Safronova & Dmitry Budker

and because the commensurate energies are very low, unsurprisingly, quantum 
sensors are ideally matched to low energy (particle) physics; 

     focus on CERN activities both in low energy and high energy particle physics

(I will not however be talking about entanglement and its potential applications)

M. Doser,  Physics frontiers, 9/10 Mar 20225/32



Axions, ALP’s, DM & non-DM 
UL-particle searches

Quantum sensors for low energy particle physics

quantum sensors & particle physics: what are we talking about?

EDM searches & tests of 
fundamental symmetries

search for NP / BSM

tests of QM wavefunction collapse, 
decoherence

https://indico.cern.ch/event/999818/

ECFA Detector R&D Roadmap Symposium of Task Force 5 Quantum and Emerging Technologies

domains of physics quantum technologies

superconducting devices (TES, 
SNSPD, …) / cryo-electronics

spin-based, NV-diamonds

optical clocks

ionic / atomic / molecular

optomechanical sensors

metamaterials, 0/1/2-D materials

M. Doser,  Physics frontiers, 9/10 Mar 20226/32
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Quantum sensors for low energy particle physics
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Figure 5.2: Axion mass range accessible via novel advanced quantum sensing techniques
compared to current experiments.

not necessarily thermal, of new ultra-light or massless particles in the universe. While
DM is known to exist, it is not known if there is DR. However DR arises frequently,
especially in theories with new light particles, and it often arises in theories of DM.
For example for any of the light DM candidates, e.g. axions, dark photons, etc., an
abundance of relativistic particles, thus DR, would necessarily be produced alongside
the DM. They could also be produced as a component of the dark energy (DE) density
if the DE is dynamical [Ch5-25]. Such “DE radiation” can have significantly higher
energy densities than other forms of DR, well above the usual Cosmic Microwave Back-
ground Radiation (CMBR) and Big Bang Nucleosynthesis (BBN) bounds on relativistic
species, because they are produced at late times. DR of particles such as axions or
dark photons would be an exciting signal to look for, quite distinct from cold DM. The
cosmic neutrino background (CNB) is DR that is believed to exist. While challeng-
ing [Ch5-26], observation of this CNB would provide one of the only ways to probe the
early pre-CMBR-formation universe. Further, a higher temperature population of cos-
mic neutrinos can also be produced by dynamical DE which would be significantly easier
for experiments to detect [Ch5-25] and would shed light on the nature of DE.

The success of LIGO and VIRGO in detecting gravitational waves (GWs) in the
10Hz. ⌫ . 10 kHz band has vividly demonstrated the power of quantum detectors to
advance fundamental physics [Ch5-27]. GWs enable investigations of general relativity,
black holes and neutron stars, tests of a variety of Beyond-the-Standard Model (BSM)
theories, and give a direct window on the earliest epochs of the Universe via primordial
stochastic GWs. Near-future instruments will cover the 0.1-30mHz (LISA) and 0.1µHz
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cavity size = axion size

(but not only…)

axion mass = unknown

Axions, ALP’s, DM & non-
DM UL-particle searches
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Thin Film (High Temperature) Superconducting
Radiofrequency Cavities for the Search of

Axion Dark Matter
J. Golm, S. Arguedas Cuendis, S. Calatroni, C. Cogollos, B. Döbrich, J.D. Gallego, J.M. Garcı́a Barceló, X.

Granados, J. Gutierrez, I.G. Irastorza, T. Koettig, N. Lamas, J. Liberadzka-Porret, C. Malbrunot, W. L. Millar,
P. Navarro, C. Pereira Carlos, T. Puig, G. J. Rosaz, M. Siodlaczek, G. Telles and W. Wuensch

Abstract—The axion is a hypothetical particle which is a
candidate for cold dark matter. Haloscope experiments directly
search for these particles in strong magnetic fields with RF
cavities as detectors. The Relic Axion Detector Exploratory Setup
(RADES) at CERN in particular is searching for axion dark
matter in a mass range above 30 µeV. The figure of merit of our
detector depends linearly on the quality factor of the cavity and
therefore we are researching the possibility of coating our cavities
with different superconducting materials to increase the quality
factor. Since the experiment operates in strong magnetic fields
of 11 T and more, superconductors with high critical magnetic
fields are necessary. Suitable materials for this application are
for example REBa2Cu3O7�x, Nb3Sn or NbN.
We designed a microwave cavity which resonates at around
9 GHz, with a geometry optimized to facilitate superconducting
coating and designed to fit in the bore of available high-field
accelerator magnets at CERN. Several prototypes of this cavity
were coated with different superconducting materials, employing
different coating techniques. These prototypes were characterized
in strong magnetic fields at 4.2 K.

Index Terms—Superconducting resonators, SRF superconduct-
ing radio frequency cavities, Quality factor, 2G HTS Conduc-
tors,axion
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Ciència de Materials de Barcelona, CSIC 08193 Bellaterra, Catalonia, Spain.
C. Cogollos is with the Instituto de Ciencias del Cosmos, University of
Barcelona, 08028 - Barcelona, Spain.
J.D. Gallego is with Yebes Observatory, National Centre for Radioastronomy
Technology and Geospace Applications, 19080 - Guadalajara, Spain.
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I. INTRODUCTION

THE Relic Axion Detector Exploratory Setup (RADES)
is an axion haloscope experiment searching for dark

matter axions in a strong magnetic fields with high quality
factor cavities. It differs from most haloscopes in the fact
that thus far it employs dipole magnets and not solenoids.
Many experiments successfully use copper cavities in strong
magnetic fields to set limits to the axion coupling at low
mass ranges. Reference [1] and [2] and references therein
provide a recent review of experimental axion searches and the
haloscope technique. The past years superconducting cavities
were explored by experiments like QUAX [3], [4] and CAPP
[5], [6] in order to reach a higher sensitivity. An axion
with mass mA converts into a photon due to the inverse
Primakoff effect. If the converted photon’s energy matches
the resonance frequency of the cavity, the output power is
augmented depending on the axion’s coupling strength to
photons. For a given axion-photon coupling the figure of merit
F of the experiment is

F ⇠ g2a�m
2
AB

4V 2T�2
sysG

4Q, (1)

where ga� is the axion coupling to two photons, B the external
magnetic field (assumed constant over the cavity volume), V
is the cavity volume, Tsys is the detection noise temperature,
and G is the geometric form factor of the cavity mode.

The figure of merit of the experiment increases by the power
of four with the strength of the magnetic field. Therefore
we aim at magnets with fields as high as possible. For
the current run we had a 2-m long 11T dipole magnet in
single coil configuration available, for details see [7]. This
sets the requirements for the coatings: we needed a type II
superconductor with a critical magnetic field Bc2 well above
11T at 4.2K. The materials should also possess a RF surface
resistance Rs lower than copper at our operating conditions.
Experimental results and theoretical predictions have been
described in literature, see for example [8], [9] and references
therein for Nb3Sn or high temperature superconductors like
REBa2Cu3O7�x (RE = Y, Gd, Eu) (REBCO). Both these
materials were applied to our cavities. One cavity was sputter-
coated with Nb3Sn and REBCO tapes were applied to the
second cavity, where the hastelloy substrate was stripped off,
such that the REBCO layer is exposed to the RF fields.

Authorized licensed use limited to: CERN. Downloaded on February 23,2022 at 16:29:45 UTC from IEEE Xplore.  Restrictions apply. 
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Quantum sensors for new particle physics experiments

@ CERN: PBC, large low energy physics community…

Initial experiments with quantum sensors world-wide
     rapid investigation of new phase space

     scaling up to larger systems, improved devices
          expanding explored phase space 

https://indico.cern.ch/event/1002356/

atomic interferometers:      DM searches

RF cavities:                         axion searches

https://indico.cern.ch/event/1057715/ PBC technology mini workshop: superconducting RF (Sep. 2021)
PBC technology annual workshop 2021 (focus on quantum sensing)

M. Doser,  Physics frontiers, 9/10 Mar 20228/32



Topological Dark Matter (TDM)

AION: atom interferometer (start small, ultimately     space)

TDM can be expressed as a scalar field that couples to fundamental constants, thus producing 
variations in the transition frequencies of atomic clocks at its passage.

Local Lorentz Invariance (LLI) searching for daily variations of the relative frequency difference of e.g. Sr optical lattice clocks
or Yb+ clocks confined in two traps with quantization axis aligned along non-parallel directions

Local Position Invariance (LPI)

independence of any local test experiment from
the velocity of the freely-falling apparatus.

independence of any local test experiment from
when and where it is performed in the Universe

spatial variation of the fundamental constants associated with a change in the gravitational potentialUltralight Dark Matter

Gravitational wave detector clocks act as narrowband detectors of the Doppler shift on the laser frequency due to
the relative velocity between the satellites induced by the incoming gravitational wave

comparing atomic clocks based on different transitions can be used to constrain the time 
variation of fundamental constants and their couplings, comparison of two 171Yb+ clocks
and two Cs clocks -> limits on the time variation of the fine structure constant and of the 
electron-to-proton mass ratio

Optical lattice clocks at up to 1 × 10−18 
   relative accuracy 

& expanded optical fibre network 
   (operated between a number of
   European metrology institutes)

& develop cold atom technology for
   robust, long-term operation

electrostatic accelerometer

atom interferometer

Atomic Electrostatic

accelerometer accelerometer

Sensitivity 4⇥ 10�8 m/s2/Hz1/2 on ground 3⇥ 10�12 m/s2/Hz1/2

(projection for space at 10�12 m/s2/Hz1/2 (demonstrated)

for interrogations of more than 20 s)

Measurement bandwidth  0.1 Hz [0.005-0.1] Hz

Scale factor Absolute Calibration required

Stability No drift Drift

Measurement Single axis Three axes

capability

Proof mass motion Residual velocities ! Coriolis acceleration

SWaP High Low

TRL Intermediate High

Table 3. Comparison of classical and quantum sensors.

left panel, and colour-coded in the right panels. The computations were carried out without any
empirical periodic parameter adjustment in the gravity-field reconstruction.

Figure 6. Spectra of gravity field recovery in equivalent water height obtainable with an atom interferometer

and an electrostatic accelerometer, shown as black and red lines, respectively, in the left panel and colour-coded

in the lower and upper maps in the right panels. Figure taken from [172].

The potential gains in Earth observation obtainable using quantum sensors are illustrated in Fig. 7.
The ellipses represent the required measurement resolutions for the indicated scientific objectives,
with the spatial resolution on the horizontal axis and the temporal resolution on the vertical axis.
Also shown are the sensitivity curves of the “classical” CHAMP [43], GRACE [44] and GOCE [13]
missions and the prospective sensitivity of a possible quantum gravimetry mission employing atom

– 17 –

L. Badurina et al., AION: An Atom Interferometer Observatory and Network, JCAP 05 (2020) 011, [arXiv:1911.11755].

arXiv:2201.07789v1 [astro-ph.IM] 19 Jan 2022

Quantum sensors for new particle physics experiments: atom interferometry

R & D needed:
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Quantum sensors for new particle physics experiments: atom interferometry

Where does this fit in? Go after 10-20 eV < ma < 10-12 eV

ACES (Atomic Clock Ensemble in Space): 2024-2025

pathfinder / technology development missions:

AEDGE: ~2045

two on-board clocks rely on atomic transitions in the microwave domain

ESA mission for ISS

probe time variations of fundamental constants, and to perform tests of the Lorentz-Violating Standard Model Extension (SME).  Possibly topological dark matter

I-SOC: key optical clock technology (laser cooling, trapping, optical resonators) for space; Sr optical lattice clock / Sr ion clock; 
            microwave and optical link technology; 

FOCOS (Fundamental physics with an Optical Clock Orbiting in Space): Yb optical lattice clock with 1 × 10−18 stability

MAGIS                                                Fermilab

~2030

El-Neaj, Y.A., Alpigiani, C., Amairi-Pyka, S. et al. AEDGE: Atomic 
Experiment for Dark Matter and Gravity Exploration in Space. EPJ Quantum 
Technol. 7, 6 (2020). https://doi.org/10.1140/epjqt/s40507-020-0080-0

M. Abe, P. Adamson, M. Borcean, D. Bortoletto, K. Bridges, S. 
P. Carman et al., Matter-wave Atomic Gradiometer 
Interferometric Sensor (MAGIS-100), arXiv:2104.02835v1.

arXiv:2201.07789v1 [astro-ph.IM] 19 Jan 2022

MAGIS collaboration, Graham PW, Hogan JM, Kasevich MA, 
Rajendran S, Romani RW. Mid-band gravitational wave 
detection with precision atomic sensors. arXiv:1711.02225

satellite missions:

satellite mission

MIGA              AION    

AION: ~2045

satellite mission

France ChinaUK

atom interferometry at macroscopic scales:

ZAIGA CERN?
shafts (100~500 m ideal testing ground),
cryogenics, vacuum, complexity…

M. Doser,  Physics frontiers, 9/10 Mar 202210/32
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Constraints on the Coupling between Axion-like Dark Matter and Photons Using an 
Antiproton Superconducting Tuned Detection Circuit in a Cryogenic Penning Trap

J. Devlin et al., BASE collaboration, Physical Review Letters 126, 041301 (2021)

Quantum sensors for new particle physics experiments: Penning traps

magnetic field oscillations sourced by ALPs. A number of
current and proposed experiments are seeking to detect
ALPs in this mass range [13–20]. In this work we show
how, depending on the coil orientation, an ultrasensitive
superconducting single-particle detector of a cryogenic
Penning-trap experiment [21,22] can also detect ALPs.
Although these devices are not dedicated axion detectors,
they are able to set strong nonastrophysical limits on
the existence of ALPs in a narrow band around their
resonance frequency. By combining detector data from
many Penning-trap experiments, it should be possible to
search for ALP signals over a significant range of frequen-
cies. In this analysis, we set limits on the ALP-to-photon
coupling strength using the axial detection system of the
analysis trap of the baryon antibaryon symmetry experi-
ment (BASE) [23], complementing our study of the
possible interactions between ALPs and antiprotons [24].
BASE is a cryogenic Penning-trap experiment located at

CERN’s Antimatter Factory [23], dedicated to testing
charge-parity-time-reversal invariance by comparing the
fundamental properties of protons and antiprotons [25,26].
An illustration of the analysis trap (AT) which is used to
determine the antiproton spin state in high-precision
magnetic moment measurements [26,27] is shown in
Fig. 1(a). It comprises a stack of cylindrical gold-plated
copper and Co/Fe ring electrodes, which are separated by
sapphire spacers, and placed into the 1.945 T axial
magnetic field of a horizontal superconducting magnet.
An antiproton is confined radially by the magnetic field and
axially by voltages applied to the electrodes. As the particle
oscillates, femtoamp-sized image currents are induced in
the trap electrodes, which are picked up using high-
sensitivity LC circuits as image-current detectors.
The LC circuit [21], which is used both to detect

antiproton image currents and to extract the ALP-photon
interaction limits presented in this work, is formed by
connecting one end of a toroidal superconducting inductor,
shown on the right-hand side of Fig. 1(a), to an electrode,
while the other end is grounded. The remaining electrodes
are low-pass filtered so that they are held at radio-frequency
ground. The inductor is composed of NT ≃ 1100 turns of
120-μm-diameter superconducting wire wound around a
cylindrical polytetrafluoroethylene (PTFE) former of inner
radius r1 ¼ 11.5 mm, outer radius r2 ¼ 19 mm, and length
l ¼ 22 mm. The inductor is placed inside a NbTi cylindrical
housing. Awire tap is connected to couple the inductor to the
amplifier chain [21], defining the amplifier coupling factor
κ ≃ 0.2. The magnetic field is jjBejj ¼ 1.85ð5Þ T at the
position of the AT detector, directed along the axis of the
toroid, as indicated by the red arrow in Fig. 1(a). Figure 1(b)
shows an effective circuit diagram of the particle detector.
The inductor and the parasitic capacitance Cp of the trap
electrode form anLC circuit with aQ factor of 4.2ð3Þ × 104,
resonance frequency νz ≃ 674.9 kHz, and effective parallel
resistance Rp ≃ 2πQνzL ≃ 288 MΩ, where L is the

inductance of the circuit. When an antiproton reaches
thermal equilibrium with the detector, it acts like a series
LC circuit, shown in blue in Fig. 1(b). By adjusting the
voltages applied to the trap electrodes, the particle’s axial
oscillation frequency can be tuned to resonance with the
detector, leading to a voltage drop Vp ¼ RpIp across the
resonator.
As well as being ideally suited to detecting single-

particle image currents, the resonant LC circuit is also
sensitive to changes in the magnetic flux within the toroidal

(a)

(b)

(c)

FIG. 1. (a) An illustration of the main elements of the cryogenic
detection system together with the external magnetic field Be and
the azimuthal ALP magnetic field Ba. The NbTi end cap is not
shown for clarity. (b) The effective circuit diagram for the
detection system. When an antiproton is in thermal equilibrium
with the detector, as is the case during temperature measure-
ments, the trapped particle behaves like the series LC circuit
shown in blue. During ALP searches, the particle’s axial
frequency is out of resonance with the detector, so the blue part
of the circuit can be ignored. (c) A single Fourier transformed
spectrum of the voltage noise Vn recorded with 60 s averaging.
The red line plots Eq. (6) with parameter values b̂ found by
maximizing Lðdjfgaγ ¼ 0; b̂gÞ for this dataset d.

PHYSICAL REVIEW LETTERS 126, 041301 (2021)

041301-2

search the noise spectrum of fixed-frequency resonant circuit 
for peaks caused by dark matter ALPs converting into photons 
in the strong magnetic field of the Penning-trap magnet

H. Nagahama et al., Rev. Sci. Instrum. 87, 113305 (2016)

Resolving single antiproton spin flips requires the 
highest Q and lowest temperature LC resonant 
detectors ever built: BASE-CERN is the state of the art

Expected signal

The resonator backgroundThe axion signal

𝐵

푉rms = 푉 + 푉

How to measure 푻풛?

J. A. Devlin et al., Phys. Rev. Lett. 126, 041301 (2021). 8

Expected signal

The resonator backgroundThe axion signal

𝐵

푉rms = 푉 + 푉

How to measure 푻풛?

J. A. Devlin et al., Phys. Rev. Lett. 126, 041301 (2021). 8

resonator background ∝ √	Tz

https://indico.cern.ch/event/1002356/

from antiproton spin-flip

I is the length of the toroid along the magnet B field

M. Doser,  Physics frontiers, 9/10 Mar 202211/32



Quantum sensors for new particle physics experiments: Penning traps

Figure 3(b) puts these limits into the wider context of
other dedicated axion experiments and astronomical obser-
vations. The mass range investigated in this work is tiny
compared to the other experimental approaches in this
region; however, the limits achieved on gaγ are comparable
to the astrophysical limits set by Fermi-LAT (red). They are
around 10 times more stringent than the first-generation
ABRACADABRA pathfinder experiment [14] and search
for halo axions with ferromagnetic toroids (SHAFT)
experiment [20] and 5 times stronger than results reported
by the CAST helioscope [44]. Our limits are around a factor
of 10–20 less stringent than the ADMX-SLIC experiment
[19], which uses a lumped LC circuit operating at 42 MHz.
In part, the difference in performance can be attributed to
the lower magnetic fields (2 T vs a maximum of 7 T in
ADMX-SLIC) and shorter data acquisition time used in the
BASE experiment. Our experiment also benefits from a
direct measurement of the detector temperature using a
trapped antiproton, an advantage of using the highly
sensitive single-particle detectors found in Penning-trap
experiments for axion and ALP searches.

To adapt these detectors into more powerful ALP search
experiments with higher detection bandwidth, we are
currently developing superconducting tunable capacitors.
Together with a dedicated low-capacitance design of the
superconducting inductor, we expect detection bandwidths
in the range of 500 kHz to 1.2 MHz, at sensitivities which
are at least comparable to the ones reported in this work.
Placing the detector in a 7 T magnet also available at BASE
and using a broader FFT span which takes advantage of the
low amplifier input noise would allow the gap between 2
and 5 neV between the Fermi-LAT and SN-1987A results
to be constrained to an upper limit of 1.5 × 10−11 GeV−1 in
around one month. The detector properties could also be
probed using trapped protons, which can also be loaded
into the apparatus. This upgraded experiment would also
investigate the favored region proposed by Ref. [9].
In this work, we have presented the first use of the

ultrasensitive image current detection system of a Penning
trap to search for axionlike particles with masses in the
neV range. With the current setup, we place the strongest
laboratory constraints for a narrow mass range around
2.791 neV, at a level which is comparable to that obtained
from astrophysical observations with the Fermi-LAT space
telescope and stronger than several other current haloscope
and helioscope experiments. The interaction of the trapped
antiproton with the detection system allows an independent
determination of the detector properties, enabling the
measured voltage noise signal to be straightforwardly
related to the expected ALP signal. We expect that similar
analyses performed on data from other Penning traps may
allow comparable limits to be placed in different frequency
ranges, provided the detectors in these experiments are
favorably aligned. This work paves the way for future
experiments which scan through broader frequency ranges
at improved sensitivity.
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FIG. 3. (a) 95% confidence exclusion region for the coupling
constant gaγ from this work shown in blue and other limits
[14,19,20,42–54] and suggested regions from astronomical
studies [7–9]. (b) Wider limits.

PHYSICAL REVIEW LETTERS 126, 041301 (2021)

041301-5

currently developing superconducting tunable capacitors
                               & laser-cooled resonators

7 T magnet + broader FFT span: one month  
2 and 5 neV to an upper limit of 1.5 × 10−11 GeV−1

magnetic field oscillations sourced by ALPs. A number of
current and proposed experiments are seeking to detect
ALPs in this mass range [13–20]. In this work we show
how, depending on the coil orientation, an ultrasensitive
superconducting single-particle detector of a cryogenic
Penning-trap experiment [21,22] can also detect ALPs.
Although these devices are not dedicated axion detectors,
they are able to set strong nonastrophysical limits on
the existence of ALPs in a narrow band around their
resonance frequency. By combining detector data from
many Penning-trap experiments, it should be possible to
search for ALP signals over a significant range of frequen-
cies. In this analysis, we set limits on the ALP-to-photon
coupling strength using the axial detection system of the
analysis trap of the baryon antibaryon symmetry experi-
ment (BASE) [23], complementing our study of the
possible interactions between ALPs and antiprotons [24].
BASE is a cryogenic Penning-trap experiment located at

CERN’s Antimatter Factory [23], dedicated to testing
charge-parity-time-reversal invariance by comparing the
fundamental properties of protons and antiprotons [25,26].
An illustration of the analysis trap (AT) which is used to
determine the antiproton spin state in high-precision
magnetic moment measurements [26,27] is shown in
Fig. 1(a). It comprises a stack of cylindrical gold-plated
copper and Co/Fe ring electrodes, which are separated by
sapphire spacers, and placed into the 1.945 T axial
magnetic field of a horizontal superconducting magnet.
An antiproton is confined radially by the magnetic field and
axially by voltages applied to the electrodes. As the particle
oscillates, femtoamp-sized image currents are induced in
the trap electrodes, which are picked up using high-
sensitivity LC circuits as image-current detectors.
The LC circuit [21], which is used both to detect

antiproton image currents and to extract the ALP-photon
interaction limits presented in this work, is formed by
connecting one end of a toroidal superconducting inductor,
shown on the right-hand side of Fig. 1(a), to an electrode,
while the other end is grounded. The remaining electrodes
are low-pass filtered so that they are held at radio-frequency
ground. The inductor is composed of NT ≃ 1100 turns of
120-μm-diameter superconducting wire wound around a
cylindrical polytetrafluoroethylene (PTFE) former of inner
radius r1 ¼ 11.5 mm, outer radius r2 ¼ 19 mm, and length
l ¼ 22 mm. The inductor is placed inside a NbTi cylindrical
housing. Awire tap is connected to couple the inductor to the
amplifier chain [21], defining the amplifier coupling factor
κ ≃ 0.2. The magnetic field is jjBejj ¼ 1.85ð5Þ T at the
position of the AT detector, directed along the axis of the
toroid, as indicated by the red arrow in Fig. 1(a). Figure 1(b)
shows an effective circuit diagram of the particle detector.
The inductor and the parasitic capacitance Cp of the trap
electrode form anLC circuit with aQ factor of 4.2ð3Þ × 104,
resonance frequency νz ≃ 674.9 kHz, and effective parallel
resistance Rp ≃ 2πQνzL ≃ 288 MΩ, where L is the

inductance of the circuit. When an antiproton reaches
thermal equilibrium with the detector, it acts like a series
LC circuit, shown in blue in Fig. 1(b). By adjusting the
voltages applied to the trap electrodes, the particle’s axial
oscillation frequency can be tuned to resonance with the
detector, leading to a voltage drop Vp ¼ RpIp across the
resonator.
As well as being ideally suited to detecting single-

particle image currents, the resonant LC circuit is also
sensitive to changes in the magnetic flux within the toroidal

(a)

(b)

(c)

FIG. 1. (a) An illustration of the main elements of the cryogenic
detection system together with the external magnetic field Be and
the azimuthal ALP magnetic field Ba. The NbTi end cap is not
shown for clarity. (b) The effective circuit diagram for the
detection system. When an antiproton is in thermal equilibrium
with the detector, as is the case during temperature measure-
ments, the trapped particle behaves like the series LC circuit
shown in blue. During ALP searches, the particle’s axial
frequency is out of resonance with the detector, so the blue part
of the circuit can be ignored. (c) A single Fourier transformed
spectrum of the voltage noise Vn recorded with 60 s averaging.
The red line plots Eq. (6) with parameter values b̂ found by
maximizing Lðdjfgaγ ¼ 0; b̂gÞ for this dataset d.
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We propose a new broadband search strategy for ultralight axion dark matter that interacts
with electromagnetism. An oscillating axion field induces transitions between two quasi-degenerate
resonant modes of a superconducting cavity. In two broadband runs optimized for high and low
masses, this setup can probe unexplored parameter space for axion-like particles covering fifteen
orders of magnitude in mass, including astrophysically long-ranged fuzzy dark matter.

Introduction. — Evidence for dark matter (DM) has
been accumulating for almost ninety years [1] and its mi-
croscopic nature remains one of the most important open
questions in physics. Among the many DM candidates
proposed in the literature, light pseudoscalar bosons with
sub-eV masses have garnered considerable appeal since
they generically appear in string compactifications [2–4]
and have a simple and predictive cosmological history.
Furthermore, in certain regions of parameter space they
can solve the strong CP [5–10] or electroweak hierarchy
problem [11–13]. In the “fuzzy” mass limit (mDM ⇠

10�22 eV), light bosonic DM may also play a role in re-
solving long-standing tensions between observations and
simulations of galactic structure [14–16]. In this work, we
present a new detection strategy for these DM candidates,
which we refer to as axions.

Axion DM generically couples to electromagnetism
through the interaction

�L �
1

4
ga�� aFµ⌫ F̃

µ⌫
�

1

2
Je↵ ·A , (1)

where a is the axion field and A is the vector potential. In
the presence of a background magnetic field B, the axion
sources an e↵ective current density

Je↵ ' ga�� @taB . (2)

The interaction of Eq. (1) forms the basis of several ex-
perimental approaches to axion detection [17–31]. For in-
stance, the time variation of Je↵ produces an oscillating
emf E / @tJe↵, which may be used to drive a resonant
detector [32, 33]. Such experiments exploit the coherence
properties of the axion DM field, which we model as a
classical Gaussian random field within the galaxy, with an
average local density ⇢DM ' 0.4 GeV/cm3 and oscillating
with angular frequency approximately equal to the axion
mass ma. Velocity dispersion from virialization within the
galaxy leads to a spectral broadening of the axion, with a
characteristic width of �!a ⇠ ma/Qa, where Qa ⇠ 106.

In setups applying static magnetic fields, Je↵ oscillates
with the same frequency as the axion field. Microwave
cavities that are resonantly matched to the axion field can
be built for ma ⇠ µeV [22], but for lower axion masses,
the required cavity volume becomes impractically large.
Resonant detection of lighter axions is possible in static-
field setups if the resonant frequency and volume of the
detector are independent, such as for lumped-element LC
circuits [34–36]. However, their sensitivity to low mass
axions is suppressed by @tJe↵ / ma.
Recently, we have proposed a new approach for axion

DM detection, which uses frequency conversion to retain
the advantages of resonant cavities while avoiding this sup-
pression at low masses [46] (see also Refs. [47–49]).1 A
cavity is prepared by driving a “pump mode” with fre-
quency !0 ⇠ GHz, so that the axion can resonantly drive
power into a “signal mode” of nearly degenerate frequency
!1 ' !0 ±ma and distinct spatial geometry. A scan over
possible axion masses is performed by slightly perturb-
ing the cavity geometry, thereby modulating the frequency
splitting !1 �!0. Compared to a static-field LC circuit of
comparable volume and noise, the signal-to-noise ratio of
this “heterodyne” approach is parametrically enhanced by
!1/ma. It also benefits from the very large intrinsic qual-
ity factors Qint

>
⇠ 2 ⇥ 1011 achievable in superconducting

radio frequency (SRF) cavities [50, 51], which far exceed
the quality factors achievable in static-field detectors tar-
geting small axion masses.

In this work, we consider a broadband search where the
signal and pump modes are fixed to be degenerate within
their bandwidth, the feasibility of which has recently been
demonstrated by the DarkSRF collaboration [52]. For the
lowest axion masses, ma

<
⇠ !0/Qint ⇠ 10�17 eV, the signal

power is resonantly enhanced. For higher axion masses,
the signal is o↵-resonance, but so are the dominant sources

1
Resonant and broadband heterodyne setups based on optical in-

terferometry have previously been proposed, but their sensitivity

is limited by laser shot noise [43–45].
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We propose a new broadband search strategy for ultralight axion dark matter that interacts
with electromagnetism. An oscillating axion field induces transitions between two quasi-degenerate
resonant modes of a superconducting cavity. In two broadband runs optimized for high and low
masses, this setup can probe unexplored parameter space for axion-like particles covering fifteen
orders of magnitude in mass, including astrophysically long-ranged fuzzy dark matter.

Introduction. — Evidence for dark matter (DM) has
been accumulating for almost ninety years [1] and its mi-
croscopic nature remains one of the most important open
questions in physics. Among the many DM candidates
proposed in the literature, light pseudoscalar bosons with
sub-eV masses have garnered considerable appeal since
they generically appear in string compactifications [2–4]
and have a simple and predictive cosmological history.
Furthermore, in certain regions of parameter space they
can solve the strong CP [5–10] or electroweak hierarchy
problem [11–13]. In the “fuzzy” mass limit (mDM ⇠

10�22 eV), light bosonic DM may also play a role in re-
solving long-standing tensions between observations and
simulations of galactic structure [14–16]. In this work, we
present a new detection strategy for these DM candidates,
which we refer to as axions.

Axion DM generically couples to electromagnetism
through the interaction

�L �
1

4
ga�� aFµ⌫ F̃

µ⌫
�

1

2
Je↵ ·A , (1)

where a is the axion field and A is the vector potential. In
the presence of a background magnetic field B, the axion
sources an e↵ective current density

Je↵ ' ga�� @taB . (2)

The interaction of Eq. (1) forms the basis of several ex-
perimental approaches to axion detection [17–31]. For in-
stance, the time variation of Je↵ produces an oscillating
emf E / @tJe↵, which may be used to drive a resonant
detector [32, 33]. Such experiments exploit the coherence
properties of the axion DM field, which we model as a
classical Gaussian random field within the galaxy, with an
average local density ⇢DM ' 0.4 GeV/cm3 and oscillating
with angular frequency approximately equal to the axion
mass ma. Velocity dispersion from virialization within the
galaxy leads to a spectral broadening of the axion, with a
characteristic width of �!a ⇠ ma/Qa, where Qa ⇠ 106.

In setups applying static magnetic fields, Je↵ oscillates
with the same frequency as the axion field. Microwave
cavities that are resonantly matched to the axion field can
be built for ma ⇠ µeV [22], but for lower axion masses,
the required cavity volume becomes impractically large.
Resonant detection of lighter axions is possible in static-
field setups if the resonant frequency and volume of the
detector are independent, such as for lumped-element LC
circuits [34–36]. However, their sensitivity to low mass
axions is suppressed by @tJe↵ / ma.
Recently, we have proposed a new approach for axion

DM detection, which uses frequency conversion to retain
the advantages of resonant cavities while avoiding this sup-
pression at low masses [46] (see also Refs. [47–49]).1 A
cavity is prepared by driving a “pump mode” with fre-
quency !0 ⇠ GHz, so that the axion can resonantly drive
power into a “signal mode” of nearly degenerate frequency
!1 ' !0 ±ma and distinct spatial geometry. A scan over
possible axion masses is performed by slightly perturb-
ing the cavity geometry, thereby modulating the frequency
splitting !1 �!0. Compared to a static-field LC circuit of
comparable volume and noise, the signal-to-noise ratio of
this “heterodyne” approach is parametrically enhanced by
!1/ma. It also benefits from the very large intrinsic qual-
ity factors Qint

>
⇠ 2 ⇥ 1011 achievable in superconducting

radio frequency (SRF) cavities [50, 51], which far exceed
the quality factors achievable in static-field detectors tar-
geting small axion masses.

In this work, we consider a broadband search where the
signal and pump modes are fixed to be degenerate within
their bandwidth, the feasibility of which has recently been
demonstrated by the DarkSRF collaboration [52]. For the
lowest axion masses, ma

<
⇠ !0/Qint ⇠ 10�17 eV, the signal

power is resonantly enhanced. For higher axion masses,
the signal is o↵-resonance, but so are the dominant sources

1
Resonant and broadband heterodyne setups based on optical in-

terferometry have previously been proposed, but their sensitivity

is limited by laser shot noise [43–45].
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In the presence of B, axion      effective current density

vector potential

Resonant cavities possible down to µeV; below that, need huge volume

   frequency conversion: driving “pump mode” at ω0 ~ GHz allows axion to 
                                       resonantly drive power into “signal mode” at ω1 ~ ω0 ± ma

   scan over axion masses ma = slight perturbation of cavity geometry, which modulates the frequency splitting ω0 - ω1 

   superconducting RF cavities

Static B     Jeff oscillates with the same frequency as the axion field

problem: cavity resonance generally fixed
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FIG. 1. In shaded green, the projected 90% C.L. reach of our setup to axion dark matter for several values of leakage noise
suppression ✏, intrinsic quality factor Qint, and integration time tint. We assume pump and signal mode frequencies !0 = !1 =
100 MHz, a cavity volume Vcav = m3, a magnetic field strength B0 = 0.2 T, a mode overlap form factor ⌘a = 1, a drive oscillator
width �!d = 0.1 mHz, and an attenuated RMS cavity wall displacement qrms = 0.1 nm. Further variations are shown in Fig. 3.
Shown in gray are regions excluded by CAST, cavity haloscopes, measurements of the CMB, and observations of SN1987A [17, 19–
21, 23–26, 37–41]. The orange band denotes parameter space motivated by the strong CP problem. Along the blue band, axions
are produced through the misalignment mechanism at a level consistent with the observed dark matter energy density, assuming
a temperature independent mass and an O(1) initial misalignment angle (see Ref. [42] for a recent discussion), where we have
assumed a symmetry breaking scale fa given by ga�� = ↵em/(2⇡fa). For larger couplings above the blue band, axions produced
in the same way would instead make up a subcomponent of dark matter, ⇢a <

⇠ ⇢DM . However, since Je↵ / ga��
p
⇢a / ga��fa is

independent of ga�� / 1/fa, our setup is equally sensitive to such subcomponents.

of noise in the cavity, thereby allowing this setup to explore
new parameter space for axions as heavy asma ⇠ 10�7 eV,
as shown in Fig. 1. This broadband approach is thus sen-
sitive to a wide range of axion masses without the need to
scan over frequency splittings. It is also the first approach
that could directly detect electromagnetically-coupled ax-
ion DM at the lowest viable DM masses ma ⇠ 10�22 eV,
which correspond to a de Broglie wavelength the size of
dwarf galaxies and a coherence time ten times longer than
recorded human history.

Detection Strategy. — Our setup involves preparing an
SRF cavity by driving a loading waveguide, predominantly
coupled to the pump mode, with an external oscillator at
frequency !0. In the presence of axion DM, the pump
mode magnetic field B0 sources an e↵ective current2 as in

2
The signal survives at low axion masses because in this limit

Eq. (2) that oscillates at frequency

!sig ' !0 ±ma . (3)

Since this current is parallel to B0, it drives power into
the signal mode with strength parametrized by the form
factor

⌘a =
|
R
Vcav

E⇤
1(x) ·B0(x)|

� R
Vcav

|E1(x)|2
R
Vcav

|B0(x)|2
�1/2  1 , (4)

where E1 is the signal mode electric field and Vcav is the
volume of the cavity. As a concrete example, ⌘a ⇠ O(1) for
the TE011 and TM020 modes of a cylindrical cavity, which
are degenerate in frequency for a length-to-radius ratio of

@tJe↵ ' ga�� @ta @2
t B / ma a /

p
⇢DM is independent of ma

for a fixed axion energy density. For a fixed axion field amplitude,
@tJe↵ ! 0 as ma ! 0, as required from general principles.

2
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FIG. 1. (a) A schematic depiction of a potential cavity setup. A photon of frequency !0 is converted by the axion dark
matter background into a photon of frequency !0 ±ma, where ma is the axion mass. The cavity is designed to have two nearly
degenerate resonant modes at !0 and !1 = !0 + ma. One possibility, as discussed in Section IV, is to split the frequencies of
the two polarizations of a hybrid HE11p mode in a corrugated cylindrical cavity. These two polarizations e↵ectively see distinct
cavity lengths, L0 and L1, allowing !0 and !1 to be tuned independently. In this case, larger frequency steps could be achieved
by adjusting the fins (shown in red), while smaller frequency steps could be achieved with piezo-actuator tuners.
(b) A schematic comparison between the proposed frequency conversion scheme (right of the dotted line) and typical searches using
static magnetic fields (left of the dotted line). The vertical and horizontal axes correspond to di↵erential power and frequency,
respectively, of either the driven field (vertical arrows) or the axion-induced signal (resonant curves). The parametric signal power
derived in Section II is shown for both setups, where we assume !sig ⇠ V

�1/3 for our proposed scheme and factored out a common
volume dependence of V 5/3.

Resonant detectors are well-suited to exploit the coherence of the axion field. To date, most axion search experiments
have matched the resonant frequency of the experiment to the mass of the axion DM being searched for. For ma ⇠ µeV,
the axion oscillates at ⇠ GHz frequencies. This enables resonant searches using high-Q normal-conducting cavities in
static magnetic fields [16–22], where a cavity mode is rung up through the interaction of Eq. (1), sourced by the axion
field and the external B field. These experiments take advantage of strong magnetic fields, the large quality factors
achievable in GHz normal-conducting cavities, and low-noise readout electronics operating at the GHz scale. However,
extending this approach to smaller axion masses would require the use of prohibitively large cavities. To probe lighter
axions, experiments have been proposed using systems whose resonant frequencies are not directly tied to their size,
such as lumped-element LC circuits [30–32] or nuclear magnetic resonance [33].

In this work, we explore an alternative approach to resonant axion detection, where the frequency di↵erence between
two modes is tuned to be on-resonance with the axion field, while the mode frequencies themselves remain parametrically
larger. Because of their large quality factors, superconducting radio frequency (SRF) cavities are ideal resonators for such
a setup. More concretely, as illustrated in Figure 1, we consider an SRF cavity with a small, tunable frequency di↵erence
between two low-lying modes, which we call the “pump mode” and the “signal mode.” The cavity is prepared by driving
the pump mode, which has frequency !0 ⇠ GHz � ma. If the signal mode is tuned to a frequency !1 ' !0 ± ma, then
the axion DM field resonantly drives power from the pump mode to the signal mode.

The idea of detecting axions through photon frequency conversion has been studied in other contexts.2 These include
axion detection with optical cavities [38–40] and frequency conversion in SRF cavities with GHz-scale mode splittings [41].
More generally, frequency conversion is a commonly used technique in signal processing, under the name of “heterodyne
detection.”

2
Di↵erent SRF setups have also been considered for production and detection of light, non-DM axions [34, 35]. Another, distinct idea is

the proposal of Refs. [36, 37] to drive two modes and detect the resulting axion-induced frequency shifts.

2
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Thin Film (High Temperature) Superconducting
Radiofrequency Cavities for the Search of

Axion Dark Matter
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P. Navarro, C. Pereira Carlos, T. Puig, G. J. Rosaz, M. Siodlaczek, G. Telles and W. Wuensch

Abstract—The axion is a hypothetical particle which is a
candidate for cold dark matter. Haloscope experiments directly
search for these particles in strong magnetic fields with RF
cavities as detectors. The Relic Axion Detector Exploratory Setup
(RADES) at CERN in particular is searching for axion dark
matter in a mass range above 30 µeV. The figure of merit of our
detector depends linearly on the quality factor of the cavity and
therefore we are researching the possibility of coating our cavities
with different superconducting materials to increase the quality
factor. Since the experiment operates in strong magnetic fields
of 11 T and more, superconductors with high critical magnetic
fields are necessary. Suitable materials for this application are
for example REBa2Cu3O7�x, Nb3Sn or NbN.
We designed a microwave cavity which resonates at around
9 GHz, with a geometry optimized to facilitate superconducting
coating and designed to fit in the bore of available high-field
accelerator magnets at CERN. Several prototypes of this cavity
were coated with different superconducting materials, employing
different coating techniques. These prototypes were characterized
in strong magnetic fields at 4.2 K.

Index Terms—Superconducting resonators, SRF superconduct-
ing radio frequency cavities, Quality factor, 2G HTS Conduc-
tors,axion
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I. INTRODUCTION

THE Relic Axion Detector Exploratory Setup (RADES)
is an axion haloscope experiment searching for dark

matter axions in a strong magnetic fields with high quality
factor cavities. It differs from most haloscopes in the fact
that thus far it employs dipole magnets and not solenoids.
Many experiments successfully use copper cavities in strong
magnetic fields to set limits to the axion coupling at low
mass ranges. Reference [1] and [2] and references therein
provide a recent review of experimental axion searches and the
haloscope technique. The past years superconducting cavities
were explored by experiments like QUAX [3], [4] and CAPP
[5], [6] in order to reach a higher sensitivity. An axion
with mass mA converts into a photon due to the inverse
Primakoff effect. If the converted photon’s energy matches
the resonance frequency of the cavity, the output power is
augmented depending on the axion’s coupling strength to
photons. For a given axion-photon coupling the figure of merit
F of the experiment is

F ⇠ g2a�m
2
AB

4V 2T�2
sysG

4Q, (1)

where ga� is the axion coupling to two photons, B the external
magnetic field (assumed constant over the cavity volume), V
is the cavity volume, Tsys is the detection noise temperature,
and G is the geometric form factor of the cavity mode.

The figure of merit of the experiment increases by the power
of four with the strength of the magnetic field. Therefore
we aim at magnets with fields as high as possible. For
the current run we had a 2-m long 11T dipole magnet in
single coil configuration available, for details see [7]. This
sets the requirements for the coatings: we needed a type II
superconductor with a critical magnetic field Bc2 well above
11T at 4.2K. The materials should also possess a RF surface
resistance Rs lower than copper at our operating conditions.
Experimental results and theoretical predictions have been
described in literature, see for example [8], [9] and references
therein for Nb3Sn or high temperature superconductors like
REBa2Cu3O7�x (RE = Y, Gd, Eu) (REBCO). Both these
materials were applied to our cavities. One cavity was sputter-
coated with Nb3Sn and REBCO tapes were applied to the
second cavity, where the hastelloy substrate was stripped off,
such that the REBCO layer is exposed to the RF fields.

Authorized licensed use limited to: CERN. Downloaded on February 23,2022 at 16:29:45 UTC from IEEE Xplore.  Restrictions apply. 

magnetic field quality factor

Cavity coatings: type II superconductor with a critical magnetic field Bc well above 11 T at 4.2 K 

Universe 2022, 8(1), 5; https://doi.org/10.3390/universe8010005 

developments of HTS for coatings is essential in improving the sensitivity of resonant haloscopes

Multiple cavities: optimal coupling with external B field, very selective (high Q), centered on resonant 𝜈

Universe 2022, 8(1), 5; https://doi.org/10.3390/universe8010005 

other frequencies: e.g. solenoidal magnet in dilution cryostat at 10 mK (Canfranc Underground Lab.)

figure of merit

to exploit the ultra-low temperatures and go beyond the standard quantum limit: 
Josephson parametric amplifiers (JPA), superconducting qubit-based single photon counters,
(or for higher frequencies, kinetic inductor devices (KID))

15/32 M. Doser,  Physics frontiers, 9/10 Mar 2022

High Q in high B!

https://ieeexplore.ieee.org/document/9699394
https://doi.org/10.3390/universe8010005
https://doi.org/10.3390/universe8010005


typically not obvious, given that most detectors rely on detecting the 
product of many interactions between a particle and the detector 
(ionization, scintillation, Cerenkov photons, …)

handful of ideas that rely on quantum devices, or are inspired by them, 
but do not necessarily use them as quantum detectors per se, but 
rather their properties to enhance / permit measurements that are 
more difficult to achieve otherwise

main focus on tracking / calorimetry / timing

Quantum sensors for high energy particle physics

very speculative!!

closely related: nanostructured materials

v

          these are not developed concepts, but rather the kind of
          approaches one might contemplate working towards

M. Doser,  Physics frontiers, 9/10 Mar 202216/32



Rydberg TPC’s

helicity detectors

Atoms, molecules, ions

Spin-based sensors

5.3.5 *

5.3.3 *

GEMs (graphene)

* https://cds.cern.ch/record/2784893

active scintillators (QCL, QWs, QDs)

Quantum sensors for high energy particle physics

ultra-fast scintillators based on perovskytes

chromatic calorimetry (QDs)

Metamaterials, 0 / 1 / 2-dimensional materials (quantum dots, nanolayers)

5.3.6 *
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Quantum sensors for high energy particle physics

Quantum dots: timing

Concerns: integrated light yield (need many 
photons to benefit from rapid rise time)

K. Decka et al., Scintillation Response Enhancement in Nanocrystalline 
Lead Halide Perovskite Thin Films on Scintillating Wafers. Nanomaterials 
2022, 12, 14. https://doi.org/ 10.3390/nano12010014

Scintillation 
decay time 
spectra from 
CsPbBr3 
nanocrystal 
deposited on 
glass

Etiennette Auffray-Hillemans / CERN

Lenka Prochazkova et al., Optical Materials 47 (2015) 67–71

M. Doser,  Physics frontiers, 9/10 Mar 202219/32
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Quantum dots: timing

chromatic tunability      optimize for quantum efficiency of PD (fast, optimizable WLS)

Hideki Ooba, “Synthesis of Unique High Quality Fluorescence Quantum Dots 
for the Biochemical Measurements,” AIST TODAY Vol.6 , No.6 (2006) p.26- 27

Etiennette Auffray-Hillemans / CERN

deposit on surface of high-Z material       thin layers of  UV       VIS WLS

embed in high-Z material ? two-species (nanodots + microcrystals) embedded in polymer matrix?
       quasi continuous VIS-light emitter (but what about re-absorbtion?)
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Quantum sensors for high energy particle physics

idea: seed different parts of a
“crystal” with nanodots emitting
at different wavelengths, such that 
the wavelength of a stimulated 
fluorescence photon is uniquely 
assignable to a specific nanodot 
position

select appropriate nanodots

UV
illumi-
nation

e.g. triangular carbon nanodots

e.m. shower

requires: 
• narrowband emission (~20nm)
• only absorption at longer
  wavelengths
• short rise / decay times

Quantum dots: chromatic calorimetry

F. Yuan, S. Yang, et al., Nature Communications 9 (2018) 2249
M. Doser,  Physics frontiers, 9/10 Mar 202221/32
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Quantum sensors for high energy particle physics

absorption
spectrum

emission
spectrum

leftmost nanodots:
absorb wavelengths < 650 nm
emit at > 680 nm

next band:
absorb wavelengths < 590 nm
emit at > 590 nm

…

rightmost nanodots:
absorb wavelengths < 410 nm
emit at > 420 nm

if high-Z substrate transparent 
in 400-700 nm, then no re-
absorption of emitted light

M. Doser,  Physics frontiers, 9/10 Mar 2022

carbonized polymer dots

CsPbCl3 nanocrystals

triangular carbon nanodots
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Quantum sensors for high energy particle physics

(shower profile via spectrometry)
Quantum dots: chromatic calorimetry

R. Cheng, H. X. Tang, et al., Broadband on-chip single-photon spectrometer, Nat 
Commun 10 (2019) 4104;  https://www.nature.com/articles/s41467-019-12149-x

DC current

cryogenic
amplifier

cryogenic
amplifier

superconducting 
nanowire delay line

Echelle grating

different options for spectrometry: 
- monochromators + PD
- light guiding fiber / each layer
- light guiding fiber to spectrometer

M. Doser,  Physics frontiers, 9/10 Mar 202223/32
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Quantum sensors for high energy particle physics

Active scintillators (QWs, QDs, QWDs, QCLs)

standard scintillating materials are passive
• can not be amplified 
• can not be turned on/off 
• can not be modified once they are in place

is it possible to produce active scintillating materials?
• electronically amplified / modulable
• pulsed / primed 
• gain adapted in situ

Appl. Sci. 2020, 10, 1038 5 of 27
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horizontal reactor. Metal alkyls (trimethylgallium, trimethylaluminum, trimethylindium) and arsine 
were used as precursors. GaAs and AlGaAs layers were deposited at 700 °C, the ratio of molar flows 
of V to III group precursors is about 30, and 0.4 nm/s growth rate. InGaAs QWDs are formed at 
lowered growth temperatures 500–550 °C, the ratio of molar flows of V to III group precursors is 
about 30 and 0.2 nm/s growth rate. Compositional and thickness modulations appear due to surface 
migration of In atoms in the lateral strain fields. In other words, the appearance of In-rich islands is 
energetically favorable because of partial strain relaxation. On the one hand, elastic strain should be 
strong enough to cause such modulations. On the other hand, it should not be too high in order to 
avoid the transition to the Stranski–Krastanow growth mode and formation of conventional self-
organized QDs. The strain energy depends both on the thickness and composition of the lattice-
mismatched epitaxial material (i.e., the In content), and both parameters should be optimized. The 
most direct method to study the structural properties of InGaAs nanostructures is transmission 
electron microscopy (TEM). The combination of cross-section and plan-view TEM images allows one 
to determine the size, shape, and density of in-rich islands. 

Let us consider the growth of InxGa1ƺxAs layer of different In concentrations (x) on GaAs 
substrate. Deposition of In0.2Ga0.8As results in the formation of a planar uniform layer. If the indium 
concentration exceeds 60%, the growth occurs in Stranski–Krastanow mode via the formation of the 
wetting layer on the top of which large-sized pyramid-shaped islands are formed. In both cases of 
low and high In contents, QWDs are not observed in TEM images. The window of In composition to 
grow QWDs is from 30 to 50%.  

Figure 2 illustrates the impact of indium composition on structural properties of InGaAs layers 
formed on 6o misoriented GaAs (100) substrates. The strain fields caused by variation of indium 
composition are visualized as black-and-white contrast. Plan-view TEM images reveal the formation 
of islands with a higher In composition as compared to the In concentration in the surrounding 
InGaAs layer (residual QW). It is these islands that we refer to as quantum well-dots. The QWDs are 
aligned along the [1–10] direction, have a round or oval shape and lateral size (in case of In0.3Ga0.7As) 
of 10–20 nm. The islands tend to form nanowire-shaped clusters along the [1–10] direction, which 
corresponds to the direction of atomic steps [33,34]. This tendency is weakening with increasing the 
indium composition. The nanowire-like objects show periodicity in the [110] direction with a period 
of 20-40 nm. Note that the length of monolayer steps for 6° misoriented GaAs (100) surface is about 
3 nm. The larger value of the found periodicity is due to the “step-bunching” effect [35] that occurs 
during the MOVPE growth on vicinal substrates [16]. 

Figure 1. Schematic representation of InGaAs structures of di↵erent dimensionalities—self-organized
Stranski–Krastanow quantum dots, QDs (a); quantum well-dots, QWDs (b); and quantum wells,
QW (c).

2. Growth and Structural Properties

The formation of QWDs takes place during the MOCVD deposition of a lattice-mismatched
InGaAs thin film on the GaAs substrate. Structures have been grown on exact oriented (100) and vicinal
(4–6� o↵) GaAs substrates using an MOCVD installation with a low pressure (100 mbar) horizontal
reactor. Metal alkyls (trimethylgallium, trimethylaluminum, trimethylindium) and arsine were used
as precursors. GaAs and AlGaAs layers were deposited at 700 �C, the ratio of molar flows of V to
III group precursors is about 30, and 0.4 nm/s growth rate. InGaAs QWDs are formed at lowered
growth temperatures 500–550 �C, the ratio of molar flows of V to III group precursors is about 30 and
0.2 nm/s growth rate. Compositional and thickness modulations appear due to surface migration of
In atoms in the lateral strain fields. In other words, the appearance of In-rich islands is energetically
favorable because of partial strain relaxation. On the one hand, elastic strain should be strong enough
to cause such modulations. On the other hand, it should not be too high in order to avoid the
transition to the Stranski–Krastanow growth mode and formation of conventional self-organized QDs.
The strain energy depends both on the thickness and composition of the lattice-mismatched epitaxial
material (i.e., the In content), and both parameters should be optimized. The most direct method to
study the structural properties of InGaAs nanostructures is transmission electron microscopy (TEM).
The combination of cross-section and plan-view TEM images allows one to determine the size, shape,
and density of in-rich islands.

Let us consider the growth of InxGa1�xAs layer of di↵erent In concentrations (x) on GaAs substrate.
Deposition of In0.2Ga0.8As results in the formation of a planar uniform layer. If the indium concentration
exceeds 60%, the growth occurs in Stranski–Krastanow mode via the formation of the wetting layer on
the top of which large-sized pyramid-shaped islands are formed. In both cases of low and high In
contents, QWDs are not observed in TEM images. The window of In composition to grow QWDs is
from 30 to 50%.

Figure 2 illustrates the impact of indium composition on structural properties of InGaAs layers
formed on 6� misoriented GaAs (100) substrates. The strain fields caused by variation of indium
composition are visualized as black-and-white contrast. Plan-view TEM images reveal the formation of
islands with a higher In composition as compared to the In concentration in the surrounding InGaAs
layer (residual QW). It is these islands that we refer to as quantum well-dots. The QWDs are aligned
along the [1–10] direction, have a round or oval shape and lateral size (in case of In0.3Ga0.7As) of 10–20 nm.
The islands tend to form nanowire-shaped clusters along the [1–10] direction, which corresponds to the
direction of atomic steps [33,34]. This tendency is weakening with increasing the indium composition.
The nanowire-like objects show periodicity in the [110] direction with a period of 20–40 nm. Note that
the length of monolayer steps for 6� misoriented GaAs (100) surface is about 3 nm. The larger value of
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Carrier di↵usion and correspondingly surface non-radiative recombination is activated with
temperature increase. At room temperature, the carrier concentration in the continuum states is
enhanced, and the PL intensity of QD structure drops by about two times when the mesa diameter
decreases down to 0.2 µm. In the case of mesas with QWD, the photoluminescence intensity (both at 77
and 290 K) exhibits faster deterioration with decreasing the mesa diameter as compared to QDs. This is
explained by the fact that QWDs provides weaker carrier localization. The smallest mesa size showing
detectable PL was 1 µm (at room temperature) or 0.3 µm (at liquid nitrogen). In the case of mesas with
QW, photoluminescence was observed only in 6–10-µm in diameter mesas, whereas in the mesas with
smaller sizes the luminescence was not detected. We conclude that carrier di↵usion lengths in QWD
structures are much shorter than in QW structures, which is in agreement with the suppressed carrier
di↵usion in disordered QWs [52]. This makes QWDs very advantageous for their use as an active area
in compact nanophotonic devices (this will be discussed in more detail in Section 3.5).

3.3. Dynamic Characteristics of QWDs

The quantum dimensionality naturally influences carrier relaxation and recombination processes
in low dimensional structures. In this section, we compared results of time-resolved PL studies for 0D
InAs/InGaAs/GaAs quantum dots [51], 2D InGaAs/GaAs quantum wells, and InGaAs/GaAs QWDs
nanostructures of mixed (0D/2D) dimensionality.

The PL spectra at the CW excitation are demonstrated in Figure 9a. The spectrum of the QD sample
contains a dominant peak at 1270 nm due to the emission from the ground-state optical transition as
well as weaker peaks at higher energies due to the emission from the first and second excited-state
transitions. The spectra of QWD- and QW-samples show intense peaks of the ground-state optical
transition and weaker shoulder from the higher energy states. All the samples show high optical
quality: the drop in integrated PL intensity with temperature increase from 78 K to 300 K is 3.2, 1.6,
and 1.3 for QDs, QWDs, and QWs, respectively.
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Figure 9. Normalized PL spectra (a) and temporal evolution of PL signal at its spectral maximum (b) 
for quantum dots (blue), quantum well-dots (green), and quantum well (red). 

QWD PL intensity temporal dependence can be fitted by a mono-exponential expression, which 
is ascribed to the absence of discrete high energy levels involved in carrier relaxation processed to 
the ground state. The PL decay time at 1/e level for ground-state transition is about 6 ns.  

The QW structure shows the slowest PL decay with a characteristic time of 20 ns. This value is 
comparable with carrier radiative lifetime measured for QWs in the temperature range 150–250 K 
[59]. At higher temperatures, PL decay time is limited by non-radiative lifetime and is decreasing 
rapidly. Taking into account extremely high optical quality of the structures under study, which 
demonstrates room-temperature PL intensity comparable to the one at 78 K (to compare, in contrast, 
in [59], PL intensity degradation in the temperature range 10–250 K is higher than two orders of 
magnitude), one can suppose that non-radiative recombination processes are still not significant even 
at room temperature, and PL decay time corresponds to radiative recombination time. 

Summarizing, the presented data show, that the carrier radiative recombination time is affected 
by structure dimensionality. The localization of charge carriers in QWDs results in the attraction of 
the carrier of opposite electrical charge and facilitates faster radiative recombination as compared to 
QWs. 

3.4. Edge Emitting Lasers 

In this section, we describe properties of edge-emitting lasers based on QWDs.  
The active area of semiconductor laser diodes, as well as device design, should be optimized for 

certain applications. For instance, high power QW lasers usually contain one or two QWs in the active 
area because the devices should have low internal losses. In the case of QD lasers, more QD layers 
(typically 5–10) are required to avoid gain saturation and switching to excited state lasing at high 
injection currents [60]. QWDs are an intermediate case between QWs and QDs, so the number of 
QWDs layers in the active area should be optimized.  

The laser wafers with different numbers of QWDs in the active region (from 1 to 10) were grown 
by MOCVD on the GaAs substrates misoriented on 6° toward [111] direction. Each QWD layer was 
formed by the deposition of 8 ML of In0.4Ga0.6As. The QWD sheets were separated with 40 nm thick 
undoped GaAs spacers. The laser structures have undoped GaAs waveguides with a thickness of 
0.68 µm not exceeding the third mode cut-off. The active region locates in the center of the waveguide, 
which ensures lasing on the fundamental transverse mode. The waveguide was sandwiched between 
p-type and n-type Al0.4Ga0.6As claddings having the thicknesses of 0.75 µm and 1.5 µm, respectively. 
For reducing the internal loss, the claddings doping levels of 2 × 1018 cmƺ3 were reduced down to 7 × 
1017 cmƺ3 in the vicinity of the waveguide. The wafers were processed into broad-area lasers with 100-
µm-wide shallow-mesa ridges with etching through the p-contact and partly through the p-cladding 

Figure 9. Normalized PL spectra (a) and temporal evolution of PL signal at its spectral maximum (b)
for quantum dots (blue), quantum well-dots (green), and quantum well (red).

Figure 9b compares the temporal evolution of PL signal for the QD, QWD, and QW structures [53].
In case of QDs, the PL intensity temporal evolution can be well fitted by bi-exponential expression
PL(t) = A1exp(⌧1/t) + A2exp(⌧2/t). The decay of PL signal is characterized by the fast component
(⌧1 = 1.1 ns) and slow component (⌧2 = 7 ns). This agrees with previous estimations of PL decay
time about 1 ns made for self-organized In(Ga)As QDs by several research groups [54,55]. The slow
component is attributed to carrier radiative recombination from the QD ground state. It is generally
believed that at room temperature, the carrier lifetime in semiconductors is limited by non-radiative
recombination [56]. The obtained large value of PL decay time can be explained by carrier recapture in

existing QD’s, QWD’s are elements of optoelectronic devices,
typically running at 10 GHz, quite insensitive to temperature

Light Emitting Devices Based on Quantum Well-Dots, Appl. Sci. 2020, 10, 1038; doi:10.3390/app10031038

R. Leon et al., "Effects of proton irradiation on luminescence emission and carrier dynamics of self-assembled III-V 
quantum dots," in IEEE Transactions on Nuclear Science, 49, 6, 2844-2851 (2002), doi: 10.1109/TNS.2002.806018.QD’s are radiation resistant
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Active scintillators (QCLs, QWs, QDs, QWDs)

Quantum sensors for high energy particle physics

https://www.laserfocusworld.com/test-measurement/spectroscopy/article/16556856/quantumcascade-lasers-qcls-enable-applications-in-ir-spectroscopy

Emitted light is IR~THz, normally mono-chromatic but tunable from 3 μm ~ 12 μm

+
+

+ -
-
-

Couple bulk semi-
conductor to electron 
injection layer: 
    ne           msteps x nγ

(msteps)

Radiation resistant (Radiation Physics and Chemistry 174, 2020, 108983)
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Florian Brunbauer / CERN
2-D materials for MPGDs

use of 2-D materials to improve: 
• tailor the primary charge production process, 
• protect sensitive photocathodes in harsh environments 
• improve the performance of the amplification stage

State-of-the-art MPGDs: 
• high spatial resolution
• good energy resolution 
• timing resolution <25ps 
  (PICOSEC Micromegas)

tunable work function

efficiency of the photocathode          timing resolution; QE 
tune via resonant processes in low dimensional coating structures

amplification
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Figure 3. Panels (a), (b), and (c) show WF of graphene versus the number of layers. 

Reprinted with permission from Ref. [58], [59], [60]. 
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devices [97]. The WF of FLG was also successfully increased by introducing Ag NPs 

onto the FLG structure, resulting in an increase in WF from 4.39 to 4.55 eV, while its 

sheet resistance and transmittance were stable [98]. 

 

Figure 6. Tuning the WF of (a) GO, (b) graphene with different alkali metal dopants, (c) 

schematic image of HATCN with different configuration respect to graphene, and (d) 

changing the WF of graphene with HATCN dopant with different configuration. 

Reprinted with permission from Ref. [99], [100], [101]. 

 

For producing low-WF graphene, apart from using alkali metals, other graphene dopants 

such as PEIE could successfully decrease the WF from 4.6 for pristine graphene to 3.8 

eV [102]. Furthermore, functionalization of GO by amino acids was reported as an 

Tuning the work function of graphene toward application as anode and cathode, Samira 
Naghdi, Gonzalo Sanchez-Arriaga, Kyong Yop Rhee, https://arxiv.org/abs/1905.06594

(additionally, encapsulation of semiconductive as well as 
metallic (i.e. Cu) photocathodes increases operational lifetime)

back flow of positive ions created during charge amplification to the drift
region can lead to significant distortions of electric fields

Graphene has been proposed as selective filter to suppress ion back flow 
while permitting electrons to pass: 
Good transparency (up to ~99.9%) to very low energy (<3 eV) electrons (?)

Space charge neutralization by electron-transparent suspended graphene, Siwapon 
Srisonphan, Myungji Kim & Hong Koo Kim, Scientific Reports 4, 3764 (2014) 
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enhanced electron signal through “priming” of gas in 
amplification region:             effective reduction of 
ionization threshold of gas in amplification region
             higher electron yield

Rydberg atoms can serve to up-convert THz / GHz 
radiation into the optical regime          optical R/O 
of avalanche intensities

Quantum sensors for high energy particle physics

Rydberg atom TPC’s
Georgy Kornakov / WUT
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Rydberg atom TPC’s
Georgy Kornakov / WUT

principle carries over to drift region:
enhanced electron signal through “priming” of gas in drift region:             
effective reduction of ionization threshold of gas in amplification region
increased dE/dx through standard primary ionization + photo-ionization of atoms excited by mip’s

reduction of ionization and
atomic excitation threshold

ionization + excitation;
natural decay of unmodified atoms
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photo-ionization of excited atoms
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Quantum sensors for high energy particle physics

https://www.metaboliqs.eu/en/news-events/MetaboliQs_PM_first_year.html

Diamond plates of up to 8 × 8 mm² in size, fabricated by Element Six

© Dr. Christoph Nebel, Fraunhofer IAF

https://www.nature.com/articles/ncomms9456

Local and bulk 13C hyperpolarization in nitrogen-vacancy centred 
diamonds at variable fields and orientations, G. Alvarez et al., Nature 
Communications 6, 8456 (2015)

G. Kornakov

optically polarizable elements: Nitrogen-vacancy diamonds (NVD)

NV in diamond

guides for optical polarization polarized scattering center

silicon trackers
(direction and timing) 

Georgy Kornakov / WUT

spin-spin scattering for helicity determination: usually with polarized beams and/or polarized targets

introduce polarized scattering planes to extract track-by-track particle helicity
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Quantum sensors for high energy particle physics

What’s next?

These potential applications of quantum sensors also in HEP require 
dedicated R&D to evaluate their potential and feasibility.

Clocks and clock networks 5.3.1 

Kinetic detectors 5.3.2 

Spin-based sensors 5.3.3 
Superconducting sensors 5.3.3 

Optomechanical sensors 5.3.4 

Atoms/molecules/ions 5.3.5 
Atom interferometry 5.3.5 

Metamaterials, 0/1/2D-materials 5.3.6 
Quantum materials 5.3.6
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Figure 5.3: Prospective time line for selected developments with a range of quantum and
emerging technologies; increases in sensitivity or accessible range are highlighted in red.
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In line with the RECFA R&D roadmap, it makes sense to consider a 
quantum-sensing R&D program that brings together the following 
strands:

also for HEP!
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