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What is a quantum sensor?
No universally agreed-upon definition! 

An attempt at a classification (boundaries are fluid):
• Detecting a single 

quantum of something 
(classically) 
 
 

• Using quantum 
mechanics to sense 
small (classical) things 
 
 

• Both at once 
(Quantum 2.0)

magnetic fields impulse

single-photon counting beyond the Standard Quantum Limit

chargelight

[SENSEI]

[Carney et al 2019]

[Dixit et al 2021]

[SuperCDMS 2018]



Why should theorists care?
⇢

10�22 eV 1019 GeV1 eV 1 keV 1 GeV 100 TeV

⇢
sub-GeV DM

Planck-scale 
DM

Wavelength fits 
in a galaxy

Elementary 
particle

wave-like DM

New theory ideas exploiting these sensors let us  
cover 50 orders of magnitude in DM mass!

[2016]

[2015]

[2019]



Single-quantum detectors
Have been around for a century (bubble chambers, LHC, …), 

but recent advances are eV energy thresholds and ultra-low dark rates

Skipper CCD: non-destructive 
charge measurements reduce noise

Single-charge  
semiconductor detectors:

Superconducting nanowire 
photon detectors:

NTL effect: single charges give 
quantized phonon response [see also Masha’s talk]
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NEGANOV-TROFIMOV-LUKE AMPLIFICATION

NTL Phonons

NTL Phonons

Observed Phonon Energy = E
Recoil

 + E
NTL

V
bias

 ~ 100 V

NTL: Neganov-Tro@mov-Luke

[SuperCDMS]

[SENSEI]

[LAMPOST 
2021]

[Hochberg 
et al 2021]



Single-quantum detectors
Towards the future:

Single-phonon detectors Charge and light at sub-eV scale

Transition-edge sensor: 
with low enough threshold, 

can see single optical phonons, 
E ~ 50 meV

Exotic narrow-gap semiconductors 
coupled to universal charge amplifier: 
strong synergy w/condensed matter, 

materials science

[Hochberg et al 2015] [SPLENDOR collab.]



Measuring classical things quantum-ly
Two examples:

Superconductors 
for EM sensing

Optomechanical systems 
for force sensing

flux quantization: SQUID optically-levitated microspheres

high-Q SRF cavities 
(1 GHz photon lives 100 s!) mirrors as pendulums

Three-dimensional superconducting resonators at T < 20 mK with the photon lifetime
up to ⌧ = 2 seconds⇤

A. Romanenko,† R. Pilipenko, S. Zorzetti, D. Frolov, M. Awida, S. Posen, and A. Grassellino
Fermi National Accelerator Laboratory, Batavia, IL 60510, USA

(Dated: October 10, 2018)

Very high quality factor superconducting radio frequency cavities developed for accelerators can
o↵er a path to a 1000-fold increase in the achievable coherence times for cavity-stored quantum states
in the 3D circuit QED architecture. Here we report the first measurements of several accelerator
cavities of f0 =1.3, 2.6, 5 GHz resonant frequencies down to temperatures of about 10 mK and field
levels down to a few photons, which reveal record high photon lifetimes up to 2 seconds, while also
further exposing the role of the two level systems (TLS) in the niobium oxide. We also demonstrate
how the TLS contribution can be greatly suppressed by the special vacuum heat treatment.

Superconducting radio frequency (SRF) cavities in
particle accelerators routinely achieve [1, 2] very high
quality factors Q > 1010 � 1011 corresponding to pho-
ton lifetimes T1 as long as tens of seconds, much higher
than highest reported Q ⇠ 108 used in various quantum
regime studies [3, 4] with T1 ⇠ 1 msec. Thus, adopting
SRF cavities for a 3D circuit QED architecture for quan-
tum computing or memory appears to be a very promis-
ing approach due to the potential of a thousand-fold in-
crease in the photon lifetime and therefore cavity-stored
quantum state coherence times. Recent investigations [5]
revealed that the two-level systems (TLS) residing inside
the niobium oxide may play a significant role in the low
field performance of SRF cavities, similarly to the 2D
resonators [6, 7]. Therefore, direct probing in the quan-
tum regime is required to assess the performance of the
“as-is” SRF cavities, as well as to guide any future Q im-
provement directions. Up to now, no such investigations
have been performed.

In this article, we report the first measurements of a se-
lection of state-of-the-art SRF cavities down to very low
temperatures (T < 20 mK) and very low fields (“quan-
tum” regime). We achieve the highest reported photon
lifetimes of more than 2 sec, and observe a Q decrease
when going from previously explored temperatures of
1.4 K down to below 20 mK. Our results demonstrate
that SRF cavities can serve as the longest coherence plat-
form for e.g. 3D cQED and quantum memory [4, 8]
applications, as well as for various fundamental physics
experiments, such as dark photon searches [9]. Further-
more, it is the first direct study of the TLS in the 3D Nb
resonators in the quantum regime, as well as the demon-
stration of the drastic TLS-induced dissipation decrease
associated with the oxide removal.

We have used fine grain high residual resistivity ra-
tio (RRR)>⇠200 bulk single cell niobium cavities of the
TESLA shape [10] with resonant frequencies of the
TM010 modes of 1.3, 2.6, and 5.0 GHz. One of the inves-
tigated 1.3 GHz cavities has been heat treated in vacuum
at 340�C in a custom designed furnace as the last step
of the cavity preparation. This novel treatment [11] re-
moves/modifies the niobium pentoxide and allows us to

directly investigate the associated improvement in the
TLS dissipation.
The measurements have been performed first at the

vertical test facility where the cavities are submerged in
liquid helium and temperatures down to 1.4 K can be
achieved, and then in the BlueFors dilution refrigerator
at temperatures down to 10-20 mK.
For cavities in the vertical test dewar we have used the

standard SRF measurement techniques [12] at higher ac-
celerating fields E, and the filtered decay method [5] at
lower fields. The Q(E) results at temperatures down to
1.4 K in a broad range of - higher - cavity fields are
shown in FIG. 1. It is remarkable that the cavity after
the 340�C heat treatment has an extremely high quality
factor Q >⇠ 4 ⇥ 1011 in the broad range of fields, higher
than the previously reported highest results [2]. This
indicates that the 340�C heat treatment suppresses the
residual resistance at all fields, which may be also related
to the TLS or other potential mechanisms, i.e. the possi-
ble presence of the metallic niobium suboxide inclusions
inside the pentoxide layer.

FIG. 1. Intrinsic cavity quality factors of the investigated 1.3,
2.6, and 5 GHz cavities as a function of the accelerating field
at temperatures 1.4 < T < 1.5 K.
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[Romanenko 
et al 2018; SQMS]

[Monteiro et al 2020]

[Matsumoto et al 2019]



Quantum 2.0
To get beyond Standard Quantum Limit, need to 

measure or prepare an actual quantum state

destructive (power) readout + thermal vacuum

Two examples from axion DM detection:

squeezed 
vacuumnon-destructive 

photon counting 
by coupling to 

qubit
[Backes et al 2020][Dixit et al 2021]

[ADMX 2020]



Why are theorists crucial?
• Define theory targets 

 

• Invent new uses for  
existing sensors 
 

• Spur development of  
new sensors 
 

• Help interpret new data 
(CM connections!)

[Carney et al 2019][Dimopoulos et al 2007]

[Blinov et al 2019][Cosmic Visions 2018]

[Essig et al 2017] [Baym et al 2020]

[Mandava et al 2022][Du et al 2021]



From theory to the lab

From theory paper to first data in < 5 yrs: 
rapidly-advancing field and much more progress remains to be made!


