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1.2 Searching for axions

In the first section we saw that one way to solve the strong CP problem is introducing
a new particle (and possibly other Higgs fields) in the SM, the axion, which is a natural
extension of the theory. From the properties that a Goldstone boson of an axial U(1)

symmetry must possess, we saw that the axion is a massive pseudoscalar boson electrically
neutral. After motivating theoretically the introduction of the axion, in this section I will
introduce some basics of the experimental search. I will focus on the detection techniques
and will describe which bounds can be put on axion mass and couplings from astrophysical
and cosmological observations.

One needs to first illustrate the axion-photon-photon coupling and the Primakoff effect,
because the latter is the main process that allows axion production in stars and its de-
tection. For convenience I report here the expression (1.44) of the axion coupling to two
photons:

La�� = Ka��
↵em

4⇡

a

fa
Fµ⌫F̃

µ⌫
,

and remember that Ka�� is a dimensionless model-dependent parameter. The interaction
can be rewritten more compactly defining the coupling constant ga�� :

La�� =
1

4
ga��aFµ⌫F̃

µ⌫
, (1.47)

ga�� =
↵em

⇡

Ka��

fa
. (1.48)

Now ga�� has dimensions GeV
�1 but is still model-dependent. It is important to note that

ga�� is inversely proportional to the scale constant fa. Furthermore, the electromagnetic
interaction can also be written in terms of the electric and magnetic fields, the components
of the Fµ⌫ tensor:

La�� =
1

4
ga��aFµ⌫F̃

µ⌫
= �ga��a

~E · ~B. (1.49)

The equality is explicitly derived in appendix A of Ref. [7]. This expression becomes useful
when dealing with the axion conversion into photons in a detector, such as a microwave
cavity.

Eq. (1.49) has exactly the same form as the Primakoff process [27], that was first
introduced to account for the ⇡

0 production through a two-photon interaction (in that
case the field a is substituted by the ⇡

0 field). The decay of ⇡0 into two photons is called
inverse Primakoff process. Now, in the framework of the Standard Model and with the
QFT formalism, we know that this decay can happen through a triangle diagram with a
virtual fermion in the loop, shown in Fig. 1.2, and it is valid for any pseudoscalar meson
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We show that at higher frequencies, and thus higher axion masses, single-photon detectors become

competitive and ultimately favored, when compared to quantum-limited linear amplifiers, as the detector

technology in microwave cavity experimental searches for galactic halo dark matter axions. The crossover

point in this comparison is of order 10 GHz (!40 !eV), not far above the frequencies of current searches.
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I. INTRODUCTION

The next generation of microwave cavity experimental
searches for axions constituting the dark matter halo of
our Galaxy will possess the sensitivity to find or exclude
favored axion models over a significant fraction of their
allowed mass ranges. These experiments will benefit from
new tunable cavity designs of higher frequency and possi-
bly much higher quality factor Q with the use of thin-film
superconducting coatings. They will also operate with
much lower intrinsic noise owing to the development of
quantum-limited amplifiers, such as microstrip-coupled
SQUID amplifiers and Josephson parametric amplifiers
(JPA). The purpose of this paper is to demonstrate that
photon detectors will eventually win over linear amplifiers
at high frequencies, and possibly not far above where the
Axion Dark Matter Experiment (ADMX) and ADMX
High Frequency (ADMX-HF) will soon begin taking data
(!1 and!5 GHz, respectively). Given that the microwave
cavity experiments owe their extraordinary sensitivities to
being both resonant and spectrally resolved, the possible
utility of detectors which sacrifice phase information, all or
in part, bears some discussion. Here we are concerned with
fundamental detection limits that cannot be improved
upon, and we do not address excess technical noise that
can be eliminated with careful experimental design. We do
note, however, that technical noise problems tend to be
more simply solved at higher frequencies.

In Sikivie’s microwave cavity experiment, axions
resonantly convert into a very weak quasimonochromatic

microwave signal in a high-Q cavity permeated by a strong
magnetic field (Fig. 1) [1]. The axion-photon conversion
signal power is given by

Pa!" ¼ #g2a""

!
$a

ma

"
B2
0VCQc; (1)

where ma and $a are the mass and local density of the
axion, respectively, ga"" is the axion-photon coupling, B0

is the strength of the magnetic field, V is the cavity volume,
and C is a mode-dependent form factor. The loaded
(coupled) quality factor of the cavity is designated by
Qc ¼ Q=ð1þ %Þ,Q being the unloaded or intrinsic quality
factor, and % the ratio of power coupled out by the antenna
to power dissipated by cavity wall losses. The fraction of

FIG. 1 (color online). Simplified schematic of the microwave
cavity search for halo axions. The insert depicts the virialized
axion signal (Qa & E=!E! 106) within the Lorentzian band-
pass of the cavity [Qc ¼ Q=ð1þ %Þ].*steve.lamoreaux@yale.edu

PHYSICAL REVIEW D 88, 035020 (2013)

1550-7998=2013=88(3)=035020(6) 035020-1 ! 2013 American Physical Society

cryostat
Localized power excess

Haloscope concept

Chapter 1. The physics case 1.2. Searching for axions

Figure 1.7: A sketch of a microwave cavity in which an axion-photon conversion occurs. Taken
from [1].

Conventional haloscopes

Haloscopes are intended to detect axions constituting the galactic DM halo (Sec. 1.2.4),
hence the name halo-scopes, in the hypothesis that all or part of the measured DM density
is explained by axions. The detection technique relies on the inverse Primakoff process
a + �

⇤
! �, where the virtual photon is provided by a static magnetic field. In this case

the emitted photon is collected in a microwave cavity and then the signal is read by some
electronics (Fig. 1.7). The resonant frequency of the cavity has to be matched to the
photon energy, in which case it can excite a cavity mode. The photon energy is equal to
the axion energy, ⌫res = Ea, because when a magnetic field is static, it is considered as
constituted by many virtual photons, so when a single photon interacts the energy transfer
is negligible. In turn, because the axion is non-relativistic as seen in Sec. 1.2.4, its energy
is equal to its rest mass, Ea ' ma; then we can safely state that the photon frequency
must equal the axion mass: ⌫res ' ma

9. For this reason a microwave cavity must have the
possibility to vary somehow its resonant frequency, to scan over a range of axion masses as
wide as possible. In Chap. 2 I will describe in some more detail the properties of microwave
cavities. However it is important to mention two things at this point. First, if ẑ is the axis
direction of the cavity and the external magnetic field is applied along ẑ, the only cavity
modes that can be excited by an axion conversion are TMnm0, transverse magnetic modes,
for which the electric field has component along the ẑ axis [36]. This is a consequence
of the form of the interaction seen in eq. (1.49). Secondly, to scan higher mass values,
larger frequencies are needed. This implies smaller cavity volumes, since ⌫res is inversely
proportional to the geometric parameters of the cavity (Sec. 2.3).

ADMX (Axion Dark Matter eXperiment) has become the paradigm of axion searches
with haloscopes. The experiment has been built in 1995 and is still running and improving
its performances. [1, 38] ADMX employs a NbTi superconducting magnet up to 8 T, with
a bore of 60 cm ⇥ 110 cm. The copper microwave cavity has a volume of about 200 L

9
More precisely we should talk of pulsation !res, because it was used the notation ~ = 1.
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In order to use a JJ as a detector, it is convenient to bias it with a dc current just
below 𝐼! through a suitable dc current source.

The occurrence of an external additional current can induce the switching of
the junction from the zero to the finite voltage state.

SIMP SCIENTIFIC PROPOSAL 

10 
 

 

Figure 7: Washboard potential describing the dynamics of the superconducting phase of a CBJJ. 

The voltage drop across a junction is related to the phase variation in time: 

U = VW/2X ⋅ YZ Y, 

leading to two distinct states: A zero-voltage state, when the state is trapped inside a 
minimum of the potential with constant phase; A voltage, or resistive, state with a voltage 
drop of hundreds of microvolts, when the state is free of running along the washboard and the 
phase increases with time. This system can be considered as a quantum system (for low 
enough temperature) with an effective cubic potential. If the ground state has a negligible 
tunneling across the barrier, the system is blocked in the well. The absorption of a photon 
(with the correct frequency) causes the transition to an excited state with a higher tunneling 
rate (escape rate). After tunneling, the system is activated in the running state, and the JJ 
shows a sudden transition to the voltage state. This voltage drop can be easily detected.  

Quantum Tunneling 
At high temperatures, spontaneous escape of the state from the poential well is due to thermal 
activation (TA) process and its rate is described by Kramers formula [34]. At ultra-low 
temperatures the escape rate is due to a macroscopic quantum tunneling (MQT) process 
whose rate is given by 

[\ = 	
@W
2X	

]
2X	^

5' 

where ] ≃ 7×`a/ℏ@ and `a is the potential-well height. According to this formula, the 
MQT transition rate from a level “(n+1)” is about a factor 1000 higher than the MQT rate 
from underlying level “n”.  

D. Driven junctions

The Josephson relations (13.41) and (13.37)

I5 Icsin φ ð13:48Þ

d

dt
φ5

2e

h̄
V ; ð13:49Þ

apply to an idealized case in which all the current is carried by electron pairs. In
the more general case, there can be other types of current flowing, such as displace-
ment current, quasiparticle tunneling current, and perhaps conduction current, if the
barrier is not a perfect insulator. It will be instructive to analyze the junction in
terms of the equivalent circuit shown in Fig. 13.35, which contains the current
source Ic sinφ of the junction, a capacitor to represent the displacement current, and

hfj / 4∆

V = 2∆/e

2 310

1

2
Ic(fj)

Ic’(O)

Figure 13.34 Dependence of the critical current on the Josephson frequency, showing the
peak at the applied dc voltage V5 2∆/e (Van Duzer and Turner, 1981, p. 144).

DC
current
source

Icsin φ
C

G

I

I

Figure 13.35 Josephson junction represented by the parallel circuit on the right consisting of
a junction current source Ic sinφ, a capacitor C, and a conductance G. The circuit is driven
by the dc current source I shown on the left.

541Energy gap and tunneling

𝐼 = 𝐼# sin𝜙

Current biased Josephson junctions as photon detectors

Kuzmin et al, IEEE Trans. Appl. Supercond., VOL. 28, NO. 7 (2018) 
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Critical request: low dark counts

CBJJs have the potentiality to reach dark counts at mHz rate.

▸We expect tiny signals from axions: 𝑃!" ≲ 10#$%𝑊
▸ Single photon detector have better noise performances

with respect to linear amplifiers above about 10 𝐺𝐻𝑧

IEEE TRANSACTIONS ON APPLIED SUPERCONDUCTIVITY, VOL. 28, NO. 7, OCTOBER 2018 2400505

Single Photon Counter Based on a Josephson
Junction at 14 GHz for Searching Galactic Axions
Leonid S. Kuzmin , Alexander S. Sobolev, Claudio Gatti , Daniele Di Gioacchino , Nicolò Crescini ,

Anna Gordeeva, and Eudeni Il’ichev

Abstract—Axions and axion-like particles appear in well-
motivated extensions of the standard model of particle physics and
may be the solution to the long-standing puzzle of the dark matter
in our Universe. Several new experiments are foreseen in the next
decade searching them in a wide range of the parameter space.
In the mass region from few to several tens of microelectronvolt,
detector sensitivity will be limited by the standard quantum limit
of linear amplifiers and a new class of single microwave-photon de-
tector will be needed. We have developed a single photon counter
based on the voltage switching of an underdamped Josephson junc-
tion that is coupled to a coplanar waveguide. By measuring the
switching voltage, we can register single photons at 14 GHz with
the rate less than 1 photon per 3000 s.

Index Terms—Axions, coplanar waveguide (CPW), critical
current, Josephson junction, single photon counter (SPC).

I. INTRODUCTION

AXIONS and axion-like particles appear in many exten-
sions of the standard model of particle physics including

many string theory models. Introduced to explain the absence
of CP violation in the strong interaction [1]–[4], the so-called
“Strong CP problem,” axions are expected to be light sub-eV par-
ticles, weakly bound to ordinary matter, and good candidates for
the dark matter of our Universe. Their detection as dark-matter
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halo was first proposed by Sikivie [5] through a “haloscope”: A
high quality-factor (Q) microwave cavity immersed in a strong
homogeneous magnetic field that converts dark-matter axions
into cavity-mode excitations when the resonance condition
hνc = mac2 between cavity frequency and axion mass is met.

Using this technique, the ADMX Collaboration [6] first
reached the sensitivity to dark-matter axions in the mass range
2.9–3.3 µeV. The growing interest in axion searches in the last
decade led to the proposal of an increasing number of experi-
ments [7] aiming at exploring the mass range from neV to meV,
whose sensitivity strongly depends on the ability to detect faint
electromagnetic signals. In particular, experiments searching in
the mass range from few to hundreds of µeV must be able to
detect single microwave photons with a rate of a fraction of Hz
and no dark counts.

In the following, we will discuss the requirements for halo-
scope searches using the standard axion conversion in a mag-
netic field (Primakoff conversion), as well as the axion conver-
sion through the interaction with a magnetized media [8]. The
detection scheme is schematically shown in Fig. 1.

Finally, we will describe a device that could meet these re-
quirements for a photon frequency of 14 GHz [9].

II. NEED FOR A SINGLE MICROWAVE PHOTON COUNTER

The importance of single microwave photon counting in
axion-cavity experiments was already discussed in [10]. The
detected noise power from a linear amplifier is given by the
Dicke relation [11]

Plin = kB T

√
∆νa

t
(1)

where kB is Boltzmann constant, T is temperature (for negligi-
ble noise temperature), ∆νa = νc [GHz] × 5.2 · 10−7 [8] is the
axion signal bandwidth, and t is the integration time. This equa-
tion must be modified at low temperatures to take into account
zero-point fluctuations [10]

Plin = hν (n + 1)
√

∆νa

t
(2)

where h is Plank constant, ν is the photon frequency, and n is
the photon occupation number in the cavity. Even when n ≈ 0
zero-point fluctuations limit the effective temperature to hν/kB ,
known as the standard quantum limit. It corresponds to about
700 mK at 14 GHz.

1051-8223 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information.
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Fig. 1. Detection scheme for two different processes involving a galactic
axion. (a) Axion passing through a static magnetic field can be converted into
a photon by means of the inverse Promakoff effect. (b) Axion can resonantly
interact with an electron in a static magnetic field, causing a spin-flip that
eventually decays into a photon.

The analogous relation for a single photon counter (SPC) is

Psp = hν

√
n∆ωc + νDC

t
(3)

where ∆ωc = 1/τc is the inverse of the cavity lifetime and νDC

is the device dark count rate.
At very low temperature, about 20 mK, thermal photons are

negligible and (2) and (3) are reduced to

Plin = hν

√
∆νa

t
and Psp = hν

√
νDC

t
. (4)

A quantum-limited amplifier is equivalent to a SPC with a
dark count rate νDC = ∆νa . For 14 GHz signal frequency, an
improvement in sensitivity with a SPC is expected if the dark
count rate of the device is well below the intrinsic axion width.

III. EXPERIMENTAL SETUP

The preferred cavity mode for the axion Primakoff conversion
is the TM010 [12]. Realistic parameters for a cavity with ν010 =
14 GHz are given in Table I.

The cavity radius sets the working frequency while the length
is optimized to increase volume, limiting modes superposition.
The quality factor is a typical value for copper cavities at cryo-
genic temperatures at these frequencies. The cavity is inserted
in a solenoid providing a uniform field B0 = 5 T in a dilution
refrigerator at temperature T = 20 mK. An electric-field probe
is inserted at the center of one of the end-caps to pick up the
electric-field component of the signal mode. The probe inser-
tion is adjusted to obtain a critical coupling (β = 1) to transmit
the power generated inside the cavity without reflections. The
signal is transmitted through a Cu (because of a magnetic field)
50 Ω coaxial cable up to the detection device. The power emitted
from the cavity [13] for axions predicted by the Dine–Fischler–

TABLE I
PARAMETERS OF A CAVITY NEEDED FOR AXION DETECTION

TABLE II
PARAMETERS FOR EXPERIMENT FOR AXION DETECTION WITH

MAGNETIZED MEDIA

Srednicki–Zhitnitsky [14] model is

Psignal = 3.6 × 10−26 W (5)

corresponding to a rate of photon Rsig = 0.004 Hz. While reach-
ing a signal-to-noise ratio of about 3 is practically impossible
with a linear amplifier, with a fully efficient SPC of maximum
dark count rate νDC = 4 × 10−4 Hz, it is enough to wait for a
time T = 1/ Rsig = 250 s and collect a single event.

For the weaker axion conversion through magnetized media
inside the cavity, the preferred mode is the TM110 [12]. Cavity
parameters are summarized inTable II.

The radius was chosen to set the central frequency to 14 GHz
and the height was increased to allow a larger sample of mag-
netic material to fill up the cavity volume. The power emitted
by the cavity is proportional to the number of electron spins,
Ne-

spin. The cavity is immersed in a much lower magnetic field
BL = 0.5 T needed only to tune the Larmor frequency of the
electrons in the magnetized material. The higher quality factor
is expected to be obtained using type II superconducting mate-
rials with critical field µ0Hc2 >> BL such as NbTi or MgB2 .
The power emitted from the cavity is about 4 × 10−27 W corre-
sponding to a photon rate of 4 × 10−4 Hz. To reach the desired
statistical significance with a dark count rate of 10−4 Hz, we
must integrate the signal for about 1 h.

In a typical experiment with haloscope, a resonant search
of axions is performed tuning the cavity frequency by using
metallic tuning rods. By moving one or two tuning rods inside
the cavity volume, the mode frequency is shifted in steps of
νc/Q in a range ±10% corresponding to ±1.4 GHz in our case.

RMS of noise power for linear amplifiers:

and for single photon counters:

𝑛 ≈ 0
𝑃"#$
𝑃%&

≈
Δ𝜈'
𝜈()

𝜈() ≈ 10 𝑘𝐻𝑧
at 10 𝐺𝐻𝑧 freq

Δ𝜈! = 𝜈" 𝐺𝐻𝑧 ⋅ 10#$

Δ𝜔" =
1
𝜏"
=
2𝜋𝜈"
𝑄

𝑛 =
1

𝑒%&/(!) − 1
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Switch in presence of signal

The simplest design for a photon detector is a 
transmission line (TL) terminated with a JJ 

Version February 17, 2021 submitted to Instruments 3 of 16

The electrodynamics of a CBJJ can be accurately described in terms of the Resistively Shunted52

Junction (RSJ) model [43] an equivalent electrical model whose circuit components are related to53

specific junction physical characteristics, shown in Fig. 2. With reference to Fig. 2, the capacitor CJ54

represents the capacitance between the junction electrodes, the resistor RJ the tunneling of normal55

electrons (quasiparticles), and the component JJ the tunneling of superconductive electrons (Cooper56

pairs). The components Is, Ib, and In represent current sources that will be detailed below. The57

current IJ through the JJ component and the corresponding voltage drop VJ are related to j, the phase58

difference between the macroscopic wavefunctions of the two superconductors, by the Josephson59

equations:60

IJ = I0 sin j, (1)

VJ =
h̄

2e

dj

dt
. (2)

Here, I0 is the maximum Cooper pair current that can flow through the JJ component, and h̄ and e are61

the reduced Planck constant and electron charge, respectively. A stationary phase and, correspondingly,62

a zero average voltage is possible, according to the Josephson equations, Eqs. (1) and (2), when a63

dc current below I0 flows in the JJ element. Depending on the values of the junction parameters64

(I0, RJ , CJ), a finite voltage state is also possible. If the dc bias current overcomes I0, the phase cannot65

be stationary and a finite voltage state is the only possibility. From the experimental point of view66

this behavior is reflected into the occurrence of an hysteresis in the current-voltage characteristic of67

the Josephson junction, for certain dc bias current intervals, where two voltage states (zero and finite68

value) can be observed. Such hysteresis is at the base of the use of JJ as detector. It is worth noting that,69

in a typical tunnel type Josephson junction, the resistance of RJ strongly depends both on voltage and70

temperature. However, as the overall effect of the resistor is to introduce dissipation in the system, its71

nonlinearity is often not considered, in presence of moderate or weak damping. Another important72

effect of the quasiparticle current, modeled by RJ , is the presence of random charge fluctuations, which73

can be represented , through the fluctuation dissipation theorem, by a noise current source, indicated74

with In in Fig. 2 whose spectral power density is assumed to be frequency independent (Johnson75

noise) [44].76

Figure 2. (a) Electrical model of a JJ with intrinsic and external current sources. (b) Electrical model of a JJ

attached to a transmission line. (c) Electrical model of a JJ with a parasitic RC load.
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mK and the superconducting state has not dissipation during the escape measurements before119

the final switching. Second, the data analyzed are the switching current distributions produced120

after countless repetitions of the process. Third, measurements as a function of temperature121

will be a diagnostic tool for determining the processes of thermal activation, tunneling, phase122

diffusion regimes that will regulate the escape process.123

B) The measure of the escape rate at different values of the DC bias current, Ibias, at fixed temperature.124

This second method can better define the right bias current value for the detection of the RF125

signal generated by the axion interaction.126

In particular if a microwave photons signal is generated, for example due to the axion-matter127

interaction, the relative possible dynamics of the CBJJ will be described from the specific initial quantum128

state connected with the exciting RF signal, which will have triggered the escape process [33,35]. In129

this case, for example, the entanglement between different states of the CBJJ involved by the RF signal130

can be highlighted (Rabi effect) [33,51,52]. Even a second configuration in detecting the RF signal is131

possible when using a Qubit where the RF signal has been stored in addition to a CBJJ can detect the132

possible entangled states beetwen two devices [53].133

The simplest design for a photon detector is a transmission line (TL) terminated with a JJ. In this
configuration the probability for a photon to cause the transition of the junction to the resistive state is:

PR =
4gTLgswitch

(gTL + gswitch)2

where gTL = wjZj/Z0 = 2p/Z0Cj and Zj =
q

Lj/Cj (referenze Romero, Flurin, ...), and gswitch is the134

switch rate of the excited JJ to the resistive state. The highest probability is obtained when gTL = gswitch.135

For typical values of 50 W TL and Cj ⇠ pF gTL ⇠ 100 GHz the reflection is high provided the switching136

rate is of the same order or a proper circuit for impedance matching is designed. In the next scetion we137

discuss the numerical simulation used to estimate the JJ parameters suitable for a photon counter. In138

particular, we estimated that in the simplest device (TL+JJ) pulses of peak current of about 250 nA,139

corresponding to about 10 photons from a 50 W TL, induces a switch of the junction.140

2. Device Simulation141

The dynamics of a CBJJ in presence a microwave pulse wave, representing a single photon142

absorption, has been investigated by means of numerical simulation of the model equations [54].143

Aggiungere descrizione simulazione co RC in parallelo per simulare linea di bias. Mettere risultati144

simulazioni per JJ isolata e con R=50 ohm in parallelo (linea di trasmissione).145

To relate the simulation results to the device composed of a TL terminated to a JJ we compare
equation 4 with the equation for the flux variable in a TL terminated by a parallel LC (a linearized
JJ) [55]:

Cf̈ +
f

L
+

1
Z0

ḟ = 2
1

Z0
ḟin = 2I

in (14)

The peak current of a single photon on the waveguide with a Gaussian wavepacket of time duration st

is
I

2
peak

=
h̄w0
Z0

2p
2pst

(15)

Then the amplitude of the signal current Is corresponding to a single photon is

I
photon

s = 2

s
h̄w0
Z0

2p
2pst

(16)

For a 10 GHz photon with st = 600 ps on a 50W TL, this corresponds to about 26 nA.146
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Circuit equation with flux variable 𝜙

Peak current for 1 photon

With a 𝜎7 = 600 𝑝𝑠 Gaussian wavepacket,
the junction switches when:

• 2𝐼#$ = 𝟓𝟎 𝒏𝑨 when isolated, 
corresponding to 4 photons

• 2𝐼#$ = 𝟐𝟓𝟎 𝒏𝑨 with a 50 Ω TL, 
corresponding to 100 photons



A. Rettaroli, WOLTE14 - 2021 6

Dark counts
SIMP SCIENTIFIC PROPOSAL 

10 
 

 

Figure 7: Washboard potential describing the dynamics of the superconducting phase of a CBJJ. 

The voltage drop across a junction is related to the phase variation in time: 

U = VW/2X ⋅ YZ Y, 

leading to two distinct states: A zero-voltage state, when the state is trapped inside a 
minimum of the potential with constant phase; A voltage, or resistive, state with a voltage 
drop of hundreds of microvolts, when the state is free of running along the washboard and the 
phase increases with time. This system can be considered as a quantum system (for low 
enough temperature) with an effective cubic potential. If the ground state has a negligible 
tunneling across the barrier, the system is blocked in the well. The absorption of a photon 
(with the correct frequency) causes the transition to an excited state with a higher tunneling 
rate (escape rate). After tunneling, the system is activated in the running state, and the JJ 
shows a sudden transition to the voltage state. This voltage drop can be easily detected.  

Quantum Tunneling 
At high temperatures, spontaneous escape of the state from the poential well is due to thermal 
activation (TA) process and its rate is described by Kramers formula [34]. At ultra-low 
temperatures the escape rate is due to a macroscopic quantum tunneling (MQT) process 
whose rate is given by 

[\ = 	
@W
2X	

]
2X	^

5' 

where ] ≃ 7×`a/ℏ@ and `a is the potential-well height. According to this formula, the 
MQT transition rate from a level “(n+1)” is about a factor 1000 higher than the MQT rate 
from underlying level “n”.  
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For a 10 GHz photon with st = 600 ps on a 50W TL, this corresponds to about 26 nA.146

Probability to cause a transition:

Coupling of TL to the junction:

Proper matching of the TL to the junction is an issue

𝛾%* ∼ 10+𝛾!

• 𝑃8 is maximum when 𝛾9: = 𝛾;< , but 𝛾= = 1 MHz 

• 𝑃8 = 0.5 ⋅ 10#> when 𝛾;< = 1 MHz,   𝛾= = 1 kHz 

• 𝑃8 = 4 ⋅ 10#? when 𝛾;< = 1 kHz,   𝛾= = 1 Hz 

𝛾,- ∼ 10 𝐺𝐻𝑧
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Possible solutions to the matching issue

JJ directly coupled to a 3D cavity
2
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FIG. 1: Qubit coupled to a 3D cavity (a) Schematic of a transmon
qubit inside a 3D cavity. The qubit is coupled to the cavity through
a broadband dipole antenna that is used to receive and emit photons.
(b) Photograph of a half of the 3D aluminum waveguide cavity. An
aluminum transmon qubit with the dipole antenna is fabricated on a
c-plane sapphire substrate and is mounted at the center of the cav-
ity. (Inset) Optical microscope image of a single-junction transmon
qubit. The dipole antenna is 1 mm long. (c) Transmission of a 3D
cavity (cavity D) coupled to a transmon (J1) measured as a function
of power and frequency. The cavity response above -80 dBm occurs
at the bare cavity frequency fc = 8.003 GHz. At lower powers, the
cavity frequency shifts by g

2/d .

n0 is the offset charge.
The experiments are performed using a circuit QED archi-

tecture [12, 13], a circuit implementation of a cavity QED
[14], to isolate, couple, and measure the qubit. A novel aspect
is the use of a three-dimensional waveguide cavity machined
from superconducting aluminum (alloy 6061 T6), as shown
in Fig. 1a-1b. This type of cavity offers several advantages
over the planar transmission-line cavities used in previous cir-
cuit QED experiments. First, the cavity has a larger mode
volume (approximately 3 cm3 or one tenth of a cubic wave-
length, compared to the 10�6 cubic wavelengths for a conven-
tional transmission line resonator), and is much less sensitive
to the surface dielectric losses that are suspected as the lim-
iting source of dissipation in transmission line resonators to
date [15, 16]. Indeed, we have observed reproducible quality
factors of these cavities [17] of 2 to 5 million, corresponding
to photon storage times in excess of 50 µs (not shown) in the
quantum regime (kBT ⌧ h̄wc and hni < 1, where wc is the
cavity frequency), without the power dependence [15, 16] in-
dicative of the presence of two-level systems. Second, the
geometry presents the qubit with a well-controlled electro-
magnetic environment, limiting the possibility of relaxation
through spontaneous emission into the multiple modes that
may be possible with a complicated chip and its associated
wiring [18]. The qubit is placed in the center of the cav-
ity, maximizing the coupling to the lowest frequency TE101

mode at wc/2p ⇠ 8 GHz, which is used for readout and con-
trol. This location also nulls the coupling to the second mode
(TE102 at approximately 10 GHz).

Despite the larger mode volume of the three-dimensional
cavity, we are able to achieve the strong-coupling limit of cav-
ity QED in this system, with vacuum Rabi frequencies, g/2p ,
greater than 100 MHz. As seen in Figure 1b, the electrodes of
the qubit are significantly larger (⇠ 0.5 mm) than in a conven-
tional transmon qubit, so that the increased dipole moment of
the qubit compensates for the reduced electric field that a sin-
gle photon creates in the cavity. We note that due to the large
dipole moment, the expected lifetime from spontaneous emis-
sion in free space would be only ⇠ 100 ns, so that a high-Q
cavity is required to maintain the qubit lifetime. The elec-
trodes also form the shunting capacitance (CS ⇠ 70 fF) of the
transmon, giving it the same anharmonicity and the same in-
sensitivity to 1/ f charge noise as in the conventional design.
An advantage of this qubit design is that the large electrode
size reduces the sensitivity of the qubit to surface dielectric
losses, which may be responsible for the improved relaxation
times. In this experiment, the qubits cannot be tuned into res-
onance with the cavity, so the vacuum Rabi coupling is not
observed directly. The system is rather operated in the dis-
persive limit (|d | = |wc �w01| � g) [13]. Here the qubit in-
duces a state-dependent shift on the cavity, which is the basis
of the readout mechanism. The dispersive shifts are typically
several tens of MHz (see Table 1), and can approach 1,000
times the linewidths of qubit and cavity, so that all devices
are well within the strong dispersive limit [19]. The trans-
mission through the cavity as a function of microwave power,
which demonstrates the ground-state shift of the cavity and
the re-emergence of the bare cavity frequency at sufficiently
high powers (see Ref.[20, 21]) is shown in Figure 1c. Single-
shot readout of the qubit (with fidelities greater than 70%) is
performed using the technique previously described [20].

The dramatically improved coherence properties of these
qubits are confirmed via the standard time-domain measure-
ments of the relaxation time (T1) and Ramsey experiments
(T2) (see Figure 2 and Table 1). We employ the same tech-
niques used in the previous conventional transmon experi-
ment (see Ref.[8, 18, 22]) performed in a cryogen-free dilu-
tion refrigerator at 10 mK. The qubits have an anharmonic-
ity a/2p = f12 � f01 ⇠ �200 MHz to �300 MHz which al-
lows fast single-qubit operations in ⇠ 10 ns. There are several
surprising features in the time-domain data. First, while T2’s
are typically in the range of 15 - 20 µs, they do not yet at-
tain the limit twice T1 which is reproducibly in the range 25
- 50 µs corresponding to Q1= 1 - 2⇥106. This indicates that
there is still significant dephasing. At the same time, both the
Ramsey decay envelope and the echo coherence (which has
an artificial phase rotation as a function of the delay added)
can be fit well by an exponential decay, indicating that con-
trary to the previous predictions [23, 24], 1/ f noise is not
dominant [22] in our experiment. This is consistent with the
expectation that these simple qubits should avoid dephasing
due to both 1/ f flux noise (since there are no superconduct-
ing loops) and charge noise (since the total charge variation
of the transition frequency [9] for these transmon parameters

arXiv:1105.4652v4 
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In this case decoherence is given by 𝜏@
So, for copper cavities at 10 GHz:

𝜏@ ∼ 1 𝜇𝑠
𝛾@ = 1/𝜏@ ∼ 1 MHz

If there is no matching, the photon is

‘trapped’ in the coplanar branches
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Current situation

Simulations done

Single JJ measured

TL + JJ device fabricated
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JJ fabrication and measurements

Fabricated at CNR-IFN.

▸ I-V charachteristic

▸ Switching current distributions

Chip mounted under the
mixing chamber of the
dilution refrigerator.

Material Aluminum

Dimensions 2 𝜇𝑚 × 2 𝜇𝑚

𝐼* 300 𝑛𝐴

𝐶 200 𝑓𝐹

Figure 2: Top: Design of the chip with 6 Al JJs (yellow) and wiring (purple). The junctions are
2 µm long and 500 nm, 500 nm, 1 µm, 1.5 µm, 2 µm and 4 µm long. Bottom: Chip mounted on
the mixing chamber of the dilution refrigerator. Beside the chip with JJs a second chip with Nb
DC-Squid is visible.

Figure 3: Top: Dilution refrigerator of CNR-IFN, a Leiden Cryogenics MCK50-100, in the COLD
laboratory at LNF. Bottom: Cooling power vs temperature measured at LNF (blue) and expected
(red).

Keysight Technologies 33521B 30MHz

T=40 mK

T=300 K

I
V

NI USB-6366, X Series

EGG 5113 
preamplifier

EGG 5113
preamplifier

Trig

Comparator

JJ

R=200 kW

314 Hz

Figure 4: Sketch of the experimental setup.

JJ under test. The output of the amplifier is both acquired with the ADC board and sent to a
comparator that generates a trigger signal to synchronize the acquisition with the transition of the
junction from the superconducting to the resistive state.

a) b) c)

Figure 1.6: Pictures and scheme of the experimental setup. a) a picture of the two chips on the sample holder;
b) the dilution refrigeration system; c) shematics of the setup. The region T = 40 mK corresponds
to the cryostat.

Figure 1.7: I-V characteristic of Nb JJ (DC-SQUID) at T = 635 mK.

1.3.3 Qualitative description

I-V characteristics

11/Nov/2019. At the first attempts the I-V measurements indicated the presence of noise, thus

some of the cables were covered with aluminum foils.

12/Nov/2019. Then we proceeded with the acquisition of the Niobium junction I-V curve

of Fig. 1.7 to practice with the setup. The measurement was done with the four terminals

technique. With the same technique and at the same temperature we also measured the Al6

junction. Fig. 1.8 shows four curves acquired for the same junction, for we had to deal with

external noise. In fact we saw that unplugging thermometers and then all the diagnosis cables

(quali?) the critical current increases to Ic ' 250 nA. Correspondingly the resistance in the

superconducting branch becomes finite when plugging cables. The normal resistance Rn is

estimated to be Rn = 407 ⌦ from the normal branch of the I-V, as reported in Fig. 1.9, while

the measured gap voltage at this temperature is Vgap = 2�(T )/e ⇡ 400 µV. Note that this is

10

Material Aluminum

Dimensions 2 𝜇𝑚 × 4 𝜇𝑚

𝐼* 600 𝑛𝐴

𝐶 400 𝑓𝐹

2 𝜇𝑚×2 𝜇𝑚 JJ
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Switching current distributions

Expected from quantum tunneling
Range:  50𝑚𝐾 − 850𝑚𝐾

Decrease due to the dependence
of 𝐼@ 𝑇 with temperature

2𝜇𝑚×2𝜇𝑚 JJ

2𝜇𝑚×2𝜇𝑚 JJ
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Interpretation and simulations to validate hypothesis

Version February 17, 2021 submitted to Instruments 3 of 16

The electrodynamics of a CBJJ can be accurately described in terms of the Resistively Shunted52

Junction (RSJ) model [43] an equivalent electrical model whose circuit components are related to53

specific junction physical characteristics, shown in Fig. 2. With reference to Fig. 2, the capacitor CJ54

represents the capacitance between the junction electrodes, the resistor RJ the tunneling of normal55

electrons (quasiparticles), and the component JJ the tunneling of superconductive electrons (Cooper56

pairs). The components Is, Ib, and In represent current sources that will be detailed below. The57

current IJ through the JJ component and the corresponding voltage drop VJ are related to j, the phase58

difference between the macroscopic wavefunctions of the two superconductors, by the Josephson59

equations:60

IJ = I0 sin j, (1)

VJ =
h̄

2e

dj

dt
. (2)

Here, I0 is the maximum Cooper pair current that can flow through the JJ component, and h̄ and e are61

the reduced Planck constant and electron charge, respectively. A stationary phase and, correspondingly,62

a zero average voltage is possible, according to the Josephson equations, Eqs. (1) and (2), when a63

dc current below I0 flows in the JJ element. Depending on the values of the junction parameters64

(I0, RJ , CJ), a finite voltage state is also possible. If the dc bias current overcomes I0, the phase cannot65

be stationary and a finite voltage state is the only possibility. From the experimental point of view66

this behavior is reflected into the occurrence of an hysteresis in the current-voltage characteristic of67

the Josephson junction, for certain dc bias current intervals, where two voltage states (zero and finite68

value) can be observed. Such hysteresis is at the base of the use of JJ as detector. It is worth noting that,69

in a typical tunnel type Josephson junction, the resistance of RJ strongly depends both on voltage and70

temperature. However, as the overall effect of the resistor is to introduce dissipation in the system, its71

nonlinearity is often not considered, in presence of moderate or weak damping. Another important72

effect of the quasiparticle current, modeled by RJ , is the presence of random charge fluctuations, which73

can be represented , through the fluctuation dissipation theorem, by a noise current source, indicated74

with In in Fig. 2 whose spectral power density is assumed to be frequency independent (Johnson75

noise) [44].76

Figure 2. (a) Electrical model of a JJ with intrinsic and external current sources. (b) Electrical model of a JJ

attached to a transmission line. (c) Electrical model of a JJ with a parasitic RC load.
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So even for temperatures such that T ⇠ DU, thermal activation is suppressed if R < 2peZj ⇠ 20Zj. On177

the contrary, Macroscopic Quantum Tunneling is not suppressed and becomes the dominant switching178

effect even at temperatures higher than the predicted crossing temperature.179

This is confirmed by our simulations etc. etc.180
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Thermal activation is suppressed

Parasitic RC circuit
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Figure 3. Equivalent potential of a JJ. The phase value is represented by the green particle which can
overcame the energy barrier after the absorption of a suitable stimulus

where the signal source has been eliminated for simplicity and IR is the current flowing in the parasitic
resistor Rp. The JJ voltage VJ is related to IR by:

VJ = Rp IR +
1

Cp

Z
IR dt (10)

By repeating the same procedure as before, the following two normalized differential equations are96

obtained:97

d2 j

dt2 + a
dj

dt
+ sin j = gb + gs (t) + gn(t) + gR (11)

dgR
dt

+ aRCgR + aint
d2 j

dt2 = 0 (12)

where:
aRC =

1
RpCpwJ

, aint =
1

RpCJwJ
, gR =

IR
I0

. (13)

In the case of a simple CBJJ, the phase difference, f can be considered as a particle moving in98

a one-dimensional tilted cosine potential [? ], see Fig. 3. The tilt of the potential corresponds to99

the normalized bias current flowing through the junction. The zero-voltage state corresponds to100

the confinement of the particle in a potential well, where it can oscillate at the characteristic plasma101

frequency, wJ . Given enough energy, the particle can escape from this metastable state and roll102

down the potential slope, giving rise to a finite-voltage state [? ]. The equivalent circuit Resistively103

and Capacitively Shunted Junction model (RCSJ) is the descriptive approach to consider the escape104

dynamic processes in the CBJJ [? ].105

Much literature on measurements and interpretations of the escape processes have been published106

and underline different dynamics, such as: Thermal Activation regime (TA), Macroscopic Quantum107

Tunnel (MQT), Phase Diffusion (PD) with following multiple retrapping processes. The experimental108

conditions to highlight the diverse regimes and transitions between them have been defined. The109

regimes will depend on the comparison between the Josephson energies (EJ) in relation to Josephson110

critical current Ic0, the Coulomb energy EC, varying depending on the capacity C, the plasma frequency111

wp proportional to the
p

Ic0/C ratio, the quality factor Q = wpRC, proportional to the losses, the112

potential tilt EJ (I/Ic), controlled by the bias current I, and temperature [? ? ? ? ? ? ]. The Escape rates113

are measurements that have the possibility of a large bandwidth in current and very large statistical114

averaging of the processes [? ].(chiarire l’ultimo concetto)115

In general two typical escape dynamic experimental set-ups are used [? ]:116

A) a slow ramping of the bias current across the junction up to the the value of the critical current.117

This ensures that the Josephson junction stays at the temperature of the cryostat thermal bath at118
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Ongoing: Transmission Line + JJStubQubit 1  
 
Chip 1 cm x 1 cm 

   

  

 
Per l’esposizione sul voyager ho spostato i dispositivi in modo che la parte piccola sia 
centrata con i campi da 500 Pm 

 

 

 

 
 

 

Le giunzioni disegnate qui 
sono larghe 2 um 

Come le ultime fatte 
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Per l’esposizione sul voyager ho spostato i dispositivi in modo che la parte piccola sia 
centrata con i campi da 500 Pm 

 

 

 

 
 

 

Le giunzioni disegnate qui 
sono larghe 2 um 

Come le ultime fatte 

E’ venuto tutto splendido: c’è solo un po’ di stitching 

DC  SQUID

DC SQUID

Coplanar waveguide
ended with JJ

Simplest design of photon detector fabricated

Measurements done by the end of March
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Conclusions

▸ We need a single microwave photon counter for axion search

▸ It can be developed with Current Biased Josephson junctions

▸ We did simulations to obtain fabrication parameters

▸ We measured single Josephson junctions

▸ Testing Coplanar waveguide ended with Josephson junction
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Abstract: JJ detector1

Keywords: keyword 1; keyword 2; keyword 32

1. Introduction3

1.1. Detection of axions4

In the ’70s an extension of the standard model of particle physics was advanced to explain the5

absence of CP violation in the strong interaction (Strong CP problem) [1,2]. The theory predicts the6

existence of additional particles called axions [3,4]; sub-eV particles with feable interactions with7

ordinary matter, that can be abundantly produced non-thermally in the early universe [5]. These8

characteristics make them also good candidates to explain the composition of Cold Dark Matter (CDM)9

of the universe [6–8], an issue that modern cosmology and particle physics are still tackling.10

Most of experiments are sensitive to the axion-photon coupling constant gagg, which is11

proportional to their mass ma. The region of interest for QCD axions is the yellow band in the12

ma-gagg plane shown in Fig. 1. Axions are an example of weakly interacting slim particles (WISPs), a13

cathegory of particles emerging from many extensions of the standard model. WISPs as Axion-like14

particles (ALPs) have a more general relationship between ma and gagg.15

The most exploited detection principle of axions and ALPs is the haloscope proposed by16

Sikivie [13,14], whose description is addressed in the review of Ref. [15]. Examples of running17

experiments, also shown by the vertical lines in Fig. 1, are ADMX [16,17], HAYSTAC [18], CAPP-8T [19],18

CAPP-9T [20], ORGAN [21], QUAX [22–25], while other proposed experiments include RADES [26,27],19

MADMAX [28], BRASS [29], KLASH [30–32].20

Since very tiny signals are involved in the game, searches of axions and ALPs will benefit of the21

latest developments in microwave quantum technologies such as single microwave-photon detectors22

based on superconducting elements.23
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