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INTRODUCTION



AXIONS IN ΛCDM
MODEL

⇢DM = 0.3 GeV/cm3
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na = 3⇥ 1012
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100 µeV

ma

◆
1/cm3
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AXIONS IN ΛCDM MODEL

¡ Velocity distribution approximately Maxwellian

¡ Velocity dispersion

¡ Axion linewidth

¡ Axion figure of merit

AXION DARK MATTER

Local DM velocity PDF

f(v)d3v = n0

✓
1

⇡v0

◆3/2

e�(v/v0)
2

d3v

Standard Halo Model predicts Maxwell-Boltzman
distribution of DM halo

v0 = 270 Km/s

�E/E =
1

2

⇣v0
c

⌘2
⇠ 5⇥ 10�7

Velocity spread

Energy spread

�v ⇡ 270 km/s
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�E/E ⇡ 5.2⇥ 10�7
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Qa ' 1.9⇥ 106
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[Turner, Phys. Rev. D 42 (1990)]
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AXION WINDOW

10�6 eV < ma < 10�3 eV
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0.25 GHz < ⌫a < 250 GHz
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QUAX IS A HALOSCOPE

THE QUAX PROPOSAL
SEARCHING FOR GALACTIC AXIONS THROUGH MAGNETIZED MEDIA

CLAUDIO GATTI – QUAX COLLABORATION AXION AT THE CROSSROADS: QCD, DARK MATTER, ASTROPHYSICS ECT* Trento 2017/11/20

6HDUFKLQJ $[LRQV WKURXJK FRXSOLQJ ZLWK VSLQ� WKH 48$; H[SHULPHQW

�QG :RUNVKRS RQ 0LFURZDYH &DYLWLHV DQG 'HWHFWRUV IRU $[LRQ 5HVHDUFK � //1/ QLFROR�FUHVFLQL#SKG�XQLSG�LW

$[LRQ�VSLQ LQWHUDFWLRQ

$[LRQ�IHUPLRQ LQWHUDFWLRQ LV GHVFULEHG E\

L = ψ̄(x)(i!/∂ −mc)ψ(x)− igpa(x)ψ̄(x)γ5ψ(x)

a
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igepγ5

8VLQJ QRQ�UHODWLYLVWLF (XOHU�/DJUDQJH
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ZKHUH WKH LQWHUDFWLRQ WHUP LV

−gp!
2m

σ ·∇a ≡ −2
!e
2m

σ ·
(gp
2e

)
∇a

!e
2m = µB LV %RKUȍV PDJQHWRQ� GHVFULELQJ WKH EHKDYLRU RI WKH VSLQ�

Ba = gp
2e∇a LV WKH D[LRQ HIIHFWLYH PDJQHWLF ILHOG� ZKLFK DFWV RQ WKH VDPSOH�

∇a $= 0 ⇒ β $= 0
� � ��

Axion-electron spin interaction Axion-photon coupling
INCREASING VOLUME: 3 SPHERES IN A RESONANT CAVITY

gm = g0
p
nsVsAll spins partecipate to the coupling with cavity mode

Resonant RF cavities

⟹ Magnetized media ⟹ Magnetic fields
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SEARCHING AXIONS WITH 
MAGNETIZED MEDIA



QUAX 𝑎 − 𝑒

INTRODUCTION AXIOMA QUAX BkUP

AXION COUPLING

AXION-FERMION interaction

detection of atomic transitions
|0i ! |ii in which axions are absorbed

I AXIOMA =) detection of VIS-NIR photons in
rare-earth doped materials

I QUAX =) axions are converted to magnons in a
ferri-/para-magnet

E1

E0
ma

B 
B = 0 

QUAX and AXIOMA

¡ Energy levels of a two-state system are split

¡ Think of an electron spin under the effect of magnetic field

¡ An axion tuned to the Larmor frequency causes a transition
(generates a magnon in multi-spin system)

¡ Then the system relaxes emitting radiation

Quax – magnetized media

R. Barbieri et al. / Physics of the Dark Universe 15 (2017) 135–141 137

Larmor frequency of the electrons, and so the axion mass under
scrutiny, through the relation (� = e/me)

B0 = !L

�
= mac2

� h̄
= 1.7

✓
ma

200µeV

◆
T. (9)

The dynamics of the magnetic sample is well described by its
magnetizationM, whose evolution is given by the Bloch equations
with dissipations and radiation damping [28]. Taking the external
magnetic field directed along the z axis, one has
dMx

dt
= � (M ⇥ B)x � Mx

⌧2
� MxMz

M0⌧r
dMy

dt
= � (M ⇥ B)y � My

⌧2
� MyMz

M0⌧r

dMz

dt
= � (M ⇥ B)z � M0 � Mz

⌧1
�

M2
x + M2

y

M0⌧r
, (10)

whereM0 is the staticmagnetization directed along the z axis,1 ⌧r is
the radiation damping time, ⌧1 and ⌧2 are the longitudinal (or spin–
lattice) and transverse (or spin–spin) relaxation time, respectively.
We will discuss the role of radiation damping in a subsequent
paragraph. Moreover, we will assume that ⌧1 is never shorter than
⌧2, which is true for most of the materials we are interested in.

In the presence of the axion effective field Ba(t) a time depen-
dent component of the magnetization Ma(t) will appear in the
x–y plane. We note here that only the component of the axion
effective field orthogonal to the magnetizing field B0 will drive the
magnetization of the sample, thus configuring this apparatus as a
true directional detector. It is

Ma(t) = �µBBanS⌧min cos(!at), (11)

where nS is thematerial spin density and ⌧min is the shortest coher-
ence time among the following processes: axion wind coherence
⌧ra, magnetic material relaxation ⌧2, radiation damping ⌧r

⌧min = min (⌧ra, ⌧2, ⌧r) . (12)

The axion coherence time ⌧ra has been given in Eq. (8). Material
relaxation times span normally from tens of nanoseconds up to a
few microseconds.

The radiation damping ⌧r was introduced by Bloom in 1957 [28]
to account for the electromotive force induced in the rf coils of
a driving circuit by magnetization changes without taking into
account the dynamics of the rf coils. In our case this damping term
is affecting themaximumallowed coherence hence the integration
time of the magnetic system with respect to the axion driving
input. In a free field environment and in a high frequency regime
(GHz or more), which is our case, radiation damping is dominated
by themagnetic dipole emission in free space from themagnetized
sample of volume Vs

⌧r = 4⇡
c3

!3
L

1
�µ0M0Vs

. (13)

As already mentioned, we are considering a situation in which the
coherence length of the axion field is much larger than the typical
size of the magnetized sample.

The steady state solutions of Eq. (10) in presence of radiation
damping and for various approximations are given in Ref. [29].
Since we are working at high frequency, the radiation damping
mechanismmay result in a strong limitation. To solve this problem
we embed the magnetic material inside a microwave resonant
cavity in the strong coupling regime. In this case, the limited
phase space of the resonator inhibits the dampingmechanism, thus

1 This is true for paramagnets. In general for other type of samples a suitable
orientation of the axes is necessary.

Fig. 1. Principle scheme of the axion haloscope.

providing a minimum radiation damping time equal to the cavity
decay time. Now we have ⌧min = min (⌧ra, ⌧2, ⌧c), where ⌧c is the
cavity decay time.

Fig. 1 shows the principle of the proposed detection scheme: a
microwave resonant cavity, containing amagneticmaterial, is kept
at very low temperature and placed inside an extremely uniform
magnetizing field B0. The magnetic field value determines the
Larmor frequency ⌫m = � B0/2⇡ of the ferromagnetic resonance of
the magnetic material. A resonant mode of the microwave cavity,
typically the TE120, is tuned to the Larmor frequency, in such away
that the electron spin couples to the electromagnetic field stored in
the cavity. The single spin coupling is g0 = �

p
µ0h̄!m/Vc (In units

of rad/s) [30], where Vc is the volume of the cavity mode. If the
total number of spin is large enough, hybridization takes place and
the single resonance splits into two with a mode separation given
by the total coupling strength gm = g0

p
nSVs. The transmission

coefficient of the hybridized system is now described by

S21(!) ' 1

i(! � !c) � kc
2 + |gm|2

i(!�!m)�km/2

, (14)

where kc = 1/⌧c is the total linewidth of the cavity with resonance
frequency !c and km = 1/⌧2 is the linewidth of the ferromagnetic
resonance. The resulting linewidth kh of a single hybridized mode
is

kh = 1
2

(kc + km) . (15)

When the system is hybridized the dynamics is completely de-
scribed by the hybrid mode characteristic time ⌧h = 1/kh. Radia-
tion damping is not effective anymore. In the followingwewill also
assume that the material spin–lattice relaxation time ⌧1 is greater
than ⌧h, so that now ⌧min = min (⌧ra, ⌧h).

In the presence of the axionwind, the average amount of power
absorbed by the material in each cycle is

Pin = µ0H · dM
dt

= Ba
dMa

dt
Vs

= �µBnS!aB2
a⌧minVs, (16)

where we have used Equation (11) for the axion induced resonant
magnetizationMa. In a steady state, the power balance ensures that
Pin will be emitted as rf radiation, and so Pin/2 can be collected by
using an antenna critically coupled to the cavity mode.

It is useful to write the output power by referring to relevant
experimental design parameters

Pout = Pin
2

= 3.8 ⇥ 10�26
✓

ma

200µeV

◆3 ✓
Vs

100 cm3

◆

⇥
✓

nS

2 · 1028/m3

◆✓
⌧min

2µs

◆
W, (17)

where the chosen axion mass is determined by a magnetizing
field B0 = 1.7 T, and the value of the spin density is typical of
paramagnets at low temperature or material as YIG (Yttrium Iron



THE COUPLING

INTRODUCTION AXIOMA QUAX BkUP

THE AXION WIND AS AN EFFECTIVE MAGNETIC FIELD
The interaction of a spin 1/2 particle with the axion field a(x) is described by the Lagrangian:

L =  ̄(x)(i~�µ@µ � mc) (x)� igpa(x) ̄(x)�5 (x)

 (x) is the spinor field of the fermion with mass m

�µ are the 4 Dirac matrices, �5 = i�0�1�2�3

gp dimensionless pseudo-scalar coupling constant

Non-relativistic limit of the Euler-Lagrange equation:
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INTRODUCTION Introduction QUAX

QUAX
THE AXION WIND AS AN EFFECTIVE MAGNETIC FIELD

The interaction of a spin 1/2 particle with the axion field a(x) is described by the
Lagrangian:

L =  ̄(x)(i~�µ@µ � mc) (x)� igpa(x) ̄(x)�5 (x)

 (x) is the spinor field of the fermion with mass m
�µ are the 4 Dirac matrices, �5 = i�0�1�2�3
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has the form of the interaction between the spin magnetic moment (�2 e~
2m� = �2µB�,

with µB the Bohr magneton in the case of the electron) and an effective magnetic field
Ba � gp

2e ra .
The interaction (??) has been recently considered in Ref.s [?, ?] to search for axion
induced atomic transitions using laser techniques.
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with µB the Bohr magneton in the case of the electron) and an effective magnetic field
Ba � gp

2e ra .
The interaction (??) has been recently considered in Ref.s [?, ?] to search for axion
induced atomic transitions using laser techniques.

Euler-Lagrange equations in non-relativistic limit

[Barbieri et al., Phys. Dark Univ. 15 (2017)]
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Chapter 2. QUAX R&D at LNF 2.1. The QUAX experiment

2.1.1 Coupling to electrons and detection technique

The derivation of the coupling to electron spins starts from the interaction of the axion to
electrons, given by the Lagrangian of eq. (1.54):

Laee = �i gaee a
�
 �5 

�
,

where now  (x) is an electron spinor and gaee is a dimensionless coupling constant. Includ-
ing also the Lagrangian for the free electron1

 (i~�µ@µ �mec) , the equation of motion
of an electron in presence of the axion field in the non-relativistic limit is [42]:
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� ·ra

�
', (2.1)

where ' is a two component field, m the electron mass and � the vector of the Pauli
matrices. The last term on the r.h.s. of the equation has the form of an interaction between
the spin magnetic moment and a magnetic field (as in the Zeeman effect in atomic physics),
since it can be rewritten as:

�
gaee~
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� ·ra = �2
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2m

� ·

⇣
gaee

2e

⌘
ra ⌘ �2µB� ·Ba, (2.2)

µB = (e~)/(2m) is the Bohr magneton, and an effective oscillating magnetic field has been
defined: Ba ⌘ (gaee/2e)ra. Then the electron spins see the axion wind as an external
oscillating field that will change their magnetization.

The properties of the Ba field can be obtained by the axion field. After the arguments
of Sec. 1.2.4, the axion field can be written as a plane wave, approximately monochro-
matic [42]:

a(x, t) ' a0 cos
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with pa ' mava the classical momentum, cp0 =

q
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4 + |pa|

2
c2 ⇡ mac

2
+ |pa|

2
/2ma,

and a0 =

p
(na~3)/(mac) the field amplitude. na is the number density of axions (1.63),

but in the QUAX experiment ⇢DM = 0.3GeV cm
�3 is assumed for the DM halo density,

so na becomes na ' 3 · 10
12
�
10

�4
eV/ma

�
cm

�3. Taking the gradient of the axion field
yields the expression of the effective magnetic field:

Ba =
gaee
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✓
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mac
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pa sin
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p
0
ct� pa · x

~

◆
. (2.4)

In the framework of the DFSZ model, assuming a coupling constant of gaee ' 3·10
�11

(ma/(1 eV))

and putting the magnetic material in x = 0, the field mean amplitude and the frequency
1
In this section the factors ~ and c are restored.
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Quax Experimental Scheme 
Use Electron Spin Resonance to absorb energy from Axion Wind and 

re-emit it as e.m. radiation. Use resonant cavity to avoid radiation 
dumping.
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INTRODUCTION AXIOMA QUAX BkUP

AN EXPERIMENT PERFORMED IN THE STRONG COUPLING REGIME

The QUAX experiment is performed in a cavity, where the magnetization oscillations (magnons) and the
microwave cavity mode (photons) merge into a hybrid oscillator (hybridized mode () strong coupling regime)

RADIATION DAMPING

The dynamics of the magnetic sample is well described by its magnetization M, whose evolution is given
by the Bloch equations with dissipations and radiation damping.
The damping term related to ⌧r affects the maximum allowed coherence hence the integration time of the
magnetic system with respect to the axion driving input.

In the presence of the axion effective field Ba(t) a time dependent component of the magnetization

Ma(t) = �µBBanS⌧min cos(!at) ⌧min = min(⌧a, ⌧2, ⌧r)
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in Section 4. A crucial role is played by the detector of the magne-
tization changes: two different approaches are discussed, namely
a linear rf amplifier and a microwave quantum counter. We will
show that the latter approach can allow to investigate the parame-
ter space of DM axions. However, preliminary measurements with
linear amplifiers could set limits on the axion–electron coupling
constant close to the expected values, as discussed in Sections 4
and 5.

The QUAX R&D activities are conducted at the Laboratori
Nazionali di Legnaro (LNL) of the Istituto Nazionale di Fisica Nucle-
are (INFN), and funded in the framework of the research callWhat
Next of INFN.

2. The axion wind and the effective magnetic field

For ease of the reader we recall the basic elements that allow
to calculate the value of the effective magnetic field due to the
presence of the axion wind. The Lagrangian which describes the
interaction of a spin 1/2 particle with the axion field a(x) reads

L =  ̄(x)(ih̄� µ@µ � mc) (x) � igpa(x) ̄(x)�5 (x), (1)

where  (x) is the spinor field of the fermion with mass m. Here
� µ are the 4 Dirac matrices, � 5 = i� 0� 1� 2� 3, and a(x) is coupled
tomatter by the dimensionless pseudo-scalar coupling constant gp.
By taking the non-relativistic limit of the Euler–Lagrange equation,
the time evolution of a spin 1/2 particle can be described by the
usual Schroedinger equation

ih̄
@'

@t
=


� h̄2

2m
r2 � gph̄

2m
� · ra

�
', (2)

where the term

� gph̄
2m

� · ra ⌘ �2
eh̄
2m

� ·
⇣ gp
2e

⌘
ra (3)

has the formof the interaction between the spinmagneticmoment
(�2 eh̄

2m� = �2µB�, with µB the Bohr magneton in the case of
the electron) and an effective magnetic field Ba ⌘ gp

2era . As in
the original Refs. [10,12,13] we do not consider here the parity-
violating term�i ma

m
a
fa
� ·p, which induces oscillating electric dipole

moments in atoms [20,21]. The interaction (3) has been recently
considered in Refs. [22,23] to search for axion induced atomic
transitions using laser techniques.

Axions represent the best example of non-thermal dark mat-
ter candidate [24]. The expected dark matter density is ⇢ '
300 MeV/cm3, and we will suppose that axions are the dominant
component. For an axion mass in the range 10�6 eV < ma <
10�2 eV, we have na ⇠ 3 ⇥ 1012 (10�4 eV/ma) axions per cubic
centimeter. The axion velocities v are distributed in modulus ac-
cording to a Maxwellian distribution, with a velocity dispersion
�v ⇡ 270 km/s. Due to Galaxy rotation and Earth motions in
the Solar system, the rest frame of an Earth based laboratory is
moving through the local axion cloud with a time varying velocity
vE = vS + vO + vR, where vS represents the Sun velocity in
the galactic rest frame (magnitude 230 km/s), vO is the Earth’s
orbital velocity around the Sun (magnitude 29.8 km/s), and vR the
Earth’s rotational velocity (magnitude 0.46 km/s). The observed
axion velocity is then va = v � vE . The effect of this motion is
to broaden theMaxwell distribution, as well as tomodulate it with
a periodicity of one sidereal day and one sidereal year.

The axion kinetic energy is expected to be distributed with
a mean relative to the rest mass of 7 ⇥ 10�7 and a dispersion
about the mean of 5.2⇥ 10�7 [25]. The inverse of this last number
represents the natural figure of merit of the axion linewidth, Qa '
1.9 ⇥ 106. The mean De Broglie wavelength of an axion is (we will

use in the following as central reference value in our calculations
the axion massma = 200µeV)

�d ' h/(mava) ' 6.9
✓
200µeV

ma

◆
m, (4)

which is much greater than the typical length of an experimental
apparatus, in our case the magnetized samples.

Such theoretical and experimental aspects allow to treat a(x)
as a classical field that interacts coherently with fermions with
a mean value a(x) = a0 exp[i(p0ct � pE · x)/h̄] where pE =
mavE , cp0 =

q
m2

ac4 + |pE |2c2 ⇡ mac2 + |pE |2/(2ma) and a0
is the field amplitude. The amplitude a0 can be easily computed
by equating the momentum carried by this field per unit volume
(i.e. the associated energy momentum tensor T 0i = a20p

0piE) to the
number of axion per unit volume times the average momentum
(i.e. nahpii = napiE), and it reads a0 =

p
(nah̄3)/(mac). The effective

magnetic field associated with the mean axion field is then given
by

Ba = gp
2e

✓
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mac

◆1/2

pE sin
✓
p0ct � pE · x

h̄

◆
. (5)

In the framework of DFSZ axion model [15–17], the value of the
coupling constant gp with electrons can be expressed as gp =
me/(3fa) cos2 � , where cos2� is a model dependent parameter,
here fixed to 1, fa is the axion decay constant [26,27] and

ma ' 5.7µeV
✓
1012 GeV

fa

◆
. (6)

Thus gp ' 3.0 ⇥ 10�11(ma/(1 eV)).
Putting the magnetized samples in x = 0, we have that the

equivalent oscillating rf field along the pE direction has a mean
amplitude and central frequency
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✓

ma

200µeV

◆
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✓
ma

200µeV

◆
GHz,

(7)

with a relative linewidth�!a/!a ' 5.2 ⇥ 10�7.
As the equivalentmagnetic field is not directly associated to the

axion field but to its gradient, the corresponding coherence time
and correlation length for the QUAX detector read

⌧ra ' 0.68 ⌧a = 17
✓
200µeV

ma

◆✓
Qa

1.9 ⇥ 106

◆
µs;

�ra ' 0.74 �a = 5.1
✓
200µeV

ma

◆
m, (8)

where we have assumed the standard CDMhalomodel [25] for the
axion velocity distribution.

3. Experimental scheme

To detect the extremely small rf field Ba wewill make use of the
Electron Spin Resonance (ESR) in a magnetic sample. In particular,
we want to collect the power deposited in the sample by the axion
wind due to its interaction with the electron spin. To enhance
the interaction we will tune the ferromagnetic resonance of the
sample, i.e. the Larmor frequency of the electron, to themass value
of the searched for axion. In fact, since this is still unknown, the
possibility to perform a large bandwidth searchmust be envisaged.

Let us consider amagnetized sample of volume Vs andmagneti-
zationM0 placed in the bore of a solenoid, which generates a static
magnetic field B0 (polarizing field). The value B0 determines the
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in Section 4. A crucial role is played by the detector of the magne-
tization changes: two different approaches are discussed, namely
a linear rf amplifier and a microwave quantum counter. We will
show that the latter approach can allow to investigate the parame-
ter space of DM axions. However, preliminary measurements with
linear amplifiers could set limits on the axion–electron coupling
constant close to the expected values, as discussed in Sections 4
and 5.
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are (INFN), and funded in the framework of the research callWhat
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� µ are the 4 Dirac matrices, � 5 = i� 0� 1� 2� 3, and a(x) is coupled
tomatter by the dimensionless pseudo-scalar coupling constant gp.
By taking the non-relativistic limit of the Euler–Lagrange equation,
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usual Schroedinger equation

ih̄
@'

@t
=


� h̄2

2m
r2 � gph̄

2m
� · ra

�
', (2)

where the term

� gph̄
2m

� · ra ⌘ �2
eh̄
2m

� ·
⇣ gp
2e

⌘
ra (3)

has the formof the interaction between the spinmagneticmoment
(�2 eh̄

2m� = �2µB�, with µB the Bohr magneton in the case of
the electron) and an effective magnetic field Ba ⌘ gp

2era . As in
the original Refs. [10,12,13] we do not consider here the parity-
violating term�i ma

m
a
fa
� ·p, which induces oscillating electric dipole

moments in atoms [20,21]. The interaction (3) has been recently
considered in Refs. [22,23] to search for axion induced atomic
transitions using laser techniques.

Axions represent the best example of non-thermal dark mat-
ter candidate [24]. The expected dark matter density is ⇢ '
300 MeV/cm3, and we will suppose that axions are the dominant
component. For an axion mass in the range 10�6 eV < ma <
10�2 eV, we have na ⇠ 3 ⇥ 1012 (10�4 eV/ma) axions per cubic
centimeter. The axion velocities v are distributed in modulus ac-
cording to a Maxwellian distribution, with a velocity dispersion
�v ⇡ 270 km/s. Due to Galaxy rotation and Earth motions in
the Solar system, the rest frame of an Earth based laboratory is
moving through the local axion cloud with a time varying velocity
vE = vS + vO + vR, where vS represents the Sun velocity in
the galactic rest frame (magnitude 230 km/s), vO is the Earth’s
orbital velocity around the Sun (magnitude 29.8 km/s), and vR the
Earth’s rotational velocity (magnitude 0.46 km/s). The observed
axion velocity is then va = v � vE . The effect of this motion is
to broaden theMaxwell distribution, as well as tomodulate it with
a periodicity of one sidereal day and one sidereal year.

The axion kinetic energy is expected to be distributed with
a mean relative to the rest mass of 7 ⇥ 10�7 and a dispersion
about the mean of 5.2⇥ 10�7 [25]. The inverse of this last number
represents the natural figure of merit of the axion linewidth, Qa '
1.9 ⇥ 106. The mean De Broglie wavelength of an axion is (we will
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which is much greater than the typical length of an experimental
apparatus, in our case the magnetized samples.

Such theoretical and experimental aspects allow to treat a(x)
as a classical field that interacts coherently with fermions with
a mean value a(x) = a0 exp[i(p0ct � pE · x)/h̄] where pE =
mavE , cp0 =
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is the field amplitude. The amplitude a0 can be easily computed
by equating the momentum carried by this field per unit volume
(i.e. the associated energy momentum tensor T 0i = a20p

0piE) to the
number of axion per unit volume times the average momentum
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In the framework of DFSZ axion model [15–17], the value of the
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with a relative linewidth�!a/!a ' 5.2 ⇥ 10�7.
As the equivalentmagnetic field is not directly associated to the
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where we have assumed the standard CDMhalomodel [25] for the
axion velocity distribution.

3. Experimental scheme

To detect the extremely small rf field Ba wewill make use of the
Electron Spin Resonance (ESR) in a magnetic sample. In particular,
we want to collect the power deposited in the sample by the axion
wind due to its interaction with the electron spin. To enhance
the interaction we will tune the ferromagnetic resonance of the
sample, i.e. the Larmor frequency of the electron, to themass value
of the searched for axion. In fact, since this is still unknown, the
possibility to perform a large bandwidth searchmust be envisaged.

Let us consider amagnetized sample of volume Vs andmagneti-
zationM0 placed in the bore of a solenoid, which generates a static
magnetic field B0 (polarizing field). The value B0 determines the
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Larmor frequency of the electrons, and so the axion mass under
scrutiny, through the relation (� = e/me)

B0 = !L

�
= mac2

� h̄
= 1.7

✓
ma

200µeV

◆
T. (9)

The dynamics of the magnetic sample is well described by its
magnetizationM, whose evolution is given by the Bloch equations
with dissipations and radiation damping [28]. Taking the external
magnetic field directed along the z axis, one has
dMx

dt
= � (M ⇥ B)x � Mx

⌧2
� MxMz

M0⌧r
dMy

dt
= � (M ⇥ B)y � My

⌧2
� MyMz

M0⌧r

dMz

dt
= � (M ⇥ B)z � M0 � Mz

⌧1
�

M2
x + M2

y

M0⌧r
, (10)

whereM0 is the staticmagnetization directed along the z axis,1 ⌧r is
the radiation damping time, ⌧1 and ⌧2 are the longitudinal (or spin–
lattice) and transverse (or spin–spin) relaxation time, respectively.
We will discuss the role of radiation damping in a subsequent
paragraph. Moreover, we will assume that ⌧1 is never shorter than
⌧2, which is true for most of the materials we are interested in.

In the presence of the axion effective field Ba(t) a time depen-
dent component of the magnetization Ma(t) will appear in the
x–y plane. We note here that only the component of the axion
effective field orthogonal to the magnetizing field B0 will drive the
magnetization of the sample, thus configuring this apparatus as a
true directional detector. It is

Ma(t) = �µBBanS⌧min cos(!at), (11)

where nS is thematerial spin density and ⌧min is the shortest coher-
ence time among the following processes: axion wind coherence
⌧ra, magnetic material relaxation ⌧2, radiation damping ⌧r

⌧min = min (⌧ra, ⌧2, ⌧r) . (12)

The axion coherence time ⌧ra has been given in Eq. (8). Material
relaxation times span normally from tens of nanoseconds up to a
few microseconds.

The radiation damping ⌧r was introduced by Bloom in 1957 [28]
to account for the electromotive force induced in the rf coils of
a driving circuit by magnetization changes without taking into
account the dynamics of the rf coils. In our case this damping term
is affecting themaximumallowed coherence hence the integration
time of the magnetic system with respect to the axion driving
input. In a free field environment and in a high frequency regime
(GHz or more), which is our case, radiation damping is dominated
by themagnetic dipole emission in free space from themagnetized
sample of volume Vs

⌧r = 4⇡
c3

!3
L

1
�µ0M0Vs

. (13)

As already mentioned, we are considering a situation in which the
coherence length of the axion field is much larger than the typical
size of the magnetized sample.

The steady state solutions of Eq. (10) in presence of radiation
damping and for various approximations are given in Ref. [29].
Since we are working at high frequency, the radiation damping
mechanismmay result in a strong limitation. To solve this problem
we embed the magnetic material inside a microwave resonant
cavity in the strong coupling regime. In this case, the limited
phase space of the resonator inhibits the dampingmechanism, thus

1 This is true for paramagnets. In general for other type of samples a suitable
orientation of the axes is necessary.

Fig. 1. Principle scheme of the axion haloscope.

providing a minimum radiation damping time equal to the cavity
decay time. Now we have ⌧min = min (⌧ra, ⌧2, ⌧c), where ⌧c is the
cavity decay time.

Fig. 1 shows the principle of the proposed detection scheme: a
microwave resonant cavity, containing amagneticmaterial, is kept
at very low temperature and placed inside an extremely uniform
magnetizing field B0. The magnetic field value determines the
Larmor frequency ⌫m = � B0/2⇡ of the ferromagnetic resonance of
the magnetic material. A resonant mode of the microwave cavity,
typically the TE120, is tuned to the Larmor frequency, in such away
that the electron spin couples to the electromagnetic field stored in
the cavity. The single spin coupling is g0 = �

p
µ0h̄!m/Vc (In units

of rad/s) [30], where Vc is the volume of the cavity mode. If the
total number of spin is large enough, hybridization takes place and
the single resonance splits into two with a mode separation given
by the total coupling strength gm = g0

p
nSVs. The transmission

coefficient of the hybridized system is now described by

S21(!) ' 1

i(! � !c) � kc
2 + |gm|2

i(!�!m)�km/2

, (14)

where kc = 1/⌧c is the total linewidth of the cavity with resonance
frequency !c and km = 1/⌧2 is the linewidth of the ferromagnetic
resonance. The resulting linewidth kh of a single hybridized mode
is

kh = 1
2

(kc + km) . (15)

When the system is hybridized the dynamics is completely de-
scribed by the hybrid mode characteristic time ⌧h = 1/kh. Radia-
tion damping is not effective anymore. In the followingwewill also
assume that the material spin–lattice relaxation time ⌧1 is greater
than ⌧h, so that now ⌧min = min (⌧ra, ⌧h).

In the presence of the axionwind, the average amount of power
absorbed by the material in each cycle is

Pin = µ0H · dM
dt

= Ba
dMa

dt
Vs

= �µBnS!aB2
a⌧minVs, (16)

where we have used Equation (11) for the axion induced resonant
magnetizationMa. In a steady state, the power balance ensures that
Pin will be emitted as rf radiation, and so Pin/2 can be collected by
using an antenna critically coupled to the cavity mode.

It is useful to write the output power by referring to relevant
experimental design parameters

Pout = Pin
2

= 3.8 ⇥ 10�26
✓

ma

200µeV

◆3 ✓
Vs

100 cm3

◆

⇥
✓

nS

2 · 1028/m3

◆✓
⌧min

2µs

◆
W, (17)

where the chosen axion mass is determined by a magnetizing
field B0 = 1.7 T, and the value of the spin density is typical of
paramagnets at low temperature or material as YIG (Yttrium Iron
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Larmor frequency of the electrons, and so the axion mass under
scrutiny, through the relation (� = e/me)

B0 = !L

�
= mac2

� h̄
= 1.7

✓
ma

200µeV

◆
T. (9)

The dynamics of the magnetic sample is well described by its
magnetizationM, whose evolution is given by the Bloch equations
with dissipations and radiation damping [28]. Taking the external
magnetic field directed along the z axis, one has
dMx

dt
= � (M ⇥ B)x � Mx

⌧2
� MxMz

M0⌧r
dMy

dt
= � (M ⇥ B)y � My

⌧2
� MyMz

M0⌧r

dMz

dt
= � (M ⇥ B)z � M0 � Mz

⌧1
�

M2
x + M2

y

M0⌧r
, (10)

whereM0 is the staticmagnetization directed along the z axis,1 ⌧r is
the radiation damping time, ⌧1 and ⌧2 are the longitudinal (or spin–
lattice) and transverse (or spin–spin) relaxation time, respectively.
We will discuss the role of radiation damping in a subsequent
paragraph. Moreover, we will assume that ⌧1 is never shorter than
⌧2, which is true for most of the materials we are interested in.

In the presence of the axion effective field Ba(t) a time depen-
dent component of the magnetization Ma(t) will appear in the
x–y plane. We note here that only the component of the axion
effective field orthogonal to the magnetizing field B0 will drive the
magnetization of the sample, thus configuring this apparatus as a
true directional detector. It is

Ma(t) = �µBBanS⌧min cos(!at), (11)

where nS is thematerial spin density and ⌧min is the shortest coher-
ence time among the following processes: axion wind coherence
⌧ra, magnetic material relaxation ⌧2, radiation damping ⌧r

⌧min = min (⌧ra, ⌧2, ⌧r) . (12)

The axion coherence time ⌧ra has been given in Eq. (8). Material
relaxation times span normally from tens of nanoseconds up to a
few microseconds.

The radiation damping ⌧r was introduced by Bloom in 1957 [28]
to account for the electromotive force induced in the rf coils of
a driving circuit by magnetization changes without taking into
account the dynamics of the rf coils. In our case this damping term
is affecting themaximumallowed coherence hence the integration
time of the magnetic system with respect to the axion driving
input. In a free field environment and in a high frequency regime
(GHz or more), which is our case, radiation damping is dominated
by themagnetic dipole emission in free space from themagnetized
sample of volume Vs

⌧r = 4⇡
c3

!3
L

1
�µ0M0Vs

. (13)

As already mentioned, we are considering a situation in which the
coherence length of the axion field is much larger than the typical
size of the magnetized sample.

The steady state solutions of Eq. (10) in presence of radiation
damping and for various approximations are given in Ref. [29].
Since we are working at high frequency, the radiation damping
mechanismmay result in a strong limitation. To solve this problem
we embed the magnetic material inside a microwave resonant
cavity in the strong coupling regime. In this case, the limited
phase space of the resonator inhibits the dampingmechanism, thus

1 This is true for paramagnets. In general for other type of samples a suitable
orientation of the axes is necessary.

Fig. 1. Principle scheme of the axion haloscope.

providing a minimum radiation damping time equal to the cavity
decay time. Now we have ⌧min = min (⌧ra, ⌧2, ⌧c), where ⌧c is the
cavity decay time.

Fig. 1 shows the principle of the proposed detection scheme: a
microwave resonant cavity, containing amagneticmaterial, is kept
at very low temperature and placed inside an extremely uniform
magnetizing field B0. The magnetic field value determines the
Larmor frequency ⌫m = � B0/2⇡ of the ferromagnetic resonance of
the magnetic material. A resonant mode of the microwave cavity,
typically the TE120, is tuned to the Larmor frequency, in such away
that the electron spin couples to the electromagnetic field stored in
the cavity. The single spin coupling is g0 = �

p
µ0h̄!m/Vc (In units

of rad/s) [30], where Vc is the volume of the cavity mode. If the
total number of spin is large enough, hybridization takes place and
the single resonance splits into two with a mode separation given
by the total coupling strength gm = g0

p
nSVs. The transmission

coefficient of the hybridized system is now described by

S21(!) ' 1

i(! � !c) � kc
2 + |gm|2

i(!�!m)�km/2

, (14)

where kc = 1/⌧c is the total linewidth of the cavity with resonance
frequency !c and km = 1/⌧2 is the linewidth of the ferromagnetic
resonance. The resulting linewidth kh of a single hybridized mode
is

kh = 1
2

(kc + km) . (15)

When the system is hybridized the dynamics is completely de-
scribed by the hybrid mode characteristic time ⌧h = 1/kh. Radia-
tion damping is not effective anymore. In the followingwewill also
assume that the material spin–lattice relaxation time ⌧1 is greater
than ⌧h, so that now ⌧min = min (⌧ra, ⌧h).

In the presence of the axionwind, the average amount of power
absorbed by the material in each cycle is

Pin = µ0H · dM
dt

= Ba
dMa

dt
Vs

= �µBnS!aB2
a⌧minVs, (16)

where we have used Equation (11) for the axion induced resonant
magnetizationMa. In a steady state, the power balance ensures that
Pin will be emitted as rf radiation, and so Pin/2 can be collected by
using an antenna critically coupled to the cavity mode.

It is useful to write the output power by referring to relevant
experimental design parameters

Pout = Pin
2

= 3.8 ⇥ 10�26
✓

ma

200µeV

◆3 ✓
Vs

100 cm3

◆

⇥
✓

nS

2 · 1028/m3

◆✓
⌧min

2µs

◆
W, (17)

where the chosen axion mass is determined by a magnetizing
field B0 = 1.7 T, and the value of the spin density is typical of
paramagnets at low temperature or material as YIG (Yttrium Iron

Axion properties

Experimental design

Pa =
<latexit sha1_base64="uZ5xklNGbYQcP3OuTPW6uQ0ezWY=">AAAB93icbVC7TgJREJ3FF+ILNbGxuZGYWJFdG21MiDaWkMgjAYKzlwFvuPvIvbMmhPANtlrZGVs/x0K/xeVRKHiqk3NmMmeOH2tl2XU/nczK6tr6RnYzt7W9s7uX3z+o2Sgxkqoy0pFp+GhJq5CqrFhTIzaEga+p7g9uJn79kYxVUXjHw5jaAfZD1VMSOZWq5Q6Kq06+4BbdKcQy8eakUDqqfN8DQLmT/2p1I5kEFLLUaG3Tc2Nuj9CwkprGuVZiKUY5wD41UxpiQLY9moYdi9PEIkciJiOUFlORfm+MMLB2GPjpZID8YBe9ifif10y4d9keqTBOmEI5OcRK0/SQlUalLZDoKkPMOElOQoVCokFmMkqglKmYpLXk0j68xe+XSe286LlFr5IWcw0zZOEYTuAMPLiAEtxCGaogQcETPMOLM3RenTfnfTaaceY7h/AHzscPPceUfw==</latexit><latexit sha1_base64="bLzaFjHqTr6apEa7H5QViVzSjNA=">AAAB93icbVC7TgJBFJ3FF+ILNbGxmUhMrMiujTYmBBtLSOSRwIbcHS44YfaRmbsmhPANtlrZGRsL/8GfsNBvcXehUPBUJ+fcm3vu8SIlDdn2p5VbWV1b38hvFra2d3b3ivsHTRPGWmBDhCrUbQ8MKhlggyQpbEcawfcUtrzRdeq37lEbGQa3NI7Q9WEYyIEUQInUqPWAX/WKJbtsZ+DLxJmTUuWo/i3fqh+1XvGr2w9F7GNAQoExHceOyJ2AJikUTgvd2GAEYgRD7CQ0AB+NO8nCTvlpbIBCHqHmUvFMxN8bE/CNGfteMukD3ZlFLxX/8zoxDS7diQyimDAQ6SGSCrNDRmiZtIC8LzUSQZocuQy4AA1EqCUHIRIxTmopJH04i98vk+Z52bHLTj0ppspmyLNjdsLOmMMuWIXdsBprMMEke2CP7MkaW8/Wi/U6G81Z851D9gfW+w+iHJY7</latexit><latexit sha1_base64="bLzaFjHqTr6apEa7H5QViVzSjNA=">AAAB93icbVC7TgJBFJ3FF+ILNbGxmUhMrMiujTYmBBtLSOSRwIbcHS44YfaRmbsmhPANtlrZGRsL/8GfsNBvcXehUPBUJ+fcm3vu8SIlDdn2p5VbWV1b38hvFra2d3b3ivsHTRPGWmBDhCrUbQ8MKhlggyQpbEcawfcUtrzRdeq37lEbGQa3NI7Q9WEYyIEUQInUqPWAX/WKJbtsZ+DLxJmTUuWo/i3fqh+1XvGr2w9F7GNAQoExHceOyJ2AJikUTgvd2GAEYgRD7CQ0AB+NO8nCTvlpbIBCHqHmUvFMxN8bE/CNGfteMukD3ZlFLxX/8zoxDS7diQyimDAQ6SGSCrNDRmiZtIC8LzUSQZocuQy4AA1EqCUHIRIxTmopJH04i98vk+Z52bHLTj0ppspmyLNjdsLOmMMuWIXdsBprMMEke2CP7MkaW8/Wi/U6G81Z851D9gfW+w+iHJY7</latexit><latexit sha1_base64="f6o6jkGw862lDUfArjRn4C1Zvrw=">AAAB93icbVC7TsNAEDzzDOEVoKQ5ESFRRTYNNEgRNJRBwkmkxIrWl0045Xy27tZIUZRvoIWKDtHyORT8C7ZxAQlTjWZ2tbMTJkpact1PZ2V1bX1js7JV3d7Z3duvHRy2bZwagb6IVWy6IVhUUqNPkhR2E4MQhQo74eQm9zuPaKyM9T1NEwwiGGs5kgIok/zWAPjVoFZ3G24Bvky8ktRZidag9tUfxiKNUJNQYG3PcxMKZmBICoXzaj+1mICYwBh7GdUQoQ1mRdg5P00tUMwTNFwqXoj4e2MGkbXTKMwmI6AHu+jl4n9eL6XRZTCTOkkJtcgPkVRYHLLCyKwF5ENpkAjy5Mil5gIMEKGRHITIxDSrpZr14S1+v0za5w3PbXh3br15XTZTYcfshJ0xj12wJrtlLeYzwSR7Ys/sxZk6r86b8/4zuuKUO0fsD5yPb5pJkpo=</latexit>

𝑛"𝑉" = number of spins

𝜏#$% = spin relaxation time (next slide)

Quax – magnetized media



LIMITING FACTORS

𝜏#$% =
minimum
time
between:

𝜏& spin-lattice relaxation time

𝜏' spin-spin relaxation time

𝜏( radiation damping

𝜏) axion decoherence time
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Q
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◆
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Quax – magnetized media
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Yttrium Iron Garnet

𝒏𝒔 𝝉𝟐 Size Linewidth
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<latexit sha1_base64="Z4uujo5kuYG+id4VOZCu1R3yVNg=">AAACGHicbVC7TgMxENzjTXgFKGksHhIN0V0oSImgoQSJAFIuBJ9ZwMK+s+w9BDodH8AfwFfQQkWHaOko+BecQMFrqtHMrmZ3EqOkozB8C/r6BwaHhkdGK2PjE5NT1emZPZflVmBTZCqzBwl3qGSKTZKk8MBY5DpRuJ+cb3b9/Qu0TmbpLl0ZbGt+msoTKTh5qVNdjJ3UrB6T1OhYFB4W9UZ5HRNeUm4KXR4WK6tlp7oQ1sIe2F8SfZGF9VFzewQA253qe3yciVxjSkJx51pRaKhdcEtSKCwrce7QcHHOT7Hlacp9eLvofVOypdxxyphBy6RiPRG/bxRcO3elEz+pOZ25315X/M9r5XTSaBcyNTlhKrpBJBX2gpyw0teE7FhaJOLdy5HJlAluORFaybgQXsx9bxXfR/T7+79kr16Lwlq044vZgE+MwBzMwzJEsAbrsAXb0AQBN3APD/AY3AVPwXPw8jnaF3ztzMIPBK8fXhqhmw==</latexit><latexit sha1_base64="cJbTrKBh+8XyZbAJXJSfgAM8bIg=">AAACGHicbVC7TgMxEPTxJrwClDQWAYmG6C4UpETQUIJEHiIXIp9ZwMK+s+w9BDodH8AfwE9ACxUdoqWj4FvACSmAMNVoZlezO5GWwqLvv3tDwyOjY+MTk4Wp6ZnZueL8Qt0mqeFQ44lMTDNiFqSIoYYCJTS1AaYiCY3ofKfrNy7AWJHEB3iloa3YaSxOBGfopE5xJbRC0UqIQoGlgX+UVar5dYhwianOVH6UrW/knWLJL/s90EES9Elpa1LfHt5ffu51ih/hccJTBTFyyaxtBb7GdsYMCi4hL4SpBc34OTuFlqMxc+HtrPdNTldTyzChGgwVkvZE+LmRMWXtlYrcpGJ4Zv96XfE/r5XiSbWdiVinCDHvBqGQ0Auy3AhXE9BjYQCRdS8HKmLKmWGIYARlnDsxdb0VXB/B3+8HSb1SDvxysO+K2SbfmCBLZJmskYBski2yS/ZIjXByQx7II3ny7rxn78V7/R4d8vo7i+QXvLcvTAujuw==</latexit><latexit sha1_base64="cJbTrKBh+8XyZbAJXJSfgAM8bIg=">AAACGHicbVC7TgMxEPTxJrwClDQWAYmG6C4UpETQUIJEHiIXIp9ZwMK+s+w9BDodH8AfwE9ACxUdoqWj4FvACSmAMNVoZlezO5GWwqLvv3tDwyOjY+MTk4Wp6ZnZueL8Qt0mqeFQ44lMTDNiFqSIoYYCJTS1AaYiCY3ofKfrNy7AWJHEB3iloa3YaSxOBGfopE5xJbRC0UqIQoGlgX+UVar5dYhwianOVH6UrW/knWLJL/s90EES9Elpa1LfHt5ffu51ih/hccJTBTFyyaxtBb7GdsYMCi4hL4SpBc34OTuFlqMxc+HtrPdNTldTyzChGgwVkvZE+LmRMWXtlYrcpGJ4Zv96XfE/r5XiSbWdiVinCDHvBqGQ0Auy3AhXE9BjYQCRdS8HKmLKmWGIYARlnDsxdb0VXB/B3+8HSb1SDvxysO+K2SbfmCBLZJmskYBski2yS/ZIjXByQx7II3ny7rxn78V7/R4d8vo7i+QXvLcvTAujuw==</latexit><latexit sha1_base64="bzB0uW1fzy1MgMhO8gWsRy3sg4E=">AAAB5HicbVC7TsNAEFyHVzABQk1zIkKiimwaKJFoKINEHlKwovVlE045n627NVIU5QdoqegQf0XBv2CbFJAw1WhmVzs7caaV4yD49Gpb2zu7e/V9/6DhHx4dNxs9l+ZWUlemOrWDGB1pZajLijUNMkuYxJr68ey29PvPZJ1KzQPPM4oSnBo1URK5kDqjZitoBxXEJglXpAUrjJpfj+NU5gkZlhqdG4ZBxtECLSupaek/5o4ylDOc0rCgBhNy0aKKuRTnuUNORUZWKC0qkX5vLDBxbp7ExWSC/OTWvVL8zxvmPLmOFspkOZOR5SFWmqpDTlpV/E9irCwxY5mchDJCokVmskqglIWYF4X4RR3h+vObpHfZDoN2eB9AHU7hDC4ghCu4gTvoQBckjOEFXj3nvXnvP7XVvFV/J/AH3sc3ljCOsg==</latexit><latexit sha1_base64="I710JTL3WmB4dTkTG0QjSlXlC7A=">AAACDXicbVC7TsNAEFzzJgQwtDQnAhINkR0KUiLRUAaJAFKcROdjCSfubOtujYgs8wF8Al9BCxUd4hMo+BcckwISphrN7Gp2J0yUtOR5n87M7Nz8wuLScmWlurq27m5Uz22cGoFtEavYXIbcopIRtkmSwsvEINehwovw9njkX9yhsTKOzmiYYFfzQSSvpeBUSH13J7BSs0ZAUqNlvtfLGs38ISC8pzTJdN7L9g/yvlvz6l4JNk38ManBGK2++xVcxSLVGJFQ3NqO7yXUzbghKRTmlSC1mHBxywfYKWjEi/BuVn6Ts93UcopZgoZJxUoRf29kXFs71GExqTnd2ElvJP7ndVK6bnYzGSUpYSRGQSQVlkFWGFnUhOxKGiTio8uRyYgJbjgRGsm4EIWYFr1Vij78ye+nyXmj7nt1/9SDJdiCbdgDHw7hCE6gBW0Q8AjP8AKvzpPz5rz/NDfjjCvchD9wPr4BJNaeag==</latexit><latexit sha1_base64="I710JTL3WmB4dTkTG0QjSlXlC7A=">AAACDXicbVC7TsNAEFzzJgQwtDQnAhINkR0KUiLRUAaJAFKcROdjCSfubOtujYgs8wF8Al9BCxUd4hMo+BcckwISphrN7Gp2J0yUtOR5n87M7Nz8wuLScmWlurq27m5Uz22cGoFtEavYXIbcopIRtkmSwsvEINehwovw9njkX9yhsTKOzmiYYFfzQSSvpeBUSH13J7BSs0ZAUqNlvtfLGs38ISC8pzTJdN7L9g/yvlvz6l4JNk38ManBGK2++xVcxSLVGJFQ3NqO7yXUzbghKRTmlSC1mHBxywfYKWjEi/BuVn6Ts93UcopZgoZJxUoRf29kXFs71GExqTnd2ElvJP7ndVK6bnYzGSUpYSRGQSQVlkFWGFnUhOxKGiTio8uRyYgJbjgRGsm4EIWYFr1Vij78ye+nyXmj7nt1/9SDJdiCbdgDHw7hCE6gBW0Q8AjP8AKvzpPz5rz/NDfjjCvchD9wPr4BJNaeag==</latexit><latexit sha1_base64="3xWwZIpPbPHHOA6fcxHZDP607S8=">AAACGHicbVC7TsNAEDzzDOEVoKQ5EZBoiOxQkDKChjJI5CHFSXS+bMIpd7Z1t0ZElvkAPoGvoIWKDtHSUfAvOCYFJEw1mtnV7I4XSmHQtj+thcWl5ZXV3Fp+fWNza7uws9swQaQ51HkgA93ymAEpfKijQAmtUANTnoSmN7qY+M1b0EYE/jWOQ+goNvTFQHCGqdQrHLpGKFp2USgw1LG7cbmS3LsIdxiFsUq68clp0isU7ZKdgc4TZ0qKZIpar/Dl9gMeKfCRS2ZM27FD7MRMo+ASkrwbGQgZH7EhtFPqszS8E2ffJPQoMgwDGoKmQtJMhN8bMVPGjJWXTiqGN2bWm4j/ee0IB5VOLPwwQvD5JAiFhCzIcC3SmoD2hQZENrkcqPApZ5ohghaUcZ6KUdpbPu3Dmf1+njTKJccuOVd2sXo+bSZH9skBOSYOOSNVcklqpE44eSBP5Jm8WI/Wq/Vmvf+MLljTnT3yB9bHNwGSn+k=</latexit><latexit sha1_base64="3xWwZIpPbPHHOA6fcxHZDP607S8=">AAACGHicbVC7TsNAEDzzDOEVoKQ5EZBoiOxQkDKChjJI5CHFSXS+bMIpd7Z1t0ZElvkAPoGvoIWKDtHSUfAvOCYFJEw1mtnV7I4XSmHQtj+thcWl5ZXV3Fp+fWNza7uws9swQaQ51HkgA93ymAEpfKijQAmtUANTnoSmN7qY+M1b0EYE/jWOQ+goNvTFQHCGqdQrHLpGKFp2USgw1LG7cbmS3LsIdxiFsUq68clp0isU7ZKdgc4TZ0qKZIpar/Dl9gMeKfCRS2ZM27FD7MRMo+ASkrwbGQgZH7EhtFPqszS8E2ffJPQoMgwDGoKmQtJMhN8bMVPGjJWXTiqGN2bWm4j/ee0IB5VOLPwwQvD5JAiFhCzIcC3SmoD2hQZENrkcqPApZ5ohghaUcZ6KUdpbPu3Dmf1+njTKJccuOVd2sXo+bSZH9skBOSYOOSNVcklqpE44eSBP5Jm8WI/Wq/Vmvf+MLljTnT3yB9bHNwGSn+k=</latexit><latexit sha1_base64="cJbTrKBh+8XyZbAJXJSfgAM8bIg=">AAACGHicbVC7TgMxEPTxJrwClDQWAYmG6C4UpETQUIJEHiIXIp9ZwMK+s+w9BDodH8AfwE9ACxUdoqWj4FvACSmAMNVoZlezO5GWwqLvv3tDwyOjY+MTk4Wp6ZnZueL8Qt0mqeFQ44lMTDNiFqSIoYYCJTS1AaYiCY3ofKfrNy7AWJHEB3iloa3YaSxOBGfopE5xJbRC0UqIQoGlgX+UVar5dYhwianOVH6UrW/knWLJL/s90EES9Elpa1LfHt5ffu51ih/hccJTBTFyyaxtBb7GdsYMCi4hL4SpBc34OTuFlqMxc+HtrPdNTldTyzChGgwVkvZE+LmRMWXtlYrcpGJ4Zv96XfE/r5XiSbWdiVinCDHvBqGQ0Auy3AhXE9BjYQCRdS8HKmLKmWGIYARlnDsxdb0VXB/B3+8HSb1SDvxysO+K2SbfmCBLZJmskYBski2yS/ZIjXByQx7II3ny7rxn78V7/R4d8vo7i+QXvLcvTAujuw==</latexit><latexit sha1_base64="cJbTrKBh+8XyZbAJXJSfgAM8bIg=">AAACGHicbVC7TgMxEPTxJrwClDQWAYmG6C4UpETQUIJEHiIXIp9ZwMK+s+w9BDodH8AfwE9ACxUdoqWj4FvACSmAMNVoZlezO5GWwqLvv3tDwyOjY+MTk4Wp6ZnZueL8Qt0mqeFQ44lMTDNiFqSIoYYCJTS1AaYiCY3ofKfrNy7AWJHEB3iloa3YaSxOBGfopE5xJbRC0UqIQoGlgX+UVar5dYhwianOVH6UrW/knWLJL/s90EES9Elpa1LfHt5ffu51ih/hccJTBTFyyaxtBb7GdsYMCi4hL4SpBc34OTuFlqMxc+HtrPdNTldTyzChGgwVkvZE+LmRMWXtlYrcpGJ4Zv96XfE/r5XiSbWdiVinCDHvBqGQ0Auy3AhXE9BjYQCRdS8HKmLKmWGIYARlnDsxdb0VXB/B3+8HSb1SDvxysO+K2SbfmCBLZJmskYBski2yS/ZIjXByQx7II3ny7rxn78V7/R4d8vo7i+QXvLcvTAujuw==</latexit><latexit sha1_base64="cJbTrKBh+8XyZbAJXJSfgAM8bIg=">AAACGHicbVC7TgMxEPTxJrwClDQWAYmG6C4UpETQUIJEHiIXIp9ZwMK+s+w9BDodH8AfwE9ACxUdoqWj4FvACSmAMNVoZlezO5GWwqLvv3tDwyOjY+MTk4Wp6ZnZueL8Qt0mqeFQ44lMTDNiFqSIoYYCJTS1AaYiCY3ofKfrNy7AWJHEB3iloa3YaSxOBGfopE5xJbRC0UqIQoGlgX+UVar5dYhwianOVH6UrW/knWLJL/s90EES9Elpa1LfHt5ffu51ih/hccJTBTFyyaxtBb7GdsYMCi4hL4SpBc34OTuFlqMxc+HtrPdNTldTyzChGgwVkvZE+LmRMWXtlYrcpGJ4Zv96XfE/r5XiSbWdiVinCDHvBqGQ0Auy3AhXE9BjYQCRdS8HKmLKmWGIYARlnDsxdb0VXB/B3+8HSb1SDvxysO+K2SbfmCBLZJmskYBski2yS/ZIjXByQx7II3ny7rxn78V7/R4d8vo7i+QXvLcvTAujuw==</latexit><latexit sha1_base64="cJbTrKBh+8XyZbAJXJSfgAM8bIg=">AAACGHicbVC7TgMxEPTxJrwClDQWAYmG6C4UpETQUIJEHiIXIp9ZwMK+s+w9BDodH8AfwE9ACxUdoqWj4FvACSmAMNVoZlezO5GWwqLvv3tDwyOjY+MTk4Wp6ZnZueL8Qt0mqeFQ44lMTDNiFqSIoYYCJTS1AaYiCY3ofKfrNy7AWJHEB3iloa3YaSxOBGfopE5xJbRC0UqIQoGlgX+UVar5dYhwianOVH6UrW/knWLJL/s90EES9Elpa1LfHt5ffu51ih/hccJTBTFyyaxtBb7GdsYMCi4hL4SpBc34OTuFlqMxc+HtrPdNTldTyzChGgwVkvZE+LmRMWXtlYrcpGJ4Zv96XfE/r5XiSbWdiVinCDHvBqGQ0Auy3AhXE9BjYQCRdS8HKmLKmWGIYARlnDsxdb0VXB/B3+8HSb1SDvxysO+K2SbfmCBLZJmskYBski2yS/ZIjXByQx7II3ny7rxn78V7/R4d8vo7i+QXvLcvTAujuw==</latexit><latexit sha1_base64="3xWwZIpPbPHHOA6fcxHZDP607S8=">AAACGHicbVC7TsNAEDzzDOEVoKQ5EZBoiOxQkDKChjJI5CHFSXS+bMIpd7Z1t0ZElvkAPoGvoIWKDtHSUfAvOCYFJEw1mtnV7I4XSmHQtj+thcWl5ZXV3Fp+fWNza7uws9swQaQ51HkgA93ymAEpfKijQAmtUANTnoSmN7qY+M1b0EYE/jWOQ+goNvTFQHCGqdQrHLpGKFp2USgw1LG7cbmS3LsIdxiFsUq68clp0isU7ZKdgc4TZ0qKZIpar/Dl9gMeKfCRS2ZM27FD7MRMo+ASkrwbGQgZH7EhtFPqszS8E2ffJPQoMgwDGoKmQtJMhN8bMVPGjJWXTiqGN2bWm4j/ee0IB5VOLPwwQvD5JAiFhCzIcC3SmoD2hQZENrkcqPApZ5ohghaUcZ6KUdpbPu3Dmf1+njTKJccuOVd2sXo+bSZH9skBOSYOOSNVcklqpE44eSBP5Jm8WI/Wq/Vmvf+MLljTnT3yB9bHNwGSn+k=</latexit>

⇠ 0.2 µs
<latexit sha1_base64="UMRRrvoy2vaj8ZFOySw3d82io08=">AAACCnicbVC7TsNAEFzzDOEVQKKB4kSERBXZaaCMoKFMJJIgxVF0vixw4s627vYQkQlfwFfQQkUFouUnKJD4FJxAwWuq0cyudnaiVElLvv/qTUxOTc/MFuaK8wuLS8ulldWWTZwR2BSJSsxxxC0qGWOTJCk8Tg1yHSlsR+cHI799gcbKJD6iQYpdzU9jeSIFp1zqldZDKzXzK9XrULuQ8JJcmtlhr1T2K/4Y7C8Jvki5tvnYeAeAeq/0FvYT4TTGJBS3thP4KXUzbkgKhcNi6CymXJzzU+zkNOYabTcb5x+ybWc5JSxFw6RiYxG/b2RcWzvQUT6pOZ3Z395I/M/rODrZ62YyTh1hLEaHSCocH7LCyLwYZH1pkIiPkiOTMRPccCI0knEhctHlTRXzPoLf3/8lrWol8CtBIy9mHz5RgA3Ygh0IYBdqcAh1aIKAK7iFO7j3brwH78l7/hyd8L521uAHvJcPC7Oczw==</latexit><latexit sha1_base64="HuBI7fg3G6P7B9VjIL7wSjXPO+Y=">AAACCnicbVC7TgMxEPTxJrwOkGhAyAIhUUV3NFAiaChBIg8pF0U+s4CFfXey1wh0hI6Or6CFiiqIlp+g4Av4CXxJCkiYajSzq52dOJPCYBB8eiOjY+MTk1PTpZnZufkFf3GpalKrOVR4KlNdj5kBKRKooEAJ9UwDU7GEWnx1WPi1a9BGpMkp3mbQVOwiEeeCM3RSy1+JjFA0KO/cR8pGCDdos9y0W/5mUA66oMMk7JPN/bXOyffDeue45X9FZym3ChLkkhnTCIMMmznTKLiEdimyBjLGr9gFNBxNmALTzLv523TLGoYpzUBTIWlXhN8bOVPG3KrYTSqGl2bQK8T/vIbF871mLpLMIiS8OIRCQveQ4Vq4YoCeCQ2IrEgOVCSUM80QQQvKOHeidU2VXB/h4PfDpLpTDoNyeOKKOSA9TJFVskG2SUh2yT45IsekQji5I0/kmbx4j96r9+a990ZHvP7OMvkD7+MH+UueNQ==</latexit><latexit sha1_base64="HuBI7fg3G6P7B9VjIL7wSjXPO+Y=">AAACCnicbVC7TgMxEPTxJrwOkGhAyAIhUUV3NFAiaChBIg8pF0U+s4CFfXey1wh0hI6Or6CFiiqIlp+g4Av4CXxJCkiYajSzq52dOJPCYBB8eiOjY+MTk1PTpZnZufkFf3GpalKrOVR4KlNdj5kBKRKooEAJ9UwDU7GEWnx1WPi1a9BGpMkp3mbQVOwiEeeCM3RSy1+JjFA0KO/cR8pGCDdos9y0W/5mUA66oMMk7JPN/bXOyffDeue45X9FZym3ChLkkhnTCIMMmznTKLiEdimyBjLGr9gFNBxNmALTzLv523TLGoYpzUBTIWlXhN8bOVPG3KrYTSqGl2bQK8T/vIbF871mLpLMIiS8OIRCQveQ4Vq4YoCeCQ2IrEgOVCSUM80QQQvKOHeidU2VXB/h4PfDpLpTDoNyeOKKOSA9TJFVskG2SUh2yT45IsekQji5I0/kmbx4j96r9+a990ZHvP7OMvkD7+MH+UueNQ==</latexit><latexit sha1_base64="V7r1fznBTIjDJCrs6+n4zOrIQ6M=">AAACCnicbVC7TsNAEDyHVwivABINzYkIiSqy00AZQUMZJPKQYis6XzbhlDvbuttDRCZ8AV9BCxUdouUnKPgXnOACEqYazexqZydMpDDoup9OYWl5ZXWtuF7a2Nza3inv7rVMbDWHJo9lrDshMyBFBE0UKKGTaGAqlNAORxdTv30L2og4usZxAoFiw0gMBGeYSb3ygW+Eom619uAr6yPcoU1SM+mVK27VnYEuEi8nFZKj0St/+f2YWwURcsmM6XpugkHKNAouYVLyrYGE8REbQjejEVNggnSWf0KPrWEY0wQ0FZLORPi9kTJlzFiF2aRieGPmvan4n9e1ODgLUhElFiHi00MoJMwOGa5FVgzQvtCAyKbJgYqIcqYZImhBGeeZaLOmSlkf3vz3i6RVq3pu1btyK/XzvJkiOSRH5IR45JTUySVpkCbh5J48kWfy4jw6r86b8/4zWnDynX3yB87HN+Kzmoo=</latexit>

⇠ 1 MHz
<latexit sha1_base64="tYf0uxjBgZT5hXxCb1PoHSr9WR8=">AAACB3icbVC7TgJBFL2LL8QXSmkzkZhYkV0bbYxEGxoTTOSRACGzwwUnzD4yc9eIG4ytX2GrlZ2xtfIbLPwXl0eh4KlOzrk399zjhkoasu0vK7WwuLS8kl7NrK1vbG5lt3eqJoi0wIoIVKDrLjeopI8VkqSwHmrknquw5vbPR37tBrWRgX9FgxBbHu/5sisFp0RqZ3NNIz3m3DcJbykK44vS3bCdzdsFeww2T5wpyZ9+Zk4eAKDczn43O4GIPPRJKG5Mw7FDasVckxQKh5lmZDDkos972Eiozz00rXgcfsj2I8MpYCFqJhUbi/h7I+aeMQPPTSY9Ttdm1huJ/3mNiLrHrVj6YUToi9EhkgrHh4zQMmkFWUdqJOKj5MikzwTXnAi1ZFyIRIySmjJJH87s9/Okelhw7IJzaeeLZzBBGnZhDw7AgSMoQgnKUAEBA3iCZ3ixHq1X6816n4ymrOlODv7A+vgBVLGbOA==</latexit><latexit sha1_base64="gfPZQrcA8uOmCcAYzHgfS1+zkJI=">AAACB3icbVC7TsNAEDzzDOYVSElzIkKiimwaaBARNGmQgkQeUhJF58smnHK2T3drRLBCz1dQ0EBFh2ip+AREwb/gOCkgYarRzK52djwlhUHH+bLm5hcWl5YzK/bq2vrGZnZru2rCSHOo8FCGuu4xA1IEUEGBEupKA/M9CTWvfzbya9egjQiDSxwoaPmsF4iu4AwTqZ3NNY3wqXvXRLjBSMXnpdthO5t3Ck4KOkvcCcmffNjH6vHTLrez381OyCMfAuSSGdNwHYWtmGkUXMLQbkYGFON91oNGQgPmg2nFafgh3YsMw5Aq0FRImorweyNmvjED30smfYZXZtobif95jQi7R61YBCpCCPjoEAoJ6SHDtUhaAdoRGhDZKDlQEVDONEMELSjjPBGjpCY76cOd/n6WVA8KrlNwL5x88ZSMkSE7ZJfsE5cckiIpkTKpEE4G5IE8kWfr3nqxXq238eicNdnJkT+w3n8AVjycrA==</latexit><latexit sha1_base64="gfPZQrcA8uOmCcAYzHgfS1+zkJI=">AAACB3icbVC7TsNAEDzzDOYVSElzIkKiimwaaBARNGmQgkQeUhJF58smnHK2T3drRLBCz1dQ0EBFh2ip+AREwb/gOCkgYarRzK52djwlhUHH+bLm5hcWl5YzK/bq2vrGZnZru2rCSHOo8FCGuu4xA1IEUEGBEupKA/M9CTWvfzbya9egjQiDSxwoaPmsF4iu4AwTqZ3NNY3wqXvXRLjBSMXnpdthO5t3Ck4KOkvcCcmffNjH6vHTLrez381OyCMfAuSSGdNwHYWtmGkUXMLQbkYGFON91oNGQgPmg2nFafgh3YsMw5Aq0FRImorweyNmvjED30smfYZXZtobif95jQi7R61YBCpCCPjoEAoJ6SHDtUhaAdoRGhDZKDlQEVDONEMELSjjPBGjpCY76cOd/n6WVA8KrlNwL5x88ZSMkSE7ZJfsE5cckiIpkTKpEE4G5IE8kWfr3nqxXq238eicNdnJkT+w3n8AVjycrA==</latexit><latexit sha1_base64="3q451N95/DJIr2uyM3sZoRdzCMU=">AAACB3icbVC7TsNAEDzzDOFlSElzIkKiimwaKCNo0iAFiTykOIrOl0045fzQ3R4iWKHnK2ihokO0fAYF/4JtXEDCVKOZXe3s+LEUGh3n01paXlldWy9tlDe3tnd27b39to6M4tDikYxU12capAihhQIldGMFLPAldPzJReZ3bkFpEYXXOI2hH7BxKEaCM0ylgV3xtAio++Ah3KGJk8vG/WxgV52ak4MuErcgVVKgObC/vGHETQAhcsm07rlOjP2EKRRcwqzsGQ0x4xM2hl5KQxaA7id5+Bk9MpphRGNQVEiai/B7I2GB1tPATycDhjd63svE/7yewdFZPxFhbBBCnh1CISE/pLkSaStAh0IBIsuSAxUh5UwxRFCCMs5T0aQ1ldM+3PnvF0n7pOY6NffKqdbPi2ZK5IAckmPiklNSJw3SJC3CyZQ8kWfyYj1ar9ab9f4zumQVOxXyB9bHN9GbmWs=</latexit>

Synthetic garnet, 
ferrimagnetic material

Quax – magnetized media



INCREASING VOLUME: 3 SPHERES IN A RESONANT CAVITY

gm = g0
p
nsVsAll spins partecipate to the coupling with cavity mode

3

avoiding radiation damping, and is described by the anti-
crossing curve represented in Fig. 1. The coupling between
the cavity mode and the Kittel mode is

g =
g

2p

r
µ0h fa

Vm
nsVs = f+� f�, (5)

where µ0 is vacuum magnetic permeability and Vm = xVc is
the product of the cavity volume Vc and a mode-dependent
form factor x . The linewidths of the hybrid modes k+,� are
an average of the linewidth of the cavity kc and of the ma-
terial km, i. e. k+,� = 1

2 (kc +km)⌘ kh. The calculated power
spectral density of an empty cavity and of a cavity with the
volume Vs and 5Vs of material are shown in Fig. 2. The two
hybrid modes are more sensitive to the power deposited by
the axion field since they are not affected by radiation damp-
ing, the minimum relaxation time is tmin = min(th,t—a),
where th = 1/kh. With an antenna critically coupled to one
of the hybrid resonant modes, the extracted power is Pout =
Pin/2. The scalar product ŝ ·—a of Eq. (2) shows that the ef-

Fig. 2 Power spectrum of the cavity (blue line), and hybrid modes cal-
culated for a critically coupled antenna and a sample volume Vs (orange
line) and 5Vs (green line). The used parameters are close to the experi-
mental values of our apparatus.

fect is directional. Due to earth rotation, an earth-based ex-
periment experiences a full daily modulation of the signal,
due to the variation of the axion wind direction.

3 The QUAX prototype

To implement the scheme presented in Section 2 we use a
cylindrical copper cavity TM110 mode with resonance fre-
quency fc ' 13.98GHz and linewidth kc/2p ' 400kHz at
liquid helium temperature, measured with a critically cou-
pled antenna. The shape of the cavity is not a regular cylin-
der, two symmetric sockets are carved into the cylinder to
remove the angular degeneration of the normal mode, the
maximum and minimum diameters are 26.7 mm and 26.1 mm,
and the length is 50.0 mm. The shape of the cavity and of the
mode magnetic field are shown in Fig. 3. The choice of the

TM110 mode has the advantage of having a uniform max-
imum magnetic rf field along the cavity axis. Its volume
can be increased just using a longer cavity without chang-
ing the mode resonance frequency. For this mode we calcu-
late a form factor x = 0.52 [54]. The cavity mode is cou-

Fig. 3 Design of the microwave cavity and magnetic field distribution
of the TM110 mode (see text for details). The black arrows represent
the direction of the magnetic field, and the color is the normalized field
amplitude. The GaYIG spheres are placed on the cavity axis at the
maximum of the rf magnetic field.

pled to a magnetic material, thus we studied the properties
of several paramagnetic samples and some ferrites. Highest
values of ns together with long relaxation times have been
found for YIG (Yttrium Iron Garnet) and GaYIG (Gallium
doped YIG). To avoid inhomogeneous broadening of the
linewidth due to geometrical demagnetization, these garnets
are shaped as highly polished spheres. Five GaYIG spheres
of 1 mm diameter have been placed in the maximum mag-
netic field of the mode, which lies on the axis of the cavity.
The spheres are housed inside a PTFE support large enough
to let them rotate in all possible directions, in order to auto-
matically align the GaYIG magnetization easy axis with the
external magnetic field.

The amplitude of an external magnetic field B0 deter-
mines the Larmor frequency of the electrons. The unifor-
mity of B0 on all the spheres must be enough to avoid inho-
mogeneous broadening of the ferromagnetic resonance. To
achieve a magnetic field uniformity  1/Qh, where Qh ⇠
104 is the quality factor of the hybrid mode, we make use of
a superconducting NbTi cylindrical magnet equipped with a
concentric cylindrical NbTi correction magnet. With B0 =
0.5T we have fL ' fc and thus the hybridization of the cav-
ity and Kittel modes, as discussed in Section 2. The power
supply of the main magnet is a high-precision, high-stability
current generator, injecting 15.416 A into the magnet with a
precision better than 1 mA, while a stable current genera-
tor provides 26.0 A for the correction magnet. A simplified
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the operation of a QUAX demonstrator, based on 5 GaYIG
(Gallium Yttrium Iron Garnet) 1 mm diameter spheres placed
in a 14 GHz resonant cavity. The apparatus is operated at
cryogenic temperatures and its sensitivity is limited only by
thermal effects. Section 2 describes the proposed detection
scheme, Sections 3 and 4 report on the measurement of an
upper limit on the axion interaction with electronic spins,
using the small-scale prototype of the final apparatus. Con-
clusions are eventually drawn in Section 5.

2 Axion detection by resonant interaction with electron

spin

The first ideas on axion detection via their conversion to
magnons, collective excitations of the spins in a ferromag-
net, were discussed in Ref.s [42–45]. As the DFSZ model
does not suppress the coupling between an axion a and an
electron y at the tree level, the Lagrangian reads

L = ȳ(x)(ih̄gµ ∂µ �mc)y(x)� igaeea(x)ȳ(x)g5y(x), (1)

where h̄ is the reduced Planck constant, gµ is the Dirac ma-
trices vector, m is the mass of the electron and c is the speed
of light. The second term of Eq. (1) describes the interaction
between a and the spin of the fermion, proportional to the
dimensionless coupling constant gaee. In the non-relativistic
limit, the interaction term can be expressed as a function of
the Bohr magneton µB and of the effective axionic field Ba

�gaeeh̄
2m

ŝ ·—a =�2
eh̄
2m

ŝ ·
⇣gaee

2e

⌘
—a ⌘�2µBŝ ·Ba, (2)

where ŝ is the Pauli matrices vector and e is the charge of
the electron.

Due to the Earth motion through the DM halo of the
Galaxy, relic axions can be seen as a wind in an Earth-based
laboratory, thus a non zero value of —a is expected. The DM
wind average speed is va ' 220km/s with a dispersion of
about 270 km/s [46]. Axions will interact with an electron
spin as an effective magnetic field pointing roughly in the
direction of Vega. The effective field frequency fa and am-
plitude Ba are determined by the mass of the axion ma and
the coupling constant gaee = 3⇥10�11(ma/1eV)

wa

2p
= fa =

mac2

h
' 14

⇣ ma

58.5 µeV

⌘
GHz,

Ba =
gaee

2e

r
h̄na

mac
mava

= 7⇥10�23
⇣ rdm

0.45GeV

⌘ 1
2
⇣ ma

58.5 µeV

⌘⇣ va

220km/s

⌘
T,

(3)

meaning that Ba is an extremely weak effective rf magnetic
field with a linewidth of D fa = 7.0(ma/58.5 µeV)kHz, due

to the dispersion of va. The axion occupation number is
na = rdm/ma, where rdm = 0.45 GeV/cm3 is the local DM
density [4]. For a reference mass ma = 58.5 µeV the mean
de Broglie wavelength is l—a = 0.74la = 0.75h/(mava) =
5.1m, while the coherence time is t—a = 0.68ta = 58 µs1.

Placing a sample in a static magnetic field B, perpen-
dicular to the axion wind, it is possible to tune the Larmor
frequency of the electrons to fa, for B0 = (0,0,B0), the di-
rection of the electron spin ŝ is along the z-axis. The axionic
field Ba, acting on the spins of matter, deposits in the mate-
rial an amount of power Pin

Pin = Ba
dM
dt

Vs = 4pgµB faB2
atminnsVs, (4)

where Vs is the volume of the material, M its magnetiza-
tion, ns its spin density, g is the gyromagnetic ratio of the
electron, and tmin the minimum relaxation time of the sys-
tem. The absorbed power is then re-emitted in the form of
rf radiation, which can be collected and represents our ax-
ion signal. In free space tmin is mainly determined by radi-
ation damping mechanisms (i.e. magnetic dipole emission
of the sample) [47–49], with values much smaller than the
material relaxation times. To avoid the radiation damping

Fig. 1 Transmission spectrum of the hybrid system as a function of the
external field B0, showing the anticrossing curve of the cavity mode
(red dashed line) and Kittel mode (blue dashed line). The coupling g is
defined by Eq. (5).

issue and thus increase the sensitivity, the magnetic sam-
ple is placed inside a resonant cavity. A cavity mode with
frequency fc ' fL couples to the Kittel mode (uniform spin
precession) of the material, hybridization takes place and the
single cavity mode splits into two hybrid modes with fre-
quencies f� and f+ (strong coupling regime) [50–53]. This
phenomenon limits the phase space of the dipole emission

1The numerical factors account for the differences between a and —a,
see [41] for further details.

khybr '
1

2
(kc + km)
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Quax – magnetized media

∼ 2 𝑀𝐻𝑧 ∼ 600 𝑀𝐻𝑧

§ When 𝜔# ≃ 𝜔$ the modes hybridize
and the resonance splits into two

§ Strong coupling regime:
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Johnson noise uncertainty:
𝑇%&% = 1 𝐾
𝜈 = 48 𝐺𝐻𝑧
𝑡 = 1 ℎ(
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Fig. 8 Excluded values of the gaee coupling (blue area) compared to
its theoretical prediction for the DFSZ axion model (orange line) and
a DM density of 0.45 GeV/cm3. The green shaded area is excluded
by white dwarf cooling [57–59], while the black dashed line is the
best upper limit obtained with solar axion searches relying on the axio-
electric effect [60–66].

4.1 Improvements and discovery potential

To push the present sensitivity towards smaller values of the
coupling constant gaee, several improvements should be im-
plemented. In fact, using Eq. (4), the power released by a
DFSZ-axion wind in the five GaYIG spheres of our proto-
type is

Pout =
Pin

2
= 1.4⇥10�33

✓
ma

58.5 µeV

◆3
⇥

⇥
✓

ns

2 ·1028/m3

◆✓
Vs

2.6 mm3

◆✓
tmin

0.11 µs

◆
W,

(11)

corresponding to a rate ra ⇠ 10�10 Hz of 14 GHz photons,
which is clearly not detectable. To have a statistically signif-
icant signal within a reasonable integration time it is manda-
tory to increase the signal rate, for example in the mHz
range, that will give tens counts per day. The present sensi-
tivity to the power deposited in the system by the axion wind
maintains an excess photon rate of order 100photons/s.

Short term improvements that will be installed in the
prototype include a larger volume of narrow-linewidth mag-
netic material, namely 10 YIG spheres of 2 mm diameter,
a lower cavity temperature with dilution refrigeration and
the use of a Josephson Parametric Amplifier (JPA). The in-
creased volume will enhance the axionic signal of a factor
16. As for the noise reduction, a working temperature of
100 mK will reduce the thermal fluctuations and there are
hints suggesting that it can also reduce the YIG linewidth.
Ultra cryogenic temperatures allow us to use JPAs as first-
stage amplifier to drastically increase the sensitivity, since
its noise temperature can be of the order of 100 mK. The up-
graded prototype should be capable of setting a limit on the
effective magnetic field Bm two orders of magnitude better
than the present one.

To achieve the QUAX goal [41], the detector requires an
improvement of three to four more orders of magnitude in
sensitivity, which can be obtained increasing the signal and
reducing the noise. Using a Vs ' 0.1liters and tmin ' 1 µs,
the axionic power deposited in the system is ⇠ 10�27 W.
This power is smaller than the quantum noise, meaning that
a quantum counter, immune to such noise, must be exploited
to push the sensitivity to the axion level [67, 68].

To scan different axion masses we must vary the work-
ing frequency of the haloscope. A large tuning can be achieved
by changing both the cavity mode resonance frequency and
the Larmor frequency (i. e. the static magnetic field B0). A
small frequency tuning is possible by varying only B0: in
this case, a scanning of several MHz is possible without a
significant reduction of the sensitivity.

In the favored case of a signal detection, its nature can be
systematically studied by QUAX. Since the axion signal is
persistent, it will be possible to infer DM properties by using
the directionality of the apparatus. Moreover, this setup is
able to test different axion models, measuring separately the
axion-to-photon and axion-to-electron couplings. In fact the
apparatus has also the features of a Sikivie haloscope [24],
and can be sensitive to the axion-photon coupling by using
a suitable cavity mode.

5 Conclusions

We described the operation of a prototype of the QUAX ex-
periment, a ferromagnetic haloscope sensitive to DM axion
through their interaction with electron spin. Our findings in-
dicate the possibility of performing electron spin resonance
measurements of a sizable quantity of material inside a cav-
ity cooled down to cryogenic temperatures. By using low
noise electronics we search for extra power injected in the
system that could be due to DM axions. We reach a power
sensitivity of 10�22 W that can be translated to an upper limit
on the the coupling constant gaee < 4.9⇥ 10�10 for an ax-
ion mass of 58 µeV, which, to our knowledge, is the first
measurement of the coupling between cosmological axions
and electrons. The sensitivity of our apparatus is presently
limited only by the noise temperature of the system and
thermodynamic fluctuations, as it reached the limit of Dicke
radiometer equation. The overall behavior of the apparatus
was as expected, and thus we are confident that the planned
upgrades will be effective.
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A ferromagnetic axion haloscope searches for Dark Matter in the form of axions by exploiting
their interaction with electronic spins. It is composed of an axion-to-electromagnetic field transducer
coupled to a sensitive rf detector. The former is a photon-magnon hybrid system, and the latter
is based on a quantum-limited Josephson parametric amplifier. The hybrid system consists of ten
2.1mm diameter YIG spheres coupled to a single microwave cavity mode by means of a static
magnetic field. Our setup is the most sensitive rf spin-magnetometer ever realized. The minimum
detectable field is 5.5 ⇥ 10�19 T with 9 h integration time, corresponding to a limit on the axion-
electron coupling constant gaee  1.7⇥10�11 at 95% CL. The scientific run of our haloscope resulted
in the best limit on DM-axions to electron coupling constant in a frequency span of about 120MHz,
corresponding to the axion mass range 42.4-43.1µeV. This is also the first apparatus to perform an
axion mass scanning by changing the static magnetic field.

The axion is a beyond the Standard Model (BSM) hy-
pothetical particle, first introduced in the seventies as a
consequence of the strong CP problem of quantum chro-
modynamics (QCD) [1–3]. Present experimental e↵orts
are directed towards “invisible” axions, described by the
KSVZ [4, 5] and DFSZ [6, 7] models, which are extremely
light and weakly coupled to the Standard Model parti-
cles. Axions can be produced in the early Universe by
di↵erent mechanisms [8–11], and may be the main con-
stituents of galactic Dark Matter (DM) halos. Astro-
physical and cosmological constraints [12, 13], as well as
lattice QCD calculations of the DM density [14, 15], pro-
vide a preferred axion mass window around tens of µeV.

Non-baryonic DM is where cosmology meets particle
physics, and axions are among the most interesting and
challenging BSM particles to detect. Their experimental
search can be carried out with Earth-based instruments
immersed in the Milky Way’s halo, which are therefore
called “haloscopes” [16]. Nowadays, haloscopes rely on
the inverse Primako↵ e↵ect to detect axion-induced ex-
cess photons inside a microwave cavity in a static mag-
netic field. Primako↵ haloscopes allowed to exclude ax-
ions with masses ma between 1.91 and 3.69 µeV [17–19],
and, together with helioscopes [20], are the only exper-
iments which reached the QCD-axion parameter space.
The last years saw a flourishing of new ideas to search for
axions and axion-like-particles (ALPs) [21–33]. Among
these, the QUAX experiment [34, 35] searches for DM ax-
ions through their coupling with the spin of the electron.

This experiment aims to implement the idea of Ref. [36]
as follows.
The axion-electron interaction is described by the La-

grangian

Lae =
gaee
2me

@µa
�
 ̄e�

µ�5 e

�
, (1)

where gaee is the axion-electron interaction constant, a is
the axion field,  e and me are the electron wavefunction
and mass, and �µ and �5 are Dirac matrices. This vertex
describes an axion-induced flip of an electron spin, which
then decays back to the ground state emitting a photon.
Since va, the relative speed between Earth and the DM
halo, is small, we may use the non-relativistic limit of
Euler-Lagrange equations and recast the interaction term

Lae ' �2µB� ·

⇣gaee
2e

⌘
ra ⌘ �2µB� ·Ba. (2)

Here �2µB� and e are the spin and charge of the elec-
tron, µB is the Bohr magneton, and Ba is defined as
the axion e↵ective magnetic field. As ra / va [36], the
non-zero value of va results in Ba 6= 0.
If accounting for the whole DM, the numeric axion den-

sity is na ' 8⇥ 1012 (42µeV/ma) cm�3. For va ' 10�3c,
where c is the speed of light, the de Broglie wave-
length and coherence time of the galactic axion field are
�ra = 25 (42µeV/ma)m, and ⌧ra = 85 (ma/42µeV)µs
[34, 35]. The e↵ective field frequency is proportional to
the axion mass, !a/2⇡ = 10 (ma/42µeV)GHz, while its
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FIG. 4: Exclusion plot at 95% CL on the axion-electron coupling obtained with the present prototype (excluded region reported
in blue and error in light blue), and overview of other searches for the axion-electron interaction. The other results are from
[35] (orange) and [45] (green), while the DFSZ axion line is at about gaee ' 10�15. The inset is a detailed view of the reported
result.
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A ferromagnetic axion haloscope searches for Dark Matter in the form of axions by exploiting
their interaction with electronic spins. It is composed of an axion-to-electromagnetic field transducer
coupled to a sensitive rf detector. The former is a photon-magnon hybrid system, and the latter
is based on a quantum-limited Josephson parametric amplifier. The hybrid system consists of ten
2.1mm diameter YIG spheres coupled to a single microwave cavity mode by means of a static
magnetic field. Our setup is the most sensitive rf spin-magnetometer ever realized. The minimum
detectable field is 5.5 ⇥ 10�19 T with 9 h integration time, corresponding to a limit on the axion-
electron coupling constant gaee  1.7⇥10�11 at 95% CL. The scientific run of our haloscope resulted
in the best limit on DM-axions to electron coupling constant in a frequency span of about 120MHz,
corresponding to the axion mass range 42.4-43.1µeV. This is also the first apparatus to perform an
axion mass scanning by changing the static magnetic field.

The axion is a beyond the Standard Model (BSM) hy-
pothetical particle, first introduced in the seventies as a
consequence of the strong CP problem of quantum chro-
modynamics (QCD) [1–3]. Present experimental e↵orts
are directed towards “invisible” axions, described by the
KSVZ [4, 5] and DFSZ [6, 7] models, which are extremely
light and weakly coupled to the Standard Model parti-
cles. Axions can be produced in the early Universe by
di↵erent mechanisms [8–11], and may be the main con-
stituents of galactic Dark Matter (DM) halos. Astro-
physical and cosmological constraints [12, 13], as well as
lattice QCD calculations of the DM density [14, 15], pro-
vide a preferred axion mass window around tens of µeV.

Non-baryonic DM is where cosmology meets particle
physics, and axions are among the most interesting and
challenging BSM particles to detect. Their experimental
search can be carried out with Earth-based instruments
immersed in the Milky Way’s halo, which are therefore
called “haloscopes” [16]. Nowadays, haloscopes rely on
the inverse Primako↵ e↵ect to detect axion-induced ex-
cess photons inside a microwave cavity in a static mag-
netic field. Primako↵ haloscopes allowed to exclude ax-
ions with masses ma between 1.91 and 3.69 µeV [17–19],
and, together with helioscopes [20], are the only exper-
iments which reached the QCD-axion parameter space.
The last years saw a flourishing of new ideas to search for
axions and axion-like-particles (ALPs) [21–33]. Among
these, the QUAX experiment [34, 35] searches for DM ax-
ions through their coupling with the spin of the electron.

This experiment aims to implement the idea of Ref. [36]
as follows.
The axion-electron interaction is described by the La-

grangian

Lae =
gaee
2me

@µa
�
 ̄e�

µ�5 e

�
, (1)

where gaee is the axion-electron interaction constant, a is
the axion field,  e and me are the electron wavefunction
and mass, and �µ and �5 are Dirac matrices. This vertex
describes an axion-induced flip of an electron spin, which
then decays back to the ground state emitting a photon.
Since va, the relative speed between Earth and the DM
halo, is small, we may use the non-relativistic limit of
Euler-Lagrange equations and recast the interaction term

Lae ' �2µB� ·

⇣gaee
2e

⌘
ra ⌘ �2µB� ·Ba. (2)

Here �2µB� and e are the spin and charge of the elec-
tron, µB is the Bohr magneton, and Ba is defined as
the axion e↵ective magnetic field. As ra / va [36], the
non-zero value of va results in Ba 6= 0.
If accounting for the whole DM, the numeric axion den-

sity is na ' 8⇥ 1012 (42µeV/ma) cm�3. For va ' 10�3c,
where c is the speed of light, the de Broglie wave-
length and coherence time of the galactic axion field are
�ra = 25 (42µeV/ma)m, and ⌧ra = 85 (ma/42µeV)µs
[34, 35]. The e↵ective field frequency is proportional to
the axion mass, !a/2⇡ = 10 (ma/42µeV)GHz, while its
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JPA resonance

the mixing term. Provided that EL=2> EJ, modes X and Y
can be tuned by varying ’ext while retaining their stability:
L!1
X;Y > 0 on the whole range of variation. However, there is

a range of fluxes for which L!1
Z < 0 where the device

departs from h’Zi ¼ 0 so that the expansion (1) is inap-
propriate. If the inductances are lowered even more such
that EL=4>EJ, then all three modes of the device are
stable for every value of ’ext but at the expense of signifi-
cant dilution of the nonlinear term. In contrast, as EL is
lowered below 2EJ, dilution of nonlinearity is minimized
but at the expense of the stability of the three modes. This
is why the JPC, for which EL ¼ 0, can operate only within
a small range of values of ’ext forbidding any tunability of
the device.

We have tested this new, tunable, mixing element de-
sign, by inserting the ring into a resonant structure consist-
ing of two !=2 transmission line resonators coupled to the
X and Y modes [Fig. 1(d)] as in Ref. [7]. The Z mode is

nonresonant and excited through resonator X using a
hybrid coupler [Fig. 1(d)]. By varying the externally
applied flux, it is possible to adjust the X and Y resonator
frequencies given by

!X;Y ¼ !0
X;Y

"2L!=2
X;Y=2

"2L!=2
X;Y=2þ LX;Yð’extÞ

; (2)

where !0
X;Y is the resonance frequency of the bare !=2

resonator without a ring, L!=2
X;Y ¼ 2Z0=ð"!0

X;YÞ its lumped-
element equivalent inductance [1], and Z0 its characteristic
impedance. As long as EL=4þ EJ cos’ext > 0, the ring
inductance LX;Y is given by

LX;Yð’extÞ ¼ #2
0

!
EL

2
þ EJ cos’ext

"!1
: (3)

The device presented in Fig. 1(c) is realized in a single
e-beam lithography step. The critical current of the
Al=Al2O3=Al Josephson junctions was designed to be in
the microampere range. The wide geometric linear induc-
tances cross-linking the ring are approximately given by
$0l, where l ¼ 100 $m is the length of each of the four
meanders. According to theory, they should present negli-
gible kinetic inductance [8]. The value of the ratio
EL=EJ ¼ 3& 2 should favor the stability of the X and Y
modes.

b

dc

FIG. 1 (color online). (a) Device schematic: four linear induc-
tances L cross-link a ring of four Josephson junctions. Each
subloop is biased by a magnetic flux ’ext#0. For L < L0

J=4, the
current through the inductances is zero, and the external flux
phase biases the junctions to ’ext. (b) The device is embedded at
the intersection of four transmission lines and couples to spatial
modes X, Y, and Z represented as arrows. (c) Optical microscope
image of the ring modulator. The meanders in the center of the
ring implement the four linear inductances from (a). The stripes
on the meanders are due to the fabrication process based on
shadow evaporation. (d) Simplified schematic of the setup used
to characterize three-wave mixing operation. The idler resonator
(X) is excited through a 180' hybrid coupler, while the signal
resonator (Y) is single-ended. The noise emitted by the voltage-
biased tunnel junction in its normal state is amplified through the
signal port.
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FIG. 2 (color online). (a) Dots: Measured resonance frequency
!Y of the signal cavity as a function of flux applied to the ring
modulator without the pump. Solid line: Fit of !Y using Eq. (2)
with !0

Y=2" ¼ 8:82 GHz, L ¼ 49 pH, and EJ ¼ #0 ( 1:9 $A
and including the known stray inductance around the loop 4LS ¼
200 pH (see Ref. [9]). (b) Reflection gain measured on the signal
port as a function of frequency for various values of the flux
indicated by the color lines in (a). Pump parameters are opti-
mized for each curve. The numbers on top represent the 1 dB
compression point (maximum input power) expressed in input
photon rate per dynamical bandwidth for six different working
frequencies coded by color.

PRL 108, 147701 (2012) P HY S I CA L R EV I EW LE T T E R S
week ending
6 APRIL 2012

147701-2

Pb

𝑇!"#$% ≈ 1 𝐾

[ PRL 108, 147701 (2012) ]

Peak height
∼ 10 𝑑𝐵𝑚

Bandwidth
∼ 20 𝑀𝐻𝑧

Tunability
200-400 MHz

𝐺 ≈ 70 𝑑𝐵

HEMT

Room T ampli

JPA



SEARCHING AXIONS THROUGH 
PRIMAKOFF CONVERSION



NO NEED FOR A TITLE

Quax – Primakoff conversion

La�� = �ga��a(x) ~E · ~B
<latexit sha1_base64="TMzQr61kmB9Xoo0ACEiyoMhDf9c="></latexit><latexit sha1_base64="dmZ4XZE/kbjPIdiJmBsU/9A5GFQ="></latexit><latexit sha1_base64="dmZ4XZE/kbjPIdiJmBsU/9A5GFQ="></latexit><latexit sha1_base64="bzB0uW1fzy1MgMhO8gWsRy3sg4E=">AAAB5HicbVC7TsNAEFyHVzABQk1zIkKiimwaKJFoKINEHlKwovVlE045n627NVIU5QdoqegQf0XBv2CbFJAw1WhmVzs7caaV4yD49Gpb2zu7e/V9/6DhHx4dNxs9l+ZWUlemOrWDGB1pZajLijUNMkuYxJr68ey29PvPZJ1KzQPPM4oSnBo1URK5kDqjZitoBxXEJglXpAUrjJpfj+NU5gkZlhqdG4ZBxtECLSupaek/5o4ylDOc0rCgBhNy0aKKuRTnuUNORUZWKC0qkX5vLDBxbp7ExWSC/OTWvVL8zxvmPLmOFspkOZOR5SFWmqpDTlpV/E9irCwxY5mchDJCokVmskqglIWYF4X4RR3h+vObpHfZDoN2eB9AHU7hDC4ghCu4gTvoQBckjOEFXj3nvXnvP7XVvFV/J/AH3sc3ljCOsg==</latexit><latexit sha1_base64="WmiBOaiR36vWjlBPiZgCLrm796c="></latexit><latexit sha1_base64="WmiBOaiR36vWjlBPiZgCLrm796c="></latexit><latexit sha1_base64="+AGplC1tJUbvyFC9kfNGI5gwezo="></latexit><latexit sha1_base64="+AGplC1tJUbvyFC9kfNGI5gwezo="></latexit><latexit sha1_base64="dmZ4XZE/kbjPIdiJmBsU/9A5GFQ="></latexit><latexit sha1_base64="dmZ4XZE/kbjPIdiJmBsU/9A5GFQ="></latexit><latexit sha1_base64="dmZ4XZE/kbjPIdiJmBsU/9A5GFQ="></latexit><latexit sha1_base64="dmZ4XZE/kbjPIdiJmBsU/9A5GFQ="></latexit><latexit sha1_base64="+AGplC1tJUbvyFC9kfNGI5gwezo="></latexit>

Preamp

M
a

M
a a J agnet

agnet

a J

Cavityy�

FFT

P
ow
er

ma

Frequency

Figure 14: Conceptual arrangement of an axion haloscope. If ma is within 1/Q of the resonant
frequency of the cavity, the axion will show as a narrow peak in the power spectrum extracted from the
cavity.

the formalism has the strange property of predicting a signal even with vanishing axion interactions.

7.1 Conventional haloscopes

The conventional axion haloscope technique [30] consists of a high-Q microwave cavity inside a homo-
geneous magnetic field of intensity Be to trigger the conversion of DM axions into photons. Figure 14
shows a sketch of the haloscope concept. Being non relativistic, DM axions produce monochromatic
photons of energy equal to ma. For a cavity resonant frequency matching ma, the conversion is en-
hanced by a factor proportional to the quality factor of the cavity Q and the signal power in the band
ma ±ma/Q is (4.51),

Ps = 
Q

ma

g2
a�
B2

e
|Gm|

2V %a (7.1)

= 7.2⇥ 10�23W
⇣ 

0.5

⌘✓
Q

105

◆✓
µeV

ma

◆✓
ga�

2⇥ 10�16GeV�1

◆2 ✓Be

8T

◆2 ✓
|Gm|

2

0.69

◆
V

200l
%̃a (7.2)

where Gm is the geometric factor of the resonant mode, as defined in Eq. 4.46, and we have used
%a = m2

a
|at|2/2 by assuming that �2

v
. 1/Q, i.e. the DM bandwidth is smaller than the width of the

cavity resonance and can be taken as a delta function. The general formula (4.52) can be used when
�2

v
⇠ 1/Q or for other bandwidths. This resonant amplification only works for values of ma within a

thin frequency window �⌫/⌫ ⇠ Q�1 around the resonant frequency, see (4.50), but typically the DM
signal frequency bandwidth is even smaller. One usually defines a DM quality factor Qa ⇠ 1/�2

v
⇠ 106

to reflect the ALP DM signal width. The cavity must be tuneable and the data taking is performed by
subsequent measurements with the resonant frequency centred at slightly di↵erent values, scanning the
ALP DM mass in small overlapping steps. For QCD axions, the signal is typically much smaller than
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Tn ¼ ð11.0# 0.1Þ K; G ¼ ð1.96# 0.01Þ × 1012: ð3Þ

We set the magnetic field to 2 T and measured the cavity
quality factor Q0 ¼ 4.02 × 105, compatible within the
errors with our previous measurement. Finally, we critically
coupled the tunable antenna and measured the loaded
quality factor QL ¼ 2.01 × 105. With high quality factors,
the temperature stability of the system is a critical issue; in
fact, we observed a drift of the cavity resonance frequency
of the order of the line width in the timescale of an hour.
Thus, the integration timewas limited toΔt ¼ 20 min. The
collected data were analyzed with a fast Fourier transform
(FFT) with a resolution bandwidth of Δν ¼ 7812.5 Hz
close to the axion line width, to maximize the signal-to-
noise ratio (SNR) in a single bin. The resulting 9 375 000
FFTs were rms averaged, and the bins with disturbances
introduced by the low-frequency electronics were excluded
from the analysis. The power spectrum was fit using a
degree 5 polynomial to account for the off-resonance part
of the spectra, whose variation is due to the nonuniform
gain of ADC and amplifiers. We modeled the on resonance
spectrum with the absorption profile of a Lorentzian curve.
Since the temperature of the cavity was lower than the one
of the isolator, the spectrum of power reflected by the cavity
shows a minimum at the resonance frequency. The mea-
sured spectrum, together with the fit and residuals, is
shown in Fig. 5. The residuals are distributed according
to a Gaussian probability density function, and their
standard deviation scales as

ffiffiffiffiffiffi
Δt

p
as expected. To get the

equivalent power at the cavity output, we divide the
power measured at the ADC input by the total
measured gain G in Eq. (3). Its standard deviation is
σP ¼ 6.19 × 10−22 W. This value is compatible with the
prediction of the Dicke relation [26]

σP ¼ kBTS

ffiffiffiffiffiffi
Δν
Δt

r
≃ 5.5 × 10−22 W; ð4Þ

where TS ¼ Tn þ Tc ¼ 15.3 K. The expected power
generated by KSVZ axions in our cavity, derived from
Eq. (1), is
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The 95% single-sided confidence limit (1.64σ), shown in
Fig. 6, is gaγγ < 1.03 × 10−12 GeV−1 in a frequency band
of 45 kHz at νc corresponding to a mass range of
approximately 0.2 neV around ma ≃ 37.5 μeV.

IV. CONCLUSIONS

SCCs appear as a natural choice for high-frequency
haloscopes as their quality factor matches the one of
cosmological axions. In this work, we characterized a
SCC by testing it under a high magnetic field at cryogenic
temperature. After successful tests, we performed a single-
mass axion search, extracting an upper limit on gaγγ for a
narrow frequency band. This result is limited by the low
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dimension), and the red-dashed line is the fit with the residuals
reported in blue. A part of the bandwidth was removed due to
systematic disturbances.
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axions models [27]. The experimental limits, shown by the
different color regions, are obtained with light shining through
a wall experiments [28,29], from changes in laser polarization
[30] helioscopes [31] and haloscopes [5–7,32,33], as the one in
the present work.
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We set the magnetic field to 2 T and measured the cavity
quality factor Q0 ¼ 4.02 × 105, compatible within the
errors with our previous measurement. Finally, we critically
coupled the tunable antenna and measured the loaded
quality factor QL ¼ 2.01 × 105. With high quality factors,
the temperature stability of the system is a critical issue; in
fact, we observed a drift of the cavity resonance frequency
of the order of the line width in the timescale of an hour.
Thus, the integration timewas limited toΔt ¼ 20 min. The
collected data were analyzed with a fast Fourier transform
(FFT) with a resolution bandwidth of Δν ¼ 7812.5 Hz
close to the axion line width, to maximize the signal-to-
noise ratio (SNR) in a single bin. The resulting 9 375 000
FFTs were rms averaged, and the bins with disturbances
introduced by the low-frequency electronics were excluded
from the analysis. The power spectrum was fit using a
degree 5 polynomial to account for the off-resonance part
of the spectra, whose variation is due to the nonuniform
gain of ADC and amplifiers. We modeled the on resonance
spectrum with the absorption profile of a Lorentzian curve.
Since the temperature of the cavity was lower than the one
of the isolator, the spectrum of power reflected by the cavity
shows a minimum at the resonance frequency. The mea-
sured spectrum, together with the fit and residuals, is
shown in Fig. 5. The residuals are distributed according
to a Gaussian probability density function, and their
standard deviation scales as

ffiffiffiffiffiffi
Δt

p
as expected. To get the

equivalent power at the cavity output, we divide the
power measured at the ADC input by the total
measured gain G in Eq. (3). Its standard deviation is
σP ¼ 6.19 × 10−22 W. This value is compatible with the
prediction of the Dicke relation [26]

σP ¼ kBTS

ffiffiffiffiffiffi
Δν
Δt

r
≃ 5.5 × 10−22 W; ð4Þ

where TS ¼ Tn þ Tc ¼ 15.3 K. The expected power
generated by KSVZ axions in our cavity, derived from
Eq. (1), is
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The 95% single-sided confidence limit (1.64σ), shown in
Fig. 6, is gaγγ < 1.03 × 10−12 GeV−1 in a frequency band
of 45 kHz at νc corresponding to a mass range of
approximately 0.2 neV around ma ≃ 37.5 μeV.

IV. CONCLUSIONS

SCCs appear as a natural choice for high-frequency
haloscopes as their quality factor matches the one of
cosmological axions. In this work, we characterized a
SCC by testing it under a high magnetic field at cryogenic
temperature. After successful tests, we performed a single-
mass axion search, extracting an upper limit on gaγγ for a
narrow frequency band. This result is limited by the low
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FIG. 6. Exclusion plot of the axion-photon coupling. The red
lines with a yellow error band show the theoretical predictions for
the KSVZ and Dine-Fischler-Srednicki-Zhitnitskii axions
[11,12]. The grey area shows the prediction form other hadronic
axions models [27]. The experimental limits, shown by the
different color regions, are obtained with light shining through
a wall experiments [28,29], from changes in laser polarization
[30] helioscopes [31] and haloscopes [5–7,32,33], as the one in
the present work.
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SUPERCONDUCTING CAVITIES - NbTi

The axion mass range studied by haloscopes up to now
is limited to a few micro-electron-volts. Exploring larger
ranges at higher values requires the excitation of modes
with frequency above a few gigahertz where several
experimental limitations occur:

(i) The technology of linear amplifier limits the sensi-
tivity [13].

(ii) Conversion volumes are smaller since the normal
modes resonant frequencies are inversely propor-
tional to the cavity radius.

(iii) the anomalous skin effect reduces the copper
cavities quality factor at high frequencies.

Solutions to the first two issues are proposed for instance in
Refs. [14,15], respectively.
The optimum value of the Q-factor for haloscopes is

approximately 106, as estimated by the coherence time of
DM axions [16]. A 10 GHz copper cavity, cooled at
cryogenic temperature, barely reaches Q ∼ 105, a value
that rapidly decreases with increasing frequency. In this
paper, we present a substantial improvement obtained for
the quality factor with a “superconducting haloscope”
composed of a superconducting cavity (SCC) operated
in high magnetic fields. This activity has been done within
the QUAX experiment, which searches DM axions using a
ferromagnetic haloscope [16,17]. The same experimental
apparatus can be used as a Sikivie haloscope [10] exploit-
ing the TM010 mode of the cylindrical cavity. In this work,
we substitute the copper cavity with a superconducting one,
to increase the quality factor and thus the measurement
sensitivity. We refer to the Primakoff haloscope of the
QUAX Collaboration as “QUAX–aγ.”
In Sec. II, we describe the characterization of the SCC

and the measurement setup, while in Sec. III, we present the
results of the axion search done by operating the SCC in
magnetic field and the corresponding exclusion limit on the
coupling gaγγ . Finally, in Sec. IV, we discuss the future
prospects of the QUAX–aγ experiment for the Primakoff
axion search.

II. EXPERIMENTAL APPARATUS

A. Superconducting cavity

To increase the quality factor and match the optimal
condition for the coupling to cosmological axions, it is
natural to consider SCCs as they were widely studied in
accelerator physics. However, in axion searches, these are
operated in strong magnetic fields that, on the one hand,
weaken superconductivity and, on the other, are screened
by the superconducting material. To overcome both these
limitations, we designed a cavity divided in two halves,
each composed by a type II superconducting body and
copper end caps. Type II superconductors are in fact known
to have a reduced sensitivity to the applied magnetic field.
Moreover, magnetic field penetration in the inner cavity
volume may be facilitated by interrupting the screening

supercurrents with the insertion of a thin (30 μm) copper
layer between the two halves.
The cavity layout is shown in the upper part of Fig. 1,

featuring two identical copper semicells with cylindrical
body and conical end caps to reduce current dissipation
at interfaces. The cylindrical body is 50 mm long with
diameter 26.1 mm, while the cones are 19.5 mm long. For
the detection of axions through its interaction with the
electron spin [17], part of the cylinder was flattened to
break the angular symmetry and prevent the degeneration
of mode TM110. A finite element calculation performed
with ANSYS HFSS [18] of the TM010 mode used for
Primakoff axion detection gives a frequency νsimc ¼
9.08 GHz and a coefficient Cmnl ¼ 0.589 in a volume
V ¼ 36.43 cm3. The calculated field profile of this mode is
shown in Fig. 1. Because of this hybrid geometry, the
quality factor is expressed as

1

Q0

¼ Rcyl
s

Gcyl
þ Rcones

s

Gcones
; ð2Þ

where Rs are the surface resistances. The simulation yields
Gcones ¼ 6270.11 Ω and Gcyl ¼ 482.10 Ω. At 9 GHz and
4 K temperature, the surface resistance for copper is RCu

s ¼
4.9 mΩ [19]. A pure copper cavity with this geometry
would have QCu

0 ≃ 9 × 104, while an hybrid cavity with
copper cones and no losses on the cylindrical surface would
have Qmax

0 ¼ Gcones=RCu
s ≃ 1.3 × 106.

To test these promising simulation results, a prototype of
the cavity was fabricated as shown in the lower part of
Fig. 1. The inner cylindrical part of the cavity was coated
by means of a 10 cm planar magnetron equipped with a

FIG. 1. The upper image represents the electric field of
9.08 GHz TM010 mode in arbitary amplitude units, while the
lower photo is one of the two halves of the superconducting
cavity.
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NbTi target. The estimated coating thickness ranges
between 3 to 4 μm. To minimize the losses due to the
interaction of fluxons [20] with the superconducting micro-
wave current, only the cylindrical body, where the currents
of the mode TM010 are parallel to the applied field, were
coated, as evidenced by the different colors of the lower
picture of Fig. 1.
We characterized the cavity in a thermally controlled gas-

flow cryostat equipped with an 8 T superconducting magnet
located at Laboratori Nazionali di Frascati. No copper layer
was inserted between the two halves. Two tunable antennas
were coupled to the cavity mode and connected through
coaxial cables to a vector network analyzer for the meas-
urement of the reflection and transmission waveforms,
S11ðνÞ and S12ðνÞ. The unloaded quality factor Q0 was
extracted from a simultaneous fit of the two waveforms. An
expected systematic error of #5% follows from the fit
procedure. At 4.2 K and no applied external magnetic field,
we measured Q0 ¼ 1.2 × 106, in agreement with the maxi-
mal expected value Qmax

0 and corresponding to a surface
resistance of the NbTi RNbTi

s ¼ ð20# 20ÞμΩ. We repeated
the measurement for different values of the applied magnetic
field in the range 0–5 T both in zero-field cooling (ZFC)
and field cooling (FC), thus reducing the temperature
of the cavity without or with external magnetic field,

respectively. The results are shown in Fig. 2. For B¼2T,
the nominal field used in our axion search, we measured
Q2 T

0 ¼ 4.5 × 105, a factor of approximately 5 better than a
bulk copper cavity; at 5 TwemeasuredQ5 T

0 ¼ 2.95 × 105, a
factor of approximately 3.3 better than a copper cavity.
Comparing FC and ZFC measurements, we observe a
systematic difference below about 0.5 T due to magnetic
field trapping in the superconducting material. For higher
values, the measurements agree within the errors, showing
that the magnetic field is able to penetrate the cavity walls
and that the superconductor is in the flux flow state [21].
In a recent analysis [22], the variation of the surface

resistance of this cavity with the magnetic field was
interpreted by taking into account the vortex-motion con-
tribution within the Gittleman and Rosenblum (GR) model
[23,24]. In particular, the depinning frequency [23] was
estimated to be about 44 GHz. Below this frequency, losses
due to vortex motion are suppressed, while they are
maximal at higher frequency where the flux-flow resistivity
reaches the value ρff ¼ cffρnB=Bc2. Here, B is the applied
dc field, cff ¼ 0.044 is a correction taking into account
mutual orientation of fluxons and microwave currents,
ρn ¼ 7.0 × 10−7 Ωm is NbTi resistivity in the normal state,
and Bc2¼13T×ð1−ðT=TcÞ2Þ is the temperature-dependent
critical field [22]. With this set of parameters, we com-
puted, according to the GR model, the surface resistance of
NbTi for different values of the applied dc field and of the
cavity-mode frequency. Comparing it with the anomalous
surface-resistance of copper [19], we estimated the crossing
frequency for which the losses in NbTi are equal to the
losses in copper. The result is shown in Fig. 3. At
T ¼ 4.2 K, the NbTi cavity is expected to show lower
losses up to an applied field of about 4.5 T. For higher
fields, the crossing frequency rapidly decreases down to
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Unloaded quality factorsQ0 indicated by large markers with error
bars were derived from fits to the reflection and transmission
waveforms, S11ðνÞ and S12ðνÞ. These measurements were used to
correct the loaded quality factors QL measured by the vector
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Chapter 3. Characterization of the resonant cavities 3.2. Measurements
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Figure 3.17: (a): Temperature dependence of QL for the TM010 mode of NbTi at B = 0 T. (b): Tem-
perature dependence of QL for the reversed TM110 mode of NbTi at B = 0 T. (c): Tem-
perature dependence of QL for the first TM110 mode of NbTi at B = 0 T. From the
curves we see that the transition occurs approximately at Tc ⇡ (7.8÷ 8.0) K. The errors
on the temperature are negligible, while the QL errors are not present, see the comment
to Fig. 3.7 in the text of Sec. 3.2.1.
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¡ 𝑄! = 290 000,  TM010 mode at 𝜈# ≃ 13,6 𝐺𝐻𝑧

¡ 36 sapphire rods of 2mm diameter

¡ No concern about spoiling superconductivity with 

high magnetic fields

¡ 𝐶*-.×𝑉 comparable with copper cavities of same 𝜈

¡ Can be coupled to a JPA
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To realize the cavity two pieces of oxygen free high
purity copper were machined to form two separate iden-
tical halves of the cavity. The inner surfaces were elec-
tro polished to reduce surface roughness. The two parts
can then be joined together to form a closed cylinder,
tightness is guaranteed by twelve M4 steel bolts. Bolts
have been chosen of non magnetic iron (AISI 304). Be-
fore closing the cavity, the 36 sapphire rods are mounted.
For each of them a 2.1 mm diameter hole is present on
each ends of the two cavity halves. Excluding the two
most central ones, all sapphire rods are kept in place by
teflon screws provided with copper berillium springs at
their ends. The use of the springs is necessary to avoid
breaking of the rods when cooling the system to cryogenic
temperatures and, at the same time, keeping a constant
force on the rods to avoid unwanted displacements. Fig-
ure 4 shows the two halves of the cavity, complete of
sapphire rods and teflon screws.

FIG. 4. Photograph of the cavity opened in two halves.

III. MEASUREMENTS

The first measurement of the cavity is the identification
of the principal modes. This has been performed, at room
temperature, by using the standard bead pulling method,
where a small dissipative sphere is moved along the cav-
ity axis while the quality factor and frequency of selected
modes are monitored. These parameters are obtained
by measuring the S12 power transmission spectrum us-
ing a Vector Network Analyser (VNA), connected to in-
put/output ports on the cavity. Since the standard an-
tennas are located on the cavity axis, two other holes were
drilled just slightly o↵ axis to be used as input/output
ports, while the standard antenna holes where used as
passages for a thin wire holding the bead. In figure 5 the
results of these measurements are shown. The TM010
mode is identified with a single maximum for both qual-
ity factor and frequency shift with respect to a scan of
the entire cavity length with the bead. The TM011 shows
two maxima. The measured frequency for the two modes
were also compatible with the calculated ones, thus per-
mitting a clear identification of the modes. During this
measurements care was taken to have both I/O ports
with small coupling, so that no correction has to be taken
into account due to the antennas.
Once the modes were identified, antennas have been

mounted in the standard central holes along the cavity
axis. The length of the dipole antennas has been cho-
sen in such a way to have minimum coupling, but still
measurable with the VNA, so that the quality factor di-
rectly measured by the VNA practically coincides with
the cavity unloaded Q0.
The cavity has been placed inside a vacuum chamber

designed to allow operation inside cryogenic dewars. The
vacuum chamber is equipped with two rf feedthroughs
and a thermometer measures the temperature of the cav-
ity.
Measurements have been performed at room tempera-

ture, liquid nitrogen and liquid helium temperature. Be-
fore cooling, the vacuum chamber is filled with about
10 mbar of helium to speed up the cooling process of
the cavity. Low temperature rf measurements have been
performed when the cavity temperature have reached a
stationary value.
The starting point, with the cavity at room tempera-

ture, is as follows: mode TM010: both antennas coupled
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were also compatible with the calculated ones, thus per-
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ture, liquid nitrogen and liquid helium temperature. Be-
fore cooling, the vacuum chamber is filled with about
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performed when the cavity temperature have reached a
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The starting point, with the cavity at room tempera-
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FIG. 5. Bead pulling results (see text).

at -0.04 dB, resonance frequency fTM010 = 13 468 MHz,
linewidth �fTM010 = 76 kHz, unloaded quality factor
Q0,TM010 = 173 000.

During the cooling phase, due to the changes in the di-
mensions of the cavity, the cavity modes change their fre-
quency accordingly. Moreover, probably due to changes
in the relative positions of the sapphire rods, new modes
show up and interfere with the main modes, thus mak-
ing the identification of the modes at low temperature
di�cult. For this reason, during the cooling the drift of
the principal modes was constantly followed by taking
continuos S12 spectra.

FIG. 6. S12 Spectra at room (red curve) and cryogenic

(black curve) temperature (T = 5.5 K).

Figure 6 show the S12 spectra for room temperature
and liquid helium temperature measurements. On the
spectra the identified modes have been labelled. It has to

be noted that the number and position of the unwanted
modes are di↵erent for di↵erent cooling process. We are
now working to make this phenomena reproducible.
To get a correct value of the quality factor, a zoomed

spectra of the TM010 mode has been measured. This
is then fitted with a Lorentzian line shape. Results are
showed in figure 7. It can be seen that this mode is not
anymore clear but another mode is interfering with it,
thus reducing the quality factor to a lower value than
the one expected from simulations.

FIG. 7. Measured S12 spectra (black dots) of the TM010

mode at liquid Helium temperature, superimposed with a fit

(blue line) made with a Lorentzian function.

Table I summarizes the main results obtained.

TABLE I. Results of the measurements on the cavity.

System Cavity Temperature TM010 Q0 TM011 Q0

Room T 298 K 173 000 94 000

Liquid He 5.5 K 290 000 520 000

IV. CONCLUSIONS

In this paper we have presented a novel type of cav-
ity suitable to be operated in a strong magnetic field.
These cavities are ideal devices in the search for dark
matter axions, where normal conducting ones are nor-
mally used. With the photonic cavity, an order of mag-
nitude improvement of the quality factor is expected,
while keeping the same detection volume. In fact, a
cylindrical cavity working at the same frequency would
have a cross section of about 17 mm diameter, corre-
sponding to an area of 2.3 ⇥ 10�4 m2. Taking the same
length of our photonic cavity, the e↵ective volume is
V

Cu
e↵ = CmnlV = 0.69 ⇥ 3.4 ⇥ 10�5 = 2.5 ⇥ 10�5 m3,

to be compared with the value V Sa
e↵ = 2.3 ·10�5 m3 given

in Section II. This shows that the two cavities are equiva-
lent for the purpose of axion searches. It is then possible

3

(a) (b)

FIG. 2. Magnitude of the electric field of the first two TM

resonant modes: TM010 (a) and TM011 (b).

By using the simulations it is easy to calculate the
e↵ective volume of the system, essential to deduce the
axion signal. We got Cmnl ⇥ V = 0.024 ⇥ 9.5 ⇥ 10�4 =
V

Sa
e↵ = 2.3 · 10�5 m3.

TM010
TM011

FIG. 3. Simulated transmission coe�cient between the two

coupled antennas. The peaks correspond to the resonant

modes TM010 and TM011.

To realize the cavity two pieces of oxygen free high
purity copper were machined to form two separate iden-
tical halves of the cavity. The inner surfaces were elec-
tro polished to reduce surface roughness. The two parts
can then be joined together to form a closed cylinder,
tightness is guaranteed by twelve M4 steel bolts. Bolts
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For each of them a 2.1 mm diameter hole is present on
each ends of the two cavity halves. Excluding the two
most central ones, all sapphire rods are kept in place by
teflon screws provided with copper berillium springs at
their ends. The use of the springs is necessary to avoid
breaking of the rods when cooling the system to cryogenic
temperatures and, at the same time, keeping a constant
force on the rods to avoid unwanted displacements. Fig-
ure 4 shows the two halves of the cavity, complete of
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where a small dissipative sphere is moved along the cav-
ity axis while the quality factor and frequency of selected
modes are monitored. These parameters are obtained
by measuring the S12 power transmission spectrum us-
ing a Vector Network Analyser (VNA), connected to in-
put/output ports on the cavity. Since the standard an-
tennas are located on the cavity axis, two other holes were
drilled just slightly o↵ axis to be used as input/output
ports, while the standard antenna holes where used as
passages for a thin wire holding the bead. In figure 5 the
results of these measurements are shown. The TM010
mode is identified with a single maximum for both qual-
ity factor and frequency shift with respect to a scan of
the entire cavity length with the bead. The TM011 shows
two maxima. The measured frequency for the two modes
were also compatible with the calculated ones, thus per-
mitting a clear identification of the modes. During this
measurements care was taken to have both I/O ports
with small coupling, so that no correction has to be taken
into account due to the antennas.
Once the modes were identified, antennas have been

mounted in the standard central holes along the cavity
axis. The length of the dipole antennas has been cho-
sen in such a way to have minimum coupling, but still
measurable with the VNA, so that the quality factor di-
rectly measured by the VNA practically coincides with
the cavity unloaded Q0.
The cavity has been placed inside a vacuum chamber

designed to allow operation inside cryogenic dewars. The
vacuum chamber is equipped with two rf feedthroughs
and a thermometer measures the temperature of the cav-
ity.
Measurements have been performed at room tempera-

ture, liquid nitrogen and liquid helium temperature. Be-
fore cooling, the vacuum chamber is filled with about
10 mbar of helium to speed up the cooling process of
the cavity. Low temperature rf measurements have been
performed when the cavity temperature have reached a
stationary value.
The starting point, with the cavity at room tempera-

ture, is as follows: mode TM010: both antennas coupled

𝑇 ≃ 5 𝐾

Quax – Primakoff conversion
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FIG. 5: Down-converted rf power at the ADC input. The
collected data are the black dots (the errors are within the
symbol dimension), the red-dashed line is the fit with the
residuals reported in blue. A part of the bandwidth was re-
moved due to systematic disturbances.

bins with disturbances introduced by the low-frequency
electronics were excluded from the analysis. The power
spectrum was fit using a degree 5 polynomial to account
for the o↵-resonance part of the spectra, which are due to
the non-uniform gain of ADC and amplifiers. We model
the on resonance spectrum with the absorption profile of
a Lorentzian curve. In fact, since the temperature of the
cavity is lower than the one of the isolator, the power
reflected by the cavity has a minimum at the resonance
frequency. The resulting spectrum, fit and residuals are
shown in figure 5. The residuals are distributed accord-
ing to a Gaussian probability density function and their
standard deviation scales as

p
�t as expected. The power

at the ADC input was divided by the measured gain G to
get the equivalent power at the cavity output. Its stan-
dard deviation is �P = 6.19 ⇥ 10�22 W. This value is
compatible with the prediction of the Dicke relation [27]

�P = kBTS

r
�⌫

�t
' 5.5⇥ 10�22 W, (5)

where TS = Tn + Tc = 15.3K. The expected power gen-
erated by KSVZ axions in our cavity, derived from equa-
tion 1, is

Pa = 1.85⇥ 10�25 W
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The 95% single sided confidence limit (1.64�), shown in
figure 6, is ga�� < 1.03 ⇥ 10�12 GeV�1 in a frequency
band of 45 kHz at ⌫c corresponding to a mass range of
⇠ 0.2 neV around ma ' 37.5µeV.
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FIG. 6: Exclusion plot of the axion-photon coupling. The red
lines with yellow error-band show the theoretical predictions
for the KSVZ and DFSZ axions [11, 12]. The grey area shows
the prediction form other hadronic axions models [28]. The
experimental limits are mesured with light shining through a
wall experiments [29, 30], from changes in laser polarization
[31] helioscopes [32] and haloscopes [5–7, 33, 34], as the one
in the present work.

IV. CONCLUSIONS

SCCs appear as a natural choice for high frequency
haloscopes, as their quality factor matches the one of
cosmological axions. In this work we characterized a
SCC by testing it under a high magnetic field at cryo-
genic temperature. Since the tests were successfull we
performed a single-mass axion search, extracting an up-
per limit on ga�� for a narrow frequency band. This
result is limited by the low magnetic field, the high
system temperature and the small cavity valume. A
new experimental setup is now in preparation consist-
ing of a dilution refrigerator, a quantum limited Joseph-
son Parametric Amplifier and an 8 T superconducting
magnet. At 50 mK with a quantum limited amplifier
the system temperature is reduced to about 400 mK.
Operating a 20 cm long NbTi-cavity in a 5 T magnetic
field, we expect, from our measurements, a quality factor
Q

5T,50mK

0
= 2.95⇥1.2⇥105 = 3.54⇥105, a factor 4 bet-

ter than a copper cavity. With this setup, the expected
95% exclusion limit would be ga�� < 4⇥10�14 GeV�1 for
ma ' 37.5µeV a value that touches the region expected
for KSVZ axions.
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45 GHz for B ¼ 6 T. By lowering the temperature down
to 100 mK, we expect a 20% improvement of the Q0 and
larger values for the crossing frequency. In fact, at this
temperature, the critical field Bc2 reaches its maximum
value, 13 T, reducing the flux-flow resistivity.

B. Magnet and readout electronics

A replica of the cavity described in Sec. II A was
mounted in the experimental site at Laboratori Nazionali
di Legnaro (LNL), which hosts an apparatus capable of
searching for galactic axions [17]. The scheme of the
apparatus is shown in Fig. 4. The SCC is inside a vacuum
chamber inserted in a superconducting magnet. The magnet
is a NbTi compensated solenoid, 15 cm bore and 50 cm
height, generating a central field of 2 T with homogeneity
better than 20 ppm on a 20-mm-long line along the central
axis. A superconducting switch is installed to perform
measurements also in persistent current mode. The bias
current of 50 A is supplied by a high-stability current
generator. The magnet and the vacuum chamber are
immersed in a LHe bath at the temperature of 4.2 K.
The cavity is instrumented with two antennas. A weakly
coupled one is used to inject probe signals in the cavity with

a source oscillator. The second antenna, with a variable
coupling, is connected through a coaxial cable to a low
noise cryogenic high electron mobility transistor amplifier
(A1) with gain G1 ≃ 40 dB. Before reaching the amplifier,
the coaxial cable is connected to a cryogenic switch and
then to an isolator. The switch, used for calibration
purposes, allows the replacement of the cavity output with
the output of a resistor (RJ). The temperature of the resistor
is kept constant by a heater and read by a thermometer.
The setup is completed by a second field effect transistor
amplifier (A2) at room temperature with gain G2 ≃ 39 dB
and a down-converter mixer referenced to a local oscillator
(LO). The in-phase (I) and quadrature (Q) components of
the mixer output are further magnified by two identical
room temperature amplifiers (A3I;Q) with G3 ≃ 50 dB each
and acquired by a 16 bit analog to digital converter (ADC)
sampling at 2 MHz. The acquisition program controls both
the oscillators, the ADC and the applied magnetic field.
Three thermometers monitor the temperature of the cavity,
of the resistance RJ and of the amplifier A1, with typical
temperatures of Tc ¼ 4.3 K, TJ ¼ 4.5 K, and Ta ¼ 5.1 K,
respectively.

III. EXPERIMENTAL RESULTS

With the LNL setup described in Sec. II, we performed
the first search for galactic axions using a SCC. The
frequency of the TM010 cavity mode, νc ¼ 9.07 GHz,
was in good agreement with the simulated value
νsimc ¼ 9.08 GHz. A copper layer was used to interrupt
circular screening supercurrents and allow magnetic field
penetration. No impact was observed on the quality factor,
since the longitudinal microwave currents of the TM010
mode were unaffected by the interposed mask. The pen-
etration of the magnetic field in the cavity volume was
verified by means of a 1 mm yttrium iron garnet sphere
positioned on the cavity axis with a teflon holder.
Hybridization of the sphere ferromagnetic resonance with
the TM110 mode at 14 GHz occurs with a field of
0.5 T, showing a typical double resonance curve of which
the Lorentzian peaks have line widths equal to the average
of the yttrium iron garnet and cavity line widths. The
observation of this effect confirmed that the field distortions
were at the level of 100 ppm or lower over the sphere
volume. Measurements in the dispersive regime, i.e., with
ferromagnetic resonance frequency different from the
cavity one, also gave similar results.
To down-convert and acquire the signal, the frequency

of the local oscillator fed to the mixer was set to νLO ¼
νc − 500 kHz, and the I andQ components were combined
to extract the right part of the down-converted spectra,
where the cavity resonance lies. We determined the total
gain G and the noise temperature Tn of the amplification
chain by heating the resistor RJ from about 4.5 to 8.5 K
and by measuring the temperature and the corresponding
Johnson noise [25]. The resulting values are

FIG. 4. QUAX–aγ setup: the blue dashed line encloses the
liquid helium temperature part of the apparatus, the yellow
rectangle stands for the low-frequency electronics, and the red
circled Ts represent the thermometers. See the text for further
details.
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To account for the dark-matter content in our Universe, postinflationary scenarios predict for the QCD
axion a mass in the range ð10–103Þ μeV. Searches with haloscope experiments in this mass range require
the monitoring of resonant cavity modes with frequency above 5 GHz, where several experimental
limitations occur due to linear amplifiers, small volumes, and low quality factors of copper resonant
cavities. In this paper, we deal with the last issue, presenting the result of a search for galactic axions using a
haloscope based on a 36 cm3 NbTi superconducting cavity. The cavity worked at T ¼ 4 K in a 2 T
magnetic field and exhibited a quality factor Q0 ¼ 4.5 × 105 for the TM010 mode at 9 GHz. With such
values of Q, the axion signal is significantly increased with respect to copper cavity haloscopes. Operating
this setup, we set the limit gaγγ < 1.03 × 10−12 GeV−1 on the axion photon coupling for a mass of about
37 μeV. A comprehensive study of the NbTi cavity at different magnetic fields, temperatures, and
frequencies is also presented.

DOI: 10.1103/PhysRevD.99.101101

I. INTRODUCTION

The axion is a pseudoscalar particle predicted by S.
Weinberg [1] and F. Wilczek [2] as a consequence of the
mechanism introduced by R. D. Peccei and H. Quinn [3] to
solve the “strong CP problem.” Axions are also well-
motivated dark-matter (DM) candidates with expected
mass laying in a broad range from pico-electron-volts to
few milli-electron-volts [4]. Postinflationary scenarios
restrict this range to ð10–103Þ μeV [4], where a rich
experimental program will probe the axion existence in
the next decade. Among the experiments, ADMX [5],
HAYSTAC [6], ORGAN [7], CULTASK [8], and KLASH
[9] will use a haloscope, i.e., a detector composed of a
resonant cavity immersed in a strong magnetic field as
proposed by P. Sikivie [10]. When the resonant frequency
of the cavity νc is tuned to the corresponding axion mass

mac2=h, the expected power deposited by DM axions is
given by [6]

Pa ¼
!
g2γ
α2

π2
ℏ3c3ρa
Λ4

"
×
!

β
1þβ

ωc
1

μ0
B2
0VCmnlQL

"
; ð1Þ

where ρa ¼ 0.45 GeV=cm3 is the local DM density,
α is the fine-structure constant, Λ ¼ 78 MeV is a scale
parameter related to hadronic physics, and gγ is a
model-dependent parameter equal to −0.97 (0.36) in the
Kim-Shifman-Vainshtein-Zakharov (KSVZ) (Dine-
Fischler-Srednicki-Zhitnitskii) axion model [11,12]. It is
related to the coupling appearing in the Lagrangian gaγγ ¼
ðgγα=πΛ2Þma. The second set of parentheses contains the
vacuum permeability μ0, the magnetic field strength B0,
the cavity volume V, its angular frequency ωc ¼ 2πνc, the
coupling between the cavity and receiver β, and the loaded
quality factor QL ¼ Q0=ð1þ βÞ, where Q0 is the unloaded
quality factor; here, Cmnl ≃Oð1Þ is a geometrical factor
depending on the cavity mode.
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FIG. 5: Down-converted rf power at the ADC input. The
collected data are the black dots (the errors are within the
symbol dimension), the red-dashed line is the fit with the
residuals reported in blue. A part of the bandwidth was re-
moved due to systematic disturbances.

bins with disturbances introduced by the low-frequency
electronics were excluded from the analysis. The power
spectrum was fit using a degree 5 polynomial to account
for the o↵-resonance part of the spectra, which are due to
the non-uniform gain of ADC and amplifiers. We model
the on resonance spectrum with the absorption profile of
a Lorentzian curve. In fact, since the temperature of the
cavity is lower than the one of the isolator, the power
reflected by the cavity has a minimum at the resonance
frequency. The resulting spectrum, fit and residuals are
shown in figure 5. The residuals are distributed accord-
ing to a Gaussian probability density function and their
standard deviation scales as

p
�t as expected. The power

at the ADC input was divided by the measured gain G to
get the equivalent power at the cavity output. Its stan-
dard deviation is �P = 6.19 ⇥ 10�22 W. This value is
compatible with the prediction of the Dicke relation [27]

�P = kBTS

r
�⌫

�t
' 5.5⇥ 10�22 W, (5)

where TS = Tn + Tc = 15.3K. The expected power gen-
erated by KSVZ axions in our cavity, derived from equa-
tion 1, is

Pa = 1.85⇥ 10�25 W
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The 95% single sided confidence limit (1.64�), shown in
figure 6, is ga�� < 1.03 ⇥ 10�12 GeV�1 in a frequency
band of 45 kHz at ⌫c corresponding to a mass range of
⇠ 0.2 neV around ma ' 37.5µeV.
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FIG. 6: Exclusion plot of the axion-photon coupling. The red
lines with yellow error-band show the theoretical predictions
for the KSVZ and DFSZ axions [11, 12]. The grey area shows
the prediction form other hadronic axions models [28]. The
experimental limits are mesured with light shining through a
wall experiments [29, 30], from changes in laser polarization
[31] helioscopes [32] and haloscopes [5–7, 33, 34], as the one
in the present work.

IV. CONCLUSIONS

SCCs appear as a natural choice for high frequency
haloscopes, as their quality factor matches the one of
cosmological axions. In this work we characterized a
SCC by testing it under a high magnetic field at cryo-
genic temperature. Since the tests were successfull we
performed a single-mass axion search, extracting an up-
per limit on ga�� for a narrow frequency band. This
result is limited by the low magnetic field, the high
system temperature and the small cavity valume. A
new experimental setup is now in preparation consist-
ing of a dilution refrigerator, a quantum limited Joseph-
son Parametric Amplifier and an 8 T superconducting
magnet. At 50 mK with a quantum limited amplifier
the system temperature is reduced to about 400 mK.
Operating a 20 cm long NbTi-cavity in a 5 T magnetic
field, we expect, from our measurements, a quality factor
Q

5T,50mK

0
= 2.95⇥1.2⇥105 = 3.54⇥105, a factor 4 bet-

ter than a copper cavity. With this setup, the expected
95% exclusion limit would be ga�� < 4⇥10�14 GeV�1 for
ma ' 37.5µeV a value that touches the region expected
for KSVZ axions.
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45 GHz for B ¼ 6 T. By lowering the temperature down
to 100 mK, we expect a 20% improvement of the Q0 and
larger values for the crossing frequency. In fact, at this
temperature, the critical field Bc2 reaches its maximum
value, 13 T, reducing the flux-flow resistivity.

B. Magnet and readout electronics

A replica of the cavity described in Sec. II A was
mounted in the experimental site at Laboratori Nazionali
di Legnaro (LNL), which hosts an apparatus capable of
searching for galactic axions [17]. The scheme of the
apparatus is shown in Fig. 4. The SCC is inside a vacuum
chamber inserted in a superconducting magnet. The magnet
is a NbTi compensated solenoid, 15 cm bore and 50 cm
height, generating a central field of 2 T with homogeneity
better than 20 ppm on a 20-mm-long line along the central
axis. A superconducting switch is installed to perform
measurements also in persistent current mode. The bias
current of 50 A is supplied by a high-stability current
generator. The magnet and the vacuum chamber are
immersed in a LHe bath at the temperature of 4.2 K.
The cavity is instrumented with two antennas. A weakly
coupled one is used to inject probe signals in the cavity with

a source oscillator. The second antenna, with a variable
coupling, is connected through a coaxial cable to a low
noise cryogenic high electron mobility transistor amplifier
(A1) with gain G1 ≃ 40 dB. Before reaching the amplifier,
the coaxial cable is connected to a cryogenic switch and
then to an isolator. The switch, used for calibration
purposes, allows the replacement of the cavity output with
the output of a resistor (RJ). The temperature of the resistor
is kept constant by a heater and read by a thermometer.
The setup is completed by a second field effect transistor
amplifier (A2) at room temperature with gain G2 ≃ 39 dB
and a down-converter mixer referenced to a local oscillator
(LO). The in-phase (I) and quadrature (Q) components of
the mixer output are further magnified by two identical
room temperature amplifiers (A3I;Q) with G3 ≃ 50 dB each
and acquired by a 16 bit analog to digital converter (ADC)
sampling at 2 MHz. The acquisition program controls both
the oscillators, the ADC and the applied magnetic field.
Three thermometers monitor the temperature of the cavity,
of the resistance RJ and of the amplifier A1, with typical
temperatures of Tc ¼ 4.3 K, TJ ¼ 4.5 K, and Ta ¼ 5.1 K,
respectively.

III. EXPERIMENTAL RESULTS

With the LNL setup described in Sec. II, we performed
the first search for galactic axions using a SCC. The
frequency of the TM010 cavity mode, νc ¼ 9.07 GHz,
was in good agreement with the simulated value
νsimc ¼ 9.08 GHz. A copper layer was used to interrupt
circular screening supercurrents and allow magnetic field
penetration. No impact was observed on the quality factor,
since the longitudinal microwave currents of the TM010
mode were unaffected by the interposed mask. The pen-
etration of the magnetic field in the cavity volume was
verified by means of a 1 mm yttrium iron garnet sphere
positioned on the cavity axis with a teflon holder.
Hybridization of the sphere ferromagnetic resonance with
the TM110 mode at 14 GHz occurs with a field of
0.5 T, showing a typical double resonance curve of which
the Lorentzian peaks have line widths equal to the average
of the yttrium iron garnet and cavity line widths. The
observation of this effect confirmed that the field distortions
were at the level of 100 ppm or lower over the sphere
volume. Measurements in the dispersive regime, i.e., with
ferromagnetic resonance frequency different from the
cavity one, also gave similar results.
To down-convert and acquire the signal, the frequency

of the local oscillator fed to the mixer was set to νLO ¼
νc − 500 kHz, and the I andQ components were combined
to extract the right part of the down-converted spectra,
where the cavity resonance lies. We determined the total
gain G and the noise temperature Tn of the amplification
chain by heating the resistor RJ from about 4.5 to 8.5 K
and by measuring the temperature and the corresponding
Johnson noise [25]. The resulting values are

FIG. 4. QUAX–aγ setup: the blue dashed line encloses the
liquid helium temperature part of the apparatus, the yellow
rectangle stands for the low-frequency electronics, and the red
circled Ts represent the thermometers. See the text for further
details.

D. ALESINI et al. PHYS. REV. D 99, 101101 (2019)

101101-4

8 mK

Current Biased Josephson Junction Device

Sensibile tra 10 e 30 GHz
A seguito dell a bimen di un fotone, la 
tensione ai capi della giunzione Josephson 
passa da un valore nullo a qualche centinaio
di microvolt, fino al reset della giunzione
stessa.
Già realizzato per altri scopi

CNR-IFN: Fabbricazione device e misure.
LNF: Setup criogenia diluizione 20 mK, setup sperimentale
e misure.
Salerno: Simulazioni giunzioni (GPU) e misure.

Fase 1: Portare il dark count a 10 kHz partendo da device esistente in letteratura.
Fase 2: Riduzione dark count al Hz con schema a 3 livelli (0Æ1Æ2).
Fase 3: Puntare al mHz di dark count con nuovi schemi (overtones etc.).

Sensibile tra 30 e 100 GHz
Un rivelatore TES si basa
sulla ripida transizione allo
stato resistivo di un film 
superconduttore. TTc ~ 100 mK 

R

Working Point

1 ph

INRIM: Partendo da film con transizione a 40 mK (R&D Stax) 
fabbricazione TES su antenna.
CNR-NANO: Completamento R&D (Stax) per film con transizione
a 20 mK
TIFPA: Setup criogenia per misure TES a 20-40 mK.
INFN-Pisa: Design antenna e matching in guida. Eventuale
costruzione e caratterizzazione di antenne prototipali. Misure 20 
mK e prestazioni in campo magnetico. Rumore ambientale. Test 
a caldo, a 4K e a 300 mK.

Fase 1: TES a 40 mK completamente testato in guida; film a 20 mK.
Fase 2: TES a 20 mK completamente testato; R&D film.

Single photon counter
(SIMP project)

Quax – Primakoff conversion

New fridge, 8 𝑚𝐾
base temp.

3

(a) (b)

FIG. 2. Magnitude of the electric field of the first two TM

resonant modes: TM010 (a) and TM011 (b).

By using the simulations it is easy to calculate the
e↵ective volume of the system, essential to deduce the
axion signal. We got Cmnl ⇥ V = 0.024 ⇥ 9.5 ⇥ 10�4 =
V

Sa
e↵ = 2.3 · 10�5 m3.

TM010
TM011

FIG. 3. Simulated transmission coe�cient between the two

coupled antennas. The peaks correspond to the resonant

modes TM010 and TM011.

To realize the cavity two pieces of oxygen free high
purity copper were machined to form two separate iden-
tical halves of the cavity. The inner surfaces were elec-
tro polished to reduce surface roughness. The two parts
can then be joined together to form a closed cylinder,
tightness is guaranteed by twelve M4 steel bolts. Bolts
have been chosen of non magnetic iron (AISI 304). Be-
fore closing the cavity, the 36 sapphire rods are mounted.
For each of them a 2.1 mm diameter hole is present on
each ends of the two cavity halves. Excluding the two
most central ones, all sapphire rods are kept in place by
teflon screws provided with copper berillium springs at
their ends. The use of the springs is necessary to avoid
breaking of the rods when cooling the system to cryogenic
temperatures and, at the same time, keeping a constant
force on the rods to avoid unwanted displacements. Fig-
ure 4 shows the two halves of the cavity, complete of
sapphire rods and teflon screws.

FIG. 4. Photograph of the cavity opened in two halves.

III. MEASUREMENTS

The first measurement of the cavity is the identification
of the principal modes. This has been performed, at room
temperature, by using the standard bead pulling method,
where a small dissipative sphere is moved along the cav-
ity axis while the quality factor and frequency of selected
modes are monitored. These parameters are obtained
by measuring the S12 power transmission spectrum us-
ing a Vector Network Analyser (VNA), connected to in-
put/output ports on the cavity. Since the standard an-
tennas are located on the cavity axis, two other holes were
drilled just slightly o↵ axis to be used as input/output
ports, while the standard antenna holes where used as
passages for a thin wire holding the bead. In figure 5 the
results of these measurements are shown. The TM010
mode is identified with a single maximum for both qual-
ity factor and frequency shift with respect to a scan of
the entire cavity length with the bead. The TM011 shows
two maxima. The measured frequency for the two modes
were also compatible with the calculated ones, thus per-
mitting a clear identification of the modes. During this
measurements care was taken to have both I/O ports
with small coupling, so that no correction has to be taken
into account due to the antennas.
Once the modes were identified, antennas have been

mounted in the standard central holes along the cavity
axis. The length of the dipole antennas has been cho-
sen in such a way to have minimum coupling, but still
measurable with the VNA, so that the quality factor di-
rectly measured by the VNA practically coincides with
the cavity unloaded Q0.
The cavity has been placed inside a vacuum chamber

designed to allow operation inside cryogenic dewars. The
vacuum chamber is equipped with two rf feedthroughs
and a thermometer measures the temperature of the cav-
ity.
Measurements have been performed at room tempera-

ture, liquid nitrogen and liquid helium temperature. Be-
fore cooling, the vacuum chamber is filled with about
10 mbar of helium to speed up the cooling process of
the cavity. Low temperature rf measurements have been
performed when the cavity temperature have reached a
stationary value.
The starting point, with the cavity at room tempera-

ture, is as follows: mode TM010: both antennas coupled
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Travelling wave ampli,
broader scan
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Figure 2.9: A simulation of the fields of TM010 mode. Field lines of electric (left) and magnetic (right)
fields are drawn. The pictures are obtained with the ANSYS-HFSS software. Provided by
Ing. Simone Tocci.

This fact has been exploited for the design of Niobium-Titanium cavities (Sec. 3.2.2).
The two modes taken into account in this work are TM010 and TM110, and their field

configurations are shown in Fig.s 2.9 and 2.10 respectively. For clarity, the pictures show
only half of the cavity. Red arrows correspond to regions where the field is more intense. In
both modes l = 0 and this corresponds to the fact that the electric field has no variations
along the z axis. The difference between the electric field of the two modes resides in the
n index: in TM010 there is no variation in the � coordinate, the field is maximum at ⇢ = 0

and falls off until it reaches a null value at ⇢ = a; in TM110 the electric field varies with
the � coordinate and forms two lobes with opposite directions. The resonant frequency of
all TMnm0 modes doesn’t depend on the length d and scales linearly with the radius a, so
that it becomes:

fnm0 =
c

2⇡
p
µr✏r

pnm

a
. (2.78)

TM010 is the mode configuration utilized in the search for axions through the axion-
photon interaction with conventional haloscopes, like in the ADMX experiment (Sec. 1.2.5).
Remembering the interaction term of eq. (1.49), the coupling is proportional to E ·B, where
E is the electric field of the excited resonant mode and B = ẑB0 is the external static
magnetic field. The interaction can then be maximized by the field lines of TM010 of
Fig. 2.9a, where E is parallel to the z axis and maximum at ⇢ = a. Correspondingly the
form factor Cnml, defined by eq. (2.18), is maximum for this mode thus optimizing the
signal power for the axion-photon conversion of eq. (2.17) with respect to other resonant
modes.
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(a) (b)

Figure 2.10: A simulation of the fields of TM110 mode. Field lines of electric (left) and magnetic
(right) fields are drawn. The pictures are obtained with the ANSYS-HFSS software.
Provided by Ing. Simone Tocci.

TM110, on the contrary, can be exploited for the detection of axions through their
coupling with the electron spin, as in the QUAX experiment, described in Sec. 2.1.1.
There we saw that the magnetization of the sample induced by the axion wind is the
source of the magnetic field in the cavity. The two loops that the magnetic field lines of
TM110 of Fig 2.10b form have transverse components, and this allows to couple with the
spin precession, that acquires a transverse component after the interaction. Furthermore,
the magnetic field magnitude is maximum at the center of the cavity, where the magnetized
samples are placed. Note also that the two opposite directions of the electric field of TM110

cause a cancellation in the numerator of Cnml of eq. (2.18). This is the reason why TMnm0

modes, with n 6= 0, cannot be exploited for the axion-to-photon conversion in an empty
cavity.

2.4 Goals of QUAX R&D and this thesis work

In the first chapter a particular attention was devoted to two axion detection techniques,
here briefly summarized. Firstly it was proposed by Sikivie [6] that axions could be detected
exploiting the axion-photon coupling. Axions can be converted into photons in the presence
of a static magnetic field, and the emitted photons are collected in a microwave cavity. The
power that can be read by a detector coupled to the microwave cavity is:

Psig(a� ! �) = !res


1 + 
g
2

a��
⇢a

m2
a
B

2

0VcCnmlQL. (2.79)
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microwave electric field Emnl and the static magnetic
field B

Cmnl =

⇥R
V dVEmnl ·B

⇤2

V B2
R
V dV ✏rE

2
mnl

(2)

A typical cavity geometry is of cylindrical type, which
easily fits inside a superconducting solenoid providing a
strong magnetic field. The cavity mode TM010 exhibits
the largest coupling C010 = 0.69. This mode corresponds
to a field distribution with maximum value of the electric
field along the cavity axis.

The axion mass range studied by haloscopes up to
now is limited to few µeV. Exploring larger ranges at
higher values requires the excitation of modes with fre-
quency above a few GHz where several experimental limi-
tations occur: (i) the available linear amplifiers limit the
sensitivity35; (ii) conversion volumes are smaller since
the normal modes resonant frequencies are inversely pro-
portional to the cavity radius; and (iii) the anomalous
skin e↵ect reduces the quality factor of copper cavities
at high frequencies. Solutions to the first two issues are
proposed for instance in 36 and 37, respectively.

The optimum value of quality factor for haloscopes is
⇠ 106, as estimated by the coherence time of DM ax-
ions 38. A 10GHz copper cavity, cooled at cryogenic tem-
perature, barely reaches Q <⇠ 105, a value that rapidly
decreases with increasing frequency. In the first phase of
the experiment QUAX-a�29, a solution to this problem
has already been studied: a special type of hybrid super-
conducting cavity has been realized capable of operating
inside a magnetic field with Q0 in excess of 105 for fre-
quencies about 10 GHz. In this paper we show that an-
other viable possibility is the use of dielectric resonators,
i.e. cavities in which a low-loss material with high di-
electric coe�cient is inserted to shape and concentrate
the mode, reducing the dissipation on the cavity walls
and consequently increasing the quality factor. These
type of cavities are normally referred to as photonic cavi-
ties. This work as been conducted within the experiment
QUAX-a�.

II. DESIGN AND REALIZATION

Inspired by previous works39–41, we designed a novel
type of distributed Bragg reflector resonator working on
the TM010-like mode at about 13.5 GHz. The choice
of the frequency was mainly given by the possibility of
incorporating the resonator in the detection chain de-
veloped for the QUAX experiment to search for dark
matter axions42. The main idea was to design a pseudo-
cylindrical cavity realizing an interference pattern to con-
fine the TM010 through long dielectric rods placed par-
allel to the cavity axis. These types of cavities are
also known as photonic band gap cavities43,44. The di-
electrics, commercially available, were in the form of long
sapphire cylinders of 2 mm diameter. Sapphire was cho-
sen for its very low loss-tangent, going from about 10�5,

at room temperature, down to a fraction of 10�7 at cryo-
genic temperatures45.

FIG. 1. Final design of the cavity with its relevant dimensions.

We did the electromagnetic calculations using the code
ANSYS Electronics46. Because of cylindrical symmetry
we simulated only one quarter of the structure with per-
fect magnetic boundary conditions. The final designed
cavity with relevant dimensions is given in Figure 1. In
the cavity 36 sapphire rods of 2 mm diameter are posi-
tioned with the pattern shown in figure while the distance
between the rods was chosen to have the resonant fre-
quency of the confined mode TM010 at around 13.5 GHz.
The number of rods was chosen to have enough attenua-
tion of the electromagnetic field toward the cavity outer
wall. Since the sapphire dielectric constant varies in a
wide range depending on the crystal orientations, impu-
rities and temperature, in the simulations we have consid-
ered a sapphire dielectric constant equal to 11.1 and a loss
tangent at cryogenic temperature of 10�7 (See 45). The
copper surface resistance was set to about 5.5 m⌦ as ex-
pected in the anomalous regime at this frequency47. The
two conical end plates were designed in order to reduce
their loss contribution to a negligible level. In particu-
lar, as already implemented and illustrated in ref.29,30,
the length of the conical shapes is such as to permit a
su�cient attenuation of the electromagnetic field at the
end plates. To excite and detect the resonant modes, two
coaxial antennas were inserted at the end of the cones.
The magnitude of the electric field of the first two TM

resonant modes, TM010 and TM011, is given in Figure 2.
The first mode is expected to have a quality factor of
about 3 ⇥ 105 at liquid Helium temperature, essentially
limited by the losses on the cavity walls and endplates.
Figure 3 shows the simulated transmission coe�cient be-
tween the two coupled antennas whose peaks correspond
to the resonant modes TM010 and TM011, respectively.
In the plot is also visible one spurious peak correspond-
ing to a mode configuration weakly coupled to the coaxial
antennas.
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x Large lobes have a higher maximum linear resonant frequency. Before biasing, 
the JPC should be swept through a few different lobes to ensure a large lobe has 
been found.  

x The resonant frequency of either mode of the JPC depends on the absolute 
magnetic field it is exposed to. Thus there may be a difference in the measured 
resonance frequency and what is reported on the included flux sweeps for any 
particular bias current. Always use the measured value of the resonant 
frequency of the JPC instead of relying exclusively on the provided flux sweeps.  

x Note that a third (common) mode exists between single and idler, and may also 
be visible when looking at the signal and idler modes. Do not use this mode for 
amplification. 

x Best performance will be found on the large lobes closest to zero applied bias 
current, but all large lobes can be used for amplification.  

x For details on how to measure a flux sweep see the troubleshooting and FAQ 
section.  

6. Once a large lobe has been found, tune resonator so the resonant frequency of the 
mode matches the desired amplification frequency. Please note the frequency range 
over which the JPC amplifies is smaller than the range the linear frequency tunes. 

Tuning Procedure 
 

Quantum Circuits, Inc.       www.quantumcircuits.com        support@quantumcircuits.com        16 
 

 
 
The large lobes are symmetric, and either the left or the right side can be used for 
amplification. Only the left side is highlighted above for simplicity. 
 

7. Next, the frequency of the other mode must be determined. This can be done one of 
three ways: 
 

a. If both resonators can be directly accessed, measure the phase response directly 
by looking at the reflected phase response of the other mode.  

OR 

b. If the other resonator is terminated, use the provided flux maps: 
 

i. 

 
 

 
 
 
 
Measure the 
frequency of the 
visible resonator 
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FIG. 5. Bead pulling results (see text).

at -0.04 dB, resonance frequency fTM010 = 13 468 MHz,
linewidth �fTM010 = 76 kHz, unloaded quality factor
Q0,TM010 = 173 000.

During the cooling phase, due to the changes in the di-
mensions of the cavity, the cavity modes change their fre-
quency accordingly. Moreover, probably due to changes
in the relative positions of the sapphire rods, new modes
show up and interfere with the main modes, thus mak-
ing the identification of the modes at low temperature
di�cult. For this reason, during the cooling the drift of
the principal modes was constantly followed by taking
continuos S12 spectra.

FIG. 6. S12 Spectra at room (red curve) and cryogenic

(black curve) temperature (T = 5.5 K).

Figure 6 show the S12 spectra for room temperature
and liquid helium temperature measurements. On the
spectra the identified modes have been labelled. It has to

be noted that the number and position of the unwanted
modes are di↵erent for di↵erent cooling process. We are
now working to make this phenomena reproducible.
To get a correct value of the quality factor, a zoomed

spectra of the TM010 mode has been measured. This
is then fitted with a Lorentzian line shape. Results are
showed in figure 7. It can be seen that this mode is not
anymore clear but another mode is interfering with it,
thus reducing the quality factor to a lower value than
the one expected from simulations.

FIG. 7. Measured S12 spectra (black dots) of the TM010

mode at liquid Helium temperature, superimposed with a fit

(blue line) made with a Lorentzian function.

Table I summarizes the main results obtained.

TABLE I. Results of the measurements on the cavity.

System Cavity Temperature TM010 Q0 TM011 Q0

Room T 298 K 173 000 94 000

Liquid He 5.5 K 290 000 520 000

IV. CONCLUSIONS

In this paper we have presented a novel type of cav-
ity suitable to be operated in a strong magnetic field.
These cavities are ideal devices in the search for dark
matter axions, where normal conducting ones are nor-
mally used. With the photonic cavity, an order of mag-
nitude improvement of the quality factor is expected,
while keeping the same detection volume. In fact, a
cylindrical cavity working at the same frequency would
have a cross section of about 17 mm diameter, corre-
sponding to an area of 2.3 ⇥ 10�4 m2. Taking the same
length of our photonic cavity, the e↵ective volume is
V

Cu
e↵ = CmnlV = 0.69 ⇥ 3.4 ⇥ 10�5 = 2.5 ⇥ 10�5 m3,

to be compared with the value V Sa
e↵ = 2.3 ·10�5 m3 given

in Section II. This shows that the two cavities are equiva-
lent for the purpose of axion searches. It is then possible

Photonic cavity, bead pulling
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microwave electric field Emnl and the static magnetic
field B

Cmnl =

⇥R
V dVEmnl ·B

⇤2

V B2
R
V dV ✏rE

2
mnl

(2)

A typical cavity geometry is of cylindrical type, which
easily fits inside a superconducting solenoid providing a
strong magnetic field. The cavity mode TM010 exhibits
the largest coupling C010 = 0.69. This mode corresponds
to a field distribution with maximum value of the electric
field along the cavity axis.

The axion mass range studied by haloscopes up to
now is limited to few µeV. Exploring larger ranges at
higher values requires the excitation of modes with fre-
quency above a few GHz where several experimental limi-
tations occur: (i) the available linear amplifiers limit the
sensitivity35; (ii) conversion volumes are smaller since
the normal modes resonant frequencies are inversely pro-
portional to the cavity radius; and (iii) the anomalous
skin e↵ect reduces the quality factor of copper cavities
at high frequencies. Solutions to the first two issues are
proposed for instance in 36 and 37, respectively.

The optimum value of quality factor for haloscopes is
⇠ 106, as estimated by the coherence time of DM ax-
ions 38. A 10GHz copper cavity, cooled at cryogenic tem-
perature, barely reaches Q <⇠ 105, a value that rapidly
decreases with increasing frequency. In the first phase of
the experiment QUAX-a�29, a solution to this problem
has already been studied: a special type of hybrid super-
conducting cavity has been realized capable of operating
inside a magnetic field with Q0 in excess of 105 for fre-
quencies about 10 GHz. In this paper we show that an-
other viable possibility is the use of dielectric resonators,
i.e. cavities in which a low-loss material with high di-
electric coe�cient is inserted to shape and concentrate
the mode, reducing the dissipation on the cavity walls
and consequently increasing the quality factor. These
type of cavities are normally referred to as photonic cavi-
ties. This work as been conducted within the experiment
QUAX-a�.

II. DESIGN AND REALIZATION

Inspired by previous works39–41, we designed a novel
type of distributed Bragg reflector resonator working on
the TM010-like mode at about 13.5 GHz. The choice
of the frequency was mainly given by the possibility of
incorporating the resonator in the detection chain de-
veloped for the QUAX experiment to search for dark
matter axions42. The main idea was to design a pseudo-
cylindrical cavity realizing an interference pattern to con-
fine the TM010 through long dielectric rods placed par-
allel to the cavity axis. These types of cavities are
also known as photonic band gap cavities43,44. The di-
electrics, commercially available, were in the form of long
sapphire cylinders of 2 mm diameter. Sapphire was cho-
sen for its very low loss-tangent, going from about 10�5,

at room temperature, down to a fraction of 10�7 at cryo-
genic temperatures45.

FIG. 1. Final design of the cavity with its relevant dimensions.

We did the electromagnetic calculations using the code
ANSYS Electronics46. Because of cylindrical symmetry
we simulated only one quarter of the structure with per-
fect magnetic boundary conditions. The final designed
cavity with relevant dimensions is given in Figure 1. In
the cavity 36 sapphire rods of 2 mm diameter are posi-
tioned with the pattern shown in figure while the distance
between the rods was chosen to have the resonant fre-
quency of the confined mode TM010 at around 13.5 GHz.
The number of rods was chosen to have enough attenua-
tion of the electromagnetic field toward the cavity outer
wall. Since the sapphire dielectric constant varies in a
wide range depending on the crystal orientations, impu-
rities and temperature, in the simulations we have consid-
ered a sapphire dielectric constant equal to 11.1 and a loss
tangent at cryogenic temperature of 10�7 (See 45). The
copper surface resistance was set to about 5.5 m⌦ as ex-
pected in the anomalous regime at this frequency47. The
two conical end plates were designed in order to reduce
their loss contribution to a negligible level. In particu-
lar, as already implemented and illustrated in ref.29,30,
the length of the conical shapes is such as to permit a
su�cient attenuation of the electromagnetic field at the
end plates. To excite and detect the resonant modes, two
coaxial antennas were inserted at the end of the cones.
The magnitude of the electric field of the first two TM

resonant modes, TM010 and TM011, is given in Figure 2.
The first mode is expected to have a quality factor of
about 3 ⇥ 105 at liquid Helium temperature, essentially
limited by the losses on the cavity walls and endplates.
Figure 3 shows the simulated transmission coe�cient be-
tween the two coupled antennas whose peaks correspond
to the resonant modes TM010 and TM011, respectively.
In the plot is also visible one spurious peak correspond-
ing to a mode configuration weakly coupled to the coaxial
antennas.
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FIG. 2. Magnitude of the electric field of the first two TM

resonant modes: TM010 (a) and TM011 (b).

By using the simulations it is easy to calculate the
e↵ective volume of the system, essential to deduce the
axion signal. We got Cmnl ⇥ V = 0.024 ⇥ 9.5 ⇥ 10�4 =
V

Sa
e↵ = 2.3 · 10�5 m3.

TM010
TM011

FIG. 3. Simulated transmission coe�cient between the two

coupled antennas. The peaks correspond to the resonant

modes TM010 and TM011.

To realize the cavity two pieces of oxygen free high
purity copper were machined to form two separate iden-
tical halves of the cavity. The inner surfaces were elec-
tro polished to reduce surface roughness. The two parts
can then be joined together to form a closed cylinder,
tightness is guaranteed by twelve M4 steel bolts. Bolts
have been chosen of non magnetic iron (AISI 304). Be-
fore closing the cavity, the 36 sapphire rods are mounted.
For each of them a 2.1 mm diameter hole is present on
each ends of the two cavity halves. Excluding the two
most central ones, all sapphire rods are kept in place by
teflon screws provided with copper berillium springs at
their ends. The use of the springs is necessary to avoid
breaking of the rods when cooling the system to cryogenic
temperatures and, at the same time, keeping a constant
force on the rods to avoid unwanted displacements. Fig-
ure 4 shows the two halves of the cavity, complete of
sapphire rods and teflon screws.

FIG. 4. Photograph of the cavity opened in two halves.

III. MEASUREMENTS

The first measurement of the cavity is the identification
of the principal modes. This has been performed, at room
temperature, by using the standard bead pulling method,
where a small dissipative sphere is moved along the cav-
ity axis while the quality factor and frequency of selected
modes are monitored. These parameters are obtained
by measuring the S12 power transmission spectrum us-
ing a Vector Network Analyser (VNA), connected to in-
put/output ports on the cavity. Since the standard an-
tennas are located on the cavity axis, two other holes were
drilled just slightly o↵ axis to be used as input/output
ports, while the standard antenna holes where used as
passages for a thin wire holding the bead. In figure 5 the
results of these measurements are shown. The TM010
mode is identified with a single maximum for both qual-
ity factor and frequency shift with respect to a scan of
the entire cavity length with the bead. The TM011 shows
two maxima. The measured frequency for the two modes
were also compatible with the calculated ones, thus per-
mitting a clear identification of the modes. During this
measurements care was taken to have both I/O ports
with small coupling, so that no correction has to be taken
into account due to the antennas.
Once the modes were identified, antennas have been

mounted in the standard central holes along the cavity
axis. The length of the dipole antennas has been cho-
sen in such a way to have minimum coupling, but still
measurable with the VNA, so that the quality factor di-
rectly measured by the VNA practically coincides with
the cavity unloaded Q0.
The cavity has been placed inside a vacuum chamber

designed to allow operation inside cryogenic dewars. The
vacuum chamber is equipped with two rf feedthroughs
and a thermometer measures the temperature of the cav-
ity.
Measurements have been performed at room tempera-

ture, liquid nitrogen and liquid helium temperature. Be-
fore cooling, the vacuum chamber is filled with about
10 mbar of helium to speed up the cooling process of
the cavity. Low temperature rf measurements have been
performed when the cavity temperature have reached a
stationary value.
The starting point, with the cavity at room tempera-

ture, is as follows: mode TM010: both antennas coupled
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tro polished to reduce surface roughness. The two parts
can then be joined together to form a closed cylinder,
tightness is guaranteed by twelve M4 steel bolts. Bolts
have been chosen of non magnetic iron (AISI 304). Be-
fore closing the cavity, the 36 sapphire rods are mounted.
For each of them a 2.1 mm diameter hole is present on
each ends of the two cavity halves. Excluding the two
most central ones, all sapphire rods are kept in place by
teflon screws provided with copper berillium springs at
their ends. The use of the springs is necessary to avoid
breaking of the rods when cooling the system to cryogenic
temperatures and, at the same time, keeping a constant
force on the rods to avoid unwanted displacements. Fig-
ure 4 shows the two halves of the cavity, complete of
sapphire rods and teflon screws.

FIG. 4. Photograph of the cavity opened in two halves.

III. MEASUREMENTS

The first measurement of the cavity is the identification
of the principal modes. This has been performed, at room
temperature, by using the standard bead pulling method,
where a small dissipative sphere is moved along the cav-
ity axis while the quality factor and frequency of selected
modes are monitored. These parameters are obtained
by measuring the S12 power transmission spectrum us-
ing a Vector Network Analyser (VNA), connected to in-
put/output ports on the cavity. Since the standard an-
tennas are located on the cavity axis, two other holes were
drilled just slightly o↵ axis to be used as input/output
ports, while the standard antenna holes where used as
passages for a thin wire holding the bead. In figure 5 the
results of these measurements are shown. The TM010
mode is identified with a single maximum for both qual-
ity factor and frequency shift with respect to a scan of
the entire cavity length with the bead. The TM011 shows
two maxima. The measured frequency for the two modes
were also compatible with the calculated ones, thus per-
mitting a clear identification of the modes. During this
measurements care was taken to have both I/O ports
with small coupling, so that no correction has to be taken
into account due to the antennas.
Once the modes were identified, antennas have been

mounted in the standard central holes along the cavity
axis. The length of the dipole antennas has been cho-
sen in such a way to have minimum coupling, but still
measurable with the VNA, so that the quality factor di-
rectly measured by the VNA practically coincides with
the cavity unloaded Q0.
The cavity has been placed inside a vacuum chamber

designed to allow operation inside cryogenic dewars. The
vacuum chamber is equipped with two rf feedthroughs
and a thermometer measures the temperature of the cav-
ity.
Measurements have been performed at room tempera-

ture, liquid nitrogen and liquid helium temperature. Be-
fore cooling, the vacuum chamber is filled with about
10 mbar of helium to speed up the cooling process of
the cavity. Low temperature rf measurements have been
performed when the cavity temperature have reached a
stationary value.
The starting point, with the cavity at room tempera-

ture, is as follows: mode TM010: both antennas coupled
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FIG. 5. Bead pulling results (see text).

at -0.04 dB, resonance frequency fTM010 = 13 468 MHz,
linewidth �fTM010 = 76 kHz, unloaded quality factor
Q0,TM010 = 173 000.

During the cooling phase, due to the changes in the di-
mensions of the cavity, the cavity modes change their fre-
quency accordingly. Moreover, probably due to changes
in the relative positions of the sapphire rods, new modes
show up and interfere with the main modes, thus mak-
ing the identification of the modes at low temperature
di�cult. For this reason, during the cooling the drift of
the principal modes was constantly followed by taking
continuos S12 spectra.

FIG. 6. S12 Spectra at room (red curve) and cryogenic

(black curve) temperature (T = 5.5 K).

Figure 6 show the S12 spectra for room temperature
and liquid helium temperature measurements. On the
spectra the identified modes have been labelled. It has to

be noted that the number and position of the unwanted
modes are di↵erent for di↵erent cooling process. We are
now working to make this phenomena reproducible.
To get a correct value of the quality factor, a zoomed

spectra of the TM010 mode has been measured. This
is then fitted with a Lorentzian line shape. Results are
showed in figure 7. It can be seen that this mode is not
anymore clear but another mode is interfering with it,
thus reducing the quality factor to a lower value than
the one expected from simulations.

FIG. 7. Measured S12 spectra (black dots) of the TM010

mode at liquid Helium temperature, superimposed with a fit

(blue line) made with a Lorentzian function.

Table I summarizes the main results obtained.

TABLE I. Results of the measurements on the cavity.

System Cavity Temperature TM010 Q0 TM011 Q0

Room T 298 K 173 000 94 000

Liquid He 5.5 K 290 000 520 000

IV. CONCLUSIONS

In this paper we have presented a novel type of cav-
ity suitable to be operated in a strong magnetic field.
These cavities are ideal devices in the search for dark
matter axions, where normal conducting ones are nor-
mally used. With the photonic cavity, an order of mag-
nitude improvement of the quality factor is expected,
while keeping the same detection volume. In fact, a
cylindrical cavity working at the same frequency would
have a cross section of about 17 mm diameter, corre-
sponding to an area of 2.3 ⇥ 10�4 m2. Taking the same
length of our photonic cavity, the e↵ective volume is
V

Cu
e↵ = CmnlV = 0.69 ⇥ 3.4 ⇥ 10�5 = 2.5 ⇥ 10�5 m3,

to be compared with the value V Sa
e↵ = 2.3 ·10�5 m3 given

in Section II. This shows that the two cavities are equiva-
lent for the purpose of axion searches. It is then possible


