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Useful formulas and constants

Bohr magneton µB � e~
2me

� 9.27 � 10�24 J T�1

Gyromagnetic ratio γe � ge{p2mq � geµB{~ � 1.76 � 1011 rad s�1 T�1

Larmor frequency ωL � γeB0

1 Motivations

It is a remarkable results of the study of the cosmo that a significant fraction of the universe is made
of dark matter. The nature of such component is however still unknown. A possible candidate is
the axion: a particle introduced by Peccei and Quinn [1] to solve the strong CP problem, i.e. the
absence of CP violation in the strong interaction.

Low mass axions (masses in the range from µeV to meV) may have been produced in the early
universe in quantities to account for a large portion of the cold dark matter forming galactic halos.
Axions have extremely small coupling to normal matter and radiation, but may be converted into
detectable photons using the inverse Primakoff effect as showed by Sikivie [2].

The idea of Sikivie has been exploited by the american experiment ADMX [3]. This experiment is
still running, and for the moment it has been capable of exploring the axion model for masses of a
few µeV.

In this proposal we are following the ideas of Krauss [4, 5], Barbieri et al [6], and Kolokolov and
Vorobyev [7]. They proposed to study the interaction of the axion with the spin of the fermions.
Due to the motion of the Solar System through the galactic halo, we are effectively moving through
the cold dark matter cloud. A magnetized material will see the axions forming the galactic halo as
a wind, which will act as an effective magnetic field. The frequency of this field is determined by the
mass of the axion, and its strength is related to the axion coupling constant. A possible detector
for this axion wind is then a magnetized sample (for example a ferrimagnet like Yttrium Iron
Garnet - YIG), where its ferromagnetic resonance is tuned to the axion mass by using an external
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magnetizing field (e.g. 0.6 T for 17 GHz, corresponding to a 70 µeV axion mass). The interaction
of the sample with the axion effective field will drive the sample total magnetization thus producing
a radio frequency signal to be detected. In order to optimized the detection, the sample is placed
inside a microwave cavity. The magnetized sample has to be kept at ultra - cryogenic temperature
to avoid the noise due to the thermal photon bath. The experiment QUAX (QUaerere AXion)
will try to exploit this detection scheme, starting at a precise value of the axion mass (around 70
µeV). The idea is to build a prototype detector to study its sensitivity and technical noises, and
demonstrate the possibility to reach the signal level corresponding to the axion coupling constant
as predicted by the theoretical model. This will show if the apparatus can be scaled up for a search
in a wider mass range up to a few hundreds of µeV.

2 Theoretical introduction

We start from the Lagrangian which describes the interaction of 1/2 spin particle with the axion
field

L � ψ̄pxqpi~Cx �mcqψpxq � apxqψ̄pxqpgs � igpγ5qψpxq (1)

where ψ and a are the spinor field of the fermion with mass m and the axion field, respectively.
Here a acts as an external field with dimensions of momentum, with gs, gp as coupling constants.

The Euler-Lagrange equation reads:pi~γ � Bx �mcqψpxq � apxqpgs � igpγ5qψpxq (2)

i.e.: �
i~ B

cBt �mc i~~σ � ~∇�i~~σ � ~∇ �i~ B
cBt �mc

�
ψpxq � apxq� gs igp

igp gs



ψpxq (3)

We now take the non relativistic limit in these equations (cf. Landau Vol. 4 par. 33). If we express
ψ in the form

ψ � �
ϕ

ξ



eimc2t{~ (4)

and we substitute this expression for ψ in equation (3), we get

i~
Bϕ
cBt � gsaϕ� ��i~~σ � ~∇� igpa

	
ξ (5)

i~
Bξ
cBt � ��i~~σ � ~∇� igpa

	
ϕ� p2mc� gsaq ξ . (6)

In the non relativistic approximation we have p2mc � gsa� i~ B
cBt qξ � 2mcξ, hence

i~
Bϕ
cBt � ��~

2∇2

2m
� gsca� i

gp

2m
~σ � p�i~~∇aq�ϕ (7)

This equation has the form of the usual Schroedinger equation H � T � V , with T � �~2∇2

2m
and

V � gsca� i gp2m
~σ � p�i~~∇aq. The interaction term has the form of a spin - magnetic field interaction

with ~∇a playing the role of an effective magnetic field.
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We now discuss some properties of the axion field apxq. First, as gs � θgp with θ � 10�9, we can
safely neglect the scalar coupling. In this case apxq couples to fermions as a pseudoscalar field (so,
~∇a is a pseudoscalar and ~σ � ~∇a a true scalar coupling). The field describes the cosmological axion
background if the following conditions are fulfilled:

• the expected cosmic axion density ρ � 300 MeV/cm3. As the axion mass should be in the
range 10�6eV   ma   10�2eV, which represents a very high density;

• axion velocities are distributed according to Maxwell distribution (non relativistic Bose dis-
tribution):

ρp|~p|q � p?πp0q�3 expp�|~p|2{p20q (8)

where p0 � mavg, being vg the dispersion velocity in the Galaxy.

• Due to Galaxy rotation, the rest frame laboratory is moving through the local axion cloud in
such a form that the observed momentum distribution is ρp~p � ~psq, where ~ps � ma~vd , with
~vd � 270 km/s, the velocity of the sun through the Galaxy.

It is worth noticing that the De Broglie wavelength of an axion with ma � 10�4 eV is

λd � h

ps
� 1.24 eV µm

0.9 � 10�3ma
� 13.8 m (9)

therefore λd is much greater than the typical length associated to the motion of the spin system.
This fact, and the high density of axions, allow us to treat apxq as a classical field that interacts
coherently with matter. Thus, we can describe it as a radiation field of the form

apxq � a0 exp

��ip0ct� ~ps � ~x
~



(10)

with p0 �b
m2

ac
4 � ~ps

2c2 � mac
2 � |~ps|2{2ma.

The momentum transported by this field is:

P i � »
d3xT 0i � 1

~

»
d3xa�,0a,i � »

d3xa20
1

~3c
p0p1s (11)

On the other hand, we can take d3 ~P
dx3 � ρa   ~p ¡� ρa~ps, where ρa is the number of axion per unit

volume, and so the axion amplitude reads

a0 �d
ρa~3c

p0
�d

ρa~3

mac
(12)

Finally, the properly normalized axion field is given by:

apxq �d
ρa~3

mac
exp

��ip0ct� ~ps � ~x
~



(13)
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This produces an effective magnetic field:

~∇pRe apxqq �d
ρa~3

mac

~ps

~
sin

�
p0ct� ~ps � ~x

~



(14)

where we have taken the real part of the quantum field.

In terms of the axion mass ma expressed in units of eV, the pseudoscalar coupling, the amplitude
of the axion field, and the other relevant parameters are given as follows:

me � 0.5MeV � 9.11 � 10�28 Kg

mπ � 135MeV

fπ � 93MeV

gp � mema

mπfπ
� 4.07 � 10�11ma

ρa � 300 m�1
a

MeV

cm3

a0 � d
ρa~3

mac
� 8.107 � 10�26

ma
g cm s�1

ps � mavsun � 5.34 � 10�26ma g cm s�1

To calculate the value of the equivalent magnetic field, we compare the energy of interaction of a
possible dark matter axion flux with an electron (s=1/2)

Ea � ~

2

gp

2me

ps

~
a0 � 8 � 10�46

� ma

10�4 eV

	
(15)

with the energy of the same electron into the effective magnetic field Ba

Ea � gL
µB

~

1

4
Ba (16)

where µB is the Bohr magneton and gL is the Landè factor for the electron. Having γ � gL
e

2me
the

gyromagnetic ratio for the electron, we get:

Ba � 1

γ

gp

me

d
ρa~3

mac

ps

~
� 9.2 � 10�23

� ma

10�4 eV

	
(17)

3 Searchable effects

In the previous section we have shown that the effect of a cosmological axion wind is equivalent to
a magnetic field with an amplitude given by (DFSZ axion model):

Bapmaq � 9.2 � 10�23

� ma

10�4eV

	� vsun

270 km s�1



T (18)
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such a field is periodic and the corresponding frequency is determined by the axion mass. In fact,
the axion mass determines the energy exchange and so the frequency of the equivalent magnetic
field

ωa

2π
� mac

2

h
� 2.4 � 1010 � ma

10�4eV

	
Hz (19)

The range of masses which are of interest for the axion is from 10�5 eV to 10�3 eV, i.e. the
microwave frequency range from 2.4 GHz to 240 GHz. However, the amplitude of the field is better
parametrized with respect to the axion electron coupling constant gp � gaee (adimensional):

gp � gaee � mema

mπfπ
� 2π

megaγγ

1.5α
pDFSZ Axionq (20)

Bapgaeeq � 9.2 � 10�23

� gaee

4.07 � 10�15

	� vsun

270 km s�1



T (21)

where we have chosen as a reference value for the coupling the one corresponding to 0.1 meV mass.

Figure 1: Limits on the axion electron coupling and effective magnetic field

4 Ferromagnetic resonance detection

A way to detect the small magnetic field induced by the axion wind would be to try to measure
the RF field produced by the electron in a magnetized media subjected to the axion effective field.
The magnetized media, either a paramagnetic or a ferrimagnet sample, is placed in a polarizing
static magnetic field B0, which then define the Larmor frequency ωL of the sample. If the mass of
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the axion corresponds to the frequency ωL, then its energy can be absorbed into the spin system.
This energy will be released in the form of a radiofrequency field with a power spectral density
described by the Larmor transition.

We will try to calculate the sensitivity from a general model of the ac susceptibility χpωq � χ1� iχ2
for the YIG. The model are based on Bloembergen [12] and English et al. [13]. Same calculations
can also be found on the Slichter [14].

The axion has a very long wavelength (meters for 10�4 eV) and will interact with the complete
spin system and excite the uniform mode. In this case the YIG behaves in the same way as a
paramagnetic system and we do not have to consider the spin wave modes.

We consider the following parameters for the YIG (from www.ferrite-domen.com):

1. available diameter 1.1 mm, largest size depends on the necessary field homogeneity

2. linewidth 0.4 Oe (i.e. relaxation time � 0.14 µs). Longer time can be achieved at low
temperature [15], up to 1 µs [16].

3. Saturation magnetization 1750 Gauss (This is actually the room temperature value).

4. We are assuming that the YIG can be biased with a suitable H to resonate at 24 GHz. This
depends, we think, on the anisotropy field. (This has to be verified).

If we assume all spins are driven by the external axion field directed along x, and the magnetization
is along z given by the static field B0, we can calculate the power emitted by the variable dipole
moment as:

Papωq � ω2

12πc3
p 9mq2 (22)

where classically m is the transverse component of the magnetization induced in the collective
magnetic moment due to the axion field Ba that is transverse to the polarising field. In SI units
this is

m �MV � χHxV � χ
Ba

µ0
V (23)

In order for us to have a signal in the units of power, the correct expression for the radiated power
must be

Papωq � µ0

4π

ω4

3c3

����χBa

µ0
V

����2 (24)

The susceptibility χ � χ1 � iχ2 can be calculated from the model derived by English [13]:

χ1 � γM0

τ2pω0 � ωq
1� τ2pω � ω0q2 (25)

χ2 � γM0

τ

1� τ2pω � ω0q2 (26)
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where M0 is the saturation magnetization, τ is the relaxation time, and ω0 is the ferromagnetic
resonance frequency (Larmor). Moreover, for |χ| we have:|χ| � γM0τa

1� τ2pω � ω0q2 (27)

and substituting into Equation (24) we have:

Papωq � ω2

12πc3
p 9mq2 � 1

4π

ω4

3c3
B2

aV
2

µ0

γ2M2
0 τ

2

1� τ2pω � ω0q2 pWattq (28)

Let’s now calculate this function using the following values: M0 � 0.175 T; τ � 1µs; axion field
given by equation (18) and therefore a signal frequency of 24 GHz. The result is shown in figure 2.

2.39998´ 1010 2.40000´ 1010 2.40002´ 1010 2.40004´ 1010
Frequency-Hz

5.´ 10-21

1.´ 10-20

1.5´ 10-20

2.´ 10-20

2.5´ 10-20

3.´ 10-20

Power-Watt

Figure 2: Expected signal expressed in W vs detection frequency in Hz, for an axion of mass
ma � 10�4 eV with a volume of 10�4 m3 of YIG. (M0 � 0.175 T; τ � 1µs)

In order to check that this is a measurable signal let’s now calculate the intrinsic noise. This can
be calculated from the imaginary part of the susceptibility by using the Fluctuation-Dissipation
theorem. The power spectral density M2

npνq of the magnetization noise Mn is then given by:

M
2
npνqµ0V � χ2~ coth� ~ω

2kBT



(29)

In terms of magnetization, the signal is:

M2
s pνq � χ2B

2
a

µ2
0

(30)

7



and the square of the signal to noise ratio for bandwidth ∆ν results:

SNR2 � M2
s pνq

M2
npνq 1

∆ν
� γM0τB

2
aV

2µ0~ coth
�

~ω
2kBT

	 1

∆ν
(31)

This is frequency independent in the limit ~ω ¡¡ 2kBT . This formula compares the fluctuations in
the magnetization (magnetic moment per unit volume) in a given material with the magnetization
signal that we can expect to be induced by the axion, independent of the exact details of how we
go about measuring the effects of the induced magnetization. It is somehow a general statement.
The resulting value with the parameters used for figure 2 is:

SNR2 � 0.94 � 10�4 tmeas (32)

where tmeas is the measuring time. For a signal to noise ratio of 1 we need a measuring time of
10 000 s.

5 Experimental apparatus

We will now describe a first prototype of an experimental apparatus whose aim is to verify the
feasibility of the proposed schemes. In particular we will focus on the detection scheme III, i.e. the
ferromagnetic resonance detector. In this scheme a sample of ferrimagnetic material of volume V is
placed inside a magnetizing field B0, which determines the frequency of the ferromagnetic resonance
through the usual relation giving the Larmor frequency: ω0 � γeB0, where γe is the gyromagnetic
ratio of the electron. Due to the interaction with the axion wind, characterized by an effective
magnetic field Ba, the ferromagnetic resonance of the material is excited and this results in the
generation of a radio frequency signal which can be measured. In order to cope with homogeneous
numbers we will choose a searchable frequency νS � ω0{2π that will be used from now on

νS � 17 GHz (33)

which corresponds to the following axion mass and magnetizing external field respectively

mapνSq � 7.1 � 10�5 eV (34)

B0 � 0.607 T (35)

The reason for such a choice will be clear subsequently. It has mainly to do with the available
devices in our laboratory, or in the possibility of obtaining very low noise amplifiers. The first
objective of the present project is to realize an apparatus whose sensitivity could reach the axion
model in a thin but as much wide as possible mass window centered at mapνSq. This would clarify
whether the noise estimation given here are realistic and will open the possibility of a scaling of
the apparatus with the goal of a wider mass window exploration.

With such a choice the axion equivalent field is then:

Bapgaeeq � 6.5 � 10�23

� gaee

2.89 � 10�15

	� vsun

270 km s�1



T (36)� 6.5 � 10�23

�
gaγγ

9.8 � 10�15GeV�1


�
vsun

270 km s�1



T (37)
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Some key point for the proposed apparatus are the following:

• The magnetizing field B0 must be uniform within the sample volume. In particular, given
the width ∆ω0 of the ferromagnetic resonance, field variations ∆B0 must be

∆B0

B0

  ∆ω0

ω0

(38)

• To have the largest possible signal one needs the sharpest ferromagnetic resonance. In addi-
tion, to limit inhomogeneous broadening the sample has to have a spherical shape with the
minimum possible surface roughness. Minimum values for the ferromagnetic linewidth has
been achieved with YIG in the form of superpolished spheres. The width value, measured in
equivalent magnetic field, is ∆BL= 0.3 Gauss = 3� 10�5 T. The requested value of relative
field inhomogeneity at νS is then ∆B0

B0
  5� 10�5.

• Geometries different from a sphere can be used if we shape the magnetizing field. Or, we
can for example have a cilindrical sample and use only its central volume, neglecting the part
around its bases.

• While the SNR for intrinsic noise is frequency independent, in the presence of a detector with
white noise the SNR will then be peaked around the signal central frequency νS . The width
of this peak is proportional to the inverse of the relaxation time. It is then clear that the
relaxation time is playing opposite roles: it must be long to increase the signal, it must be
short to increase the bandwidth and to relax the request on field inhomogeneity. Since our
first results is to demonstrate the feasibility of reaching the axion model, we will look for the
largest signal and so for a longer relaxation time.

• The experiment has to be conducted at cryogenic temperature to avoid contribution of the
thermal photon background. Only contribution of the vacuum photons is expected. For the
chosen frequency the quantum regime is reached when the temperature Ts of the spin bath
satisfies

kBTs    hνS ; Ts    hνS

kB
� 0.8 K (39)

• The sample will be placed inside a resonant microwave cavity with resonance frequency equal
to the Larmor frequency. The presence of the cavity will influence the behaviour of the
ferromagnetic transition of the sample. In fact, when the spin transition is excited by the
effective axion field, the decay from the upper level has to be radiative for having RF emission.
Since the sample is inside a resonant system, its radiative characteristic time is shortened by
the interaction of the external resonance [17] (Radiation damping effect) and radiative decay
is favoured.

In figure 3 a principle scheme of the apparatus is given. The spin sample is kept at ultra cryogenic
temperature by using a suitable cryogenic system. In order to avoid big volumes for the cryo-system,
the cryostat has a small diameter head which is used to hold the sample and can be more easily
placed inside the magnet which is providing the magnetizing field B0. The sample fills the empty
space of a microwave resonant cavity tuned to νS . An antenna picks up the signal from the cavity
and its output is amplified by using an ultra low noise amplifier kept at cryogenic temperature.
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Figure 3: Schematic of the proposed apparatus

The output of the amplifier can then be read at room temperature using a spectrum analyzer or
with a heterodyning scheme.

In order to use the maximum volume available within the same cavity, which is necessary to produce
coherent signals, the cavity itself is realized as a multi order resonator. A possible realization is
shown in figure 4. The external field lies along the principal axes of the microwave cavity: for the

Figure 4: Cavity scheme with multiorder mode and magnetizing external field.

chosen mode the RF field lines are in the px, yq plane of the figure at the center of the resonator.
In the particular design of figure 4 the field is along the x axes. This is the direction of maximum
sensitivity for the axion wind effective field.

Let’s now redo the calculation of the expected signal. In table 1 we summarize the characteristic
of the various components. With this value we have for the signal power the result showed in
figure 6. We can now calculate the SNR (for field amplitudes) using equation (31). We get:

SNR � 1.0 � 10�2
?
tmeas (40)
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Table 1: Parameters used in the calculation

YIG (300 K) YIG (2 K) TIG (2 K)

relaxation time 1.6 � 10�7 s 1.5� 10�6 s

saturation magnetisation 0.176 T 0.246 T 0.88 T

density

volume 10�4 m3

frequency νS 17 GHz

B0 0.607 T

Ba 6.5� 10�23 T

Figure 5: Spin-Lattice relaxation time for YIG at low temperature [15]

-300 000 -200 000 -100 000 100 000 200 000 300 000
Frequency-Hz

5.´ 10-21

1.´ 10-20

1.5´ 10-20

Power-Watt

Figure 6: RF power emitted around νS with the parameters of table 1 - YIG at 2 K.
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