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PVLAS experiment

2

� Searches for the vacuum magnetic birefringence (VMB) using 
a linear cavity and rotating magnets

� Analyzes the ellipticity of the transmitted polarization

� Able to also search for the Axion Like Particles

� Research period: 1992-2017

� Result:       Δ𝑛("#$%&'()) ≃ 12 ± 17 ×10'+, @𝐵 = 2.5 T

ØA factor of 7 worse than the QED prediction:Δ𝑛()-)= 2.5×10'+,@ 2.5 T
ØLimiting noise source: thermal birefringence noise of mirror coatings(?)A. Ejlli, F. Della Valle, U. Gastaldi et al. / Physics Reports 871 (2020) 1–74 35

Fig. 19. Schematic view and photograph of the optical bench layout of the PVLAS-FE apparatus. HWP = Half-wave plate; P = Polariser; A = Analyser;
QWP = quarter-wave plate; TR = transmission; EXT = extinction.

A general scheme of the optical setup and a photograph of the apparatus are shown in Fig. 19. A Nd:YAG laser (Innolight
Mephisto, 2 W power) emitted at � = 1064 nm. The beam first passed through a quarter-wave plate (QWP) reducing the
initial ellipticity of the laser beam. A first half-wave plate (HWP) placed before a two stage Faraday isolator allowed the
adjustment of the power being injected into the Fabry–Perot cavity. The beam then passed through a lens to match the
laser waist with the cavity waist for optimal mode matching. Two steering mirrors followed by a second HWP brought the
beam to the entrance of the vacuum system with the desired alignment and polarisation direction. Between the second
steering mirror and this second HWP a glass window allowed the sampling of the reflected power from the cavity for
phase locking the laser to the cavity via the Pound–Drever–Hall (PDH) technique. The same glass plate was also used to
sample the beam power at the Fabry–Perot input. The sidebands for the PDH locking circuit were generated directly in
the laser rather than with an external phase modulator [141,142]. An automatic locking servo-circuit allowed operation
of the apparatus with an almost unitary duty-cycle.

The second HWP together with the rotatable polariser P allowed the alignment of the light polarisation with one of
the axes of the equivalent wave plate of the cavity. The light path between the two mirrors passed through the bores of
the two dipole magnets. At the cavity output an extractable QWP was used to transform, when necessary, a polarisation
rotation into an ellipticity (and vice versa). The light then passed through the resonant photo-elastic ellipticity modulator,
PEM, (Hinds Instruments), and the analyser A, normally set to maximum extinction. The PEM was mounted on an axial
rotation mount to set its axis at 45� with respect to the polarisation direction, and on a translation stage to allow its
extraction from the beam. The modulation amplitude was typically ⌘0 ⇡ 3 ⇥ 10�3 ÷ 10�2. Both the extraordinary and
ordinary beams from the analyser A exited the vacuum enclosure: the former measured the power Ik ⇡ Iout transmitted
by the cavity, whereas the extinguished beam power, I?, contained information on the ellipticity and rotation acquired by
the light polarisation. The extinction ratio was generally � 2 . 10�7. After a narrow-band optical filter, the extinguished
beam was collected on an InGaAs low noise photodiode with gain G = 106 V/A and efficiency q = 0.7 A/W. The diode
was placed about 2 m from the analyser to reduce contamination from diffused light.

5.3. Optical bench and vibration isolation

Special care was taken to limit any magnetic forces acting on the mechanical parts of the apparatus. Although the
permanent magnets were designed following the Halbach configuration [161], which in principle cancels stray fields, a
small stray field of about 10 mT was present near their surface, rapidly decaying with distance. The rotating magnets
would then generate eddy currents and thus magnetic forces on nearby components: for this reason a granite optical
bench was chosen as a support for the optics. The bench, manufactured by Microplan, Quarona (VC), Italy, was 4.8 m
long, 1.5 m wide and 0.5 m thick for a total weight of 4 tons. A granite ‘honeycomb’ structure filled the inside of the
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Fig. 43. Above: schematic view of the baffles inserted inside the tubes. Below: looking through the tube before and after the insertion of the o-rings;
a net attenuation of the diffused light is observed.

Fig. 44. Left: ellipticity spectrum before the insertion of the o-rings inside the tubes; signals are observed at harmonics of the magnet rotation
frequency ⌫B = 5 Hz. Right: ellipticity spectrum after installation of the baffles.

Fig. 45. Correlation of measured ellipticity and tube acceleration. The spectra are obtained forcing the movement of the tube with a piezo at
⌫piezo = 7.5 Hz. In the acceleration spectrum three harmonics were observed. The three points shown correspond to the harmonics at 7.5, 15.0 and
22.5 Hz.

was further away, chosen with the same criterion, and so on. The improvement obtained could be appreciated already
by looking through the tube with the naked eye (see Fig. 43). The diameter of the blind spot grows with the number of
baffles, in principle allowing to screen the whole surface of the mirror; however, as the edges of the o-rings themselves
are reflective in grazing incidence, we never used more than 20 o-rings per tube, with blind spot dimensions of the order
of twice the waist of the laser light on the mirrors.

The effect of the installation of the o-rings was a sudden reduction of the spurious signals. The spectra reported in
Fig. 44 prove this beyond any doubt: the signal at 2⌫B disappears, being reduced by a factor of at least ten. We note that the
peak at ⌫B, which is due to a Faraday effect on the mirrors, is reduced but does not disappear, unlike the other harmonics.
The remedy we found to the problem of the spurious signals was very effective, indicating that the spurious signals are
actually generated by a modulation of the diffused light (amplitude and/or phase). The nature of this modulation was still
unclear. In the next section we will show that the movement of the tube induced ellipticity signals, thus suggesting that
the movement of the tube modulated the diffused light.

6.2.5. Magnetic forces on the tube
A piezoelectric crystal was used to induce an oscillation of the (glass) tube at 7.5 Hz in the transverse direction with

a nominal amplitude of 1 µm. The induced acceleration was measured with a three-axes accelerometer fastened at the
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Lagrangian density in QED 
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� Lagrangian density for electromagnetic fields in classical vacuum:
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In the absence of matter, free charges and currents, resulting in EP = 0, EM = 0, EJ = 0 and ⇢ = 0, the Lagrangian density
simplifies to

LCl =
1

2µ0

✓
E2

c2
� B2

◆
(13)

and one finds that ED = "0EE and EB = µ0 EH . Maxwell’s equations in vacuum then become

Er · EE = 0 Er ⇥ EE = �
@EB
@t

Er · EB = 0 Er ⇥ EB = "0µ0
@EE
@t

.

(14)

Eqs. (14) admit as solutions electromagnetic waves freely propagating in vacuum at a velocity given by

c =
1

p
"0µ0

. (15)

Due to the linear behaviour of Maxwell’s equations in vacuum, c does not depend on the presence of external fields.
In general, given a Lagrangian density L, the vectors ED and EH can also be determined through the constitutive relations

ED =
@L

@EE
EH = �

@L

@EB
(16)

and the polarisation vector EP and magnetisation EM can be written as

EP =
@L

@EE
� ✏0EE EM =

@L

@EB
+

EB
µ0

. (17)

2.2. Light-by-light interaction at low energies

This classical scenario changed drastically with the introduction of three new facts at the beginning of the 20th century:

• Einstein’s energy–mass relation E = mc2;
• Heisenberg’s uncertainty principle �E�t � h̄/2;
• Dirac’s relativistic equation of the electron admitting negative energy states today identified as anti-matter.

These three facts together allow vacuum to fluctuate changing completely the idea of vacuum and allowing for non linear
electrodynamic effects in vacuum. Today vacuum is considered as a minimum energy state. Citing from O. Halpern’s letter
(1933) [34]

.... Here purely radiation phenomena are of particular interest inasmuch as they might serve in an attempt to
formulate observed effects as consequences of hitherto unknown properties of corrected electromagnetic equations.
We are seeking, then, scattering properties of the ‘‘vacuum".

In 1935, soon after Halpern’s intuition, two of Heisenberg’s students H. Euler and B. Kockel [7] determined a relativistically,
parity-conserving effective Lagrangian density which, to second order in the invariants of the electromagnetic field tensor
Fµ⌫ (see for example Ref. [35])

F =

✓
B2

�
E2

c2

◆
and G =

EE
c

· EB, (18)

takes into account electron–positron vacuum fluctuations:

LEK = LCl +
Ae

µ0

2

4
✓
E2

c2
� B2

◆2

+ 7

 
EE
c

· EB

!2
3

5 (19)

where

Ae =
2

45µ0

h̄3

m4
e c5

↵2
= 1.32 ⇥ 10�24 T�2. (20)

This Lagrangian was derived in the approximation of low energy photons h̄! ⌧ mec2.
The effective Lagrangian density LEK leads to non linear effects even in the absence of matter thereby violating the

superposition principle, one of the building blocks of Maxwell’s theory in vacuum. Indeed by applying the Euler–Lagrange
Eqs. (8) with respect to q0 = ' one obtains

Er ·


"0EE + 4Ae

✓
E2

c2
� B2

◆
"0EE + 14"0Ae

⇣
EE · EB

⌘
EB
�

= 0 (21)
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Maxwell eqs. in 
classical vacuum

ØNo polarization nor magnetization:                , 

� In QED, vacuum has virtual electron-positron pairs
� Lagrangian density with electron-positron fluctuations:
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Vacuum in QED 
can be “polarized” 
or “magnetized”
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x
= 0 (23)

and idem for q2 and q3. These equations represent Ampère-Maxwell’s law in a medium where

µ0 EH = EB + 4Ae
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Vacuum therefore behaves as a non linear polarisable and magnetisable medium, where EP and EM are given by

EP = 4Ae

✓
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c
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Using the Lagrangian density (19) one can still describe electromagnetism in the absence of matter using Maxwell’s
equations but in the form (5): i.e. in a medium which is both magnetised and polarised by an external field due to the
presence of virtual electron–positron pairs.

A direct consequence of the non linear behaviour of Eqs. (22) and (24) is that the velocity of light now depends on the
presence of external fields in contradiction with Maxwell’s equations in classical vacuum. Given a certain configuration
of external fields, for example in which EB = µ0 µ(EE, EB) EH and ED = "0 "(EE, EB) EE, the index of refraction n is

n =
p

"µ 6= 1. (27)

To summarise, vacuum fluctuations determine the following important facts:

• in vacuum ED 6= "0EE and EB 6= µ0 EH;
• Maxwell’s equations are no longer linear and the superposition principle is violated;
• in vacuum Light-by-Light scattering can occur and the velocity of light is vlight < c in the presence of other

electromagnetic fields;
• electromagnetism in vacuum is described by Maxwell’s equations in a medium.

Detecting this manifestation of quantum vacuum fluctuations at a macroscopic level leading to a dependence of the
velocity of light on an external field has been the primary goal of the PVLAS experiment.

The effective Lagrangian density (19) was generalised in 1936 by W. Heisenberg and H. Euler [5]. They determined an
effective Lagrangian taking into account electron–positron pairs in a non perturbative expression to all orders in the field
invariants F and G in a uniform external background field. Furthermore they introduced the idea of a critical electric field

Ecr =
m2

e c3

h̄e
= 1.32 ⇥ 1018 V/m. (28)

This field corresponds to the field intensity whose work over a distance equal to the reduced Compton wavelength of the
electron amounts to the rest energy of the electron: for fields above Ecr real production of electron–positron pairs arises
in vacuum [36]. Today Ecr is known as the Schwinger critical field. One can also define a critical magnetic field Bcr as

Bcr =
m2

e c2

h̄e
= 4.4 ⇥ 109 T. (29)

Furthermore Heisenberg and Euler set the following conditions on the field derivatives

h̄
mec

|rE| ⌧ E,
h̄

mec2

����
@E
@t

���� ⌧ E (30)

h̄
mec

|rB| ⌧ B,
h̄

mec2

����
@B
@t

���� ⌧ B (31)

and asked that the field intensities were much smaller than their critical values: B ⌧ Bcr and E ⌧ Ecr.
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Using the Lagrangian density (19) one can still describe electromagnetism in the absence of matter using Maxwell’s
equations but in the form (5): i.e. in a medium which is both magnetised and polarised by an external field due to the
presence of virtual electron–positron pairs.

A direct consequence of the non linear behaviour of Eqs. (22) and (24) is that the velocity of light now depends on the
presence of external fields in contradiction with Maxwell’s equations in classical vacuum. Given a certain configuration
of external fields, for example in which EB = µ0 µ(EE, EB) EH and ED = "0 "(EE, EB) EE, the index of refraction n is
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To summarise, vacuum fluctuations determine the following important facts:

• in vacuum ED 6= "0EE and EB 6= µ0 EH;
• Maxwell’s equations are no longer linear and the superposition principle is violated;
• in vacuum Light-by-Light scattering can occur and the velocity of light is vlight < c in the presence of other

electromagnetic fields;
• electromagnetism in vacuum is described by Maxwell’s equations in a medium.

Detecting this manifestation of quantum vacuum fluctuations at a macroscopic level leading to a dependence of the
velocity of light on an external field has been the primary goal of the PVLAS experiment.

The effective Lagrangian density (19) was generalised in 1936 by W. Heisenberg and H. Euler [5]. They determined an
effective Lagrangian taking into account electron–positron pairs in a non perturbative expression to all orders in the field
invariants F and G in a uniform external background field. Furthermore they introduced the idea of a critical electric field

Ecr =
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h̄e
= 1.32 ⇥ 1018 V/m. (28)

This field corresponds to the field intensity whose work over a distance equal to the reduced Compton wavelength of the
electron amounts to the rest energy of the electron: for fields above Ecr real production of electron–positron pairs arises
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and asked that the field intensities were much smaller than their critical values: B ⌧ Bcr and E ⌧ Ecr.
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The resulting Heisenberg–Euler effective Lagrangian density for electromagnetic fields in the absence of matter is

LHE =
1

2µ0

✓
E2

c2
� B2

◆
+ ↵

Z
1

0
e�⇠ d⇠

⇠ 3 ⇥

8
<

:i⇠ 2
r

"0
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EE · EB

⌘ cos
h
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p
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p
"0Ecr

i
+ conj.

cos
h

⇠
p
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p
"0Ecr

i
� conj.

+ "0E2
cr +

⇠ 2

3µ0
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�
E2

c2

◆9
=

; (32)

with

C =
1
µ0

✓
E2

c2
� B2

◆
+ 2i

r
"0

µ0

⇣
EE · EB

⌘
. (33)

T3he Euler–Kockel Lagrangian density (19) can be obtained from (32) through a second order expansion in the field
invariants F and G (see also Ref. [37]).

A few years later, a number of researchers obtained the same effective Lagrangian density from QED [38,39].

2.2.1. Leading order vacuum birefringence and dichroism in electrodynamics
In general, the index of refraction of a medium is a complex quantity: ñ = n+i . The real part n (known as the index of

refraction tout court) determines the velocity of propagation of light in the medium, whereas the imaginary part, known
as the index of absorption  , describes the absorption of the medium.

A medium is said to be birefringent if n depends on the polarisation state of the propagating light. Both linear and
circular birefringences exist: the first is a birefringence for linearly polarised light whereas the second is a birefringence for
circularly polarised light (also know as optical activity). Similarly a medium is said to be dichroic if the index of absorption
 depends on the polarisation (both linear and circular).

Consider a linearly polarised beam of light propagating along a direction k̂ through an external field perpendicular to
k̂. The relative dielectric constant and relative magnetic permeability will be obtained from Eqs. (22) and (24) where the
electric and magnetic fields EE and EB are the sum of the external fields, EEext and EBext, and the light fields EE� and EB� . In the
case of an external magnetic field EBext one has EE = EE� and EB = EBext + EB� . Furthermore, considering the case in which
|EBext| � |EB� | one finds

ED� = "0

h
EE� � 4AeB2

ext
EE� + 14Ae

⇣
EE� · EBext

⌘
EBext

i
(34)

EH� =
1
µ0

h
EB� � 4AeB2

ext
EB� � 8Ae

⇣
EB� · EBext

⌘
EBext

i
. (35)

The last terms on the right of these equations determine a polarisation dependence of the relative dielectric constant "
and magnetic permeability µ. Indicating with the subscript k and ? the polarisation direction (electric field direction of
the light) parallel and perpendicular to the external magnetic field respectively one finds

8
<

:

"k = 1 + 10AeB2
ext

µk = 1 + 4AeB2
ext

nk = 1 + 7AeB2
ext

8
<

:

"? = 1 � 4AeB2
ext

µ? = 1 + 12AeB2
ext

n? = 1 + 4AeB2
ext

(36)

where n is determined from Eq. (27). Both nk and n? are greater than unity and a birefringence is apparent:

nk � n? = �n(EK)
= 3AeB2

ext. (37)

A measurement of the induced birefringence of vacuum due to an external magnetic field would therefore allow a
direct verification of the LEK Lagrangian. Better still would be the independent measurement of nk and n? which would
completely fix the factors multiplying the relativistic field invariants in the non linear Lagrangian correction [see Eq. (44)].

This birefringence is extremely small, reason for which it has never been directly observed yet. Indeed for a field
Bext = 1 T the induced birefringence is �n(EK) = 3AeB2

ext = 3.96 ⇥ 10�24.
Similarly, by considering linearly polarised light propagating in an external electric field EEext, the corresponding

relations to (36) are
8
<

:

"k = 1 + 12AeE2
ext/c2

µk = 1 � 4AeE2
ext/c2

nk = 1 + 4AeE2
ext/c2

8
<

:

"? = 1 + 4AeE2
ext/c2

µ? = 1 + 10AeE2
ext/c2

n? = 1 + 7AeE2
ext/c2.

(38)

Again both nk and n? are greater than unity and the birefringence is

nk � n? = �n(EK)
= �3Ae

E2
ext

c2
. (39)

Maximum electric fields of about 100 MV/m can be obtained in radio-frequency accelerator cavities leading to a value
of E2/c2 ⇡ 0.1 T2 whereas constant magnetic fields up to ⇡ 10 T are relatively common leading to a B2 ⇡ 100 T2.
Furthermore, as will be discussed in Section 3.1, for measuring vacuum birefringence the length of the field is also an

𝐵012
𝑘

Vacuum Magnetic 
Birefringence (VMB): Δ𝑛(45) = 3𝐴0𝐵012+

= 3.96×10'+6 @𝐵012 = 1 T
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In the absence of matter, free charges and currents, resulting in EP = 0, EM = 0, EJ = 0 and ⇢ = 0, the Lagrangian density
simplifies to

LCl =
1

2µ0

✓
E2

c2
� B2

◆
(13)

and one finds that ED = "0EE and EB = µ0 EH . Maxwell’s equations in vacuum then become

Er · EE = 0 Er ⇥ EE = �
@EB
@t

Er · EB = 0 Er ⇥ EB = "0µ0
@EE
@t

.

(14)

Eqs. (14) admit as solutions electromagnetic waves freely propagating in vacuum at a velocity given by

c =
1

p
"0µ0

. (15)

Due to the linear behaviour of Maxwell’s equations in vacuum, c does not depend on the presence of external fields.
In general, given a Lagrangian density L, the vectors ED and EH can also be determined through the constitutive relations

ED =
@L

@EE
EH = �

@L

@EB
(16)

and the polarisation vector EP and magnetisation EM can be written as

EP =
@L

@EE
� ✏0EE EM =

@L

@EB
+

EB
µ0

. (17)

2.2. Light-by-light interaction at low energies

This classical scenario changed drastically with the introduction of three new facts at the beginning of the 20th century:

• Einstein’s energy–mass relation E = mc2;
• Heisenberg’s uncertainty principle �E�t � h̄/2;
• Dirac’s relativistic equation of the electron admitting negative energy states today identified as anti-matter.

These three facts together allow vacuum to fluctuate changing completely the idea of vacuum and allowing for non linear
electrodynamic effects in vacuum. Today vacuum is considered as a minimum energy state. Citing from O. Halpern’s letter
(1933) [34]

.... Here purely radiation phenomena are of particular interest inasmuch as they might serve in an attempt to
formulate observed effects as consequences of hitherto unknown properties of corrected electromagnetic equations.
We are seeking, then, scattering properties of the ‘‘vacuum".

In 1935, soon after Halpern’s intuition, two of Heisenberg’s students H. Euler and B. Kockel [7] determined a relativistically,
parity-conserving effective Lagrangian density which, to second order in the invariants of the electromagnetic field tensor
Fµ⌫ (see for example Ref. [35])

F =

✓
B2

�
E2

c2

◆
and G =

EE
c

· EB, (18)

takes into account electron–positron vacuum fluctuations:

LEK = LCl +
Ae

µ0

2

4
✓
E2

c2
� B2

◆2

+ 7

 
EE
c

· EB

!2
3

5 (19)

where

Ae =
2

45µ0

h̄3

m4
e c5

↵2
= 1.32 ⇥ 10�24 T�2. (20)

This Lagrangian was derived in the approximation of low energy photons h̄! ⌧ mec2.
The effective Lagrangian density LEK leads to non linear effects even in the absence of matter thereby violating the

superposition principle, one of the building blocks of Maxwell’s theory in vacuum. Indeed by applying the Euler–Lagrange
Eqs. (8) with respect to q0 = ' one obtains

Er ·


"0EE + 4Ae

✓
E2

c2
� B2

◆
"0EE + 14"0Ae

⇣
EE · EB

⌘
EB
�

= 0 (21)

Relative dielectric 
constant

𝐸3

𝐸||



8

Axion-photon interaction in external field

8

� Axion-photon interaction: Chern-Simons interaction term
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Fig. 4. Production (left) and recombination (right) of a spin-zero particle coupled to two photons through the Primakoff effect [59].

2.3. Axion like particles

The propagation of light in an external electromagnetic field could also depend on the existence of hypothetical light
neutral particles coupling to two photons. The involved processes are shown in Fig. 4: the production diagram implies an
absorption of light quanta, whereas a phase delay is produced by the recombination process. The search for such particles
having masses below ⇠ 1 eV has recently gained strong impulse after it was clear that such particles could be a viable
candidate for particle dark matter.

In general, there are arguments to believe that there is new physics, mainly meaning new particles, beyond the standard
model. The indications for the existence of dark matter and dark energy, and the absence of an electric dipole moment
of the neutron are among the experimental facts requesting an extension of the standard model.

Light, weakly interacting, neutral pseudoscalar or scalar particles arise naturally in extensions of the standard model
that introduce new fields and symmetries. In fact, in the presence of a spontaneous breaking of a global symmetry,
such particles appear as massless Nambu–Goldstone bosons. If there is a small explicit symmetry breaking, either in
the Lagrangian or due to quantum effects, the boson acquires a mass and is called a pseudo-Nambu–Goldstone boson.
Typical examples are familons [60], and Majorons [61] associated, respectively, with the spontaneously broken family and
lepton-number symmetries.

Another popular example of a pseudo Nambu–Goldstone boson is the axion. Its origin stems from the introduction by
Peccei and Quinn (PQ) [62,63] of a new global symmetry to solve the strong CP problem of QCD, i.e. the absence of CP
violation within the strong interactions. The high energy breaking of the PQ symmetry gives rise to a light pseudoscalar
called the axion [64–66]: the value of its mass is not predicted while the couplings to the standard model particles are
well defined by the exact model implementing the PQ symmetry. Couplings are generally very weak and proportional to
the mass of the axion.

A more general class of Axion Like Particles (ALPs) has also been introduced: for the ALPs the mass and coupling
constants are independent. Axions and ALPs have been searched for in dedicated experiments since their proposal [67],
however to date no detection has been reported and only a fraction of the available parameter space has been probed.
Indeed, nowadays there are experiments or proposals that study masses starting from the lightest possible value of
10�22 eV up to several gigaelectronvolt. A most favourable window has been also identified in the mass range between
10 µ eV and 1 meV.

The greater part of the experimental searches relies on the axion–photon coupling mediated by a two photon vertex
of Fig. 4. Other searches are based on the axion–electron interaction, present through an axion spin interaction only in
some models like the Dine–Fishler–Sredincki–Zhitnitsky (DFSZ) [68,69] one. A comprehensive review of the experimental
efforts to search for ALPs and axion can be found in [70,71].

Due to its very small coupling and mass, the axion could be a valid candidate as a dark matter component, since large
quantities could have been produced at an early stage of the Universe. Axion haloscopes search for the conversion of
cosmological axions with the assumption that axions are the dominant component of the local dark matter density. The
current leading experiment following this line of research is ADMX (Axion Dark Matter eXperiment) searching for the
resonant conversion of axions in a microwave cavity immersed in a strong static magnetic field [72].

Axions and ALPs can be produced in hot astrophysical plasmas and could transport energy out from stars, thus
contributing to stellar lifetimes. Limits on axion mass and coupling can be set by studying stellar evolution. In the case
of the Sun, solar axions could also be detected on earth based apparatuses. While these experiments rely on solar/stellar
models and on dark matter models, there are pure laboratory experiments where the axion is produced and directly
detected in a totally model independent manner. However, due to the smallness of the coupling, only ALPs parameter
space is studied with presently available techniques.

Search for axions or ALPs using laboratory optical techniques was experimentally pioneered by the BFRT collabora-
tion [73] and subsequently continued by the PVLAS collaboration with an apparatus installed at INFN National Laboratories
in Legnaro (LNL) [74–76]. As will be discussed below, the measurement in a PVLAS-type apparatus of the real and
imaginary part of the index of refraction of a vacuum magnetised by an external field could give direct information on
the mass and coupling constant of the searched for particle. Other laboratory optical experiments are the so called ‘‘light
shining through a wall" (LSW) apparatuses, where a regeneration scheme is employed [77–82].

Electric field parallel to external magnetic 
field 𝐵012 can interact with axion

⇒ Difference in the complex refractive indices  $𝑛||/& = 𝑛||/& + 𝑖𝜅||/&
for the two polarizations in 𝐵!"# Refractive index Absorption index

Øℏ𝜔 ≪ 𝑚'𝑐(⇒ Virtual production of axion 
causes phase delay 

⇒ Birefringence Δ𝑛

Øℏ𝜔 ≫ 𝑚'𝑐(⇒ Real production of axion 
causes photon absorption

⇒ Dichroism Δ𝜅
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Fig. 4. Production (left) and recombination (right) of a spin-zero particle coupled to two photons through the Primakoff effect [59].

2.3. Axion like particles

The propagation of light in an external electromagnetic field could also depend on the existence of hypothetical light
neutral particles coupling to two photons. The involved processes are shown in Fig. 4: the production diagram implies an
absorption of light quanta, whereas a phase delay is produced by the recombination process. The search for such particles
having masses below ⇠ 1 eV has recently gained strong impulse after it was clear that such particles could be a viable
candidate for particle dark matter.

In general, there are arguments to believe that there is new physics, mainly meaning new particles, beyond the standard
model. The indications for the existence of dark matter and dark energy, and the absence of an electric dipole moment
of the neutron are among the experimental facts requesting an extension of the standard model.

Light, weakly interacting, neutral pseudoscalar or scalar particles arise naturally in extensions of the standard model
that introduce new fields and symmetries. In fact, in the presence of a spontaneous breaking of a global symmetry,
such particles appear as massless Nambu–Goldstone bosons. If there is a small explicit symmetry breaking, either in
the Lagrangian or due to quantum effects, the boson acquires a mass and is called a pseudo-Nambu–Goldstone boson.
Typical examples are familons [60], and Majorons [61] associated, respectively, with the spontaneously broken family and
lepton-number symmetries.

Another popular example of a pseudo Nambu–Goldstone boson is the axion. Its origin stems from the introduction by
Peccei and Quinn (PQ) [62,63] of a new global symmetry to solve the strong CP problem of QCD, i.e. the absence of CP
violation within the strong interactions. The high energy breaking of the PQ symmetry gives rise to a light pseudoscalar
called the axion [64–66]: the value of its mass is not predicted while the couplings to the standard model particles are
well defined by the exact model implementing the PQ symmetry. Couplings are generally very weak and proportional to
the mass of the axion.

A more general class of Axion Like Particles (ALPs) has also been introduced: for the ALPs the mass and coupling
constants are independent. Axions and ALPs have been searched for in dedicated experiments since their proposal [67],
however to date no detection has been reported and only a fraction of the available parameter space has been probed.
Indeed, nowadays there are experiments or proposals that study masses starting from the lightest possible value of
10�22 eV up to several gigaelectronvolt. A most favourable window has been also identified in the mass range between
10 µ eV and 1 meV.

The greater part of the experimental searches relies on the axion–photon coupling mediated by a two photon vertex
of Fig. 4. Other searches are based on the axion–electron interaction, present through an axion spin interaction only in
some models like the Dine–Fishler–Sredincki–Zhitnitsky (DFSZ) [68,69] one. A comprehensive review of the experimental
efforts to search for ALPs and axion can be found in [70,71].

Due to its very small coupling and mass, the axion could be a valid candidate as a dark matter component, since large
quantities could have been produced at an early stage of the Universe. Axion haloscopes search for the conversion of
cosmological axions with the assumption that axions are the dominant component of the local dark matter density. The
current leading experiment following this line of research is ADMX (Axion Dark Matter eXperiment) searching for the
resonant conversion of axions in a microwave cavity immersed in a strong static magnetic field [72].

Axions and ALPs can be produced in hot astrophysical plasmas and could transport energy out from stars, thus
contributing to stellar lifetimes. Limits on axion mass and coupling can be set by studying stellar evolution. In the case
of the Sun, solar axions could also be detected on earth based apparatuses. While these experiments rely on solar/stellar
models and on dark matter models, there are pure laboratory experiments where the axion is produced and directly
detected in a totally model independent manner. However, due to the smallness of the coupling, only ALPs parameter
space is studied with presently available techniques.

Search for axions or ALPs using laboratory optical techniques was experimentally pioneered by the BFRT collabora-
tion [73] and subsequently continued by the PVLAS collaboration with an apparatus installed at INFN National Laboratories
in Legnaro (LNL) [74–76]. As will be discussed below, the measurement in a PVLAS-type apparatus of the real and
imaginary part of the index of refraction of a vacuum magnetised by an external field could give direct information on
the mass and coupling constant of the searched for particle. Other laboratory optical experiments are the so called ‘‘light
shining through a wall" (LSW) apparatuses, where a regeneration scheme is employed [77–82].
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� Birefringence and dichroism by axion in external field 𝐵!"#:

|Δ𝑛| ≃
1
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2𝑚!
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1 −
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&
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& sin 𝜒
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ØPhoton energy: small (𝜒 ≫ 1) ⇒ Δ𝑛: large, Δ𝜅: small
ØPhoton energy: large (𝜒 ≪ 1) ⇒ Δ𝑛: small, Δ𝜅: large

𝐿': optical path inside 𝐵#$%

� Important notes
ØAxion needs not to be the dark matter
ØStatic signals for any axion mass 𝑚'
ØSignal∝ 𝑔';(
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Effect of birefringence 𝛥𝑛 and dichroism 𝛥κ
� Consider pure birefringence Δ𝑛 and input s-pol.:
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Fig. 5. Reference frame for the calculations below. The parameters nk and n? are the indices of refraction for light polarised parallel and
perpendicularly to the axis of the medium.

birefringent medium of thickness L whose slow k and fast ? axes are perpendicular to Ẑ. Finally let the slow axis of the
medium form an angle # with the X̂ axis. This reference frame is shown in Fig. 5. The components of the electric field
along the k and ? axes of the propagating beam will acquire a phase difference �' at the output of the medium given
by

�' = 'k � '? =
2⇡
�

�
nk � n?

�
L. (65)

More in general, the total optical path difference �D between the k and ? components of the electric field is

�D =

Z
�n(z)dz. (66)

Given the reference frame in Fig. 5 the input electric field can be written as EEin = Einei'(t)
�1
0

�
where '(t) contains the

time dependent phase of the wave which, from now on, we will neglect. To determine the output electric field one can
project EEin along the k and ? axes, propagate the beam through the medium and finally project back to the X̂, Ŷ reference
frame. Assuming �' ⌧ 1, the output field will acquire a component along the Ŷ axis:

EEout ⇡ Ein
✓
1 + i�'2 cos 2#

i�'2 sin 2#

◆
= Ein

✓
1 + i ⇡

�
�D cos 2#

i ⇡
�
�D sin 2#

◆
(67)

describing an ellipse. The ratio of the amplitudes of the output electric field along the Ŷ and X̂ axes, Ey,out/Ex,out, is defined
as the ellipticity  # of the polarisation:

 # =  sin 2# ⇡
�'

2
sin 2# =

⇡

�

Z
�n(z)dz sin 2# =

⇡

�
�D sin 2# . (68)

Setting # = ⇡/4 the measurement of the electric field component along Ŷ gives a direct determination of �D.
Note here that the two components of the electric field along the X̂ and Ŷ axes oscillate with a phase difference of

⇡/2. This fact is important inasmuch as it will allow the distinction between an ellipticity  and a rotation �. Indeed an
electric field whose polarisation is rotated by an angle � ⌧ 1 with respect to the X̂ axis can be written as

EEout = Ein
✓
cos�
sin�

◆
⇡ Ein

✓
1
�

◆
(69)

where the X̂ and Ŷ components of the electric field oscillate in phase.
A similar treatment may be made in the presence of a dichroism. Assuming absorption indices k and ? along the k

and ? axes, the electric field after the medium will be

EEout ⇡ Ein
✓1 �

�⇣
2 cos 2#

�
�⇣
2 sin 2#

◆
(70)

where �⇣ =
2⇡�L
�

. A rotation is therefore apparent given by

�# = � sin 2# = �
�⇣

2
sin 2# = �

⇡

�

Z
�(z) dz sin 2# = �

⇡

�
�A sin 2# (71)

where in analogy to the optical path difference �D we have introduced �A =
R
�(z) dz.

𝐸;< = 𝐸.
1
0 𝐸!"# = 𝐸$

1 + 𝑖
𝜋
𝜆
Δ𝐷 cos 2𝜃

𝑖
𝜋
𝜆
Δ𝐷 sin 2𝜃

Δ𝐷 ≡ ∫ Δ𝑛 𝑧 𝑑𝑧

p-pol. in phase quadrature ⇒ Elliptical polarization

Ellipticity: 𝜓 = "
#
Δ𝐷 cos 2𝜃
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Effect of birefringence 𝛥𝑛 and dichroism 𝛥κ
� Consider pure dichroism Δ𝜅 and input s-pol.:
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Fig. 5. Reference frame for the calculations below. The parameters nk and n? are the indices of refraction for light polarised parallel and
perpendicularly to the axis of the medium.

birefringent medium of thickness L whose slow k and fast ? axes are perpendicular to Ẑ. Finally let the slow axis of the
medium form an angle # with the X̂ axis. This reference frame is shown in Fig. 5. The components of the electric field
along the k and ? axes of the propagating beam will acquire a phase difference �' at the output of the medium given
by

�' = 'k � '? =
2⇡
�

�
nk � n?

�
L. (65)

More in general, the total optical path difference �D between the k and ? components of the electric field is

�D =

Z
�n(z)dz. (66)

Given the reference frame in Fig. 5 the input electric field can be written as EEin = Einei'(t)
�1
0

�
where '(t) contains the

time dependent phase of the wave which, from now on, we will neglect. To determine the output electric field one can
project EEin along the k and ? axes, propagate the beam through the medium and finally project back to the X̂, Ŷ reference
frame. Assuming �' ⌧ 1, the output field will acquire a component along the Ŷ axis:

EEout ⇡ Ein
✓
1 + i�'2 cos 2#

i�'2 sin 2#

◆
= Ein

✓
1 + i ⇡

�
�D cos 2#

i ⇡
�
�D sin 2#

◆
(67)

describing an ellipse. The ratio of the amplitudes of the output electric field along the Ŷ and X̂ axes, Ey,out/Ex,out, is defined
as the ellipticity  # of the polarisation:

 # =  sin 2# ⇡
�'

2
sin 2# =

⇡

�

Z
�n(z)dz sin 2# =

⇡

�
�D sin 2# . (68)

Setting # = ⇡/4 the measurement of the electric field component along Ŷ gives a direct determination of �D.
Note here that the two components of the electric field along the X̂ and Ŷ axes oscillate with a phase difference of

⇡/2. This fact is important inasmuch as it will allow the distinction between an ellipticity  and a rotation �. Indeed an
electric field whose polarisation is rotated by an angle � ⌧ 1 with respect to the X̂ axis can be written as

EEout = Ein
✓
cos�
sin�

◆
⇡ Ein

✓
1
�

◆
(69)

where the X̂ and Ŷ components of the electric field oscillate in phase.
A similar treatment may be made in the presence of a dichroism. Assuming absorption indices k and ? along the k

and ? axes, the electric field after the medium will be

EEout ⇡ Ein
✓1 �

�⇣
2 cos 2#

�
�⇣
2 sin 2#

◆
(70)

where �⇣ =
2⇡�L
�

. A rotation is therefore apparent given by

�# = � sin 2# = �
�⇣

2
sin 2# = �

⇡

�

Z
�(z) dz sin 2# = �

⇡

�
�A sin 2# (71)

where in analogy to the optical path difference �D we have introduced �A =
R
�(z) dz.

𝐸;< = 𝐸.
1
0 𝐸!"# = 𝐸$

1 −
𝜋
𝜆
Δ𝐴 cos 2𝜃

−
𝜋
𝜆
Δ𝐴 sin 2𝜃

Δ𝐴 ≡ ∫ Δ𝜅 𝑧 𝑑𝑧

p-pol. in amplitude quadrature ⇒ Rotated linear polarization

Rotation: 𝜙 = − "
#
Δ𝐴 cos 2𝜃
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Effect of birefringence 𝛥𝑛 and dichroism 𝛥κ
� Important notes on birefringence Δ𝑛 and dichroism Δ𝜅:

ØBirefringence Δ𝑛 ⇒ Ellipticity 𝜓
ØDichroism Δ𝜅 ⇒ Rotation 𝜙
ØVMB signal Δ𝑛(=>) appears as Ellipticity
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Fig. 5. Reference frame for the calculations below. The parameters nk and n? are the indices of refraction for light polarised parallel and
perpendicularly to the axis of the medium.

birefringent medium of thickness L whose slow k and fast ? axes are perpendicular to Ẑ. Finally let the slow axis of the
medium form an angle # with the X̂ axis. This reference frame is shown in Fig. 5. The components of the electric field
along the k and ? axes of the propagating beam will acquire a phase difference �' at the output of the medium given
by

�' = 'k � '? =
2⇡
�

�
nk � n?

�
L. (65)

More in general, the total optical path difference �D between the k and ? components of the electric field is

�D =

Z
�n(z)dz. (66)

Given the reference frame in Fig. 5 the input electric field can be written as EEin = Einei'(t)
�1
0

�
where '(t) contains the

time dependent phase of the wave which, from now on, we will neglect. To determine the output electric field one can
project EEin along the k and ? axes, propagate the beam through the medium and finally project back to the X̂, Ŷ reference
frame. Assuming �' ⌧ 1, the output field will acquire a component along the Ŷ axis:

EEout ⇡ Ein
✓
1 + i�'2 cos 2#

i�'2 sin 2#

◆
= Ein

✓
1 + i ⇡

�
�D cos 2#

i ⇡
�
�D sin 2#

◆
(67)

describing an ellipse. The ratio of the amplitudes of the output electric field along the Ŷ and X̂ axes, Ey,out/Ex,out, is defined
as the ellipticity  # of the polarisation:

 # =  sin 2# ⇡
�'

2
sin 2# =

⇡

�

Z
�n(z)dz sin 2# =

⇡

�
�D sin 2# . (68)

Setting # = ⇡/4 the measurement of the electric field component along Ŷ gives a direct determination of �D.
Note here that the two components of the electric field along the X̂ and Ŷ axes oscillate with a phase difference of

⇡/2. This fact is important inasmuch as it will allow the distinction between an ellipticity  and a rotation �. Indeed an
electric field whose polarisation is rotated by an angle � ⌧ 1 with respect to the X̂ axis can be written as

EEout = Ein
✓
cos�
sin�

◆
⇡ Ein

✓
1
�

◆
(69)

where the X̂ and Ŷ components of the electric field oscillate in phase.
A similar treatment may be made in the presence of a dichroism. Assuming absorption indices k and ? along the k

and ? axes, the electric field after the medium will be

EEout ⇡ Ein
✓1 �

�⇣
2 cos 2#

�
�⇣
2 sin 2#

◆
(70)

where �⇣ =
2⇡�L
�

. A rotation is therefore apparent given by

�# = � sin 2# = �
�⇣

2
sin 2# = �

⇡

�

Z
�(z) dz sin 2# = �

⇡

�
�A sin 2# (71)

where in analogy to the optical path difference �D we have introduced �A =
R
�(z) dz.
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Scheme of PVLAS experiment

� Important components:

ØRotating permanent magnet
ØLinear cavity
ØEllipticity modulator
Ø

ØQWP for switching ellipticity/rotation measurements
ØPBS and PDs at detection port
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Fig. 6. Scheme of the PVLAS polarimeter. A rotating magnetic field between the cavity mirrors generates a time dependent ellipticity.

The general scheme of a sensitive polarimeter is shown in Fig. 6. Linearly polarised light is sent to a Fabry–Perot
optical cavity. The beam then passes through a dipolar magnetic field forming an angle # with the polarisation direction.
In general either the intensity of the magnetic field Bext or its direction may vary in time so as to modulate the induced
ellipticity and/or rotation. A variable known ellipticity ⌘(t) = ⌘0 cos(2⇡⌫mt+#m) generated by a modulator is then added
to the polarisation of the beam transmitted by the Fabry–Perot. For rotation measurements (as will be discussed below) a
quarter-wave plate (QWP) may be inserted between the output mirror of the cavity and the modulator. Finally the beam
passes through a second polariser set to extinction. Both the powers I? and Ik, of the ordinary and extraordinary beams
are collected by photodiodes. The ellipticity and/or rotations induced by the magnetic field can be determined from a
Fourier analysis of the detected currents.

When considering monochromatic light, the Jones’ matrices [99] may be used to describe how an ellipticity and/or
a rotation evolves when light passes consecutively through several media. Here we will assume the presence of both a
linear birefringence and a linear dichroism both having the same axes. These will generate an ellipticity  and a rotation
�. Defining ⇠/2 = i + �, the Jones’ matrix of these effects is diagonal in the (k, ?) reference frame:

Xk,? =

✓
e⇠/2 0
0 e�⇠/2

◆
. (72)

With respect to the X̂ and Ŷ axes Xk,? must be rotated by an angle # resulting in

X(#) =

✓
e⇠/2 cos2 # + e�⇠/2 sin2 # 1

2 sin 2#
�
e⇠/2 � e�⇠/2

�
1
2 sin 2#

�
e⇠/2 � e�⇠/2

�
e�⇠/2 cos2 # + e⇠/2 sin2 #

◆
. (73)

Three matrices of the type of Eq. (73) will be of particular interest for us to describe this scheme: the first has | | ⌧ 1
and |�| = 0 describing the effect of a pure birefringence, the second | | = 0 and |�| ⌧ 1 describing a pure rotation and
the third, describing the ellipticity modulator, has | | = |⌘| ⌧ 1 and |�| = 0 with # = ⇡/4. These three matrices are
respectively

BF(#) =

✓
1 + i cos 2# i sin 2#

i sin 2# 1 � i cos 2#

◆
(74)

DC(#) =

✓
1 + � cos 2# � sin 2#
� sin 2# 1 � � cos 2#

◆
(75)

MOD =

✓
1 i⌘
i⌘ 1

◆
(76)

where BF(#) · DC(#) = X(#).
Neglecting for the moment the Fabry–Perot cavity, the polarimeter configured for ellipticity measurements can be

described by the composition of the above matrices (74), (75) and (76). The output electric field after the analyser will
be ( ⌧ 1,� ⌧ 1, ⌘ ⌧ 1)

EE(ell)
out = Ein A · MOD · X(#)

✓
1
0

◆
⇡ Ein A · MOD · BF · DC

✓
1
0

◆
(77)

where

A =

✓
0 0
0 1

◆
(78)

represents the analyser. The extinguished power after the analyser is therefore

I (ell)
?

= Iout |i⌘(t) + (i + �) sin 2#(t)|2 ⇡ Ik
⇥
⌘(t)2 + 2⌘(t) sin 2#(t) + · · ·

⇤
(79)
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Rotating permanent magnet

• Used to generate VMB signal (Δ𝑛(%&) = 3𝐴(𝐵()*+ )
• Rotated to modulate VMB signal :

Ø rotation at 𝜈@⇒ VMB signal appears at 2𝜈@
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Fig. 6. Scheme of the PVLAS polarimeter. A rotating magnetic field between the cavity mirrors generates a time dependent ellipticity.

The general scheme of a sensitive polarimeter is shown in Fig. 6. Linearly polarised light is sent to a Fabry–Perot
optical cavity. The beam then passes through a dipolar magnetic field forming an angle # with the polarisation direction.
In general either the intensity of the magnetic field Bext or its direction may vary in time so as to modulate the induced
ellipticity and/or rotation. A variable known ellipticity ⌘(t) = ⌘0 cos(2⇡⌫mt+#m) generated by a modulator is then added
to the polarisation of the beam transmitted by the Fabry–Perot. For rotation measurements (as will be discussed below) a
quarter-wave plate (QWP) may be inserted between the output mirror of the cavity and the modulator. Finally the beam
passes through a second polariser set to extinction. Both the powers I? and Ik, of the ordinary and extraordinary beams
are collected by photodiodes. The ellipticity and/or rotations induced by the magnetic field can be determined from a
Fourier analysis of the detected currents.

When considering monochromatic light, the Jones’ matrices [99] may be used to describe how an ellipticity and/or
a rotation evolves when light passes consecutively through several media. Here we will assume the presence of both a
linear birefringence and a linear dichroism both having the same axes. These will generate an ellipticity  and a rotation
�. Defining ⇠/2 = i + �, the Jones’ matrix of these effects is diagonal in the (k, ?) reference frame:

Xk,? =

✓
e⇠/2 0
0 e�⇠/2

◆
. (72)

With respect to the X̂ and Ŷ axes Xk,? must be rotated by an angle # resulting in

X(#) =

✓
e⇠/2 cos2 # + e�⇠/2 sin2 # 1

2 sin 2#
�
e⇠/2 � e�⇠/2

�
1
2 sin 2#

�
e⇠/2 � e�⇠/2

�
e�⇠/2 cos2 # + e⇠/2 sin2 #

◆
. (73)

Three matrices of the type of Eq. (73) will be of particular interest for us to describe this scheme: the first has | | ⌧ 1
and |�| = 0 describing the effect of a pure birefringence, the second | | = 0 and |�| ⌧ 1 describing a pure rotation and
the third, describing the ellipticity modulator, has | | = |⌘| ⌧ 1 and |�| = 0 with # = ⇡/4. These three matrices are
respectively

BF(#) =

✓
1 + i cos 2# i sin 2#

i sin 2# 1 � i cos 2#

◆
(74)

DC(#) =

✓
1 + � cos 2# � sin 2#
� sin 2# 1 � � cos 2#

◆
(75)

MOD =

✓
1 i⌘
i⌘ 1

◆
(76)

where BF(#) · DC(#) = X(#).
Neglecting for the moment the Fabry–Perot cavity, the polarimeter configured for ellipticity measurements can be

described by the composition of the above matrices (74), (75) and (76). The output electric field after the analyser will
be ( ⌧ 1,� ⌧ 1, ⌘ ⌧ 1)

EE(ell)
out = Ein A · MOD · X(#)

✓
1
0

◆
⇡ Ein A · MOD · BF · DC

✓
1
0

◆
(77)

where

A =

✓
0 0
0 1

◆
(78)

represents the analyser. The extinguished power after the analyser is therefore

I (ell)
?

= Iout |i⌘(t) + (i + �) sin 2#(t)|2 ⇡ Ik
⇥
⌘(t)2 + 2⌘(t) sin 2#(t) + · · ·

⇤
(79)
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Linear cavity

• Ellipticity 𝜓 and Rotation 𝜙 inside the cavity can be amplified
when simultaneous resonance 
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Fig. 6. Scheme of the PVLAS polarimeter. A rotating magnetic field between the cavity mirrors generates a time dependent ellipticity.

The general scheme of a sensitive polarimeter is shown in Fig. 6. Linearly polarised light is sent to a Fabry–Perot
optical cavity. The beam then passes through a dipolar magnetic field forming an angle # with the polarisation direction.
In general either the intensity of the magnetic field Bext or its direction may vary in time so as to modulate the induced
ellipticity and/or rotation. A variable known ellipticity ⌘(t) = ⌘0 cos(2⇡⌫mt+#m) generated by a modulator is then added
to the polarisation of the beam transmitted by the Fabry–Perot. For rotation measurements (as will be discussed below) a
quarter-wave plate (QWP) may be inserted between the output mirror of the cavity and the modulator. Finally the beam
passes through a second polariser set to extinction. Both the powers I? and Ik, of the ordinary and extraordinary beams
are collected by photodiodes. The ellipticity and/or rotations induced by the magnetic field can be determined from a
Fourier analysis of the detected currents.

When considering monochromatic light, the Jones’ matrices [99] may be used to describe how an ellipticity and/or
a rotation evolves when light passes consecutively through several media. Here we will assume the presence of both a
linear birefringence and a linear dichroism both having the same axes. These will generate an ellipticity  and a rotation
�. Defining ⇠/2 = i + �, the Jones’ matrix of these effects is diagonal in the (k, ?) reference frame:

Xk,? =

✓
e⇠/2 0
0 e�⇠/2

◆
. (72)

With respect to the X̂ and Ŷ axes Xk,? must be rotated by an angle # resulting in

X(#) =

✓
e⇠/2 cos2 # + e�⇠/2 sin2 # 1

2 sin 2#
�
e⇠/2 � e�⇠/2

�
1
2 sin 2#

�
e⇠/2 � e�⇠/2

�
e�⇠/2 cos2 # + e⇠/2 sin2 #

◆
. (73)

Three matrices of the type of Eq. (73) will be of particular interest for us to describe this scheme: the first has | | ⌧ 1
and |�| = 0 describing the effect of a pure birefringence, the second | | = 0 and |�| ⌧ 1 describing a pure rotation and
the third, describing the ellipticity modulator, has | | = |⌘| ⌧ 1 and |�| = 0 with # = ⇡/4. These three matrices are
respectively

BF(#) =

✓
1 + i cos 2# i sin 2#

i sin 2# 1 � i cos 2#

◆
(74)

DC(#) =

✓
1 + � cos 2# � sin 2#
� sin 2# 1 � � cos 2#

◆
(75)

MOD =

✓
1 i⌘
i⌘ 1

◆
(76)

where BF(#) · DC(#) = X(#).
Neglecting for the moment the Fabry–Perot cavity, the polarimeter configured for ellipticity measurements can be

described by the composition of the above matrices (74), (75) and (76). The output electric field after the analyser will
be ( ⌧ 1,� ⌧ 1, ⌘ ⌧ 1)

EE(ell)
out = Ein A · MOD · X(#)

✓
1
0

◆
⇡ Ein A · MOD · BF · DC

✓
1
0

◆
(77)

where

A =

✓
0 0
0 1

◆
(78)

represents the analyser. The extinguished power after the analyser is therefore

I (ell)
?

= Iout |i⌘(t) + (i + �) sin 2#(t)|2 ⇡ Ik
⇥
⌘(t)2 + 2⌘(t) sin 2#(t) + · · ·

⇤
(79)

𝐸=>2 = 𝐸.
𝑇

1 − 𝑅
1 + 𝑁(𝑖𝜓 + 𝜙) cos 2𝜃
𝑁(𝑖𝜓 + 𝜙) sin 2𝜃

𝑁 ≡ (ℱ
B : Amplification factor by finesse

*Birefringence of the mirror coatings can cause the resonant 
frequency difference between s/p-pols.  
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Ellipticity modulator
• Transmitted light from the cavity:
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Fig. 6. Scheme of the PVLAS polarimeter. A rotating magnetic field between the cavity mirrors generates a time dependent ellipticity.

The general scheme of a sensitive polarimeter is shown in Fig. 6. Linearly polarised light is sent to a Fabry–Perot
optical cavity. The beam then passes through a dipolar magnetic field forming an angle # with the polarisation direction.
In general either the intensity of the magnetic field Bext or its direction may vary in time so as to modulate the induced
ellipticity and/or rotation. A variable known ellipticity ⌘(t) = ⌘0 cos(2⇡⌫mt+#m) generated by a modulator is then added
to the polarisation of the beam transmitted by the Fabry–Perot. For rotation measurements (as will be discussed below) a
quarter-wave plate (QWP) may be inserted between the output mirror of the cavity and the modulator. Finally the beam
passes through a second polariser set to extinction. Both the powers I? and Ik, of the ordinary and extraordinary beams
are collected by photodiodes. The ellipticity and/or rotations induced by the magnetic field can be determined from a
Fourier analysis of the detected currents.

When considering monochromatic light, the Jones’ matrices [99] may be used to describe how an ellipticity and/or
a rotation evolves when light passes consecutively through several media. Here we will assume the presence of both a
linear birefringence and a linear dichroism both having the same axes. These will generate an ellipticity  and a rotation
�. Defining ⇠/2 = i + �, the Jones’ matrix of these effects is diagonal in the (k, ?) reference frame:

Xk,? =

✓
e⇠/2 0
0 e�⇠/2

◆
. (72)

With respect to the X̂ and Ŷ axes Xk,? must be rotated by an angle # resulting in

X(#) =

✓
e⇠/2 cos2 # + e�⇠/2 sin2 # 1

2 sin 2#
�
e⇠/2 � e�⇠/2

�
1
2 sin 2#

�
e⇠/2 � e�⇠/2

�
e�⇠/2 cos2 # + e⇠/2 sin2 #

◆
. (73)

Three matrices of the type of Eq. (73) will be of particular interest for us to describe this scheme: the first has | | ⌧ 1
and |�| = 0 describing the effect of a pure birefringence, the second | | = 0 and |�| ⌧ 1 describing a pure rotation and
the third, describing the ellipticity modulator, has | | = |⌘| ⌧ 1 and |�| = 0 with # = ⇡/4. These three matrices are
respectively

BF(#) =

✓
1 + i cos 2# i sin 2#

i sin 2# 1 � i cos 2#

◆
(74)

DC(#) =

✓
1 + � cos 2# � sin 2#
� sin 2# 1 � � cos 2#

◆
(75)

MOD =

✓
1 i⌘
i⌘ 1

◆
(76)

where BF(#) · DC(#) = X(#).
Neglecting for the moment the Fabry–Perot cavity, the polarimeter configured for ellipticity measurements can be

described by the composition of the above matrices (74), (75) and (76). The output electric field after the analyser will
be ( ⌧ 1,� ⌧ 1, ⌘ ⌧ 1)

EE(ell)
out = Ein A · MOD · X(#)

✓
1
0

◆
⇡ Ein A · MOD · BF · DC

✓
1
0

◆
(77)

where

A =

✓
0 0
0 1

◆
(78)

represents the analyser. The extinguished power after the analyser is therefore

I (ell)
?

= Iout |i⌘(t) + (i + �) sin 2#(t)|2 ⇡ Ik
⇥
⌘(t)2 + 2⌘(t) sin 2#(t) + · · ·

⇤
(79)

𝐸=>2 = 𝐸.
𝑇

1 − 𝑅
1 + 𝑁(𝑖𝜓 + 𝜙) cos 2𝜃
𝑁(𝑖𝜓 + 𝜙) sin 2𝜃

⇒ need local an oscillator to detect the VMB signal in p-pol (phase)

• Use ellipticity modulator:
ØAble to periodically change the ellipticity at 𝜈,
ØUsing photo-elastic effect

VMB signal

MOD = 1 𝑖𝜂! sin 2𝜋𝜈"𝑡
𝑖𝜂! sin 2𝜋𝜈"𝑡 1

𝐸=>2 = 𝐸.
𝑇

1 − 𝑅
1 + 𝑁(𝑖𝜓 + 𝜙) cos 2𝜃

𝑖𝜂. sin 2𝜋𝜈?𝑡 + 𝑁(𝑖𝜓 + 𝜙) cos 2𝜃
LO in phase quadrature (heterodyne detection)
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QWP for switching ellipticity/rotation measurements
• By inserting QWP before ellipticity modulator, we can switch 

the measurement modes

Øw/o QWP: Ellipticity measurement (without )
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Fig. 6. Scheme of the PVLAS polarimeter. A rotating magnetic field between the cavity mirrors generates a time dependent ellipticity.

The general scheme of a sensitive polarimeter is shown in Fig. 6. Linearly polarised light is sent to a Fabry–Perot
optical cavity. The beam then passes through a dipolar magnetic field forming an angle # with the polarisation direction.
In general either the intensity of the magnetic field Bext or its direction may vary in time so as to modulate the induced
ellipticity and/or rotation. A variable known ellipticity ⌘(t) = ⌘0 cos(2⇡⌫mt+#m) generated by a modulator is then added
to the polarisation of the beam transmitted by the Fabry–Perot. For rotation measurements (as will be discussed below) a
quarter-wave plate (QWP) may be inserted between the output mirror of the cavity and the modulator. Finally the beam
passes through a second polariser set to extinction. Both the powers I? and Ik, of the ordinary and extraordinary beams
are collected by photodiodes. The ellipticity and/or rotations induced by the magnetic field can be determined from a
Fourier analysis of the detected currents.

When considering monochromatic light, the Jones’ matrices [99] may be used to describe how an ellipticity and/or
a rotation evolves when light passes consecutively through several media. Here we will assume the presence of both a
linear birefringence and a linear dichroism both having the same axes. These will generate an ellipticity  and a rotation
�. Defining ⇠/2 = i + �, the Jones’ matrix of these effects is diagonal in the (k, ?) reference frame:

Xk,? =

✓
e⇠/2 0
0 e�⇠/2

◆
. (72)

With respect to the X̂ and Ŷ axes Xk,? must be rotated by an angle # resulting in

X(#) =

✓
e⇠/2 cos2 # + e�⇠/2 sin2 # 1

2 sin 2#
�
e⇠/2 � e�⇠/2

�
1
2 sin 2#

�
e⇠/2 � e�⇠/2

�
e�⇠/2 cos2 # + e⇠/2 sin2 #

◆
. (73)

Three matrices of the type of Eq. (73) will be of particular interest for us to describe this scheme: the first has | | ⌧ 1
and |�| = 0 describing the effect of a pure birefringence, the second | | = 0 and |�| ⌧ 1 describing a pure rotation and
the third, describing the ellipticity modulator, has | | = |⌘| ⌧ 1 and |�| = 0 with # = ⇡/4. These three matrices are
respectively

BF(#) =

✓
1 + i cos 2# i sin 2#

i sin 2# 1 � i cos 2#

◆
(74)

DC(#) =

✓
1 + � cos 2# � sin 2#
� sin 2# 1 � � cos 2#

◆
(75)

MOD =

✓
1 i⌘
i⌘ 1

◆
(76)

where BF(#) · DC(#) = X(#).
Neglecting for the moment the Fabry–Perot cavity, the polarimeter configured for ellipticity measurements can be

described by the composition of the above matrices (74), (75) and (76). The output electric field after the analyser will
be ( ⌧ 1,� ⌧ 1, ⌘ ⌧ 1)

EE(ell)
out = Ein A · MOD · X(#)

✓
1
0

◆
⇡ Ein A · MOD · BF · DC

✓
1
0

◆
(77)

where

A =

✓
0 0
0 1

◆
(78)

represents the analyser. The extinguished power after the analyser is therefore

I (ell)
?

= Iout |i⌘(t) + (i + �) sin 2#(t)|2 ⇡ Ik
⇥
⌘(t)2 + 2⌘(t) sin 2#(t) + · · ·

⇤
(79)

𝐸=>2 = 𝐸.
𝑇

1 − 𝑅
1 + 𝑁(𝑖𝜓 + 𝜙) cos 2𝜃

𝑖𝜂. sin 2𝜋𝜈?𝑡 + 𝑁(𝑖𝜓 + 𝜙) cos 2𝜃

Øw/  QWP: Rotation measurement (without )

𝐸=>2 = 𝐸.
𝑇

1 − 𝑅
1 + 𝑁(𝑖𝜓 + 𝜙) cos 2𝜃

𝑖𝜂. sin 2𝜋𝜈?𝑡 + 𝑁(−𝜓 + 𝑖𝜙) cos 2𝜃
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Fig. 28. General optical and electronic scheme of the PVLAS-FE experiment. BP = Band Pass filter; RFO = radio frequency oscillator for the PDH
locking circuit; LIA = Lock-In Amplifier. The signals I⌫m and I 0⌫m from LIA 1 are the in-phase and quadrature outputs of the demodulation at the RF.

enhanced by a factor

N =
2F
⇡

= 446 000. (170)

Assuming that the parameter T is an intrinsic property of the mirrors, one can estimate that the actual losses with
F = 690 000 are slightly higher than in Eq. (169), namely P ⇡ 2.1 ppm. These two mirrors remained in vacuum (and low
pressure gases for calibration) for about three years without losing in reflectivity thanks to the cleanliness of the pumping
system and to the isolation valves of the mirrors’ vacuum chambers.

During measurements the maximum input power was Iin ⇡ 50 mW with a power density on the mirrors of the order
of ⇡ 0.2 MW/cm2, a value well below the damage threshold of the mirrors as declared by the manufacturer.

5.9. Data acquisition

A general optical and electronic scheme of the electronics of the experiment is shown in Fig. 28.
As seen in Section 5.7, the two magnets rotated independently at frequencies ⌫↵ and ⌫� . Normally ⌫↵ 6= ⌫� , so that

the measurements taken with one magnet were a counter check for the results of the other. The two frequencies were
chosen so as to have no common low-order harmonics. The acquisition was started by a trigger of frequency ⌫T equal to
a common submultiple of ⌫↵ and ⌫� . In practice, ⌫T = |⌫↵ � ⌫� |. When the acquisition started, the magnetic fields of the
two magnets had the same direction.

Two acquisition systems were used, a 4-channel spectrum analyser and a 16-channel acquisition board, both synchro-
nised by means of a 10 MHz reference signal with the generators used for the magnets rotation.

The spectrum analyser only acquired the minimum data set necessary to implement the calculations in Eq. (84). For
this reason, this system was usually employed only for quick tests. To take full advantage of the measurement time, a
uniform window was selected. The choice of the rotation frequencies of the magnets was hence limited to multiples of
the frequency width of the bin of the spectrum analyser. In this condition the interesting signals appeared in a single bin.

In the case of the acquisition board, data sampling was synchronous with the rotation of the magnets. The numbers of
samples per magnet turn, N↵ and N� , were both integers; the smaller one was equal to 32 at the beginning, and became
16 later. The values of N↵ and N� are related to the rate of sampling ⌫S as

N↵⌫↵ = N�⌫� = ⌫S. (171)

During acquisition, a very low-frequency feedback kept low the frequency component I⌫m at the modulation frequency
⌫m of the PEM due to a � (DC). This was done by continuously acting on the polariser angular position (and at same time
on the analyser position to preserve the extinction condition). The imposed condition was � (DC) < 10�5.

5.10. Data analysis

The acquired data were first of all scanned searching for anomalies. If needed, all the data between two trigger
signals could be removed, corresponding to an integer number of revolutions of both magnets, thereby preserving phase
continuity. Also, thanks to the complete control of the magnet phase, data blocks acquired in different times in the same

• Transmitted light is split to s- and p- pols. by a PBS
• By demodulating the PD outputs with 𝜈C, ellipticity signal can 

be obtained:
• VMB signal peak appears at 2𝜈@

PDs at detection port

Ψ(𝑡) =
𝐼D%(𝑡)
𝐼D&%

𝜂E
4

VBM signal

Carrier
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PVLAS-FE 
� PVLAS-FE: Final phase of the PVLAS experiment

ØLocation: University of Ferrara, Italy
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Fig. 19. Schematic view and photograph of the optical bench layout of the PVLAS-FE apparatus. HWP = Half-wave plate; P = Polariser; A = Analyser;
QWP = quarter-wave plate; TR = transmission; EXT = extinction.

A general scheme of the optical setup and a photograph of the apparatus are shown in Fig. 19. A Nd:YAG laser (Innolight
Mephisto, 2 W power) emitted at � = 1064 nm. The beam first passed through a quarter-wave plate (QWP) reducing the
initial ellipticity of the laser beam. A first half-wave plate (HWP) placed before a two stage Faraday isolator allowed the
adjustment of the power being injected into the Fabry–Perot cavity. The beam then passed through a lens to match the
laser waist with the cavity waist for optimal mode matching. Two steering mirrors followed by a second HWP brought the
beam to the entrance of the vacuum system with the desired alignment and polarisation direction. Between the second
steering mirror and this second HWP a glass window allowed the sampling of the reflected power from the cavity for
phase locking the laser to the cavity via the Pound–Drever–Hall (PDH) technique. The same glass plate was also used to
sample the beam power at the Fabry–Perot input. The sidebands for the PDH locking circuit were generated directly in
the laser rather than with an external phase modulator [141,142]. An automatic locking servo-circuit allowed operation
of the apparatus with an almost unitary duty-cycle.

The second HWP together with the rotatable polariser P allowed the alignment of the light polarisation with one of
the axes of the equivalent wave plate of the cavity. The light path between the two mirrors passed through the bores of
the two dipole magnets. At the cavity output an extractable QWP was used to transform, when necessary, a polarisation
rotation into an ellipticity (and vice versa). The light then passed through the resonant photo-elastic ellipticity modulator,
PEM, (Hinds Instruments), and the analyser A, normally set to maximum extinction. The PEM was mounted on an axial
rotation mount to set its axis at 45� with respect to the polarisation direction, and on a translation stage to allow its
extraction from the beam. The modulation amplitude was typically ⌘0 ⇡ 3 ⇥ 10�3 ÷ 10�2. Both the extraordinary and
ordinary beams from the analyser A exited the vacuum enclosure: the former measured the power Ik ⇡ Iout transmitted
by the cavity, whereas the extinguished beam power, I?, contained information on the ellipticity and rotation acquired by
the light polarisation. The extinction ratio was generally � 2 . 10�7. After a narrow-band optical filter, the extinguished
beam was collected on an InGaAs low noise photodiode with gain G = 106 V/A and efficiency q = 0.7 A/W. The diode
was placed about 2 m from the analyser to reduce contamination from diffused light.

5.3. Optical bench and vibration isolation

Special care was taken to limit any magnetic forces acting on the mechanical parts of the apparatus. Although the
permanent magnets were designed following the Halbach configuration [161], which in principle cancels stray fields, a
small stray field of about 10 mT was present near their surface, rapidly decaying with distance. The rotating magnets
would then generate eddy currents and thus magnetic forces on nearby components: for this reason a granite optical
bench was chosen as a support for the optics. The bench, manufactured by Microplan, Quarona (VC), Italy, was 4.8 m
long, 1.5 m wide and 0.5 m thick for a total weight of 4 tons. A granite ‘honeycomb’ structure filled the inside of the

Rotating magnets
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Fig. 19. Schematic view and photograph of the optical bench layout of the PVLAS-FE apparatus. HWP = Half-wave plate; P = Polariser; A = Analyser;
QWP = quarter-wave plate; TR = transmission; EXT = extinction.

A general scheme of the optical setup and a photograph of the apparatus are shown in Fig. 19. A Nd:YAG laser (Innolight
Mephisto, 2 W power) emitted at � = 1064 nm. The beam first passed through a quarter-wave plate (QWP) reducing the
initial ellipticity of the laser beam. A first half-wave plate (HWP) placed before a two stage Faraday isolator allowed the
adjustment of the power being injected into the Fabry–Perot cavity. The beam then passed through a lens to match the
laser waist with the cavity waist for optimal mode matching. Two steering mirrors followed by a second HWP brought the
beam to the entrance of the vacuum system with the desired alignment and polarisation direction. Between the second
steering mirror and this second HWP a glass window allowed the sampling of the reflected power from the cavity for
phase locking the laser to the cavity via the Pound–Drever–Hall (PDH) technique. The same glass plate was also used to
sample the beam power at the Fabry–Perot input. The sidebands for the PDH locking circuit were generated directly in
the laser rather than with an external phase modulator [141,142]. An automatic locking servo-circuit allowed operation
of the apparatus with an almost unitary duty-cycle.

The second HWP together with the rotatable polariser P allowed the alignment of the light polarisation with one of
the axes of the equivalent wave plate of the cavity. The light path between the two mirrors passed through the bores of
the two dipole magnets. At the cavity output an extractable QWP was used to transform, when necessary, a polarisation
rotation into an ellipticity (and vice versa). The light then passed through the resonant photo-elastic ellipticity modulator,
PEM, (Hinds Instruments), and the analyser A, normally set to maximum extinction. The PEM was mounted on an axial
rotation mount to set its axis at 45� with respect to the polarisation direction, and on a translation stage to allow its
extraction from the beam. The modulation amplitude was typically ⌘0 ⇡ 3 ⇥ 10�3 ÷ 10�2. Both the extraordinary and
ordinary beams from the analyser A exited the vacuum enclosure: the former measured the power Ik ⇡ Iout transmitted
by the cavity, whereas the extinguished beam power, I?, contained information on the ellipticity and rotation acquired by
the light polarisation. The extinction ratio was generally � 2 . 10�7. After a narrow-band optical filter, the extinguished
beam was collected on an InGaAs low noise photodiode with gain G = 106 V/A and efficiency q = 0.7 A/W. The diode
was placed about 2 m from the analyser to reduce contamination from diffused light.

5.3. Optical bench and vibration isolation

Special care was taken to limit any magnetic forces acting on the mechanical parts of the apparatus. Although the
permanent magnets were designed following the Halbach configuration [161], which in principle cancels stray fields, a
small stray field of about 10 mT was present near their surface, rapidly decaying with distance. The rotating magnets
would then generate eddy currents and thus magnetic forces on nearby components: for this reason a granite optical
bench was chosen as a support for the optics. The bench, manufactured by Microplan, Quarona (VC), Italy, was 4.8 m
long, 1.5 m wide and 0.5 m thick for a total weight of 4 tons. A granite ‘honeycomb’ structure filled the inside of the
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Optical system
� Input optical system

ØLaser: Mephisto 2W (1064 nm)
ØInput power: 50 mW at the maximum

� Cavity
ØLength: 3.3 m (FSR∼ 45 MHz)
ØFinesse: 777,000 ± 6000 (Linewidth∼59 Hz)
ØMirror: 𝑇 = 2.4 ± 0.2 ppm, 𝐿𝑜𝑠𝑠 = 1.7 ± 0.2 ppm
ØMirror mount can move in pitch, yaw and roll

(for the alignment of the birefringent axis)
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Fig. 19. Schematic view and photograph of the optical bench layout of the PVLAS-FE apparatus. HWP = Half-wave plate; P = Polariser; A = Analyser;
QWP = quarter-wave plate; TR = transmission; EXT = extinction.

A general scheme of the optical setup and a photograph of the apparatus are shown in Fig. 19. A Nd:YAG laser (Innolight
Mephisto, 2 W power) emitted at � = 1064 nm. The beam first passed through a quarter-wave plate (QWP) reducing the
initial ellipticity of the laser beam. A first half-wave plate (HWP) placed before a two stage Faraday isolator allowed the
adjustment of the power being injected into the Fabry–Perot cavity. The beam then passed through a lens to match the
laser waist with the cavity waist for optimal mode matching. Two steering mirrors followed by a second HWP brought the
beam to the entrance of the vacuum system with the desired alignment and polarisation direction. Between the second
steering mirror and this second HWP a glass window allowed the sampling of the reflected power from the cavity for
phase locking the laser to the cavity via the Pound–Drever–Hall (PDH) technique. The same glass plate was also used to
sample the beam power at the Fabry–Perot input. The sidebands for the PDH locking circuit were generated directly in
the laser rather than with an external phase modulator [141,142]. An automatic locking servo-circuit allowed operation
of the apparatus with an almost unitary duty-cycle.

The second HWP together with the rotatable polariser P allowed the alignment of the light polarisation with one of
the axes of the equivalent wave plate of the cavity. The light path between the two mirrors passed through the bores of
the two dipole magnets. At the cavity output an extractable QWP was used to transform, when necessary, a polarisation
rotation into an ellipticity (and vice versa). The light then passed through the resonant photo-elastic ellipticity modulator,
PEM, (Hinds Instruments), and the analyser A, normally set to maximum extinction. The PEM was mounted on an axial
rotation mount to set its axis at 45� with respect to the polarisation direction, and on a translation stage to allow its
extraction from the beam. The modulation amplitude was typically ⌘0 ⇡ 3 ⇥ 10�3 ÷ 10�2. Both the extraordinary and
ordinary beams from the analyser A exited the vacuum enclosure: the former measured the power Ik ⇡ Iout transmitted
by the cavity, whereas the extinguished beam power, I?, contained information on the ellipticity and rotation acquired by
the light polarisation. The extinction ratio was generally � 2 . 10�7. After a narrow-band optical filter, the extinguished
beam was collected on an InGaAs low noise photodiode with gain G = 106 V/A and efficiency q = 0.7 A/W. The diode
was placed about 2 m from the analyser to reduce contamination from diffused light.

5.3. Optical bench and vibration isolation

Special care was taken to limit any magnetic forces acting on the mechanical parts of the apparatus. Although the
permanent magnets were designed following the Halbach configuration [161], which in principle cancels stray fields, a
small stray field of about 10 mT was present near their surface, rapidly decaying with distance. The rotating magnets
would then generate eddy currents and thus magnetic forces on nearby components: for this reason a granite optical
bench was chosen as a support for the optics. The bench, manufactured by Microplan, Quarona (VC), Italy, was 4.8 m
long, 1.5 m wide and 0.5 m thick for a total weight of 4 tons. A granite ‘honeycomb’ structure filled the inside of the
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Fig. 23. Three axis mirror mount for the cavity mirrors fixed on the titanium bases of the chambers CM1 and CM2. The rotating stages were based
on the piezo ‘slip-stick’ principle and maintained their position in the absence of power.

Table 4

Main characteristics of the dipole magnets designed and built by Advanced Magnetic
Technologies & Consulting LLC, Troitsk, Russian Federation.
Magnetic system design Cylindrical
Magnetic field direction Normal to bore axis
Overall length 934 mm
Outer diameter 280 mm
Bore diameter 20 mm
Net weight 450 kg
Magnetic material High coercitivity Nd–Fe–B
Maximum field intensity Bext 2.5 T
Squared field integral 5.12 T2 m
Magnetic field length LB 0.82 m

5.6. Optical vacuum mounts

For the mounting and alignment of all the optical elements in vacuum we opted for UHV non magnetic mounts driven
by ‘slip-stick’ piezo motors (SmarAct GmbH) to avoid any magnetic coupling with the rotating magnets. The piezo motors
kept their position even when switched off. Both translation stages and rotation stages were implemented. The minimum
angular step size we used was ⇡ 10 µrad. The polariser and analyser motors were also equipped with encoders.

Each cavity mirror was mounted on a three axis rotation mount shown in Fig. 23. The centre of rotation of the tip-tilt
stages coincided with the reflecting surface of each mirror. The rotation around the cavity axis was used to minimise the
equivalent wave plate of the cavity. No active alignment system was implemented for the optical cavity.

5.7. The rotating permanent magnets

The permanent magnets of the PVLAS-FE experiment aimed at taking advantage of the recently developed Nd–Fe–B
sintered magnet technology. The set-up comprised the construction and installation of two identical dipole magnets of
the Halbach type [161], with B = 2.5 T. The main technical characteristics of each magnet are listed in Table 4.

The segments of the Halbach structure were divided into two concentric rings. Each ring was composed of 16 sectors of
Nd–Fe–B pre-magnetised material. In Fig. 24 one can see a drawing of the concentric structure of the PVLAS-FE magnets
and a theoretical magnetisation direction of the various sectors. Twelve layers each 70 mm thick were assembled axially
in a cylindrical soft magnetic steel case shown in Fig. 25. To minimise the stray field each end flange was a four layers
stack alternating aluminium and steel. Each magnet was balanced by the manufacturer according to G 2.5 accuracy class
ISO 1940-1. The measured transverse component of the magnetic field for the two magnets is shown in Fig. 26.

Just as in the PVLAS-Test setup, the magnets were supported by an aluminium non magnetic structure set on the
concrete floor of the experimental hall. There was no direct contact between the optical bench and the magnet support
structure. The support structure allowed the horizontal movement of the magnets for their extraction and their orientation
for optimal alignment with the vacuum tubes. The two magnets were kept in rotation by toothed belt transmissions driven
by two independent brushless motors whose rotation frequencies were determined by phase-locked independent signal
generators. In this way the rotation of the magnets was controlled in phase: the angular position of the magnetic field was
exactly known at any time. In order to allow for systematics monitoring and debugging, the two magnets were generally
rotated at two slightly different frequencies ⌫↵ and ⌫� .

Input mirror Output mirror

Mount for 
cavity mirrors
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Cavity locking and data acquisition 
� PDH method was used for the cavity locking

Ø718 kHz sidebands were generated using the PZT inside the laser 
Ø

� Photo-elastic ellipticity modulator (PEM) for the local oscillator
ØModulation depth 𝜂!: 3×10;< − 1×10;+
ØModulation frequency 𝜈,: 50 kHz

� Outputs of the PD at the detection port were sent to the lock-in amplifier
ØCalibrated ellipticity:

23
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Fig. 28. General optical and electronic scheme of the PVLAS-FE experiment. BP = Band Pass filter; RFO = radio frequency oscillator for the PDH
locking circuit; LIA = Lock-In Amplifier. The signals I⌫m and I 0⌫m from LIA 1 are the in-phase and quadrature outputs of the demodulation at the RF.

enhanced by a factor

N =
2F
⇡

= 446 000. (170)

Assuming that the parameter T is an intrinsic property of the mirrors, one can estimate that the actual losses with
F = 690 000 are slightly higher than in Eq. (169), namely P ⇡ 2.1 ppm. These two mirrors remained in vacuum (and low
pressure gases for calibration) for about three years without losing in reflectivity thanks to the cleanliness of the pumping
system and to the isolation valves of the mirrors’ vacuum chambers.

During measurements the maximum input power was Iin ⇡ 50 mW with a power density on the mirrors of the order
of ⇡ 0.2 MW/cm2, a value well below the damage threshold of the mirrors as declared by the manufacturer.

5.9. Data acquisition

A general optical and electronic scheme of the electronics of the experiment is shown in Fig. 28.
As seen in Section 5.7, the two magnets rotated independently at frequencies ⌫↵ and ⌫� . Normally ⌫↵ 6= ⌫� , so that

the measurements taken with one magnet were a counter check for the results of the other. The two frequencies were
chosen so as to have no common low-order harmonics. The acquisition was started by a trigger of frequency ⌫T equal to
a common submultiple of ⌫↵ and ⌫� . In practice, ⌫T = |⌫↵ � ⌫� |. When the acquisition started, the magnetic fields of the
two magnets had the same direction.

Two acquisition systems were used, a 4-channel spectrum analyser and a 16-channel acquisition board, both synchro-
nised by means of a 10 MHz reference signal with the generators used for the magnets rotation.

The spectrum analyser only acquired the minimum data set necessary to implement the calculations in Eq. (84). For
this reason, this system was usually employed only for quick tests. To take full advantage of the measurement time, a
uniform window was selected. The choice of the rotation frequencies of the magnets was hence limited to multiples of
the frequency width of the bin of the spectrum analyser. In this condition the interesting signals appeared in a single bin.

In the case of the acquisition board, data sampling was synchronous with the rotation of the magnets. The numbers of
samples per magnet turn, N↵ and N� , were both integers; the smaller one was equal to 32 at the beginning, and became
16 later. The values of N↵ and N� are related to the rate of sampling ⌫S as

N↵⌫↵ = N�⌫� = ⌫S. (171)

During acquisition, a very low-frequency feedback kept low the frequency component I⌫m at the modulation frequency
⌫m of the PEM due to a � (DC). This was done by continuously acting on the polariser angular position (and at same time
on the analyser position to preserve the extinction condition). The imposed condition was � (DC) < 10�5.

5.10. Data analysis

The acquired data were first of all scanned searching for anomalies. If needed, all the data between two trigger
signals could be removed, corresponding to an integer number of revolutions of both magnets, thereby preserving phase
continuity. Also, thanks to the complete control of the magnet phase, data blocks acquired in different times in the same

VBM signal
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Rotating permanent magnets
� Nd-Fe-B sintered magnet: 2.5 T
� Halbach configuration
⇒ able to cancel the stray magnetic field

� Length: 𝐿= = 0.82 m
� Rotation frequency: 𝜈=~8 Hz (depending on the run)
� Used two rotating magnets for the counter check (different 𝜈@

for each magnet)
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Fig. 19. Schematic view and photograph of the optical bench layout of the PVLAS-FE apparatus. HWP = Half-wave plate; P = Polariser; A = Analyser;
QWP = quarter-wave plate; TR = transmission; EXT = extinction.

A general scheme of the optical setup and a photograph of the apparatus are shown in Fig. 19. A Nd:YAG laser (Innolight
Mephisto, 2 W power) emitted at � = 1064 nm. The beam first passed through a quarter-wave plate (QWP) reducing the
initial ellipticity of the laser beam. A first half-wave plate (HWP) placed before a two stage Faraday isolator allowed the
adjustment of the power being injected into the Fabry–Perot cavity. The beam then passed through a lens to match the
laser waist with the cavity waist for optimal mode matching. Two steering mirrors followed by a second HWP brought the
beam to the entrance of the vacuum system with the desired alignment and polarisation direction. Between the second
steering mirror and this second HWP a glass window allowed the sampling of the reflected power from the cavity for
phase locking the laser to the cavity via the Pound–Drever–Hall (PDH) technique. The same glass plate was also used to
sample the beam power at the Fabry–Perot input. The sidebands for the PDH locking circuit were generated directly in
the laser rather than with an external phase modulator [141,142]. An automatic locking servo-circuit allowed operation
of the apparatus with an almost unitary duty-cycle.

The second HWP together with the rotatable polariser P allowed the alignment of the light polarisation with one of
the axes of the equivalent wave plate of the cavity. The light path between the two mirrors passed through the bores of
the two dipole magnets. At the cavity output an extractable QWP was used to transform, when necessary, a polarisation
rotation into an ellipticity (and vice versa). The light then passed through the resonant photo-elastic ellipticity modulator,
PEM, (Hinds Instruments), and the analyser A, normally set to maximum extinction. The PEM was mounted on an axial
rotation mount to set its axis at 45� with respect to the polarisation direction, and on a translation stage to allow its
extraction from the beam. The modulation amplitude was typically ⌘0 ⇡ 3 ⇥ 10�3 ÷ 10�2. Both the extraordinary and
ordinary beams from the analyser A exited the vacuum enclosure: the former measured the power Ik ⇡ Iout transmitted
by the cavity, whereas the extinguished beam power, I?, contained information on the ellipticity and rotation acquired by
the light polarisation. The extinction ratio was generally � 2 . 10�7. After a narrow-band optical filter, the extinguished
beam was collected on an InGaAs low noise photodiode with gain G = 106 V/A and efficiency q = 0.7 A/W. The diode
was placed about 2 m from the analyser to reduce contamination from diffused light.

5.3. Optical bench and vibration isolation

Special care was taken to limit any magnetic forces acting on the mechanical parts of the apparatus. Although the
permanent magnets were designed following the Halbach configuration [161], which in principle cancels stray fields, a
small stray field of about 10 mT was present near their surface, rapidly decaying with distance. The rotating magnets
would then generate eddy currents and thus magnetic forces on nearby components: for this reason a granite optical
bench was chosen as a support for the optics. The bench, manufactured by Microplan, Quarona (VC), Italy, was 4.8 m
long, 1.5 m wide and 0.5 m thick for a total weight of 4 tons. A granite ‘honeycomb’ structure filled the inside of the
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Fig. 24. Left: Magnetisation directions in the Halbach configuration of a dipole field. Right: Two rings, 16 segment Halbach configuration of the
PVLAS-FE magnets with the external cylindrical enclosure.

Fig. 25. Inside of the cylindrical enclosure hosting the Halbach elements. In the axial direction the magnet was composed of twelve layers each
7 cm thick.

Fig. 26. Dipolar field profile of the two PVLAS-FE magnets. The values of
R
B2
ext dL are also reported.

5.8. The Fabry–Perot cavity

The length of the PVLAS-FE high-finesse Fabry–Perot cavity was d = 3.303 ± 0.005 m. This length defines the free
spectral range of the interferometer

⌫fsr =
c
2d

= 45.38 ± 0.07 MHz. (161)

Plano-concave dielectric mirrors with a radius of curvature of RM = 2 m were manufactured by ATFilms (Boulder, CO,
USA) using super-polished fused silica substrates 25.4 mm in diameter and 6 mm thick. The reflecting surface of the
mirrors was designed for the highest possible finesse whereas the plane surface had a 1064 nm anti-reflective coating.
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Optical bench and vibration isolation

� Stray magnetic field can produce magnetic force to optical 
components through eddy current
⇒ Used a granite optical bench

� Commercial active vibration isolation is used for the legs
ØBiAir® membrane spring air legs
ØMaintained the position of the bench within 10 µm
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Granite bench
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Fig. 19. Schematic view and photograph of the optical bench layout of the PVLAS-FE apparatus. HWP = Half-wave plate; P = Polariser; A = Analyser;
QWP = quarter-wave plate; TR = transmission; EXT = extinction.

A general scheme of the optical setup and a photograph of the apparatus are shown in Fig. 19. A Nd:YAG laser (Innolight
Mephisto, 2 W power) emitted at � = 1064 nm. The beam first passed through a quarter-wave plate (QWP) reducing the
initial ellipticity of the laser beam. A first half-wave plate (HWP) placed before a two stage Faraday isolator allowed the
adjustment of the power being injected into the Fabry–Perot cavity. The beam then passed through a lens to match the
laser waist with the cavity waist for optimal mode matching. Two steering mirrors followed by a second HWP brought the
beam to the entrance of the vacuum system with the desired alignment and polarisation direction. Between the second
steering mirror and this second HWP a glass window allowed the sampling of the reflected power from the cavity for
phase locking the laser to the cavity via the Pound–Drever–Hall (PDH) technique. The same glass plate was also used to
sample the beam power at the Fabry–Perot input. The sidebands for the PDH locking circuit were generated directly in
the laser rather than with an external phase modulator [141,142]. An automatic locking servo-circuit allowed operation
of the apparatus with an almost unitary duty-cycle.

The second HWP together with the rotatable polariser P allowed the alignment of the light polarisation with one of
the axes of the equivalent wave plate of the cavity. The light path between the two mirrors passed through the bores of
the two dipole magnets. At the cavity output an extractable QWP was used to transform, when necessary, a polarisation
rotation into an ellipticity (and vice versa). The light then passed through the resonant photo-elastic ellipticity modulator,
PEM, (Hinds Instruments), and the analyser A, normally set to maximum extinction. The PEM was mounted on an axial
rotation mount to set its axis at 45� with respect to the polarisation direction, and on a translation stage to allow its
extraction from the beam. The modulation amplitude was typically ⌘0 ⇡ 3 ⇥ 10�3 ÷ 10�2. Both the extraordinary and
ordinary beams from the analyser A exited the vacuum enclosure: the former measured the power Ik ⇡ Iout transmitted
by the cavity, whereas the extinguished beam power, I?, contained information on the ellipticity and rotation acquired by
the light polarisation. The extinction ratio was generally � 2 . 10�7. After a narrow-band optical filter, the extinguished
beam was collected on an InGaAs low noise photodiode with gain G = 106 V/A and efficiency q = 0.7 A/W. The diode
was placed about 2 m from the analyser to reduce contamination from diffused light.

5.3. Optical bench and vibration isolation

Special care was taken to limit any magnetic forces acting on the mechanical parts of the apparatus. Although the
permanent magnets were designed following the Halbach configuration [161], which in principle cancels stray fields, a
small stray field of about 10 mT was present near their surface, rapidly decaying with distance. The rotating magnets
would then generate eddy currents and thus magnetic forces on nearby components: for this reason a granite optical
bench was chosen as a support for the optics. The bench, manufactured by Microplan, Quarona (VC), Italy, was 4.8 m
long, 1.5 m wide and 0.5 m thick for a total weight of 4 tons. A granite ‘honeycomb’ structure filled the inside of the

4.8 m
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Vacuum tubes
� Gas in the magnetic field  can exhibit birefringence: 

Cotton-Mouton effect (can be used for the calibration)
⇒ Need vacuum to reduce the noise

ØAchieved pressure: 2×10;> Pa

� Two tubes inside the magnets
Ø Made of non-magnetic materials (borosilicate glass, 

silicon nitride ceramics)
ØDiameter: ∼18 mm
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Fig. 19. Schematic view and photograph of the optical bench layout of the PVLAS-FE apparatus. HWP = Half-wave plate; P = Polariser; A = Analyser;
QWP = quarter-wave plate; TR = transmission; EXT = extinction.

A general scheme of the optical setup and a photograph of the apparatus are shown in Fig. 19. A Nd:YAG laser (Innolight
Mephisto, 2 W power) emitted at � = 1064 nm. The beam first passed through a quarter-wave plate (QWP) reducing the
initial ellipticity of the laser beam. A first half-wave plate (HWP) placed before a two stage Faraday isolator allowed the
adjustment of the power being injected into the Fabry–Perot cavity. The beam then passed through a lens to match the
laser waist with the cavity waist for optimal mode matching. Two steering mirrors followed by a second HWP brought the
beam to the entrance of the vacuum system with the desired alignment and polarisation direction. Between the second
steering mirror and this second HWP a glass window allowed the sampling of the reflected power from the cavity for
phase locking the laser to the cavity via the Pound–Drever–Hall (PDH) technique. The same glass plate was also used to
sample the beam power at the Fabry–Perot input. The sidebands for the PDH locking circuit were generated directly in
the laser rather than with an external phase modulator [141,142]. An automatic locking servo-circuit allowed operation
of the apparatus with an almost unitary duty-cycle.

The second HWP together with the rotatable polariser P allowed the alignment of the light polarisation with one of
the axes of the equivalent wave plate of the cavity. The light path between the two mirrors passed through the bores of
the two dipole magnets. At the cavity output an extractable QWP was used to transform, when necessary, a polarisation
rotation into an ellipticity (and vice versa). The light then passed through the resonant photo-elastic ellipticity modulator,
PEM, (Hinds Instruments), and the analyser A, normally set to maximum extinction. The PEM was mounted on an axial
rotation mount to set its axis at 45� with respect to the polarisation direction, and on a translation stage to allow its
extraction from the beam. The modulation amplitude was typically ⌘0 ⇡ 3 ⇥ 10�3 ÷ 10�2. Both the extraordinary and
ordinary beams from the analyser A exited the vacuum enclosure: the former measured the power Ik ⇡ Iout transmitted
by the cavity, whereas the extinguished beam power, I?, contained information on the ellipticity and rotation acquired by
the light polarisation. The extinction ratio was generally � 2 . 10�7. After a narrow-band optical filter, the extinguished
beam was collected on an InGaAs low noise photodiode with gain G = 106 V/A and efficiency q = 0.7 A/W. The diode
was placed about 2 m from the analyser to reduce contamination from diffused light.

5.3. Optical bench and vibration isolation

Special care was taken to limit any magnetic forces acting on the mechanical parts of the apparatus. Although the
permanent magnets were designed following the Halbach configuration [161], which in principle cancels stray fields, a
small stray field of about 10 mT was present near their surface, rapidly decaying with distance. The rotating magnets
would then generate eddy currents and thus magnetic forces on nearby components: for this reason a granite optical
bench was chosen as a support for the optics. The bench, manufactured by Microplan, Quarona (VC), Italy, was 4.8 m
long, 1.5 m wide and 0.5 m thick for a total weight of 4 tons. A granite ‘honeycomb’ structure filled the inside of the
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ure the vacuum magnetic birefringence by using a very sen-
sitive ellipsometer that will be based on a vertical 6-m-long
very high finesse Fabry–Pérot cavity. The servo system used
to lock the laser to the high-finesse Fabry–Pérot cavity has
already been discussed [20].
The light source is a tunable NPRO laser emitting about

15mW of power at a wavelength of ∏ = 1.064µm (∫ =
2.82£1014 Hz). The laser light after crossing a two-stage op-
tical isolator, OI, enters the polarizing cube beam splitter P
which is set for maximum transmission. The Faraday cell FC
rotates the polarization by a 45± angle and a half-wave plate
∏/2 is used to change the polarization direction of the beam.
A telescope TL is used to match the laser beam to the cavi-
ty FP. Mirrors M1 and M2 are mounted on tilting stages and
are used to allow the alignment of the beam with the optical
axis of the cavity. When the cavity and the beam are proper-
ly aligned light coming back from the cavity follows the same
optical path as incoming light. After it crosses the Faraday
cell, FC, the polarization angle of the reflected light is rotated
a further 45± so that the reflected light can be extracted from
the main path as the ordinary ray of polarizer prism P. Mir-
ror M3 steers the beam in the vertical direction. The polarizer
prism PP is used to linearly polarize the laser beam before it
enters the FP made of the two mirrors CM1 and CM2. The po-
larizer prism AP is then used to analyze the polarization state
of the light transmitted by the cavity. The cavity mirrors CM1
and CM2 and the polarizer prisms PP and AP are contained
in a vacuum chamber and mounted on stages designed to ro-
tate the optical elements around the z axis (see Fig. 1), to tilt
them around x and y axis, and to translate along x and y ax-
is. Appropriate manual feedthrough for vacuum allowed us to
precisely align the optical elements from outside the vertical
vacuum chamber. The photodiode PDR collects the reflect-
ed light, focused by the lens LR, giving the main signal for
the Pound–Drever locking scheme. The photodiode PDT, on
the other hand, collects the light transmitted by the cavity and
analyzed by the polarizer prism AP. The lens LT focuses the
transmitted light onto this photodiode. Two windows (W1 and
W2) allow the light to enter and exit the vacuum chamber. The
length of the Fabry–Pérot cavity is 2.15m.
The principle of the experiment is shown in Fig. 2. A light

beam propagating along the z direction is linearly polar-
ized at an angle µP with respect to the x axis. The phase
anisotropies of the coatings of the cavity mirrors CM1 and
CM2 are schematized as two ideal waveplates WP1 and WP2
between two isotropic cavity mirrors M1 and M2 of reflec-
tivity R. WP1 has its fast axis along the x axis and a phase
anisotropy ±1. WP2 has its fast axis at an angle µWP with re-
spect to the x axis (i.e. with respect to the fast axis of WP1)
and a phase anisotropy ±2. Thus the phase anisotropy per re-
flection corresponds to twice the phase anisotropy of the ideal
waveplates WP1 or WP2.
Light coming from the cavity is analyzed by a polariz-

er prism crossed with the initial laser polarization. When the
laser is frequency locked to the cavity, rotation of the AP
polarizer varies the transmitted light from a minimum value
IEXT to a maximum value IT. Therefore, the ellipticity ™ can
be measured as the square root of IEXT/IT, i.e.

™ =
s
IEXT
IT

= f(µP, µWP, ±1, ±2) . (1)

Fig. 2. Principle of the experiment; E0 light polarization vector; CM1, CM2
cavity mirrors; M1, M2 isotropic mirrors; WP1, WP2 waveplates equivalent
to the coating of cavity mirrors

To calculate the expression for ™ as a function of the experi-
mental parameters µP, µWP, ±1, ±2 we use the Jones matrix for-
malism [21]. The following matrices represent the waveplates
WP1 and WP2

WP1 =
µ
e+i±1/2 0
0 e°i±1/2

∂
(2)

WP2 =
0

BB@

e+i±2/2 cos2 µWP
+e°i±2/2 sin2 µWP

°2i sin(±2/2) cos µWP sin µWP

°2i sin(±2/2) cos µWP sin µWP
e°i±2/2 cos2 µWP
+e+i±2/2 sin2 µWP

1

CCA

(3)

The combined effect of the waveplatesWP1 andWP2 cor-
responds to the effect of a single equivalent waveplate WPEQ
of phase anisotropy ±EQ and with the fast axis at an angle µEQ
with respect to the x axis. Writing then

WPEQ =
0

BB@

e+i±EQ/2 cos2 µEQ
+e°i±EQ/2 sin2 µEQ

°2i sin(±EQ/2) cos µEQ sin µEQ

°2i sin(±EQ/2) cos µEQ sin µEQ
e°i±EQ/2 cos2 µEQ
+e+i±EQ/2 sin2 µEQ

1

CCA

(4)

and imposing

WPEQ =WP2 ·WP1 (5)

with matrix algebra, and for ±1, ±2 ø 1 one obtains

±EQ =
q

(±1° ±2)
2+4±1±2 cos2 µWP (6)

cos 2µEQ = ±1/±2+ cos 2µWPq
(±1/±2°1)2+4(±1/±2) cos2 µWP

. (7)

When ±1 ¿ ±2 (or ±2 ¿ ±1), ±EQ does not depend on µWP and
is equal to ±1 (or ±2).
In Fig. 3 we show µEQ for some characteristic values of ±1

and ±2. One can see that if ±1/±2 = 1, µEQ is equal to µWP/2; if

Resonant frequency difference of linear cavity
� Birefringence of mirror coating causes resonant frequency difference 

even in a linear cavity
ØBirefringence of M? and M+ ⇒ wave plates: WP? and WP+
ØWP? and WP+ ⇒ an effective WP: WP@A
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Phase difference: 𝛼4@ = 𝛼A − 𝛼+ + + 4𝛼A𝛼+ cos+ 𝜃BC

Angle of axis: 𝜃4@ =
D*/D+FGHI +J,-

D*/D+'A +F6 D*/D+ GHI+ J,-

� 𝛼%B causes resonant frequency difference
� 𝜃%B defines the angle of the eigen linear polarizations in front of M1
� 𝜃CD determines the eigen polarization modes inside the cavity

(Linear for 𝜃CD = 0, 𝜋/2, 𝜋, 3𝜋/2, Elliptic for other values)

F.Brandi et al. Appl. Phys. 
B 65, 351-355 (1997)

https://link.springer.com/article/10.1007/s003400050283
https://link.springer.com/article/10.1007/s003400050283
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� Polarization inside cavity needs to be linear to interact with the VMB
� Resonant frequency difference degrades the signal amplification by 

the cavity like DANCE
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� 𝛼%B causes resonant frequency difference
� 𝜃%B defines the angle of the eigen linear polarization in front of M1
� 𝜃CD determines the eigen polarization modes inside the cavity

(Linear for 𝜃CD = 0, 𝜋/2, 𝜋, 3𝜋/2, Elliptic for other values)

Issues on resonant frequency difference
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Fig. 7. Example of the transmitted power Iout, and of the amplitudes of the ellipticity and of the rotation in the case of a pure birefringence, as
functions of the Fabry–Perot cavity round-trip phase �, for ↵EQ = 10�5 rad and N = 4 ⇥ 105. The Airy curves are normalised to unity and the
rotation bears the same normalisation coefficient as the ellipticity. The transmitted power is centred at � = �↵EQ/2 whereas the other two curves
at � = ↵EQ/2. The value of the ellipticity at � = �↵EQ/2 is a factor k(↵EQ) = 0.2 smaller than the maximum [see Eq. (109)].

In the PVLAS experiment the laser is phase-locked to the resonance frequency of the cavity by means of a feedback
electronic circuit based on the Pound–Drever–Hall locking scheme [110,111] in which the error signal is carried by the
light reflected from the cavity through the input polariser. As a consequence, the laser is locked to the k polarisation auto-
state of the cavity in Eq. (107) with � = �↵EQ/2 (corresponding to the X̂ axis) while the orthogonal component which
will contain the ellipticity and/or rotation information is off resonance by � = ↵EQ.

Two issues arise. Firstly, when analysing the extinguished beam one must take into account the fact that its power is
reduced by the factor in Eq. (100), with the substitution � ! ↵EQ:

k(↵EQ) =
1

1 + N2 sin2(↵EQ/2)
 1 (109)

with respect to the parallel polarisation power Ik. By varying the input polarisation direction and the relative angle �WP
between the two mirrors’ axes, it is possible to minimise the effect of the wave plates of the mirrors by aligning the slow
axis of one mirror against the fast axis of the other corresponding to cos�WP = 0 in Eq. (104). This ensures that the two
curves are as near as possible with ↵EQ at its minimum and k(↵EQ) at its maximum.

Secondly, in the presence of a birefringent and/or dichroic medium between the mirrors, analogously to Eqs. (102) and
(103), a symmetrical mixing appears between rotations and ellipticities. In fact, the electric field at the exit of the cavity
is

EEout(#, �) = Ein
⇥
I � Rei� X(#) · M · X(#)

⇤�1
· Tei

�
2 X(#) ·

✓
1
0

◆
(110)

resulting in

Eout,? ⇡ Eout
1 + iN( �2 �

↵EQ
4 )

1 + N2 sin2( �2 �
↵EQ
4 )

N(i + �) sin 2#(t). (111)

Eout is given by Eq. (100) with the substitution � ! �� ↵EQ/2 [compare with Eq. (99)]. The behaviour of the transmitted
power Ik and of the total ellipticity and rotation  and � can be studied by changing �, which experimentally can be done
with the feedback circuit by changing the error reference voltage. In the following this will be referred to as an ‘offset’. A
calculated example of these three curves is shown in Fig. 7 for a pure birefringence, N = 4 ⇥ 105 and ↵EQ = 10�5 rad. In
Section 6.1.1 we will present some measurements.

From Eq. (83) the power at the detector for small ↵EQ’s, and R ⇡ 1, and with the laser locked to the top of the resonance
for a polarisation along the k direction (� = �↵EQ/2) one finds

I (ell)
?

(t) = Ik
n
� 2

+ ⌘(t)2 + 2⌘(t)k(↵EQ)
h
 Tot
# (t) +�Tot

# (t)N
↵EQ

2

io
, (112)

for the measurements of ellipticity, and

I (rot)
?

(t) = Ik
n
� 2

+ ⌘(t)2 + 2⌘(t)k(↵EQ)
h
��Tot

# (t) +  Tot
# (t)N

↵EQ

2

io
, (113)

for rotation measurements. In the equations, � 2 is the extinction ratio of the polarisers. To simplify the expressions we
have included the spurious ellipticity and rotation noises � (t) and � (t), respectively, generated in the polarimeter, in the

Carrier (s-pol.)

VMB signal (p-pol.)

Align the slow axis of M1 to 
the fast axis of M2 to cancel 
out the phase difference 𝛼=K
⇔𝜃LM = 𝜋/2, 3𝜋/2

How can we align it?
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𝜙

� Resonant frequency difference also causes the signal mixing of 
ellipticity 𝜓 and rotation 𝜙 due to the detuned cavity:
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How to align birefringent axis

Measured “Ellipticity”: 𝑖Ψ = 𝑖 K
AFK+ ILM+ D.//6

𝜓 + 𝑁 D./
+
𝜙

Measured “Rotation”: Φ = K
AFK+ ILM+ D.//6

𝜙 − 𝑁 D./
+
𝜓

Mixed rotation

Mixed ellipticity

Actual ellipticity

Actual rotation

Blue: p-pol.
Red: s-pol.

𝜓

Carrier

𝑁𝛼4@/2

� We can use this mixing to measure 𝛼%B
1. Prepare intentional birefringence with gas

(Cotton-Mouton effect)
2. Measure its ellipticity and rotation 

and take their ratio:

𝑅E0,G = Φ/Ψ =
𝑁
2
𝛼%B

3. Measure 𝛼%B changing birefringent axis of 
one of the cavity mirrors
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ure the vacuum magnetic birefringence by using a very sen-
sitive ellipsometer that will be based on a vertical 6-m-long
very high finesse Fabry–Pérot cavity. The servo system used
to lock the laser to the high-finesse Fabry–Pérot cavity has
already been discussed [20].
The light source is a tunable NPRO laser emitting about

15mW of power at a wavelength of ∏ = 1.064µm (∫ =
2.82£1014 Hz). The laser light after crossing a two-stage op-
tical isolator, OI, enters the polarizing cube beam splitter P
which is set for maximum transmission. The Faraday cell FC
rotates the polarization by a 45± angle and a half-wave plate
∏/2 is used to change the polarization direction of the beam.
A telescope TL is used to match the laser beam to the cavi-
ty FP. Mirrors M1 and M2 are mounted on tilting stages and
are used to allow the alignment of the beam with the optical
axis of the cavity. When the cavity and the beam are proper-
ly aligned light coming back from the cavity follows the same
optical path as incoming light. After it crosses the Faraday
cell, FC, the polarization angle of the reflected light is rotated
a further 45± so that the reflected light can be extracted from
the main path as the ordinary ray of polarizer prism P. Mir-
ror M3 steers the beam in the vertical direction. The polarizer
prism PP is used to linearly polarize the laser beam before it
enters the FP made of the two mirrors CM1 and CM2. The po-
larizer prism AP is then used to analyze the polarization state
of the light transmitted by the cavity. The cavity mirrors CM1
and CM2 and the polarizer prisms PP and AP are contained
in a vacuum chamber and mounted on stages designed to ro-
tate the optical elements around the z axis (see Fig. 1), to tilt
them around x and y axis, and to translate along x and y ax-
is. Appropriate manual feedthrough for vacuum allowed us to
precisely align the optical elements from outside the vertical
vacuum chamber. The photodiode PDR collects the reflect-
ed light, focused by the lens LR, giving the main signal for
the Pound–Drever locking scheme. The photodiode PDT, on
the other hand, collects the light transmitted by the cavity and
analyzed by the polarizer prism AP. The lens LT focuses the
transmitted light onto this photodiode. Two windows (W1 and
W2) allow the light to enter and exit the vacuum chamber. The
length of the Fabry–Pérot cavity is 2.15m.
The principle of the experiment is shown in Fig. 2. A light

beam propagating along the z direction is linearly polar-
ized at an angle µP with respect to the x axis. The phase
anisotropies of the coatings of the cavity mirrors CM1 and
CM2 are schematized as two ideal waveplates WP1 and WP2
between two isotropic cavity mirrors M1 and M2 of reflec-
tivity R. WP1 has its fast axis along the x axis and a phase
anisotropy ±1. WP2 has its fast axis at an angle µWP with re-
spect to the x axis (i.e. with respect to the fast axis of WP1)
and a phase anisotropy ±2. Thus the phase anisotropy per re-
flection corresponds to twice the phase anisotropy of the ideal
waveplates WP1 or WP2.
Light coming from the cavity is analyzed by a polariz-

er prism crossed with the initial laser polarization. When the
laser is frequency locked to the cavity, rotation of the AP
polarizer varies the transmitted light from a minimum value
IEXT to a maximum value IT. Therefore, the ellipticity ™ can
be measured as the square root of IEXT/IT, i.e.

™ =
s
IEXT
IT

= f(µP, µWP, ±1, ±2) . (1)

Fig. 2. Principle of the experiment; E0 light polarization vector; CM1, CM2
cavity mirrors; M1, M2 isotropic mirrors; WP1, WP2 waveplates equivalent
to the coating of cavity mirrors

To calculate the expression for ™ as a function of the experi-
mental parameters µP, µWP, ±1, ±2 we use the Jones matrix for-
malism [21]. The following matrices represent the waveplates
WP1 and WP2

WP1 =
µ
e+i±1/2 0
0 e°i±1/2

∂
(2)

WP2 =
0

BB@

e+i±2/2 cos2 µWP
+e°i±2/2 sin2 µWP

°2i sin(±2/2) cos µWP sin µWP

°2i sin(±2/2) cos µWP sin µWP
e°i±2/2 cos2 µWP
+e+i±2/2 sin2 µWP

1

CCA

(3)

The combined effect of the waveplatesWP1 andWP2 cor-
responds to the effect of a single equivalent waveplate WPEQ
of phase anisotropy ±EQ and with the fast axis at an angle µEQ
with respect to the x axis. Writing then

WPEQ =
0

BB@

e+i±EQ/2 cos2 µEQ
+e°i±EQ/2 sin2 µEQ

°2i sin(±EQ/2) cos µEQ sin µEQ

°2i sin(±EQ/2) cos µEQ sin µEQ
e°i±EQ/2 cos2 µEQ
+e+i±EQ/2 sin2 µEQ

1

CCA

(4)

and imposing

WPEQ =WP2 ·WP1 (5)

with matrix algebra, and for ±1, ±2 ø 1 one obtains

±EQ =
q

(±1° ±2)
2+4±1±2 cos2 µWP (6)

cos 2µEQ = ±1/±2+ cos 2µWPq
(±1/±2°1)2+4(±1/±2) cos2 µWP

. (7)

When ±1 ¿ ±2 (or ±2 ¿ ±1), ±EQ does not depend on µWP and
is equal to ±1 (or ±2).
In Fig. 3 we show µEQ for some characteristic values of ±1

and ±2. One can see that if ±1/±2 = 1, µEQ is equal to µWP/2; if

� Results: 𝛼=K = 0.6 µrad - 4.3 µrad
ØDANCE: ∼ 10 mrad / mirror (*mechanism is different)

� 𝛼=K was set to 0.6 µrad during the VMB measurement
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θ
ψ

Fig. 29. Ratio of the ‘spurious’ rotation to the ‘true’ ellipticity, R�0, = N↵EQ/2 of Eq. (117), plotted as a function of the azimuthal angle �WP of the
input mirror for a Cotton–Mouton effect of 230 µbar of Ar gas. The continuous line is a best fit with parameters ↵1, ↵2 and �WP of Eqs. (104) and
(105).
Source: From Ref. [105], Figure 8.

In order to study the equivalent wave plate of the cavity, we performed the measurement of the ellipticity and of
the rotation generated by the Cotton–Mouton effect in a gas as a function of the relative azimuthal position of the two
mirrors. In this experimental condition there is no dichroism (� = 0) and a rotation is therefore due solely to the presence
of ↵EQ. In these measurements, the magnets rotated at ⌫B = 4 Hz; this corresponded to a negligible correction factor due
to the cavity first order filtering [113] for the signal at ⌫ = 2⌫B = 8 Hz:

ET(2⌫B) = Eout
T

p
1 + R2 � 2R cos �

= 0.97 (174)

In Fig. 29, we show the ratio R�0, , given by Eq. (117), plotted as a function of the azimuthal angle �WP of the first
mirror (the second mirror was never moved). Each rotation step, of about 15�, was followed by cavity realignment through
the adjustment of the two tilt stages of the mirror, by optimisation of the extinction ratio through the rotation of both the
polariser and analyser and by a measurement of the finesse. The experimental points were fitted with Eq. (117), where
↵EQ is given by Eq. (104). The best fit produced values for the quantities N↵1/2, N↵2/2, and for the angular position of
the maxima with respect to the initial angular position of the input mirror (�WP = 0). With N/2 ⇡ 2.2 ⇥ 105, the phase
differences of the two mirrors were calculated to be

↵0
= (2.4 ± 0.1) µrad and ↵00

= (1.9 ± 0.1) µrad. (175)

It was not possible to associate ↵0 and ↵00 uniquely to the two mirrors with this single measurement. With the above
values for the ↵’s and by varying the relative angular position of the two mirrors �WP, the value of ↵EQ could vary between
0.6 µrad and 4.3 µrad, which is equivalent to saying that the maximum of the Airy curve of the ellipticity resonance would
be set between 5 Hz to 31 Hz away from the resonance of the input polarisation. Correspondingly, the k(↵EQ) parameter
could be varied between ⇡ 1 and ⇡ 0.5.

As described above, for each rotation step of the input mirror, the ellipticity and the rotation generated by the Cotton–
Mouton effect were measured. These values depend only on the value of ↵EQ according to Eqs. (112) and (113). In these
measurements the best extinction ratio, and therefore the lowest signal at ⌫m, was obtained by rotating the polariser
and the analyser by a measured amount. The extinction condition ensured the alignment of the polarisation with the
axis of the equivalent wave plate of the whole polarimeter (not just of the cavity). Fig. 30 shows the azimuthal angle
�EQ of the polariser for which the best extinction ratio was obtained, as a function of the mirror angular position �WP.
The data points were fitted with Eq. (105). The best fit gave a value of ↵1/↵2 = 0.62 ± 0.08, allowing the assignment
of the phase delay of each mirror. This value is slightly different from ↵00/↵0 of Eq. (175) obtained by the fit in Fig. 29,
but is compatible within the fit uncertainties. However, the zero references of �WP in the two fits appear to be different
by about 10�, well beyond the fit uncertainty. This is indeed evidence of a contribution of other birefringent elements
(mirror substrates and PEM) between the polariser and the analyser. The apparent discrepancy of the two measurements
is due to their different character: the positioning of the polariser in the measurement of the extinction ratio was made
following the indications of the ⌫m signal in the Fourier transform of the extinguished beam, which is the DC component
of the demodulated power corresponding to � (DC) = �cavity(DC)+ �other(DC), whereas the measurement of the CM effect
is performed at the frequency 2⌫B, twice the rotation frequency of the magnet and depends on ↵EQ.

A direct visual demonstration of the birefringence of the cavity was obtained thanks to the capability of the apparatus
to modify the ‘offset’ of the feedback which locked the frequency of the laser to the resonance frequency of the cavity.
This allowed for polarimetric measurements off resonance with phase values of

�� ⇡ ±2⇡
✓
�⌫c

4⌫fsr

◆
(176)

How to align birefringent axis
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In-phase spurious peak by scattered light
� Signals at harmonics of the magnet rotation (5 Hz) in the 

ellipticity spectrum
�

⇒ Scattered light modulated by the oscillation of the vacuum 
tubes caused these peaks
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Fig. 40. Correlations between the ellipticity and the correction signal. Integration time was 1600 s for the ellipticity and 160 s for the correction
signal. Left: the experimental points are the amplitudes of the first four harmonics of the mass oscillation frequency (11 Hz). The numbers above
each data point indicate the corresponding harmonic. The straight line is the best fit with slope 1.24 ⇥ 10�4/V. Right: the experimental points are
the amplitudes of the harmonics of the rotation frequency of the magnet (4 Hz). The eleventh harmonic indicated by the red circle is common to
the two graphs.

Fig. 41. Infrared photos of the mirrors with the laser locked to the cavity. The TEM00 of the cavity is visible due to diffused light from the mirrors.
Small bright spots can also be seen near the edges of the modes.

Fig. 42. Positioning of the baffles inside the tube. The baffles prevent light from a given area on the mirror from reaching the internal surface of
the glass tubes.

6.2.4. Diffused light and ‘in-phase’ spurious peaks
A real breakthrough with the spurious signals came only when we started paying attention to diffused light. The

sources of diffused light inside the cavity are the intense spots of the light reflecting on the mirrors when the laser is
locked. Photographs of these spots can be seen in Fig. 41. Besides the Gaussian beam a few extra bright dots distributed
around the main spots can be seen. These dots could be due either to dust or local defects of the mirror surface. As seen
from the centre of the mirror, the incidence angle on the inner surface of the glass tube ranged from � 88� to ⇡ 89.8�.
This corresponded to an average reflective power of the inner surface of the tube ranging from 0.82 to 1. Since diffused
light is a source of noise in a Fabry–Perot cavity [164], its modulation might generate spurious signals. Diffused light is
essentially unpolarised light that can traverse both the polariser and the analyser. Its power might have been modulated if
the tube vibrated synchronously with the rotation of the magnets. As a matter of fact, by monitoring the infrared radiation
coming out laterally from the accessible portion of the glass tube just outside the magnets, we found a power modulation
at harmonics of the rotating magnets. On the other hand, the ellipticity and rotation signals in the extinguished beam
were extracted through a demodulation process that was insensitive, to first order, to a power modulation. The same was
true for the reflected beam and the error signal of the laser frequency-locking system. The point was that diffused light
could also be modulated in phase.

The first action we took was to place inside the tube (at that time a 12.5 mm internal diameter glass tube) a system of
baffles to absorb the diffused light. The irises where Viton o-rings with external diameter equal to the internal diameter
of the tube and chord thickness ⇠ 1 mm. The sequence of the positions of the o-rings inside the tube was such that the
internal surface of the glass tube could not be seen from any position inside a round spot in the centre of the mirror
(see Fig. 42). The first o-ring was placed just at the end of the tube near the mirror; the second o-ring intercepted the
light that grazed the edge of the first o-ring coming from the periphery of the blind spot; the position of the third o-ring

A. Ejlli, F. Della Valle, U. Gastaldi et al. / Physics Reports 871 (2020) 1–74 51

Fig. 43. Above: schematic view of the baffles inserted inside the tubes. Below: looking through the tube before and after the insertion of the o-rings;
a net attenuation of the diffused light is observed.

Fig. 44. Left: ellipticity spectrum before the insertion of the o-rings inside the tubes; signals are observed at harmonics of the magnet rotation
frequency ⌫B = 5 Hz. Right: ellipticity spectrum after installation of the baffles.

Fig. 45. Correlation of measured ellipticity and tube acceleration. The spectra are obtained forcing the movement of the tube with a piezo at
⌫piezo = 7.5 Hz. In the acceleration spectrum three harmonics were observed. The three points shown correspond to the harmonics at 7.5, 15.0 and
22.5 Hz.

was further away, chosen with the same criterion, and so on. The improvement obtained could be appreciated already
by looking through the tube with the naked eye (see Fig. 43). The diameter of the blind spot grows with the number of
baffles, in principle allowing to screen the whole surface of the mirror; however, as the edges of the o-rings themselves
are reflective in grazing incidence, we never used more than 20 o-rings per tube, with blind spot dimensions of the order
of twice the waist of the laser light on the mirrors.

The effect of the installation of the o-rings was a sudden reduction of the spurious signals. The spectra reported in
Fig. 44 prove this beyond any doubt: the signal at 2⌫B disappears, being reduced by a factor of at least ten. We note that the
peak at ⌫B, which is due to a Faraday effect on the mirrors, is reduced but does not disappear, unlike the other harmonics.
The remedy we found to the problem of the spurious signals was very effective, indicating that the spurious signals are
actually generated by a modulation of the diffused light (amplitude and/or phase). The nature of this modulation was still
unclear. In the next section we will show that the movement of the tube induced ellipticity signals, thus suggesting that
the movement of the tube modulated the diffused light.

6.2.5. Magnetic forces on the tube
A piezoelectric crystal was used to induce an oscillation of the (glass) tube at 7.5 Hz in the transverse direction with

a nominal amplitude of 1 µm. The induced acceleration was measured with a three-axes accelerometer fastened at the
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Baffles for prevention of scattered light
� Inserted baffles inside the vacuum tubes
⇒ Spurious peaks disappeared greatly except for remaining 
peak at 5 Hz
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Fig. 43. Above: schematic view of the baffles inserted inside the tubes. Below: looking through the tube before and after the insertion of the o-rings;
a net attenuation of the diffused light is observed.

Fig. 44. Left: ellipticity spectrum before the insertion of the o-rings inside the tubes; signals are observed at harmonics of the magnet rotation
frequency ⌫B = 5 Hz. Right: ellipticity spectrum after installation of the baffles.

Fig. 45. Correlation of measured ellipticity and tube acceleration. The spectra are obtained forcing the movement of the tube with a piezo at
⌫piezo = 7.5 Hz. In the acceleration spectrum three harmonics were observed. The three points shown correspond to the harmonics at 7.5, 15.0 and
22.5 Hz.

was further away, chosen with the same criterion, and so on. The improvement obtained could be appreciated already
by looking through the tube with the naked eye (see Fig. 43). The diameter of the blind spot grows with the number of
baffles, in principle allowing to screen the whole surface of the mirror; however, as the edges of the o-rings themselves
are reflective in grazing incidence, we never used more than 20 o-rings per tube, with blind spot dimensions of the order
of twice the waist of the laser light on the mirrors.

The effect of the installation of the o-rings was a sudden reduction of the spurious signals. The spectra reported in
Fig. 44 prove this beyond any doubt: the signal at 2⌫B disappears, being reduced by a factor of at least ten. We note that the
peak at ⌫B, which is due to a Faraday effect on the mirrors, is reduced but does not disappear, unlike the other harmonics.
The remedy we found to the problem of the spurious signals was very effective, indicating that the spurious signals are
actually generated by a modulation of the diffused light (amplitude and/or phase). The nature of this modulation was still
unclear. In the next section we will show that the movement of the tube induced ellipticity signals, thus suggesting that
the movement of the tube modulated the diffused light.

6.2.5. Magnetic forces on the tube
A piezoelectric crystal was used to induce an oscillation of the (glass) tube at 7.5 Hz in the transverse direction with

a nominal amplitude of 1 µm. The induced acceleration was measured with a three-axes accelerometer fastened at the
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Fig. 43. Above: schematic view of the baffles inserted inside the tubes. Below: looking through the tube before and after the insertion of the o-rings;
a net attenuation of the diffused light is observed.

Fig. 44. Left: ellipticity spectrum before the insertion of the o-rings inside the tubes; signals are observed at harmonics of the magnet rotation
frequency ⌫B = 5 Hz. Right: ellipticity spectrum after installation of the baffles.

Fig. 45. Correlation of measured ellipticity and tube acceleration. The spectra are obtained forcing the movement of the tube with a piezo at
⌫piezo = 7.5 Hz. In the acceleration spectrum three harmonics were observed. The three points shown correspond to the harmonics at 7.5, 15.0 and
22.5 Hz.

was further away, chosen with the same criterion, and so on. The improvement obtained could be appreciated already
by looking through the tube with the naked eye (see Fig. 43). The diameter of the blind spot grows with the number of
baffles, in principle allowing to screen the whole surface of the mirror; however, as the edges of the o-rings themselves
are reflective in grazing incidence, we never used more than 20 o-rings per tube, with blind spot dimensions of the order
of twice the waist of the laser light on the mirrors.

The effect of the installation of the o-rings was a sudden reduction of the spurious signals. The spectra reported in
Fig. 44 prove this beyond any doubt: the signal at 2⌫B disappears, being reduced by a factor of at least ten. We note that the
peak at ⌫B, which is due to a Faraday effect on the mirrors, is reduced but does not disappear, unlike the other harmonics.
The remedy we found to the problem of the spurious signals was very effective, indicating that the spurious signals are
actually generated by a modulation of the diffused light (amplitude and/or phase). The nature of this modulation was still
unclear. In the next section we will show that the movement of the tube induced ellipticity signals, thus suggesting that
the movement of the tube modulated the diffused light.

6.2.5. Magnetic forces on the tube
A piezoelectric crystal was used to induce an oscillation of the (glass) tube at 7.5 Hz in the transverse direction with

a nominal amplitude of 1 µm. The induced acceleration was measured with a three-axes accelerometer fastened at the
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Fig. 43. Above: schematic view of the baffles inserted inside the tubes. Below: looking through the tube before and after the insertion of the o-rings;
a net attenuation of the diffused light is observed.

Fig. 44. Left: ellipticity spectrum before the insertion of the o-rings inside the tubes; signals are observed at harmonics of the magnet rotation
frequency ⌫B = 5 Hz. Right: ellipticity spectrum after installation of the baffles.
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⌫piezo = 7.5 Hz. In the acceleration spectrum three harmonics were observed. The three points shown correspond to the harmonics at 7.5, 15.0 and
22.5 Hz.

was further away, chosen with the same criterion, and so on. The improvement obtained could be appreciated already
by looking through the tube with the naked eye (see Fig. 43). The diameter of the blind spot grows with the number of
baffles, in principle allowing to screen the whole surface of the mirror; however, as the edges of the o-rings themselves
are reflective in grazing incidence, we never used more than 20 o-rings per tube, with blind spot dimensions of the order
of twice the waist of the laser light on the mirrors.

The effect of the installation of the o-rings was a sudden reduction of the spurious signals. The spectra reported in
Fig. 44 prove this beyond any doubt: the signal at 2⌫B disappears, being reduced by a factor of at least ten. We note that the
peak at ⌫B, which is due to a Faraday effect on the mirrors, is reduced but does not disappear, unlike the other harmonics.
The remedy we found to the problem of the spurious signals was very effective, indicating that the spurious signals are
actually generated by a modulation of the diffused light (amplitude and/or phase). The nature of this modulation was still
unclear. In the next section we will show that the movement of the tube induced ellipticity signals, thus suggesting that
the movement of the tube modulated the diffused light.

6.2.5. Magnetic forces on the tube
A piezoelectric crystal was used to induce an oscillation of the (glass) tube at 7.5 Hz in the transverse direction with

a nominal amplitude of 1 µm. The induced acceleration was measured with a three-axes accelerometer fastened at the

Remaining peak



35

Remaining peak: Faraday rotation by mirror coating

� Remaining peak at 5 Hz does not affect the VMB signal at 10 Hz
� This peak was caused by the Faraday rotation on the mirror 

coating induced by stray magnetic field:

Faraday rotation: ΦN = 𝑁𝐶O!P𝐵QRST
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Fig. 43. Above: schematic view of the baffles inserted inside the tubes. Below: looking through the tube before and after the insertion of the o-rings;
a net attenuation of the diffused light is observed.

Fig. 44. Left: ellipticity spectrum before the insertion of the o-rings inside the tubes; signals are observed at harmonics of the magnet rotation
frequency ⌫B = 5 Hz. Right: ellipticity spectrum after installation of the baffles.

Fig. 45. Correlation of measured ellipticity and tube acceleration. The spectra are obtained forcing the movement of the tube with a piezo at
⌫piezo = 7.5 Hz. In the acceleration spectrum three harmonics were observed. The three points shown correspond to the harmonics at 7.5, 15.0 and
22.5 Hz.

was further away, chosen with the same criterion, and so on. The improvement obtained could be appreciated already
by looking through the tube with the naked eye (see Fig. 43). The diameter of the blind spot grows with the number of
baffles, in principle allowing to screen the whole surface of the mirror; however, as the edges of the o-rings themselves
are reflective in grazing incidence, we never used more than 20 o-rings per tube, with blind spot dimensions of the order
of twice the waist of the laser light on the mirrors.

The effect of the installation of the o-rings was a sudden reduction of the spurious signals. The spectra reported in
Fig. 44 prove this beyond any doubt: the signal at 2⌫B disappears, being reduced by a factor of at least ten. We note that the
peak at ⌫B, which is due to a Faraday effect on the mirrors, is reduced but does not disappear, unlike the other harmonics.
The remedy we found to the problem of the spurious signals was very effective, indicating that the spurious signals are
actually generated by a modulation of the diffused light (amplitude and/or phase). The nature of this modulation was still
unclear. In the next section we will show that the movement of the tube induced ellipticity signals, thus suggesting that
the movement of the tube modulated the diffused light.

6.2.5. Magnetic forces on the tube
A piezoelectric crystal was used to induce an oscillation of the (glass) tube at 7.5 Hz in the transverse direction with

a nominal amplitude of 1 µm. The induced acceleration was measured with a three-axes accelerometer fastened at the

Remaining peak

Stray magnetic field 
along cavity axis

Verdet constant per reflection 
(∼ 0.37×10'N rad/G by E.Iacopini et al. Appl. Phys. A 32, 63-67 (1983))

� Estimated stray field along cavity axis 
from the equation : ∼ 2×10UV G

Plausible from the observed 
stray field around mirror: < 0.1 G

https://link.springer.com/article/10.1007/BF00617830
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Design and final sensitivities
� Design and final sensitivities at 16 Hz:

37

𝑆G
(HIJKLM) ≃ 8×10;N / Hz 𝑆G

(OKMPQ)≃ 4×10;R / Hz

𝑆ST
(HIJKLM) ≃ 6×10;+? 𝑚/ Hz 𝑆ST

OKMPQ ≃ 3.5×10;?N m/ Hz

Ellipticity
spectrum

Cavity length 
difference 
between s/p-
pols (∼DARM)

� A factor of ∼50 times worse than the design sensitivity
� Remaining wide band noise is not fully understood

ØPossible cause:  Birefringence noise of the mirror coatings 
induced by thermal fluctuations (Thermoelastic noise)
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Thermoelastic noise
� Mechanism and calculation of the thermoelastic noise:

1. Small volume elements of the mirror coatings have 
temperature fluctuations, and it causes stress fluctuations

2. Stress fluctuations causes birefringence fluctuations through 
photo-elastic effect

3. Average birefringence fluctuations over the whole volume
defined by the beam diameter and the optical depth
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surrounded by adjacent independently fluctuating volumes, the induced stress along two perpendicular directions, k and
?, will fluctuate independently leading to a variance of birefringence fluctuations. Therefore
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This birefringence variance must now be averaged over the volume occupied by the beam’s electric field. This is the
region which will generate an ellipticity noise in the polarimeter. In the PVLAS cavity the beam had a radius r0 = 10�3 m.
The mirrors had a transmission coefficient TPVLAS = 2.4 ppm and the number of high index of refraction–low index of
refraction film pairs composing the coatings was Nfilm ⇡ 20. Therefore the number of film pairs �film after which the field
being reflected has reduced to 1/e is given by

Nfilm

�film
= � ln

p
TPVLAS (202)

resulting in �film = 3 corresponding to a geometrical thickness de ⇡ 1 µm. Averaging over the beam’s spot of radius r0
one finds
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where the ratio r2T
r20

represents the number of independent volumes V ⇡ r3T occupying the laser beam surface. This is
justified because de ⌧ rT ⌧ r0 and therefore the beam’s electric field only sees a single layer of fluctuating volumes.
Indeed for fused silica ⇢(FS) = 2200 kg/m3, C (FS)

T = 670 J/(kg K) and �
(FS)
T = 1.4 W/(K m) whereas for tantala (Ta2O5)

⇢(Ta) = 8200 kg/m3, C (Ta)
T = 300 J/(kg K) and �

(Ta)
T = 0.026 � 15 W/(K m) (for a film) [170]. For the PVLAS cavity

r0 = 10�3 m and de ⇠ 1 µm and the narrowest frequency range for which the above condition is satisfied is between
1 Hz ÷ 1.5 kHz.

The optical path difference fluctuations accumulated by the laser beam upon reflection will therefore be

��D = 2de��n = 2de
p
2CSOY↵T�T ⇡ 2de

p
2CSOY↵T

s
kBT 2

⇢CTrTr20
. (204)

A more rigorous averaging taking into account the Gaussian profile of the beam and exponential penetration [168,169,171]
leads to a temperature spectral density

ST =

s p
2kBT 2

⇡⇢CTrTr20 2⇡⌫
=

s p
2kBT 2

⇡r20
p

⇢CT�T2⇡⌫
(205)

and an optical path difference spectral density

S�D = 2de
p
2CSOY↵TST = deCSOY↵T

s
8kBT 2

⇡r20
p

⇡⇢CT�T⌫
/ ⌫�1/4. (206)

Considering the values reported above for the various parameters of fused silica and tantala and using C (FS)
SO = 3 ⇥

10�12 Pa�1, Y (FS) = 70 GPa, ↵(FS)
T = 5 ⇥ 10�7 K�1, C (Ta)

SO ⇡ 3 ⇥ 10�12 Pa�1, Y (Ta) = 150 GPa and ↵
(Ta)
T = 8 ⇥ 10�6 K�1 one

finds

S(FS)�D ⇠ 4 ⇥ 10�21 m/
p
Hz @ 1 Hz (207)

whereas for tantala

S(Ta)�D ⇠ (1 ÷ 5) ⇥ 10�19 m/
p
Hz @ 1 Hz. (208)

Not having found a specific value, for tantala we have used the value for fused silica. Generally it is found in literature
that CSO ⇠ 10�12÷�11 Pa�1 with a particularly large value of CSO = 95 ⇥ 10�12 Pa�1 for Nb2O5 [172].

Finally considering Eq. (206) and that Brownian noise typically scales as ⌫�1/2 the optical difference noise spectrum
for F6 reported in Fig. 58 was fitted with the function

f (⌫) =

vuut
 

Ath⌫�1/2
p
1 + (⌫/⌫0)2

!2

+
�
Bth⌫�1/4

�2 (209)

and is shown in Fig. 59. The structure of this function was dictated by the low and high frequency slopes in the log–
log curve and by the transition between these two power laws. An (unreported) initial fit resulted in the powers of
the two slopes and in the order of the filter in Eq. (209). With a 3.5% error for the experimental data the reduced chi-
squared was �2 = 149/160. The fitting procedure resulted in Ath = (2.01 ± 0.02) ⇥ 10�18 m, ⌫0 = (15.0 ± 0.4) Hz and

𝑆ST
(UV) ≃ 4×10;+?m/ Hz

𝑆ST
WP ≃ (1 - 5)×10;?N m/ Hz

Fused silica

Tantala

Plausible compared with 𝑆OP
QLMRS ≃ 3.5×10'ANm/ Hz
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Limit on VMB
� PVLAS-FE conducted observation runs from 2014 to 2016

ØTotal observation time: 𝑇RWX ~ 5×10Y s ~ 2 months
� Set the best limit on VMB:

Δ𝑛(XYZ[V;U@) ≃ 12 ± 17 ×10;+<@𝐵 = 2.5 T

|Δ𝜅|(XYZ[V;U@) ≃ 10 ± 28 ×10;+<@𝐵 = 2.5 T

* QED prediction: Δ𝑛(Z[)= 2.5×10;+<@𝐵 = 2.5 T

40

⇒ A factor of 7 worse than the QED prediction

� Although longer observation time can improve the SNR, 50 times 
longer integration (~8 years) is needed to reach SNR=1

� PVLAS-FE ended in 2017 due to the practical impossibility to 
decrease the wide band noise (thermoelastic noise?)
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Limit on Axion Like Particles
� Axion Like Particles produce the birefringence and the dichroism 

in the presence of external magnetic field:

|Δ𝑛| ≃
1
2
𝑔!"𝐵#$%
2𝑚!

&

1 −
sin 2𝜒
2𝜒

&

|Δ𝜅| ≃
2
𝜔𝐿'
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Fig. 62. Historical time evolution of the measurement of vacuum magnetic birefringence normalised to B2
ext. Error bars correspond to one � . The

values derive from the following references: BFRT [84]; PVLAS-LNL [75,76], PVLAS-Test [146], BMV [20], PVLAS-FE [105,117], OVAL [21].

Fig. 63. Laboratory limits on the existence of ALPs particles at 95% c.l. The shaded regions of the graph are excluded. The figure also shows the
measurements by the OSQAR [82] and the ALPS [81] collaborations.

dependence on the length of the magnetic field region. We distinguish two magnet configurations, according to whether
the magnets rotated synchronously or not. It turns out that the best ALPs rotation limits are set almost solely by the single
run 6 in Table 5, with LB = 1.64 m. The small mass limit of the PVLAS rotation curve is 7.2⇥10�8 GeV�1. Below 0.5 meV
the limit given by the OSQAR experiment [82] is more stringent by about a factor two. One must remind the reader that
the whole region down to the level ga ⇠ 10�10 GeV�1 has already been excluded by the CAST solar helioscope [175].
However, the CAST results depend on the model assumed for axion production and emission by the sun, whereas the
limits of Fig. 63 come from model independent laboratory experiments,

In the small mass limit with ma ⌧

q
4!
LB

= 10�3 eV, where the coupling constant does not depend on the mass of the

ALP, the value of ga can be determined from (1 T =

q
h̄3c3
e4µ0

= 195 eV2 and 1 m=
e
h̄c = 5.06 ⇥ 106 eV�1)

ga =

r
!

2
�

LB
4

Bext
. (217)

One can therefore do slightly better by taking the weighted average of �
LB

for the single and double magnet configurations.
By averaging Runs 3↵0, 3� 0, 4� 0 and 5↵0 of Table 5, all divided by LB, and Run 6 divided by 2LB and inserting it in the
expression (217) one finds

⌧
�

LB

�
= (1.0 ± 2.6) ⇥ 10�22 m�1 (218)

𝜒 ≡
𝐿=𝑚\

+

4𝜔

� PVLAS-FE VMB limits 
⇒ Upper limit on axion-photon 
coupling constant: 𝑔';

� Worse than CAST (∼ 10;?! GeV;?), 
but best model-independent limit
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� PVLAS: experiment for the vacuum magnetic birefringence (VMB) 
using a linear cavity and rotating magnets

� Analyzes the ellipticity of the transmitted polarization

� Result:       Δ𝑛("#$%&'()) ≃ 12 ± 17 ×10'+, @𝐵 = 2.5 T

ØA factor of 7 worse than the QED prediction:Δ𝑛()-)= 2.5×10'+,@ 2.5 T
ØAlso set the upper bound for axion like particles 
ØLimiting noise source: thermal birefringence noise of mirror coatings(?)
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Fig. 19. Schematic view and photograph of the optical bench layout of the PVLAS-FE apparatus. HWP = Half-wave plate; P = Polariser; A = Analyser;
QWP = quarter-wave plate; TR = transmission; EXT = extinction.

A general scheme of the optical setup and a photograph of the apparatus are shown in Fig. 19. A Nd:YAG laser (Innolight
Mephisto, 2 W power) emitted at � = 1064 nm. The beam first passed through a quarter-wave plate (QWP) reducing the
initial ellipticity of the laser beam. A first half-wave plate (HWP) placed before a two stage Faraday isolator allowed the
adjustment of the power being injected into the Fabry–Perot cavity. The beam then passed through a lens to match the
laser waist with the cavity waist for optimal mode matching. Two steering mirrors followed by a second HWP brought the
beam to the entrance of the vacuum system with the desired alignment and polarisation direction. Between the second
steering mirror and this second HWP a glass window allowed the sampling of the reflected power from the cavity for
phase locking the laser to the cavity via the Pound–Drever–Hall (PDH) technique. The same glass plate was also used to
sample the beam power at the Fabry–Perot input. The sidebands for the PDH locking circuit were generated directly in
the laser rather than with an external phase modulator [141,142]. An automatic locking servo-circuit allowed operation
of the apparatus with an almost unitary duty-cycle.

The second HWP together with the rotatable polariser P allowed the alignment of the light polarisation with one of
the axes of the equivalent wave plate of the cavity. The light path between the two mirrors passed through the bores of
the two dipole magnets. At the cavity output an extractable QWP was used to transform, when necessary, a polarisation
rotation into an ellipticity (and vice versa). The light then passed through the resonant photo-elastic ellipticity modulator,
PEM, (Hinds Instruments), and the analyser A, normally set to maximum extinction. The PEM was mounted on an axial
rotation mount to set its axis at 45� with respect to the polarisation direction, and on a translation stage to allow its
extraction from the beam. The modulation amplitude was typically ⌘0 ⇡ 3 ⇥ 10�3 ÷ 10�2. Both the extraordinary and
ordinary beams from the analyser A exited the vacuum enclosure: the former measured the power Ik ⇡ Iout transmitted
by the cavity, whereas the extinguished beam power, I?, contained information on the ellipticity and rotation acquired by
the light polarisation. The extinction ratio was generally � 2 . 10�7. After a narrow-band optical filter, the extinguished
beam was collected on an InGaAs low noise photodiode with gain G = 106 V/A and efficiency q = 0.7 A/W. The diode
was placed about 2 m from the analyser to reduce contamination from diffused light.

5.3. Optical bench and vibration isolation

Special care was taken to limit any magnetic forces acting on the mechanical parts of the apparatus. Although the
permanent magnets were designed following the Halbach configuration [161], which in principle cancels stray fields, a
small stray field of about 10 mT was present near their surface, rapidly decaying with distance. The rotating magnets
would then generate eddy currents and thus magnetic forces on nearby components: for this reason a granite optical
bench was chosen as a support for the optics. The bench, manufactured by Microplan, Quarona (VC), Italy, was 4.8 m
long, 1.5 m wide and 0.5 m thick for a total weight of 4 tons. A granite ‘honeycomb’ structure filled the inside of the
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Fig. 43. Above: schematic view of the baffles inserted inside the tubes. Below: looking through the tube before and after the insertion of the o-rings;
a net attenuation of the diffused light is observed.

Fig. 44. Left: ellipticity spectrum before the insertion of the o-rings inside the tubes; signals are observed at harmonics of the magnet rotation
frequency ⌫B = 5 Hz. Right: ellipticity spectrum after installation of the baffles.

Fig. 45. Correlation of measured ellipticity and tube acceleration. The spectra are obtained forcing the movement of the tube with a piezo at
⌫piezo = 7.5 Hz. In the acceleration spectrum three harmonics were observed. The three points shown correspond to the harmonics at 7.5, 15.0 and
22.5 Hz.

was further away, chosen with the same criterion, and so on. The improvement obtained could be appreciated already
by looking through the tube with the naked eye (see Fig. 43). The diameter of the blind spot grows with the number of
baffles, in principle allowing to screen the whole surface of the mirror; however, as the edges of the o-rings themselves
are reflective in grazing incidence, we never used more than 20 o-rings per tube, with blind spot dimensions of the order
of twice the waist of the laser light on the mirrors.

The effect of the installation of the o-rings was a sudden reduction of the spurious signals. The spectra reported in
Fig. 44 prove this beyond any doubt: the signal at 2⌫B disappears, being reduced by a factor of at least ten. We note that the
peak at ⌫B, which is due to a Faraday effect on the mirrors, is reduced but does not disappear, unlike the other harmonics.
The remedy we found to the problem of the spurious signals was very effective, indicating that the spurious signals are
actually generated by a modulation of the diffused light (amplitude and/or phase). The nature of this modulation was still
unclear. In the next section we will show that the movement of the tube induced ellipticity signals, thus suggesting that
the movement of the tube modulated the diffused light.

6.2.5. Magnetic forces on the tube
A piezoelectric crystal was used to induce an oscillation of the (glass) tube at 7.5 Hz in the transverse direction with

a nominal amplitude of 1 µm. The induced acceleration was measured with a three-axes accelerometer fastened at the


