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Abstract: Sensitive magneto-optical polarimetry was proposed by E. Iacopini and E. Zavattini in
1979 to detect vacuum electrodynamic non-linearity, in particular Vacuum Magnetic Birefringence
(VMB). This process is predicted in QED via the fluctuation of electron—positron virtual pairs but can
also be due to hypothetical Axion-Like Particles (ALPs) and/or MilliCharged Particles (MCP). Today
ALPs are considered a strong candidate for Dark Matter. Starting in 1992 the PVLAS collaboration,
financed by INEN, Italy, attempted to measure VMB conceptually following the original 1979 scheme
based on an optical cavity permeated by a time-dependent magnetic field and heterodyne detection.
Two setups followed differing basically in the magnet: the first using a rotating superconducting
5.5 T dipole magnet at the Laboratori Nazionali di Legnaro, Legnaro, Italy and the second using
two rotating permanent 2.5 T dipole magnets at the INFN section of Ferrara. At present PVLAS is
the experiment which has set the best limit in VMB reaching a noise floor within a factor 7 of the
predicted QED signal: An(QED) =25 % 10-23 @ 2.5 T. It was also shown that the noise floor was due
to the optical cavity and a larger magnet is the only solution to increase the signal to noise ratio. The
PVLAS experiment ended at the end of 2018. A new effort, VMB@CERN, which plans to use a spare
LHC dipole magnet at CERN with a new modified optical scheme, is now being proposed. In this
review, a detailed description of the PVLAS effort and the comprehension of its limits leading to a
new proposal will be given.

Keywords: optical polarimetry; magneto-optic effects; optical tests of quantum electrodynamics

1. Introduction
From Maxwell’s equations in vacuum the velocity of light is related to the magnetic
permeability yg and vacuum permittivity ¢y through the relation
1
VEOH)

Since 20 May 2019, the velocity of light in vacuum c is defined to be ¢ = 299,792,458 m/s
and g and pg are derived from the measurement of the fine structure constant «:

M

C =

e? e’cu

&= 4d7ephc = T4anh

()

being ¢ and 7 also defined. Today’s CODATA value is a ! = 137.035999206 =+ 0.000000011.
Due to the linearity of Maxwell’s equations in vacuum the velocity of light in classi-
cal vacuum does not depend on the presence of other electromagnetic fields (photons,
static fields).

The formulation of Einstein’s energy-mass relation, Heisenberg’s Uncertainty Princi-
ple and Dirac’s relativistic equation of the electron opened the doors to vacuum fluctuations
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leading to nonlinear electrodynamics in vacuum such as light-by-light (LbL) elastic scatter-
ing and vacuum magnetic birefringence (VMB). These two closely related processes are
shown in Figure 1 using today’s Feynman diagrams. Interestingly, VMB is a macroscopic
manifestation of a purely relativistic quantum mechanical effect resulting in a reduction of
the speed of light in vacuum in the presence of an external field.

BONENS O W

Figure 1. Lowest order nonlinear elementary processes in vacuum. (Left) light-by-light elastic scatter-
ing. (Right) vacuum magnetic birefringence.

QED is an extremely well tested theory but always in the presence of charged par-
ticles either in the initial and/or final states. The observation of VMB would represent
a fundamental confirmation of QED with only low energy photons in the initial and
final states.

In the present review paper included in a volume devoted to the Italian Research
Infrastructure of relevance for astroparticle physics we will describe the acquired experi-
ence with the PVLAS experiment [1] along with its intrinsic limitations. The information
presented in this paper is mostly contained in [1]. Here though we only present the most
important issues to offer a less cumbersome reading. Moreover, this review also contains
new experimental and conceptual developments in the field obtained during the last year.
Indeed, a brief introduction will be given to a new optical polarimetric scheme [2] being
proposed at CERN [3] and tested at the INFN section of Ferrara which overcomes the
limitations of PVLAS. Hopefully, this new scheme will permit the first detection of this
challenging, intriguing and fundamental process.

An effective Lagrangian density taking into account e*e™ vacuum fluctuations was
first written by H. Euler and B. Kockel in 1935 [4] and shortly after generalized by H. Euler,
W. Heisenberg and V. S. Weisskopf [5-7] in 1936. The Lagrangian Lgx was later confirmed
within the QED framework [8,9]. For electric and magnetic fields well below their critical
values (E < Eqi = m2c3/eh = 1.38 x 108 V/m and B < Byt = m2c?/eh = 4.4 x 10° T)
the resulting free field electromagnetic Lagrangian density was determined to be

- 2
Lo = —— 52—32 4 A e B22+7 EB) |+ @)
EK — 2]/{0 C2 ‘I/lo C c ceey
where
_ 2 LB a2 =132x10"# 12 4)
45p0 micd ' ’

It is apparent that Lk, with terms to the 4th power in the fields, admits 4-field inter-
actions. The parameter A, describes the entity of the nonlinear correction to the Classical
Lagrangian and a = ¢2/(47ephc) is the fine structure constant. Allowing 4-field interac-
tions, this Lagrangian leads to light-by-light (LbL) scattering [9,10], to a reduction of the
velocity of light in the presence of an external field and to Vacuum Magnetic Birefringence
(VMB) [11-16], namely a difference in the indices of refraction for light polarized parallel
and perpendicular to an external magnetic field Bext. As of today Lgy still needs direct
experimental confirmation at energies below the electron mass. Evidence of LbL scattering
of high energy virtual photons has been recently published by the ATLAS collaboration [17]
and an indirect evidence of VMB has been published by Mignani et al. [18] (with some
criticism [19]) as a result of observations of polarized light from an isolated neutron star.

The macroscopic properties of the quantum vacuum in the presence of an external
field can be studied through the complex index of refraction n, = n + ix where 7 is the
index of refraction and « is the extinction coefficient describing absorption. Furthermore,
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considering the propagation of a linearly polarized beam of light, if 7. also depends on the
polarization direction then An is the birefringence and Ax is the dichroism.

By applying the Euler-Lagrange equations to Lgx one finds that electromagnetism
in the presence of vacuum fluctuations is still described by Maxwell’s equations but in
a medium (in the absence of currents and charges)

¢ D=0 wxBE=_°F
ﬁt ®)
V-B=0 VxH:at

where the relation between H and B and between D and E are given by

. . 5 . .

H:E—M:E+é 4(E BZ> B —14A, E B\E (6)
Ho Mo Mo c? c c

— = = = E2 = = =2\ =

D =¢eoF + P =¢oE + A, [4(62 - BZ)SOE+ 1deg Ao (E : B)B]. @)

These relations result in a nonlinear anisotropic behavior of vacuum. The vectors
D and H are no longer linear in the fields E and B and the indices of refraction for light
polarized parallel and perpendicular to an external magnetic field are ) | > land n|| # n
resulting in VMB [12-15]. Considering a beam of linearly polarized light passing through a
transverse magnetic field and substituting E= Ehght and B = Bhght + Bext one finds

Diignt = €0 [Elight — 44, B Eyign + 144, (Elight : Eext) Eext} 8)

. 1 14 . . N

Flign: = | Bignt — 44cBBught — 8 (Bign  Bext) B ©)
from which one can determine n = , /&, in the two cases:

2
n = 1+7A Bext (EK) _ —24 %
1, = 1-+4A,B2 = An 3A6Bext =3.96 x 10 1T (10)

ext

The velocity of light in vacuum in the presence of an external field is less than ¢ and it
depends on the polarization direction of the propagating wave: vacuum is predicted to
behave as a uniaxial nonlinear crystal. The resulting birefringence predicted by Lgk in the
presence of an external magnetic field is extremely small [11-16].

Similarly, an electric field could be used to generate a birefringence in which case

(EK) _ Eext \ 2
ny—ng =An = —3A, E (11)

but experimentally higher values of B, can be obtained with respect to (Eext/ c)z.
Generalizing to Post-Maxwellian nonlinear electrodynamics, given a Lagrangian den-

sity to second order in the invariants (E2 /c% — B2) and (E /c- E) of the form

2 - 2
g E E
= - — —B B 12
L=Lc+ ” /A 2 + 12 (12)
the vacuum magnetic birefringence resulting from Equations (8) and (9) is

np—n; = An™ = &(y, — 411 B2, (13)
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For example, in the Born-Infeld theory [20-22], originally introduced to limit the
electrostatic self-energy of a point-like source, the Lagrangian is

. 2
b2 c? [ E? A (E -
= - — 2 .
L= -1 41 b2< B) b4< B) (14)

which expanded to second order in the invariants (E2 /c? — BZ) and (E /c- B ) results in

c? E2 2 E 2
Lo =La+ 55— ( BZ) +4<-B> +... (15)
Ho c? c

8b

Here b is the parameter of the theory and has the dimensions of an electric field. As
can be seen 77, /71 = 4 resulting in a birefringence Ang; = 0 independently of & = ¢ /8b.
Note however that both rj | > 1 and light-by-light scattering is permitted.

1.1. VMB beyond First Order QED

The detection of VMB would be an extremely important verification of QED and its
underlying bases. It would also demonstrate the validity of using low energy photons
for particle physics in the eV —sub-eV domain. Several other effects, either predicted or
hypothetical, could also be studied. Below are a few of these.

1.1.1. Higher Order Corrections

Radiative corrections to (10) due to QED have also been calculated [23] taking into
account the electron—positron internal interaction depicted in Figure 2.
The resulting 2-loop contribution to the total Lagrangian is

2 2 a 2
£(§210<>p>:32‘n‘:€ 160(15 Bz) +1315<f~1§> (16)
0

resulting, from Equation (13), in a total birefringence

(EK) (<21loop) _ 250 —24 ( Bext 2
AnFR) 4 Apl= =3AcBh 1+~ ) =402 1072 ( 750 ) . (17)

The 2-loop contribution consists of a relative increase with respect to the Euler-
Heisenberg-Kockel value of 6(An)/An = 315—7? = 1.45%.

OGS

Figure 2. Example of two Feynman diagrams representing radiative corrections to vacuum magnetic
birefringence due to the e™e™ interaction.

1.1.2. MilliCharged Particles (MCPs)

Consider now vacuum fluctuations of hypothetical particles with charge +ee and
mass i, as discussed in [24,25]. Photons traversing a magnetic field may interact with
such fluctuations resulting in a phase delay and, for photon energies ficw > 2mec?, in a
millicharged pair production. Therefore, a birefringence and a dichroism will result if such
hypothetical particles exist. The cases of Dirac fermions (Df) and of scalar (sc) bosons here
are considered separately. The indices of refraction for light polarized respectively parallel
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and perpendicular to the external magnetic field have two different mass regimes defined
by the dimensionless parameter x:

3 hw eeBexth

= 18
2 mec? m2c? (18)
In the case of fermions, it can be shown that [25,26]
3 for y <1
1/251/3[1(212
a0 = ABL S 9B TE2CIE)] as oo (19)
)
6
where 3
2 h
4.2 (20)

€= 451 mgc5€
in analogy to Equation (4). Please note that in the limit of large masses (x < 1) expression
(19) reduces to Equation (10) with the substitution of ee with e and m, with m,. For small
masses (x >> 1) the birefringence depends on the parameter y 4/ therefore resulting in a

net dependence of An(Pf) with B(23>{t3 rather than B2, as in Equation (10). For dichroism one
finds [25,27]

3 -4/
AP — 1 EealBext \/;5 * fory <1 o
B me 1771137(”3 for x > 1.
3T(5)T(¢)

Very similar results are found for the case of scalar millicharged particles [25]. Again,
there are two mass regimes defined by the same parameter x of expression (18). In this
case, the magnetic birefringence is

6

4 fory <1
A9 = A B2, 9 45 71/221/3 WO
X forx >1
14 2 F(%)
and the dichroism is
_ . /3 ,—4/
Aglse) _ L €eaABext \/;en ' for y <1 o
B me x V3 foryxy>1.

3r(Hr(¥)

As can be seen, there is a sign difference with respect to the case of Dirac fermions,
both for the induced birefringence and the induced dichroism.

Vacuum magnetic birefringence and vacuum magnetic dichroism (VMD) limits can
therefore constrain the existence of such millicharged particles.

1.1.3. Axion-Like Particles (ALPs)

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 Figure 3: the production diagram implies an absorption of light
quanta, whereas a phase delay is produced by the recombination process. The search for
such particles with masses below ~1 eV has recently gained much attention as these are
considered to be good candidates for particle dark matter.
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Figure 3. Axion-like particle interaction with two photons through the Primakoff effect [28]. (Left) first
order production. (Right) second order recombination.

In 1977, to solve the strong CP problem, i.e., the non observation of CP violation within
the strong interactions, Peccei and Quinn (PQ) [29,30] introduced a new global symmetry
which, when broken at high energy, gives rise to a pseudo-Nambu-Goldstone boson called
the axion [31-33]. The value of its mass is not predicted while the couplings to the standard
model particles are defined by the model implementing the PQ symmetry: couplings are
generally very weak and proportional to the mass of the axion.

To broaden the idea of the axion, a more general class of Axion-Like Particles (ALPs)
has also been introduced. In this case, the mass and coupling constant are independent
of each other. Axions and ALPs have been searched for in dedicated experiments since
their proposal [34], but to date these remain undetected and in the case of ALPs only a
fraction of the available mass-coupling constant space has been probed: present and future
experiments cover the mass range starting from values as low as 1072? eV up to several
gigaelectronvolt with a more favorable window in the mass range between 10 peV and
1 meV.

Most experimental searches rely on the axion-photon coupling mediated by a two-
photon vertex shown in Figure 3. Other searches are based on the axion-electron inter-
action, present through an axion-spin interaction, but only in some models such as the
Dine-Fishler-Sredincki-Zhitnitsky (DFSZ) [35,36] one. A review of experimental efforts to
search for ALPs and the axion can be found in [37,38].

The Lagrangian densities describing the interaction of ALPs with two photons, for con-
venience expressed in natural Heaviside-Lorentz units !, can be written as

L, = guaﬁ B and Ls = gss (E2 — B2) (23)

where g, and gs are the coupling constants to two photons of the pseudoscalar field a
or scalar field s, respectively. Therefore, for the pseudoscalar case, in the presence of an
external uniform magnetic field Bext only the component of the electric field of light Ea,
parallel to Bex: will interact with the pseudoscalar field. For the scalar case, the opposite is
true: an interaction is only possible for the component of E'y normal to Beyt.

For photon energies above the mass of such particle candidates a real production can
follow leading to a dichroism Ak. Even if the photon energy is smaller than the particle
mass virtual production can follow leading to a reduction of the speed of light of one
polarization component with respect to the other resulting in a birefringence An.

Therefore in the pseudoscalar case, for which Ea, . Eext = 0, one has nﬁ > 1, Kﬁ > 0,

n = 1and « = 0 whereas in the scalar case for which E,Y - Bext # 0 one finds n% > 1,
K > 0, nTl =1 and Kﬁ = 0. It can be shown that the dichroism Ax(ALPS) and the

birefringence An(ALPS) due to the existence of such bosons can be expressed as [39-42]:

2 . 2
(ALPs)| _ a _ s _ 2 (8asBextLs sin x
|Ax | = K=K = wlp < 4 . (24)

1 Bext \ 2 sin 2x
(ALPs) —1= _ - ( SusPext _
|An | = 1=n' -1 2( T ) (1 > > (25)
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. . . Lgm? . .
where in vacuum the adimensional parameter x = =52, w is the photon energy in eV,

Lg is the external magnetic field length in units eV ! and the field strength is Bext in eV?2.
In the approximation x < 1 (small masses) expressions (24) and (25) become

2 g B LB 2
|AK| = Kﬁ =5 = < 8, Zext ) (26)
1 Bextmg s L 2
| A ”| ”ﬁ 1 ”s 1 <ga,s extMa,s B> (27)

where it is interesting to note that Ax in this case is independent of 1, . For x > 1

B 2
O] =k = x5, < 20| Stalet (28)
=t m2
1 Bext \ >
|An|:n“|—1:ni—1:2(ga; ex*) . (29)
a,s

Please note that the birefringence induced by pseudoscalars and scalars are opposite
in sign: nﬁ > n = 1whereas nﬂ =1<n.

Optical polarimetry to detect Ak(ALPS) and /or An(ALPS) was experimentally pioneered
by the BFRT collaboration [40] and subsequently continued by the long lasting PVLAS
collaboration with an apparatus first installed at INFN National Laboratories in Legnaro
(LNL), Italy [43-45] and subsequently at the INFN section of Ferrara, Italy. The detection
of an ALPs-induced birefringence and dichroism would allow the determination of the
mass and coupling constant of the ALPs to two photons.

Other laboratory optical experiments are the so-called “light shining through a wall”
(LSW) experiments, where a regeneration scheme is employed [46-51].

2. Experimental Method

As shown in the previous section, the VMB value in expression (10) to be measured is
extremely small. This section will discuss in detail the experimental method to measure
such a tiny quantity. The principle of the method described below was proposed for the
first time in 1979 by E. Iacopini and E. Zavattini [52].

In general, to measure the linear birefringence induced by an external field a linearly
polarized beam of light is propagated across the birefringent medium. For a non-zero angle
¥ between the initial polarization direction and the direction of the external field, which
defines the optical axis of the birefringent medium, the light becomes elliptically polarized,
namely the tip of the electric field describes an ellipse. This process is schematized in
Figure 4. The ratio of the minor to the major axis of the ellipse is the ellipticity ¥ = +a/b
where the sign distinguishes between the two rotation directions of the electric field vector.
We are interested in the case in which the phase difference A¢ acquired by the components
of the electric field in the natural reference system of the birefringent medium is small:

A¢:277T./‘Andz<<1. (30)

In the formalism of the Jones” matrices the evolution of the electric field of the light
can be written as

E; ;A9
Eout = R(—9) - M(A¢) - R(9) - < (l)n) ~ Ein( 1 —‘._Aipz .c05219 ) 1)
i—"sin2¢

where

cos® sind e'0P/2 0
R(9) = ( —sind cos?d ) and M(ag) = ( 0 e~ i0P/2
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are the rotation matrix and the birefringent medium, respectively. For |A¢| < 1 Equation (31)
is the normal equation of an ellipse and the ratio of the minor to major axes of the ellipse
is the ellipticity (¢) = £a/b = (A¢/2) sin 20 with maximum ellipticity || = |A¢ /2| for
¢ = +m/4 (mod m):

(32)

1+ i cos20
Eout = Ein( l/J )

i sin 2¢
It can be shown that the polarization does not rotate to first order in . Note also that
Ey out has a phase delay of 7r/2 with respect to Ex oy

Figure 4. Polarization evolution of a light beam traversing a birefringent medium. The XYZ reference
frame is defined by the initial polarization vector E;, and the wave-vector k. The rotated axes X'Y'Z
coincide with the birefringence axes of the optical medium.

An identical treatment can be followed in the case of a linear dichroism Ax. We are in-
terested in the case in which the difference in relative amplitude reduction A{ accumulated
by a linearly polarized beam passing through a dichroic medium is small:

AL = %/Axdz <1 (33)

In this case, the electric field exiting a dichroic medium will be

A
N 1+ 5 cos2d |\ 1
Eout ~ Ein( % sin 29 > ~ Ein( gDSil‘lZl9 ) (34)

where it is apparent that, to first order, Eoy is rotated by an angle ¢(¢) = —(A{/2) sin2¢
with respect to E;, and that Ey , is in phase with respect to Ex out.

From the above discussion it is also clear that ellipticities and rotations induced by
different media will add up algebraically as complex numbers so long as ¢, ¢ < 1:

¢ =@+iy.

Furthermore, it is evident that ¢ can be increased by lengthening the optical path
within the optical medium.

The scheme of a high sensitivity polarimeter designed to measure very small ellip-
ticities and rotations is shown in Figure 5. An input polarizer defines the polarization of
the light entering the magnetic field region; this is the || direction. To increase the optical
path length within the magnetic field of length L this field region is enclosed between the
two mirrors of a Fabry—Perot interferometer. The Fabry—Perot cavity is a multiple-beam
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interference device [53]. The electric field of the transmitted beam depends on the optical
path length between the two mirrors in a way described by the Airy curve:

Teid/2

Er(0) = Eini—ow (35)
where § = 47tnL/A is the phase accumulated by the light for a round-trip between the
mirrors of reflectance R < 1 (assumed to be identical) and T = 1 — R (no losses). The
resonance is maximum for 6 = 2mr. For small deviations of § from 2m7, Er(6) will
acquire an amplified phase shift ® = ¢ % ~ §2F /m where F defines the finesse of the
cavity as F = 71/(1 — R). The equivalent number of passes through the magnetic field
results in N = 2F /7t and can be as high as N ~ 5 x 10°. The cavity is kept on the top of
the resonance by means of a feedback system [54-56] which dynamically modifies the laser
frequency to match the resonance condition for E;,. For this purpose, the necessary light
reflected from the cavity is sampled immediately out of the input polarizer. Due to the
magnetic birefringence An and/or dichroism Ax the field component Ey will be phase
shifted and/or attenuated with respect to Exs. The Fabry—Perot will therefore multiply
¢ = ¢ + iy by a factor N resulting in a total effect

E=N¢=N(p+ip) = +i¥.

One has then
Eout =~ *E; T 1 (36)
out™= FEN TR | (@ +iY)sin2¢
where Equation (35) has been used.
. . o . M4 ellipticity
polariser mirror magnetic field mirror D modulator analyser
it g | S
n
! | - PDE
&at 2vg I My at vy, !
out >+ PDT

Figure 5. Schematic drawing of the PVLAS polarimeter. A rotating magnetic field between the cavity
mirrors generates a time-dependent ellipticity. The laser frequency is phase-locked to the cavity
resonance; the locking system (not shown in figure) uses the power reflected from the cavity exiting
the input polarizer along the input path.

To further increase the sensitivity for detecting VMB and/or VMD the magnetic field
is rotated at a frequency v ~ 1-10 Hz resulting in ¢(t) = 27vgt 4+ ¥p. Following the
magnetic field region is an ellipticity modulator, generating a known time-dependent
carrier ellipticity 7 (t) = 1o cos (27tvy,t + 6,,), and the crossed analyzer set to maximum
extinction. The power detected on the photodiode PDE will therefore be

1Y = Loulin(t) + (@ + %) sin20(t) P ~ I [5(1)2 + 29(0)¥sin20(5) + .|  @37)
where we have approximated oyt ~ Ij. In Equation (37) the dots indicate higher order
terms in @ and Y. In general, the field intensity may be varied with a fixed ¢ but since
both the LNL and Ferrara versions of the PVLAS experiment have always rotated the
magnetic field, expression (37) makes it clear that the sought for effect will appear at twice
the rotation frequency of the magnetic field.

During the years of the PVLAS collaboration two different ellipticity modulators were
used: a commercial (Hinds Instruments) resonant photo-elastic modulator (PEM) with

vy = 20 kHz and 50 kHz depending on its size and a non-resonant stress-optic modulator
(SOM) [57] with vy, = 400 < 600 Hz.



Universe 2021, 7, 252

10 of 31

It is important to note that on the right-hand side of expression (37) the ellipticity
1 (t) will not beat with the rotation @ sin 29(t) given that one is imaginary, and the other is
real. In Figure 5 the presence of the insertable quarter-wave plate (QWP) is precisely there
for rotation measurements: the QWP transforms a rotation @ sin29(t) into an ellipticity
+id sin20(t), the sign depending on the orientation of the QWP.

Experimentally two other considerations must be made during ellipticity measure-
ments: the polarizer and analyzer have an intrinsic non-zero extinction ratio I, /I | = o2
and an ellipticity noise ¥(t) = 70(t) + N7cavity (). Indeed (t) will have contributions
Yo(t) from outside the cavity and N*ycavity () from the cavity mirrors which will therefore
depend on N, as will be discussed in Section 2.3. Considering the case of no magnetically
induced dichroism, therefore ¢ = 0, Equation (37) is modified to

If“) = [02 + ()% + 27 (£)¥ sin20(t) + 257 (H)y () + ... } : (38)

Vice versa in the presence of a dichroism and with the QWP inserted but in the
absence of birefringence Equation (38) will become

17 = 1y [0 + (1) £ 29 () @sin20(t) + 27 ()T() + .. (39)

where again one must also include the rotation noise I'(t) and the signs depend on the
orientation of the QWP.

The power I, is collected on a low noise InGaAs photo detector with an efficiency of
q=0.7A/W at A = 1064 nm and a typical gain of G = 10° V/A.

The sought for values of the quantities ¥ or @ are extracted from Equations (38) or
(39) by demodulating the extinguished power I, at v, and 2v,,. The DC component of
the demodulated signal at 2v;, derives from the term I; 1(t)? and results in I, = I Hiyg /2
from which 7 is determined whereas the demodulated output signal at v;;, will contain
a component at 2vg, sum of the two sidebands I+ at v, = 2vp deriving from the product
21 ()Y sin28(t): Ipy, = Iy +1- = 2LynoY at 2vp (or Ly, = 2I)j170® for rotation measure-
ments). The resulting ellipticity and rotation can therefore be extracted as functions of the
measured quantities I, and I,:

‘F,@ — IZVB — 121/3 — IZVB @
2./21 by, 2000 v, 4

The ellipticity and the rotation come with a well-defined phase 2¢p such that ¥ or @
are maximum for ¢ = /4 (mod 7).
Following the definition of ellipticity

(40)

¥ — N% /An dz sin 29 41)

an estimate of the expected VMB signal, considering N = 5 x 10°, | Lp B2,,dz ~ 10 T?m,
A =1064 nm and 9 = 71 /4, is

ext

y(EK) _ N% 3A,B2,.dz = 6 x 1011, (42)
Lp

These were the experimental parameters of the final version of the PVLAS experiment.

2.1. Systematic Effects

A well-known systematic of this polarimeter (see for example Refs. [1,58,59]) is gen-
erated by the sum of two intrinsic effects. The first is the fact that the dielectric mirrors
employed to make the Fabry—Perot cavity exhibit a slight birefringence on reflection.
The two mirrors are equivalent to a single wave plate, whose phase difference dgg is ampli-
fied by the many passages in the cavity. In principle, this is a static effect not interfering
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with heterodyne polarimetry. Secondly, the azimuthal angle of the two mirrors is normally
adjusted so as the axis of the equivalent wave plate is aligned to the input polarization.
In this condition, however, the two orthogonal polarizations inside the Fabry—Perot are
no longer equivalent. Although the || one is locked on the top of the resonance curve by
the laser phase-locking system, the other, which has a different round-trip phase égq # 0,
is out of resonance. Due to Jgq, instead of having Equation (36) one finds

T 1
Eout =~ tEin 1-R < (@ +i¥) (1 +iApq) sin 20 )

where Agg = Ndgg. According to this equation, there is a cross talk between the ellipticity
and rotation measurements: even if ® = 0 there is a real component in Ey ,,; describing a
rotation. Instead of Equations (38) and (39) one finds

1 (¢) = 1y [ + 1(6)? + 1(D)k(8eq) (2F + PAgq) sin29(t) +..], (43)
and
17°0(¢) = Iy [0 + (1) £ n(Dk(0rq) (20 — ¥Arg) sin20(t) +...|,  (44)
where the factor
Kosa) = 173 sii2(5EQ/2) =1 )

is due to the fact that the L polarization is out of resonance. To disentangle the ellipticity
and the rotation, both quantities must be measured in the same experimental conditions.
The cavity parameter dgg must be determined in a calibration with known signals.
Generally, there is no dichroism induced by a magnetic field and ® = 0. Therefore,
during calibration measurements with gases described in Section 2.4, by measuring both the
ellipticity signal ¥ and the ‘spurious’ rotation ®(spPurious) — FYAgqg/2 one can determine
directly the value of Agg:
_ 85q
=

(46)

& (spurious)
b4

2.2. Noise Considerations

Consider the output signal from the lock-in which demodulates at v;,. If the rms
intensity noise S; at the frequency v;; — 2vp is uncorrelated with the rms intensity
noise Sy, at vy +2vg and S, = S;. = §;,, the demodulated rms intensity noise will

be S by = ,/Sir + 52 = /25, due to the folding of the spectrum around v,,. Using
Equation (40) the expected peak ellipticity sensitivity Svy,, of the polarimeter is

L

T

(47)

Several intrinsic effects contribute to Sp,, = all of which can be expressed as a noise in
the light power I . First consider the intrinsic rms shot-noise spectral density due to the
direct current iy in the detector

&Y — \/2eipe = 4/2eql pe (48)

(shot)

where g is the efficiency of the photo detector in amperes/watts and S; is measured in

ampere/ v hertz. Please note that S;n. is independent on frequency.
According to Equations (38) or (39), the direct current due to the modulator inside the
photodiode is ipc = ]| 13 /2. Taking also into account the contribution of the extinction

ratio of the polarizers, which can be as low as 02 < 1077, and of the square of the static
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component of the ellipticity noise y(t), ypc, this effect introduces an additional term in the
detected DC power which is written as I (02 + v3c). This leads to an expression for the

shot-noise spectral densities in the light power S EShOt) and in the ellipticity S‘(I? e
S(shot) 21 2
spret =2 = | Z (0242 4+ ) ana (49)
q q
sron _ | 26 (P4 VZDCZ g2 (50)
ql U0

Other effects contributing to the power and ellipticity noise spectral densities are the
Johnson noise of the transimpedance G of the photo detector amplifier

4k T 4ksT 1
s = =B, ivin s = =B ) 51

the photodiode dark-current noise

S (dark) S (dark)
S§dark) _ 2 , with S\(}({iark) _ lI ) (52)
1 q1)10
and the frequency dependent relative intensity noise NIERIN) of the light emerging from
the cavity
S = I NS 63)
giving
24 A2 2 /92 2 /92
G(RIN) _ /(RIN) \/(‘7 +vpe +15/2)* + (n5/2) 58
‘YZVB Vin ;70 .

In the last equation we consider that the contribution of Ipc and I, in the Fourier
spectrum add incoherently to the intensity noise at v;, & 2vp with vg < vy,.

Figure 6 shows all the intrinsic contributions as functions of 7 in typical PVLAS-FE
operating conditions, with 4 = 0.7 A/W, Ij = 8 mW, ¢* = 2x 1077, G = 10° V/A,

Sl.(dark) =25 fAms/VHz, and NV(EIN) ~ 3 x 1077 /+/Hz @ 50 kHz (resonance frequency of
the PEM). The figure shows that the expected total ellipticity noise

2 2 2 2
S\(;Ot) _ \/Sl(;h()t) + S‘(Ip + Sl(;iark) + S\({[RIN) (55)

has a minimum for a modulation amplitude 79 22 10~2 close to shot-noise. The above noise
considerations are also valid in the case of rotation measurements.

It is important to note here that the signal to noise ratio sensitivity of the polarimeter
will improve increasing N only if Sy (and S¢) do not depend on the equivalent number
of passes N of the cavity. The three noise sources presented above, namely shot-noise,
Johnson noise and dark-current noise, satisfy this condition depending in no way on the

presence of the cavity. If, however, an ellipticity noise such as Ycavity (t) [see Equation (38)

and nearby text] originating from inside the cavity is present and if TN cavity (£) /A > S\(;Ot)

both the magnetically induced signal and the noise would increase proportionally to N
thus the signal to noise ratio sensitivity will not improve. The same argument is true in the
presence of a rotation noise I'cavity (t) [see Equation (39)].
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Figure 6. Intrinsic peak noise components of the polarimeter as a function of the ellipticity modulation
amplitude 779. Superimposed is the PVLAS-FE peak ellipticity noise at 16 Hz well above the expected
sensitivity due to the Fabry—Perot mirrors (see Section 2.3).

Finally, the presence of the DC component of 7(t) in Equation (38), ypc, may also
contribute to an ellipticity noise Sy at the signal frequency 2vp in the presence of a relative

NRIN)

intensity noise of I at 2vg. From Equation (38) the condition for which this effect

NRIN)

will not deteriorate Sy is that the product Ypc satisfies

NN Tpc K Sy. (56)

In PVLAS the typical relative intensity noise of I in the frequency range 0.5 + 20 Hz
was N,SRIN) =5,/] < 10~*/+/Hz. By keeping ypc < 10~* the contribution to Sy will be

NV(RIN) vpc < 1078, This was done with a very low-frequency feedback (cutoff frequency
much lower than 2vp) using the ellipticity signal at the output of the lock-in amplifier
demodulating at v;,. In the PVLAS setup which used the non-resonant SOM the actuator
was the SOM itself which could generate static ellipticities whereas in the PVLAS setup
which used the PEM the feedback actuation was done with the input polarizer coupled to
the cavity intrinsic birefringence as will be discussed in more detail below.

2.3. Expected Detectability of VMB
In principle, with the magnetic field and optical parameters leading to Y(EK) — 6 x 10711
in Equation (42) and the optimal sensitivity in Figure 6 of S\(;OO ~ 8 x 1077 /v/Hz, the VMB

2
signal should have been detected in a time T = (S\(;Ot) / ‘P(ED)) ~5hwithaSNR=1.

Unfortunately shot-noise limited measurements with finesse values F 2 50,000 and
signal frequencies v < 500 Hz have never been obtained in any polarimeter due to the
presence of N 'ycavity(t) originating from the cavity mirrors [1,60]. In Figure 7 one can
see the sensitivity in optical path difference Spp of the different experimental efforts to

measure \/MB defined as )\
S AD = S‘{’ _ 57
b N ( )

Considering the optical path difference sensitivity allows a direct comparison of
the optical performance of the different experiments being Spp independent of A and
N. The VMB induced optical path difference is AD = 3A, |, Ly B2, dL. In the same
graph, the shot-noise expected sensitivity for each experiment is also shown. A clear
correlation described approximately by a power law can be seen between Spp and the

signal frequency. The two almost equivalent points from BFRT [40] were measured with two
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different cavities, one with 34 passes and the other 578 passes whereas the two PVLAS-LNL
superimposed points [45] are for A = 1064 nm and F (1064) — 70,000 and for A = 532 nm
and F(5%2) = 35, 000.

E PVLAS-FE ® Experimental optical path difference
15 | low frequency sensitivities = ellipticity normalised for the
N 10 3 BFRT number of passes N and wavelength A.
I E :
e -16 _| L Shot-noise sensitivity limit
N 10 =
S
I_Q. ] PVLAS-LNL
-17 -
5 10 E
8 ]
-18
g 10 3
— 3
[O] =
£ 19 ]
BT 10 3
< E '|'
S ]
2 107 4 -|- -|-
1 i
.0 ]
B 102 o - - P—
° 10 3| Experiment cavity amplification N wavelength length
c 3(BFRT (1993): multipass 35-578, 514 nm 14.9m
; 22 _||PVLAS-LNL (2008): F.P. 23'000, 45'000 532 nm, 1064 nm 6.4 m
2 10 3|PVLAS-TEST (2013):  F.P. 150'000 1064 nm 1.4m
3 3|PVLASFE (2016):  F.P. 450'000 1064 nm 33m
] 102 - BMV (2014): F.P. 280'000 1064 nm 2.3m
S 3|0OVAL (2017): F.P. 320'000 1064 nm 1.4m
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Figure 7. Measured optical path difference noise densities Syp in polarimeters set up to measure
VMB plotted as a function of their signal frequency. Data were taken from the experiments BFRT [40],
PVLAS-LNL [44,45], PVLAS-Test [61], PVLAS-FE [59], BMV [62] and OVAL [63]. The error bars are
an estimated 50%.

A more accurate study performed on the PVLAS-FE apparatus in Ferrara resulted in a

good fit of Spp with a function proportional to v~1/2 at low frequencies, with a cutoff at
Vo = 15 Hz, and proportional to v~ 1/4 above vy
A -1/2 2
s () = L 58
AD( ) 1+(1//1/0)2 ( th ) (58)

where one finds Ag, = (2.01 £0.02) x 10~ m, vy = (15.0 & 0.4) Hz and By, = (4.63 &
0.02) x 1071 m/Hz'/*. These noise contributions to S AD seem compatible to having an
intrinsic thermal origin: Ay, we believe has a Brownian noise origin whereas By, is due to
the photo-elastic effect in the mirror coating [1].

Finally, in the absence of the Fabry—Perot, shot-noise is achieved at output powers
IH ~ 10 mW resulting in Sy = 5 x 10_9/\/Ecorresponding toSap = 1.6 X 10~ m/+v/Hz.

These studies have shown that an apparatus designed to measure VMB must be
equipped with a magnetic field with [, B Ly dL such that

ext

Sap(v)™ ) (D)
/ B2, dL > v (59)

where Syp (v) (1Y) is taken from Equation (58) and 7 is the integration time.

2.4. Calibration

Two quantities need to be extracted during calibration measurements: the correction
factor k(dgq) due to the birefringence of the cavity and the absolute amplitude and phase
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calibration. Magnetic birefringence in gases, known as the Cotton-Mouton effect [64],
is used to determine this information: as discussed in Section 2.1 the ratio of the values
of the "spurious’ rotation to ellipticity of Equation (46) gives Jgq; the observed ellipticity,
corrected for k(Jgq), defines an absolute scale for the magneto-optical effects. Once the
absolute scale has been calibrated, Jgg can be continuously monitored by inducing a
Faraday effect on one of the mirrors and this time comparing the 'spurious’ ellipticity to

the "true’ rotation: [Agq/2| = “Y(SpuriouS) /®|.
The Cotton-Mouton — or Voigt — effect is perfectly analogous to VMB also depending

on |, Ly B2,,dL but is far more intense already at low gas pressures. The birefringence
generated in a gas at pressure P by a magnetic field Bext is given by the expression

An=n—ny = AnyBgP (60)

where Any, is the unit birefringence generated by P = 1 atm and Bext = 1 T. In Table 1
we report some values of An, including the equivalent partial pressure Prq which would
induce a birefringence equal to VMB. Other molecules and older values, also at different
wavelengths, for the species listed here can be found in [64].

Table 1. Unitary magnetic birefringence of common inorganic gaseous species. The equivalent partial
pressure which would mimic a VMB signal are also reported.

Species Any, (T~ 2atm™1) A (nm) Pgg (mbar) Ref.
He (2.08 £0.14) 1071° 1064 1.9 x 1075 [65]
(222 4+0.16) 10716 1064 1.8 x 1072 [66]
(27+03) 10716 1064 1.5 x 107> [67]
Ne (6.940.2) 10716 1064 5.8 x 107° [68,69]
Ar (7.5+0.5) 10715 1064 53 %1077 [59]
(4.314£0.38) 1071 1064 9.3 x 1077 [70]
H,0 (6.67 +£0.21) 10~ 1° 1064 6.0 x 1077 [71]
H, (8.28+0.57) 10~1° 514 48 x 1077 [64]
CH, (1.59 £ 0.21) 1014 632.8 25x 1077 [72]
Kr (9.98 +0.40) 10~ 15 1064 4.0 x 1077 [69,73]
Xe (2.8540.25) 1014 1064 1.4 x 1077 [69,73]
(2.59 £ 0.40) 10—14 1064 1.5 x 1077 [74]
CoHe (—1.48+0.09) 10 632.8 2.7 %1078 [70]
Cco (—1.80 £ 0.06) 10713 546 2.2 %1078 [64]
N, —(2.66 £0.42) 10 1064 1.5x 1078 [70,75]
CO, (—4.2240.31) 10713 1064 9.5x 1077 [70]
O, (—2.2940.08) 1012 1064 1.8 x 1077 [76]

The phase of the Cotton-Mouton effect (including its sign) defines the physical phase
for a field induced ellipticity: VMB must come with the same phase as the Cotton-Mouton
measurement of a noble gas with An, > 0. When analyzing data, all the measured signals
are projected onto both the physical and the non-physical axes. We explicitly note that
the gas measurements are interpreted in terms of a pure birefringence. In fact, for gases,
no linear dichroism is associated with a transverse magnetic field. A Faraday rotation
resulting from a time variation of an eventual small longitudinal component of the magnetic
field along the light path would appear at the first harmonics of the rotation frequency of
the magnetic field.
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3. Measuring Vacuum Magnetic Birefringence and Searching for ALPs in Italy:
The PVLAS Collaboration

3.1. PVLAS-LNL: Rotating Superconducting Magnet
3.1.1. Infrastructure

Earlier experience from precursor experiments led to a first serious effort to measure
VMB using the scheme in Figure 5. A first version of the experiment PVLAS (Polarizzazione
del Vuoto con LASer) financed by INFN (Istituto Nazionale di Fisica Nucleare) was installed
at the INFN—Laboratori Nazionali di Legnaro near Padova, Italy (referred to as PVLAS-
LNL from now on). Two major changes were introduced with respect to the precursor tests
to improve the expected sensitivity: the use of a vertically rotating superconducting magnet
(in persistent current mode) and of a Fabry—Perot resonant cavity. The cavity length was
6.4 m and the rotating field allowed signal frequencies at 2vg ~ 0.6 Hz, a frequency a factor
30 higher with respect to current modulated superconducting magnets. The maximum
field used was limited to Bext = 5.5 T with a length of Lg = 1.05 m. Runs with various field
intensities were used resulting in B3,Lg = (5 =+ 30) T?>m.

A drawing and a photograph of the setup are shown in Figure 8. A dedicated in-
frastructure was designed and constructed at LNL to install the superconducting dipole
magnet and its rotating cryostat in a vertical configuration. To avoid mechanical vibrations
coming from the rotating magnet to reach the optical benches the experimental hall was
equipped with a square pit, 8 x 8 m?, 3 m deep from the floor level of the main building. A
concrete ‘raft’, formed the floor of the pit and was supported by pillars embedded 14 m
deep into sand. The lower optical bench, the 7 m high vertical structure and the upper
optical bench, all made of black granite sat on the ‘raft’. A reinforced concrete beam,
crossing over the pit and sitting on the floor of the main building, supported the rotating
table driven by a hydraulic motor on which sat the cryostat containing the magnet. In
this way, no direct mechanical contact was present between the rotating cryostat and the
vertical optical structure. In the photograph of Figure 8 the ladder leaning against the
structure is standing on the concrete beam supporting the rotating turntable. During the
rotation of the magnet no ellipticity or rotation signal was observed correlated with the
non-energized magnet rotation.

upper
optical bench

laser beam

floor level \ — | = — =
rotating { — i DN
— turntable|| ' p .‘ z ATk £

Figure 8. (Left) schematic drawing of the PVLAS-LNL setup. (Right) a photograph of the apparatus above the floor level.

The lower optical bench is below the beam supporting the cryostat and sits about 3 m below ground level on a concrete ‘raft’.

3.1.2. Rotating Superconducting Magnet

The magnet used in this phase was the original 1 m long superconducting dipole
magnet developed by Mario Morpurgo at CERN [77] as a prototype for the CERN D2
Proposal [78,79], the first proposal to measure VMB using the optical technique proposed a
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couple of years before [52]. It was manufactured at CERN and commissioned in July 1982
and at the time reached a record field of 8.8 T when cooled with superfluid liquid helium.
Its main characteristics are listed in Table 2.

Table 2. Main characteristics of the PVLAS-LNL magnet built at CERN by Mario Morpurgo as a
prototype for the original D2 CERN proposal to measure VMB.

Cold bore useful diameter 0.1m
Magnetic field length 1m
Overall magnet length 1.3m
Current (corresponding to a central field of 8 T) 3810 A
Max field on the conductor 88T
Field uniformity in the useful bore +£2.5%
Average current density in the winding 105 A/mm?
Stored energy 1.5M]

The 2.3-ton dipole magnet was wound with a hollow Cu-Nb-Ti composite conductor.
The conductor had a square cross-section 5.5 x 5.5 mm? with a central bore approximately
2.5 mm diameter for cooling. The dipole was composed of two identical coils each with
12 pancakes of 22 turns each. The 12 pancakes were subdivided into three groups of four,
and each group was separately impregnated under vacuum with epoxy resin. The dipole
yoke was made from soft iron. Interestingly, aluminum alloy plates and bolts were used
to clamp together the various parts of the yoke. Since the aluminum thermal contraction
is larger compared to the other metals, the coils were strongly compressed when cooled
guaranteeing mechanical stability.

In Figure 8, right, the solid copper bars connecting the magnet to the 10 V, 5000 A
power supply (blue cabinet on the left) can be seen. Inside the power supply a set of water-
cooled diodes and resistors were installed to dump the electromagnetic energy stored
during the (fast) discharge. Once charged, the magnet was put in ‘quasi persistent’ current
mode through a very low resistance (0.24 p(Q)) silver-plated copper multi-blade socket [80]
and the power supply disconnected.

3.1.3. Rotating Cryostat

The project of the cryostat was realized at LNL in collaboration with CERN [81]
and was designed to cool the magnet to superfluid liquid helium temperature. It was
characterized by a room temperature 30.5 mm central bore, to host the quartz vacuum tube
through which the light beam traverses the magnet, and by the possibility to rotate around
its axis.

The scheme of the cryostat, shown in Figure 9, is of the Claudet type [82] with a fiber
glass epoxy ‘lambda’ plate to separate the superfluid helium at the bottom from the normal
helium above. The outer jacket was superinsulated with mattresses of superinsulation.
At the bottom of the cryostat and at its center, a few kilograms of activated charcoal were
placed, to lower the pressure in the superinsulation region, thus improving the necessary
insulation efficiency. Multi-layer superinsulation was also used for the central bore. Inside
the cryostat a stainless steel coil was wound around the magnet as a heat exchanger for the
pre-cooling with liquid nitrogen (LN2) using helium gas as an exchange medium.

Vacuum pumps for the superfluid helium production were installed on platforms
outside of the cryostat and rotated with it. These were never used during the measurements
due to a limited availability of helium, hence we never reached the maximum field. The he-
lium boil-off vapors were collected at room temperature, both with the cryostat at rest and
during the rotation, through a helium tight feedthrough and sent to the recovery system.
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Figure 9. (Left) Scheme of the rotating cryostat of the PVLAS-LNL experiment designed to cool the dipole magnet to
superfluid helium. A 30.5 mm warm bore (not shown) vertically traversed the cryostat. Source: From Ref. [83], (© IOP
Publishing. Reproduced with permission. All rights reserved). (Right) Photograph of the cryostat of the PVLAS-LNL
experiment. The cryostat is exhibited on the INFN National Laboratories of Legnaro (LNL) site near Padua, Italy. In the
cutaway the prototype CERN magnet can be seen.

In the PVLAS-LNL configuration the limiting factor on integration time and more im-
portantly on the capability of debugging for systematics was the availability of liquid helium.

3.1.4. Polarimeter Setup and Results

Figure 10 is a schematic drawing of the optical setup of PVLAS-LNL for ellipticity
measurements (QWP not inserted). A Nd:YAG laser is frequency locked to the Fabry—Perot
cavity using a modified Pound-Drever-Hall technique. Two wavelengths were used
during the working period of the experiment: 1064 nm and 532 nm. At 1064 nm the finesse
of the cavity was about 7 (1064) — 70,000 whereas at 532 nm it was about F(532) = 35,000.
The beam then follows the scheme of Figure 5. As the ellipticity modulator first a 20 kHz
PEM was used and in the final version of the PVLAS-LNL setup the home-made SOM was
used allowing the control of ypc.

As discussed above the signal from the photodiode is amplified and demodulated
at vy, and 2vy, (only one lock-in is shown). The DAQ is triggered by the turntable with
32 equally spaced marks: independently of the slight frequency variations of the hydraulic
drive, the phase-preserving appending of different data sets gave long integration times.
The typical rotation frequency of the cryostat was vg = 0.3 Hz.

In the PVLAS-LNL configuration the relative intensity noise at v, was N,ERIN) ~2 X
10~ /+/Hz and was the main limiting factor in the predicted ellipticity sensitivity: from Equa-
tion (54) one finds Sy ~ 1.5 x 1078/v/Hz. As already discussed in Section 2.3 the mea-

sured sensitivity was far from the expected value resulting in S\(IF VLASZINL) 5 10-6/\/Hiz @
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0.6 Hz [45] both at 1064 nm and 532 nm which translated in optical path difference sensitivity
as Sap ~ 1077 m/v/Hz @ 0.6 Hz.
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Figure 10. Schematic drawing of the PVLAS-LNL optical and acquisition setup.

During the time in which the experiment was active, PVLAS-LNL set the best limits
of VMB at 95% c.1. [45]:

An(PVLAS-LNL) 1 gy 10~19 @B=23T (61)
An (PVLAstNL)

(132> < 19x10°20T2 (62)
ext

Interestingly, this limit was obtained with a field strength B = 2.3 T. Indeed at
B = 5.5 T systematic effects limited ellipticity measurements. For rotation measurements
instead the best limit was obtained with B = 5.0 T [44]:

| Axe|(PVEAS=INL) .9 5 10719 @B=50T. (63)

This limit on |Ax| corresponds to a difference in the absorption coefficients for the two
orthogonal polarizations of Ay < 1.1 x 1072 m~1.

3.2. PVLAS-FE: Rotating Permanent Magnets

The evolution of the PVLAS-LNL apparatus was the result of three main requirements:
(1) reduce seismic noise by installing the whole polarimeter on a single isolated optical
bench as demonstrated in [84]; (2) use a two magnet configuration to ensure zero measure-
ments with the magnetic field ON for efficient debugging of systematic effects due to the
magnetic field [61] and compatible with a benchtop apparatus; (3) use magnets with an
unlimited duty-cycle even with a slightly lower field with respect to achievable values.
These considerations led to the PVLAS-FE setup shown in Figure 11.
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The apparatus is basically composed of a seismically isolated 4 ton granite optical
bench hosting the optics of the polarimeter and vacuum system and of two permanent
rotating 2.5 T dipole magnets each about 1 meter in length (mechanically) with a 2 cm
axial bore.

Figure 11. Photograph of the optical bench layout of the PVLAS-FE apparatus installed at the Department of Physics and
Earth Sciences of the University of Ferrara and INFN Section of Ferrara, Ferrara, in Italy.

3.2.1. Infrastructure, Optical Bench and Vacuum System

The experiment is located on the ground floor of an experimental hall at the Depart-
ment of Physics and Earth Sciences of the University of Ferrara and INFN Section of Ferrara,
Ferrara, Italy, inside a temperature controlled (23° & 1°) and relative humidity controlled
(=56%) clean room of ISO-4 class.

As with what was done in PVLAS-LNL special care was taken to limit direct mechani-
cal contact between the optical bench and the magnet support structure: the magnets were
sustained by an aluminum structure sitting on the concrete floor whereas the optical bench
was supported by a seismic isolation system (BiAir® membrane air spring legs) equipped
with a six-degrees of freedom positioning system to guarantee a 10 pm position repeatabil-
ity of the bench with respect to the magnets. This was fundamental in that the vacuum tube
passing through the bore of the two magnets was made of glass. From the specifications of
the manufacturer (Bilz Vibration Technology AG, Leonberg, Germany) the filtering of the
supporting system started at about 1 Hz. The two magnets were independently driven by
synchronous brushless motors to allow long in-phase integration.

Although the permanent magnets were designed following the Halbach configura-
tion [85], which in principle cancels stray fields, a small stray field of about 10 mT was
present near their surface, rapidly decaying with distance. To avoid mechanical forces
generated by the rotating stray field on nearby components granite was chosen as the
bench material. The bench, manufactured by Microplan, Quarona (VC), Italy, is 4.8 m long,
1.5 m wide and 0.5 m thick for a total weight of 4 tons. A granite ‘honeycomb’ structure
fills the inside of the bench to limit the total weight. The surface of the bench is equipped
with a5 x 5 cm matrix of threaded holes made of brass.

The light propagates in vacuum from before the entrance polarizer to after the analyzer.
The vacuum system, completely constructed in nonmagnetic materials, is divided in two
larger vacuum chambers containing the entrance and output polarizing optics, two smaller
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chambers with isolation valves containing the Fabry—Perot mirrors and a glass vacuum
tube passing through the two magnets. Between the two magnets is an auxiliary pumping
station. Only dry pumps were used, and the isolation valves of the mirror chambers
guaranteed the stability of the extremely high finesse for about 5 years with the same pair
of mirrors (until the mirrors were dismounted).

Initially vacuum is guaranteed by turbo molecular pumps connected to the two larger
chambers (see Figure 11) and to the central auxiliary station. After reaching a vacuum
pressure ~10~7 mbar three non-evaporable getter (NEG) pumps, connected to the same
chambers as the turbo pumps, are opened and the turbo pumps in the large chambers are
switched off to limit vibrations reaching the optics. The central turbo pump needs to be left
on to pump away the noble gases which the NEG pumps do not pump. Ionic pumps were
avoided due to the presence of a magnet.

This system guaranteed a stable vacuum of ~2 x 1078 mbar in the three pumping
chambers with a typical residual gas mass spectrum shown in Figure 12.
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Figure 12. Typical residual gas mass spectrum during data taking, measured in the large output
chamber. The main residual gases (from left to right) are hydrogen, methane, water vapor, carbon
monoxide, and carbon dioxide. The absence of the oxygen peak indicates the absence of nitrogen.
All gas pressures were well below the VMB equivalent pressures reported in Table 1 on page 15.

3.2.2. The Rotating Permanent Magnets

The permanent magnets of the PVLAS-FE experiment take advantage of the recently
developed Nd-Fe-B sintered magnet technology and were built by AMT&C (Moscow,
Russia). The set up comprises two identical dipole magnets of the Halbach type [85],
with B = 2.5 T. The main technical characteristics of each magnet are listed in Table 3.

Table 3. 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 coercivity Nd-Fe-B
Maximum field intensity Bext 25T
Squared field integral 512 T’m

Magnetic field length Lg 0.82m
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The segments of the Halbach structure were divided into two concentric rings. Each ring
was composed of 16 sectors of Nd-Fe-B pre-magnetized material. In Figure 13 one can see
a drawing of the concentric structure of the PVLAS-FE magnets and a theoretical magneti-
zation direction of the various sectors. Twelve layers each 70 mm thick were assembled
axially in a cylindrical soft magnetic steel case. To minimize the stray field on the mirrors
and polarizing optics each end flange was a four-layer stack of alternating aluminum 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 Figure 14.
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Figure 13. (Left) Magnetization directions in the Halbach configuration of a dipole field. (Right)
Two rings, 16 segment Halbach configuration of the PVLAS-FE magnets with the external cylindri-

cal enclosure.
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Figure 14. In red are the measured dipolar field profiles of the two PVLAS-FE magnets. The values
of [ B2, dL are reported in black.

ext

As already mentioned, the magnets were supported by an aluminum nonmagnetic
structure set on the concrete floor of the experimental hall. There is no direct contact
between the optical bench and the magnet support structure. The support structure allows
the horizontal movement of the magnets for their extraction and their orientation for
optimal alignment with the glass vacuum tubes: two different glass tubes with diameters
18 mm and 15 mm were used whereas the magnet bores have a diameter of 20 mm. The
two magnets are kept in rotation by V-toothed low vibration belt transmissions driven by
two independent brushless motors whose rotation frequencies is determined by phase-
locked independent signal generators. In this way, the rotation of the magnets is controlled
in phase: during data taking the angular position of the magnetic fields was exactly known
at any time. To allow for systematics monitoring and debugging, the two magnets were
generally rotated at two slightly different frequencies.

3.2.3. Optical Setup

The scheme of the optical setup of the apparatus is shown in Figure 15. All optical
mounts and motorized stages are nonmagnetic and are based on the “slip-stick” principle
(SmarAct GmbH, Oldenburg, Germany) ensuring stable positions even with the power
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switched off. A A = 1064 nm laser beam is emitted by a Nd:YAG laser (Innolight Mephisto,
2 W power). The beam first passes through a quarter-wave plate (QWP), a half-wave
plate (HWP) and a two stage Faraday isolator to reduce the initial ellipticity of the laser
beam, to allow power adjustment and to block back-reflected light from entering the laser.
The beam then passes through a mode matching lens for optimal coupling of the laser
to the Fabry—Perot cavity. Two steering mirrors followed by a second HWP bring the
beam to the entrance of the vacuum system with the desired alignment and polarization
direction. Between the second steering mirror and this second HWP a beam sampler of
the reflected power from the cavity is used for phase-locking the laser to the cavity via
the Pound-Drever—Hall (PDH) technique. The same beam sampler is 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 [54,55].
An automatic locking servo-circuit allowed operation of the apparatus with an almost
unitary duty-cycle.

r
€2

Beam Dump Granite optical table © = Photo diode
g @ Laser ¢ =Lens
Optical WPs @ = Beam sampler or splitter
Isolator ¢ = Mirror
@ =HWP
@ =QWP
PDE
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Figure 15. Schematic view of the optical bench layout of the PVLAS-FE apparatus. The laser beam enters the polarizing

vacuum chamber (left) containing the polarizer P after having been properly aligned and focused. It then passes through

the mirrors M1 and M2 of the Fabry-Perot and the magnets. The analyzing chamber (right) contains in order an extractable

QWP (shown inserted) for rotation measurements, the PEM ellipticity modulator and the analyzer A with an extra lateral

output. HWP = Half-wave plate; QWP = quarter-wave plate; PDT = transmission signal I I’ PDE = extinction signal I .

The second HWP together with the rotatable polarizer P allows the alignment of the
light polarization with one of the axes of the equivalent wave plate of the Fabry—Perot
cavity before entering it. At the output of the cavity an extractable QWP (shown inserted
in Figure 15) is used to transform, when necessary, a polarization rotation into an ellipticity
(and vice versa). The light then passes through the v;,, ~ 50 kHz resonant photo-elastic
ellipticity modulator, PEM, (Hinds Instruments, Hillsboro, OR, USA), and the analyzer
A, normally set to maximum extinction. The PEM is mounted on an axial rotation mount
to set its axis at 45° with respect to the polarization direction, and on a translation stage
to allow its extraction from the beam. Typically, the modulation amplitude is between
1o & 3 x 1073 =- 1072 to work in the optimal modulation region shown in Figure 6. An exit
window on the analyzer allows the extraction of both the extraordinary and ordinary
beams: the former is a measurement of the power I |~ Iout transmitted by the cavity,
whereas the extinguished beam power, I |, contains the information on the ellipticity and
rotation acquired by the light. The extinction ratio was generally 0> < 10~7. An InGaAs
low noise photodiode with gain G = 10° V/A and efficiency g = 0.7 A/W is used to
collect the extinguished light. The diode was placed about 2 m from the analyzer to reduce
contamination from diffused light.

It is worthwhile to note here that the glass vacuum tubes passing through the two
rotating magnets were equipped with baffles to eliminate diffused light from the mirrors
which was not part of the main Gaussian TEMyy mode. These baffles were O-rings spaced
in such a way that from the position of the light spot on the mirrors none of the surface
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of the glass tube could be seen. With this expedient and with a careful monitoring of
the movement of the glass tube with accelerometers a noise floor without the presence of
systematic signals was obtained with a total composite integration of 7 = 5 x 10° s.

For completeness in Figure 16 we report the optical path difference noise in the PVLAS-
FE polarimeter filled with 850 + 20 pbar of Argon gas to generate reference ellipticity values.
Two peaks at 8 Hz and 10 Hz of equal height can be seen due to the Cotton-Mouton effect
of Argon. A peak at 19 Hz is also visible and is due to a Faraday rotation generated by a
solenoid applied to the entrance mirror of the cavity which generates a small ellipticity due
to the birefringence of the cavity according to Equation (43). Superimposed is the fit with
Equation (58). Note that during VMB measurements, the noise is the same.
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Figure 16. Optical path difference spectrum for 7 = 688,000 measured with the PVLAS-FE appa-
ratus in t = 1 s with (850 £ 20) pbar of Ar generating the two identical peaks at 8 Hz and 10 Hz.
Superimposed is the fit obtained using Equation (58). The dashed lines are the two contributions to
the curve describing the fit.

The final PVLAS-FE sensitivity in ellipticity was Sy &~ 5 x 1077 /+/Hz resulting in
a notable sensitivity in optical path difference of Syp =~ 4 x 1071 m/+/Hz at v = 16 Hz
(frequency used during long integration time measurements) again limited by the intrinsic
birefringence noise of the cavity mirrors according to Equation (58).

4. Results
4.1. VMB Measurements

Although not sufficient to detect VMB, the PVLAS-FE apparatus set the present best
limit in vacuum magnetic birefringence of

An(PVLAS=FE) (12 417)x108 @B =25T (64)
Ap \ (PVLAS—FE)

(2) = (19427) x 104 T2 (65)
Bext

to be compared with the predicted value of 34, = 4 x 1072* T2, These results were
obtained by rotating each magnet at a slightly different frequency to keep systematic errors
under control and the total composite integration time was 7 = 5 x 10° s.

In Figure 17 the time evolution of different experiments dedicated to measuring
vacuum magnetic birefringence is reported. Given the log scale and to take into account the
sign of the An measurements, red markers indicate a birefringence whose central value is
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An > 0, black markers indicate An < 0 and blue markers indicate values for which the sign
of An was not determined. The error bars correspond to a 1 ¢ statistical uncertainty. It is
interesting to note how many of the experimental values, reported as limits, are actually
not compatible with zero within the declared uncertainty indicating the presence of a
systematic contribution.

T
A An>0
v An<O
10 ® undefined sign

.|

Measured value of |anl / B [T_Z]
o

1990 1995 2000 2005 2010 2015 2020
Year

Figure 17. Historical time evolution of the measurement of vacuum magnetic birefringence nor-
malized to ngt. Error bars correspond to one ¢. The values derive from the following references:
BFRT [40]; PVLAS-LNL [44,45], PVLAS-Test [61], BMV [62], PVLAS-FE [59,67], OVAL [63].

The statistical uncertainty of the PVLAS-FE result reported in Figure 17 and in
Equation (64), rewritten here for easier reading, is about a factor 7 greater than the ex-
pected QED effect obtained with a total integration time of 7 = 5 x 10° s:

An \ (PVLAS—FE)
(BZ> =(19£27) x 107 # T2

ext

4.2. VMD Measurements

A vacuum magnetic dichroism limit was also obtained, assuming that a rotation is
proportional to the magnetic field length [assumption not true for ALPs as can be deduced
from Equations (33) and (26)], leading to

|Ax|(PVEAS=FE) — (10 £28) x 102 @B =25T. (66)

However, in the view of setting limits on ALPs coupling constant g, as a function of
m, we also report the dichroism limit obtained with both magnets rotating at the same
frequency and in phase in a time T =7 x 10° s

| Axc|(PVEASFE, 2magnets) — (3 1 60) x 102 @B =25T. (67)

Finally, given that the coupling constant g, in the low mass limit is related to the

dichroism by the relation
wAx 4
7\ 2Ly B )
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in which the coupling constant g, is proportional Ax/Lp, we also report the weighted
average of Ax/Lp for all the PVLAS-FE data (see Reference [1] for details):

A
<L§> = (1.0£26) x 102 m! (69)

where Lp = 0.82 m corresponding to the length of one magnet.

4.3. Limits on ALP and MCP Searches with PVLAS-FE

The birefringence and dichroism limits in Equations (64) and (67) can be used to
set laboratory limits on the existence of ALPs. Figure 18 is a summary of the existing
experimental laboratory limits on the coupling constant g, as a function of the ALP mass
m,. The shaded regions in the mass-coupling constant plot are excluded. For the dichroism
only the two-magnet configuration is plotted to cover the mass range up to m, = 0.1 eV.

1 PVLAS-FE dichroism with 2 magnets
10" = ALPS regeneration
1 OSQAR regeneration

Coupling constant g, [GeV']

8 O PVLAS-FE ellipticity
10 3 0 OSQAR 2015 regeneration
3 ALPS 2010 regeneration
4 O PVLAS-FE dichroism
9 o
10 E — QED ellipticity
1 0.10 _- CAST - Cern Axion Solar Telescope /
3 T T T L | T T T L | T T T L | T T T L
-5 4 -3 -2 -1
10 10 10 10 10

ALP mass m, [eV]

Figure 18. Laboratory limits on the existence of ALPs particles at 95% c.l. The shaded regions of
the graph are excluded. Superimposed on the plot is the ellipticity corresponding to effect of QED
vacuum magnetic birefringence. The figure also shows the measurements by the OSQAR [51] and
the ALPS [50] collaborations. For comparison, the latest limits by CAST [86] are also shown.

As discussed above a slightly better low mass limit for m, < v/4w/Lp ~ 1 meV [see
Equation (25)] can be set considering Equation (68) and the averaged value of Ax/Lp in
expression (69):

) < 6.4 %1078 Gev! (70)
at 95% c.l. As a comparison in the same plot, we report the latest result by the CAST
collaboration [86] which uses the Sun as an ALP source. An LHC prototype dipole magnet
is aimed at the Sun and X-ray detectors search for regenerated photons. As can be seen,
at present laboratory measurements cannot compete with such an experiment.

Finally, from the birefringence and dichroism results in Equations (64) and (66) the
exclusion plots shown in Figure 19 for the existence of either Bosonic or Fermionic MCPs
can be set.
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Figure 19. Laboratory exclusion plots based on equations in Section 1.1.2 for the existence of MCPs at 95% c.l. using the

birefringence (red) and dichroism (blue) limits in Equations (64) and (66). The shaded regions of the graph are excluded.

The two branches of the birefringence curve are not connected in the mass range around x = 1 (dashed line), where An

changes sign.

4.4. Future

Overcoming the factor 7 gap between the measured PVLAS-FE vacuum magnetic
birefringence noise floor and the predicted value was unfeasible. To beat the intrinsic noise
in optical path difference due to the cavity, shown in Figures 7 and 16, an increase in the
VMB optical path difference AD is necessary:

AD = 34, / B2, dL.
Lp

Following Equation (59) a Letter of Intent [3] proposing a new experiment called
VMB@CERN has been submitted to CERN to exploit a spare LHC dipole magnet with
|, Lp B2, dL ~ 1200 T?>m and a new polarization modulation polarimetric scheme. With such
a magnet and assuming an integration time of order 7 ~ 1 day to reach SNR =1 the

necessary sensitivity in optical path difference must be
gldesired) < 54, /L B2 dLVT ~ 101 m//Hz.
B

Considering the intrinsic cavity mirror noise as the dominant noise such a sensitivity
is reached above a few hertz. Assuming an amplification factor N of the Fabry—Perot
the necessary sensitivity in ellipticity is S\(Ifl esired) _ %S(Adpesmd) [see expression (57)].
Furthermore, the ultimate peak ellipticity noise is given by shot-noise and has already been

reported in expression (50) which for 779 > 02,93 -, leads to

Liq

S(shot) o €

independent of N. Therefore, by imposing S\(Itht) S S‘(Ifl esired) 5 condition on N and I | can

be set to design a polarimeter to measure VMB with an LHC dipole magnet:

desired) A €
NIy > sl )n\/;. 71)

What is being proposed in VMB@CERN is to rotate the polarization inside the static
magnetic field instead of varying the magnetic field. The new polarization modulation
scheme described in [2,3] is shown in Figure 20. It is based on two co-rotating half-wave
plates L; and L, inside the cavity, one before the magnetic field and the second after.
This choice was necessary to keep the polarization direction fixed on the two Fabry-Perot
mirrors. There are two fundamental reasons for this: a rotating polarization on the
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Fabry—Perot mirrors would induce an ellipticity due the intrinsic birefringence of the
mirrors themselves appearing at the same frequency as a VMB signal but many orders of
magnitude larger; the second reason is that in this configuration only the VMB signal is
shifted upwards in frequency whereas the mirror intrinsic noise is not.

. . I . ellipticity
polariser mirror o magnetic field mirror modulator analyser
—
7 >A
lo I L PDE
L, v @49(1) L, My at Vi I
I PDT

Figure 20. Schematic drawing of the polarization modulation scheme proposed for the VMB@CERN
experiment. L1 and L, are two HWPs co-rotating at ¢() resulting in a polarization rotation at 28(f)
only inside the magnetic field. The induced ellipticity will be at 49(t). The rest of the scheme is
identical to the PVLAS scheme.

The introduction of optical elements inside the Fabry—Perot cavity will introduce
losses p such that R+ T+ p =1and N = 2/(T + p). Commercial anti-reflective coatings
have AR = 0.1% per surface resulting in p ~ 0.4%. Assuming a dedicated anti-reflective
coating a factor 3 better and mirrors with T =~ 0.05% then N ~ 1000. With an output
intensity I| = 26 mW the condition in (71) is satisfied (A = 1064 nm, g = 0.7 A/W).

Tests are underway in the Ferrara laboratory to study systematics due to the rotating
elements. In particular, effects due to non-perfect HWPs (both in retardation and mechani-
cal construction) and non-perfect co-rotation were observed and are presently under study.
Solutions have been found and we hope to have a final design working by the end of 2021.
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1 In natural Heaviside-Lorentz units 1 T = Zj—;; =195eVZand 1 m = % =5.06 x 100 eV—1L.
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