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tions [17], proposed the idea (called HERA-X: Heisenberg-
Euler-biRefringent-ALPS-eXperiment) of making use of the
powerful infrastructure of the ALPSIIc set-up [18]: about
5000 T2m, which could go up to about 7700 T2m if the peak
field of 6.6 T is employed. In this configuration the magnetic
birefringence would be

!n(HERA-X) ≈ 10−22

for the 5.3 T magnetic field. With this birefringence, the max-
imum ellipticity

ψ (HERA-X) = π
L
λ

!n(HERA-X)

is ψ (HERA-X) = 5×10−14 for λ = 1064 nm and L = 177 m.
In the usual setups, the magnetic field is modulated to gain
sensitivity. In the particular case of the HERA superconduct-
ing magnets the electric current can be modulated at about a
millihertz frequency [19].

Let’s analyse the measurement scheme of Fig. 1, featur-
ing two crossed polarisers, a variable magnetic field (fixed
direction) at a frequency νB, and an ellipticity modulator
at a frequency νm. The purpose of the ellipticity modula-
tor is twofold: it allows heterodyne detection for improving
sensitivity by linearising the signal and shifting it to a high
frequency; it permits the distinction between an ellipticity
signal and a rotation signal [12]. In this scheme the inten-
sity collected at the photodiode PDE is, at the lowest useful
order,

I⊥(t) ≃ I0
!
η2(t)+ 2η(t)ψ(t)

"
+O

!
ψ(t)2

"
.

The interesting signal is found, in a Fourier transform of
the signal from the photodiode, at the two sidebands ±νB
from the carrier frequency νm of the ellipticity modula-
tor.

The resulting peak shot-noise sensitivity in such a scheme
is

Sshot =
#

2e
I0q

,

where e is the electron charge, I0 is the intensity reaching
the analyser, and q is the quantum efficiency of the photodi-
ode. With I0 ≃ 100 mW and q = 0.7 A/W, the shot-noise
peak sensitivity is Sshot ≃ 2 × 10−9 1/

√
Hz. Despite the

exceptional parameters of the magnetic field of HERA-X,

Fig. 1 A simple heterodyne ellipsometer. PDE extinction photodiode,
PDT transmission photodiode

the integration time T to achieve a unitary signal-to-noise
ratio remains too long, even supposing to work at shot-noise
sensitivity:

T ∼
$

Sshot

ψ (HERA-X)

%2

∼ 109 s.

As mentioned above, further amplification is required. This
can be achieved with a Fabry–Perot cavity, which can be
thought of as a lengthening of the optical path by a factor
N = 2F/π , where F is the finesse of the cavity. The pro-
posed finesse for HERA-X is F = 60,000. With such a
finesse, the ellipticity ψ increases by a factor N = 38,000
and the integration time therefore diminishes by a factor N 2.
Assuming shot-noise sensitivity, on paper, this device should
easily allow the measurement.

A problem remains, however, regarding the actual sensi-
tivity that one may reasonably think to achieve at low fre-
quencies with such a long cavity. Let us consider the exper-
iments on this subject realised so far with a scheme similar
to the one proposed with HERA-X [12,20–23]. In Fig. 2 we
show the noise densities in birefringence

S!n = Sψ
λ

π
&

2F
π

'
d

measured in these apparatuses as a function of the frequency
of the effect. In this formula Sψ is the ellipticity sensitivity of
each experiment, λ is the wavelength, F is the finesse and d
the cavity length. Note that the cavity length d has been used
instead of the length L of the magnetic region; what is plotted
is therefore the best sensitivity in birefringence that could be
obtained by the experiments. In the figure we did not report a

Fig. 2 Birefringence noise densities measured in polarimeters set up
to measure the magnetic vacuum birefringence plotted as function of the
frequency. Data from the experiments BFRT [20], PVLAS-LNL [21,
22], PVLAS-2013 [23], PVLAS-FE [12] are normalised to the length of
the optical cavities, to the number of passes and to the wavelength. The
leftmost point has been measured during the 2015 data taking campaign
of the PVLAS experiment. The two almost equivalent points from BFRT
are measured with two different cavities, one having 34 passes and the
other 578 passes. The error bars are an estimated 50 %
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Table 2 Ellipticity and rotation
results for all the runs in
vacuum. The first four lines
refer to the measurements
actually performed. The lower
half of the table, with primed
run numbers, reports the values
obtained through the use of
Eqs. (21) and (22)

Run # Quantity In-phase Quadrature σ Smeas
2νB

(1/
√

Hz)

0 ψ +5.2 × 10−10 +6.5 × 10−10 2.6 × 10−9 2.1 × 10−6

2 ψ −6.9 × 10−11 +2.6 × 10−10 4.9 × 10−10 4.9 × 10−7

3 ψ −4.1 × 10−10 +1.0 × 10−9 5.4 × 10−10 5.1 × 10−7

5 θ (rad) −6.6 × 10−11 −1.9 × 10−9 1.3 × 10−9 4.8 × 10−7

0′ θ (rad) +5.2 × 10−10 2.6 × 10−9 2.1 × 10−6

2′ θ (rad) −9.4 × 10−11 6.7 × 10−10 6.7 × 10−7

3′ θ (rad) −5.6 × 10−10 7.4 × 10−10 6.9 × 10−7

5′ ψ +9.0 × 10−11 1.8 × 10−9 6.5 × 10−7

Table 3 Determinations of the
magnetic birefringence and
dichroism of vacuum for
B = 2.5 T. The primed
measurements are obtained
through the use of Eqs. (21) and
(22)

Run # Quantity In-phase Quadrature σ Smeas
2νB

(1/
√

Hz)

0 ∆n +2.5 × 10−22 +3.1 × 10−22 1.3 × 10−21 1.0 × 10−18

2 ∆n −6.4 × 10−23 +2.4 × 10−22 4.5 × 10−22 4.5 × 10−19

3 ∆n −3.8 × 10−22 +9.3 × 10−22 5.0 × 10−22 4.7 × 10−19

5′ ∆n +4.2 × 10−23 8.2 × 10−22 3.0 × 10−19

0′ ∆κ +2.5 × 10−22 1.3 × 10−21 1.0 × 10−18

2′ ∆κ −8.7 × 10−23 6.2 × 10−22 6.2 × 10−19

3′ ∆κ −5.2 × 10−22 6.8 × 10−22 6.4 × 10−19

5 ∆κ −3.1 × 10−23 −8.8 × 10−22 6.0 × 10−22 2.2 × 10−19

| ∆
n|

 / 
B2

(T
-2
)

Fig. 13 Time evolution of the measurement of vacuum magnetic bire-
fringence normalised to B2

ext . Error bars correspond to 1σ . Values have
been taken from the following references: BFRT [23], Legnaro [24,25],
Ferrara Test [16], BMV [39], PVLAS 2014 [38]

predict that it should not take too long before the measure-
ment is performed successfully. Anyway, this will not happen
if the sensitivity of the polarimeter will not improve by an
order of magnitude. The next section briefly discusses the
noise issue.

4.1 Noise considerations

The values found for the sensitivity of the polarimeter (see
last column of Table 2) are a factor four better than the values

obtained in previous versions of the experiment [38], but are
still far from the theoretical value 6 × 10−9 1/

√
Hz that is

computed by adding all the known noise sources, as in Fig. 5.
With respect to the 2014 version of the experiment, a few
minor changes have been made: the input polariser was sub-
stituted and a few iris diaphragms have been inserted along
the beam. It is not clear which of these changes determined
the improvement.

It is not clear either which could be the sources of the
excess noise. A few things are known, though: first of all,
the noise comes from the cavity; in fact, when the mirrors
are removed, the polarimeter performance is limited only
by intrinsic noise; this would exclude the laser as a source of
noise. Since we are talking of noise in ellipticity and rotation,
one must find a mechanism that produces noise in these two
quantities.

A possible source of noise is the intrinsic birefringence
of the mirrors. One could imagine a few mechanisms for a
wide band modulation of this parameter. One of them could
be mechanical movement of the mirrors induced by seis-
mic noise: as the surface of such mirrors has a birefringence
pattern both in amplitude and in axis direction [40], one
could imagine that environmental mechanical noise moves
the beam spot on the surface of the mirror, modulating the
birefringence in a wide frequency range. However, this mech-
anism can be excluded: the amplitude of the ellipticity signal
generated by forcing the optical bench to oscillate at a single
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