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A closer look ...
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PVLAS

• Short introduction to PVLAS
– aim of the experiment
– experimental technique 

• Recent results
– optical rotation measurements in Vacuum
– optical rotation measurements in Gas

4
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Theme and aim of the PVLAS experiment
• Theme

– Vacuum as a  “target”: low energy photon-photon collider
• QED interactions
• other interactions?

• Aim

– Measure the magnetically induced linear birefringence and 
linear dichroism (optical rotation) of the Vacuum element (in 
practice a gas in the zero-pressure limit)

– Possible contributions to macroscopic properties
• photon-photon scattering
• production of:
– neutral bosons
– ...

Bext

k

+ diagrams of order higher than α2

Bext

φk

Bext

φ

Bext

k



G. Cantatore - PVLAS Coll.- Axion Training 2005 - CERN www.ts.infn.it/experiments/pvlas

PVLAS
(Polarizzazione del Vuoto con LASer)

PVLAS was originally designed to obtain experimental 
information on quantum Vacuum using optical ellipsometric 
techniques.

The present full experimental program is to detect and 
measure 

 LINEAR BIREFRINGENCE

 LINEAR DICHROISM

acquired by a polarised light beam propagating in Vacuo in 
the presence of an external transverse magnetic field B
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Reference coordinates
The apparatus contains a polariser P and an analyser A defining 
two perpendicular directions which we use as a base.

Laser
λ=1064 nm

P

EP || x axis

y axis
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k  ||  z axis

EA || y axis
A

x axis ϑ   
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B 0 direction

D
Diode
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Linear Birefringence
The electric field of the incoming beam 
can be expressed as     
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•Propagation through a magnetic field 
zone introduces a phase delay of the 
component parallel to B by ϕ (is ϑ the 
angle between B and the polariser 
axis)
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A signal is induced along the direction of the 
analyser A with maximum amplitude:   
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Linear dichroism
• The rotation of the 

polarisation plane of 
linearly polarised light 
is useful to mesasure 
the effect of a 
dichroic medium

• In the case shown here 
one measures the 
selective absorption q 
in the presence of the 
magnetic field B
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corresponding to a rotation of the polarisation plane
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• There is an “historic” motivation for PVLAS to 
look for birefringence 

• The PVLAS apparatus, however, can also 
measure rotations

• This second subject turns out to be quite 
interesting
– In the following we will describe optical rotation 

(dichroism) measurements leaving aside, for the 
moment, birefringence 

10
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Experimental result on dichroism in Vacuo
We have consistently observed a dichroism signal generated by a 1.1 m long, 5.5 T magnet. 
The beam (at λ = 1064 nm) traverses the magnetic region N ~ 50000 times.

Empirical fact: there is a reduction of the electric field component parallel to B.

Key Question: what has happened to the missing part?

Further questions: 

 •Can we exclude a systematic error?

 •Do we have a physics test we can perform?

 •What is the comparison of our result with other experiments?

Total measured rotation = (2.0±0.3)⋅10-7 rad
corresponding to

rad/pass
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 PVLAS - Schematic
• Main parameters of the apparatus

– magnet

• dipole, 6 T, temp. 4.2 K, 1 m field zone

– cryostat

• rotation frequency ~300 mHz, sliding contacts, warm 
bore to allow light propagation in the interaction zone

– laser

• 1064 nm, 100 mW, frequency-locked to the F.-P. cavity

– Fabry-Perot optical cavity

• 6.4 m length, finesse ~100000, optical path in the 
interaction region ~ 60 km

– heterodyne ellipsometer

• ellipticity modulator (SOM) and high extinction (~10-7) 
crossed polarisers + Quarter Wave Plate (QWP)

• time-modulation of the effect

– detection chain

• photodiode with low-noise amplifier 

– DAQ

• Slow: demodulated at low frequency and phase-locked 
to the magnetic field instantaneous direction

• Fast: high sampling frequency direct acquisition
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PVLAS hall at LNL 
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Gallery (I)

Lower optical bench with laser 
and vacuum chamber holding  
part of the optics

Upper optical bench 
with vacuum chamber

Detection 
photodiodes
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Gallery (II)
6.4 m cavity TEM00 mode

6.4 m cavity TEM11 mode

Vacuum movement stage

17 mm test cavity

Mirrors
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Gallery (III)
Rotating cryostat

magnet position

Counting room
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PVLAS Videos 
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Detection method

• A pair of crossed polarisers (P, A) detects variations in the polarisation state

• a ~105 finesse Fabry-Perot (mirrors M1 and M2) increases the optical path

• A transverse magnetic field  (B~ 6 T) is generated by a superconducting dipole

• A quarter-wave-plate (QWP) can be inserted in order to measure rotations

• Signals are extracted using the heterodyne technique

– the interaction is time-modulated by the magnet rotation (the rotation itself provides the synchronisation 
necessary for absolute signal phase determination)

– the necessary carrier ellipticity signal is provided by an in-house developed ellipticity modulator (SOM)

• The light intensity transmitted through the analyser A is detected by a photodiode and Fourier-analysed: the 
resulting (complex) spectrum contains the physical information
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Ellipticity measurement principle
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ITr = I0 σ
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2 + Ψ(t)2 + η(t)2 + 2Ψ(t)η(t( )[ ]
Ideally the transmitted intensity is given by,

•Static measurement is excluded:
•Solution: Modulate the effect and add a carrier η(t) to signal at ωSOM

•Rotating the field at ΩMag produces an ellipticity at 2ΩMag

The main frequency components appear at 
ωSOM±2ΩMag and 2ωSOM

I0
polariser magnetic field modulator analyser

ψ  at ΩMag η  at ωSOM

ITr
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Performance tests with gases

SignalMeas. time  =  130 s

Sensitivity

€ 

ψ s ≈ 6 ⋅10−7 1/ Hz ;

Δns ≈ 2 ⋅10−18 1/ Hz ;

Measurements of the 
Cotton-Mouton effect in 
gases (done without the 
QWP)

The slow DAQ gives an  
a m p l i t u d e s p e c t r u m 
demodulated at the carrier 
frequency of the ellipticity 
modulator (506 Hz)

The expected s i gna l
(magnetic birefringence of a 
gas in this case) appears at 
twice the magnet rotation 
frequency (here 0.6 Hz)



G. Cantatore - PVLAS Coll.- Axion Training 2005 - CERN www.ts.infn.it/experiments/pvlas

Signal phase check
• P o l a r p l o t o f 

amplitude and phase 
of the signal peaks 
obtained from the 
C o t t o n - M o u t o n 
Effect of Ne and N2. 
Data points were 
taken at several 
p r e s s u r e v a l u e s      
(<mbar for N2; 1-20 
mbar for Ne)

• Points align along a 
s t r a i g h t l i n e 
determined by the 
apparatus geometry 
and by the position 
o f t h e i n i t i a l 
polarisation

21
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Dichroism measurement principle

I0

polariser magnetic field SOM analyser

α(t) at ΩMag η(t) at ωSOM

ITr
QWP

A QWP can be inserted to transform a rotation into an ellipticity with 
the same amplitude. Two positions for the QWP slow axis: 0˚ and 90˚.
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The main frequency components appear at 
ωSOM±2ΩMag and 2ωSOM
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Experimentally
Normalization peak

ωSOM

2ωSOM
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Recent results on optical rotation 
(dichroism) measurements in Vacuo

• Summarising
– sensitivity of ~2·10-7 rad/√Hz (shot-noise limit is 2·10-8 rad/√Hz)
– observed a rotation of the polarisation plane of light at 1064 nm 

propagating in Vacuum in presence of a transverse magnetic field 
(with the above sensitivity the signal is seen above background in 
a matter of seconds with SNR~5-10

– with 5.5 T and ~50000 passes in the Fabry–Perot cavity the 
weighted average amplitude of the effect is (2.0±0.3)x10–7 rad

– the rotation is generated within the FP
– the signal (on average) has the phase expected for a physical 

signal

24
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Vacuum rotation measurements (amplitude) I

• Vacuum spectra    
(P< 10-7 mbar, 
cavity with 50000 
passes)

• Rotation 
measurements

a) field B = 0
b) field B = 5.5 T

• The peak at 
frequency 2.0 (in 
units of the magnet 
rotation frequency) 
corresponds to an 
observed rotation in 
vacuum ~2x10-7 rad

25

“Slow” DAQ - demodulated spectra: SOM freq. → 0 Hz
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Vacuum rotation measurements (amplitude) II

• Signal observed in Vacuo with B ≠ 0 and cavity present

• Data clusters in polar plane change sign under a QWP axis 
exchange

• The average rotation vector lies along the physical axis
26

The signal corresponds to 
a “true” rotation 
(dichroism) with amplitude
 (3.9±0.5)x10-12 rad/pass

8

of the possible causes for their presence is spurious birefringence induced by residual

beam movements.

FIGURE 2 - Typical Fourier amplitude spectra from vacuum rotation data (P!~!10-8

mbar). Arrows and numbers below the curves indicate sidebands of harmonics of !m.

The signal peaks correspond to the harmonics labelled "2" and "-2". (a) Amplitude

spectrum of the detection photodiode signal when the magnet is off (B = 0). No
sideband peaks are visible around the carrier frequency. The noise floor corresponds
to a rotation of 10-8 rad. (b) Amplitude spectrum when the magnet is on with B!

=!5.25!T. Notice the signal peaks at the sidebands labelled "2" and "-2" (peak phase is
336˚±6˚). The quoted uncertainties on phase and amplitude of these peaks include
only the internal statistical uncertainty, and the noise floor corresponds to a rotation

of 10-8 rad as in (a).

B = 0

B = 5.5 T

“Fast” DAQ - spectra around 506 Hz = SOM freq.
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Vacuum rotation measurements - phase

• Plots are referred to the two possible orientations 
of the slow axis of the QWP

• Physical axis is at 15˚

• Data points correspond to 100 s time records taken 
in Vacuo at 5.5 T and N ~ 50000 passes in the cavity

27

Note the sign change of 
the distribution under a 
QWP axis exchange

! "

QWP 90˚ QWP 0˚
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Vacuum rotation measurements - Summary Vectors
• Amplitude and phase of the rotation 

peak are obtained from a fit for each 
one of 250 100 s long records

• The set of 250 records has a large 
internal dispersion. Under the 
assumption that this is due to a 1/f 
type gaussian noise it is possible to 
treat this dispersion as an additional 
uncertainty and to sum it to the 
statistical uncertainty. The total 
uncertainty thus obtained is used in 
the weighted averages

• The plot shows

QWP O˚ = weighted average 
vector with the QWP axis at 0˚

QWP 90º = weighted average 
vector with the QWP axis at 90˚

HalfDifference = part changing 
sign under exchange of the QWP 
axes

HalfSum = spurious part

– ellipses at vector tips give an 
estimate of the 1 σ uncertainty

28

The HalfDifference vector, 
corresponding to a true rotation, has the 
expected phase
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Preliminary conclusions with IR laser

• In Vacuo selective absorption of photons
– experimental observation
– selection along the magnetic field direction

• Possible mechanisms (speculations!!!)
– photon splitting
– photon->light neutral boson oscillation

• Publication
– hep-ex/0507107 -> Phys. Rev. Lett.

29
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Error or physical signal?

Candidate Test Comment

residual gas pressure measurement excluded

mirror coating 
birefringence direct measurement excluded

electrical pick-up
measurement without the 
cavity excluded

beam pointing instability
correlation with measured 
position signal possibility.

polarizer movement
measurement without the 
cavity excluded

diffusion from magnetised 
surfaces pinhole insertion excluded

physical signal
must satisfy signal 
conditions NOT excluded

“Fu vera gloria? ...”
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Discussion
I. instrumental artifact
‣ ongoing measurements at 532 nm should give a 

few answers
‣ think very hard ....

II. physical origin of the signal
Fact: selective absorption of photons

Compatible with what? Two (or more?) possibilities
1. photon splitting
2. photon-boson oscillation
3. ............

31
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Model of photon-boson oscillation
Induced rotation (and induced ellipticity) can be expressed as functions of 
particle mass and inverse coupling constant to two photons.
Rotation and ellipticity can be measured independently yielding a direct 
particle identification through its parameters (equations in Heaviside-Lorentz 
units):

Ellipticity (linear birefringence)
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1
M 2

FBext
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Rotation (linear dichroism)
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2

ma = mass
M = inverse coupling constant
F = amplification factor
ω = probe photon energy
l = length of the interaction region

Note that particles would be both produced and detected in the laboratory 
No astrophysics!

[L.Maiani, R. Petronzio, E. Zavattini,  Phys. Lett B, Vol. 173, no.3 1986]
[E. Massò and R. Toldrà,  Phys. Rev. D, Vol. 52, no. 4, 1995]
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• In the model the observed dichroism is given by 

• The amplitude of the observed dichroism signal 
(3.9±0.5)x10-12 rad/pass, selects a curve in the 
mb-Mb (mass-inverse coupling) plane

• One can compare this result with limits derived 
from pioneer measurements done at BNL by the 
BFRT collaboration (see PRD 47, 3707 (1993))

Dichroism from γ→boson oscillations

33

Another source of dichroism could be associated to a neutral, light boson produced by

a two-photon vertex [5, 6, 14]. In this photon-boson oscillation framework, both induced

rotation and induced ellipticity can be expressed as functions of the particle mass mb and

of the inverse coupling constant to two photons Mb [15]. In particular, the induced rotation

ε is given by (in natural Heaviside-Lorentz units)

ε = − sin 2θ

(

BL

4Mb

)2

N

[

sin (m2
bL/4ω)

m2
bL/4ω

]2

(4)

where θ is the angle between the magnetic field B and the light polarization direction, L

is the length of the magnetic region, N is the number of passes in the FP cavity, and ω is

the photon energy. Therefore, the measured rotation in vacuum fixes a relationship between

mass mb and inverse coupling Mb, while its sign corresponds to a pseudoscalar particle. It

is important to note that if we set in formula 4 the diffraction term

[

sin(m2

b
L/4ω)

m2

b
L/4ω

]2

= 1,

the constant Mb implied by result 3 is bound by Mb
<∼ 6 105 GeV. This is compatible

with rotation limits published in [16]. When these limits are combined with the Mb vs. mb

curve corresponding to the PVLAS signal, we find that only four segments of this curve are

allowed as a region for possible (mb, Mb) pairs. The four allowed segments are contained in

the intervals 1 105 GeV <∼ Mb
<∼ 6 105 GeV, and 0.7 meV <∼ mb

<∼ 2 meV.

Recently, limits on axion-photon coupling with a strength far from this estimate have

been published in [17]. While a detailed discussion of astrophysical bounds is beyond the

scope of the present letter, we mention that recent theoretical work [18] suggests scenarios

where it is possible to accommodate both results.
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Photon-boson oscillations in Vacuo
• Curve in the mb-Mb 

plane corresponding 
to the measured 
rotation

• The allowed (m,M) 
pairs  must lie on 
the curve

34
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weighted avg. rotation = (2.0±0.3)x10-7 rad



G. Cantatore - PVLAS Coll.- Axion Training 2005 - CERN www.ts.infn.it/experiments/pvlas

10
-4

10
-3

10
-2

10
5

10
6

10
7

PVLAS measured dichroism

BFRT dichroism upper bound

BFRT ellipticity upper bound

In
v
e
rs

e
 c

o
u
p
li
n
g
 c

o
n
s
ta

n
t 

M
b
 [

G
e
V

]

BFRT photon regeneration upper bound

Mass mb [eV]

BFRT and PVLAS results on the mb-Mb plane

35

1.7x105 GeV < Mb < 5.6x105 GeV
1 meV < mb < 1.5 meV
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Photon regeneration scheme

Bext

φk

Bext

φ k
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Photon regeneration test at PVLAS
“half magnet”

37
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Upward propagating particles
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Photon regeneration test at PVLAS
permanent magnet

Bext

φk

Bext

φ k

Downward propagating particles
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Photon regeneration at PVLAS: rates

39

~0.5 ph/s
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What next?
• Besides the study of possible systematics, do 

we have a “physical” measurement able to shed 
some light on the problem?

• Answer: yes!
– rotation measurements with a gas in the 

interaction region
– search for a possible anomalous behaviour of 

rotation as a function of gas pressure

40



G. Cantatore - PVLAS Coll.- Axion Training 2005 - CERN www.ts.infn.it/experiments/pvlas 41

Photon boson oscillation in a gaseous medium

The dichroism induced by real particle 
production is given here, where ngas is 
the refractive index of the medium 
where the production takes place

In practice, one changes the optical 
path length along which the bosons 
and photons oscillate into one 
another

- For fixed parameters (including M), when a gas with increasing 
pressure is inserted in the interaction zone the zeroes of the curve 
giving dichroism as a function of particle mass move towards 
smaller mass values
- The observed dichroism shows a characteristic oscillation 
as a function of pressure
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Measured dichroism vs. mass for increasing gas pressure

• With gas in the interaction region (Neon in this case) the 
measured dichroism at a fixed mass value oscillates as a 
function of increasing pressure
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Gas measurement results (at 1064 nm)

• Ellipticity vs. pressure for Ne and He
– Cotton-Mouton effect (-> publication)
– operation check of the apparatus

• Dichroism vs. pressure for Ne and He
– observed anomalous behaviour as a function of 

pressure
• extract oscillating part
• compare with vacuum results

43
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Cotton-Mouton effect in Ne
• Ellipticity is a linear function of pressure -> OK

44
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Figure 2: Experimental points and fitting functions for helium
(top) and neon (bottom). The experimental errors where not
visible are smaller than the marker size.

The zero pressure values a deduced from the fit procedure
are compatible with zero: the expected value is much
smaller of our experimental error.

Count gas ∆nu (×10−16) Intercept a (×10−17) χ2/d.o.f.
1 helium 1.70± 0.03 −0.2± 1.3 0.54
2 neon 5.19± 0.12 9± 9 0.18
3 neon 5.32± 0.17 −0.8± 1.7 1.4
4 neon 5.03± 0.09 −1.9± 2.5 0.36

Table II: Fits results for the four measured data sets.

The final result of the measurement is then, averaging
the 3 neon values:

∆nu(He) = (1.70 ± 0.03) · 10−16 @ T ! 290K
∆nu(Ne) = (5.12 ± 0.07) · 10−16 @ T ! 290K

DISCUSSION

For an ideal gas with spherical ’molecules’, like for the
case of atomic helium and neon, the theory of the CME
relates the measured birefringence with the hypermagne-
tizability anisotropy ∆η [3]:

∆n =
πB2P

4πε0

∆η

kT
(3)

where B is the magnetic field, P the gas pressure, ε0 the
dielectric constant, k the Boltzman constant and T the
gas temperature. Using atomic units (au) the relation
between ∆nu and ∆η follows [3]:

∆nu =
6.18381× 10−14

T
∆η (4)

Table III summarizes all the relevant experimental and
theoretical results for the CME of helium and neon. The
error on the hypermagnetizability anisotropy ∆η for the
values obtained in this paper takes into account a 10 K
uncertainty in the determination of the temperature.

Theoretical Experimental
Atom λ (nm) ∆η (au) λ (nm) ∆η (au)
helium ∞ 1.06061a

790 1.75 ± 0.60b

632.8 1.05791c

532 0.80 ± 0.03
514.5 0.80 ± 0.16d

neon 1064 2.8 ± 0.1e

790, 514 2.89± 0.1f 790 3.2 ± 1.3b

632.8 3.029g

532 2.4 ± 0.1
514.5 3.034g 514.5 1.25 ± 0.07h

514.5 2.67i

Table III: Summary of theoretical and experimental values for
the hypermagnetizability anisotropy ∆η. The values in bold
are those obtained in this paper. (References: a from [5], b

from [19], c slightly revised version of that given in [5], d from
[7], e from [12], f from [20], g from [6], h from [21], i from
[22].)

Our last value for helium emphasizes the discrepancy
between the experimental values and the theoretical ones,
already present after the first precise measurement. This
was ascribed to the difficulties of the experimental mea-
surements [3], but now this doesn’t seem to be the case.
The situation is much better with neon, where a rather
good agreement is present.

Regarding the pressure dependence of the CME fore-
seen by Rizzo et al [8], it is still beyond the precision
of our measurement. For the helium case the maximum
relative change in the effect would be about 1.7 ppm for
the largest pressure of 21 mbar, clearly undetectable as
can be seen from the data on the top graph of Figure 2.
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Dichroism in Ne vs. pressure at 
1064 nm 
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Anomalos dichroism in gas
• One observes a linear dependence on pressure plus a deviation (la 

“pancia”)

– Linear part
• gases do not exhibit an intrinsic magnetic rotation analogous to 

the Cotton-Mouton effect
• the linear part is due to the magnetic birefringence of the gas 

which is transformed into a rotation by the cavity due to mirror 
intrinsic birefringence (calucaltions by G. Zavattini) 

– Deviation fron linear behaviour (la “pancia”)
• data are fitted with the following  function 

– Values for mb ed Mb are given by the fit. One can subtract the linear 
part to evidence the oscillation

46



G. Cantatore - PVLAS Coll.- Axion Training 2005 - CERN www.ts.infn.it/experiments/pvlas

Dichroism in Ne at 1064 nm - oscillating part
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p r e l i m i n a r y
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What about ellipticity in Vacuo?
• Ellipticity measurements are more difficult than dichroism ones

–  almost everything is birefringent (but not dichroic)
– birefringencies are never uniform
– small beam movements induce variable birefringence
– The “pysical” test available for dichroism, although present in 

principle, does not work
• large “background” due to Cotton-Mouton effect
• pressure dependence of boson induced ellitpicity is not as strong

• We consistently observe, however, an ellipticity signal in Vacuo with the 
magnetic field present. Phase and amplitude vary more than in the 
dichroism case and there is an ongoing analisys/measurement effort in 
order to undestand it

• As a very preliminary interval we can take (in rad/pass)
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1.4·10-12 < ψ < 9·10-12
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Speculative global view
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In Vacuo dichroism measurement (3! intervals)

(2.0±0.3)·10-7 rad

Data from gas fit (3! intervals)

M = (3.8±0.35)·105 GeV
m = (1.0±0.1) meV

In Vacuo ellipticity band

7·10-8 - 4.5·10-7 rad 

Summary plot @ 1064 nm, with B = 5.5 T and N~50000 passes
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Conclusions
• PVLAS is attempting to directly measure the magneto-

optical properties of the Vacuum element and is opening a 
new path in this field of physics

• Some of the processes accessible with these low-energy 
measurements (at the moment...)
– photon-photon scattering
– real or virtual particle production ...

• After years of efforts there are interesting results:

– observed a rotation signal in vacuum in the presence of 
a magnetic field

– more to come ......



G. Cantatore - PVLAS Coll.- Axion Training 2005 - CERN www.ts.infn.it/experiments/pvlas 51


