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Theme
• Theme

– Vacuum is a physical state and can be treated as a  “material medium”
– Perturb the vacuum with an external magnetic field
– Use a polarized light beam as a probe to measure the effect of the magnetic field
– Extract information about the structure of vacuum

• QED interactions
• other interactions?

• Aim
– Macroscopic properties can be deduced from effective lagrangians
– Measure the magnetically induced linear birefringence and linear dichroism (optical 

rotation) of vacuum 
– Possible contributions to macroscopic properties

• photon-photon scattering
• photon splitting
• production of:

– neutral bosons
– mcp
– .....
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• A birefringent medium has n|| ≠ n⊥

• A linearly polarised light beam propagating through a 
birefringent medium will acquire an ellipticity Ψ

5
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Linear Dichroism
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• A dichroic medium has a selective absorption of a polarization 
component

• A linearly polarised light beam propagating through a dichroic 
medium will acquire a (apparent) rotation ε
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Dichroism

Birefringence

Measured quantity
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Electromagnetic vacuum
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Light propagation through magnetized vacuum is still described by 
Maxwell’s equations in matter. They are no longer linear.

Linearly polarized light passing through a transverse magnetic field 
B0 will acquire an ellipticity due to magnetically induced 
birefringence

Adler (1971) also calculated photon splitting
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Δn = 3AeB02      Δn = 1.2·10-22 for B0 = 5.5T
ψPVLAS = 2.1·10-11 

• v ≠ c
• anisotropy

Ae can be determined by 
measuring the magnetic 
birefringence of vacuum.
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Vacuum birefringence
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First experimental 
scheme to measure 
magnetically induced 
vacuum birefringence 
with ellipsometric 
techniqes
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Photon splitting

With B=5.5T and ω/m = 1/511000 one finds Δk ≈ 6·10-83 cm-1

With Leff = 60 km => Dichroism induced rotation ≈ 2·10-76 rad
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Particle induced dichroism and ellipticity
[Maiani, Petronzio and Zavattini, Phys. Lett B, 175, no. 3 (1986)]
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Dichroism

Birefringence

before

BExt

E| |

E⊥

  

€ 

r 
E 

BExt

E| |

before

BExt

E⊥

after

BExt

E| |

E⊥

ellipticity ψ

Retardation of E| |

m
>

M-1 M-1

BExt

after

E| |

E⊥

apparent
rotation α

m>
M-1

BExt

  

€ 

x =
L
2
km

2

2k
 

 
 

 

 
 

k =
2π
λ

;  N =
2F
π

; km =
mc
h

ε

€ 

ε = sin2ϑ BL
4M
 

 
 

 

 
 
2

N sin x
x

 

 
 

 

 
 
2

€ 

ψ = sin2ϑ kB2L
4M 2km

2 N 1−
sin2x
2x

 

 
 

 

 
 



G. Zavattini - PVLAS Collaboration - Venezia 8/3/2007 www.ts.infn.it/experiments/pvlas

Ellipticity Measurement
Static measurement is excluded
Modulate the field and add a carrier signal at ωSOM

Rotating the field at ΩMag produces a signal at 2ΩMag

I0

polarizer magnetic field ellipticity modulator analyzer

ψ  at ΩMag η  at ωSOM

ITr

Ideally,

The main frequency component appears at 
ωSOM ± 2ΩMag and 2ωSOM

I0
polariser analyser

ITr

€ 
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2 +ψ 2[ ]
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= I0 σ
2 + ψ(t)2 +η(t)2 + 2ψ(t)η(t( )[ ]
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Rotation Measurement

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˚.

I0

polarizer magnetic field ellipticity modulator analyzer

ψ  at ΩMag η  at ωSOM

ITr

QWP

€ 

ε(t)  =>   
Ψ(t)       for ϑ QWP  =  0˚
−Ψ(t)       for ϑ QWP  =  90˚
 
 
 

The main frequency component appears at 
ωSOM ± 2ΩMag and 2ωSOM
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In practice, nearly static rotations/ellipticities αs 
generate a 1/f noise around ωSOM.
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• Main parameters of the apparatus
– magnet

• dipole, 5.5 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

Particle production
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PVLAS: Schematic drawing

The granite tower (blue in the 
drawing) supports the upper 
optical bench and is 
mechanically isolated from the 
hall (in green)

The turntable, holding the 
magnet, rests on a beam fixed 
to the floor of the hall (green 
in the drawing)

lower
optical 
bench

magnet in 
cryostat

rotating
turntable

upper
optical bench

laser beam

vacuum
chamber

floor level
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PVLAS setup

Warm bore cryostat 
for magnetExperimatal hall
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Optical benches
Lower optical bench

Polarizer
First mirror

Quartz tube

Analyzer

Top mirror

Modulator

Upper optical 
bench

Photodiode
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Gas phase and amplitude calibration
• Signal amplitudes given by the ellipsometer can be checked by measuring the magnetic birefringence 

(Cotton-Mouton effect) of gases
• Signal phases are checked by plotting data in a phase-ampitude polar plane: points corresponding to 

different gas pressures must lie on a straight line 

20

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

Data points (taken at several pressure values 
<mbar for N2, 1-20 mbar for Ne) align along a 
straight line determined by the apparatus geometry 
and by the position of the initial polarisation
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Vacuum rotation measurements (amplitude)

• 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

The signal corresponds to a 
“true” rotation (dichroism) 
with amplitude ± 3σ
 (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.

PRL 96, 110406 (2006)
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Physical axis

Summary of results
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Preliminary results - Green data

During 2005 we made two data taking runs with a different laser

! IR

" IR

! 

" 

Vacuum dichroism

# = 532 nm Green Light

BEWARE! The sign!

In the particle solution a small change is expected for m ~ 1 meV

Dichroism data with green light

shows an amplitude comparable

to the one measured for IR

However the vector is not lying

on the physical axis

More, the general noise of the

apparatus is worse and the

spurious part of the signal is

much greater than the one with IR

Dichroism Ellipticity

1064nm 532nm

Dic
10-12rad/pass; 3σ

?
3.9±0.5

+
6.3±3.1

Ell
10-12/pass; ; 3σ

-
3.4±0.9

-
6.0±1.8 Vacuum has opposite ellipticity to Ne
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Discussion I
QED vacuum birefringence

Expected signal @ 5.5 T and 50000 passes: 2·10-11 
Observed ellipticity signal
(3.0±0.9)·10-7 @ 532nm; (1.7±0.5)·10-7 @ 1064nm

4 orders of magnitude larger than expected and with wrong sign
Possibile QED-QCD interference?
(J. Rafelski in “Frontier Tests of QED and Physics of the Vacuum” E. Zavattini, D. 
Bakalov, C. Rizzo Eds. Heron Press, Sofia, 1998)

Photon Splitting induced dichroism
Theoretically expected rotation: ≈ 10-76 rad!
Observed dichroism induced rotation signal
(3.2±1.5)·10-7 @ 532nm; (2.0±0.3)·10-7 @ 1064nm

Directly tried to detected photons from 532 nm splitting: noise level 
200 times below expected value (assuming 3.2·10-7 rad rotation)
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Discussion II
Photon-boson oscillation

Model predicts both ellipticity and rotation (same signs)
Observed both phenomena => mass and coupling
Deduced mass in allowed range: 1 meV
Does not contradict BFRT experiment
Coupling constant (≈ 4·105 GeV) much too large: > 4 orders 
of magnitude compared to limits from CAST
Measured parity from ellipticity and rotation are inconsistent

Millicharged Particle model
Observed both predicted effects

1064nm 532nm

Dic
10-12rad/pass; 3σ

?
3.9±0.5

+
6.3±3.1

Ell
10-12/pass; 3σ

-
3.4±0.9

-
6.0±1.8

M. Ahlers et al. hep-ph/0612098
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Criticisms/Problems
Dichroism measurement is a disappearance measurement prone to 
systematics

A signal is also present a 1Ωmag and is still to be understood

Data are not as clean as desired

Our signal at 2Ωmag is NOT directly generated by the 1Ωmag signal

NO DIRECT artifact explanation for either peaks at 1Ωmag or 
2Ωmag but both are due to the presence of the cavity

We are working on INDIRECT effects from fringe fields present 
when running with fields above 2.5 T
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Physics strategy
Appearance measurements

Particle regeneration
Photon splitting detection

Systematics: try to eliminate peaks and reduce 
noise

Reduce fringe field
Active field compensation on mirrors
Run at 2.5 T
Turn to permanent magnets: 3 meters, 2.3 T

Use fiber optics to move laser and feedback circuit far 
from magnet 

Interesting physics results
Direct photon splitting limit
Photon - photon scattering limit
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Field compensation
Most sensitive elements to a 
magnetic field are the cavity 
mirrors: lab measurements

Generate field to study effects of 
field on mirrors with cavity

Direct Faraday rotation is NOT 
responsible for 1Ωmag rotation peak

Field sensor very near mirrors 
allows feedback system to 
compensate dynamically the stray 
field on the mirrors



Regeneration
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– Photon Regeneration Plans – 24
Photon regeneration plans:

Name Place Laser Flux of initial γ’s Magnets Pγφγ|(g,mφ)PVLAS

λ = 1064 nm, ω = 1.17 eV B1 = 5 T ∼ 10−23

PVLAS Legnaro/I P = 20 − 800 mW, cw 3 × 1022/s l1 = 1 m

Nr = 5 × 105 - 1 × 1024/s B2 = 2.2 T
l2 = 0.5 m

λ = 900 nm, ω = 1.38 eV B = 1.7 T ∼ 10−23.5

LIPSS Jlab/USA P = 3 − 10 kW, cw 1 × 1022/s l = 1 m

Nr = 0 - 5 × 1022/s

λ = 1064 nm, ω = 1.17 eV B = 5 T ∼ 10−19

ALPS DESY/D P = 1 kW, cw 1 × 1022/s l = 4.21 m
Nr = 0

λ = 1053 nm, ω = 1.18 eV B = 11 T ∼ 10−21

BMV LULI/F 4 pulses of 1500 J/day 8 × 1021/pulse l = 0.25 m
Nr = 0

λ = 32 nm, ω = 38.7 eV B = 2.24 T ∼ 10−19.5

APFEL DESY/D 8 × 103 pulses of 50µJ/sec 8 × 1012/pulse l = 6 m
Nr = 0

λ = 1064 nm, ω = 1.17 eV B = 9.6 T ∼ 10−17

???? CERN/CH P = 1 kW, cw 1 × 1022/s l = 7 m
Nr = 0

A. Ringwald (DESY) IDM 2006, Rhodes, Greece
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Verify particle interpretation

Need an APPEARANCE measurement
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Rates and measurement times

31

regeneration rate ~ 0.33 ph/s
assume: 0.01 Hz background, 0.3 efficiency
Measuring time with TES to have SNR  = 1: ~ 10 s
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Estimated regeneration rates vs. laser power

5.5 T, 1 m prod. magnet

2.3 T, 0.42 m reg. magnet

100000 passes in the prod. magnet

50% detector efficiency

@ 1064 nm

P = 60 mW

R = 0.33 s-1

@ 532 nm

P = 10 mW

R = 0.07 s-1

Scenario

1064 nm laser, ~60 mW 
at FP output 

1 m, 5.5 T 
superconducting magnet 
for production

42 cm, 2.3 T permanent 
magnet for regeneration

particle parameters
M = 3.8·105 GeV
m = 1.1 meV
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lower
optical 
bench

magnet in 
cryostat

rotating
turntable

upper
optical bench

laser beam

vacuum
chamber

floor level

Second regeneration magnet
below optical bench

L = 43 cm
B = 2.3 T

Regeneration at PVLAS

TES

Transition Edge 
Sensor (TES) for 
photon detection

Optical fiber

Small mass compared to 
photon energy

0.001 eV << 1.17 eV

Particle beam collinear 
to laser beam:

3.5·1010 s-1 up going and 
3.5·1010 s-1 down going 
particles
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TES detector

Transition Edge Sensor

works as a bolometer
cryogenic temperatures 
(~100 mK)
potentially no background
spectroscopic ability

Photon transport

fiber optic
1064 nm interferential 
filter

TES developed and provided 
by Genova INFN group led 
by F. Gatti

33
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Rivelatore TES per PVLAS
(Genova group - F. Gatti)

Detector size (25 µmx25 µm)

Characterized at low temperature

Tests are beginning with photons

34
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Some physics bounds
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Photon splitting

Specchio 532 nm S1

Specchio 532 nm S2
Diodo InGaAs D1

Specchio 532 nm SC

magnete

Measured rotation: ≈ 2·10-7

Escaping fraction of power: 10-7

Highest probability is to split
into two 1064 nm photons

With a gain of 6.5·108 V/A 
we expected a ≈ 20 mV peak at 2Ωmag
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Δk < 2·10-17 cm-1 
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Light by light scattering
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For Eγ = 1.17 eV (1064nm) this predicts a value of σγγ = 1.9·10-65 cm2

Experimentally Bernard et al.[*] have published σγγ < 1.5·10-48 cm2 @ 0.8 eV

Very low energy photon-photon scattering is 
proportional to Ae2

Assuming our ellipticity result is systematic:
Δn = 3AeB02 < 1.5·10-18

Ae < 1.7·10-28 erg/cm3

σγγ < 2.7·10-57 cm2 @ 1064 nm
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Conclusions
We have given a clear answer that our signal 
is NOT photon splitting
(very recent paper suggests different splitting mechanism: E. Gabrielli 
et al. hep-ph/0702197)

We will try do give a clear answer to the 
question: Are we generating an unknown 
particle?

A regeneration (APPEARANCE) measurement is 
underway

We are still working on systematics:
INDIRECT fringe field effects


