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VMB@CERN is an initiative which aims at putting together all the present experience 
from different experiments which attempted to measure Vacuum Magnetic Birefringence



VMB@CERN  - France, Italy, Poland, Switzerland, Taiwan, UK, 

Diffusion of light-by-light and vacuum magnetic birefringence.
with B in Tesla

Radiative corrections to first order birefringence: 1.45%

Contribution of hypothetical neutral particles which couple to 
two photons (axion-like particles)

PVLAS-FE experiment has set the best limit on VMB. 
PVLAS-FE polarimeter was based on:
• Very high finesse Fabry-Perot cavity
• Rotating magnetic field for signal modulation
• Heterodyne detection
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Optical path difference



PVLAS-FE result
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• The 2016 PVLAS data point corresponds to 
an integration of T ≈ 5·106 s.

• The use of permanent magnets allowed
detailed debugging.

• PVLAS could not close the gap by further 
integration.

• Limiting noise source was the birefringence 
thermal noise of the mirrors (we believe).

• With N ≈ 4.5x105 the thermal noise was 20 
times greater than shot-noise.

• @ ≈ 15 Hz 
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Equivalent passes N ≈ 4.5x105

Signal frequency ≈ 10 ÷ 20 Hz
Bext = 2.5 T
Leff = LB N ≈ 800 Km

Expected optical path difference signal 

nB ≈ 5 ÷ 10 Hz
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3 A. Ejlli et al (PVLAS Collaboration), Phys. Rep. 871 (2020) 1



10-23

10-22

10-21

10-20

10-19

10-18

10-17

10-16

10-15

Se
ns

iti
vi

ty
 in

 o
pt

ic
al

 p
at

h 
di

ff
er

en
ce

 S
∆D

  [
m

/√
Hz

]

0.001 0.01 0.1 1 10 100 1000

Signal frequency [Hz]

PVLAS-FE

BFRT

PVLAS-LNL

PVLAS-TEST
BMV

PVLAS-FE

low frequency

OVAL

 Experimental optical path difference 
        sensitivities = ellipticity normalised for the 
        number of passes N and wavelength λ.
        

 Shot-noise limited optical path difference sensitivity

Experiment       cavity       amplification N wavelength     length
BFRT (1993):      multipass 35-578,  514 nm     14.9 m
PVLAS-LNL (2008): F.P.    23'000, 45'000     532 nm, 1064 nm   6.4 m
PVLAS-TEST (2013): F.P. 150'000 1064 nm           1.4 m
PVLAS-FE (2016): F.P. 450'000 1064 nm          3.3 m
BMV (2014): F.P. 280'000 1064 nm          2.3 m
OVAL (2017): F.P. 320'000 1064 nm          1.4 m

Cavity intrinsic noise
• We showed that the optical path difference sensitivity           does not depend on N (for large N)
• The mirror coating noise is multiplied by N just like a VMB signal. For N ≥ 104 the S/N ratio does not improve 

(for our output power ≈ 10 mW and nB ≈ 15 Hz)
• All other VMB experiments have suffered from the same common noise source

Must increase the optical 
path difference signal
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Spare superconducting LHC dipole
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G. Zavattini et al. (PVLAS Collaboration), Eur. Phys. J. C 78 (2018) 585



VMB signal

VMB@CERN with one spare LHC dipole magnet
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Desired integration time for SNR = 1
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Such a sensitivity can be reached with
• 50 mW output power
• N ≈ 700
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OVAL

 Experimental optical path difference 
        sensitivities = ellipticity normalised for the 
        number of passes N and wavelength λ.
___________________________________
Shot noise with λ = 1064 nm, q = 0.7 A/W

 N = 700, Iout = 50 mW
 N = 450'000, Iout = 2.5 mW

Experiment       cavity       amplification N wavelength     length
BFRT (1993):      multipass 35-578,  514 nm     14.9 m
PVLAS-LNL (2008): F.P.    23'000, 45'000     532 nm, 1064 nm   6.4 m
PVLAS-TEST (2013): F.P. 150'000 1064 nm           1.4 m
BMV (2014): F.P. 280'000 1064 nm          2.3 m
PVLAS-FE (2016): F.P. 450'000 1064 nm          3.3 m
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Scheme for VMB@CERN: two co-rotating half-wave plates inside the F.P.
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• Allows the use of (quasi) static superconducting fields ≈ 9 T
• Already demonstrated N ≈ 1000 with two NON rotating commercial HWPs inside the Fabry-Perot
• Demonstrated locking (unstable) of the laser to the F.P. with the rotating HWPs @ 0.5 Hz. Problem is 
• Resonant 1064 nm beam carries the VMB signal
• Non resonant 532 nm beam (HWP -> FWP) will allow online systematic studies due to the rotating wave plates
• The LHC dipoles at CERN are the best present opportunity to maximize B2L
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• Allows the use of (quasi) static superconducting fields ≈ 9 T
• Already demonstrated N ≈ 1000 with two NON rotating commercial HWPs inside the Fabry-Perot
• Demonstrated locking (unstable) of the laser to the F.P. with the rotating HWPs @ 0.5 Hz. Problem is 
• Resonant 1064 nm beam carries the VMB signal
• Non resonant 532 nm beam (HWP -> FWP) will allow online systematic studies due to the rotating wave plates
• The LHC dipoles at CERN are the best present opportunity to maximize B2L
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Systematics due to a rotating neutral wave plate (no F.P.)

• a(t) represents the residual intrinsic retardation including mechanical defects
• a(t) can be expanded in harmonics of f(t). If the beam is not perfectly centered: 

• a(1) is due to                   (e.g. wedge if ∆n = const) of the wave plate.
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If the rotation axis has a transverse oscillation (non ideal bearings) then 
a(1) = a(1)(t) generating further harmonics. DANGER

This axis oscillation coupled to the                 will generate 
a fourth harmonic!!
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Systematics due to a rotating neutral wave plate (no F.P.)
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Transverse oscillating glass element – non rotating case
• Measured value of                  using a dual XY piezo mount sustaining the 

rotating shaft. The optical element was made to oscillate transversely.
• With the oscillation parallel to                 an ellipticity signal is generated. 

With the oscillation perpendicular to                 no ellipticity is generated.

~r(�nL)
<latexit sha1_base64="JPdevGW6vyyT5LObSWp4kcRpilE=">AAACAXicbVA9SwNBEJ3zM8avqI1gsxgEbcJdFLQMamFhoWCikAthbjPRxb29Y3dPCEds/Cs2ForY+i/s/DduPgq/Hgw83pthZl6USmGs7396E5NT0zOzhbni/MLi0nJpZbVhkkxzqvNEJvoqQkNSKKpbYSVdpZowjiRdRrdHA//yjrQRibqwvZRaMV4r0RUcrZPapfU8vCMeKowk9rfDY5IWmWKnO+1S2a/4Q7C/JBiTcq0AQ5y1Sx9hJ+FZTMpyicY0Az+1rRy1FVxSvxhmhlLkt3hNTUcVxmRa+fCDPttySod1E+1KWTZUv0/kGBvTiyPXGaO9Mb+9gfif18xs96CVC5VmlhQfLepmktmEDeJgHaGJW9lzBLkW7lbGb1Ajty60ogsh+P3yX9KoVoLdSvV8r1w7HKUBBdiATdiGAPahBidwBnXgcA+P8Awv3oP35L16b6PWCW88swY/4L1/AagclmQ=</latexit>

~r(�nL)
<latexit sha1_base64="JPdevGW6vyyT5LObSWp4kcRpilE=">AAACAXicbVA9SwNBEJ3zM8avqI1gsxgEbcJdFLQMamFhoWCikAthbjPRxb29Y3dPCEds/Cs2ForY+i/s/DduPgq/Hgw83pthZl6USmGs7396E5NT0zOzhbni/MLi0nJpZbVhkkxzqvNEJvoqQkNSKKpbYSVdpZowjiRdRrdHA//yjrQRibqwvZRaMV4r0RUcrZPapfU8vCMeKowk9rfDY5IWmWKnO+1S2a/4Q7C/JBiTcq0AQ5y1Sx9hJ+FZTMpyicY0Az+1rRy1FVxSvxhmhlLkt3hNTUcVxmRa+fCDPttySod1E+1KWTZUv0/kGBvTiyPXGaO9Mb+9gfif18xs96CVC5VmlhQfLepmktmEDeJgHaGJW9lzBLkW7lbGb1Ajty60ogsh+P3yX9KoVoLdSvV8r1w7HKUBBdiATdiGAPahBidwBnXgcA+P8Awv3oP35L16b6PWCW88swY/4L1/AagclmQ=</latexit>
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Transverse modulation amplitude of the rotation axis by 30 micron @ 23 Hz.
 

 Parallel to the ellipticity gradient
 Perpendicular to the ellipticity gradient

r(�nL) ⇡ 10�7
<latexit sha1_base64="vNn4enNsUxKLBp4ycJ0naOotrhs=">AAACDXicbVA9SwNBEJ3zM8avqKXNYhRiYbhTIZZBLSwsIpgYyMUwt9kki3t7x+6eGI78ARv/io2FIrb2dv4bN4mFRh8MPN6bYWZeEAuujet+OlPTM7Nz85mF7OLS8spqbm29pqNEUValkYhUPUDNBJesargRrB4rhmEg2FVwczL0r26Z0jySl6Yfs2aIXck7nKKxUiu3nfoSA4GDgn/KhEEiyfku8TGOVXRHPPc63SsNWrm8W3RHIH+J903y5QyMUGnlPvx2RJOQSUMFat3w3Ng0U1SGU8EGWT/RLEZ6g13WsFRiyHQzHX0zIDtWaZNOpGxJQ0bqz4kUQ637YWA7QzQ9PekNxf+8RmI6R82UyzgxTNLxok4iiInIMBrS5opRI/qWIFXc3kpoDxVSYwPM2hC8yZf/ktp+0Tso7l8c5svH4zQgA5uwBQXwoARlOIMKVIHCPTzCM7w4D86T8+q8jVunnO+ZDfgF5/0LfKGakw==</latexit>

d 

dx
=

10�5

30⇥ 10�6
⇡ 0.3 m�1

<latexit sha1_base64="fFeSGz2HZPR9mysJuz4ERRIUGvw="></latexit>

~r(�nL)
<latexit sha1_base64="JPdevGW6vyyT5LObSWp4kcRpilE=">AAACAXicbVA9SwNBEJ3zM8avqI1gsxgEbcJdFLQMamFhoWCikAthbjPRxb29Y3dPCEds/Cs2ForY+i/s/DduPgq/Hgw83pthZl6USmGs7396E5NT0zOzhbni/MLi0nJpZbVhkkxzqvNEJvoqQkNSKKpbYSVdpZowjiRdRrdHA//yjrQRibqwvZRaMV4r0RUcrZPapfU8vCMeKowk9rfDY5IWmWKnO+1S2a/4Q7C/JBiTcq0AQ5y1Sx9hJ+FZTMpyicY0Az+1rRy1FVxSvxhmhlLkt3hNTUcVxmRa+fCDPttySod1E+1KWTZUv0/kGBvTiyPXGaO9Mb+9gfif18xs96CVC5VmlhQfLepmktmEDeJgHaGJW9lzBLkW7lbGb1Ajty60ogsh+P3yX9KoVoLdSvV8r1w7HKUBBdiATdiGAPahBidwBnXgcA+P8Awv3oP35L16b6PWCW88swY/4L1/AagclmQ=</latexit>
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• Same study was performed with the rotating glass element. Both the rotating and the oscillation 
frequency were the same: n = 6.5 Hz.

• Used brushless motors driven by sinusoidal current: non standard. Generates some phase noise 
around the driving frequency but allows long term vector integration.

Ellipticity amplitude spectrum with the rotating element Signal at 4n = 26 Hz
Red: 
Signal due to the intrinsic axis oscillation 
during rotation.

Green:
Intrinsic oscillation + external oscillation 
using the piezo: constructive phase and 
amplitude 30 µm.

Black:
Intrinsic oscillation + external oscillation 
using the piezo: destructive phase and 
amplitude 15 µm.

Transverse oscillating zero-wave plate – rotating case

Serious issue11



• Measured the optical path difference as a function of the external axis modulation in phase 
with the intrinsic oscillation.
• Determined the stability requirement for measuring VMB
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With an LHC dipole the optical path difference to be
measured is:

The axis transverse stability is therefore

Impossible: Show stopper?
r(�nL) ⇡ 7⇥ 10�9

<latexit sha1_base64="yAxIsPkU8SwEFDD6iIdYMEa0ZJI="></latexit>

Transverse oscillating zero-wave plate – rotating case

�D = 3AeB
2L = 4.8⇥ 10�21 m

<latexit sha1_base64="Obt+yVXskOAScRzkSG3tMYE68io="></latexit>

�raxis .
�D

r(�nL)
= 7⇥ 10�13 m

<latexit sha1_base64="Nc2VI6GboYa+VywoZ4J89hx7Agw="></latexit>
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Two co-rotating HWPs (no F.P.): Cotton-Mouton effect of air
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4n peak is at 26 Hz
- Black: Fourth harmonic is due to the 

intrinsic axis modulation causing a(1)(t)
- Red: intrinsic modulation + Cotton-

Mouton effect in air 
- Vector sum of the two effects

One must separate the two effects: 
Modulate the magnetic field

Two non-rotating PVLAS magnets:
• Red – parallel fields
• Black – perpendicular fields

Cotton-Mouton effect: �nCM = �nuB
2
extP

<latexit sha1_base64="dt6EJ6+QNZkhJdhyOnWj1u+8F7E=">AAACF3icbZA9SwNBEIbn/IzxK2ppsxgEq3AXBW2EEC1shAhGhSSGvc1EF/f2jt05MRz5Fzb+FRsLRWy189+4SUT8emHh5ZkZZucNEyUt+f67NzY+MTk1nZvJz87NLywWlpZPbJwagXURq9ichdyikhrrJEnhWWKQR6HC0/Bqb1A/vUZjZayPqZdgK+IXWnal4ORQu1Bq7qMiznQ7a5qI7R322S77YimrjjjeUP+8XGPtQtEv+UOxvyb4NMVKDoaqtQtvzU4s0gg1CcWtbQR+Qq2MG5JCYT/fTC0mXFzxC2w4q3mEtpUN7+qzdUc6rBsb9zSxIf0+kfHI2l4Uus6I06X9XRvA/2qNlLo7rUzqJCXUYrSomypGMRuExDrSoCDVc4YLI91fmbjkhgtyUeZdCMHvk/+ak3Ip2CyVj7aKleooDcjBKqzBBgSwDRU4gBrUQcAt3MMjPHl33oP37L2MWse8z5kV+CHv9QOlWp5j</latexit>

�nu
<latexit sha1_base64="HVac8nsayGNNV0SFdFmHXrUNl4s=">AAAB8XicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9FjUg8cK9gPbUDbbSbt0swm7G6GE/gsvHhTx6r/x5r9xm/agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8HoZuq3nlBpHssHM07Qj+hA8pAzaqz02L1FYSiRvbRXKrsVNwdZJt6clGsFyFHvlb66/ZilEUrDBNW647mJ8TOqDGcCJ8VuqjGhbEQH2LFU0gi1n+UXT8ipVfokjJUtaUiu/p7IaKT1OApsZ0TNUC96U/E/r5Oa8MrPuExSg5LNFoWpICYm0/dJnytkRowtoUxxeythQ6ooMzakog3BW3x5mTSrFe+8Ur2/KNeuZ2lAAY7hBM7Ag0uowR3UoQEMJDzDK7w52nlx3p2PWeuKM585gj9wPn8Aet6Q0g==</latexit>

= unitary birefringence expressed in tesla-2 atmosphere-1

�n(air)
u ⇡ 7⇥ 10�13 T�2atm�1

<latexit sha1_base64="8H4zjt9jMVWUpsn3TevcpEaQquE="></latexit>
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Comparison of ellipticity spectra in air in two cases:
• Red – one PVLAS magnet rotating at 0.5 Hz and HWPs at 6.5 Hz
• Nero – one PVLAS magnet rotating at 1 Hz and non-rotating HWPs

The signal in red at 25 Hz is due to the 
Cotton-Mouton of air and has the same 
amplitude as the signal in black at 2 Hz.
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Cotton-Mouton

Magnetic field must be modulated:
• How narrow is the systematic signal at 

26 Hz?
• How fast can the LHC dipole be

ramped? 

The difference in noise is due to the degraded 
extinction caused by the rotating HWPs.

10 vector averages: each 8 s with Hanning window

Two co-rotating HWPs (no F.P.): Cotton-Mouton effect of air
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Cotton-Mouton effect in Nitrogen gas @ 1064 nm

Polarimeter was put in vacuum and pure N2 gas was injected 

• Most precise measurement of the 
Cotton-Mouton effect in N2 gas.

• The scheme with two co-rotating 
HWPs + slowly modulated field works
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HWP rotation frequency = 10.5 Hz
Two independent rotating magnets

 First magnet: 0.125 Hz
 Second magnet: 0.5 Hz

�n(1064 nm)
u = (2.380± 0.007(stat) ± 0.024(sys))⇥ 10�13 T�2atm�1

<latexit sha1_base64="phHvsJ6uaI26zpbH4FN7/OhHm+4="></latexit>

Cotton-Mouton unitary birefringence

arXiv:2110.03943 15

https://arxiv.org/abs/2110.03943


Frequency width of the 26 Hz signal

• Ellipticity spectrum around 26 Hz.
• Bin width = 0.122 mHz.

Integration = 8196 s.
• To be repeated with the cavity.
• My understanding is that an LHC 

dipole can be modulated at full 
depth in current at a few mHz .
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Modulate the LHC dipole field?
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Next step: implement the Fabry-Perot cavity

• Installed the cavity mirrors with a nominal value of N ≈ 2000.
• Laser was successfully locked with the non-rotating HWPs inside the Fabry-Perot. The 

resulting equivalent passes was N ≈ 1000. HWPs introduce losses ≈ 10-3, as expected.
• Laser was successfully locked also with the rotating HWPs at ≈ 0.5 Hz. Very unstable.
• Issue: the residual phase retardation a1,2 from p is                           dominated by a(0)

1,2

Polarisation is no longer well defined inside the Fabry-Perot.
Fabry-Perot is unstable

• Preliminary tests have shown that a(0)
1,2 can be controlled and reduced by more than a 

factor 100 by adjusting the temperature of the HWPs. Few degrees is sufficient
• Installation of ring heaters is underway which should allow a stable locking with the

rotating HWPs

↵1,2 ⇡ 10�3
<latexit sha1_base64="QxMErjCYS+qFOt02tKqldQ97amQ=">AAACBHicbVA9TwJBEJ3DL8Qv1JJmIzGxUHIHJloSbSwxkY8EkMwtC2zYu9vs7hnJhcLGv2JjoTG2/gg7/40LWCj4kkle3pvJzDxfCq6N6345qaXlldW19HpmY3Nreye7u1fTUawoq9JIRKrho2aCh6xquBGsIRXDwBes7g8vJ379jinNo/DGjCRrB9gPeY9TNFbqZHMtFHKAncQ7Lo5bKKWK7onn3iYnpXEnm3cL7hRkkXg/JF9OwxSVTvaz1Y1oHLDQUIFaNz1XmnaCynAq2DjTijWTSIfYZ01LQwyYbifTJ8bk0Cpd0ouUrdCQqfp7IsFA61Hg284AzUDPexPxP68Zm955O+GhjA0L6WxRLxbERGSSCOlyxagRI0uQKm5vJXSACqmxuWVsCN78y4ukVix4pULx+jRfvpilAWnIwQEcgQdnUIYrqEAVKDzAE7zAq/PoPDtvzvusNeX8zOzDHzgf36Sbl3o=</latexit>

N↵(0)
1,2 & 1

<latexit sha1_base64="rfIJJIuXaNdUX6mCgskm0B3Nf4E=">AAACBnicbVDLSsNAFL2pr1pfUZciDBahgpSkCrosunElFewDmhgm02k7dPJgZiKUkJUbf8WNC0Xc+g3u/BunaRdaPTBwOOce7tzjx5xJZVlfRmFhcWl5pbhaWlvf2Nwyt3daMkoEoU0S8Uh0fCwpZyFtKqY47cSC4sDntO2PLid++54KyaLwVo1j6gZ4ELI+I1hpyTP3rx3M4yG+SyvWUeal9nEtQ85A6USAbM8sW1UrB/pL7Bkp14uQo+GZn04vIklAQ0U4lrJrW7FyUywUI5xmJSeRNMZkhAe0q2mIAyrdND8jQ4da6aF+JPQLFcrVn4kUB1KOA19PBlgN5bw3Ef/zuonqn7spC+NE0ZBMF/UTjlSEJp2gHhOUKD7WBBPB9F8RGWKBidLNlXQJ9vzJf0mrVrVPqrWb03L9YtoGFGEPDqACNpxBHa6gAU0g8ABP8AKvxqPxbLwZ79PRgjHL7MIvGB/fhd2X6Q==</latexit>
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Expected VMB@CERN optical configuration

nw nw

y at 4nw1064 nm
532 nm

PDE’

• Temperature control to reduce a(0)
1,2 for stable locking during rotation

• Reduce rotation phase noise to improve extinction

• Slowly modulate the magnetic field
• Few mHz with an LHC dipole

Mirrors for 1064 nm are transparent to 532 nm light

18



Ferrara laboratory
Input end
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Rotating wave plate Mirror, QWP, PEM (modulator) Faraday rotator chamber, analyzer

Output end

Ferrara laboratory

Thank you for your attention!
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