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Introduction
From a Fundamental Question to a LoI

• What is the structure 
of the Quantum Vacuum?

• From Theory
– In QED, it is “well-known”
– In QCD, a non-trivial structure 

is connected to the strong CP 
problem; 
a new global symmetry can be 
introduced (Peccei & Quinn),
when spontaneously broken 
⇒ axions (Weinberg, Wilczek)

• Experimentally, 
– The Quantum Vacuum can be 

probed with electromagnetic 
fields
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Preview
• Introduction
• Significance of the proposed experiments

– QED & the Vacuum Magnetic Birefringence (VMB)
– Light Pseudo-scalars such as Axions and their contribution to the VMB
– Photon regeneration experiment

• Without field, deviation from pure QED i.e. paraphoton, 
• With field, photon-axion mixing

– The 5 different experiment types for the search of “invisible” Axions

• Experimental method for QED Test & Axion Search using 
decommissioned LHC superconducting dipole magnet(s)
– Prototyping & integration
– Measurement principle of the VMB for QED test & Axion search
– Detection of a “A light shinning through the wall”
– The Experiments in the “Time-Space” & possible upgrades

• Conclusions
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Significance of the proposed experiments
QED prediction for the Vacuum Magnetic Birefringence

• VMB from the QED Theory: Euler-Heisenberg Lagrangian, i.e. 
Taylor expansion of gauge and Lorentz invariants

• Tensors of permittivity and permeability of the vacuum:
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The change of the light velocity in a background 
magnetic field – “Pure” QED prediction
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NA: Δn ≈ 3.6 10-22  in 9.5 T field & ε ≈ 2.10-10 for l = 250 km and λ =1.55 μm
The second order correction to the Lagrangian gives a Δn correction of 1.45% with 
respect to the dominant term, i.e. a measurement of the QED birefringence at the 
level of few ‰ will provide a test for this term…

A technical challenge from the point of view of optical metrology; 
High-field magnet & optical cavity are required.

As a consequence, a linear polarized 
light becomes “slightly" elliptical
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Analogue to the 
Cotton-Mouton effect

S. L. Adler Ann. Phys. 67 
(1971) 599
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Significance of the proposed experiments
Beyond the pure QED - Contribution of axions to the VMB

• The Euler-Heisenberg Lagrangian can be further extended to include 
contributions of hypothetical neutral light spin-zero particles that 
couple to 2-photons such as axions:

• A linear polarized laser bean propagating in vacuum  is expected to 
acquire, in presence of a transverse B field, a small apparent rotation 
θ & a small ellipticity ε that can be expressed in Heaviside-Lorentz
units (1T = 195 eV2 & 1m = 5.10-6 eV-1):
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φ is the polarization angle / B, M the inverse coupling constant, 
m the axion mass & ω the photon energy.

L. Maiani et al.
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Significance of the proposed experiments
Departure from the pure QED prediction with axions

• The so-called “strong CP problem” is connected to the non-trivial
structure of the QCD vacuum (‘t Hooft, 1976) and can be 
summarized by the puzzling question:
Why QCD does not seem to break the CP-symmetry?

• An elegant solution is the Peccei & Quinn global chiral U(1) 
symmetry (1977) that if spontaneously broken ⇒ Axions
(Weinberg, Wilczek, 1978)

• “Massive” Axions i.e. O(100 keV) or 1.8 MeV were excluded 
after extensive search in nuclear transition, particle decays (1978-1987)
⇒ “Invisible” axion models in the range 10-6-10-2 eV, 
i.e. No longer only a HEP problem…

“Small may also be Beautiful”
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The 5 existing different approaches for the search 
of “invisible” Axions
• Microwave cavity experiments (P. Sikivie, 1983)

– Resonant conversion of axion → γ in a High-Q cavity + B

• Optical and radio-telescope searches and more 
recently, with interferometric radio-telescope

• Solar axions: 
– as with telescope, search for thermally produced Axions via 

Primakoff process i.e. conversion  axion → γ (ex. CAST)

• Photon Regeneration Experiment (K. van Bibber et al. 
1987)

• Polarization Experiments (L. Maiani et al. 1986)
Our Proposal
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Sensitivity of various Experiments

• Axions are weakly 
interacting particles with γ, 
e- or Nucleus

• The expected strengths of 
the interaction are model 
dependant

• In our case, we are 
interested to the coupling of 
axions to 2 γ:
– gΑγ= 1/Μ
– mA

C. Hagmann, K. van Bibber, L.J. Rosenberg,
Physics Lett. B, vol.592, 2004

Invisible Axion
Mass window

CAST 2003
PRL 94 (2005) 
121301
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Some News about Dark Matter,…
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What is new about the production of axions in the 
sun ? see the presentation of E. Masso

ar
X

iv
:a

st
ro

-p
h/

05
08

37
7 

v2
 2

9 
O

ct
20

05



P. Pugnat Joint ILIAS-CAST-CERN Axion Training 11/28

Advantages and Disadvantages of Purely 
Laboratory Experiments for Axion Search
• Advantages: 

– Experimental approach independent of cosmological 
assumptions concerning the Axion production or Axion
content in the universe,

– Broad band in mass, 
– Weakly-interacting light scalar particles can also be detected. 

• Disadvantages:
– A “bit short” for the sensitivity required to detect “expected” 

Axions,
⇒ Innovative approach required !
Key points: optical detection, optical cavity and  high-field 
magnet.
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Preview
• Introduction
• Significance of the proposed experiments

– QED & the Vacuum Magnetic Birefringence (VMB)
– Light Pseudo-scalars such as Axions and their contribution to the VMB
– Photon regeneration experiment

• Without field, deviation from pure QED i.e. paraphoton, 
• With field, photon-axion mixing

– The 5 different experiment types for the search of “invisible” Axions

• Experimental method for QED Test & Axion Search using 
decommissioned LHC superconducting dipole magnet(s)
– Prototyping & integration
– Measurement principle of the VMB for QED test & Axion search
– Detection of a “A light shinning through the wall”
– The Experiments in the “Time-Space” & possible upgrades

• Conclusions



P. Pugnat Joint ILIAS-CAST-CERN Axion Training 13/28

QED Test & Axion Search using decommissioned 
LHC superconducting dipole magnet(s) 

• Ideal integration are within 
a superconducting dipole 
magnet use in accelerator 
for HEP

• With this respect, LHC 
superconducting dipoles 
are within the most 
powerful at present:
– Bmax ≈ 9.76 T @ 1.9 K
– Magnetic Length: 14.3 m 

i.e. B2 L ≈ 1360 T2 m
⇒ Big interest in using LHC 

decommissioned prototypes

2-in-1 LHC dipole
With transverse B 
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LHC superconducting main dipoles: 
Cross-section

Conductor limited quench field @ 1.9 K    9.76 T
Coil aperture 56 mm
Magnetic length 14.3 m
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1st Step of the experiment: use of warm bores
i.e. anticryostats inserted inside cold bores

O. Dunkel, P. Legrand and P. Sievers: “A warm bore anticryostat for series magnetic measurements of LHC 
superconducting dipole and short-straight section magnets”, CRYOGENICS CEC/ICMC, 2003, Anchorage, Alaska; 
CERN-LHC-Project-Report-685

Specially designed for the cold 
tests of LHC cryomagnets, 
They can be used for the core 
of the optical cavities



P. Pugnat Joint ILIAS-CAST-CERN Axion Training 16/28

Prototyping for end-caps

End-caps and connection to the 
anticryostats - real situation
(Ph-D M. Kràl)

Importance of the mechanical stability 

End-caps for housing the optical cavity;

Distance between the mirrors = 19.6 m
⇒ mirror radius for a confocal resonant 
optical cavity
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Mirror integration inside the end-caps with precise 
angular tuning mechanism (Ph-D M. Kràl) 

Piezo-elements (5x5x4 mm3), 
1μm of max. displacement

Tuning of mirrors in 2 steps: 1/ by screw ± 10-4 rad; 2/ piezo-ceramics ± 5.10-6 rad

Effective diameter of mirrors is 38 mm

(Ph-D M. Kràl)
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Realization of the 1st prototype of mirror support 
with precise angular tuning mechanism

Ph-D M. Kràl
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Mechanical vibration studies

Results: For magnet in operating conditions, eigen frequencies below 100 Hz, 
∼ gaussian distribution for vibration amplitudes of end caps with σx ≈ σy < 10 μm 
and σz ≤ 1 μm;
⇒ Pound-Drever technique to lock the laser frequency with the resonant frequency of the cavity.

Resolution ≈ 1 μm
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VMB measurements & Axion Search Experiment
Proposed optical scheme

• Axions ⇒ Change of 
the linear polarisation
of a laser beam after 
propagation in the 
vacuum with B 
transverse:

– Elliptical
– “Pseudo”-rotation

• Small effects 
10-14 rad / T2 km3

⇒ optical cavity to 
increase the path in B

• Background for the 
ellipticity coming 
from the QED.

P. Pugnat, L. Duvillaret, M. Finger, M. Kral , A. Siemko, J. Zicha, 
Czechoslovak Journal of Physics, Vol.55 (2005), Suppl.

L. Maiani, R. Petronzio, and E. Zavattini, Phys. Lett. 175B (1986) 359
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VMB measurements & Axion Search Experiment
Expected results
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- Strategy: work with ω as high as possible 
to reduce 1/f noise effect of various sources;
- The shot noise of the photodetector
is the dominant term, ellipticity of 10-8 rad Hz-1/2

is expected to be measured.

Normalized optical power at the input of the detection:
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Direct Axion Search Experiment  
Photon Regeneration 
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K. van Bibber et al. PRL 59 (1987) 759, concept of “a shining light thought the walls”

Optical cavity: F = 105, l = 7 m
Detection part: L = 7 m

Nd-YAG laser: Power P = 10 - 1000 W
λ = 1064 nm Expectations: Improvement / the present reference 

result of Cameron et al. Phys. Rev. D47 (1993) 3707
∼ R x 107 with 1 magnet & 100 W
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P. Sikivie, PRL 51 (1983) 11415
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Axion Search Experiments
Expected results (without upgrades)

• To Confirm the 
reproducibility of PVLAS 
results

• To be fully complementary 
to other type of Axion
search experiments:
A Break through in optical 
detection technique is required, 
electro-modulator in MHz range

& 
Upgrades for the experiments 
must be anticipated at the earlier 
stage.

Invisible Axion
Mass window

CAST 2003
Expectation VMB
Without Upgrades*

*P. Pugnat, L. Duvillaret, M. Finger, M. Kral , A. Siemko, J. Zicha, Czechoslovak Journal of Physics, Vol.55 (2005), Suppl.

Expectation Regeneration Experiment
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SMTP at CERN will be available when all LHC 
superconducting magnets will be tested (End of 2006)
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The Experiment in the “Time-Space”:
Possible Upgrades & Strategy

• Short term - phase-1 :
– Beginning of 2007: installation at CERN of a LHC prototype dipole for both 

experiments 
• Start with 1 then 2 optical cavities,
• 1st version of the optical detection for the VMB (1-50 kHz) + warm bores (P down to

∼10-8 torr ⇒ parasitic Cotton-Mouton signal coming from residual gas expected below 
QED prediction);

• 1st version of the optical detection for the photon regeneration experiment.
– 1st results expected before the end of 2008.

• Medium term with several possible upgrades - phase-2: 
– VMB:

• 2nd version of the optical detection with electro-optical modulator (MHz range); 
in //, R&D to go beyond the sensitivity barrier of 10-8 rad Hz-1/2;

• Increase of the sensitivity of the VMB experiment by improving the vacuum ⇒ solution 
with cold bores.

– Photon Regeneration
• Connection of a second LHC dipole prototype & more;
• 2nd version of the optical detection with a cold avalanche photodiode;
• Use of gas to extend the coherence & improve the axion → photon conversion.
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Conclusions 1/2

• The reuse of technology developed at CERN for the 
LHC project allows the construction of powerful 
experiments based on optical techniques
– to test the CPT symmetry & for the 1st time the QED 

prediction of the Vacuum Magnetic Birefringence, 

and

– to perform direct & indirect search of light scalar or 
pseudo-scalar particles such as axions that couple to 
photons.

The physics is in practice guaranteed

At minimum, improvement by x 10-100 of limits obtained by laser experiment 
for axion mass & di-photon coupling constant
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Conclusions 2/2
In addition to fundamental scientific interests

• This project is expected to impact on optical metrology 
techniques as well as for the next generation of accelerator 
technology. 

• The Cotton-Mouton effect of gases or liquids can be used to 
measure the integrated transfer function of accelerator magnets 
(dipoles & quadrupoles); this optical technique seems 
particularly suitable for small aperture magnets or/and pulsed 
type accelerator magnets such as the ones foreseen for 
– The FAIR project at GSI (near Frankfurt)
– The superconducting SPS at CERN (LHC upgrade)

see http://care-hhh.web.cern.ch/CARE-HHH/
– And, The Technology Transfer …

http://care-hhh.web.cern.ch/CARE-HHH/
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More information

• Letter of Intent, CERN-SPSC-2005-034, 17 October 2005
http://doc.cern.ch//archive/electronic/cern/preprints/spsc/public/spsc-2005-
034.pdf

• P. Pugnat, M. Kràl, A. Siemko, L. Duvillaret, M. Finger, J. Zicha, 
Czech. J. Phys. 55 (2005) A389
http://doc.cern.ch/archive/electronic/cern/preprints/at/at-2005-009.pdf

• L. Duvillaret, M. Kràl, and P. Pugnat, CERN-AT-MTM Internal Note 71, 
October 2005, CERN-EDMS-Id-672179
https://edms.cern.ch/cedar/plsql/doc.info?cookie=4169685&document_id=6
72179&version=1

• P. Pugnat, L. Duvillaret, M. Kràl, Presentation at the HHH-AMT Workshop 
on Pulsed Accelerator Magnets, Frascati, 26-28 October 2005
http://ecomag-05.web.cern.ch/ecomag-05/

http://doc.cern.ch//archive/electronic/cern/preprints/spsc/public/spsc-2005-034.pdf
http://doc.cern.ch//archive/electronic/cern/preprints/spsc/public/spsc-2005-034.pdf
http://doc.cern.ch/archive/electronic/cern/preprints/at/at-2005-009.pdf
https://edms.cern.ch/cedar/plsql/doc.info?cookie=4169685&document_id=672179&version=1
https://edms.cern.ch/cedar/plsql/doc.info?cookie=4169685&document_id=672179&version=1
http://ecomag-05.web.cern.ch/ecomag-05/
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