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Classical vacuum

QED vacuum

Heisenberg-Euler Lagrangian

Photon-photon interactions

?

No interaction
H. Euler and B. Kockel, Naturwissenschaften 23 246 (1935)
W. Heinsenberg and H. Euler, Z. Phys. 38, 714 (1936) 



Vacuum magneto-optics

DC effect

see the review
R. Battesti, C. Rizzo, Magnetic and electric properties of a quantum vacuum, Rep. Prog. Phys. 76 (2013) 
016401



Light  propagation



Vacuum birefringences

Static fields Laser fields



Photon splitting
&
Photon fusion



Photon-Photon 
scattering

Already in the original paper of 
Euler-Kockel

Experimental tests in 2000  … 

Not observed



Many experimental proposals :
Here one of the most recent.

see the review
R. Battesti, C. Rizzo, Magnetic and electric properties of a quantum vacuum, Rep. Prog. Phys. 76 (2013) 
016401
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Grenoble, France

DC fields

36 T / 43 T in project

VMB at the LNCMI : the 
BMV project

Toulouse, France

Pulsed fields

91 T 10 ms



This effect exists in any medium, even in vacuum

Effect as old as 1935, 

but still not observed

H. Euler and B. Kockel, Naturwissenschaften 23 246 (1935)

W. Heinsenberg and H. Euler, Z. Phys. 38, 714 (1936)
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linear 
polarization

elliptical 
polarization

B

light 
propagation

 Vacuum magnetic birefringence (VMB)



CODATA 2012

a very challenging task !

 Vacuum magnetic birefringence

Z. Bialynika-Birula et al., Phys. Rev. D 2, 2341 (1970)



• Ellipticity to be measured 
: 

b

a

Fabry Perot cavity

 Ellipticity measurement

It Ie

Lc= 2.27 m

Very high magnetic field
+

Very precise optical measurements

light trapped for ~ 300 Km in the magnetic field !



Vacuum zero signal

a ~ 2 x 10-16 T-2 atm-1

A. Cadène et al, 

Eur. Phys. J. D, 68, 16 (2014)



PVLAS, 2008: E. Zavattini et al., Phys. Rev. D 77, 032006 (2008)

PVLAS, 2012: G. Zavattini et al., Int. J. of Mod. Phys. A 27, 1260017 (2012)

BMV 2014 :                        A. Cadène et al, Eur. Phys. J. D, 68, 16 (2014)

PVLAS 2014 :                     F. Della Valle et al, Phys. Rev. D 90, 092003 (2014)

The race for the 

VMB in vacuum
100 pulses

recent results :
PVLAS is heading again !

A factor 50 from goal !

+ Q&A Taiwan
+ OSQAR CERN

+ Very intense laser sources …



B
 (

T
)

I = 28 000 A

t (ms)

 signal enhancement

Magnetic field : (2 XXL-Coils)

73 cm

 Higher finesse ( goal : 1 million). Partnership with the LMA of 

Villeurbanne, France (also producing mirrors for VIRGO & LIGO)

Cavity mirrors :

 Higher B2L (300 T2m)



 noise and spurious signal reduction

3D drawing
 Better polarizer extinction 

ratio

 More stable Laser locking to 
the cavity

 Acoustic noise attenuation

 Magnetic field shielding

 Data acquisition procedure (B at 0° and 45° with respect to the 
polarization)

Current 
status
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This is nice, but what’s for ? QED is very well tested !

see
M. Fouché, R. Battesti, C. Rizzo, Limits on non-linear electrodynamics, 
arXiv:1605.04102 in press PRD



…





Wichmann-Kroll correction

NLED prediction for a particle having a charge 
and a magnetic moment :



B EgB Eg

Ellipticity

Virtual particle

L.Maiani, R.Petronzio et E.Zavattini, Phys. Lett. B 175 (1986) 359

0 0
Dn > 0 

Dn < 0 

Pseudoscalar

Scalar

Behond QED : Axionic particles that couples with two photons



• Axion source and detection on earth :

ALPS : K. Ehret et al., Phys. Lett. B 689, 149 (2010)

2010
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How does one measure 
a pulsed field accurately ?



Atom + Magnetic field : Zeeman interaction

gs=ge ≠ g of the free electron

gJ J

Matter for QED theoreticians 

Spectroscopy of Natural and Artificial Atoms in 
Magnetic Fields
Advances In Atomic, Molecular, and Optical Physics, 
In Press, E. Arimondo, D. Ciampini, C. Rizzo 
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Magnetic field 
metrology

Landé g-factor 
measurement

Fundamental 
atomic physics

RUbidium in High MAgnetic field : 
RUHMA

Funded by NEXT

Collaboration between LNCMI BMV group
& BEC Group of Dep. of Physics, 
University of Pisa, Italy
of Prof. E. Arimondo



Rubidium atoms “D2” energy diagram

87Rb

85RB

ground 
state

excited
level

hyperfine
structure

transition frequency : 384.2304844685(62) THz
transition wavelength : 780.244209686(13) nm



gj
g = 2.002331113(20)

gi
g = -0.0009951414(10)

for the ground state



5S1/2

5P3/2n1

n2 n4

n3

For an unknown value of B, one 
measures : n1, n2, n3, n4 …

illustration of the experimental method

n3 ,n4 

n1 ,n2

ground state

excited level

One can give both B and gj
e

Spectroscopy
notation

depend on
B and gj

e

and to other known quantities



Precisions of 100 ppm on the above signal are necessary 
to improve existing data

Precisions of 1 ppm are necessary to test QED theory

14 MHz

0.14 MHz
at 10 T

At the best of our knowledge, 

the “signal” (frequency difference) grows with B

the “noise” (frequency measurement precision) do not depends on B

therefore “signal to noise ratio” increases with B

≈ 14 000 MHz/T



realized thanks to a 3D printer

Heater 2

Pick-up

led UV

Heater 1

Corps 
PLA

The complete probe



Pulsed magnetic field

Fluorescence Rubidium signal

World record for a gas !

Laser frequency is fixed

Value limited by gj
e

One month ago data



Theory in red

Rb87

Rb85

Transition between :
5S1/2, mI=3/2, mJ=1/2
and
5P3/2, mI=3/2, mJ=3/2

Transition between :
5S1/2, mI=5/2, mJ=1/2
and
5P3/2, mI=5/2, mJ=3/2

Rb87

Rb85



Conclusion

New version of BMV will eventually observe the VMB effect
(hopefully we will arrive first)

RUHMA : first accurate measurement of the field done, 
space now for g measurements and/or better accuracy …
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Correlated fermions,
superconductivity 

Quantum magnetism

Semiconductors
Graphene

Applied superconductivity

Magneto-optics

Magnetic fields : a probe of matter properties

Chemistry

Magnetoscience levitation, 
elaboration under magnetic field



HLD Dresden HFML Nijmegen

LNCMI Toulouse

The European Magnetic Field Laboratory (EMFL)

External members :  United kingdom, 

Potential external members :  Poland, Czech republic, Estonia, Italy …

LNCMI Grenoble

France

NetherlandsGermany



Vacuum magneto-optics

see the review
R. Battesti, C. Rizzo, Magnetic and electric properties of a quantum vacuum, Rep. Prog. Phys. 76 (2013) 
016401



Vacuum magneto-optics

see the review
R. Battesti, C. Rizzo, Magnetic and electric properties of a quantum vacuum, Rep. Prog. Phys. 76 (2013) 
016401



Inverse effects

See :
Observation of the inverse Cotton-Mouton effect, A. 
Ben-Amar Baranga, R. Battesti, M. Fouché, C. Rizzo 
and G. L. J. A. Rikken, EPL 94, 44005 (2011)
Effect in a TGG crystal



[REMPE] G. Rempe  et al., Opt. Lett. 17, 363 (1992)

Fabry-Perot cavity

[VIRGO] The Virgo Collaboration, Appl. Opt. 46, 3466 (2007)

[LIGO] M. Rakhmanov et al., Class. and Quantum Grav. 21, S487 (2004)

[PVLAS] F. Della Valle et al., Opt. Express 22, 11570 (2014)



Laser

beam

• Generation of a transverse magnetic field : the X-coil coil

banc de condensateurs

► maximum field :

Magnet developed at LNCMI

The magnetic field   



Experimental setup in the 
cleanroom at LNCMI Toulouse

Mirrors are very sensitive to pollution (mirror losses 2x10-6)





Ground state values
of electron g factor

What about excited 
states ?



Alkali metal

Typical cell containing solid rubidium in
equilibrium with its vapour

atomic number 37
Standard atomic weight 85.4678(3)
Electron configuration [Kr] 5s1
Melting point 312.45 K (39.30 °C)
Boiling point  961 K (688 °C)

Rubidium



A spin ½ particle, like a proton, if a 
magnetic field is present, undergoes an 
energy splitting proportional to the field 
strength

gP = 42.5774806(10) MHz/T

RF or MW electromagnetic 
probe can be resonant with 
the transition between the 
two levels

Electronic 
frequency 
counting

Magnetic field value

Commercial NMR teslameters are based on this 
frequency-field conversion.  Standard precision is 0.1 
ppm for a highly homogeneous field. Absolute 
accuracy 5 ppm

NMR accurate magnetic field measurement



87Rb ground state in a
magnetic field

with

Analytical Breit-Rabi formula

DEhfs/h = ½ x 3.417341305452145(45) GHz
gj

g = 2.002331113(20)
gi

g = -0.0009951414(10)
mB/h =  13.99624604(35) GHz/T

Landé g-factors



87Rb excited level
in a magnetic field

DEhfs/h = ½ x 84.7185(20) MHz

gj
e = 1.3362(13) measured

gj
e = 1.33411     theoretical 

QED correction expected at 10-5-10-6

level

No analytical formula exists,
thus one has to calculate 
numerically the energy of 
every level using standard
quantum mechanics 

Arimondo et al., RMP, 1977
Flaumbaum et al.,PRA, 2013
Steck, Rubidium 87 D Line Data, 2010



3 mm x 3 mm mini-cell

Towards an accurate
optical magnetometer
designed to be used in 
high magnetic field coils.

20 mm diameter
fiber coupled probe 
based on a
mini cell

Observation of transmission and/or fluorescence from the minicell



absorption of a reference cell

fluorescence of the mini-cell

First results with a 
test set up at B=0 T

4 nW from
2000 atoms
in a volume of
200 mm diameter


