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1. Quantum vacuum seen by an experimentalist in optics

2. Inverse Cotton Mouton Effect of vacuum

3. Vacuum Magnetic Birefringence
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What is «vacuum» mean ?

❖ Aristotle : 
❖ «The investigation of similar questions about the void, also, must be held 

to belong to the physicist - namely whether it exists or not, and how it 
exists or what it is »

❖  «A place deprived of body»

❖  in Webster’s New World Dictionary : 
❖ 1- a space with nothing at all in it; completely empty space.

❖ 2- an enclose space, as that inside a vacuum tube, out of which most of the 
air or gas has been taken, as by pumping.



In classical electrodynamics, vacuum electromagnetic properties are simply rep-
resented by two fundamental constants : the vacuum permittivity �0 and the
vacuum permeability µ0

D=�0E

B=µ0H

c = 1√
�0µ0

Any variation of the velocity of light with respect to c is ascribed to the fact
that light is propagating in a medium

D=[�] E

B=[µ] H

n(E,B)=
√

�µ√
�0µ0

Region of space in which a monochromatic electromagnetic plane wave propa-
gates at a velocity that is equal to c.

Phenomenological definition :

n ≡ 1

�

�0
= 1

µ

µ0
= 1

What is «vacuum» mean ?



Vacuum :
Lorentz invariant

F =
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�0E
2 − B2

µ0
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L =
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ci,jF
iGj .

 Only 2 Lorentz invariants in electromagnetism :

 Lagrangian has to be relativistic invariant and therefore can only be a 
function of F and G



P
existence of a 

polarization of a 
vacuum as in any 
optical non linear 

medium
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with

Quantum electrodynamics provides the most complete theoritical 
treatment for the cij coefficient prediction



the only contributions in the lagrangian are the even power of G

so F is C, P, T invariant but G violates P and T

Quantum Electrodynamics is
assumed  to be C, P, T invariant
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0G2 + c12F
1G2 + ...
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Energy density of vacuum
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3 waves interaction

E3,
E2B,
EB2,
B3

4 waves interaction

E4,
E2B2,
B4

terms in :

(no Faraday effect in vacuum for example)

terms in :
allowed in a vacuum

not allowed in a vacuum

Non linear interactions in 
a vacuum



Eω EωE0

B0

k k

Linear magneto-electric birefringence

orEω Eω
E0 B0

k k
Kerr effect or Cotton-Mouton effect

45◦ E0 B0Eω Eω

kk

Jones linear biréfringence

Eω

M
k

B

M Inverse Cotton-Mouton effect



B = B0 + Bω

Polarization and 
magnetization

P = 4c2,0�0(Eω + E0)
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Ecr = m2
ec3

e� : critical electric field (� 1018 V/m)

α : fine structure constant

Heisenberg-Euler Lagrangian

Fields can create matter if they are strong enough

If they are not strong enough to create matter, electromagnetic fields polarize the 
vacuum : virtual possibility of creating matter (electron-positron pairs)
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1
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W. Heisenberg and H. Euler, Z. Phys. 98 (1936), 714



At the lowest orders in the fields (E � Ecr and B � Bcr) :

with

and therefore

LHE = L0 + LEK

LEK = c2,0F 2 + c0,2G2
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Heisenberg-Euler Lagrangian
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MICM = 14c2,0
�0
µ0

Eω(Eω · B0) + 8c2,0Bω
Bω · B0

µ2
0

ICME

MICM

The interaction between two photons 
of the electromagnetic wave and a 
photon of the static magnetic field 
gives rise to a magnetization M. 

Eω�B0, Bω⊥B0

Eω⊥B0, Bω�B0

MICM� = 14c2,0
Iω

c

B0

µ0

MICM⊥ = 8c2,0
Iω

c

B0

µ0

Rizzo et al, EPL, 90, 64003 (2010)

c2,0 = 1, 7× 10−30 m3/J

B0 = 10 T

µ0MICM� = 8× 10−18 T

Iω = 1019W/m2



B0 = 30 TIω = 1026W/m2 µ0MICM� = 2× 10−10 T
why not...

http://www.izest.polytechnique.edu

http://www.izest.polytechnique.edu
http://www.izest.polytechnique.edu


−→
M ∝ −→E 2−→B ∝ Plaser

−→
B

−→
E

−→
B

ICME in a TGG crystal

A linearly polarized beam induces a magnetization in a medium 
subjected to a transverse magnetic field

Polarized beam

Transverse magnetic field

−→
M



−→
M ∝ Plaser

−→
B ext

V (t) = cte×Bext ×
dPlaser

dt

−→
B ind

V (t) = −dBind

dt

Principle of ICME 
measurement

Mathilde Fouché 
R. Battesti, P. Nussbaumer, J.-B. Fouché 

F reeLight 





Results in a TGG crystal

V (t) = −gAebBext
dPlaser(t)

dt

The signal is proportionnal to the time derivative of the power density of the laser.

 A. Baranga et al, EPL 94, 44005 (2011)

http://iopscience.iop.org/0295-5075/94/4/44005/pdf/0295-5075_94_4_44005.pdf
http://iopscience.iop.org/0295-5075/94/4/44005/pdf/0295-5075_94_4_44005.pdf
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�E

�B

Vacuum...and fluctuations + transverse magnetic field

�Ee+/e-

e+/e-

e+/e-

e+/e-

e+/e-

Vacuum Magnetic 
Birefringence
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Vacuum Magnetic 
Birefringence

QED



∆nCM =
�

2α2�3

15m4
ec

5
+

5
6

α3�3

πm4
ec

5

�
B2

0

µ0
=

2α2�3

15m4
ec

5

�
1 +

25α

4π

�
B2

0

µ0

kCM = (4.0317± 0.0009)× 10−24 T−2

∆nCM = kCM B2

CODATA 2012

great experimental challenge !

 Birefringence and fondamental constants

Vacuum Magnetic 
Birefringence

Development of a very sensitive ellipsometer in 
order to be able to observe for the first time this 

QED prediction



• P and A : polarizers crossed at 
maximum extinction

THE ELLIPSOMETER

• B at 45°compared to polarizers’ direction

A

P

It

Iext

B M2

M1 a

b

Laser
λ=1064 nm

• Ellipticity measurement :
(as high as possible)

u!n
"
#= !

"
#

$
%
&
!
F2 

mag
2LB$

Cavity finesse as high 
as possible
F = 460 000

As high as possible
B2Lmag = 6.5 T x 13.7 cm

Ψ(t) =
π

λ
kCM

�
2F

π

�
B(t)2Lmag sin(2θp)

• P and A : crossed polarizers

Ellipsometer

• B at 45° from incident polarization

• Ellipticity to be measured
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Laboratoire National des Champs Magnétiques Intenses



B2

µ0

9 kA 10 kA 11 kA

Magnetic 
pressure

Intense magnetic fields ? 

The only method : having a strong current circulating into a coil

Two problems :

Ultra strong conductors

External reinforcement

Magnetic pressure !

Heating !           Cooling

Superconductor (limited by Bcrit)

Pulsed field



29

LNCMI Toulouse
14 MJ, 1 GW

Faraday configuration



B(t)2Lmag = (6, 5 T)2 × 13, 7cm =5,7 T2.m

 Transverse magnetic field

Laser

0.25 

25 cm

►     profil :

Magnetic  field : X-Coil

14 T



12 mm

Cryostat



F � 450 000

Ψ(t) =
π

λ
kCM

�
2F

π

�
B(t)2Lmag sin(2θp)

High reflectivity mirrors

Lc= 2.27 m

Fabry Perot cavity

 Ellipticity :

 Finesse :

detuning between the laser and the cavity (MHz)

66 MHz

δν = 100Hz

∆FSR

1’’



F =
πcτ

L
= 530000

I t 
 (a

.u
.)

Lc= 2.27 m

locked 
laser

τ = (1.28 ± 0.03) ms

t0

Record :

Fabry Perot cavity

 Photon lifetime (τ):

time



Other cavity around the world :

Lc 3 km 6.4 m 4 km 2.27 m
τ 159 µs 442 µs 970 µs 1.08 ms

 F = 50 70 000 230 450 000

Δν = 1 kHz 360 Hz 164 Hz 147 Hz

a

2LcF

Lc

 π c τ

c 

Fabry Perot cavity



Experimental setup 
in the cleanroom
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Ψ(t)
4.10−7

σ2 =
�

Iext

It

�

without cavity

Can be tuned from σ value to higher values
by turning the mirrors on their own axes

Data analysis in gases

quantity to be measured 
proportionnal to B²(t)extinction ratio of polarizers

Static ellipticity of mirrors.

• P and A : polarizers crossed at 
maximum extinction

THE ELLIPSOMETER

• B at 45°compared to polarizers’ direction

A

P

It

Iext

B M2

M1 a

b

Laser
λ=1064 nm

• Ellipticity measurement :
(as high as possible)

u!n
"
#= !

"
#

$
%
&
!
F2 

mag
2LB$

Cavity finesse as high 
as possible
F = 460 000

As high as possible
B2Lmag = 6.5 T x 13.7 cm

Ie

It,f
= σ2 + [Γ + Ψ(t)]2 + [� + θF (t)]2

Cotton-Mouton

Faraday

Rotation of the major axis of the ellipse

 Ellipticity :



Measurements in gases

The experimental points (blue) are fitted with a curve proportionnal to B2 (red).

Helium
162 mbar

Si
gn
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on
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o 
B

2

(r
ad

)



kCM =
α

4πτ∆FSR

λ

LB

1
sin 2θp
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FIG. 13: Linear magnetic birefringence of helium gas as a
function of pressure. The solid line corresponds to the linear
fit of the experimental data.

Parameter Typical value
Relative B-type
uncertainty

α 10−5 radT−2 2.2× 10−2

∆FSR 65.996MHz 3× 10−4

LB 0.137m 2.2× 10−2

λ 1064.0 nm < 5× 10−4

sin 2θP 1.0000 9× 10−4

Total 3.1× 10−2

TABLE IV: Parameters that have to be measured to infer the
value of the Cotton-Mouton constant kCM and their respective
relative B-type uncertainty at 1σ.

with a scale law on the gas density:

kCM = (2.35± 0.13)× 10−16 T−2atm−1, (47)

at λ = 1064 nm, taking into account the uncertainty on
the temperature.

2. Comparison

The value of the Cotton-Mouton effect in helium is
calculated very precisely thanks to ab initio quantum
chemistry computational methods [5]. Theoreticians con-
centrate on the calculation of the hypermagnetizability
anisotropy ∆η while experimentalists measure the bire-
fringence ∆nCM = kCMB2. The Cotton-Mouton con-
stant kCM is linked to ∆η by [10]:

kCM [atm−1T−2] =
6.18381× 10−14

T
∆η [a.u.] (48)

Few experiments were realized to measure the Cotton-
Mouton effect of helium. The results are summarized
in Table V. The theoretical values correspond to the
ones of Ref. [24]. The latter have been obtained using
the Full Configuration Interaction (FCI) method and the
most extended wave functions basis. They are expected
therefore to be very accurate.

Experimental results
Theoretical

prediction [24]

Ref. λ [nm] 1016 × kCM [T−2] 1016 × kCM [T−2]

[8] 514.5 1.80± 0.36 2.3959
[12] 532 2.08± 0.16 2.3966
[11] 790 3.95± 1.40 2.4018
[12] 1064 2.22± 0.16 2.4036

This work 1064 2.35± 0.13 2.4036

TABLE V: Experimental and theoretical values of Cotton-
Mouton constant for helium gas. Values are normalized for a
temperature of 273.15 K and a pressure of 1 atm. Uncertain-
ties are given at 1σ.

Our result is compatible at better than 1σ with the
theoretical prediction and is the most precise value of
kCM ever measured, as we can see in Fig. 14 that sum-
marizes the results for the Cotton-Mouton measurements
at 273.15K.
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(b) Summary of the two values at λ = 1064 nm

FIG. 14: Comparison of reported values of Cotton-Mouton ef-
fect of helium gas. !: experimental values of helium Cotton-
Mouton constant reported in Refs. [8, 11, 12]. ◦: our ex-
perimental value. • and dashed line: theoretical predictions
reported in Ref. [24].

11

10x10-17

8
6
4
2
0

k C
M

 (T
-2

)

0.50.40.30.20.10.0
Pressure (atm)

FIG. 13: Linear magnetic birefringence of helium gas as a
function of pressure. The solid line corresponds to the linear
fit of the experimental data.

Parameter Typical value
Relative B-type
uncertainty

α 10−5 radT−2 2.2× 10−2

∆FSR 65.996MHz 3× 10−4

LB 0.137m 2.2× 10−2

λ 1064.0 nm < 5× 10−4

sin 2θP 1.0000 9× 10−4

Total 3.1× 10−2

TABLE IV: Parameters that have to be measured to infer the
value of the Cotton-Mouton constant kCM and their respective
relative B-type uncertainty at 1σ.

with a scale law on the gas density:

kCM = (2.35± 0.13)× 10−16 T−2atm−1, (47)

at λ = 1064 nm, taking into account the uncertainty on
the temperature.

2. Comparison

The value of the Cotton-Mouton effect in helium is
calculated very precisely thanks to ab initio quantum
chemistry computational methods [5]. Theoreticians con-
centrate on the calculation of the hypermagnetizability
anisotropy ∆η while experimentalists measure the bire-
fringence ∆nCM = kCMB2. The Cotton-Mouton con-
stant kCM is linked to ∆η by [10]:

kCM [atm−1T−2] =
6.18381× 10−14

T
∆η [a.u.] (48)

Few experiments were realized to measure the Cotton-
Mouton effect of helium. The results are summarized
in Table V. The theoretical values correspond to the
ones of Ref. [24]. The latter have been obtained using
the Full Configuration Interaction (FCI) method and the
most extended wave functions basis. They are expected
therefore to be very accurate.

Experimental results
Theoretical

prediction [24]

Ref. λ [nm] 1016 × kCM [T−2] 1016 × kCM [T−2]

[8] 514.5 1.80± 0.36 2.3959
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Our result is compatible at better than 1σ with the
theoretical prediction and is the most precise value of
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FIG. 14: Comparison of reported values of Cotton-Mouton ef-
fect of helium gas. !: experimental values of helium Cotton-
Mouton constant reported in Refs. [8, 11, 12]. ◦: our ex-
perimental value. • and dashed line: theoretical predictions
reported in Ref. [24].

A. Cadène et al, Phys. Rev. A 88, 043815 (2013)

Smallest effect in nature except for vacuum

Tight test of our apparatus

kCM = (2.35± 0.13)× 10−16 T−2atm−1

Very hard experimental task 
(mirrors rotation, Faraday effect cancellation, systematic effects 
cancellation)

Cotton Mouton effect 
in helium

M. Bregant et al., Chem. Phys. Lett. 471, 322 (2009)
S. Coriani et al., J. Chem. Phys.  111, 7828 (1999)

http://pra.aps.org/pdf/PRA/v88/i4/e043815
http://pra.aps.org/pdf/PRA/v88/i4/e043815


Measurements in vacuum

More than 100 pulses

Systematic effects : take into account the symetry properties of the 
experiment with respect to the sign of B and the sign of Γ.

at 3σ

A. Cadène et al., arXiv:1302.5389v2 (2013), submitted to PRD

kCM = (5.1± 6.2)× 10−21 T −2
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ad
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×10−6



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)
A. Cadène et al., arXiv:1302.5389v2 (2013), submitted to PRD
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constant :

kCM = (5.1± 6.2)× 10−21 T−2, (21)

at 3σ confidence level. The fit is superimposed to the
residues of J ′

4 in Fig. 11b.
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Figure 11: Time evolution of J ′
4 and its residues (dark grey).

The 3σ uncertainties are superimposed in light grey.

Our kCM value is compatible with the expected one for
the vacuum. We compare it to the other published values
in Fig. 12. We see that our value is the most precise value
ever realized.

IV. AXIONS

The study of photon propagation in transverse magne-
tic fields is also a powerful test of physics beyond the
standard model. In particular, it has been predicted that
photons in a magnetic field could oscillate via Primakoff
effect into weakly interacting massive particles (WIMPs)
like the axion. This hypothetical particle was introduced
by Peccei and Quinn to solve the ”strong CP problem”
[20] and it could be a possible constituent of dark matter.
Most stringent limits on axion or axion-like particles

parameters, essentially its mass ma and the coupling
constant g of axion-like particle to two photons, are given
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Figure 12: Comparison of the latest absolute reported values
of the vacuum CM effect. Error bars are given at 3σ.
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Figure 13: Limits at 3σ confidence level on the axion-like
particle-two photons coupling constant g as a function of the
particle mass ma obtained by purely terrestrial experiments.
Excluded regions are above the line. Solid black line and stri-
ped area : our limit ; dashed line : limit given by the PVLAS
collaboration [9] ; grey line : limit given by the APLS collabo-
ration [24].

by astrophysical observations [21, 22]. But these limits
depend on assumptions for the celestial sources. On the
other hand, purely terrestrial experiments, where axions
are produced and then detected on earth, are less sensi-
tive but much more reliable since the experimental limits
do not depend on any physical model.

Three kinds of purely terrestrial experiments exist. The
first one corresponds to the “light shining through the
wall” experiment [23]. Up to now, the best limits have
been obtained at DESY by the ALPS collaboration [24],
depicted as the grey line in Fig. 13. The area above the
curve corresponds to the excluded region. The second
kind of experiments consists in measuring the vacuum
magnetic dichroism, i.e. the light absorption in vacuum
depending on the light polarisation due to the presence
of a transverse magnetic field. The most advanced expe-
riment is performed by the PVLAS collaboration [8, 9].

The third kind of experiment, complementary to the

Results

Best measurement ever done in a vacuum



Conclusions

 Developement of a very sensitive ellipsometer for mesuring very small 
birefringences

 Sophisticated data analysis procedure to overcome systematic effects
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 First measurement of Cotton-Mouton effect of helium compatible with 
theoritical prediction

 Best sensitivity ever obtained for VMB experiments

kCM = (5.1± 6.2)× 10−21 T −2



Perspectives

insertion of 2 XXL-Coils
B

 (T
)

I = 28 000 A

 Magnetic field enhancement : XXL-coils

B2LB  = 300 T2m

 New set up design for 2014 with an improvement of the whole 
optical sensitivity 

and what about the magnetic birefringence effect in vacuum ?  

More and more realistic
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