N

N

Vacuum magnetic linear birefringence using pulsed
fields: the BMV experiment
Agathe Cadene, Paul Berceau, M. Fouché, Rémy Battesti, Carlo Rizzo

» To cite this version:

Agathe Cadene, Paul Berceau, M. Fouché, Rémy Battesti, Carlo Rizzo. Vacuum magnetic linear
birefringence using pulsed fields: the BMV experiment. 2013. hal-00793105v2

HAL Id: hal-00793105
https://hal.science/hal-00793105v2

Preprint submitted on 23 Oct 2013 (v2), last revised 22 Nov 2013 (v3)

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-00793105v2
https://hal.archives-ouvertes.fr

Vacuum magnetic linear birefringence using pulsed fields : the BMV experiment

A. Cadeéne, P. Berceau, M. Fouché, R. Battesti, and C. Rizzo*
Laboratoire National des Champs Magnétiques Intenses (UPR 3228,
CNRS-UPS-UJF-INSA), F-31400 Toulouse Cedex, France, EU
(Dated: 23 octobre 2013)

We present the measurement of the vacuum magnetic linear birefringence obtained using the first
generation setup of the BMV experiment. Our apparatus is based on an up-to-date resonant optical
cavity coupled to a transverse magnetic field. In particular, we detail our data acquisition and
analysis procedure which takes into account the symmetry properties of the raw data with respect
to the orientation of the magnetic field and the sign of the cavity birefringence. Our current value
of vacuum magnetic linear birefringence kcv was obtained with about 200 magnetic pulses and a
maximum field of 6.5 T. We get ke = (5.1 £6.2) x 1072' T2 at 30 confidence level. This result is
also used to extend the excluded region of axion-two photons coupling constant g as a function of
the axion mass ma.. The best limit is obtained at m, = 3.3meV with ¢ < 1.9 x 107° GeV ™! at 30

confidence level.

I. INTRODUCTION

It is known since the beginning of the 20" century that
any medium shows a linear birefringence in the presence
of a transverse external magnetic field B. This effect is
usually known as the Cotton-Mouton (CM) effect (see
Ref. [1] and references therein). The existence of such a
magnetic linear birefringence has also been predicted in
vacuum around 1970 in the framework of Quantum Elec-
troDynamics (QED) [2, 3]. It is one of the non-linear
optical effects described by the Heisenberg-Euler effec-
tive lagrangian (see Ref. [4] and references therein) and
it can be seen as the result of the interaction of the exter-
nal magnetic field with quantum vacuum fluctuations. In
a vacuum therefore the index of refraction n for light po-
larized parallel to B is expected to be different from the
index of refraction n  for light polarized perpendicular
to B such that [4] :

Ancy = nj —ny, (1)
= kouB?. (2)

At the first order in the fine structure constant «, kcowm
can be written as :

ke = 202K° /15p0mic®, (3)

with A the Planck constant over 27, m, the electron mass,
¢ the speed of light in vacuum, and po the magnetic
constant. Using the CODATA recommended values for
fundamental constants [5], one obtains :

ke ~ 4.0 x 10772, (4)

In spite of several experimental attempts, the experi-
mental proof of such a very fundamental QED prediction
is still lacking [4]. All recent experiments, both completed
or running, measure Ancy via the ellipticity v induced
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on a linearly polarized light propagating in the birefrin-
gent vacuum :

L
P = ﬂkCMTBBQ sin 20p, (5)

where A\ is the light wavelength, Lp is the path length
in the magnetic field, and 0p = 45° is the angle bet-
ween the light polarization and the birefringence axis.
This equation clearly shows that the critical experimen-
tal parameter is the product B?Lg. In order to increase
the ellipticity to be measured, one usually uses an opti-
cal cavity to store light in the magnetic field region as
long as possible. The total acquired ellipticity ¥ is linked
to the ellipticity ¥ acquired in the absence of cavity and
depends on the cavity finesse F as :

m:%w (6)

After the theoretical calculations in the 70s, a first
measurement of the kcy value was published by the
BFRT collaboration [6]. It was based on a supercon-
ducting magnet providing a maximum field of 3.9 T,
and a multipass optical cavity. Spurious signals were al-
ways present (see Table V(b) in [6]). Final results gave
kem = (2.2 £0.8) x 10719 T2 at 30 confidence le-
vel [7] for 34 refections inside the cavity, and kcym =
(3.2£1.3) x 10719 T2 for 578 reflections. In 2008 a new
measurement was published by the PVLAS collaboration
using a Fabry-Pérot optical cavity and a superconducting
magnet providing a 2.3 T field : ko = (1.44:2.4) x 10720
T=2 at 30 [8]. The same experiment at 5T gave kcy =
(2.7+1.2) x 1072°T~2 at 30. More recently a new ver-
sion of the PVLAS apparatus based on two 2.5 T perma-
nent magnets and a Fabry-Pérot optical cavity reached
a noise floor corresponding to kcoy = 1.3 x 10729T~2 at
30, but ”only when no spurious signal was observed” [9].
All these measurements are summarized in Fig. 1. This
clearly shows that vacuum CM measurements are true ex-
perimental challenges and that one has to focus not only
on getting the best optical sensitivity and maximizing
the signal to be measured, but also on minimizing all the
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FI1GURE 1: Comparison of reported absolute values of the va-
cuum magnetic linear birefringence and their uncertainties
represented at 30.

unwanted systematic effects by decoupling the appara-
tus from their sources and by performing an appropriate
data analysis.

In this paper we present a measurement of kcyr ob-
tained using the first generation setup of the BMV
(Biréfringence Magnétique du Vide) experiment at the
National High Magnetic Field Laboratory of Toulouse,
France (LNCMI-T). The novelty of this experiment is
the use of pulsed magnetic fields. This method allows to
provide the highest magnetic fields in terrestrial labora-
tories without destroying the coil itself [4]. Our apparatus
is also based on the use of a Fabry-Pérot cavity among the
sharpest in the world [10]. We calibrated our experiment
using nitrogen gas [10], and published very recently a
high precision measurement of the Cotton-Mouton effect
of helium gas compatible with the theoretical prediction
[11]. We present our data acquisition and analysis pro-
cedure that takes into account the symmetry properties
of the raw data with respect to the orientation of the
magnetic field and the sign of the cavity birefringence.
Our current value of kcy was obtained with 194 ma-
gnetic pulses and a maximum field of 6.5T. This result
is compatible at 30 with the expected value for vacuum
and corresponds to one of the most precise measurement
ever realized. It is therefore a clear validation of our in-
novative experimental method. Finally, this kind of expe-
riment can also give limits on axion-like particles coupled
to two photons travelling through a transverse magnetic
field. The value of the vacuum magnetic birefringence is
used to extend the excluded region of axion-two photons
coupling constant g as a function of the axion mass m,.

II. EXPERIMENTAL SETUP

A. Apparatus

Our experimental setup is described in Refs. [10-12].
As shown in Fig.2, 30 mW of a linearly polarized
Nd :YAG laser beam (A = 1064 nm) goes through an
acousto-optic modulator (AOM) used in double passage

for an adjustment of the laser frequency. It is then injec-
ted into a monomode optical fiber before entering a high
finesse Fabry-Pérot cavity of length L. = 2.27 m, consis-
ting of the mirrors My and Ms. This corresponds to a ca-
vity free spectral range of AFSR = ¢/2L, = 65.996 MHz.
The laser passes through an electro-optic modulator
(EOM) creating sidebands at 10 MHz. We analyze the
beam reflected by the cavity on the photodiode Ph,. This
signal is used to lock the laser frequency to the cavity re-
sonance frequency using the Pound-Drever-Hall method
[13], via the acousto-optic modulator and the piezoelec-
tric and Peltier elements of the laser. All the optical de-
vices from the polarizer to the analyzer are placed in an
ultrahigh-vacuum chamber. During operation, the pres-
sure inside the UHV vessel was about 107 mbar. We
have monitored the vacuum quality with a residual gas
analyzer.
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FIGURE 2: Experimental setup. EOM, electro-optic modula-
tor; AOM, acousto-optic modulator; PDH, Pound-Drever-
Hall; Ph, photodiode; P, polarizer; A, analyzer. See text for
more details.

To measure the ellipticity induced by the Cotton-
Mouton effect one needs a transverse magnetic field as
high as possible. This is fulfilled using pulsed fields deli-
vered by one magnet, named X-coil, especially designed
in our laboratory. The principle of this magnet and its
properties are described in details in Refs.[12, 14]. It
can provide a maximum field of more than 14T over
an equivalent length Lp of 0.137m [10]. Data have been
taken with a maximum magnetic field of 6.5 T reached
within 1.70 ms while the total duration of a pulse is less
than 10 ms as shown in Fig. 3. Moreover, we can remotely
switch the high-voltage connections to reverse B in order
to set it parallel or antiparallel to the z direction. The
maximum repetition rate is 6 pulses per hour.

We infer the cavity finesse from the measurement of
the photon lifetime 7 [10]. Its value is regularly checked
during data taking and we get 7 = 1.07 ms. The corres-
ponding finesse is :

(7)

We get F' = 445000 with a relative variation that does
not exceed 6 % at the 30 confidence level. This corres-
ponds to a cavity linewidth Av = ¢/2FL. of 148 Hz.
This is one of the sharpest infrared cavity in the world
[10].
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FIGURE 3: Square of the magnetic field amplitude as a func-
tion of time for a maximum field of 6.5T. Solid black curve,
B?; dashed curve, B?.

Before entering the Fabry-Pérot cavity, light is pola-
rized by the polarizer P. The beam transmitted by the
cavity is then analyzed by the analyzer A crossed at maxi-
mum extinction. We extract both polarizations : parallel
and perpendicular to P. The extraordinary ray, whose po-
larization is perpendicular to the incident polarization, is
detected by the photodiode Ph, (power I..), while the or-
dinary ray, whose polarization is parallel to the incident
polarization, is detected by Phy (power I;).

B. Signals

The ellipticity ¥(¢) induced by the transverse magne-
tic field is related to the ratio of the extraordinary and
ordinary powers as follows :

Lo (t)

e\ 0_2 2
Imf(t) - +[F+\Ij(t)] 9

~ o2+ T2 42I'0(t) for U< T,  (8)

with o2 the polarizer extinction ratio and I" the total sta-
tic ellipticity. This static ellipticity is due to the mirrors’
intrinsic phase retardation [15]. Each mirror can be re-
garded as a wave plate. The combination of both wave
plates gives a single wave plate with a total phase re-
tardation and an axis orientation that depend on each
mirror phase retardation and on their relative orienta-
tion [16, 17]. Thus, we adjust the value of I by rotating
the mirrors M; and My around the z axis corresponding
to the axis of light propagation.

To measure the polarizer extinction ratio, we first set
I' = 0, with no magnetic field. We get I,/I;; = 02 ~
7 x 1077. Then, to reach the best sensitivity, we need
I'? ~ o2 [12]. Starting from I' = 0 and rotating M; in
the clockwise or counterclockwise direction, we choose
the value of I' as well as its sign determined by CM mea-
surements in nitrogen and helium gas. The measurement
of 02 and the adjustment of the value and sign of I' are
done before each magnetic pulse.

Due to the photon lifetime, the cavity acts as a first
order low pass filter, as explained in details in Ref.[18].

Its complex response function H(v) is given by :

1
1+’

Ve

H(v) = (9)
with v the frequency and v, = 1/4n7 ~ 74 Hz the cavity
cutoff frequency. This filtering has to be taken into ac-
count in particular for the time dependent magnetic field
applied inside the Fabry-Pérot cavity. The ellipticity ¥
induced by the external magnetic field is thus proportio-
nal to B? :

U(t) = aB(t), (10)

where the filtered field B? is calculated from B? taking
into account the cavity filtering. The time profile of sz is
plotted in Fig. 3 with the dashed curve. In particular, we
see that the cavity filtering induces an attenuation and a
shift of the maximum. The cavity filtering has also to be
applied to Iy as explained in details in Refs. [11, 18].

The calculated signals used for the analysis are descri-
bed in details in Ref.[11]. In order to extract the ellip-
ticity ¥(t) from Eq. (8), we calculate the following Y (¢)
signal after each pulse :

L(t) _ I
Tie(t) — Hde
Y() = B (11)
~ yU(t), (12)

where v corresponds to the sign of I". The static signal
I4c = 02 +T? is calculated before the pulse as follows :

fae = <Iltef<§t))>

where tr corresponds to the beginning of the analysis
and t = 0 to the beginning of the applied magnetic field.
The absolute value of the cavity ellipticity is measured
a few milliseconds before each magnetic pulse thanks to
the following equation :

| = < (1) >
It7f(t)

Signals Y (¢) are acquired for both signs of I" and for
both directions of B : parallel to x is denoted as > 0
and antiparallel is denoted as < 0. This gives four data
series : (' >0, B>0),(I' >0, B<0), (T'<0,B<0)
and (I' < 0, B > 0). For each series, signals calculated
with Eq. (11) are averaged and denoted as Y~-, Y5,
Y. and Y.-. The first subscript corresponds to I' > 0

or < 0 while the second one corresponds to B parallel or
antiparallel to x.

, (13)

tr<t<0

— o2 (14)

tr<t<0

III. DATA ANALYSIS AND RESULTS
A. Signal duration

The raw signals, such as I;(t), I.(t), B(t) or the cavity
locking signal, are recorded 25ms before the beginning
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FIGURE 4: Time evolution of the locking signal during a ma-
gnetic pulse. The magnetic field is applied at ¢ = O ms.

of the magnetic field and 25ms after. A typical cavity
locking signal is plotted in Fig.4. We clearly see a per-
turbation which begins at about 3.2 ms. This corresponds
to the acoustic perturbation triggered at t = 0 by the ma-
gnetic pulse, and that travels trough the air to the mir-
ror mounts. We have confirmed the arrival time on the
mirror mounts with accelerometers. This perturbation in-
duces an ellipticity noise which degrades our sensitivity.
We have thus decided to stop the analysis at ¢ = 3.1 ms.
Symmetrically, we start the analysis at tr = —3.1ms. It
also allows to avoid drifts and long time variations of T'.

B. Shot selection

For the measurements reported here, 194 pulses have
been applied under vacuum. For each pulse, we first cal-
culate the |T'| value following Eq. (14). To check that this
corresponds to a meaningful value, we plot the histogram
of the following signal for ¢tr <t <0 :

Lo(t)

U(t) = —o2-T. 15
(t) Te(t) (15)
This corresponds to 3100 values acquired every 1 us.
With white noise and because no induced ellipticity is
present at t < 0, the histogram is centered on 0 and cor-
responds to a gaussian distribution, as shown in Fig. 5a.
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(b) Rejected shot.

FIGURE 5: Typical histogram of W(t) before the magnetic
pulse.

However, some of the histograms cannot be fitted by a
gaussian function, as shown in Fig. 5b. The main origin of
this type of distributions is mechanical oscillations of the
setup induced by the environment and leading to static
ellipticity fluctuations. These mechanical oscillations can
be directly observed on the power spectral density (PSD)
of the ellipticity ¥ in the absence of the magnetic field, as
shown in Fig. 6. In the case corresponding to Fig. bb, we
cannot give a statistical and significant value of I'. The
corresponding shots are thus rejected. Finally we selected
101 pulses.

10

10"

107

PSD of ¥ (Hz )

10 100 1000
Frequency (Hz)

FIGURE 6: Power spectral density of ¥ in the absence of
the magnetic field. We observe the different mechanical re-
sonances of the setup.

C. Analysis procedure and results

From the 101 selected pulses, we calculate the signals
Yoo, Yoo, Yoo, and Y., denoted Y] with j =>>, ><
, >>, <>. As explained in section II B, they correspond
to the average of the Y (¢) signals calculated with Eq. (11)
for each of the four series. We report them in Fig.7
with the dark grey curves. The light grey areas corres-
pond to the Yj uncertainties calculated at each time ¢;,
AYj(t;) = oj(t;)//Nj, with oj(t;) the standard deviation
of the Yj(t;) distribution and Nj the number of shots for
the j series.

1. First analysis

If no systematic effects affect the experiment, we can fit
the Y;(t) averaged signals by yaB#(t) following Egs. (10)
and (12). The fits are superimposed on the experimen-
tal data in Fig.7. We obtain, for example, « = (2.69 +
0.09) x 1078T~2 at 30 confidence level for Y~~. The
Cotton-Mouton constant kcys is finally deduced from the
measured experimental parameters as follows [10] :

_ « A 1
T 4nTAFSR [ 5 sin20p

kcm (16)
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FIGURE 7: Time dependance of the Yj signals (dark grey
curve). Uncertainties at 30 are plotted in light grey. The fit
ozBfQ(t) is superimposed in black.

From Y-, we get koy = (2.4 +£0.2) x 10719 T2 at 30
confidence level. The uncertainty takes into account the
A-type and B-type uncertainties. The A-type uncertain-
ties come from the fit and from the photon lifetime with
a relative variation lower than 6% at 3o. The B-type un-
certainties have been evaluated previously and detailed
in Ref. [10]. They essentially come from the length of the
magnetic field Lp with a relative uncertainty of 6.6% at
30.

This result is not compatible with the QED predic-
tion. It can have several origins : residual gases or ca-
vity mirrors. Concerning residual gases, most impor-
tant contributions come from Ny and Os leading to a
kom of 1.5 x 10722 T2, An estimation of the CM ef-
fect of high-finesse dielectric mirrors has been reported in
Ref. [19] with an induced ellipticity of 8 x 1071 rad. T2
per reflection. The transverse magnetic field at the mir-
ror position is smaller than 150 T, corresponding to
kem < 1 x 10724 T2, All these CM effects are smaller
than the one measured.

Furthermore, none of the four results are compatible
with each other. In particular, we expect the sign of the
Y; variation to change with the sign of I', as defined in
Eq. (12). As Y~ 5 increases when the magnetic field is ap-
plied, Y~ o should increase, whereas Y. . and Y.~ should
decrease. As shown in Fig. 7, this is clearly not the case.
Finally, the fit does not match with the experimental
signal for Y. and Y.~ . This phenomenon was also ob-
served for the measurements of the Cotton-Mouton effect
in helium gas [11] where a more general analysis has been
developed.

2. Second analysis

Actually, as explained in details in Ref. [11], one has to
consider systematic effects that mimic the CM effect we
want to measure. We thus derive a more general expres-
sion taking into account the symmetry properties of Y;

towards experimental parameters :

You = ass S +05554 + 55 - +d>s 54,
= a>>814 +bs551 t+ess S+,

Yoo = ascSpy — bS5y —encSo +dacSoy,
= a><Spq —bscSp- — S+,

Yoo = accSt —becSy- +eccS-m —dacS—4,
= accSiq —bacSy- t oS- -,

Yoo = acsSpq +basSp- —ces S —des Sy,
= <S4y + bS5y —ees S =1L

The S functions correspond to a given symmetry towards
the sign of I" and the direction of B. The first subscript +
(resp. —) indicates an even (resp. odd) parity with res-
pect to the sign of I'. The same convention is used for
the second subscript corresponding to B. Each S func-
tion has a different physical origin which are summarized
in Tab.I. CM effect signal contributes to S_ since it de-
pends on the cavity birefringence I' and on the square of
the magnetic field amplitude as shown in Egs. (5) and
(12). We can thus replace dS_ by .

S signal Physical effect
Si+(t) O% (1), ¥(t)

S (t) B effects on photodiodes
s._ (1) 2O (1)

S 4 (1) (1)

TABLE I: Possible physical effects contributing to the S si-
gnals. The O signal corresponds to a polarization rotation
angle due to the circular birefringence induced by a longitu-
dinal magnetic field (Faraday effect).

The S functions can be extracted with a linear combi-
nation of Yj as follows :

Yoo + Yo+ Yoo+ Yoo

Jl = 4
=a S++ + Abl S+_ + ACl S__ + Adl S_+,
J, = You YooY +Yo
2 = 4 )
= Aao S++ + b S+_ + Acy S__ + Adsy S_+,
J. = You = Yo +Yoo -V
3 = 4 )
= Aag S;+ +Ab3 Sy—+¢S__ +Ads S_4,
J, = Yos + Yoo —Yoo —Y<>7 (17)

4
= Aa4 S++ —+ Ab4 S+_ + AC4 S__ +8 S_+.

Ji(t), Ja(t), J3(t) and Jyu(t) are plotted in Fig.8. Their
uncertainties are calculated from the Y; uncertainties.
The weighting parameters a, b, ¢ and d depend on
the experimental adjustment from pulse to pulse and

from day to day. Their relative variations are small :
Aaja, Ab/b, Ac/e, Ad/d < 1. Aa, Ab and Ac are mainly
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FIGURE 8: Time evolution of Ji, Jz2, J3 and Js (dark grey
curve) and their uncertainties at 30 confidence level (light
grey).

due to the I' variation from one shot to another and
we can precisely calculate them since I' is measured for
each shot. We obtain Aays/@ = 5.97 x 1072, Aby/b =
—7.67 x 1072 and Acy/e = —8.27 x 1072, These values
are of the same order of magnitude as the one obtained
during the CM measurement of helium gaz [11]. Ad is
independent of the I' variation. It mainly comes from a
variation of the magnetic field from one pulse to another.
As the B relative variation is small compared to the I’
relative variation we consider Ad =~ 0. The variation of
U is thus neglected.
We thus write :

Ji ~a S++7

JQ ~ b S+_,
J3 ~¢S__,
A A A
Jy ~ 77014 J1+ %JQ + ﬁj{g + . (18)

We then calculate :

Aay Aby Acy

Ji = Jy— 7J1+TJ2+7J3 ,

~ U, (19)

which corresponds to the Cotton-Mouton signal. It is
plotted in Fig.9.

We fit J; by aBZ. We obtain a = (—1.46 & 0.07) x
108 T2 at 30 confidence level corresponding to kcy =
(—=1.34£0.1) x 10712

3. Third analysis

Nevertheless, as we see in Fig. 9, the fit does not match
with the experimental data. This is confirmed by a high
associated value of x? for this fit. Thus, the major com-
ponent of J} is not anz but a supplementary systematic
effect.
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FIGURE 9: Dark grey curve : time evolution of J; and its 3o
uncertainties (light grey). Black curve : fit with aBF.

As discussed in Sec. IT1I B, the setup is subject to several
mechanical resonances which can be excited both by the
environment and the magnetic field. The latter could thus
trigger a mechanical oscillation of the setup at ¢t = 0. We
try to fit J; by a sine function starting at ¢ = 0. The fit
gives a frequency of (180 £ 3) Hz and it is superimposed
to Jj in Fig.10. We finally fit the residues by aB? and
we obtain :

knoiseﬂoor _
CM

(—0.9+6.2) x 10721772, (20)

at 30 confidence level. This corresponds to our noise floor,
which is half the one of the PVLAS collaboration in 2012
obtained with an integration time of 8192s [9].
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FIGURE 10: Time evolution of .J; and its residues (dark grey).
The 30 uncertainties are superimposed in light grey. Black
curve : fit with a sine function at 180 Hz.

In order to assess more precisely the physical origin of
the systematic effect, we zoom in the power spectral den-
sity of W, depicted in Fig.6, on the frequencies around
180 Hz. We find several resonances at 177 Hz, 200 Hz and
above. The signal Jj is then fitted by a sine functions
but with the frequency fixed to each of the resonance
frequencies. The best fit, corresponding to the best x?2,
is obtained for 177 Hz, which is compatible with the fre-
quency given by the previous fit. This fit is shown in
Fig. 11a, superimposed to the experimental data. Fitting
the residues by aB? gives our final value for the CM



constant :
kom = (5.146.2) x 10721 T2 (21)

at 3o confidence level. The fit is superimposed to the
residues of Jj in Fig. 11b.
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(a) Time evolution of J}. Black curve : fit with a sine
function at 177 Hz.
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FIGURE 11: Time evolution of J; and its residues (dark grey).
The 30 uncertainties are superimposed in light grey.

Our ke 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 m, and the coupling
constant g of axion-like particle to two photons, are given

21 23T 5T
40x10
noise floor,
NA PVLAS, 2012
= 20 - [9]
3
£ !
0 - e e e e e e e e e X _ -
This work
20 PVLAS, 2008 [8]
Measurement

FI1GURE 12: Comparison of the latest absolute reported values
of the vacuum CM effect. Error bars are given at 3o.
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FIGURE 13: Limits at 30 confidence level on the axion-like
particle-two photons coupling constant g as a function of the
particle mass m, 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



first ones, consists in measuring the vacuum magnetic
birefringence, as described in this paper. Indeed, photon
oscillations into a virtual massive particle like axions also
induce an ellipticity signal in such an apparatus [25]. This
ellipticity can be written as [6] :

2F A?Z sin[Agsc L
w2 (1 Ty )

with A, = gB/2, Ayse = m2/2w and w the photon
energy. Our current limit obtained in vacuum and gi-
ven in Eq.(21) corresponds to an ellipticity limit of
U < 1.5 x 1078rad at 30 confidence level. The black
line and striped area in Fig. 13 corresponds to our cur-
rent limit. The main advantage of this experiment is to
extend limits for the heavier axion masses. The best limit
is obtained at m, = 3.3meV with g < 1.9 x 1076 GeV~!
at 3o confidence level.

V. CONCLUSIONS AND PERSPECTIVES

We presented the last advances of our BMV apparatus
in terms of axion search, and the most precise measu-
rement of vacuum magnetic birefringence ever realized.
Our result validates our experimental method based on
pulsed fields. In particular, it proves that the sensitivity
obtained in a single pulse compensates the loss of duty
cycle. To reach the QED value, the needed improvement
is of three orders of magnitude. This is not conceivable
with this first-generation experiment. Our strategy is the-
refore to increase the magnetic field thanks to the pulsed

technology. At the moment, we have B2Lg = 5.8 T?m
but we conceptualized and tested a pulsed coil prototype
that has already reached a B?Lp higher than 300 T?m.
Two coils of this type will be inserted in the experiment
in the near future. This essential milestone really makes
the vacuum birefringence measurement within our reach.

On the other hand, our analysis has allowed us to iden-
tify some systematic effects. Obviously, a special care will
be devoted to limit them in order to improve the ac-
curacy. The magnetic field induces an excitation on the
setup which resonates at different frequencies. Since it
affects the signal Jy, the resonance at 177 Hz has an odd
symmetry with respect to the sign of I'. This implies that
it concerns the mirror mounts. In order to get rid of this
effect, a new setup was designed, providing a better ma-
gnetic insulation of the mirrors. It will also provide a
better acoustic insulation of the mirror mounts, impro-
ving the overall sensitivity and decreasing the number of
rejected shots.
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