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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,

o Diffusion of light-by-light and vacuum magnetic birefringence.
::3 i ; o An =3A.B2, =4 x 107** B2, with B in Tesla

a) Leptonic e*e” LbL scattering b) Leptonic e*e” vacum birefringence
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c) Leptonic e*e” vacuum birefringence with second order radiative corrections.

- Radiative corrections to first order birefringence: 1.45%

ng § _ Contribution of hypothetical neutral particles which couple to
e) Birefringence due to virtual tWO phOtOnS (aXIOﬂ-llke part|C|eS)

spin zero bosons (e.g. axions)
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

U(t) = NW@@Sin 20(t)
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PVLAS-FE result

Equivalent passes N = 4.5x10°
Signal frequency = 10 + 20 Hz
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Expected optical path difference signal AD = /SAeB2 dL = 4.2 x 107 m
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The 2016 PVLAS data point corresponds to
an integration of 7= 5:10° 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 = 4.5x10° the thermal noise was 20
times greater than shot-noise.

Sap =4 x 107 m/VHz @ = 15 Hz



Cavity Intrinsic noise

e We showed that the optical path difference sensitivity S A does not depend on N (for large N)

* The mirror coating noise is multiplied by N just like a VMB signal. For N > 10* the S/N ratio does not improve
(for our output power = 10 mW and v = 15 Hz)

* All other VMB experiments have suffered from the same common noise source
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VMB@CERN with one spare LHC dipole magnet

VMB signal B2, L = 1200 T>’m B AD =34.B>L =48 x1072' m

Desired integration time for SNR =1
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Scheme for VMB@CERN: two co-rotating half-wave plates inside the F.P.

polariser mirror magnetic field mirror €llipticity analyser & D
Vyy Vyy modulator

1064 nm
———— 532 nm I PDT

U(t) = Uysindo(t) + N% sin 2¢(t) + N% sin(2¢(t) + 2A¢)

1 2 are the phase errors from © of the two HWPs and ¢(t) is their rotation angle

* 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 NO&LQ > 1
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




Scheme for VMB@CERN: two co-rotating half-wave plates inside the F.P.

polariser mirror magnetic field mirror  €lliPticity analyser & D
Vyy Vyy modulator

1064 nm

m—— 532 nm _[>|_ PDT
U(t) = Wy sin N gin 20(t) + N2 sin(2¢(t) + 2A¢)
signal - 2 2

1 2 are the phase errors from © of the two HWPs and ¢(t) is their rotation angle

* 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 NO&LQ > 1
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




Systematics due to a rotating neutral wave plate (no F.P.)

ellipticity
modulator

_ N 44444
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60 = o sin46(1) £ 22 sin2(6(0) + 60)

Contribution from the rotating element

polariser (I)(t) magnetic field analyser

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

a(t) = a® + o cos (gb(t) + gb(l)) + a® cos (2(b(t) + gb@)) + ...

« oM is dueto V(AnL) (e.g. wedge if An = const) of the wave plate.

8



Systematics due to a rotating neutral wave plate (no F.P.)

If the rotation axis has a transverse oscillation (non ideal bearings) then
oD = olD(t) generating further harmonics. DANGER

a(t) = a©® 4 o® [1 + A7 V(AnL) cos (6(t) + (p')] cos (¢(t) + ¢<1>) i
/

sin 2(¢(t) + ¢o)

b(t) = vosindg(t) + 2

This axis oscillation coupled to the V(AnL) will generate
a fourth harmonic!!




Transverse oscillating glass element — non rotating case

* Measured value of §(AnL) using a dual XY piezo mount sustaining the
rotating shaft. The optical element was made to oscillate transversely.

With the oscillation parallel to §(AnL) an ellipticity signal is generated.

[
With the oscillation perpendicular to V(AnL) no ellipticity is generated.
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Transverse oscillating zero-wave plate — rotating case

e Same study was performed with the rotating glass element. Both the rotating and the oscillation
frequency were the same: v = 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 4v = 26 Hz

-3 Zero-A rotating wave plate at 6.5 Hz Re d .
10 = et : ~“|Hanning window, 8 s (5.3 s effective) : )
B s i ~ni|=—— Ellipticity with 30 micron axis modulation at 6.5Hz S|gna| due to the intrinsic aXiS OSCi”atiOn

in phase to maximise signal

—— Ellipticity without external modulation 1 i
-4 — Ellipticity with 15 micron axis modulation at 6.5Hz d uri ng rotation.

10 _§ i : with opposite phase to cancel effect
. A4 v Relevant harmonics

Green:

= 10° 3 Intrinsic oscillation + external oscillation
% using the piezo: constructive phase and
= 108 = amplitude 30 pum.
. Black:
10 Intrinsic oscillation + external oscillation
using the piezo: destructive phase and
10° 3 amplitude 15 pum.

0 10 20 30 40 50 Serious issue

Frequency 11



Transverse oscillating zero-wave plate — rotating case

* 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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Slope | ; ; ;
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With an LHC dipole the optical path difference to be
measured is:

I

400 S —— S——— . AD =3A.B*L =4.8 x 107 %' m
The axis transverse stability is therefore
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Two co-rotating HWPs (no F.P.): Cotton-Mouton effect of air
Cotton-Mouton effect: AnCM — ATLUB2 P

ext
An,, = unitary birefringence expressed in tesla2 atmosphere!

1

4v peak is at 26 Hz

- Black: Fourth harmonic is due to the
intrinsic axis modulation causing a1)(t)

- Red: intrinsic modulation + Cotton-
Mouton effect in air

- Vector sum of the two effects

Ellipticity

One must separate the two effects:

Modulate the magnetic field

Frequency (Hz)
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Two co-rotating HWPs (no F.P.): Cotton-Mouton effect of air

Ellipticity

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

10 vector averages: each 8 s with Hanning window
e e e e e e e e e

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.

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.

Frequency (Hz)
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Cotton-Mouton effect in Nitrogen gas @ 1064 nm

Polarimeter was put in vacuum and pure N, gas was injected

4x10° g ; ; g
HWP rotation frequency = 10.5 Hz

Two independent rotating magnets
3L | ® Firstmagnet:0.125Hz | . i
® Second magnet: 0.5 Hz

* Most precise measurement of the
Cotton-Mouton effect in N, gas.

>

E 2k .

0 * The scheme with two co-rotating
L o B R T HWPs + slowly modulated field works
0 i i i i
0 200 400 600 800 1000

Nitrogen pressure (mbar)

Cotton-Mouton unitary birefringence

Anlt06dnm) — (9 380 4 (.007% +0.024V%)) x 10713 T 2atm ™!
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https://arxiv.org/abs/2110.03943

Frequency width of the 26 Hz signal

Modulate the LHC dipole field?

_57

10
* Ellipticity spectrum around 26 Hz.

* Bin width =0.122 mHz. 10
Integration = 8196 s.

* To be repeated with the cavity.

—
o|

* My understanding is that an LHC
dipole can be modulated at full
depth in current at a few mHz.

Ellipticity

—
o|

Frequency difference (mHz)

16



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 = 1073, as expected.

Laser was successfully locked also with the rotating HWPs at = 0.5 Hz. Very unstable.

Issue: the residual phase retardation o, , from is &1 2 ~ 10~ dominated by oc(o)ljz

0
Nozg,% Z 1 Polarisation is no longer well defined inside the Fabry-Perot.

Fabry-Perot is unstable

Preliminary tests have shown that a(¥), , 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
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Expected VMB@CERN optical configuration

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

P —w ;
polariser mirror magnetic field mirror  €lliPtiCity analyser DE
Vyy Vyy modulator

PDE
1064 hm L, v at 4v,, L,
532 hm I+ PDT

* Temperature control to reduce o , for stable locking during rotation
* Reduce rotation phase noise to improve extinction

Mirrors for 1064 nm are transparent to 532 nm light
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Ferrara laboratory

Input

end
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Ferrara laboratory

Output end

Rotating wave plate Mirror, QWP, PEM (modulator) Faraday rotator chamber, analyzer

AN
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N
-

Thank you for your attention!
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