ocosc gl

EUROPEAN COOPERATION VWV ISPERS
IN SCIENCE & TECHNOLOGY i R

VMB 2024

STEPAN KUNC
WG4 MEETING OF COST ACTION COSMIC WISPERS (CA21104)
SOFIA 23.10.2024




VMB experiments in last few decades

PVLAS, BMV, VMB@CERN, BRFT,
OVAL, ALPS I, OSQAR, Q&A, ......



VMB - Light propagating in vacuum in
an external magnetic field

» Linear Birefringence - polarization dependent index of refraction
» Linear Dichroism - polarization dependent index of absorption

» In external perpendicular magnetic field B

An,,. = Ang + iAkg

2 Birefringence \ . .
AnB X b Predicted by Dichroism Ak g X B2
QED, ALP Predicted by

ALP processes,
Millicharged
particles (MCP)

processes,
Millicharged
particles (MCP)



QED Vacuum Magnetic Birefringence

» H. Euler, B. Kockel - 1935

» They wrote an effective Lagrangian describing electromagnetic
interactions in the presence of the virtual electron-positron sea

: b -
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A, = °=1.32x10%*T? s Ang = 34,B>
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No linear Dichroism is expected in the framework of QED



Ellipticity

» We can not measure directly Ang
» What we measure is induced ellipficity 1/)

» We determine optical path difference D,, = AnglL

To obtain maximum signal 1/)

we need high magnetic field B
n3A,B*L
Single pass ‘(/)O — Sin 25 in as long as possible region L

A

Pol. and B fields at 45° degree 6



Ellipsometer parameters

» Long optical path - Fabry-Perot cavity

High amplification factor N, PVLAS F = 770 000 N - amplification factor
2
73A,B2L 2F

Fabry Perot cavity lp — sin 20

A [ D, = AnglL
» High magnetic field B? TAnLN
Permanent magnets — PVLAS, Q&A.,.... Y = 1 sin 2
superconducting magnets — OSQAR, BRFT, .... 2
Classic magnets - BMV, OVAL,... D. = w_

" Nm

» Time dependent effect - to achieve high sensitivity
Time dependent magnetic filed - modulation - BRFT, pulsed — BMV,OVAL
Time dependent angle § — PVLAS |-l - rotating the permanent magnets



Intrinsic mirror birefringence noise

® Experimental optical path difference
sensitivities = ellipticity normalised for the
number of passes N and wavelength &.

Shot-noise sensitivity limit No experimental effort has reached shot-
PVLAS-LNL noise sensitivity (green) with a high finesse
F.P.
T There seems fo be a common problem

afflicting all experiments

Experiment cavity ~ amplificationN ~ wavelength  length This noise seems to be an intrinsic properTy

BFRT (1993): multipass 35-578, 514 nm 149 m

PVLAS-LNL (2008):  FP.  23'000,45'000 532 nm, 1064 nm 6.4 m of the cavity mirrors (Thermcﬂ noise in the

PVLAS-TEST (2013): F.P. 150'000 1064 nm .

PVLAS-FE (2016): F.P. 450'000 1064 nm . )
BMV (2014): F.P. 280'000 1064 nm - TO n TO | d | d ye IS
OVAL (2017): F.P. 320000 1064 nm
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Physics Reports 871 (2020) 1-74

Sopp = 2.6 x 10718y=077 153 /\/Hz  Intrinsic noise
Sensitivity in optical path difference D,, does not depend on finesse



Intrinsic mirror birefringence noise

107! 10°
Frequency (Hz)

Optics and Laser Technology 181 (2025) 111660

“The birefringence noise of the ULE cavity measured

in this study is similar to that of a cavity consisting of two
independent mirrors separated by more than T m in @
vacuum magnetic birefringence experiment,
indicating that birefringence noise is limited by a
common noise source related to the cavity mirror. This
may correlate with Brownian thermal noise issues
because the coating thickness fluctuation due fto
Brownian thermal noise is also inversely proportional to
the frequency.”

Study of the birefringence noise in high-finesse ULE cavity

Shi-Xiang Yang?, Yu-Pei Zhang?, Wen-Hai Tan ”*, Cheng-Gang Shao #, Min-Kang Zhou ?,
Shan-Qing Yang®




Intrinsic birefringence noise

Parameters to maximize: SN R B2 Lf0-8

2 Permanent — PVLAS, Q&A
B Superconducting - OSQAR,ALPS, VMB@CERN
Conducting - OVAL, BMV

More magnets — ALPS I, JURA
L Opfical cavity — OVAL, PVLAS, ALPS, .........

f0-8 High frequency modulation of B vector vs E vector (polarization)



VMB@CERN - LHC magnet

ldea: Rotating polarization in static magnetic field of LHC magnet

ellipticity
modulator

polariser mirror magnetic field mirror

analyser

B2 LHC magnet, high field, very slow modulation (static field)

L Low finesse cavity due to HWP

f 0.8 Rotation of polarization ( E vector ) - 10 - 50 Hz



VMB@CERN - LHC magnet

ellipticity

polariser mirror magnetic field mirror
modulator

analyser &PDE'

Conclusion:

Synchronous rotation of the wave-plates for good extinction - [2¢(t) + 24¢(t)]
Understand systematic effects at 4v,, and all other harmonics - a4, (%)

Lock laser to the F.P. with the rotating HWPs inside - N
Reach required sensitivity for LHC test in small lab - noise without and with F.P.

Impossibility to stabilize the waveplates to level needed for VMB



AEl VMB - New VMB experiment

“analyzer”
(polarizer)

V pEMm= 50kHz

D

magnets
polarizer mirror cavity finesse: mirror

200,000

B2 Conducting magnet, 1T field, fast modulation 1 kHz

L High finesse cavity due + possibility to add more magnets

f 0.8 Rotation of B filed - electromagnetically

Laura (Lo) Roberts - Max Planck Institute for Gravitational Physics/ Leibniz Universitat
2nd General Meeting of COST Action COSMIC WISPers (CA21106)



Comparation of magnets possibilities for VMB

VMB@CERN

ALPS Il AElI VMB

1 kHz

SNR 200 — 300

LHC Dipole magnet ALPSIFmagnet AEl electro-magnet —
string — DESY, Hannover Germany

— CERN, Geneva
Switzerland Hamburg Germany

Laura (Lo) Roberts - Max Planck Institute for Gravitational Physics/ Leibniz Universitat
2nd General Meeting of COST Action COSMIC WISPers (CA21106)



Substrate birefringence measurements for VMB - Ferrara

ellipticity
modulator

analyser &PDE'

1064 nm
532 nm

v' 532 nm beam (HWP -> FWP) allows independent alignment of the rotating HWPs to reduce 15t, 3rd
and 4™ harm.

v At 1064 nm, conftrol the temperature of the wave-plates fo reduce the dominating 2" harmonic

v' Reduced systematic peaks such that at all relevant harmonics and in particular, for the 4t
harmonic. Can be subtracted vectorially = Ellipticity sensitivity y, = 10¢

v Can produce X-Y ‘maps’ of the static average birefringence of a substrate:
v' Optical path difference sensitivity Sopp S 1012 m
v' Calibration with the Cotton-Mouton effect in air using a rotating 2.5 T permanent magnet

Guido Zavattini, Ferrara, PVLAS, VMB@CERN



Reflective coating birefringence measurements for VMB - Ferrara

Reflection scheme for static birefringence maps of reflective coatings:
« At present we have a 1064 nm beam.
« With a silver mirror the induced ellipticity is minimum and is, at present,
associated to the rotating HWP.
« Infroduced a rotating magnet for calibration.

Magnetic  ywp
field

7
% Mirror static birefringence

%

é map measurement

Position Sensitive
Detector

Guido Zavattini, Ferrara, PVLAS, VMB@CERN



Different principle of polarimeiry

doubled
Nd

Laser

 Det. | Cavity

Finesse ~ 200 k
fsr ~ 3.0 MHz

—_—

2 x Birefringence
N B
fsr

Waveplate rotation —p Colorado/FermiLab collaboration, Mar 95

Fermilab proposal 877

ldea of measurement with two frequency combs
Reference signal for first comb is signal to be
measured

Signal from Fermilab 877 proposal MHz +
birefringence
Signal from cavity for one polarization mix with
reference normal — Birefringence signal + normal
= Mhz
Second comb has reference signal in frequency
normal

In final to compare these two signal from frequency
comipos



Different principle of polarimeiry

B

P EOM N4 — A PD2
——
wl+w I ' | p
s (] s (o]
(s ]

New modulation techniques
Two different frequencies shift by the AOM
Two circular polarization one on top of the other, resulting as rotation of

electric field
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Substrate birefringence measurements for VMB - Ferrara

—&— Optical path difference measured int=1s
EEE Finesse = 688000
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A = (2.01 £0.02) x 1078 m, 1y = (15.0 £0.4) Hz, By, = (4.63 +0.02) x 10~ m/Hz'/*

Guido Zavattini, Ferrara, PVLAS, VMB@CERN




Substrate birefringence measurements for VMB - Ferrara

1s

Optical path difference AD fort

—&— Dplical path difference measuradin =1 5
Fi

F=—=—|  Finesse = 683000
F | —Fi=[LH]) "
T Tl L) = Ay “'.I.I:[1+'{V"IVU}}].1I2
=== CEN - N

v, = 15.060.4 Hz

T A = 20120.02)10™ m
|8, = (4.632002)10"" mHz"
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Temperature spectral density

8k T2 _1/4

XV

i/ TpCr ATy

Optical path difference spectrum

Sap = 2d.V2Cs0Y ar S (v)

Estimated the thermoelastic birefringence noise in
reflection™®

Co = stress optic coefficient

C; = specific heat capacity
p = density
Ar = themal conductivity

Fused silica

S¥S) ~4%1072' m/vHz @ 1 Hz

~(1+5)x107"” m/VHz @ 1 Hz

Compatible with By, = (4.63 + 0.02) X 10_19 m/Hzlfil
from the fit
4

Guido Zavattini, Ferrara, PVLAS, VMB@CERN, *Physics Reports 871 (2020) 1-74



