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VMB@CERN collaboration

Collaboration to measure Vacuum Magnetic Birefringence
Started in 2019

PVLAS + Q&A + OSQAR-VMB + LIGO group (Cardiff)
ey )
VMB@CERN

about 15 members from 10
Institutes from Czech Republic, France, Italy, Poland, Republic of China and Wales



Birefringence (double refraction)

» Birefringence is the optical property of a material having a refractive
index that depends on the polarization and propagation direction of
the light

» First observed in islandic limestone (calcite) in 1669 by Rasmus Bartholin
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» Natural birefringence — Crystals, plastic, liquids, ..........

» Used for - polarizers, wave plates, ......

http://olympus.magnet.fsu.edu



Induced Birefringence

Materials become birefringent when subjected to external forces, fields
or during manufacturing processes

Mechanical force - stress-induced birefringence
Electric field - Kerr effect

Magnetic field — Cotton-Mouton effect

&= Ordinary Wave
* Extraordinary Wave

Light polarization shown on
clear polystyrene cutlery
between crossed polarizers

Field direction determines the
optical axis of the material

What we measure is the optical
path difference/ellipticity .
between the ordinary and Optical Axis B

-

extrqordinqry be(J m Direction of the filed
http://olympus.magnet.fsu.edu

https://en.wikipedia.org/wiki/Birefringence



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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2 atll
A, = °=1.32x10%*T? s Ang = 34,B>

 45p,m,c?

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

nSAeBZL 2F
A T

N- amplification factor

sin 20

Fabry Perot cavity lp e

» High magnetic field B?
Permanent magnets - PVLAS -B =2.5T
superconducting magnets - OSQAR-B=9T,L=143m

» 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 i. NO experimen'l'ol effor‘l‘ hOS reOChed ShO‘I’-
Shot-noise sensitivity limit noise Sensiﬂ\/i'l'y (green) WiTh a hlgh ﬁnesse

PVLAS-LNL F P

sl There seems to be a common problem
Y ; afflicting all experiments

This noise seems to be an infrinsic property
S . "|’"3"5“_f;°;;",°“” R B of the cavity mirrors (thermal noise in the
s ot tE Ay g T ok tantala layers)

PVLAS-FE (2016): F.P. 450'000 1064 nm ‘

BMV (2014): F.P. 280'000 1064 nm
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

PVLAS-FE ® Expe(riAm‘e‘ntaI optjca] path difference
sensitivities = ellipticity normalised for the

10" kW ftequency number of passes N and wavelength i. . - -
| An LHC dipole would satisfy the requirement

Shot-noise sensitivity limit

PVLASESL forv>2Hzand T= 1 dayfor SNR =1

: T = integration fime and D, = duty-cycle

lout =:40:mW PVLAS-FE N — 600
PVLAS-TEST _—

Experiment cavity amplification N wavelength S — 2 X 1 0 — 9 1 H Z
BFRT (1993): multipass  35-578, 514 nm i 1/) V
PVLAS-LNL (2008): F.P. 23'000, 45'000 532 nm, 1064nm 6.4 m

PVLAS-TEST (2013): F.P. 150'000 1064 nm
F.P. 450'000 1064 nm

F.P. 280'000 1064 nm
F.P. 320'000 1064 nm
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Ellipsometer for LHC magnet

ldea: Rotating polarization in static magnetic field of LHC magnet

ellipticity
modulator

polariser mirror magnetic field mirror

analyser

Scheme: two co-rotating half-wave plates inside the F.P.
Fix polarization on mirrors to avoid mirror birefringence signal

Y(t) = NYosindep(t) + N alz(t) sin2¢(t) + N azz(t) sin|[2¢(t) + 24¢(t)]

aq, are the phase errors from m of the two HWPs and ¢(¢) is their rotation angle
2A¢(t) is relative rotation phase error - degrades extinctions




Main points to be demonsirated

@1 (1) sin2¢(t) + N o2 (1)

Y(t) = Ny sindp(t) + N sin|2¢(t) + 2A4¢(t)]

1. Synchronous rotation of the wave-plates for good extinction - [2¢(t) + 24¢p(t)]
2. Understand systematic effects at 4v,, and all other harmonics - « ,(t)
3. Lock laser to the F.P. with the rotating HWPs inside - N

4. Reach required sensitivity for LHC test in small lab - noise without and with F.P.



Synchronous rotation of the wave-plates for good extinction - [2¢(t) + 24¢(t)]

Relative phase error: brushless vs. stepper motors (no cavity)

Synchronised rotation of two HWPs.

Brushless moftor

Rotation (rad rms)
(swu s2a1bsp) uoneloy

Stepper motor

30

Frequency (Hz)

Extinction ratio with stepper motors (no cavity): o?2= 10-¢ - Good

Residual rotation could be corrected with a Faraday rotator
EPJC 82 (2022) 159



Understand systematic effects at 4v,, and all other harmonics - a, , (1)

aq(t) a;(t)
2 2

Y(t) = NYysindgp(t) + N sin|2¢(t) + 24¢(t)]
a4, (t) — not only HWP defects but also sensitive to temperature T and axis stability r(t)

ay2(P, T, 1) = ag(,)% (T) + a(l) 5(r(t)) cos( (b)) + a(z) cos(2 ¢(t)) + -

sin2¢(t) + N

ALIGNMENT WEDGE + OSCILLATION

aglz) (t) and a(z)(t) Generate 4th harmonic signal just like magnetic birefringence



Understand systematic effects at 4v,, and all other harmonics - a, , (1)

2"d harmonic dominates. For F.P. we need N a;, << 1

HWP can be aligned separately using a frequency doubled laser @ 532 nm -reduce 1% ,39, 4" har

Temperature control can reduce 2"d harmonic fo have N a;, << 1 with N = 1000

— Ellipticity spectrum incorrect temperature
— Ellipticity spectrum with correct temperature
v Relevant harmonics
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afz) (t) and afz) (t) = Generate 4th harmonic signal just like magnetic birefringence



Understand systematic effects at 4v,, and all other harmonics - a, , (1)

afZ) (t) and afg (t) — Generate 4th harmonic signal just like magnetic birefringence
Modulate slowly the magnetic field to separate VMB signal from HWP defects

How fast we can modulate LHC magnet? How narrow is the systematic signal at 4t har.

Modulation (rotation) of one PVLAS magnet Width of spurious peak: = 0.12 mHz con SNR = 300

= mV/Vi mVrms
HWP rotation = 7.5 Hz, Magnet rotation = 0.0625Hz Larghezza del bin = 0.12 mHz]
Integration time = 256s (Uniform window), 3 vector averages n 1omeag pem = 0.02 -
n 42.125 = 0.01
ega pem = 5mVrms
6.4mW
7 medie da 8192s
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Modulating an LHC dipole magnet at a few mHz could be a solution



Lock laser to the F.P. with the rotating HWPs inside - N

Preliminary adjustments and temperature control can reduce N a;, << 1 with N = 1000

Successfully locked cavity for the first time with rotating HWP

First lock

5 HWP rotation frequency: 2 Hz
—— Ellipticity spectrum with correct temperature | Trangiictediand extinglished beains

Relevant harmonics |
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Unstable output intensity due to dust, first tests in open air system

Very stable locking - days



Reach required sensitivity for LHC test in small lab - noise without and with F.P.

polariser

analyser
A: No HWP no F.P.

I carrier ellipticity
al gl m I I ‘E ITr

magnetic field

| —— Ellipticity with pointing stabilization |
— Ellipticity without pointing stabilizationj..;

For VMB@CERN,
5 times better is necessary.

Ellipticity (1/VHz)

Frequency (Hz)

Beam pointing stabilization is necessary. Same results in vacuum.
This task should be automatically performed by the F.P. with stable mirrors



Reach required sensitivity for LHC test in small lab - noise without and with F.P.

polariser

s oy analyser
I carrier ellipticity v
0

B: HWP not rotating, no F.P. Ire

magnetic field

HWP

With non-rotating HWPs
‘| — Ellipticity with pointing stabilization
] ipticity without pointi tabilizati

Ellipticity (1/7Hz)
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Beam pointing stabilization is necessary.
This task should be automatically performed by the F.P. with stable mirrors



Reach required sensitivity for LHC test in small lab - noise without and with F.P.

olariser ; oy analyser
P carrier ellipticity v

lo

ITr

B: HWP not rotating, no F.P.

magnetic field HWP

Beam movement at the output of the polarimeter compared to the ellipticity noise

—— Beam movement
— Ellipticity
—— Ratio elllpt10|ty/Beam movement

" o Jm.mm mm.

Conseguence:
To reach the desired ellipticity

sensitivity of S, = 2 x 10 1/VHz
one should control the beam

Ellipticity (1/YHz) and Beam movement (m/VHz)
(wy1) Juswanow weag/Ajondi||3 oney

stability down to S,, = 10° m/VHz
Frequency (Hz)




Reach required sensitivity for LHC test in small lab - noise without and with F.P.

polariser analyser

| carrier ellipticity
C: HWP not rotating, F.P. > b

magnetic field

mirror HWP HWP mirror

Could a static birefringence from the HPWs degrade the sensitivitye

SOPD = 101/ m/\/Hz
Non rotating plates
I() =0.8 mW

Shot noise

S, = 1.7-10® m/VHz

Frequency [Hz]

Sensitivity did not degrade with the presence of the HWPs and was compatible with shot-noise



Reach required sensitivity for LHC test in small lab - noise without and with F.P.

olariser . & e g analyser
P I_I ’\ carrier ellipticity ¥

lo
C: HWP rotating, no F.P., one magnet rofating E$ Z

ITr

magnetic field J HWP

Ellipticity measurement with rotating HWPs and 1 magnet Co-rotating HWPs at 2 Hz with stepper motors Vs. non rotating HWPs

. Integlrzalllt_iotn Fime:'t:f;st e il —— Ellipticity noise with non rotating HWPs :
= W|thou ptom lntg izt E ' —— Ellipticity with rotating HWPs but no pointing stabilization|
ipticity with pointing stabilization 43 | — EII|pt|C|ty with rotatlng HWPS and pomtmg stabilization |f

Ellipticity

Ellipticity noise (1/VHz)

Frequency (Hz) Frequency (Hz)

Even with the stabilized beam, the integrated shot-noise of 3 x 10-? is not reached.
There is a wideband ellipticity noise generated by the rotation of the HWPs.




Test of the scheme with nitrogen

Polarimeter was put in vacuum and pure N, gas was injected
Used the two PVLAS permanent magnets

Two independent rotating magnets
| ® First magnet: 0.125 Hz

® Second magnet: 0.5 Hz
i § § * Most precise measurement of the
Cotton-Mouton effect in N, gas.

* The scheme with two co-rotating
HWPs + slowly modulated field works

HWP rotétion freque'ncy =10.5 Hz
EPJC 82 (2022) 159

Ellipticity

400 600 800
Nitrogen pressure (mbar)

Cotton-Mouton unitary birefringence

An{H0% ™) = (2,380 £ 0.0075%) £ 0.0245Y%) x 107 T %atm ™

ELI



o
C o n C I U s I o n polariser mirror magnetic field mirror rﬁ'{?ggggr analyser @PDE'

1064 nm L, yat 4vy,
532 nm

Present:
Synchronous rotation of the wave-plates for good extinction - [2¢(t) + 24¢ ()]
Understand systematic effects at 4v,, and all other harmonics - a4, (%)
Lock laser to the F.P. with the rotating HWPs inside - N
- noise without and with F.P.

Future:

Full test with rotating HWP, F.P., feedback conirol - 2023/2024
Possible new mirror coatings

New optical scheme - rotate polarization without mechanical parts.



