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VMB@CERN collaboration

New approach to measure Vacuum Magnetic Birefringence
Started in 2019

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

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



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 p 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 virfual electron-positron sea
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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 ellipticity l/)

» We determine optical path difference D,, = AnglL

To obtain maximum signal II)

we need high magnetic field B
w3A4,B*L
Single pass ‘(/)O — S1n 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

nSAQBZL 2F
A TT

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=143 m

» Time dependent effect - to achieve high sensitivity
Time dependent magnetic filed - modulation - BRFT, pulsed - BMV,OVAL

Time dependent angle 6§ — PVLAS I-Il - rotating the permanent magnets



Infrinsic noise

Sensitivity in optical path difference D,, between two orthogonal polarizations

VI AS-FE ® Ex;:re.rl.m_e_ntal 0 pt_u:a_l path i::ll’rfer_'ence_
1o'° Uow frequency e sensitivities = ellipticity normalised for the
- number of passes N and wavelength J..

_ PVLAS -
PVLAS-LNL The vultimate level of
L : shot noise was reached
without the Fabry -
PVLASTEST g BMV Perot cavity.
OVAL Ruised nyagnet

But with the cavity
there is an extra noise
_ _ dominated by

Experiment cavity amplification N wavelength length e"ipﬁC“’y due ‘I'O ‘I'he
_I|[BFRT (1993): multipass 35-578, 514 nm 149 m . . .
" H PVLAS-LNL (2008):  FP.  23'000, 45'000 532 nm, 1064 nm 6.4 m CCIVIi'Y MmiIrrors even in

VLASTE (Bot6y. PP : oamm  3am the heterodyne

BMV (2014): F.P. 280'000 1064 nm 2.3 m - modulation

0.001 0.1 1 0 )C 1000
Signal frequency [Hz]

G. Zavattini et al. Eur. Phys. J.

C (2016) 76:294
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Sensitivity in optical path difference D,, does not depend on finesse



Infrinsic noise

» Measured ellipficity noise and Cotton-Mouton signal as a function of the finesse
» Finesse range: 250’000 - 620’000
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» Noise and Cotton-Mouton AD signals are independent of finesse

» Above finesse of = 20 000 the infrinsic noise is dominant at =10 Hz



VMB@CERN

Use LHC dipole magnet and separate magnet from
modulation

1. Increase signal

Use LHC magnet - BL ~ 1200 T*m - almost impossible to modulate or rotate

2. Time dependent angle &
Rotate the polarization instead of magnetic field
Use rotating half wave plates to produce modulation in VMB ellipticity

Profit from heterodyne measurement principle



Rotation of half wave-plates

PVLAS: G. Zavattini at al. Eur. Phys. J. C(2016) 76:294

Rotate polarization inside the magnetic field

Fix polarization on mirrors to avoid mirror birefringence signal
Insert two co-rotating half wave plates at frequency f with a fixed
relative angle

Total losses = 0.4% (commercial) finesse becomes F = 800
Maybe 10 times lower loss is possible F= 10 000

IN2M1 EM A PD1




Signal

Qutput intensity solution

I(t) = Io{n(t)z + 2n(t)N|Y, sin40(t) + a; sin20(t) + a, sin(20(t) + ZAH)]}
VMB signal appears at 4" harmonics of HWP rotation

Wave-plate defects a, ,

“1,2(1‘) = a(o) + a( )cos 0(t) + a( )cos 20(t) + -

agoz) ~ 1073 (thickness error) — 2"d harmonic

“(12) ~ 10~° (wedge error) - 1"d and 3" harmonic

agzz) ~?7? (saddle error) — 4™ harmonic



LHC magnet

Signal D, =4 x 10"%*B*L
Intrinsic noise S(Di:triStiC) =2.6 x10"18y=%7" m/\/Hz
shot noi S(shot) _ | e 4
ot noise Dn = logmN
me =)
Measurement time = \D,
LHC magnet B*L = 1200 T*m; Sp =10 m/vHz at 3Hz

T=12hforS/N =1



Sp ~ 107'® m/+/Hz as goal sensitivity

n

PVLAS-FE ® Experimental optical path difference
ow frequency sensitivities = ellipticity normalised for the
E number of passes N and wavelength A.
g ® BFRT
Shot noise with A = 1064 nm, q = 0.7 A/W
== Finesse =700, ., =100 mW

PVLAS-LNL | ===* Finesse =700'000, | _,=25mW

’

Sp [m/ \ Hz]

Shot-noise: finesse = 700, lout =100 mW

wavelength = 1064 nm, q = 0.7 A/W PVLAS-FE

PVLAS-TEST BMV
OVAL Pulsed magnet

Shot-noise: .finesse = 7e5, lout = 2.5 mW

wavelength:= 1064 nm, g = 0.7 A/W

Experiment cavity amplification N wavelength length
BFRT (1993): multipass 35-578, 514 nm 14.9m
PVLAS-LNL (2008): F.P. 23'000, 45'000 532 nm, 1064 nm 6.4 m
PVLAS-TEST (2013): F.P. 150'000 1064 nm 1.4 m
BMV (2014): F.P. 280'000 1064 nm 23m
PVLAS-FE (2016): F.P. 450'000 1064 nm 3.3m
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Updated graph from G. Zavattini etal. Eur. Phys.).C(2016)76:294




Conclusion

Rotating half wave-plates inside a Fabry-Perot cavity could be a viable
solution to use high magnetic field of LHC magnet

Maximum finesse F= 10’000

Defects may also be a limit but only af second order: afz)

With a sensitivity of D, = 10-'® m/vVHz and 1 LHC magnet, vacuum
magnetic birefringence could be measured with S/N = 1 in about 1day.
Lol has been submitted to CERN: CERN-SPSC-2018-036/SPSC-I-249

Joint effort between past Vacuum Magnetic Birefringence experiments +
LIGO: 16 authors, 7 countries.



