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— Axion search
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— Fabry-Perot interferometer

* The PVLAS experiment in Ferrara
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e Future
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Al of the PVLAS experiment
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Light propagation inv anv external field
* Experimental study of the propagation of light in

vacuum in an external field
Magnetic field

We are aiming at measuring variations I
of the index of refraction in vacuum

: Light
due to the external magnetc field w ' l V

Nvac Tl (nB oE mB)ﬁeld

The full program of the PVLAS experiment is to detect and measure

e LINEAR BIREFRINGENCE
e LINEAR DICHROISM

acquired by vacuum induced by an external magnetic field B
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Linear bivefringence
* Abirefringent medium hasn #n

* Alinearly polarized light beam propagating through a birefringent medium will
acquire an ellipticity ¥

If the light polarization forms an angle J'with respect to the magnetic field B
the electric field of the laser beam before and after can be expressed as

1 After a phase delay ¢ of the
oy component parallel to B with g
E,y e E7 - P P E
0 respect to the component
perpendicular to B

2T
¢ = T(n” = n_L)L

Ellipticity

AnL
@b:%zﬂ)\n sin 29
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Lineowr dichwoism
* Adichroic medium has different extinction coefficients: K|, # K |

* Alinearly polarized light beam propagating through a dichroic medium
will acquire an apparent rotation €

If the ligh polarization forms an angle J'with respect to the magnetic field
B the electric field of the laser beam before and after can be expressed as

| After a reduction of the field 1
=5 ), | component parallel to B with| _ ~
EW’ ot EV (()) respect to the component £ E7 g—1 sin 29
perpendicular to B by 2
2T
q—1= 7(/{” —HJJ_)L
Apparent rotation e
g =112 gAY
e~ | —— |sin29 = ) sin 2v
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Heisenberg, Euler, Kochel and Weisskobf (‘36) [

They studied the electromagnetic field in the presence of the virtual electron-positron sea
discussed a few years before by Dirac. The result of their work is an effective Lagrangian
density describing the electromagnetic interactions. At lowest order (Euler — Kochel):

— E — 2 — 2_
1 E- 2 A, E* i F s
Lon = ~—-B’|+=||=-B*)] +7|—="B A0
200 \ € Ho & &
2 042x3 H Euler and B Kochel, Naturwissenschaften 23, 246 (1935)
A, = € — 1.32 x 1024 T2 | W Heisenberg and H Euler, Z. Phys. 98, 714 (1936)
45Iu0 meCQ H Euler, Ann. Phys. 26, 398 (1936)

V Weisskopf, Mat.-Fis. Med. Dan. Vidensk. Selsk. 14. 6 (1936)
Which is valid for:

1) slowly varying fields
2) fields smaller than their critical value (B << 4.4-10° T; E << 1.3-10*8 V/m)

In the presence of an external field vacuum is polarized. It became evident that
photon — photon interactions could occur in vacuum.

This lagrangian was validated in the framework of QED by Schwinger (1951), and the processes
described by it can be represented using Feynman diagrams.
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Index of refractiow - birefringence

ng | and ng | # 0 eV £
ng| —nB,L 7 0 * anisotropy

TLH v Il | — SAeBZ

Numerically

n — g =204l @@ B =25 T

QED also predicts dichroism due to photon splitting in an external
magnetic field but it is unmeasureably small.
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A xiorn-like pawticles

One can add extra terms [*] to the E-H effective lagrangian to include
contributions from hypothetical neutral light particles interacting
weakly with two photons (Heaviside — Lorentz units)

o 23 Effects on photon propagation
qu — gaqb (E,y : Bext) The photon will oscillate with the axion

pseudoscalar case: Interaction if Absorption
polarization is parallel to B, \WAMA—

Dispersion

d, 9. are the coupling constants

Lo =0 (37 : Bext) DICHROISM BIREFRINGENCE

scalar case: Interaction if
polarization is perpendicular to B,

[L.Maiani, R. Petronzio, E. Zavattini, Phys. Lett B, Vol. 173, no.3 1986] | U |
[E. Masso and R. Toldra, Phys. Rev. D, Vol. 52, no. 4, 1995] University of Ferrara <
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Axion-like particles (pseudoscalar) vl

* Dichroism induces an apparent rotation ¢

: b o - 5 sin T 2l N =number of passes
€ = — SHvg ;l BN : through the magnetic field
* Birefringence induces an ellipticity y Units

303 A
o ext

2
4mg 2% lm=— =5.06-10° V™!
hc
m2 e Both € and y are proportional to N
Where x = — 2k and k is the e Both € and w are proportional to B?
* ¢ depends only on g, , for small x

WELYE number .
e the ratio ¢/ ¢ depends only on m?_,

Both g,,and m_ can be disentangled
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Dichroism AK

eReal particle
production
¢(Photon splitting)

apparent
rotation ¢

before

i 3 BExt
Birefringence An

e QED dispersion
e Virtual particle
production

before

Both An and Ax are defined with sign
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mirror mirror

I polariser magnetic field Ellipticity modulator anal serI
ou

P(t) at v N(L) at vy,

* The Intensity measured at the outputis | — ET .

* Small ellipticities add up. Let us therefore
ac%ld a known time dependgnt ellipticity Eout — F
with a modulator placed with = 45°

Making ¥ time dependent by rotating the magnetic field
Lout ~ Ip [n(t)? + 2n(t)y sin 29(t) + ...]

The intensity is linear in y
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Fourier spectrum

In practice, nearly static ellipticities a(t) generate a 1/f noise
centered around v,, 4. Including the polarizers’ extinction ratio o?

I, =1, [02 + () + )+ ﬁs(t))z]

=1, [02 +(1(0) + 2y(Om(0) + 2a(Dn () + )]
P signal

Vmobp™=Vsignal VmontVsignal
Vmop 2V 100
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Signal amplification

* To increase the optical path length within the magnetic field a
Fabry-Perot cavity is used. The amplification factor is

s

T
where JF is the finesse of the cavity.

Vfsr
=

Al/cav

* The intensity then will be

I~ G e n(t)2 2n(t) (—
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EWipilicity vy Rotations

* Ellipticities have an imaginary component whereas rotations
are real. In the presence of an induced rotation € and an
ellipticity modulator n, the electric field after the analyzer is

- 0
Eout o EO

* The intensity will be
Iout S IO|€ iz 277'2 == 10(62 o, 772)

In principle rotations do not beat with ellipticities
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Heterodyne detection

polariser magnetic field QWP Mod analserI
IO Tr

g(t) at Vsignal n(t) at vy, 4

QWP can be inserted to transform a rotation € into an ellipticity ¢y with the same amplitude.
It can be oriented in two positions:

QWP axis along polarization ¢(t) fOI' QWP H
L N e QWD |

QWP axis normal to polarization

Main frequency components at Vy,4+Vsiona @3Nd 2Vpod
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PYLAS scheme

* The Fabry-Perot cavity will increase the single pass

ellipticity by a factor v = 2

s

* The heterodyne detection linearizes the ellipticity ¥
to be measured

* The rotating magnetic field will modulate the
searched effect

Mod

analyser
Ellipticity modulator y

polariser magnetic field

mirror YP(t) at ZVMag mirror n(t) at Wi
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Experimental parametery il

 Wavelength = 1064 nm

. /L Bie Al 31025 Pmz# 8. =25 [ = 1l6im
* I\(;Iagnet rotation frequency 3-5 Hz

* Present finesse = 710000.

* Vacuum: = 10 mbar

* Expected QED ellipticity signal: 5.4-:10%%
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Cotton-Moutow effect

A gas at a pressure p(atm) in the presence of a
transverse magnetic field B becomes
birefringent.

An, indicates the birefringence for unit field at
atmospheric pressure

Total ellipticity An, (T ~293 K)
- 247£004) x 101

7TLeﬁ:
Vgas = Any BQp sin 21/ -(252+£0.04) x 10772
A Carbon Oxide | - (1.83+0.05) x 10-13
(2.2:0.1) x 10

To avoid spurious effects the residual gas must be analysed:

Ex. p(O,) < 108 mbar
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Labovatory - cleawv roowy

Clean room class
10000

Temperature
stabilization system

Environment with

e human noise
A sources during day

University of Ferrara



Optical bench

Actively isolated granite optical bench

4.8 m length, 1.5 m wide, 0.5 m thick, 4.5 tons

Compressed air
stabilization system for six
degrees of freedom
Resonance frequency
down to 1 Hz

University of Ferrara



Vacuwum and, pumping

Vacuum chambers

All components of the vacuum system and optical WI—
mounts made with non magnetic materials (at best) AT

S

Vacuum pipe through magnet made in Pyrex to
avoid eddy currents

Pyrex pipe externally varnished with black paint to
avoid interaction of scattered light with magnets

Baffles inside the Pyrex tubes to reduce diffused light

Motion of optical components inside vacuum
chamber by means of piezo-motor

High vacuum obtained with getter - NEG pumps —
noise free, magnetic field free

Getter
pumps



Halbach
configuration
I P
v )
;“'- 2
e 2 ‘:
L >
) i: o T — i
l .'m. Lll\‘«"a
D —
\

Magnets have built in magnetic shielding
Stray field below 1 Gauss on side

—+ Field strength magnet #1
— [B’dI = 5.13+0.04 [T°m]

400 600
Z position [mm]

400 600
Z position
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Opticy layou/t

HIIIH ——

s = &
(x = 775 mm) Magnet 2 hind Magnet 1 sria«;zs,nm)

He-Ne Laser ‘ °

Laser
out @

. »= 2370 mm L’AAAI S K-Mount  K-Mount
Optical table ! T e

Beam Dump Monitor &

@ - Mirror ’ « Lens 2007 mm including retro-R

@ - Beam sampler o splitter

2 W NPRO Nd:Yag Laser
A =1064 nm
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Cavity

Fabry Perot cavity high finesse mirrors
* Spherical mirror with r=—2m

e Automatic locking system to allow long
integration times

Coefficient values + one standard deviati
y0 =-1.7967e-05 + 2.37e-05
A =1.5177 + 8.61e-05
tau =0.0027009 + 2.73e-07

Finesse = 770000
Incoupling = 75%

=,
>
=
(2]
C
()
9
£

* Transmitted power 25%
e Highest measured finesse = 770 000
N = 480 000

e 7=2.7ms,d=3.3m,65Hz FWHM

UIILVEI'DLLY VI rerruru
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Calibration
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Mirvror bivefringence

Fabry Perot cavity mirrors have intrinsic static birefringence

Birefringent
medium

The resulting cavity behaves like a waveplate. This results in:
- cavity mode splitting
- bad extinction
- increased 1/f noise?
<
e Cavity mirrors must be rotated to minimise total
birefringence

* Polarization must be aligned with one of the equivalent
waveplate axes.

Cavity mode splitting mixes ellipticities with

PHOTON2015, Novosibirsk, June 2015
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Cawvity birefringence
* With He gas at various pressures we measured the ellipticity as a function
of feedback offset 0

 The imaginary part of E(t) will beat with the ellipticity of the modulator

2 : 2L 1
E(t) = EQ BT Z(5EQ o 5)—

m B\ 1 (25 sin?(buq.— 0)

: Cotton Mouton He: P = 0.98 mbar ® [ntensity
Error signal No QWP e An,

An, = (2.0+0.5)e-16 T~
FWHM = 13.0 + 0.2 [a.u.]
Center shift =7.3 £ 1.6 [a.u.]

Amplitude [V]

0 10

Offset [a.u.]

Example with P = 0.98 mbar He /%\
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Cawvity birefringence
* By inserting a quarter wave plate after the cavity and with He gas at various

pressures, we also measured the rotation as a function of feedback offset o

* The imaginary part of E(t) will beat with the ellipticity of the modulator

il

4r2 sin?(0pqQ —9)

L (1—r2)2

® |[ntensity
® Dichroism

[$)]
o

Cotton Mouton He: P = 0.98 mbar
With QWP

An, = (-1.9e-16 £ 0.1)-10 T
FWHM = 13.0 [a.u]

Zero crossing = 10.1 £ 0.3

Amplitude [V]
: o
[Z 1] wsiolyaiq

Example with P = 0.98 mbar He

The curve separation is determined for a correct calibration
PHOTON2015, Novosibirsk, June 2015 University of Ferrara
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Ellipticity

oI

Magnet rotation harmonic

The amplitude measures the ellipticity/rotation
The phase is related to the acquisition trigger and
to the magnetic field direction relative to the
polarization. A true physical signal must have a
definite phase detremined with gases

$(t) = o sin(2wrtag + Po)

PHOTON2015, Novosibirsk, June 2015
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Heterodyne detection technique

(Rotating Magnet)

Measured effect given by Fourier amplitude
and phase at signal frequency

Vector in the polar plane.
Defines physical axis for any
birefringence.




Calibration withHe

Takes into account the response of the birefringent cavity

Coefficient values + one standard deviation

a=(1.4+1.2) X 107 [T]
an™ = (2,20 £0.14) X 107° [T atm ']

100 150 250)(10‘6

Pressure [atm]

The low pressure point required several hours of integration: apparatus is stable.
It corresponds to a birefringence An = 8.6:10%1
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Vacuwumn bivefringence resully i

Spectrum of obtained data around signal frequency D etiblboriof noice
| B Rayleigh function

: ~|Magnet rotation frequency = 3Hz :

- |Integration time = 8.3 x 10%s

>
=
L
=
2
w

5.96 5.98 6.00 6.02
Frequency Hz

Coefficient values + one standard deviation

N =8.6819e-06 + 4.71e-08
=1.1313e-08 + 4.64e-11

Counts per bin

30
Ellipticity
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Ellipticity dato - 2014

Sensitivity Total integration time = 210 hours

San, = LaoClURS

Physical axis

(vac) 22 -2
s =(0.4%£20) X 10 [T ]

Unitary birefringence

A nu B 2 Non physical axis
(non physical)

An, ~(0.5+2.0) X 10°2[T]

4 6

Data set number

An,, = (A0 200 =Nl =

F. Della Valle et al. PRD 90 (2014) 092003 University of Ferrara




Optimising cowvily axis

* The equivalent waveplate of the cavity depends on the two mirrors’ relative
orientation and on their intrinsic birefringence. These must have their axes aligned.
AT

* The ratio of rotation/ellipticity R = dpq | —
2

Spq = A/ (01 — 02)° + 46185 cos? Pwp

>
=
o
=
2
(]
S~
c
o
=
]
-—
(e]
—
]
=
]
o

Coefficient values + one standard deviation
04 =0.54998 + 0.0112

9, =0.39606 + 0.0151

-150 -100 -50 0 50 100
Mirror relative angle Oy, [degrees]

PHOTON2015, Novosibirsk, June 2015 University of Ferrara




2015 Ellipticity dato

Each magnet was rotated at 4 ) ;
— Total integration time = 277 hours

to monitor systematics

* Fourier amplitude
spectrum around twice the
frequency of magnet
alpha: 8 Hz.

* Avery slight structure is |
present @ 8 Hz indication e

7.99990 7.99995 8.00000 8.00005 8.00010

of a small systematic.

>
=
i)
=
=
w

Fourier amplitude
spectrum around twice
the frequency of magnet
beta: 10 Hz. Very clean

spectrum

Ellipticity

10.00000 10.00005 10.00010

9.99990 9.99995
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2015 Ellipticity dato

Magnet alpha: 4 Hz Projected unitary birefringences along and
perpendicular to the Cotton-Mouton axis

Anl°) = (—13+8) x 10723 T2
ApBen phys) — (118 8) x 1023 T2

Number of Counts

Sensitivity
SR =@ Y T2/ Hz

Anlae) = (1 £7) x 1072 T2
ApEemphys) — (4 £ 7) x 10723 T2

2
<
3
o
[&]
-
5]
e
@
o
€
S
=z

Sensitivity
Dk Bl R R Rl A S
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PYLAS combined 2014-15 best vo
PVLAS best value: An&vac) = (—57 P 53) S () 2 8

--|Error bars correspond to 1 ol -

OI
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—_
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>
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=
=
o
(%]
O
<

1995 2000 2005 2010 2015
Year

Anleed) = 34, = +3.96 x 10-2* T2
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Light-Light scattering

IR
200 it s ©

For non polarized light 0'77 —

95% Exclusi

3 45678 2 3 45678 2 3 45678
10 100

1
Photon energy [eV]
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Dichwoism measuwementy
With the quarter wave plate inserted after the cavity, rotations become ellipticities
- rotations generated within the cavity now beat with the modulator

25N . 27 1
E(t) = Eg (—) i€ sin 260 (1 — 1(0pg — 5)—) |+ 2 0pg 0

T T
N 22 )2

Projection along physical axis

Sensitivity = 4.71e-07 Hz 2015 data:

G Gaussian = 1.28e-09 €2015 = (—1 St 13) X 10_10
y(10Hz) = 1.94e-09

Combining the 2014 and 2015
data the rotation value is

et <1071

[2]
2
c
S
o
(@]
Y
o
—
©
o
1S
>
=z
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ALPS: PLB 689 (2010) 149
PVLAS-FE dichroism: 2 magnets

—
o
4

—
o
oo

ellipticity v <53 x 1071  Lype =0.8 m
rotation e <1.1x1077 Lypag = 1.6 m

Limits = {

CAST - Cern Axion Solar Telescope

FIRMRR SRR HRRE AR | i e i
10™ 107
ALP mass m, [eV]

Rotation : combined 2014-15 data
Ellipticity : 2015 data
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Problems and how to-proceed

Sensitivity is far from shot-noise

 May be due to diffused light in the chambers due to optical
elements and from a few dust speckles on the mirrors

M-

'Y

* In early 2015 we substituted input polarizer (fewer surfaces) and
noise improved by factor 3 .... Clue?

 May be due to the intrinsic birefringence of the mirrors which varies
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Fulure

e Possibile ways around the excess noise
— Faster rotation frequency of the magnets
— Try different pairs of mirrors
— Change input polarizer mount and chamber

® Present situation g
® Overlapping Airy curve

* 1 month integration
time is needed with a
sensitivity of 107 1/VHz

—
N
I
Re
~N
—
—_
P
xz
2
b=
(2]
o
(V]
(%]

* Such a sensitivity is
obtained by rotating the
magnets at 20 Hz

20 30 40
Signal frequency [Hz]
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PVLAS combined 2014-15 best va
PVLAS best vaIue:Aﬂ,&mC) = (=57 £ 53) X L0239 e

--|Error bars correspond to 1 ol -
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Year

Anleed) = 34, = +3.96 x 10-2* T2
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