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Light	
  propaga/on	
  in	
  a	
  magne/zed	
  vacuum	
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•  Experimental	
  study	
  of	
  the	
  structure	
  and	
  nature	
  of	
  the	
  quantum	
  vacuum	
  
•  General	
  plan:	
  

–  Perturb	
  the	
  quantum	
  vacuum	
  with	
  an	
  external	
  field	
  	
  
–  Use	
  as	
  a	
  probe	
  a	
  (polarized)	
  light	
  beam	
  	
  to	
  measure	
  the	
  effect	
  of	
  the	
  

external	
  field	
  on	
  the	
  structure	
  of	
  the	
  electromagne)c	
  vacuum	
  
–  Obtain	
  from	
  the	
  effect	
  informa/on	
  on	
  the	
  nature	
  of	
  the	
  quantum	
  vacuum

	
   	
  	
  	
  

We	
  study	
  modifica/ons	
  of	
  the	
  index	
  
of	
  refrac/on	
  on	
  vacuum	
  induced	
  by	
  an	
  
external	
  magne)c	
  field	
  

! 

nvacuum =1+ nB + i"B( ) field

Magnetic field	



Light	
  
beam	
  

nmedia =
c

!light



QED	
  vacuum	
  birefringence	
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Lagrangian	
  of	
  the	
  electromagne)c	
  field	
  by	
  Heisenberg,	
  Euler,	
  Kockel,	
  and	
  Weisskopf	
  (1936)	
  
considering	
  the	
  virtual	
  electron-­‐positron	
  sea	
  proposed	
  by	
  Dirac.	
  Light	
  propaga)on	
  is	
  s)ll	
  
described	
  by	
  Maxwell’s	
  equa)ons	
  in	
  media	
  but	
  they	
  are	
  no	
  longer	
  linear.	
  At	
  lowest	
  order:	
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This	
  Lagrangian	
  was	
  validated	
  in	
  the	
  framework	
  of	
  QED	
  by	
  Schwinger	
  (1951),	
  and	
  the	
  
processes	
  can	
  be	
  represented	
  using	
  Feynman	
  diagrams.	
  

Linearly	
  polarized	
  light	
  passing	
  through	
  a	
  
transverse	
  external	
  magne)c	
  field	
  
perpendicular	
  to	
  k.	
  	
  

!|| =1+10AeBExt
2

µ|| =1+ 4AeBExt
2

n|| =1+ 7AeBExt
2

!

"
#

$
#

!% =1& 4AeBExt
2

µ% =1+12AeBExt
2

n% =1+ 4AeBExt
2

!

"
#
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€ 

Δn = 3AeB
2 = 4 ×10−24B2



Axion-­‐Like	
  Par/cles	
  (ALPs)	
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Extra	
  terms	
  added	
  to	
  the	
  EHW	
  effec)ve	
  Lagrangian	
  to	
  include	
  contribu)ons	
  from	
  
hypothe)cal	
  neutral	
  light	
  par/cles	
  weakly	
  interac/ng	
  with	
  two	
  photons	
  	
  

scalar	
  case	
  pseudoscalar	
  case	
  

ga,	
  gs	
  coupling	
  constants	
     

! 

La = ga"a

! 
E # $
! 
B ext( )   

! 

Ls = gs"s

! 
B # $
! 
B ext( )

Absorp)on	
  	
  

Dispersion	
  

Polarisa/on	
  dependent	
  

Maiani	
  L,	
  Petronzio	
  R,	
  Zava^ni	
  E,	
  	
  Phys.	
  Le_	
  B	
  173,	
  359	
  (1986)	
  
Raffelt	
  G	
  and	
  Stodolsky	
  L	
  Phys.	
  Rev.	
  D	
  37,	
  1237	
  (1988)	
  



Milli-­‐charged	
  par/cles	
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€ 

m = mε

q = εe
Gies	
  H,	
  Jaeckel	
  J,	
  and	
  Ringwald	
  A,	
  PRL	
  97,	
  140402	
  (2006)	
  
Ahlers	
  M	
  et	
  al.,	
  PRD	
  75,	
  035011	
  (2007)	
  

Fermion	
  

Scalar	
  



Iacopini	
  and	
  ZavaTni	
  proposal	
  (1979)	
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Emilio	
  Zava^ni	
  	
  
(1927	
  -­‐2007)	
  

€ 

nvacuum =1+ nB + iκB( ) field
Absolute	
  changes	
  in	
  the	
  index	
  of	
  refrac)on	
  are	
  difficult	
  
to	
  measure,	
  we	
  study	
  anisotropic	
  changes	
  

	
  Linear	
  birefringence	
  
	
  Linear	
  dichroism	
  	
  	
  	
  	
  	
  	
  

In	
  the	
  presence	
  of	
  an	
  external	
  transverse	
  magne)c	
  field	
  



Linear	
  birefringence	
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• 	
  Arises	
  when	
  the	
  index	
  of	
  refrac)on	
  (real	
  part)	
  is	
  different	
  on	
  two	
  orthogonal	
  direc)ons	
  

• 	
  A	
  linearly	
  polarized	
  light	
  beam	
  traversing	
  a	
  
birefringent	
  medium	
  will	
  acquire	
  an	
  ellip/city	
  ψ	
  	
  	
  

! 

" =
a
b

= #
L
$
%n sin2&

! 

"n = n|| # n$ % 0

Vacuum	
  magne)c	
  birefringence:	
  
L	
  =	
  1.64	
  m,	
  λ	
  =	
  1064	
  nm,	
  B	
  =	
  2.5	
  T	
  

	

 	

ΔnQED	
  =	
  2.5×10-­‐23	
  

	

 	

  ψQED	
  =	
  1.2×10-­‐16	
  



Linear	
  dichroism	
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• 	
  Arises	
  when	
  the	
  ex)nc)on	
  coefficient	
  is	
  different	
  on	
  two	
  orthogonal	
  direc)ons	
  

! 

ntot = n + i"

! 

"# =#|| $#% & 0

! 

k||

! 

k"

• 	
  A	
  linearly	
  polarized	
  light	
  beam	
  
traversing	
  a	
  dichroic	
  medium	
  will	
  be	
  
apparently	
  rotated	
  by	
  an	
  	
  angle	
  ε	
  	
  	
  

! 

" = #
L
$
%& sin2'

Vacuum	
  photon	
  spli^ng	
  (Adler	
  1971):	
  
L	
  =	
  1.64	
  m,	
  λ	
  =	
  1064	
  nm,	
  B	
  =	
  2.5	
  T	
  

	

 	

ΔκQED	
  =	
  4.0×10-­‐87	
  

	

 	

   εQED	
  =	
  2.3×10-­‐80	
   Larger	
  effects	
  are	
  expected	
  for	
  ALPs	
  



Measurement	
  strategy	
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• 	
  very	
  sensi/ve	
  ellipsometer	
  	
  	
  
heterodyne	
  detec/on:	
  periodic	
  change	
  of	
  the	
  effect	
  for	
  signal	
  
modula)on;	
  beat	
  with	
  a	
  known	
  effect	
  

• 	
  high	
  magne/c	
  field	
  B	
  
high	
  field	
  dipole	
  permanent	
  magnets:	
  long	
  duty	
  cycle;	
  can	
  be	
  
rotated	
  at	
  high	
  frequency	
  

• 	
  largest	
  possible	
  op/cal	
  path	
  L	
  
very-­‐high	
  Q	
  Fabry-­‐Perot	
  resonator	
  to	
  increase	
  the	
  effec)ve	
  
length	
  



! 

ITr = I0 "
2 + #(t) +$(t)( )2[ ] = I0 "

2 + #(t)2 +$(t)2 + 2#(t)$ t( )( )[ ]

Heterodyne	
  detec/on	
  -­‐	
  ellip/city	
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polariser	

 magnetic field	


MOD	



analyser	



ψ(t) at νSignal	

 η(t) at νMod	



ITr	

I0	



I0	


polariser	

 analyser	



ITr	

 Sta)c	
  detec)on	
  excluded	
  	
  

! 

Itr = I0 "
2 +# 2[ ]

Ellipticity modulator	



Main	
  frequency	
  components	
  at	
  νMod	
  ±	
  νSignal	
  and	
  2νMod	
  

Signal is modulated in time and beats with a calibrated effect	


•  Signal linear in the birefringence	


•  Smaller 1/f noise	



ex)nc)on	
  σ2	
  	
  	
  10-­‐7–10-­‐8	
  :	
  ~	
  
! 

"



Heterodyne	
  detec/on	
  -­‐	
  rota/on	
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I0	
  
polariser	
   magne/c	
  field	
   Mod	
   analyser	
  

ε(t) at νSignal	

 η(t) at νMod	
  

ITr	
  
QWP	
  

QWP	
  can	
  be	
  inserted	
  to	
  transform	
  a	
  rota/on	
  ε	
  into	
  an	
  ellip/city	
  ψ	
  with	
  the	
  same	
  amplitude.	
  
It	
  can	
  be	
  oriented	
  in	
  two	
  posi/ons:	
  

QWP	
  slow	
  axis	
  along	
  polariza/on	
  
QWP	
  slow	
  axis	
  normal	
  to	
  polariza/on 

! 

                                         "(t)  =>   
#(t)         for QWP ||
$#(t)       for QWP %
& 
' 
( 

ITr = I0 )
2 + #(t) +*(t)( )2[ ] = I0 )

2 + #(t)2 +*(t)2 ± 2"(t)*(t( )[ ]

Main	
  frequency	
  components	
  at	
  νMod	
  ±	
  νSignal	
  and	
  2νMod	
  



Signal	
  layout	
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I	
  TR	
  (	
  ν	
  )	
  

η	
  2	
  /2	
  

ηΨ	
  

νMOD	
   2ν	
  MOD	
  

ν	
  

In	
  prac)ce,	
  nearly	
  sta)c	
  birefringences	
  	
  αs(t)	
  	
  generate	
  a	
  1/f	
  noise	
  centred	
  at	
  
the	
  carrier	
  modula)on	
  frequency	
  νMod	
  

ITr = I0 !
2 + "(t)+#(t)+$s (t)( )2!

"
#
$

= I0 !
2 + "(t)2 + 2#(t)"(t)+ 2$s (t)"(t)+...( )!

"
#
$

noise	

signal	
  

νMOD+νSignal	
  νMOD-­‐νSignal	
  



Frequency	
  components	
  /	
  sensi/vity	
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The	
  signal	
  amplitude	
  can	
  then	
  be	
  calculated	
  from:	
  

All	
  sources	
  of	
  noises	
  contribu)ng	
  
at	
  the	
  spectral	
  density	
  of	
  the	
  
photodiode	
  signal	
  at	
  	
  νMod	
  ±	
  2νMag	
  
will	
  limit	
  the	
  sensi)vity	
  

Ψ	





Signal	
  amplifica/on	
  

15	
  

The Fabry-Perot cavity is a resonant optical cavity that increases the effective optical path. It 
is made by two mirror placed at a separation d which is an integer multiple of the light half 
wavelength.   To obtain this a laser is frequency locked to the cavity using a feedback circuit. 	



Amplification	



! 

N =
2F
"

Finesse	



! 

F =
"c#
d

Delay line optical cavity


Resonant Fabry Perot cavity


Amplification	


N	
  =	
  number	
  passes	
  
Nmax	
  ∼	
  1000	
  

τ	
  -­‐	
  cavity	
  decay	
  )me	
  

d
 N >105

Vacuum	
  magne)c	
  birefringence:	
  
L	
  =	
  1,64	
  m,	
  λ	
  =	
  1064	
  nm,	
  B	
  =	
  2.5	
  T	
  
N	
  =	
  445000	
  

	

ΔnQED	
  =	
  2.5×10-­‐23	
  

	

  ψQED	
  =	
  5.6×10-­‐11	
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Noise	
  budget	
  

Federico	
  Della	
  Valle–	
  DESY	
  –	
  02/11/2015	
   16	
  

Shot	
  noise:	
  increase	
  power,	
  reduce	
  ex)nc)on	
  σ2	
  

Photodetector	
  noise:	
  increase	
  power,	
  be_er	
  detector	
  

Johnson	
  noise:	
  increase	
  power	
  

Light	
  amplitude	
  noise:	
  reduce	
  
ex)nc)on	
  σ2,	
  stabilize	
  power,	
  
increase	
  νMod	
  

+	
  all	
  other	
  uncontrolled	
  sources	
  of	
  
/me	
  variable	
  birefringences	
  α(t)	
   1/f	
  noise:	
  increase	
  νMag	
  

For	
  10	
  mW	
  intensity 	
  sshot	
  =	
  7×10-­‐9	
  1/√Hz 	
  	
  	
  



System	
  test:	
  Cohon-­‐Mouton	
  effect	
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A	
  gas	
  at	
  a	
  pressure	
  P	
  in	
  the	
  presence	
  of	
  a	
  
transverse	
  magne)c	
  field	
  B	
  becomes	
  birefringent.	
  
Δnu	
  indicates	
  the	
  birefringence	
  for	
  unit	
  field	
  at	
  
atmospheric	
  pressure	
  

! 

"gas = N# L
$
%nu B

2P sin2&

To	
  avoid	
  spurious	
  effect	
  the	
  residual	
  gas	
  must	
  be	
  analysed:	
  

e.g.	
  P(O2)	
  <	
  10-­‐8	
  mbar	
  

! 

"n = n|| # n$ = "nu
B
1 T
% 

& 
' 

( 

) 
* 

2
P
Patm

% 

& 
' 

( 

) 
* 

Gas	

 Δnu ( T ~ 293 K)	


Nitrogen	

 - (2.47± 0.04) × 10-13	


Oxygen	

 - (2.52± 0.04) × 10-12	



Carbon Oxide	

 - (1.83± 0.05) × 10-13	





1)	
  Photodiode	
  signal	
  is	
  demodulated	
  at	
  νMod	
  using	
  a	
  lock-­‐in	
  amplifier	
  

2)	
  the	
  demodulated	
  signal	
  is	
  filtered	
  to	
  avoid	
  aliasing	
  

3)	
  The	
  filtered	
  signal	
  is	
  sampled,	
  the	
  ellip)city/rota)on	
  signal	
  is	
  

Data	
  analysis	
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4)	
  the	
  data	
  are	
  divided	
  into	
  fixed	
  
length	
  )me	
  records	
  and	
  then	
  
Fourier	
  transformed	
  

5)	
  the	
  par)al	
  results	
  undergo	
  a	
  
weighted	
  vector	
  average	
  

10-8

10-7

10-6

10-5

10-4

0 1 2 3 4 5

RUN 965,  neon 15 mbar
B = 5.5 T, finesse = 61 000

10-19

10-18

10-17

10-16

El
lip

tic
ity

Frequency (units of magnet rotation frequency)

Birefringence

Diode	
  signal	
  

€ 

ψ,ε =
I2ν Mag

2 2IoutI2ν Mod

ellip)city	
  	
  Fourier	
  spectrum,	
  DC	
  and	
  AC	
  coupled	
  



Measurement	
  output	
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Measured	
  effect	
  given	
  by	
  Fourier	
  amplitude	
  and	
  
phase	
  at	
  signal	
  frequency.	
  Vector	
  in	
  polar	
  plane.	
  
The	
  amplitude	
  measures	
  the	
  ellip)city/rota)on.	
  
The	
  phase	
  is	
  related	
  to	
  the	
  triggers	
  posi)on	
  and	
  
to	
  the	
  polarisa)on	
  direc)on.	
  True	
  physical	
  signal	
  
must	
  have	
  a	
  definite	
  phase.	
  

€ 

ψ =ψ0 sin 2 φ0 +ωMagt[ ]{ }

X X

Y

Z = Z

X
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ZavaTni	
  1st	
  Try:	
  CERN	
  	
  

Federico	
  Della	
  Valle–	
  DESY	
  –	
  02/11/2015	
   20	
  

1979-­‐1983	
  	
  

Sensi)vity	
  not	
  sufficient	
  for	
  vacuum	
  measurement	
  
Obtained	
  result	
  on	
  magne)c	
  polarizability	
  of	
  gases	
  	
  

S	
  Caruso_o,	
  E	
  Iacopini,	
  E	
  Polacco,	
  F	
  Scuri,	
  G	
  Stefanini,	
  and	
  E	
  ZavaTni,	
  JOSA	
  B	
  (1984)	
  

First	
  realiza)on	
  of	
  a	
  prototype	
  apparatus	
  

Delay	
  line	
  op)cal	
  cavity	
  ∼100	
  passes	
  
Rota)ng	
  electromagnet	
  B	
  =	
  1	
  T	
  



The	
  Brookhaven	
  experiment	
  (BFRT)	
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BNL	
  -­‐	
  AGS	
  E840	
  -­‐	
  LAS	
  (Laboratory	
  Axion	
  Search)	
  
Mainly	
  dedicated	
  to	
  the	
  axion	
  search	
  

Results:	
  
• 	
  No	
  good	
  signal	
  detected	
  
• 	
  Limits	
  on	
  the	
  coupling	
  constant	
  of	
  	
  
light	
  scalar/pseudoscalar	
  par)cles	
  to	
  
two	
  photons	
  

Two	
  4.4	
  m	
  long	
  magnets,	
  B0	
  =	
  3.25	
  T	
  
Field	
  modula)on	
  ΔB	
  =	
  0.62	
  T	
  @	
  30	
  mHz	
  
Delay	
  line	
  op)cal	
  cavity	
  	
  ∼500	
  passes	
  

1988-­‐1992	
  	
  



PVLAS	
  @	
  Legnaro	
  (LNL)	
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Focused	
  on	
  a	
  general	
  study	
  of	
  the	
  vacuum	
  in	
  the	
  presence	
  of	
  a	
  magne)c	
  field	
  

Major	
  improvements:	
  

• 	
  Resonant	
  FP	
  cavity	
  (6.4	
  m)	
  for	
  
large	
  amplifica)on	
  factor	
  (>	
  5×104)	
  

• 	
  Rota)ng	
  cryostat	
  allows	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
high	
  modula)on	
  frequency	
  	
  	
  	
  	
  	
  	
  	
  	
  
(up	
  to	
  0.4	
  Hz)	
  

• 	
  Large	
  magne)c	
  field	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
(up	
  to	
  5.5	
  T)	
  

• 	
  Op)cal	
  system	
  mechanically	
  
decoupled	
  from	
  magne)c	
  system	
  

Polarizzazione	
  del	
  
Vuoto	
  con	
  LASer	
  

1992-­‐2008	
  	
  



PVLAS	
  @	
  Legnaro	
  (1992	
  –	
  2008)	
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PVLAS	
  @	
  Legnaro	
  -­‐	
  Results	
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Sensi)vity	
  for	
  ellip)city	
  and	
  rota)on	
  ~	
  10-­‐6	
  1/√Hz	
  

Measured	
  upper	
  limits	
  @	
  95%	
  c.l.	
  @	
  B	
  =	
  2.3	
  T	


ΔnQED	
  =	
  3	
  Ae	
  B02	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Δn	
  <	
  6.6×10-­‐21	
  @	
  1064	
  nm	
  

	

 	

 	

 	

 	

 	

Δn	
  <	
  6.3×10-­‐21	
  @	
  532	
  nm	
  
Bregant	
  M	
  et	
  al.,	
  PRD	
  78,	
  032006	
  (2008)	
  

Zava^ni	
  E	
  et	
  al,	
  PRD	
  77,	
  
032006	
  (2008)	
  



Limita/ons	
  of	
  the	
  LNL	
  apparatus	
  

•  Superconduc)ng	
  magnets	
  produce	
  stray	
  field	
  when	
  
operated	
  at	
  high	
  fields	
  (saturated	
  iron)	
  

•  Running	
  /me	
  limited	
  due	
  to	
  liquid	
  helium	
  consump)on	
  	
  

•  Short	
  term	
  sensi)vity	
  for	
  ellip)city	
  about	
  2–3×10-­‐7	
  1/√Hz,	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
	
   	
  	
  	
  	
  	
  	
   	
   	
  	
  	
  	
   	
   	
   	
   	
   	
  	
  but	
  long	
  term	
  1×10-­‐6	
  1/√Hz	
  

•  Observed	
  correla/on	
  between	
  seismic	
  noise	
  and	
  ellip/city	
  
noise.	
  The	
  Legnaro	
  apparatus	
  was	
  large	
  and	
  therefore	
  
difficult	
  to	
  isolate	
  seismically.	
  

•  No	
  zero	
  measurement	
  possible	
  with	
  field	
  turned	
  ON.	
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PVLAS	
  development	
  strategy	
  

•  	
  Reverse	
  the	
  logic	
  of	
  designing	
  the	
  apparatus	
  
–  Old	
  -­‐	
  get	
  the	
  highest	
  magne)c	
  field	
  and	
  build	
  the	
  op)cal	
  system	
  	
  

around	
  it	
  

–  New	
  -­‐	
  build	
  up	
  an	
  ellipsometer	
  with	
  best	
  sensi/vity	
  and	
  find	
  a	
  
suitable	
  magne/c	
  source	
  	
  	
  

•  New	
  magne)c	
  sources	
  available:	
  permanent	
  dipole	
  magnets	
  
with	
  2.5	
  T	
  field	
  almost	
  on	
  the	
  shelf,	
  up	
  to	
  3	
  -­‐	
  3.5	
  T	
  for	
  special	
  
orders	
  

•  	
  Build	
  up	
  a	
  test	
  apparatus	
  to	
  improve	
  sensi/vity	
  for	
  an	
  
ellipsometer	
  coupled	
  to	
  very	
  high	
  finesse	
  Fabry-­‐Perot	
  cavity	
  	
  	
  

•  Design	
  the	
  system	
  with	
  built-­‐in	
  capability	
  of	
  bad	
  signal	
  
rejec/on	
  (two	
  magnet	
  system)	
  

Federico	
  Della	
  Valle–	
  DESY	
  –	
  02/11/2015	
   26	
  



PVLAS	
  @	
  Ferrara	
  
Low	
  finesse	
  cavity	
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10-8

10-7

10-6

10-5

El
lip

tic
ity

 s
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ct
ra

l d
en

sit
y 

[1
/√

Hz
]

20151050
Frequency [Hz]

With seismic isolation
 Without seismic isolation

Finesse = 3000
L = 50 cm

Compact	
  system	
  with	
  50	
  cm	
  Fabry	
  Perot	
  cavity	
  
Cavity	
  +	
  ellipsometer	
  inside	
  a	
  single	
  vacuum	
  pipe	
  on	
  top	
  of	
  a	
  seismically	
  
isolated	
  op/cal	
  table	
  

Finesse	
  ∼	
  3000	
  
Amplifica)on	
  ∼	
  2000	
  



High	
  finesse	
  cavity	
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With	
  high-­‐finesse	
  cavity:	
  	
  F	
  >	
  400	
  000	
  
Sensi)vity	
  worsened	
  

10-7

10-6

10-5

10-4

10-3

El
lip

ti
ci

ty
 s

pe
ct

ra
l d

en
si

ty
 [

1
/√

H
z]

-20 -10 0 10 20
Frequency from carrier [Hz]

 Non rotating magnets
 Rotating magnets @ 3Hz

	
  	
  stotal	
  (6	
  Hz)	
  ∼	
  3×10-­‐7	
  1/√Hz	
  
stotal	
  (20	
  Hz)	
  ∼	
  1.5×10-­‐7	
  1/√Hz	
  	
  

High	
  finesse	
  cavi/es	
  are	
  a	
  strong	
  source	
  of	
  1/f	
  birefringence	
  noise	
  



Ferrara	
  test	
  set-­‐up	
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Main	
  limita)ons:	
  	
  	
  -­‐	
  most	
  of	
  components	
  magne/c	
  
	
   	
   	
   	
   	
  -­‐	
  op)cs	
  support	
  not	
  stable	
  enough	
  
	
   	
   	
   	
   	
  -­‐	
  unexplained	
  spurious	
  peaks	
  

•  Ellipsometer	
  
and	
  op)cal	
  
cavity	
  on	
  single	
  
op/cal	
  table	
  

•  Op)cal	
  table	
  
with	
  ac/ve	
  
suspension	
  
system	
  

•  Two	
  magnets	
  
•  High	
  rota/on	
  

frequency	
  for	
  
the	
  magne/c	
  
source	
  

•  High	
  frequency	
  
polariza/on	
  
modulator	
  

2010-­‐2013	
  
2.3	
  T,	
  20	
  cm	
  long	
  permanent	
  magnets	
  
rota/on	
  frequency	
  ∼	
  3-­‐4	
  Hz	
  

Two	
  stage	
  seismic	
  isola/on	
  

1.4	
  m	
  Fabry-­‐Perot	
  cavity	
  	
  



Two	
  magnets:	
  good	
  signal	
  test	
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Two	
  magnets	
  system	
  to	
  check	
  that	
  signal	
  is	
  due	
  to	
  magne)c	
  birefringence	
  

Laser	



B1	



B2	



B1	



B2	



Laser	



Ψtot	
  =	
  2Ψ	



Ψtot	
  =	
  0	
  

Measurement	
  with	
  1.3	
  mbar	
  of	
  air	
  



The	
  laboratory:	
  clean	
  room	
  	
  

Federico	
  Della	
  Valle–	
  DESY	
  –	
  02/11/2015	
   31	
  

Clean	
  room	
  class	
  
10000	
  

Air	
  condi)oned	
  
with	
  fans	
  

Environment	
  with	
  
human	
  noise	
  
sources	
  during	
  day	
  



The	
  op/cs	
  support	
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Ac)vely	
  isolated	
  granite	
  op)cal	
  bench	
  

4.8	
  m	
  length,	
  1.2	
  m	
  wide,	
  0.4	
  m	
  height,	
  4.5	
  tons	
  

Compressed	
  air	
  
stabiliza)on	
  system	
  
for	
  six	
  degrees	
  of	
  
freedom.	
  
Resonance	
  frequency	
  
down	
  to	
  1	
  Hz	
  



Vacuum	
  system	
  and	
  pumping	
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•  All	
  components	
  of	
  the	
  vacuum	
  system	
  and	
  op)cal	
  
mounts	
  made	
  with	
  non	
  magne/c	
  materials	
  (at	
  best)	
  

•  Vacuum	
  pipe	
  through	
  magnet	
  made	
  in	
  pyrex	
  to	
  avoid	
  
eddy	
  currents	
  

•  Mo)on	
  of	
  op)cal	
  components	
  inside	
  vacuum	
  
chamber	
  by	
  means	
  of	
  piezo-­‐motor	
  

•  Low	
  pressure	
  pumping	
  (below	
  10-­‐7	
  mbar)	
  by	
  using	
  
ge_er	
  -­‐	
  NEG	
  pumps	
  –	
  noise	
  free,	
  magne/c	
  field	
  free	
  	
  

Geher	
  
pumps	
  

Linear	
  translator	
  

Vacuum	
  chambers	
  



The	
  magne/c	
  field	
  sources	
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Total	
  field	
  integral	
  =	
  10.25	
  T2	
  m	
  

Magnets	
  have	
  built	
  in	
  magne/c	
  shielding	
  
Stray	
  field	
  below	
  1	
  G	
  on	
  side	
  

5.12	
  	
  

5.12	
  	
  
Permanent	
  dipole	
  
magnets	
  in	
  Halbach	
  

configura/on	
  



Op/cs	
  layout	
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2	
  W	
  NPRO	
  Nd:Yag	
  Laser	
  
λ	
  =	
  1064	
  nm	
  

Op)cal	
  table	
  

3.3	
  m	
  long	
  Fabry	
  Perot	
  cavity	
  

Magnet	
  2	
   Magnet	
  1	
  



Complete	
  Layout	
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The	
  apparatus	
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The	
  apparatus	
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The	
  apparatus	
  

39	
  

4.8 m

0.9 m

Federico	
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  Valle–	
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The	
  rota/ng	
  magnet	
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Magnet	
  rota/ng	
  at	
  4	
  Hz	
  –	
  target:	
  20	
  Hz	
  

The	
  compact	
  structure	
  of	
  the	
  permanent	
  magnets	
  allows	
  for	
  very	
  high	
  modula)on	
  frequency	
  



More	
  pictures	
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Transmihed	
  power	
  up	
  to	
  200	
  mW	
  
τ  =	
  2.7	
  ms	
  ,	
  d	
  =	
  3.3	
  m	
  
Finesse	
  =	
  770	
  000	
  	
  	
  	
  	
  N	
  =	
  480	
  000	
  
Circula)ng	
  power	
  =	
  40	
  kW	
  
Op)cs	
  Express	
  22,	
  11570	
  (2014)	
  
ψQED	
  =	
  5.6	
  10-­‐11	
  

The	
  Fabry	
  Perot	
  cavity	
  

42	
  

High	
  reflec)vity	
  (R	
  =	
  0.999996)	
  
spherical	
  mirror	
  with	
  	
  r	
  =	
  - 2	
  m	
  

3-­‐Motor	
  Mirror	
  /lter,	
  θx,	
  θy,	
  θz	
  

6
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6
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6
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ity

 [V
]

15x10
-31050

Time [s]

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

 
Finesse = 770000
Incoupling = 75%

Photon	
  life)me	
  τ	
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Calibra/on	
  with	
  He	
  

43	
  

Signal	
  peak	
  due	
  
to	
  32	
  µbar	
  of	
  He	
  

We	
  have	
  calibrated	
  the	
  apparatus	
  with	
  a	
  
very	
  low	
  birefringence	
  

Vacuum	
  magne)c	
  
birefingence	
  by	
  QED	
  is	
  
equivalent	
  to	
  a	
  He	
  
pressure	
  of	
  about	
  	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  20	
  nbar	
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Systema/cs:	
  cavity	
  mirrors	
  birefringence	
  

44	
  

The	
  cavity	
  behaves	
  as	
  a	
  wave-­‐plate:	
  
-­‐	
  to	
  make	
  ex)nc)on:	
  align	
  polarisa/on	
  to	
  the 	
  

	
   	
  equivalent	
  wave-­‐plate	
  axes	
  
-­‐ 	
  to	
  reduce	
  total	
  birefringence:	
  rotate	
  cavity	
  mirrors	
  	
  

Two	
  polarisa/on	
  auto-­‐states	
  

Federico	
  Della	
  Valle–	
  DESY	
  –	
  02/11/2015	
  

Fabry	
  Perot	
  cavity	
  mirrors	
  have	
  intrinsic	
  sta/c	
  birefringence	
  

1)	
  If	
  one	
  polarisa)on	
  is	
  at	
  maximum	
  resonance,	
  the	
  other	
  is	
  filtered	
  by	
  the	
  cavity	
  

2)	
  Mixing	
  of	
  ellip)city	
  and	
  rota)on	
  

Contribu/on	
  to	
  noise?	
  



10
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E
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2520151050

Frequency (Hz)

Mixing	
  of	
  ellip/city	
  and	
  rota/on	
  -­‐	
  I	
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Frequency (Hz)

Cohon-­‐Mouton	
  230	
  µbar	
  Ar	
  

α 	
  =	
  3.7	
  µrad	
  
k(α)	
  =	
  0.59	
  

Ellip/city	
  

Rota/on	
  

“spurious”	
  rota)on	
  divided	
  
by	
  “true”	
  ellip)city	
  

Also	
  true	
  for	
  noise:	
  a	
  noise	
  level	
  in	
  one	
  
quan/ty	
  translates	
  in	
  a	
  noise	
  level	
  on	
  
the	
  other	
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Ellip/city	
  
signal	
  

Rota/on	
  
signal	
  

Cohon-­‐Mouton	
  230	
  µbar	
  Ar	
  

Mixing	
  of	
  ellip/city	
  and	
  rota/on	
  -­‐	
  II	
  



Op/mising	
  cavity	
  mirrors	
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€ 

N
2
αEQ =

N
2

(α1 −α2) + 4α1α2 cos
2θWP

€ 

cos2θEQ =
α1 /α2 + cos2θWP

(α1 /α2 −1)
2 + 4(α1 /α2)cos

2θWP

α1 = 2.4 µrad	
  
α2 = 1.8 µrad	
  

Rotate	
  input	
  mirrors	
  
to	
  reduce	
  birefringence	
  

Polariser	
  angle	
  follows	
  the	
  axes	
  of	
  the	
  
equivalent	
  wave-­‐plate	
  to	
  preserve	
  

ex)nc)on	
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2σ 2 ρ2 = x 2 + y 2

T	
  =	
  106	
  s	
   T	
  =	
  8.9×105	
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Noise	
  follows	
  Rayleigh	
  distribu)on:	
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95%	
  c.l.	
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Ellip)city	
  

Ellip)city	
  

Rota)on	
  

Rota)on	
  

The	
  two	
  branches	
  of	
  the	
  birefringence	
  
curve	
  are	
  not	
  connected	
  in	
  the	
  mass	
  
range	
  around	
  χ	
  =	
  1	
  (dashed	
  line),	
  where	
  
n	
  changes	
  sign	
  

Ellip)city	
  

Ellip)city	
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•  B	
  =	
  2.5	
  T,	
  F	
  =	
  7·∙105	
  and	
  L	
  =	
  1.64	
  m	
  

•  Integra)on	
  )me	
  to	
  reach	
  a	
  signal	
  to	
  noise	
  ra)o	
  =	
  1	
  

If	
  we	
  were	
  limited	
  by	
  intrinsic	
  noise	
  …	
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€ 

ψQED = 5.6 ×10−11

€ 

T =
sshot
ψQED

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

2

≈104 s

Federico	
  Della	
  Valle–	
  DESY	
  –	
  02/11/2015	
  

(Actual	
  )me	
  ≈	
  108	
  s	
  ≈	
  3	
  y)	
  



Conclusions	
  

•  PVLAS	
  searches	
  for	
  the	
  magne)c	
  birefringence	
  of	
  
vacuum	
  as	
  predicted	
  by	
  QED	
  

•  The	
  actual	
  noise	
  limit	
  is	
  about	
  one	
  order	
  of	
  
magnitude	
  larger	
  than	
  the	
  expected	
  effect	
  

•  With	
  current	
  sensi)vity	
  too	
  long	
  integra)on	
  )me	
  is	
  
needed	
  

•  We	
  are	
  comple)ng	
  the	
  study	
  of	
  the	
  noise	
  sources	
  

•  Let’s	
  meet	
  again	
  in	
  one	
  year!!! 	
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The	
  index	
  of	
  refrac/on	
  –	
  absorp/on	
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Adler	
  calculated	
  the	
  absorp)on	
  due	
  to	
  QED	
  
which	
  is	
  of	
  next	
  order	
  and	
  connected	
  to	
  the	
  
phenomenon	
  known	
  as	
  photon	
  spliTng	
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Other	
  proposals	
  (Op/cal	
  regime)	
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Using	
  Gravita)onal	
  Wave	
  interferometers	
  

Using	
  frequency	
  measurements	
  techniques	
  instead	
  of	
  polarimetry	
  



Polariza/on	
  noise	
  in	
  high	
  finesse	
  cavi/es	
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Conducted	
  studies	
  in	
  order	
  to	
  iden)fy	
  1/f	
  birefringence	
  noise	
  in	
  high	
  finesse	
  cavi)es	
  
Mirrors	
  birefringence	
  axes	
  aligned	
  to	
  light	
  polariza/on	
  

Total	
  ex)nc)on	
   	
  σ2	
  ∼	
  10-­‐7	
  	
  

	
  Studied	
  noise	
  sources	
  

•  Electronic	
  noise	
  in	
  the	
  cavity	
  feedback	
  
•  Residual	
  vibra)ons	
  on	
  cavity	
  mirror	
  
•  Laser	
  power	
  instabili)es	
  
•  Laser	
  poin)ng	
  instabili)es	
  
•  Laser	
  hea)ng	
  of	
  cavity	
  mirrors	
  
•  Modulator	
  instabili)es	
  
•  Compensated	
  birefringences	
  (par)al)	
  

polariser	

 magnetic field	

 analyser	

 Itr	

I0	


Ellipticity 	



modulator	

Fabry-Perot mirrors	



The	
  contribu/ons	
  of	
  the	
  
studied	
  sources	
  are	
  smaller	
  
than	
  total	
  measured	
  noise	
  	
  

Next	
  steps:	
   	
  Substrate	
  material	
  composi)on	
  
	
   	
   	
  Low	
  stress	
  mirror	
  holders	
  
	
   	
   	
  Diffused	
  light	
  
	
   	
   	
  Cooling	
  of	
  the	
  mirrors?	
  


