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Talk	
  outline	
  

	
  Basic	
  concepts	
  
	
  
•  Lauda.o	
  (encomium)	
  	
  of	
  the	
  Modula0on	
  Method	
  

•  Formalism	
  to	
  treat	
  op0cal	
  elements	
  

•  Michelson	
  Interferometer	
  
	
  	
  
•  F-­‐P	
  cavity	
  

•  Light	
  detec0on	
  method	
  

•  Interferometer	
  Control	
  

•  Sensi0vity	
  

•  Conclusion	
  è	
  the	
  Virgo	
  detector	
  



Introduc0on	
  to	
  modula0on	
  

•  Modula0on	
  is	
  the	
  process	
  by	
  which	
  some	
  characteris0c	
  of	
  
the	
  carrier	
  is	
  varied	
  in	
  accordance	
  with	
  a	
  modula0on	
  wave	
  

•  It	
  permits	
  to	
  put	
  informa0on	
  onto	
  a	
  high	
  frequency	
  carrier	
  
for	
  transmission	
  (frequency	
  transla.on)	
  

•  In	
  the	
  modula0on	
  process,	
  the	
  modula0on	
  wave	
  is	
  at	
  
lower	
  frequency,	
  “the	
  baseband	
  signal”,	
  while	
  the	
  signal	
  
transpor0ng	
  the	
  informa0on	
  ,	
  “the	
  carrier”,	
  is	
  at	
  higher	
  
frequency	
  

	
  



Different	
  	
  Modula0on	
  Methods	
  

ANALOG	
  Modula0on	
  	
  
– Modula0ng	
  signal	
  and	
  Carrier	
  are	
  both	
  analog	
  	
  

•  TYPES	
  
– Amplitude	
  Modula0on	
  (AM)	
  
–  Frequency	
  Modula0on	
  (FM)	
  
–  Phase	
  modula0on	
  (PM)	
  

=====================================	
  
•  DIGITAL	
   	
  demodula0on	
  

– Modula0ng	
  signal	
  is	
  digital,	
  while	
  the	
  carrier	
  is	
  analog	
  
•  TYPES	
  

– Amplitude	
  ShiQ	
  Keying	
  (ASK)	
  
–  Frequency	
  ShiQ	
  Keying	
  (FSK)	
  
–  Phase	
  ShiQ	
  Keying	
  (PSK)	
   Binary	
  Frequency	
  ShiQ	
  	
  K.	
  



Amplitude	
  Modula0on	
  

The	
  simplest	
  and	
  earliest	
  form	
  of	
  modula0on	
  
E(t) = Ac[1+K m(t)]cos(ωot +ϑ )
m(t) = Am cos(Ωt +φ)Non-­‐linear	
  process	
  	
  

Spectrum	
  	
  

ωοΩ-ωο Ω+ωο

Bandwidth	
  è	
  	
  Δω = 2Ω
Typical	
  limita.on	
  for	
  sound	
  transmission	
  
narrow	
  bandwidth	
  



Frequency	
  (FM)	
  and	
  Phase	
  (PM)	
  Modula0on	
  	
  

The	
  simplest	
  single	
  frequency	
  phase	
  modula0on:	
  

•  FM	
  the	
  carrier's	
  frequency	
  vary	
  with	
  the	
  signal's	
  input	
  voltage	
  
•  PM	
  the	
  carrier's	
  phase	
  vary	
  with	
  the	
  signal's	
  input	
  voltage	
  
	
  
	
  
Two	
  types	
  of	
  angle	
  modula.on	
  schemes	
  they	
  differ	
  from	
  each	
  
other	
  in	
  terms	
  of	
  their	
  respec.ve	
  transmission	
  bandwidth	
  

	
  
E(t)	
  =	
  E0cos ︎[ωot	
  +	
  δmcos(Ωt+φm) ︎]	
  	
  	
  with	
  Ω	
  <<	
  ω0and	
  δm	
  <<	
  1	
  	
  

Complex	
  representa0on	
  of	
  the	
  modulated	
  amplitude	
  of	
  the	
  carrier	
  

Quadrature,	
  
	
  	
  	
  Ec(t)	
  ≃	
  E0	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Es(t)	
  ≃	
  δmE0cos(Ωt	
  +	
  φm)	
  	
  	
  

	
  
Note:	
  only	
  the	
  sine	
  quadrature	
  to	
  the	
  respect	
  of	
  the	
  carrier	
  	
  contains	
  
the	
  modula7on	
  signal	
  	
  
	
  

E0	
  	
  (	
  1/√2	
  	
  )	
  	
  exp	
   ︎[	
  i	
  δmcos(Ωt+φm) ︎]	
  	
  



PM	
  spectrum	
  

Spectrum	
  

E0	
  	
  (	
  1/√2	
  	
  )	
  	
  exp	
   ︎[	
  i	
  δmcos(Ωt+φm) ︎]	
  	
  ~	
  	
  
	
  	
  	
  
	
  ~	
  	
  	
  	
  Jo	
  (δm)	
  +i(	
  J1	
  (δm)	
  ei(Ω t	
  +φ	
  m	
  )	
  +	
  	
  J-­‐1	
  (δm)	
  e-­‐i(Ω t	
  +φ	
  m	
  )	
  ]	
  +…………	
  
	
  

with	
  
Jo	
  (δm)	
  ~	
  	
  1	
  	
  	
  	
  	
  	
  	
  	
  	
  J1	
  (δm)	
  =	
  J-­‐1	
  (δm)	
  ~	
  	
  	
  δm/2	
  



PM	
  in	
  the	
  complex	
  plane	
  	
  

The	
  resul0ng	
  modulated	
  oscilla0on	
  vector	
  (red	
  arrow)	
  has	
  
approximately	
  the	
  same	
  length	
  as	
  the	
  carrier	
  field	
  vector	
  but	
  
outruns	
  or	
  lags	
  behind	
  the	
  laher	
  periodically	
  with	
  the	
  modula0on	
  
frequency	
  Ω.	
  



Photodiode	
  and	
  Modula0on	


EE⇤
= E2

in

ei(�⌦t+m cos!mt)e�i(�⌦t+m cos!mt)

= E2

in

(constant)

Note:	
  Photodetectors	
  don’t	
  feel	
  phase	
  modula0on!	
  

EOM No signal!No	
  0me	
  dependent	
  signal!	
  



How	
  to	
  detect	
  modula0on	
  component	
  
•  PM	
  detec0on	
  must	
  start	
  before	
  the	
  photodetector:	
  interfere	
  the	
  

phase-­‐modulated	
  signal	
  (target	
  beam)	
  	
  with	
  another	
  signal	
  	
  (the	
  	
  local	
  oscillator	
  ac0ng	
  as	
  a	
  
phase	
  reference),	
  prior	
  to	
  photodetec0on.	
  	
  

•  Local	
  oscillator	
  and	
  Target	
  beam	
  combine	
  like	
  an	
  amplitude	
  modula0on	
  to	
  
produce	
  a	
  detectable	
  oscilla0on	
  	
  

–  Homodyne	
  detec7on:	
  local	
  oscillator	
  and	
  target	
  beam	
  have	
  	
  the	
  same	
  
frequencies	
  	
  

–  Heterodyne	
  detec7on:	
  local	
  oscillator	
  and	
  target	
  beam	
  have	
  different	
  
frequencies	
  (frequency-­‐shiQed	
  local	
  oscillator	
  beam,	
  which	
  beats	
  with	
  each	
  individual	
  
sideband	
  in	
  the	
  target	
  beam	
  with	
  a	
  different	
  beat	
  frequency)	
  



Op0cal	
  Elements	
  	
  (OP)	
  

•  Mirror	
  and	
  Beam	
  Spliherè	
  linear	
  systems	
  
with	
  two	
  input	
  and	
  two	
  output	
  ports	
  	
  

	
   r2=	
  Rè	
  Reflec0vity	
  	
  	
  t2	
  =	
  Tè	
  Trasminvity	
  	
  	
  	
  	
  	
  	
  in	
  absence	
  of	
  	
  loss	
  	
  	
  	
  	
  	
  	
  	
  	
  
R+T=1	
  



OP	
  formal	
  representa0on	
  	
  

Mirror:	
  Input	
  –	
  output	
  electric	
  fields	
  connected	
  via	
  the	
  Mirror	
  Matrix	
  M	
  

Mirror	
  :	
  electric	
  field	
  
quadrature	
  
components	
  	
  

50%	
  Beam	
  SpliFer	
  :	
  
matrix	
  for	
  transforming	
  
electric	
  field	
  quadrature	
  
components	
  	
  



Mirror	
  Mo0on	
  (I)	
  

The	
  output	
  electric	
  fields	
  	
  are	
  phase	
  modulated	
  by	
  the	
  mirror	
  mo7on	
  	
  
	
  

x(t)	
  <<	
  ω /(2 π c	
  )

The	
  modula7on	
  effect	
  	
  is	
  encoded	
  just	
  in	
  the	
  s-­‐quadrature	
  of	
  the	
  
electric	
  field.	
  	
  
The	
  light	
  spectral	
  component	
  Ls(Ω)	
  	
  containing	
  informa0on	
  of	
  the	
  
mo0on	
  x	
  (	
  with	
  spectral	
  component	
  X(Ω)	
  )	
  is	
  propor0onal	
  to	
  the	
  
incoming	
  light	
  E0	
  	
  

Ls(Ω)	
  =	
  (ω0	
  /2	
  π	
  c)	
  	
  X(Ω)	
  	
  E0	
  	
  
	
  



Mirror	
  Mo0on	
  (II)	
  



The	
  MICHELSON	
  Interferometer	
  



ψin = Ke iχ

ψ1  = tBSψ in 

ψ − ikl1 

2  = e
 

ψ3  = ir    1           ψ2 

ψ4  =e − ikl1  ψ8  = e    ψ7 

ψ5  = irBSψin 

ψ − ikl2 

6  = e 

ψ7  = ir2ψ6 

− ikl 
2 

ψ3 
	
  

ψ1 
	
  

ψ5 
	
  

ψout
2
= PinrBS

2 tBS
2 (r1

2 + r2
2 ) 1+ 2r1r2

r1
2 + r2

2 cos 2kδl( )
!

"
#

$

%
&

δl = lx − ly

C = constrast = 2r1r2
r1
2 + r2

2 =
Pout
max −Pin

min

Pout
max +Pin

min

Michelson	
  	
  Interferometer
Two	
  different	
  mirrors	
  :	
  r1 =√R1 ≠ r2 =√R2 



Michelson	
  Interferometer	
  and	
  GW	
  

r1 = r2 = R

Ψout = −Ψ in
1
2

R[e
i2ωolx

c − e
i2
ωoly
c ]

l =
lx + ly
2

h = δlx −δlx
l

<<1

In	
  absence	
  of	
  a	
  modula0on	
  signal	
  the	
  electric	
  field	
  at	
  the	
  
output	
  of	
  an	
  interferometer	
  operated	
  on	
  a	
  dark	
  fringe	
  	
  

Ψout ≈ −i Ψ in
ωo

c
R h l e

i2ωol
c

Pout ≈ Pin
ωo

c
$

%
&

'

(
)
2

l2h2

ly

lx

The	
  photodiode	
  output	
  depends	
  on	
  	
  h2	
  	
  è	
  detec.on	
  impossible	
  

At	
  the	
  dark	
  fringe	
  with	
  lx=ly  for	
  all	
  light	
  frequencies	
  the	
  output	
  	
  is	
  zero	
  (	
  zero	
  frequency	
  noise)	
  

GW	
  perturbs	
  the	
  arm	
  length	
  	
  h<<l



Michelson	
  Lock	
  on	
  Dark	
  fringe	
  

Ψ in
m (t) = E0 ⋅e

i(ω0t+δm sinΩt ) ≈ E0 (J0 (δm )e
iω0t + J1(δm )e

i(ω0+Ω)t − J1(δm )e
−i(ω0−Ω)t )

€ 

Ψin (t) = A0e
iω0tField	
  at	
  the	
  input	
  of	
  the	
  modulator	
  	
  

Electro	
  op0c	
  

modulator	
  

synthesizer	
   mixer	
  

photodiode	
  

q	
  
p	
  

Posi0on	
  
actuator	
  

laser	
  

€ 

E(t) l1	
  

l2	
  

Field	
  at	
  the	
  modulator	
  output	
  	
  



Michelson	
  length	
  control	


•  Michelson	
  is	
  operated	
  at	
  the	
  dark	
  fringe	
  
At	
  the	
  dark	
  fringe,	
  DC	
  signals	
  can’t	
  be	
  a	
  good	
  error	
  signal	
  

–  Schnupp	
  asymmetry:	
  	
  
Introduce	
  small	
  arm	
  length	
  asymmetry	
  	
  
=>	
  RF	
  sidebands	
  leaks	
  to	
  the	
  dark	
  port	
  

LB

LA

+
-

ΔL =  LA - LB

EOM

RF Mixer

PD

Error signal

Carrier
Sidebands

Local
Oscillator

Laser



Schnupp	
  asymmetry	
  &	
  sideband	
  picture	
  

•  Because	
  of	
  the	
  asymmetry,	
  the	
  output	
  port	
  is	
  no	
  longer	
  
dark	
  for	
  the	
  sidebands	
  even	
  if	
  the	
  carrier	
  is	
  at	
  dark.	
  	
  

Michelson 
Fringe

Optical 
Frequency

Carrier

Upper
Sideband

Lower
Sideband

Ω Ω+ωmΩ-ωm

1st
order-1

Dark port
optical spectrum



Sidebands	
  and	
  phasor	
  picture	


•  In	
  presence	
  of	
  the	
  Schnupp	
  asymmetry	
  

Carrier

Carrier at dark

Re

Im

Sidebands

Carrier

Carrier deviates 
from dark finger

Re

Im

Sidebands



Schnup
p	
  (II)	
  

Ψout
m (t) = [AcΨ0 + A+Ψ+e

iΩt + A−Ψ−e
−iΩt ]e

iω0t

The	
  interferometer	
  output	
  is	
  set	
  equal	
  
zero	
  for	
  the	
  carrier	
  component	
  –dark	
  
fringe	
  –insensi0ve	
  to	
  the	
  noise	
  (but	
  
also	
  to	
  the	
  GW	
  signal).	
  Let	
  us	
  add	
  
modula0on	
  and	
  a	
  difference	
  in	
  the	
  
arms	
  

PHD	
  output:	
  
Pout ≈ Pin{J0

2 (ωo

c
)2 l2h2 + 2J 21

ω0

c
[1+ cos(2Ωt + 4Ω

c
l)]sin2(Ω

c
ΔlSc )+

2JoJ1
ω0

c
l hcos(Ωt + 2Ω

c
l)]sin (Ω

c
ΔlSc )}

A	
  Schnupp	
  asymmetry	
  of	
  the	
  arms	
  is	
  needed	
  	
  

h	
  the	
  GW	
  signal	
  	
  can	
  	
  appear	
  in	
  the	
  phase	
  
component	
  at	
  	
  Ω	
  	
  

The	
  role	
  of	
  the	
  Schnupp	
  asimmetry	
  

ΔlSc = lx − ly δlgw = l h

δl = δlgw +ΔlSc

Ψout
m (t) = iΨ ine

iωo
c
l
[Jol h

ωo

c
+ 2J1 sin(

Ω
c
ΔlSc )cos(Ωt + 2

Ω
c
l)]



The	
  Fabry-­‐Perot	
  Interferometer	
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The	
  simple	
  Fabry-­‐Perot:	
  basic	
  formalism	
  (I)	
  

€ 

ψin = Keiχ

ψ1 = unknown

ψ2 = e− iklψ1
ψ3 = ir2ψ2

ψ4 = e− iklψ3

Mirror	
  2	
  

€ 

ψr

€ 

ψ1

Mirror	
  1	
  

€ 

ψin

l	
  
€ 

ψ2

€ 

ψ4

€ 

ψ3

€ 

ψt

steady	
  state:	
  

€ 

ψ1 = t1ψ in + ir1ψ4

€ 

ψ1 =
t1

1+ r1r2e
−2ikl ψin

ψ4 =
ir2t1

1+ r1r2e
−2ikl ψin

ψr = ir1ψin + t1ψ4 = i
r1 + r2e

−2ikl

1+ r1r2e
−2ikl ψin

ψt = t2ψ2 =
t1t2e

−ikl

1+ r1r2e
−2ikl ψin

Reflected	
  wave:	
  

Transmihed	
  wave:	
  



FP	
  basic	
  formalism	
  (II)	
  

€ 

ψr
2

= Ar
2

ψ t
2

= At
2

Wave	
  amplitudes:	
  

€ 

Ar =
r1
2r2

2 + 2r1r2 cos2kl
1+ r1

2r2
2 + 2r1r2 cos2kl

At =
1

1+ r1
2r2

2 + 2r1r2 cos2kl
t1t2

€ 

L = (2m +1) λ
4

if	
  :	
  

€ 

Ar =min =
r2 − r1
1− r1r2

;At = MAX =
t1t2
1− r1r2

€ 

Ar = MAX =
r2 + r1
1+ r1r2

;At =min =
t1t2
1+ r1r2

€ 

L = mλ

The	
  light	
  resonates	
  into	
  the	
  cavity	
  if	
  its	
  phase	
  is	
  increased	
  
by	
  exactly	
  2π	
  	
  each	
  two	
  reflec0ons	
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FP	
  basic	
  formalism	
  (III)	
  

€ 

F =
FSR

FWHM
≈
π r1r2
1− r1r2

Finesse:	
  

Recycling	
  factor	
  :	
  

€ 

FI =

ψ
3;L=(2m+1)λ

4

ψ in

=
t1
2

(1− r1r2)
2

Main	
  cavity	
  features	
  

Cavity	
  cut-­‐off:	
   ωc = 2π
FWHM
2

= π
c
2FL

=
1
τ s

FSR = c
2L

= ΔνFSR

Free	
  Spectral	
  Range:	
  
where	
  

full	
  width	
  @	
  half	
  	
  max	
  

Storage	
  .me	
  

note	
  

€ 

N =
F
2π

Round	
  trip	
  number:	
  

FSR = ΔλFSR =
λ 2

2L



FP	
  Airy	
  func0on	
  

Δλ èFree	
  Spectral	
  Range	
  èFSR	
  

δλ	
  è	
  bandwidth	
  

Finesse	
  =	
  F	
  =	
  	
  ΔλFSR	
  /	
  δλ	
  

A	
  numeric	
  	
  example:	
  
λ = 1  µm
FSR	
  =	
  λ2/2L=	
  ½(	
  10-­‐12	
  /	
  3	
  103)	
  =1.7	
  10-­‐16	
  
F=10	
  	
  
	
  
	
  	
  δλ	
  	
  =	
  	
  FSR/F	
  ~	
  1.7	
  	
  10-­‐17	
  	
  m	
  
	
  



FP	
  -­‐	
  transmission	
  



FP	
  -­‐	
  reflec0on	
  

Ψ r

Ψ in

In	
  a	
  complex	
  plane	
  	
  

Ψ r

Ψ in

= i r1 + r2e
−2ikl

1+ r1r2e
−2ikl

Over	
  coupled	
  cavity	
  :almost	
  all	
  	
  the	
  light	
  is	
  reflected	
  back	
  	
  by	
  the	
  cavity	
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FP	
  basic	
  formalism	
  (IV)	
  

€ 

Lopt = FL 2
π

1
1+ (ω /ωc )

2
Op.cal	
  cavity	
  length	
  
(depends	
  on	
  the	
  frequency!!):	
  

Note:	
  in	
  an	
  interferometer	
  with	
  FP	
  cavi0es	
  every	
  flat	
  noise	
  into	
  the	
  	
  
system	
  (e.g.	
  shot	
  noise)	
  causes	
  a	
  departure	
  linearly	
  dependent	
  on	
  the	
  	
  
frequency	
  from	
  the	
  cavity	
  cutoff.	
  

FP-­‐Michelson	
  ITF	
  

The	
  formalism	
  to	
  compute	
  Michelson	
  output	
  field	
  for	
  it	
  is	
  exactly	
  the	
  
same	
  of	
  that	
  adopted	
  for	
  the	
  simple	
  Michelson,	
  once	
  the	
  simple	
  mirror	
  	
  
reflec0vity	
  has	
  been	
  replaced	
  with	
  FP	
  cavity	
  reflec0vity:	
  	
  	
  

€ 

r1 = A(1)r

€ 

r2 = A(2)r



∇2U(x, y,z) + k 2 (x, y, z) = 0 Coherent	
  monocroma0c	
  wave	
  
emihed	
  by	
  the	
  source	
  

Along	
  z,	
  Hermite-­‐Gauss	
  complete	
  set: 

φ = (m + n + 1)  arctan(θ∞  w  ) z 
0 

beam divergence  θ∞

Laser	
  beam/cavity	
  basics	
  (I)	
  

U(x, y, z) = Amn
w(z)

Hm ( 2
x

w(z)
)Hn ( 2

y
w(z)

) − x
2 + y2

w2 (z)
− i k(x

2 + y2 )
2R(z)

− i(kz−φnm )
"

#
$

%

&
'

w2 (z) = wo
2 1+ ( λz

πw2
o

)2
!

"
#

$

%
&

R(z) = z 1+ (πw
2
o

λz
)2

!

"
#

$

%
&



In	
  a	
  mode-­‐matched	
  cavity,	
  if	
  the	
  cavity	
  is	
  stable	
  and	
  R(z)	
  and	
  
w(z)	
  are	
  the	
  same	
  aQer	
  an	
  arbitrary	
  number	
  of	
  reflec0ons,	
   ν 0  =c/2d 

TEMmn	
  	
  resonant	
  condi0on	
  

Longitudinal	
  	
  
beam	
  profile	
  

Laser	
  beam/cavity	
  basics	
  (II)	
  

⎡
ν = ν 0  ⎢(q + 1) +

⎣
arb.integer 

1 
π

(m + n + 1)  arccos  d 
R1  R2 

)(1− )⎥
⎦

d ⎤

Cavity stability mode order 

(1- 



Op0cal	
  Cavity	
  Stability	
  	
  

Lo	
  

Stability	
  parameter	
  	
  è	
  	
  	
  gi = 1- (L  /	
  ρi	
  )	
  	
  
	
  	
  	
  with	
  i=1,2	
  	
  L=nLo	
  	
  and	
  n	
  intra-­‐cavity	
  refrac.on	
  index	
  	
  	
  

Stability	
  Condi7on	
  è	
  	
   0	
  ≤	
  g1 g2 ≤	
  	
  1	
  

A	
  cavity	
  is	
  stable	
  if	
  	
  a	
  ray	
  launched	
  
inside	
  the	
  resonator	
  parallel	
  to	
  the	
  
op.cal	
  axis	
  	
  remains	
  	
  inside	
  the	
  
resonator	
  	
  aher	
  an	
  infinite	
  number	
  of	
  
bounces	
  .	
  If	
  the	
  ray	
  is	
  slightly	
  off	
  axis	
  ,	
  
it	
  will	
  be	
  reflected	
  in	
  a	
  direc.on	
  to	
  
bring	
  	
  it	
  back	
  toward	
  the	
  center	
  of	
  the	
  
bore	
  

ρ1	
  =∞	
   ρ2=∞	
  	
  

Condi.onally	
  stable	
  
i.e.	
  	
  Stable	
  if	
  the	
  mirrors	
  are	
  parallel	
  

Marginally	
  stable	
  cavi7es	
  	
  	
  	
  g1 g2 = 1	
  
	
  

Mirror	
  Curvatures	
  	
  ρ1	
  	
  ,	
  	
  ρ2	
  



Lock	
  of	
  a	
  single	
  F-­‐P	
  cavity	
  

In	
  1946	
  R.	
  Pound	
  defined	
  the	
  strategy,	
  widely	
  used	
  in	
  radio	
  physics,	
  that	
  today	
  is	
  the	
  standard	
  
method	
  to	
  stabilize	
  the	
  lasers	
  and	
  in	
  general	
  the	
  op0cal	
  cavi0es.	
  	
  	
  

Elecrto-­‐op0c	
  	
  

modulator	
  	
  
beam	
  spliher	
  
polarizzatore	
  

λ/4	
  	
  rotator	
  
FP	
  cavity	
  

Sine-­‐wave	
  generator	
   mixer	
  

photodiode	
  

q
p

Posi0on	
  	
  
actuator	
  

€ 

E(t) = E0 ⋅ e
i(ω 0t+m cosΩt ) ≈ E0(J0(m)e

iω 0t + J1(m)e
i(ω0 +Ω)t − J1(m)e

i(ω0−Ω)t )

€ 

Re E(t){ } = E0 cos(ω0t + mcosΩt) ≈ E0 ⋅ cosω0t − E0 sinω0t ⋅ (mcosΩt)

€ 

m <<1

J0 (m) =1; J1(m) =m / 2

= E0 ⋅cos(ω0t)−m
E0
2
sin(ω0 +Ω)t −m

E0
2
sin(ω0 −Ω)t +.........

Frequency	
  	
  
Actuator	
  	
  

laser	
  

€ 

E(t)



The	
  cavity	
  length	
  	
  is	
  set	
  such	
  that	
  the	
  carrier	
  (ω0)	
  is	
  
resonant	
  	
  
	
  
The	
  side	
  bands	
  due	
  to	
  the	
  modula0on	
  at	
  Ω are	
  
an0-­‐resonant	
  {Ω	
  =	
  (N+1/2)	
  (	
  π	
  c/l)}	
  

When	
  we	
  have	
  the	
  perturba0on	
  of	
  the	
  cavity	
  length	
  	
  z,	
  i.e.	
  φd	
  =-­‐2	
  k	
  z:	
  

Photo-­‐diode	
  output	
  :	
  

The	
  demodulated	
  signal	
  in	
  phase	
  at	
  Ω	
  contains	
  the	
  informa0on	
  on	
  the	
  length	
  varia0on	
  

Lock	
  of	
  a	
  single	
  F-­‐P	
  cavity	
  

ψt = i
r1 + r2e

−2ikl−2ikz±i2Ω
c
l

1+ r1r2e
−2ikl−2ikz±2iΩ

c
l
ψin

e−2ikl = −1

ψt = i
r1 − r2e

−2ikz±i2Ω
c
l

1− r1r2e
−2ikz±2iΩ

c
l

e
±2Ω

c
l
= e±iπ ψt = i

r1 + r2e
−2ikz

1+ r1r2e
−2ikz ψin

p = −4PinJ0J1r2 (1+ r2
2 )r1t1

2 sin2kz
1+ r1

4r2
4 − 2r1

2r2
2 cos4kz

q = 0



Lock	
  of	
  a	
  single	
  FP	
  cavity	
  

If	
  the	
  FINESSE	
  F	
  >>1	
  
	
  
	
  
Higher	
  FINESSE	
  	
  higher	
  sensi0ve	
  to	
  length	
  varia0on	
  

€ 

FWHM =
λ
2F

Linearity	
  Range	
  

δz = 1
10

FWHM
2

=
λ / 2

10 ⋅2 ⋅F
Control	
  	
  	
  dynamics	
  

€ 

FSR

dp
dz

≅ Jo(δm )J1(δm )Pin
8F
λ

Control	
  dynamics	
  and	
  
linearity	
  range	
  reduced	
  



PDH	
  signals	
  

Pound-­‐Drever	
  Signals	
  

Amplitude	
  of	
  the	
  	
  
reflected	
  light	
  



FP	
  and	
  GW	
  signal	
  

•  Longer	
  arms	
  yield	
  larger	
  GW	
  signals	
  	
  

•  Increase	
  the	
  effec0ve	
  length	
  of	
  the	
  arms	
  by	
  bouncing	
  
the	
  light	
  back	
  and	
  forth	
  within	
  them,	
  or	
  folding	
  the	
  
beam	
  

•  In	
  a	
  FP	
  kept	
  near	
  resonance,	
  the	
  phase	
  of	
  the	
  output	
  
beam	
  is	
  very	
  sensi0ve	
  to	
  the	
  distance	
  between	
  the	
  
mirrors,	
  consequence	
  of	
  the	
  long	
  storage	
  0me	
  of	
  the	
  
light	
  into	
  the	
  cavity	
  

	
  	
  
•  Light	
  storage	
  0me	
  	
  

•  Equivalent	
  number	
  of	
  bounces	
  	
  	
  	
  

τ s =
2
π
FL
c

Neq =
F
2π



Michelson+Fabry-­‐Perot	
  



Mich.+F.P.	
  and….	
  modula0on	
  

ly

lx
Lx

Ly

lx,y è	
  distance	
  between	
  the	
  beam	
  
spliher	
  and	
  the	
  first,	
  or	
  input	
  (m	
  
range)	
  
	
  
Lx =Ly =L è	
  	
  lengths	
  of	
  the	
  Fabry-­‐
Perot	
  cavi0es	
  in	
  the	
  arms	
  (km	
  range)	
  
	
  
ΔlSc = lx- ly Schnupp	
  asymmetry	
  è	
  
between	
  	
  beamspliher	
  and	
  	
  arm	
  
cavi0es	
  	
  (tens	
  of	
  cm)	
  
	
  
	
  

Pout = 2PinJoJ1
F
π
ωo

c
L hsin(Ω

c
ΔlSc ) • (1−ε

F
π
)

Power	
  lost	
  round	
  trip	
  of	
  
the	
  light	
  inside	
  	
  the	
  
cavity	
  	
  

Ψout
m (t) = [A'cΨ0 + A

'
+Ψ+e

iΩt + A'−Ψ−e
−iΩt ]e

iω0t



Michelson+	
  Fabry-­‐Perot	
  +Recycling	
  



Power	
  Recycling	
  cavity	
  (I)	
  

Lx

Ly

The	
  most	
  of	
  the	
  carrier	
  gets	
  reflected	
  
back	
  towards	
  the	
  laser	
  	
  
	
  
Including	
  the	
  recycling	
  mirrors	
  means	
  to	
  
add	
  an	
  other	
  FP	
  cavity	
  
	
  	
  
	
  

Ψout
m (t) = [A"cΨ0 + A"+Ψ+e

iΩt + A"− Ψ−e
−iΩt ]e

iω0t

Transmission	
  and	
  reflec0on	
  coefficients	
  
of	
  the	
  interferometer,	
  including	
  power	
  
recycling,	
  are	
  those	
  of	
  the	
  cavity	
  with	
  
the	
  recycling	
  mirror	
  and	
  the	
  rest	
  of	
  the	
  
interferometer	
  ac0ng	
  as	
  the	
  output	
  
mirror.	
  	
  
	
  

trc =
trmtifoe

iωo
c
lrc

1− rrmrifoe
iωo
c
lrc

We	
  separate	
  the	
  contribu0on	
  of	
  	
  carrier	
  and	
  sidebands	
  	
  

tifo	
  and	
  rifo  è transmission and reflection of FP + Mich  



Power	
  Recycling	
  (II)	
  -­‐	
  Sidebands	
  

r

r±
ifo = −e

±iΩ
c
(lx+ly ) cos(Ω

c
ΔlSc )

t±
ifo = ∓e

±iΩ
c
(lx+ly ) sin(Ω

c
ΔlSc )

e
iΩ
c
(2lrc+lx+ly )

= −1

rrm = cos(
Ω
c
ΔlSc )

These	
  rela0ons,	
  inserted	
  in	
  tifo	
  and	
  rifo  bring	
  to	
  the	
  conclusion	
  that	
  the	
  resonance	
  condi0on	
  is	
  

	
  the	
  op0mum	
  recycling	
  is	
  obtained	
  for	
  	
  

the	
  transmission	
  coefficients	
  for	
  the	
  sidebands	
  is	
  

t±
ifo = ±ie

∓iΩ
c
lrc



Power	
  Recycling	
  (III)	
  -­‐	
  Carrier	
  

r

rc
ifo = e

iωo
c
(lx+ly ) (1− 1

π
Facε)

tc
ifo = ie

iωo
c
(lx+ly )2F Lωo

πc
h(1− 1

π
Facε)

e
iωo
c
(2lrc+lx+ly )

=1

rrm = (1−
1
π
Facε)

In	
  this	
  case	
  the	
  resonance	
  condi0on	
  is	
  

	
  the	
  op0mum	
  coupling	
  for	
  the	
  recycling	
  is	
  obtained	
  for	
  	
  

Summary:	
  carrier	
  +	
  	
  sidebands	
  condi0ons	
  	
  

cos(Ω
c
ΔlSc ) = rrm = (1−

1
π
Facε)

e
iωo
c
(2lrc+lx+ly )

=1

e
iΩ
c
(2lrc+lx+ly )

= −1

Recycling	
  reflec0vity	
  

Resonance	
  condi0ons	
  

tc
rc = ie

−iωo
c
lrc 2 Fac

π
Frc
π
ωo

c
Lh

with

Frc ≈
π
ti
2



Signal	
  Recycling	
  

Lx

Ly

SR	
  mirror	
  reflects	
  back	
  	
  into	
  ITF	
  
adding	
  coherently	
  with	
  	
  more	
  signal	
  
due	
  to	
  GW.	
  
In	
  prac0ce	
  we	
  store	
  the	
  signal	
  
storage	
  making	
  more	
  efficient	
  the	
  
transfer	
  of	
  power	
  from	
  carrier	
  to	
  
sidebands	
  

Two	
  possible	
  	
  configura0on:	
  
	
  
Tuned	
  èSR	
  cavity	
  resonates	
  at	
  ωo	
  
	
  
Untuned	
  èSR	
  cavity	
  does	
  not	
  resonate	
  at	
  ωo	
  



Signal	
  recycling	
  (II)	
  
•  The	
  signal	
  sidebands	
  will	
  be	
  sent	
  back	
  into	
  the	
  
interferometer	
  and	
  
–  	
  they	
  can	
  be	
  coherently	
  enhanced	
  	
  
or	
  	
  
–  used	
  to	
  coherently	
  extract	
  more	
  sideband	
  amplitude	
  from	
  the	
  
arm	
  cavi0es.	
  	
  

In	
  the	
  later	
  case,	
  the	
  SR	
  mirror	
  	
  is	
  placed	
  at	
  a	
  posi7on	
  where	
  the	
  
carrier	
  is	
  resonant	
  in	
  the	
  SR	
  cavity	
  which	
  increases	
  the	
  effec7ve	
  
transmissivity	
  of	
  the	
  ITMs.	
  The	
  subsequent	
  reduc0on	
  in	
  the	
  finesse	
  
increases	
  the	
  bandwidth	
  of	
  the	
  en0re	
  detector.	
  This	
  is	
  called	
  
resonant	
  sideband	
  extrac0on.	
  	
  
	
  

•  Changing	
  the	
  posi0on	
  of	
  the	
  SRM	
  will	
  increase	
  the	
  peak	
  
displacement	
  sensi0vity	
  in	
  a	
  posi0on	
  dependent	
  specific	
  
frequency	
  range	
  but	
  will	
  also	
  reduce	
  the	
  bandwidth	
  of	
  the	
  
detector.	
  This	
  is	
  commonly	
  known	
  as	
  detuned	
  signal	
  
recycling	
  or	
  detuned	
  resonant	
  sideband	
  extrac7on.	
  	
  

	
  



Signal	
  Detec0on	
  	
  

Sta0c	
  	
  output	
  	
  

Pout = 2PinJoJ1
Fac
π

Frc
π

ωo

c
Lh

Spectral	
  output	
  	
  

Pout ( f ) = 2PinJoJ1
Fac
π

Frc
π

ωo

c
L fo

2

fo
2 + f 2

h( f )

As	
  we	
  have	
  shown	
  before,	
  the	
  finite	
  storage	
  0me	
  of	
  the	
  arm	
  cavi0es	
  introduces	
  a	
  single	
  pole	
  in	
  
the	
  response	
  of	
  the	
  interferometer	
  with	
  a	
  cut-­‐off	
  frequency	
  

	
  fo = c /4L Fac
	
  



Readout	
  schemes	
  
The	
   local	
  oscillator	
  
is	
   the	
   frac0on	
   of	
  
the	
   carrier	
   light	
  
that	
   leaks	
   into	
   the	
  
signal	
   port	
   due	
   to	
  
t h e 	
   r e s i d u a l	
  
i n t e r f e romete r	
  
asymmetry	
   of	
   the	
  
arms.	
  	
  
	
  

RF	
  sidebands	
  
are	
  modulated	
  
onto	
  the	
  light	
  at	
  
the	
  input	
  of	
  the	
  
Michelson	
  and	
  
the	
  out	
  is	
  
demodulated	
  
via	
  mixer	
  driven	
  
by	
  the	
  RF	
  signal	
  
	
  

•  Advantage:	
  the	
  DC	
  detec0on	
  to	
  the	
  respect	
  of	
  the	
  heterodyne	
  readout:	
  the	
  shot	
  noise	
  
contribu0on	
  from	
  frequencies	
  twice	
  the	
  heterodyne	
  frequency	
  does	
  not	
  exist	
  	
  

•  Disadvantage:	
  an	
  increased	
  coupling	
  of	
  laser	
  power	
  noise	
  	
  

Shom (Ω) =
h2

2K
1
trc
2

1
D1 sinφhom +D1 cosφhom

2 •

•[(C11 sinφhom +C21 cosφhom )
2 + (C21 sinφhom +C22 cosφhom )

2 ]

Shom (Ω) =
h2

2K
1
trc
2

1
D1 sinφhom +D1 cosφhom

2 •

•{[(C11 sinφhom +C21 cosφhom )
2 + (C21 sinφhom +C22 cosφhom )

2 ]+

+[
D+

2
+ D−

2

D+e
−iφdem +D−e

−iφdem
2 ]} 2	
  Ω	
  terms	
  



Interferometer	
  Control	
  



ITF	
  control:	
  a	
  complex	
  problem	
  

•  Coherent	
  (Global	
  Control):	
  the	
  opera0on	
  point	
  has	
  to	
  be	
  locked	
  
by	
  using	
  ITF	
  light.	
  Angular	
  control	
  performed	
  coherenty	
  with	
  
respect	
  to	
  the	
  light	
  into	
  the	
  ITF	
  by	
  means	
  of	
  beam	
  wavefront	
  
sensing	
  (i.e.	
  detec0on	
  of	
  TEM01,10	
  	
  modes	
  due	
  to	
  misalignment	
  

	
  	
  	
  	
  è	
  rela0ve	
  posi0on	
  of	
  mirrors	
  is	
  correlated	
  by	
  light	
  

•  Incoherent	
  (Local	
  Control)	
  :	
  the	
  mirrors	
  are	
  controlled	
  
by	
  means	
  of	
  independent	
  ground-­‐based	
  sensors	
  and	
  
quasi-­‐iner0al	
  actuators.	
  

	
   	
  èrela0ve	
  posi0on	
  of	
  mirrors	
  is	
  correlated	
  by	
  the	
  ground	
  



Global	
  Control	
  



Lock	
  Requirements	
  

Signal	
  	
  recycling	
  Interferometer	
  
+	
  

lsec =2 lsr + lx +ly è Signal recycling	
  cavity	
  length
	
  

Four	
  independent	
  lengths	
  have	
  to	
  be	
  controlled	
  	
  
lrec =2 lrc + lx +ly è Power	
  recycling	
  cavity	
  length
	
  
∆l = lx +ly è Asymmetry	
  length	
  to	
  be	
  on	
  dark	
  fringe	
  	
  
	
  
L	
  xè	
  Lenght	
  of	
  the	
  first	
  long	
  arm	
  
	
  
Lyè	
  Lenght	
  of	
  the	
  second	
  long	
  arm	
  

Feedback	
  control	
  system	
  ac0ng	
  on	
  the	
  mirrors	
  
without	
  reintroducing	
  noise	
  in	
  the	
  detec0on	
  band.	
  	
  

Typical	
  lock	
  accuracy	
  	
  	
  to	
  
be	
  achieved	
  	
  10-­‐12	
  m	
  rms	
  

Power	
  recycling	
  Interferometer	
  



Lock	
  strategy	
  

 
L	
  x	
  	
  -­‐	
  	
  Lyè	
  DARM	
  

(L	
  x	
  	
  +	
  	
  Ly	
  )/2	
  è	
  CARM	
  

lx - ly è MICH	
  
	
  
lrec = lrc + (lx +ly )/2 è PRLC

lsc = lsr + (lx +ly )/2è SRLC
	
  

In	
  prac0ce	
  the	
  control	
  is	
  based	
  the	
  following	
  physical	
  degrees	
  of	
  freedom	
  

The	
  mirror	
  suspended	
  swings	
  è	
  Local	
  control	
  reduc0onè	
  1µm/s,	
  then	
  
	
  
Step	
  0	
  	
  evaluate	
  the	
  residual	
  
Step	
  1	
  	
  actuate	
  to	
  	
  reduce	
  further	
  the	
  residual	
  velocity	
  
Step	
  2	
  feedback	
  loop	
  engaged	
  	
  

Ly

Lx

lx

ly

Ly

Lx



Driving	
  Coefficients	
  

B1è DARM, the GW signal
B2è ITF Common mode
B5è  central cavity
B7 ≃  Lx 
B8 ≃ Ly

Mirror/
DOF	
  

DARM	
   CARM	
   MICH	
   PRCL	
   SRC	
  

NE	
   -­‐1/2	
   -­‐1	
  

WE	
   1/2	
   -­‐1	
  

BS	
   1/√2	
  

PR	
   -­‐1/2	
   -­‐1	
  

SR	
   1/2	
   -­‐1	
  

Driving	
  Matrix	
  	
  



laser	
  
ν	
  

	
  

	
  
Sebng	
  the	
  two	
  condi0ons	
  of	
  lock	
  means	
  4	
  
rela0ons	
  among	
  4	
  length,	
  the	
  four	
  degrees	
  of	
  
freedom	
  of	
  the	
  Recycled	
  Fabry-­‐Perot	
  ITF	
  

Dark	
  Fringe	
  set	
  point	
  (MICH)	
  

Differen0al	
  Arm	
  length	
  	
  (DARM)	
  

Power	
  Recycling	
  Cavity	
  Length	
  	
  (PRCL)	
  

Input mode 
cleaner on 
resonance

Laser 
frequency 
stabilization

Sidebands 
resonant in 
Rec. Cav

Basic	
  interference	
  setup:	
  two	
  condi0ons	
  

f-REF 

Common	
  Arm	
  length	
  	
  (CARM)	
  

Carrier	
  resonant	
  
in	
  FP	
  and	
  Rec	
  Cav.	
  

Output	
  Mode	
  
Cleaner	
  
Resonant	
  	
  

Mich	
  on	
  Dark	
  Fringe	
  



	
  Control	
  noise	
  vs.	
  mirror	
  actua0on	
  

•  The	
  force	
  needed	
  to	
  acquire	
  the	
  lock	
  is	
  much	
  larger	
  than	
  that	
  needed	
  to	
  
keep	
  it.	
  We	
  need	
  momentum	
  to	
  stop	
  the	
  mirror	
  

•  Drawback: “Strong	
  actua0on”	
  means	
  large	
  electronic	
  noise	
  	
  

>103 

vmax1 = πλB /F 
with	
  

B=loop	
  bandwidth	
  

Velocity	
  Limits	
  	
  

1)	
  Response	
  of	
  
the	
  feedback	
  
loop	
  	
  

  

vmax2 = (λ Fmax /2mF)1/2

2)	
  Maximum	
  
available	
  force	
  
Fmax	
  	
  

vmax3 = πλc/(4 F 2 L) 
with	
  

B=loop	
  bandwidth	
  

3)	
  0me	
  to	
  cross	
  
resonance	
  >	
  light	
  
storage	
  0me	
  	
  



Variable	
  Finesse	
  Method	
  

Main	
  peculiarity:	
  the	
  finesse	
  of	
  the	
  recycling	
  cavity	
  changes	
  
during	
  the	
  lock	
  acquisi0on	
  sequence	
  	
  
	
  
Ra0onal:	
  operate	
  with	
  all	
  the	
  degrees	
  of	
  freedom	
  are	
  weakly	
  
coupled	
  and	
  independently	
  controllable,	
  making	
  the	
  control	
  
scheme	
  much	
  easier.	
  	
  
	
  All	
  four	
  longitudinal	
  degrees	
  of	
  freedom	
  of	
  the	
  ITF	
  are	
  stably	
  
locked	
  in	
  a	
  configura0on	
  that	
  is	
  easy	
  to	
  lock:	
  a	
  recycled	
  ITF	
  
with	
  a	
  very	
  low	
  recycling	
  gain	
  	
  
Step	
  (a):	
  	
  locking	
  it	
  on	
  the	
  half	
  fringe,	
  so	
  that	
  a	
  large	
  frac0on	
  
of	
  light	
  escapes	
  through	
  the	
  an0symmetric	
  port	
  and	
  the	
  
power	
  build-­‐up	
  inside	
  the	
  recycling	
  cavity	
  is	
  extremely	
  low.	
  	
  
	
  
Step	
  (b):	
  	
  ITF	
  adiaba0cally	
  brought	
  to	
  the	
  opera0ng	
  point	
  
with	
  the	
  Michelson	
  on	
  the	
  dark	
  fringe.	
  	
  	
  



Increasing	
  of	
  the	
  recycling	
  gain	
  



Local	
  Control	
  



EMVESF270710	
  
Basic	
  requirements:	
  sensing	
  and	
  actua0on	
  diagonaliza0on	
  

+	
  
hiearchical	
  control	
  

SA	
  TOP	
  

SA	
  BOTTOM	
  

MARIONETTE	
  

Pos/Accel	
  
3D+yaw	
  

Posi0on	
  
2D+yaw	
  

Posi0on	
  
2D+pitch/yaw	
  

Ground(~)/	
  fixed	
  stars	
  

Ground	
  

SA	
  BOTTOM	
  

stage 	
  variable 	
  actuator	
  ref	
  

	
  1)	
  single	
  point	
  suspension,	
  2)	
  DOF	
  separa0on,	
  3)	
  iner0al	
  damping,	
  4)	
  hierarchical	
  control	
  
(small	
  forces	
  close	
  to	
  the	
  test	
  mass)	
  

MIRROR	
   Posi0on	
  
1D+pitch/yaw	
   Last	
  Filter	
  of	
  SA	
  

SA	
  

The	
  strategy	
  

Yaw	
  mode	
  
Payload	
  



      à  The Superattenuator is a multi-stage pendulum, with passive attenuation:  

                              

Mirror suspension control 

     At lower frequencies the noise 
is instead totally transferred to 
the mirror, even amplified by 

the pendulum resonances 

   Residual longitudinal 
motion of the mirror               
δL ~ 10-6 m RMS 

Local active control 
of the Superattenuator 
reduces mirror motion 

below a few Hz 
10  14 

S1/2 ( f ) ≈ 10
−7

f 2
m / Hz ( f >1 Hz)

Thermal	
  noise	
  



IP 

ACC 

TM 

Similar	
  approach	
  in	
  TAMA,	
  GEO	
  and	
  KAGRA	
  



LIGO 

Passive (to reduce noise in sensitive freq. band) Active (to improve lock 
acquisition/maintenance) 



•  	
  One	
  new	
  approach	
  is	
  ‘ac0ve’	
  
suppression,	
  used	
  in	
  Advanced	
  LIGO	
  
–  Low-­‐noise	
  seismometers	
  on	
  payload	
  

detect	
  mo0on	
  in	
  all	
  six	
  degrees-­‐of-­‐
freedom	
  

–  	
  Actuators	
  push	
  on	
  payload	
  to	
  
eliminated	
  perceived	
  mo0on	
  

–  	
  Mul0ple	
  6-­‐DOF	
  stages	
  to	
  achieve	
  desired	
  
suppression,	
  alloca0on	
  of	
  control	
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•  	
  Challenges	
  in	
  structural	
  
resonances,	
  sensor	
  performance	
  

•  	
  Nice	
  to	
  have	
  a	
  quiet	
  table	
  to	
  
mount	
  lots	
  of	
  stuff	
  on	
  

•  	
  Enhanced	
  LIGO	
  using	
  this	
  approach	
  
for	
  one	
  chamber	
  per	
  
interferometer	
  
–  	
  Meets	
  requirements,	
  will	
  remain	
  

in	
  place	
  for	
  AdvLIGO	
  

Leaf 
springs 

Intermediate 
stage 

base 

Sensors – 
Actuators 

x1000 

Optics 
table 

AdV-­‐LIGO	
  seismic	
  isola0on:	
  	
  
different	
  approach	
  based	
  on	
  ac0ve	
  suppression	
  

credits D. Shoemaker 



Virgo	
  Suspensions	
  	
  

Marionette 

At 10 Hz seismic displacement is 1012 

times larger than  expected GW 
49 



EMVESF270710 

Local	
  Controls:	
  Iner0al	
  Damping	
  

•  	
  Iner0al	
  sensors	
  (accelerometers):	
  
–  	
  DC-­‐100	
  Hz	
  bandwidth	
  
–  	
  Equivalent	
  displacement	
  sensi0vity:	
  10-­‐11	
  	
  m/
sqrt(Hz)	
  

	
  
•  	
  Displacement	
  sensors	
  LVDT-­‐like:	
  

–  	
  Used	
  for	
  DC-­‐0.1	
  Hz	
  control	
  
–  	
  Sensi0vity:	
  10-­‐8	
  	
  m/sqrt(Hz)	
  
–  	
  Linear	
  range:	
  ±	
  2	
  cm	
  

	
  
•  	
  Coil	
  magnet	
  actuators:	
  

–  	
  Linear	
  range:	
  ±	
  2	
  cm	
  
–  	
  0.5	
  N	
  for	
  1	
  cm	
  displacement	
  

	
  
•  	
  Loop	
  unity	
  gain	
  frequency:	
  

–  	
  5	
  Hz	
  
	
  
•  	
  Sampling	
  rate:	
  

	
  -­‐10	
  kHz	
  



EMVESF270710 

Soh	
  isolator	
  concept:	
  
1.  	
  very	
  efficient	
  passive	
  ahenua0on	
  
	
  2.  	
  ac0ve	
  controls	
  for	
  suspension	
  mode	
  

damping	
  

7.5 m 

Inertial 
damping 

Inverted 
pendulum 
fo=40 mHz 

Mechanical 
filters 

Steering stage 
(marionette) 
test mass 

A = 10−14 

@10Hz 

Achieving	
  control	
  

δθx= δθy  < 0.1 µ   rad RMS, δz = 0.5 µm RMS 
Drift (1 h) ~1 µ    rad 

Range: 5x104-5x10-2  µ     rad, 104-0.1  µ     m 

to the SA 
	
  of	
  the	
  actuators	
  

PSD: θx ,θy 

PSD: z,θx ,θy 

laser 

UHV 

Ground-based sensors 

digital control 



EMVESF270710 

9 m 

Inertial 
damping 

Inverted 
pendulum 
fo=40 mHz 

Mechanical 
filters 

Steering stage 
(marionette) 
test mass 

A = 10−14 

@10Hz 

detection 
PD 

injection 

Nd:YAG 

Power Recycling: F=40 

Reference Cavity: 
F=35000, L=0.3 m 

input MC: 
F=1000 L=144 m 

FP: 
F=450, L=3000 
m 

1 2 

1 

2 

ΔL=0.8 m 

output MC: 
F=50, l=0.03 m 

130 kW 1 kW 

1.064  µm  25  W 

alignment 
local controls 



•  Op0cal	
  diagonaliza0on	
  of	
  op0cal	
  levers	
  allow	
  to	
  reduce	
  the	
  
coupling	
  among	
  mirror	
  d.o.f.	
  to	
  <1%	
  	
  

•  Large	
  dynamics:	
  50	
  mrad	
  <	
  80	
  nrad	
  thanks	
  to	
  hybrid	
  sensor	
  
system	
  

XY

PSD	
  device	
  on	
  the	
  lens	
  image	
  	
  plane,	
  D= Lf/(L-f),	
  
sensi.ve	
  to	
  mirror	
  	
  transla.on	
  

PSD	
  device	
  on	
  the	
  lens	
  focal	
  plane,	
  D= f,	
  	
  	
  
sensi.ve	
  to	
  mirror	
  	
  rota.on	
  	
  
	
  

xPSD = 2zsin i (1−
D
f
)+ 2δi L(1− D

f
)

"

#
$

%

&
' ç	
  ç	
  

Op0cal	
  levers	
  



I)	
  Local	
  controls	
  apply	
  correc0ons	
  
to	
  mirror	
  posi0on	
  using	
  local	
  
sensors:	
  swinging	
  interference	
  

II)	
  Local	
  controls	
  receive	
  error	
  
signals	
  from	
  global	
  sensors.	
  
ITF	
  Locked,	
  resonant	
  light	
  

Controls	
  suspended	
  actuators	
  

P.S.D.





The	
  sensi0vity	
  curve	
  



Noise	
  Formalism	
  	
  	
  

xn(t) è	
  a	
  stochas0c	
  variable	
  	
  with	
  gaussian	
  sta0s0c	
  and	
  	
  
associated	
  to	
  a	
  sta0onary	
  process	
  	
  	
  

For	
  a	
  sta0onary	
  and	
  ergodic	
  process	
  (	
  sta0s0cal	
  invariance	
  to	
  the	
  
respect	
  of	
  the	
  0me	
  transla0on)	
  the	
  0me	
  dependence	
  is	
  limited	
  to	
  
the	
  0me	
  difference	
  	
  τ	
  =	
  t1	
  –	
  t2	
  .	
  
	
  

Rxx (τ ) = E[x(t +τ )x(t)]= limT→∞

1
2T −T

+T

∫ x(t +τ )x(t)dt
Auto	
  correla.on	
  

Proper.es	
  
Rxx (0) = E[x

2 (t)]=η2 +σ 2

Rxx (0) ≥ Rxx (τ ) ∀ τ

Rxx (τ ) = Rxx (−τ )



The	
  amplitude	
  of	
  a	
  GW	
  is	
  a	
  strain,	
  a	
  dimensionless	
  quan0ty	
  hs.	
  
This	
  gives	
  a	
  frac0onal	
  change	
  in	
  length,	
  or	
  equivalently	
  light	
  travel	
  
0me,	
  across	
  a	
  detector.	
  
The	
  detector	
  sensi0vity	
  is	
  a	
  measure	
  of	
  the	
  capability	
  to	
  extract	
  the	
  
signal	
  hs from	
  the	
  detector	
  noise	
  
	
  
This	
  is	
  usually	
  done	
  by	
  op0mizing	
  the	
  Signal	
  to	
  Noise	
  Ra0o	
  (SNR)	
  by	
  
the	
  matched	
  filter	
  	
  (Wiener	
  	
  filter	
  in	
  the	
  case	
  of	
  	
  δ	
  signal),	
  	
  

SNR = ρ2 = d( f
−∞

+∞

∫ ) H 2
s ( f )

Sn ( f )

Hs ( f ) = hs (t)exp(−i2π f t)dt
−∞

+∞

∫

Hs(f ) èFourier	
  transform	
  of	
  	
  hs	
  with	
  dimensions	
  	
  	
  (Hz)-1

Sn ( f ) = R(n)hh (τ )exp(−i2π fτ )dτ
−∞

+∞

∫

Sensi0vity	
  	
  (I)	
  



Sensi0vity	
  	
  (II)	
  

hrss
2 = [| h+(t) |

2 +∫ | hx (t) |
2 ]dt

For	
  a	
  linearly	
  polarized	
  GW,	
  with H(f) constant	
  across	
  the	
  	
  
bandwidth	
  ∆f

 ︎︎ hrss≃  ︎︎H(f) ︎︎  (∆f )1/2



The	
  detector	
  



Implementa0on	
  overview:	
  vacuum	
  system	
  

v22	
  

•  Requirements:	
  
–  10-­‐9	
  mbar	
  for	
  H2	
  	
  
–  10-­‐14	
  mbar	
  for	
  hydrocarbons	
  

•  Status:	
  
–  Whole	
  tube	
  welded,	
  leak-­‐tested	
  and	
  baked	
  and	
  evacuated	
  
–  160	
  steel	
  baffles	
  for	
  reflected	
  light	
  shielding	
  installed	
  
–  Vacuum	
  performance	
  within	
  requirements	
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After bake

before bake

Residual Gases in tube
900m - 1500m N
October 2001 Ptot=3E-8 mbar

Ptot=2E-10 mbar

2: hydrogen
18: water
12,28: carbon monoxide
44: carbon dioxide
55, 57: hydrocarbon contamination



Implementa0on	
  overview:	
  mirrors	
  

v24	
  

•  High	
  quality	
  fused	
  silica	
  mirrors	
  
–  35	
  cm	
  diameter,	
  20	
  cm	
  thickness	
  
–  Substrate	
  losses:	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  ~	
  1	
  ppm	
  
–  Coa0ng	
  losses:	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  <5	
  ppm	
  
–  Surface	
  deforma0on:	
  	
  	
  	
  	
  	
  	
  λ/100	
  (rms	
  on	
  150mm) 	
  	
  
–  	
  ΔR:	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  <10-­‐4	
  

	
  

IPN - Lyon 



Implementa0on	
  overview:	
  laser	
  

v25	
  

• Nd:YAG master commercial CW single mode (700 mW) @1064 nm 
• Phase locked to a Nd:YVO4 slave (monolithic ring cavity) 
• Pumped by two laser diodes at 806 nm (40 W power) 
• Output power: 25 W  

Nd:YVO4	
  	
  
slave	
  laser	
  

Master	
  



Implementa0on	
  overview:	
  injec0on	
  SYS	
  

• Laser	
  frequency	
  locked	
  to	
  the	
  Input	
  Mode	
  cleaner	
  
• Input	
  Mode	
  Cleaner	
  length	
  locked	
  to	
  the	
  reference	
  cavity	
  (monolithic)	
  
• Final	
  stage:	
  ITF	
  common	
  mode	
  as	
  frequency	
  reference	
  
	
  

Frequency	
  
stabiliza0on	
  
requirements:	
  
up	
  to	
  10-­‐4	
  Hz/√Hz	
  	
  
at	
  1	
  Hz	
  

v26	
  



Detec0on	
  SYS:	
  the	
  old	
  approach	
  

• In-­‐vacuum	
  output	
  mode	
  cleaner	
  
(spa0al	
  filtering	
  of	
  fake	
  light)	
  	
  

• Detec0on,	
  
amplifica0on	
  and	
  
demodula0on	
  in	
  air	
  
on	
  the	
  external	
  
bench	
  (	
  InGaAs	
  
photodiodes	
  array)	
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Detec0on	
  
System	
  

q  6 	
  benches 	
  placed 	
  in	
  
vacuum	
  chamber 	
  

q  2	
  (SDB1	
  and 	
  SNEB)	
  
su spended 	
  and 	
  
cont rolled	
  

q  SNEB	
  in	
  vacuum	
  



Suspended	
  benches	
  



84 Benches	
  with	
  photodiodes	
  in	
  Vacuum	
  	
  



Payloads	
  	
  
Absorp0on	
  <	
  0.5	
  ppm	
  
Flatness	
  	
  	
  O	
  150	
  cm	
  	
  <	
  0.5	
  nm	
  
	
  
Test	
  mass	
  I	
  	
  ROC	
  1424	
  m	
  
Test	
  Mass	
  E	
  ROC	
  1690	
  m	
  
Test	
  Mass	
  42	
  kg	
  
Diameter	
  350	
  mm	
  
Thickness	
  200	
  mm	
  
	
  
Beam	
  Spliher	
  	
  50%	
  
Weight	
  	
  43	
  kg	
  
Diameter	
  500	
  mm	
  
Thickness	
  100	
  mm	
  
BS	
  flatness	
  	
  	
  O	
  220	
  cm	
  <	
  1	
  nm	
  



AdV	
  parameters	
  



Conclusion	
  



•  EXTRA	
  SLIDES	
  



-­‐ 	
  The	
  cavity	
  length	
  	
  is	
  such	
  that	
  the	
  carrier	
  (ω0)	
  is	
  resonant	
  

-­‐ The	
  phase	
  of	
  the	
  reflected	
  light	
  	
  is	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  at	
  the	
  resonance	
  

€ 

Er(t) = −E0 ⋅ cos(ω0t) −mE0 cos(Ωt) ⋅ sin(ω0t)

arctan(Imψr / Reψr ) = π

When	
  we	
  have	
  a	
  perturba0on	
  of	
  the	
  cavity	
  length	
  :	
  

At	
  ω0	
  	
  the	
  light	
  reflected	
  by	
  the	
  cavity	
  has	
  a	
  phase	
  shiQ	
  of	
  -­‐180o	
  to	
  the	
  respect	
  of	
  the	
  incident	
  
light	
  	
  
and	
  ±90o	
  	
  for	
  the	
  side-­‐bands	
  	
  (	
  for	
  Ω ±	
  ω0	
  far	
  from	
  ω0)	
  

€ 

Er(t) = −E0 ⋅ cos(ω0t + φd ) −mE0 cos(Ωt) ⋅ sin(ω0t + φd )

Photo-­‐diode	
  output	
  :	
  

€ 

Er (t)
2
∝m ⋅ sinφd cosΩt

The	
  demodulated	
  signal	
  in	
  phase	
  at	
  Ω	
  contains	
  the	
  informa0on	
  on	
  the	
  length	
  varia0on	
  

Lock	
  of	
  a	
  single	
  F-­‐P	
  cavity(II)	
  

i r1 + r2e
−2ikl

1+ r1r2e
−2ikl ψin

e−2ikl = −1

i r1 − r2
1− r1r2


