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Advanced	  Detector	  sensi6vity	  



To	  do	  beEer	  

•  Circumvent	  the	  Quantum	  Noise	  è	  squeezing	  

and….	  

•  Beat	  the	  thermal	  noise	  èbeEer	  mirrors	  	  and	  
cryogenics	  



Circumvent	  the	  Quantum	  Limit	  

	  
credits	  to	  

	  
	  Stephan	  Hilde	  
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for	  several	  	  slides	  of	  this	  part	  of	  the	  talk	  



Squeezing	  Approach	  

•  A	  bit	  of	  my	  personal	  history	  on	  the	  subject	  
	  
•  Introduc6on:	  basic	  on	  the	  GW	  ITF	  

•  Squeezed	  states	  and	  modula6on	  
	  
•  How	  to	  make	  squeezed	  light?	  

	  

•  Op6cal	  rigidity	  
–  What	  is	  an	  op6cal	  spring?	  
–  Op6cal	  Bar	  and	  Op6cal	  Lever	  schemes	  
–  	  Local	  Readout	  scheme	  for	  Advanced	  detectors	  	  

•  Speed	  meter	  configura6ons	  
	  

	  



A	  bit	  of	  history:	  what	  do	  I	  remember	  
•  Quantum-‐non-‐demoli6on’	  measurements	  are	  not	  a	  new	  topic,	  but	  it	  

becomes	  more	  and	  more	  a	  hot	  topic,	  as	  the	  experimental	  realisa6on	  starts	  
to	  come	  true	  	  

•  Torsional	  pendulum	  and	  resonant	  bar	  	  experiments:	  	  
•  1970	  the	  problem	  of	  the	  back	  ac6on	  

–  First	  contribu6on	  of	  Vladimir	  Braginski	  	  

	  
ü  ︎	  Torsional	  oscillator	  at	  
the	  end	  of	  a	  
microwave	  resonator	  

ü  ︎	  Op?cal	  measurement	  
of	  oscilla?ons	  

ü  ︎	  Observa?on	  of	  
s?ffness	  and	  damping	  
changes	  under	  
microwave	  radia?on	  



A	  bit	  of	  history:	  what	  do	  I	  remember	  
•  Quantum-‐non-‐demoli6on’	  measurements	  are	  not	  a	  new	  topic,	  but	  it	  

becomes	  more	  and	  more	  a	  hot	  topic,	  as	  the	  experimental	  realisa6on	  starts	  
to	  come	  true	  	  

•  Torsional	  pendulum	  and	  resonant	  bar	  	  experiments:	  	  
•  1970	  the	  problem	  of	  the	  back	  ac6on	  

–  First	  contribu6on	  of	  Vladimir	  Braginski	  	  

	  
ü  ︎	  Torsional	  oscillator	  at	  
the	  end	  of	  a	  
microwave	  resonator	  

ü  ︎	  Op?cal	  measurement	  
of	  oscilla?ons	  

ü  ︎	  Observa?on	  of	  
s?ffness	  and	  damping	  
changes	  under	  
microwave	  radia?on	  

Htot	  	  =	  	  	  	  	  Hsystem	  	  	  +	  	  	  	  	  Hinterac6on	  

K θ q
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The	  resonant	  bars	  1976-‐80	  
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H int = A x q 
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THE	  BACK	  ACTION	  	  

Mechanic oscillator 
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of	  the	  equivalent	  	  
temperature	  

Force èf (t) = Z 11 x(t) + Z 12 i(t)

Velocityèv(t) = Z 21 x(t) + Z 22 i(t)

Electronic Noise  
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Quantum	  limit:	  	  	  Teff	  ~	  2Tnè	  	  	  R.	  Giffard	  Phys.	  Rev.	  D	  14,	  2378	  (1976)	  	  



Back	  ac6on	  and	  Heisenberg	  Principle	  

	   	   	   	  	  	  	  	  	  	  Charge	  fluctua6on	  	  	  
	  
	  
	  Fluctua6on	  of	  the	  force	  applied	  back	  to	  the	  monitored	  system	  
	  
	  
	  Fluctua6on	  of	  the	  momentum	  transferred	  to	  the	  oscillator	  	  Δp
	  
	  
Error	  on	  	  Δp transferred	  to	  Δx via	  the	  6me	  evolu6on	  of	  the	  system	  
status	  	  
	  
	  
Op6mum	  measurement	  	  of	  the	  linear	  strategy	  of	  measurement	  
	  	  

	   	   	   	   	   	   	  	  	  	  	  ΔxΔp ≥ħ	  
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Mechanical	  oscillator	  in	  the	  phase	  plane	  
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Angular	  velocity	  	  ωο	  

Stroboscopic	  
approach:	  	  data	  
taken	  	  	  just	  at	  	  
t	  i=	  t	  o+	  n	  (	  π/ωο)  
with n=0,1…N
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Con6nuous	  
measurements	  
of	  a	  different	  variable:	  
X1	  	  or	  X2	  the	  	  complex	  
amplitudes	  of	  the	  
frame,	  rota6ng	  at	  ωο	  



B.A.E.	  PracNcal	  ImplementaNon	  

Push-‐Pull	  Transducer	  

X	  
	  X	  1	   	  X	  2	  

	  Q	  1	   	  Q	  2	  

Vp	  
qs	  

xo	  + δ x xo	  -‐ δ x

•  The	  oscillator	  mass	  is	  inserted	  
between	  two	  metallic	  plates	  
and	  	  form	  a	  double	  
capacitance.	  	  

Two	  arms	  both	  sensi6ve	  to	  the	  signal	  !	  	  
	  
Vp	  è	  Laser	  	  	  	  	  	  Two	  arms	  è	  Michelson	  ITF	  



Back	  to	  the	  GW	  Interferometer	  

•  	  	  We	  assume	  that	  the	  test	  masses	  	  are	  very	  quiet	  
(quieter	  than	  the	  signal	  we	  want	  detect).	  	  

•  	  We	  need	  to	  read	  out	  the	  test	  mass	  posi6ons	  with	  
very	  high	  accuracy,	  without	  introducing	  ‘too	  much’	  
noise	  due	  to	  measurement	  itself.	  	  

	  
•  Photon	  shot	  noise	  is	  the	  	  sensing	  noise	  	  (x	  monitor),	  
•  Photon	  radia6on	  pressure	  noise	  is	  the	  back-‐ac6on-‐
noise	  	  (inducing	  p	  fluctua6on)	  	  



The	  Standard	  Quantum	  Limit	  	  
	  

•  Standard	  Quantum	  Limit	  of	  a	  free	  mass	  is	  equivalent	  to	  
Heisenberg	  uncertainty.	  

	  	  
•  	  Arises	  when	  one	  tries	  to	  detect	  gravita6onal	  wave	  by	  
con6nuously	  measuring	  free-‐mass	  displacement,	  since	  	  

[xˆ(t), xˆ(t')] ≠ 0���

•  Precise	  measurement	  on	  x	  has	  to	  perturb	  p.	  
Perturba6on	  in	  p	  converts	  to	  	  future	  error	  in	  x.	  

	  	  
•  	  In	  this	  case:	  Light	  fields	  enforce	  Heisenberg	  
uncertainty	  through	  complementarity	  between	  Shot	  
noise	  and	  Radia6on	  Pressure	  noise.	  	  



Poisson	  staNsNcs	  	  
•  Quantum	  noise	  is	  comprised	  of	  photon	  shot	  
noise	  at	  high	  frequencies	  and	  photon	  
radiaNon	  pressure	  noise	  at	  low	  frequencies.	  	  

•  The	  photons	  in	  a	  laser	  beam	  are	  not	  equally	  
distributed,	  but	  follow	  a	  Poisson	  sta6s6c.	  	  



Standard	  Quantum	  Limit	  

V.B.	  Braginsky	  and	  F.Y.	  Khalili:	  Rev.	  Mod.	  Phys.	  68	  (1996)	  

While	  shot	  noise	  contribu6on	  decreases	  with	  
op6cal	  power,	  radia6on	  pressure	  level	  increases:	  

•  The	  SQL	  is	  the	  minimal	  sum	  of	  shot	  noise	  and	  radia6on	  
pressure	  noise	  

•  Using	  a	  classical	  quantum	  measurement	  the	  SQL	  
represents	  the	  lowest	  achievable	  noise	  	  



A	  bit	  of	  MathemaNcs	  (I)	  

The	  electric	  field:	  
E(t)=Eo[a(r) ei ω t – a*(r) e-i ω t] p(r)

	  
where	  	  

a(r) = ao ei φ (r)

polariza6on	  

Complex	  amplitude	   phase	  

We	  introduce	  new	  variables	  	  
X1 (r) = a*(r) + a(r)
X2 (r) = i [ a*(r) -  a(r)]

	  Amplitude	  quadrature	  

Phase	  quadrature	  

E(t)=Eo[X1(r) cos ω t – X2(r) sin ω t ] p(r)

X̂1 = â
+ + â

X̂2 = i[â
+
− â]

Quantum	  fields	  	  
	  Amplitude	  quadrature	  operator	  

Phase	  quadrature	  operator	  



Quantum	  noise	  and	  random	  modulaNon	  

Squeezing	  process	  introduce	  a	  certain	  level	  of	  correla?on	  between	  
randomly	  fluctua?ng	  upper	  and	  lower	  sideband	  pairs	  	  
	  

•  Quantum	  noise	  can	  be	  seen	  also	  as	  a	  con?nuum	  of	  sidebands	  spanning	  all	  
frequencies	  due	  to	  the	  bea?ng	  between	  the	  carrier	  and	  the	  vacuum	  fluctua?ons	  	  

•  Thus,	  these	  sidebands	  are	  uncorrelated	  and	  have	  white	  amplitude	  and	  phase	  
noise	  

•  If	  uncorrelated	  amplitude	  and	  phase	  quadratures	  have	  the	  same	  noise	  
distribu6on	  	  

Coherent	  state	   Vacuum	  state	  



Phasor	  diagram	  &	  Random	  Noise	  

At	  each	  frequency	  ωο+ Ω   ∨ Ω ,	  there	  is	  a	  quantum	  mechanical	  oscillator	  
that	  oscillates	  in	  amplitude	  and	  phase	  quadratures.	  	  
The	  	  6me	  average	  of	  each	  sidebands	  is	  a	  two	  dimensional	  Gaussian	  distribu6on	  
in	  phase	  space.	  	  



Light	  phase	  plane	  

•  A	  laser	  sends	  out	  light	  with	  an	  
average	  frequency	  and	  
amplitudeè	  the	  blue	  arrow	  

•  	  Individual	  photons	  have	  a	  
uncertainty,	  i.e.	  may	  have	  
slightly	  different	  frequency	  or	  
amplitude	  =>	  this	  is	  indicated	  
by	  the	  red	  ball.	  



Squeezed	  state	  

Heisenberg	  uncertainty	  principle:	  there	  is	  a	  minimal	  area	  of	  	  the	  spot	  	  

Δ X1  ΔX2	  ≥	  	  1 



Examples	  of	  Light	  States	  	  	  



Light	  noise	  at	  ITF	  detecNon	  port:	  	  vacuum	  
state	  	  •  ITF	  on	  the	  dark	  fringe	  

	  
•  A	  vacuum	  state	  (	  fluctua?on	  

of	  the	  e.m.	  field	  )	  is	  entering	  
the	  interferometer	  from	  
the	  output	  	  photodiode	  
(an6-‐simmetric	  port,	  i.e.	  	  
detec6on	  port).	  	  	  

•  	  It	  is	  then	  reflected	  from	  
the	  interferometer	  and	  
it	  is	  detected	  together	  
with	  the	  GW	  signal	  on	  
the	  main	  photodiode.	  	  



GW	  signal	  in	  phase	  plane	  	  

Change	  the	  length	  of	  a	  cavity	  around	  its	  resonance:	  
	  

•  slope	  of	  the	  amplitude	  is	  zero	  
•  slope	  of	  the	  phase	  is	  maximal.	  	  

	  
GW	  signal	  adds	  to	  phase	  quadrature	  



RadiaNon	  pressure	  noise	  and	  GW	  

Pressure	  noise	  contribu6on	  
•  	  is	  correlated	  to	  E1	  	  
•  	  depends	  on	  the	  mirror	  mass	  	  
•  	  Its	  magnitude	  goes	  with	  1/f2	  

Amplitude	  fluctuaNons	  act	  onto	  suspended	  mirror.	  	  
Mirror	  is	  moved	  and	  gives	  contribu?on	  in	  the	  phase	  quadrature.	  	  
	  

è	  No	  contribu?on	  at	  higher	  frequencies	  



Strategies	  to	  beat	  the	  Quantum	  Limit	  (I)	  
Varia?onal	  Readout	  -‐-‐-‐-‐-‐-‐-‐-‐	  tested	  at	  AEI	  	  
	  

Par6al	  cancella6on	  of	  the	  	  
radia6on	  pressure	  noise	  by	  
selec6ng	  the	  appropriate	  readout	  
quadrature	  	  

Readout	  quadrature	  	  
chosen	  by	  phase	  shiber	  



Effect	  of	  the	  variaNonal	  readout	  	  

Using	  varia?onal	  readout,	  we	  will	  be	  able	  to	  completely	  cancel	  the	  
radia6on	  pressure	  noise	  at	  ONE	  frequency	  (100Hz)	  and	  surpass	  the	  SQL	  
a	  factor	  2	  to	  3	  	  
	  



Strategies	  to	  beat	  the	  Quantum	  Limit	  (II)	  

Squeezed	  vacuum	  injec9on	  	  

Injec6ng	  phase	  squeezing	  into	  detector	  
output:	  	  
•  	  High	  frequency	  sensi6vity	  improved	  	  	  
•  	  Low	  frequency	  sensi6vity	  decreased	  



Squeezed	  vacuum	  generaNon	  via	  OPO	  

SHG:	  second	  harmonic	  genera?on,	  	  PBS:	  polarizing	  beam	  splider,	  DBS:	  dichroic	  beam	  splider;	  	  
LO:	  local	  oscillator,	  PD:	  photo	  diode;	  EOM:	  electro-‐op?cal	  modulator.	  

	  ωp 

	  ωi OPO	  
ωs = ωp	  	  -‐ ωi 

Degenerate	  OPO	  	  ωs = ωi	  	  = ωp/2 

Squeezed	  states	  of	  light	  at	  1064	  nm	  were	  generated	  inside	  a	  monolithic,	  
standing-‐wave	  cavity	  by	  an	  Op6cal	  Parametric	  Oscilla6on	  (OPO).	  
	  

Degenerate	  OPO	  introduce	  a	  
certain	  level	  of	  correla9on	  
between	  randomly	  fluctua9ng	  
upper	  and	  lower	  sideband	  
pairs	  è	  squeezing	  of	  the	  
electric	  field	  fluctua9ons	  
	  

i	  è	  idler	  	  
pè	  pump	  



The	  GEO	  squeezer	  

Record:	  15	  dB	  of	  squeezing	  gain	  	  

Squeezer	  based	  on	  the	  use	  of	  a	  non	  –linear	  op6cal	  device:	  
Op6cal	  Parametric	  Oscillatorè	  OPO	  



Squeezed	  Vacuum	  Injected	  via	  ITF	  output	  	  

•   Squeezed light is 
injected via a 
Faraday rotator into 
the back of the 
interferometer 

•  It is then reflected 
from the signal 
recycling mirror 
(MSR) and detected 
at the main 
photodiode (PD) 

 
	  Squeezing	  
requires	  low	  

losses	  



Future	  Step:	  Frequency	  dependent	  Squeezing	  

If squeezed light should reduce shot noise and radiation pressure noise, 
you need a frequency dependent squeezing angle: 

•    Phase squeezing at high frequencies. 

•    Amplitude squeezing at low frequencies 

Bea9ng	  SQL	  at	  all	  frequencies	  



Filter	  cavi6es	  for	  freq.	  dep.	  Squeez.	  

•  Take 
advantage of 
the cavity’s 
dispersion	  

•  Frequency 
dependent 
squeezing 
realized by 
reflecting 
squeezid 
vacuum  on 
a cavity  
before to 
inject it 



PonderomoNve	  effect	  &	  the	  opNcal	  spring	  	  
Detuned	  cavi6es	  can	  be	  use	  
to	  create	  op6cal	  springs.	  

•  Posi6on	  change	  of	  the	  
mirror	  =>	  power	  
changes	  =>	  radia6on	  
pressure	  force	  changes.	  

•  Op6cal	  springs	  couple	  the	  
mirrors	  of	  a	  detuned	  
cavity	  with	  a	  spring	  
constant	  that	  can	  be	  as	  
s6ff	  as	  diamond.	  

•  Can	  be	  used	  as	  low-‐noise	  
transducer	  for	  GW	  signals	  
to	  mirror	  movement	  in	  the	  
local	  frame	  

kopt =
8π (2r2 + A2 )t1 r1r2

λc
×

sin(4π x
λ
)

[1+ r1r2 − 2 r1r2 cos(
4π x
λ
)]2

ri  , ti  , Ai  è	  reflec6vity	  ,	  transmissivity	  and	  loss	  
λ	  è	  light	  wavelength 	   	   	   	  	  	  	  (i=1,2)
Pin 	  è	  cavity	  input	  power	  
x	  è	  cavity	  detuning	  	  A.  Di	  Virgilio	  et	  al.	  	  

PHYSICAL	  REVIEW	  A	  74,	  013813	   ︎2006︎	  	  
	  



Can kopt  beat	  	  SQL?	  

•  Detuned Signal Recycling 
also creates a optical 
spring resonance => 
quantum noise shows 
two ‘bumps’, the optical 
spring (at low 
frequencies) and the 
pure optical resonance 
(at high frequencies). 

•  Advanced dtectors could 
beat the SQL, if the 
quantum noise at low 
frequencies would not be 
coverd by other noise 
sources. 



OpNcal	  bar	  (	  Braginski	  again!!)	  

•    Very light mirror (MX) is 
coupled to the 
movement of EM1 and 
EM2 via optical springs. 

•    MX can then locally read 
out by a small local 
meter without disturbing 
the quantum states in the 
main instrument (QND 
measurement). 

•  Split between GW 
transducer and readout 
allows separate 
optimisation of these two 
systems. 

	  

Op6cal	  Bar	  

V.B. Braginsky and F.Y. Khalili: “Nonli- 
near meter for the gravitational wave 
antenna”,Phys. Lett. A 218 (1996). 



OpNcal	  Levers	  

F.Y. Khalili: “The ‘ptical lever’ intracavity 
readout scheme for gravitational-wave 
antennae”,Phys. Lett. A 298 (2002). 

Op6cal	  Lever	  

Optical lever: introducing arm cavities increases the 
movement of MX by the Finesse of the arm cavity. 

Proposed	  Implementa6on	  Scheme	  



Squeezing	  PerspecNves	  beyond	  	  GW	  	  

Quantum	  control	  of	  a	  resonator:	  	  
	   ︎	  	  Thermometry	  of	  mechanical	  resonators	  	  

︎	  	  
•  	  Quantum	  optomechanical	  entanglement	  (Lehnert,	  Science	  2013)	  	  
•  	   Study	  of	  decoherence	  of	  a	  massive	  mechanical	  object	  and	  

fundamental	  tests	  of	  quantum	  mechanics,	  EPR	  experiments...	  	  

•  Quantum	  coherent	  state	  transfer:	  	  
ü  QuBit-‐resonator	  swap	  oscilla6ons	  (Cleland,	  Nature	  2010)	  	  
ü  ︎Coherent	  transfer	  between	  propaga6ng	  microwave	  fields	  

and	  a	  resonator	  (Lehnert,	  Nature	  2013)	  	  
ü  Mechanics	  as	  a	  bus	  connec?ng	  hybrid	  components	  

︎	  Optomechanical	  circuits	  for	  quantum	  memory	  and	  quantum	  
informa?on	  processing	  	  

•  Single	  photon	  optomechanical	  coupling:	  	  
ü  ︎	  Proposal	  for	  single-‐phonon	  prepara6on	  by	  single	  photon	  

detec6on	  from	  an	  entangled	  state	  (Kippenberg,	  PRL	  2014)	  	  

•  ︎	  Nonlinear	  quantum	  effects,	  genera?on	  of	  non	  Gaussian	  states...	  	  
	  



Thermal	  Noise	  and	  Cryogenics	  

Fulvio	  Ricci	  



A	  bit	  of	  history	  
•  1828è	  The	  botanic	  expert	  

Robert	  Brown,	  using	  a	  
microscope,	  observed	  the	  
chao6c	  mo6on	  of	  par6cle	  with	  
different	  nature,	  small	  enough	  
to	  stay	  suspended	  in	  the	  water	  
solu6on	  	  

•  He	  discarded	  the	  hypothesis	  
that	  this	  was	  a	  biological	  
phenomenon	  	  
	  

•  In	  prac6ce,	  at	  that	  6me,	  Brown	  
observed	  the	  random	  
interac6on	  of	  the	  water	  
molecules	  in	  thermal	  mo6on	  
with	  the	  suspended	  par6cles	  
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 Decrease	  the	  par6cle	  
dimensions	  	  	  
  	  Decreases	  the	  par6cle	  
density	  
 Decreases	  the	  viscosity	  of	  
the	  liquid	  	  
  Increases	  the	  temperature	  
of	  the	  hos6ng	  liquid	  	  

Brownian	  mo?on	  increases	  if	  



FluctuaNon	  dissipaNon	  therorem	  

Sff
thermal ω( ) = 4kbT ⋅Re[Z(ω)]

Sxx
thermal ω( ) = 4kbT

ω
⋅ Im[H (ω)]

Equa6on	  of	  mo6on	  of	  a	  linear	  system	  in	  the	  frequency	  domain	  

X(ω) = H (ω)F(ω) v(ω) =
F ω( )
Z(ω)

Synthesis	  :	  the	  fluctua?on-‐dissipa?on	  theorem	  
H(ω) è  system transfer function e Z(ω) system impedence  

X(ω) = x(t)eiωt
−∞

+∞

∫ dt

F(ω) = f (t)eiωt
−∞

+∞

∫ dt

The	  fluctua?ons	  are	  func?on	  of	  the	  frequency	  !!	  	  
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Resonance	  frequency	  
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Thermal	  noise	  of	  the	  harmonic	  oscilator	  

Equilibrium	  posi6on	  
	  

Viscous	  
force	  

Elas6c	  force	  
	  

Velocity	  



{E[x2 ]}therm =
1
π

Sxx
therm (ω)

0

∞

∫ dω = kBT ⋅Re[H (0)]=
kbT
mωo

2

Sxx
therm (ω) = 4kbT

m ω
⋅

ωωo Q

(ωo
2 −ω 2 )2 + ωωo Q( )

2( )

1
2
mωo

2{E[x2 ]}therm =
1
2
kBT

Equipar??on	  principle	  



Resonance	  and	  out	  of	  resonance	  

Sxx
therm (ω) = 4π kbT

mωo
4

β
m

ω <<ωo

Sxx
therm (ω) = 4π kbT

mω 4
β
m

ω >>ωo

Sxx
therm (ω) = 4π kbT

mωo
2
m
β

ω ≈ωo

Even	  the	  behavior	  out	  of	  resonance	  depends	  on	  dissipa6on	  



Low	  dissipa?on	  è	  	  lower	  values	  in	  	  a.	  and	  	  b.	  	  

CostTXtherm =∝ βω)(2

Xtherm
2 (ω) ∝ β

ω 4

β
ω

TXtherm ∝)(2

spectral	  density	  of	  harmonic	  oscillator	  

b. 

a. 
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BeaNng	  the	  thermal	  Noise	  

•  Pendulum	  Mode	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  wire	  of	  fused	  silica	  
	   	   	   	   	   	   	  Reduced	  thermoelas6c	  loss	  
	   	   	   	   	   	   	   	  low	  surface	  dissipa6on	  

•  Mirror 	   	   	   	  	  reduce	  coa6ng	  loss	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  reduce	  bulk	  dissipa6on 	   	  	  
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Lower	  the	  temperature	  	  



	  Cryogenics	  and	  Gravita6onal	  Waves	  



Low	  Temperature	  	  
and	  G.W.	  Detectors:	  

	  an	  old	  idea	  

one	  more	  
Thermal	  lensing	  
	  

The	  reason	  

..…and	  in	  the	  future…..	  These	  measurements	  require	  techniques	  of	  extreme	  sensi6vity,	  low	  noise	  and	  great	  
mechanical	  and	  electrical	  stability.	  
Two	  types	  of	  advantages	  emerge	  from	  cooling	  at	  very	  low	  temperature,	  one	  based	  on	  
macroscopic	  quantum	  effect,	  namely	  superconduc6vity	  and	  superfluidity,	  and	  the	  
other	  based	  on	  the	  general	  reduc6on	  of	  the	  k	  T	  thermal	  noise,	  thermal	  expansion,	  
thermal	  electromo6ve	  force,	  creep,	  etc...	  	  
	  



……but	  	  not	  easy	  to	  do!	  

	  
Bill	  Hamilton	  addendum:	  
	  
	  
<<	  Any	  experiment	  will	  be	  harder,	  if	  it	  is	  done	  at	  
low	  temperature>>	  

Bill	  Fairbank	  theorem:	  
	  
	  
	  
<<	  Any	  experiment	  is	  	  beEer,	  if	  it	  is	  done	  	  at	  low	  
temperature>>	  
	  



The	  GW	  massive	  detector	  	  achieving	  the	  
lowest	  	  temperature	  	  

NAUTILUS	  	  -‐	  INFN	  	  

P.	  Astone,	  M.	  Bassan,	  P.	  Bonifazi,	  F.	  
Bronzini,	  P.	  Carelli,	  M.G.	  castellano,	  G.	  
Cavallari,	  E.	  Coccia,	  C.	  Cosmelli,	  V	  Fafone,	  
S.	  Frasca,	  E.	  Majorana,	  I.	  Modena,	  G.	  V.	  
Pallolno,	  G.	  Pizzella,	  P.	  Rapagnani,	  F.	  
Ricci,	  M.	  Visco:	  "	  
	  

Europhys.	  LeM.,	  16	  (3),	  pp.	  231-‐235	  
(1991)	  

First	  cooling	  below	  0.1	  K	  of	  the	  
new	  gravita?onal	  wave	  
antenna	  of	  the	  Rome	  group	  

T=	  95	  mK	  	  -‐	  	  M=2300	  kg	  



Why	  cryogenics	  	  for	  GW	  ITF?	  
•  Test	  masses	  and	  suspensions	  thermal	  noise	  reduces	  at	  low	  temperature: 	  	  

•  ThermoelasNc	  noise	  both	  of	  the	  mirror	  substrates	  and	  coaNngs	  decrease:	  
	   	   	  	  

–  Thermal	  expansion	  rate	  a	  decreases	  at	  low	  temperature;	  
•  ThermorefracNve	  noise	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
	  
	  

–  Local	  fluctua6on	  of	  the	  refrac6on	  index	  
•  Thermal	  lensing:	  

–  Thermal	  conduc6vity	  increases	  and	  consequently	  reduces	  thermal	  
gradients	  on	  the	  coa6ng;	  

–  Refrac6on	  index	  varia6on	  with	  temperature	  is	  very	  small	  at	  low	  
temperature;	  	  

•  Losses	  of	  some	  materials	  decrease	  at	  low	  temperature	  

	   	   	   	   	   	  	  
	  

Tx >∝< 2

56	  

22 Tx α>∝<

Φ>∝< Tx2

22 Tx >∝<



57	  

1.  --- Mirrors Thermal (Low T) 
 Suspensions Thermal (Low T, monolithic) 
1.  --- Readout (High P, Big masses) 
2.  --- Newtonian (go underground) 
 
 

Paola	  Puppo	  -‐	  GWADW–	  May	  14th	  2009	  –	  Ft	  Lauderdale	  	  

	  	  From	  S.	  Hild	  et	  all.	  hEp://arxiv.org/abs/0810.0604	  



How	  to	  cool	  down:	  a)	  Cryoliquids	  

•  	  The	  simplest	  way	  to	  produce	  low	  temperature	  is	  
s6ll	  the	  use	  of	  cryoliquids	  (e.g.	  nitrogen,	  helium).	  

•  Liquid	  oxygen	  and	  hydrogen	  are	  rarely	  used	  in	  
refrigera6on:	  the	  former	  because	  of	  its	  high	  
chemical	  reac6vity,	  the	  laEer	  again	  for	  its	  
flammability.	  	  

•  Helium	  is	  the	  most	  interes6ng	  element	  and	  the	  
most	  used	  in	  cryogenics.	  The	  enthalpy	  of	  the	  gas	  
warming	  from	  4.2	  K	  to	  room	  temperature	  is	  used	  
to	  increase	  the	  refrigera6on	  efficiency	  of	  the	  
cooling	  process.	  

•  The	  full	  use	  of	  the	  4He	  enthalpy	  	  reduces	  the	  
amount	  of	  liters	  of	  liquid	  helium	  at	  just	  0.08	  lt	  of	  
liquid	  helium	  ,	  	  1/30th	  of	  	  the	  amount	  needed	  
using	  the	  4He	  latent	  heat	  only.	  



4He	  below	  2.17	  K	  is	  superfluid	  ,	  its	  	  thermal	  conduc?vity	  is	  extremely	  high	  and	  	  
bubbles	  do	  not	  form	  in	  the	  liquid	  during	  the	  evapora?on	  process,	  	  

since	  the	  temperature	  gradient	  is	  very	  close	  to	  zero.	  	  
	  
	  



Cryofluid:	  the	  boiling	  problem	  
(	  absent	  in	  the	  superfluid	  case)	  

Displacement	  amplitude	  	  and	  	  frequency	  spectrum	  	  depend	  on	  the	  tank	  material	  and	  
geometry:	  typical	  pressure	  fluctua6on	  20	  dBa	  è	  2	  10-‐4	  	  Pa.	  	  
For	  example	  in	  the	  case	  of	  the	  GW	  resonant	  antenna	  Explorer	  	  xrms	  ~	  10-‐10	  	  m	  @	  4K	  with	  
an	  evapora6on	  rate	  of	  a	  liquid	  Helium	  ~2	  lt/h	  	  

Example	  of	  the	  noise	  characteris?cs	  of	  a	  boiling	  fluid	  in	  
cylindrical	  container	  

A	  simplest	  approach	  is	  to	  use	  supercri?cal	  helium	  	  at	  T>5.19	  K	  (	  single	  phase	  status)	  



The	  bubble	  	  noise	  	  in	  VIRGO	  

Time-‐frequency	  plot	  of	  the	  	  
accelerometer	  
	  near	  the	  VIRGO-‐N2	  trap	  azer	  
the	  refilling	  	  



Resonant	  G.W.	  Detector	  :	  vibra6on	  due	  to	  the	  boiling	  of	  the	  cryogenic	  
liquid:	  	  the	  liquid	  helium	  superfluid	  transi6on	  	  

 

Data from the Antenna
EXPLORER
installed at CERN

RelaNve	  displacement	  
sensiNvity	  	  
ΔL/L~10-‐19	  	  	   f ~ 900 Hz	  



Scheme	  for	  cooling	  the	  mirror	  
based	  on	  He	  II	  

•  Super	  fluid	  helium	  at	  atmosperique	  
pressure	  !	  

•  No	  boiling	  !	  
•  Enhanced	  heat	  removal	  capability	  of	  

unsaturated	  superfluid	  helium	  
•  Massive	  use	  of	  Super	  fluid	  helium	  is	  

possible:	  super	  fluid	  helium	  is	  widely	  
used	  	  for	  cooling	  the	  LHC	  
superconduc6ng	  magnets 

A	  possible	  configura?on:	  the	  “bain	  de	  Claudet	  	  “	  permits	  to	  use	  
super	  fluid	  helium	  at	  atmospherique	  pressure	  and	  to	  insure	  
con?nuous	  refilling	  from	  the	  container	  of	  the	  helium	  in	  the	  
normal	  state	  
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Cryomech PT407 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

	  • Integral-Design 
	  • 0.7 W @ 4.2 K 
	  • 30 W @ 55 K 
	  • Input: ≈ 7 kW 

Sumitomo-APD 
	  SHI SRP-052 

• Split-Design 
•  0.5 W @ 4.2 K 
•  20 W @ 45 K 
•  Input: ≈ 7.5 kW 

The	  KAGRA	  
approach	  

	  
Pulse	  Tube	  
Refrigerators	  

How	  to	  cool	  down:	  	  b)	  cryogenerators	  
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VibraNons	  of	  4	  K	  PTCs:	  PTD406	  (6	  kW)	  

Acceleration-spectra of PTD406, f = 1.5 Hz, 
6 kW-compressor, Δp = 13 bar, T2 ≈ 0 °C 
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	  ΔL/L ∼ E-1 (r/s) Δp 
r  = tube radius     s = wall thickness 

y 

z 

Pulse tube 2nd stage 

Giessen 2006 

	   	  sensor 	  	  
	  PTC-induced acceleration (PTD406): 

	   	  	  x:  arms  =    1.2 ⋅ 10-4 g (n = 1) 
	   	  	  	  	  y: arms  =  0.14 ⋅ 10-4 g (n = 1) 
	   	  	  	  z: arms  =  0.61 ⋅ 10-4g (n = 1) 
	   	  	  	  	   	  Compare: aGM-cooler  ≈ 10-2 g 

	  	  
Origin: Elastic deformation of the  stainless 
steel tubes due to pressure oscillation 

	  T2 
Acceleration 



66	  

The Free Vibration Cryostat and its control chain 

Slide	  0	  

S.	  Caparrelli,	  et	  al.	  Rev.	  of	  Sci.	  Inst.	  77,	  095102	  (2006).	  
	  
	  T.	  Tomaru	  et	  al.	  Cryogenics,	  44	  (2004).	  	  (	  Passive	  vibra?on	  insula?on	  system	  for	  the	  cryocooler)	  i	  
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Active reduction of the vibration cold head reduced (@T=4K) 

The	  vibra6on	  reduc6on	  scheme	  
can	  be	  improved	  	  by	  modifing	  	  
the	  sensing	  for	  reducing	  the	  	  
noise	  floor	  at	  closed	  loop.	  

displacement	  noise	  
density	  

	  
:	  

€ 

€ 

Δx = 29 µm / Hz[ ] @1 Hz

€ 

ΔxOL
ΔxCL

= 220 @ 1Hz



Photo gallery of the VFC



"Vibra9on-‐free"	  4	  K	  PTC	  
for	  CLIO,	  T.	  Tomaru	  et	  al.,	  
Cryocoolers	  13	  (2004),	  p.	  695	  

Y.	  Matsubara,	  WEH-‐Workshop	  
"Applied	  Cryoelectrics"	  (2006)	  

Y.	  Ikushima	  et	  al.	  ,	  Cryogenics	  48	  (2008)	  
p.	  406	  

Advanced	  vibraNon	  isolaNon:4	  K	  PTCs	  (CLIO-‐100)	  



Conclusion	  

KAGRA	  is	  tracing	  the	  map	  for	  the	  future	  GW	  detectors.	  
S6ll	  a	  lot	  of	  effort	  is	  required	  for	  	  	  
	  
ü The	  material	  characteriza6on,	  	  

ü The	  suspension	  improvement	  and	  its	  compa6bility	  
with	  the	  cryo	  temperatures	  ,	  
	  	  
ü The	  development	  of	  new	  auxiliary	  sensors	  and	  
actuators	  

ü The	  noiseless	  cooling	  process	  

	  
	  
	  	  



EXTRA	  	  SLIDES	  



OpNcal	  noise	  and	  GW	  ITF	  

•  For	  future	  
interferometers	  
Quantum	  noise	  can	  
be	  the	  main	  limi6ng	  
noise	  source.	  	  

•  Example:	  Broadband	  
configura6on	  of	  
Advanced	  LIGO	  	  

(tuned	  Signal	  Recycling)	  	  

•  	  For	  all	  frequencies	  
above	  12Hz	  
Quantum	  noise	  is	  
the	  limi6ng	  noise.	  	  


