
Development	
  of	
  a	
  stable	
  high	
  power	
  
Fabry-­‐Perot	
  cavity	
  for	
  quantum	
  non-­‐

demoli<on	
  measurement	

ICRR,	
  The	
  University	
  of	
  TokyoA	
  

Koji	
  Nagano,	
  Yutaro	
  Enomoto,	
  Masayuki	
  
Nakano,	
  Akira	
  FurusawaA,	
  and	
  Seiji	
  Kawamura	


ELiTES:	
  4th	
  general	
  mee<ng	
  (Delega<on	
  of	
  the	
  European	
  Union	
  to	
  Japan,	
  Dec.	
  3,	
  2015)	
 1	




ELiTES:	
  4th	
  general	
  mee<ng	
  (Delega<on	
  of	
  the	
  European	
  Union	
  to	
  Japan,	
  Dec.	
  3,	
  2015)	
 2	


•  Goal	
  sensi<vi<es	
  of	
  gravita<on	
  wave	
  detectors	
  
are	
  limited	
  mostly	
  by	
  the	
  quantum	
  noise.	
  

•  In	
  order	
  to	
  achieve	
  a	
  beYer	
  sensi<vity,	
  
demonstra<ng	
  the	
  reduc<on	
  of	
  quantum	
  noise	
  
is	
  essen<al.	
  

Introduc<on	


bKAGRA	
  sensi<vity	
  limit	
  curve	
  
(KAGRA	
  HP)	
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•  Quantum	
  noise	
  is	
  composed	
  of	
  two	
  elements:	
  
1.  Shot	
  noise	
  
2.  Radia<on	
  pressure	
  noise	
  
(Here	
  P	
  is	
  circula<ng	
  power	
  in	
  the	
  cavity.)	
  

•  These	
  two	
  noises	
  cannot	
  be	
  	
  
reduced	
  simultaneously	
  with	
  	
  
“ordinary”	
  measurements.	
  
=	
  Gravita<onal	
  wave	
  	
  
detectors	
  have	
  a	
  kind	
  of	
  	
  
limit	
  of	
  the	
  sensi<vity	
  called	
  	
  
standard	
  quantum	
  limit	
  (SQL).	
  

•  In	
  order	
  to	
  reduce	
  quantum	
  noise,	
  we	
  should	
  
use	
  “non-­‐ordinary”	
  measurements!!	
  

Quantum	
  Noise	


/ 1/
p
P

/
p
P

(in	
  terms	
  of	
  SNR)	


Radia<on	
  pressure	
  	
  
noise	


Shot	
  noise	


St
ra
in
	
  (1

/r
Hz

)	

Frequency	
  (Hz)	


P	


P	




ELiTES:	
  4th	
  general	
  mee<ng	
  (Delega<on	
  of	
  the	
  European	
  Union	
  to	
  Japan,	
  Dec.	
  3,	
  2015)	
 4	


•  Such	
  “non-­‐ordinary”	
  measurements	
  which	
  
reduce	
  quantum	
  noise	
  are	
  called	
  quantum	
  non-­‐
demoli<on	
  (QND)	
  measurements.	
  	
  

•  From	
  now	
  I	
  want	
  to	
  explain	
  mechanism	
  of	
  QND	
  
measurements.	
  

•  However,	
  to	
  explain	
  them,	
  quantum	
  noise	
  must	
  
be	
  treated	
  as	
  quantum	
  op<cal	
  phenomena.	
  	
  

•  So	
  I	
  will	
  do	
  a	
  bit	
  of	
  explana<on	
  of	
  sources	
  of	
  
quantum	
  noise	
  in	
  terms	
  of	
  quantum	
  op<cs	
  now.	


Quantum	
  Noise	
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Quantum	
  op<cal	
  treatment	
  
•  To	
  come	
  right	
  to	
  the	
  point,	
  the	
  source	
  of	
  
quantum	
  noise	
  is	
  vacuum	
  fluctua<on.	
  

•  Vacuum	
  fluctua<on	
  can	
  be	
  understood	
  using	
  the	
  
following	
  op<cal	
  phase	
  plane.	
  

Sources	
  of	
  Quantum	
  Noise	


a2	


a1	


a2	


a1	

Ideal	
  classical	
  	
  
light	
   Quantum	
  amplitude	
  

fluctua<on	
  

Quantum	
  phase	
  
fluctua<on	
  

Quantum	
  amplitude	
  
fluctua<on	
  

Quantum	
  phase	
  
fluctua<on	
  

Figure:	
  (led)	
  fluctua<on	
  of	
  the	
  light.	
  (right)	
  fluctua<on	
  of	
  vacuum	
  field.	
  Here,	
  a1	
  
and	
  a2	
  are	
  defined	
  as	
  amplitude	
  quadrature	
  and	
  phase	
  quadrature,	
  respec<vely.	
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•  At	
  an<-­‐symmetric	
  port,	
  when	
  interferometers	
  
are	
  operated	
  at	
  dark	
  fringe,	
  there	
  is	
  no	
  classical	
  
light	
  (except	
  leak	
  light	
  for	
  DC	
  readout).	
  

•  In	
  gravita<onal	
  wave	
  detectors,	
  signals	
  are	
  
obtained	
  as	
  phase	
  shids.	
  

•  Thus,	
  naively,	
  output	
  field	
  from	
  interferometer	
  
will	
  be	
  like	
  a	
  following	
  figure.	
  

Sources	
  of	
  Quantum	
  Noise	


a2	


a1	


GW	
  signal	


Noise	
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•  According	
  to	
  the	
  right	
  figure,	
  the	
  	
  
phase	
  fluctua<on	
  of	
  the	
  light	
  has	
  	
  
the	
  same	
  quadrature	
  as	
  the	
  signal	
  	
  
to	
  be	
  measured.	
  The	
  amplitude	
  	
  
fluctua<on	
  has	
  the	
  conjugate	
  	
  
quadrature.	
  

•  When	
  we	
  define	
  shot	
  noise	
  and	
  radia<on	
  
pressure	
  noise	
  as	
  sensing	
  noise	
  and	
  displacement	
  
noise,	
  respec<vely,	
  phase	
  fluctua;on	
  is	
  regarded	
  
as	
  shot	
  noise.	
  

•  Then	
  what	
  will	
  amplitude	
  fluctua<on	
  be?	
  
à	
  Amplitude	
  fluctua;on	
  will	
  be	
  radia;on	
  
pressure	
  noise.	
  

Sources	
  of	
  Quantum	
  Noise	

a2	


a1	


GW	
  signal	


Noise	
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•  The	
  way	
  amplitude	
  fluctua<on	
  will	
  be	
  
radia<on	
  pressure	
  noise	
  is	
  understood	
  as	
  the	
  
following	
  figure.	
  

Sources	
  of	
  Quantum	
  Noise	
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•  Therefore,	
  
– shot	
  noise	
  level	
  is	
  constant	
  and	
  signal	
  is	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  .	
  
So	
  SNR	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  .	
  

–  radia<on	
  pressure	
  (RP)	
  noise	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  .	
  So	
  SNR	
  	
  
(Here	
  P	
  is	
  laser	
  power,	
  m	
  is	
  mass	
  of	
  mirror,	
  and	
  f	
  is	
  frequency.)	
  

Sources	
  of	
  Quantum	
  Noise	


GW	
  signal	


RP	
  noise	


/ P
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  that	
  RP	
  noise	
  
	
  limits	
  the	
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(low	
  frequency	
  range)	
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Quantum	
  op<cal	
  treatment	
  
•  According	
  to	
  above	
  inves<ga<on,	
  the	
  source	
  
of	
  quantum	
  noise	
  is	
  the	
  vacuum	
  fluctua<on.	
  

•  Of	
  the	
  noises	
  from	
  the	
  vacuum	
  fluctua<on,	
  
–  the	
  noise	
  caused	
  by	
  amplitude	
  fluctua<on	
  is	
  called	
  
radia<on	
  pressure	
  noise.	
  

–  the	
  noise	
  caused	
  by	
  phase	
  fluctua<on	
  is	
  called	
  
shot	
  noise.	
  

(Note	
  that	
  the	
  vacuum	
  fluctua<on	
  is	
  also	
  input	
  
from	
  dark	
  port	
  and	
  this	
  is	
  the	
  very	
  source	
  of	
  
quantum	
  noise	
  of	
  gravita<onal	
  wave	
  detectors.)	
  

Sources	
  of	
  Quantum	
  Noise	
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•  Now,	
  let	
  me	
  back	
  to	
  explana<on	
  of	
  QND	
  
measurements	
  for	
  reducing	
  quantum	
  noise.	
  

•  Very	
  naively,	
  the	
  difference	
  between	
  QND	
  
measurements	
  and	
  “ordinary”	
  measurements	
  
can	
  be	
  explained	
  as	
  follows:	
  
– “Ordinary”	
  measurements:	
  When	
  a	
  value	
  is	
  
measured,	
  the	
  measurement	
  disturbs	
  the	
  value	
  
and	
  make	
  an	
  error	
  of	
  the	
  measurement.	
  

– QND	
  measurements:	
  the	
  measurement	
  disturbs	
  
only	
  the	
  conjugate	
  value	
  of	
  the	
  measured	
  value.	
  
So	
  the	
  measured	
  value	
  is	
  kept	
  “clean”.	


QND	
  Measurements	
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•  Now,	
  let	
  me	
  back	
  to	
  explana<on	
  of	
  QND	
  
measurements	
  for	
  reducing	
  quantum	
  noise.	
  

•  Very	
  naively,	
  the	
  difference	
  between	
  QND	
  
measurements	
  and	
  “ordinary”	
  measurements	
  
can	
  be	
  explained	
  as	
  follows:	
  
– “Ordinary”	
  measurements:	
  When	
  a	
  value	
  is	
  
measured,	
  the	
  measurement	
  disturbs	
  the	
  value	
  
and	
  make	
  an	
  error	
  of	
  the	
  measurement.	
  

– QND	
  measurements:	
  the	
  measurement	
  disturbs	
  
only	
  the	
  conjugate	
  value	
  of	
  the	
  measured	
  value.	
  
So	
  the	
  measured	
  value	
  is	
  kept	
  “clean”.	


QND	
  Measurements	


Phase	
  quadrature	
Amplitude	
  quadrature	
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•  Examples	
  of	
  QND	
  measurements	
  
1.  Input	
  squeezed	
  light	
  from	
  the	
  dark	
  port	
  and	
  

measure	
  the	
  signal	
  with	
  a	
  filter	
  cavity	
  
2.  Use	
  op<cal	
  spring	
  
3.  Measure	
  the	
  ponderomo<ve	
  squeezed	
  light	
  with	
  

homodyne	
  detec<on	
  

•  In	
  KAGRA,	
  of	
  these	
  methods,	
  op<cal	
  spring	
  
and	
  poderomo<ve	
  squeezing	
  are	
  planed	
  to	
  
use.	
  

QND	
  Measurements	
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•  Examples	
  of	
  QND	
  measurements	
  
1.  Input	
  squeezed	
  light	
  from	
  the	
  dark	
  port	
  and	
  

measure	
  the	
  signal	
  with	
  a	
  filter	
  cavity	
  
2.  Use	
  op<cal	
  spring	
  
3.  Measure	
  the	
  ponderomo<ve	
  squeezed	
  light	
  with	
  

homodyne	
  detec<on	
  

•  In	
  KAGRA,	
  of	
  these	
  methods,	
  op<cal	
  spring	
  
and	
  poderomo<ve	
  squeezing	
  are	
  planed	
  to	
  
use.	
  

QND	
  Measurements	


I’m	
  studying	
  this!	




ELiTES:	
  4th	
  general	
  mee<ng	
  (Delega<on	
  of	
  the	
  European	
  Union	
  to	
  Japan,	
  Dec.	
  3,	
  2015)	
 15	


•  What	
  is	
  the	
  measurement	
  of	
  ponderomo<ve	
  
squeezed	
  light	
  with	
  homodyne	
  detec<on	
  at	
  
all?	
  

•  This	
  ques<on	
  can	
  be	
  divided	
  into	
  two	
  
components.	
  
1.  What	
  is	
  ponderomo<ve	
  squeezed	
  light?	
  
2.  What	
  is	
  homodyne	
  detec<on?	
  

QND	
  Measurements	
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•  “Ponderomo<ve	
  Squeezing”	
  is	
  squeezing	
  of	
  
vacuum	
  fluctua<on’s	
  amplitude	
  quadrature	
  into	
  
its	
  phase	
  quadrature	
  via	
  mirrors’	
  mo<on	
  excited	
  
by	
  radia<on	
  pressure	
  force.	
  

•  How	
  much	
  vacuum	
  field	
  is	
  squeezed	
  is	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  .	


Ponderomo<ve	
  Squeezing	


Incident	
  vacuum	
  
(coherent)	


Displacement	
Output	
  vacuum	
  
(Squeezed)	


/ P

mf2



•  “Homodyne	
  detec<on”	
  is	
  to	
  select	
  a	
  
measurement	
  quadrature	
  to	
  improve	
  SNR.	
  (In	
  
ordinary	
  measurements,	
  the	
  measurement	
  
quadrature	
  is	
  phase	
  quadrature.)	
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Homodyne	
  Detec<on	


a2	


a1	


GW	
  signal	


b1	


b2	

Noise	


New	
  measurement	
  
quadrature	
  in	
  
Homodyne	
  detec<on	


“Old”	
  measurement	
  
quadrature	
  in	
  
ordinary	
  detec<on	




•  Homodyne	
  detec<on	
  is	
  performed	
  by	
  making	
  
the	
  output	
  signal	
  from	
  dark	
  port	
  interfere	
  with	
  
local	
  oscillator	
  (LO).	
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Homodyne	
  Detec<on	


Detect!	


BS	


BS	
PD	


PD	


Pick	
  off	


Homodyne	
  	
  
detec<on	


Fabry-­‐Perot	
  	
  
Michelson	
  
Interferometer	
  

Signal	

LO	


Laser	
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•  Using	
  ponderomo<ve	
  squeezing	
  and	
  homodyne	
  
detec<on,	
  SQL	
  can	
  be	
  beaten	
  as	
  shown	
  below.	
  

•  In	
  the	
  new	
  measurement	
  quadrature	
  (b2),	
  GW	
  
signals	
  decrease	
  but	
  noises	
  are	
  more	
  reduced.	
  
à	
  SNR	
  will	
  be	
  improved	
  beyond	
  SQL!!	


Reduc<on	
  of	
  Quantum	
  Noise	


S.	
  Sakata,	
  Ochanomizu	
  
Univ.,	
  Ph.D.	
  thesis	


a2	


a1	


GW	
  signal	


b1	


b2	

Noise	
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•  I	
  have	
  a	
  experiment	
  at	
  ICRR	
  for	
  demonstra<ng	
  
technique	
  of	
  quantum	
  noise	
  reduc<on,	
  
especially	
  radia<on	
  pressure	
  noise	
  reduc<on.	
  

•  For	
  demonstra<ng	
  the	
  technique,	
  first	
  of	
  all,	
  
radia<on	
  pressure	
  noise	
  which	
  is	
  not	
  reduced	
  
should	
  be	
  measured.	
  

•  Thus	
  I	
  have	
  a	
  experiment	
  for	
  measuring	
  
radia<on	
  pressure	
  noise	
  in	
  wide	
  range	
  of	
  
frequency.	


Experimental	
  Setup	




ELiTES:	
  4th	
  general	
  mee<ng	
  (Delega<on	
  of	
  the	
  European	
  Union	
  to	
  Japan,	
  Dec.	
  3,	
  2015)	
 21	


•  For	
  measuring	
  radia<on	
  pressure	
  noise,	
  our	
  
experimental	
  setup	
  is	
  devised	
  as	
  follows:	
  
–  Suspended	
  <ny	
  mirrors	
  (23	
  mg)	
  
– High	
  finesse	
  (~10^4)	
  op<cal	
  cavi<es	
  (not	
  yet)	
  
–  Fabry-­‐Perot	
  Michelson	
  interferometer	
  (not	
  yet)	
  

•  First	
  and	
  second	
  one	
  is	
  used	
  for	
  enhancing	
  
radia<on	
  pressure	
  noise.	
  
–  Recall	
  that	
  radia<on	
  pressure	
  noise	
  is	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  .	
  

•  Third	
  one	
  has	
  the	
  purpose	
  for	
  reducing	
  the	
  
common-­‐mode	
  noise,	
  such	
  as	
  classical	
  laser	
  
amplitude	
  noise.	


Experimental	
  Setup	


/ P

mf2

First	
  one	
 Second	
  one	
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Experimental	
  Setup	


Center	
  of	
  curvature	
  	
  
of	
  front	
  mirror	
  

QPD	
  for	
  observing	
  	
  
transmiYed	
  light	
  

•  Status	
  of	
  each	
  component	
  
–  End	
  mirror:	
  diameter	
  is	
  3	
  mm,	
  flat,	
  mass	
  is	
  23	
  mg.	
  
–  Front	
  mirror:	
  diameter	
  is	
  2.54	
  cm,	
  radius	
  of	
  curvature	
  
is	
  1	
  m,	
  mass	
  is	
  55	
  g.	
  

–  Cavity:	
  length	
  is	
  14	
  cm,	
  finesse	
  is	
  about	
  400,	
  set	
  in	
  
vacuum	
  chamber.	
  

	
  

These	
  are	
  used	
  for	
  changing	
  	
  
laser	
  power	
  input	
  to	
  the	
  cavity	
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Experimental	
  Setup	
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Experimental	
  Setup	


23	
  mgの鏡	


S.	
  Sakata,	
  Ochanomizu	
  Univ.	
  
Ph.D.	
  Thesis	
  (2008)	


Front	
  mirror	
  
(2.54	
  cm)	


23	
  mg	
  end	
  
mirror	
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•  Current	
  sensi<vity	
  is	
  limited	
  by	
  laser	
  
frequency	
  noise	
  (100	
  –	
  1000	
  Hz)	
  and	
  dark	
  
noise	
  of	
  the	
  photo	
  detector	
  (1000	
  Hz	
  –).	
  

Current	
  Sensi<vity	


Frequency	
  (Hz)	


Se
ns
i<
vi
ty
	
  (m

/r
tH
z)
	


Sensi<vity	
  
PD	
  noise	
  
Laser	
  freq.	
  noise	
  
RP	
  noise	


Target	
  range	
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•  Now	
  we	
  want	
  to	
  increase	
  laser	
  power	
  for	
  
measuring	
  radia<on	
  pressure	
  noise.	
  

•  However,	
  we	
  cannot	
  make	
  laser	
  power	
  
increase	
  because	
  of	
  rota<on	
  instability	
  due	
  to	
  
radia<on	
  pressure	
  applied	
  to	
  the	
  <ny	
  end	
  
mirror.	
  
– This	
  effect	
  is	
  called	
  Sidles-­‐Sigg	
  effect.	
  

•  This	
  instability	
  should	
  be	
  avoid	
  using	
  a	
  
rota<onal	
  control	
  system	
  for	
  measuring	
  
radia<on	
  pressure	
  noise.	


Current	
  Problems	
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Sidles-­‐Sigg	
  Effect	


・Case1:	
  RP	
  >	
  Restoring	
  force	
  
	
  	
  	
  →	
  Cavity	
  will	
  be	
  unstable.	

・Case2:	
  RP	
  <	
  Restoring	
  force	
  
	
  	
  	
  →	
  Resonant	
  frequency	
  

	
  will	
  decrease.	


RP	
  force	


Restoring	
  
force	


Ro
ta
<o

na
l	
  r
es
on

an
t	
  

	
  fr
eq

ue
nc
y	
  
(H
z)
	
  

Fluctua<on	
  of	
  	
  
end	
  mirror	


�r

Displacement	
  	
  
of	
  beam	
  spot	


Incident	
  	
  
light	


Intracavity	
  power	
  (mW)	
  

I	
  have	
  measured	
  this	
  case.	

Theore<cal	
  
curve	
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•  We	
  designed	
  a	
  rota<onal	
  control	
  system	
  from	
  
displacement	
  of	
  the	
  beam	
  spot	
  on	
  the	
  end	
  mirror	
  to	
  
the	
  angle	
  of	
  the	
  front	
  mirror	
  for	
  keeping	
  the	
  beam	
  spot	
  
in	
  a	
  certain	
  point	
  for	
  avoiding	
  the	
  Sidles-­‐Sigg	
  effect.	
  

•  This	
  feedback	
  control	
  system	
  keeps	
  the	
  beam	
  spot	
  on	
  
the	
  end	
  mirror	
  at	
  the	
  op<cal	
  center	
  of	
  the	
  end	
  mirror.	
  
–  In	
  such	
  case,	
  radia<on	
  pressure	
  torque	
  is	
  not	
  generated.	
  

Rota<onal	
  Control	
  System	


Drawn	
  by	
  Y.	
  Enomoto	
  



ELiTES:	
  4th	
  general	
  mee<ng	
  (Delega<on	
  of	
  the	
  European	
  Union	
  to	
  Japan,	
  Dec.	
  3,	
  2015)	
 29	


•  How	
  to	
  see	
  if	
  the	
  control	
  system	
  works	
  well?	
  
– When	
  the	
  instability	
  occurs,	
  the	
  rota<onal	
  resonant	
  
frequency	
  decreases.	
  On	
  the	
  other	
  hand,	
  when	
  the	
  
instability	
  is	
  avoided,	
  the	
  rota<onal	
  resonant	
  
frequency	
  does	
  not	
  decrease	
  (return	
  to	
  the	
  
mechanical	
  resonant	
  frequency.)	
  

– According	
  to	
  the	
  above	
  	
  
inves<ga<on,	
  if	
  we	
  can	
  	
  
measure	
  the	
  increase	
  of	
  	
  
the	
  rota<onal	
  resonant	
  	
  
frequency	
  of	
  the	
  end	
  	
  
mirror,	
  the	
  rota<onal	
  	
  
control	
  system	
  is	
  found	
  	
  
to	
  work	
  well!	


Rota<onal	
  Control	
  System	


Ro
ta
<o

na
l	
  r
es
on

an
t	
  

	
  fr
eq

ue
nc
y	
  
(H
z)
	
  

Intracavity	
  power	
  (mW)	
  

Mechanical	
  resonant	
  
frequency	
  

Control	
  gain	
  

No	
  control	
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•  This	
  figure	
  shows	
  the	
  increase	
  (or	
  returning)	
  
of	
  the	
  rota<onal	
  resonant	
  frequency	
  of	
  the	
  
end	
  mirror	
  with	
  increase	
  of	
  the	
  control	
  gain	
  of	
  
the	
  rota<onal	
  control	
  system.	


Rota<onal	
  Control	
  System	


Control	
  
gain	
  

Control	
  gain	
  Mechanical	
  

No	
  control	
   Mechanical	
  

No	
  control	
  

Y.	
  Enomoto	
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•  What	
  I	
  must	
  do	
  is	
  	
  
–  to	
  stabilize	
  the	
  laser	
  frequency	
  for	
  improving	
  
sensi<vity	
  (100	
  –	
  1000	
  Hz),	
  

–  to	
  make	
  the	
  resonant	
  type	
  of	
  PD	
  for	
  improving	
  
sensi<vity	
  (1000	
  Hz	
  –),	
  

–  to	
  re-­‐design	
  the	
  electronic	
  filter	
  of	
  the	
  rota<onal	
  
control	
  system	
  for	
  avoiding	
  an<-­‐dumping	
  effect,	
  

–  to	
  demonstrate	
  the	
  rota<onal	
  control	
  system	
  
works	
  well	
  at	
  high	
  laser	
  power	
  where	
  the	
  
radia<on	
  pressure	
  force	
  is	
  larger	
  than	
  restoring	
  
force	
  of	
  the	
  end	
  mirror.	


(Near)	
  Future	
  Plans	




ELiTES:	
  4th	
  general	
  mee<ng	
  (Delega<on	
  of	
  the	
  European	
  Union	
  to	
  Japan,	
  Dec.	
  3,	
  2015)	
 32	


•  I’m	
  going	
  to	
  fabricate	
  the	
  same	
  type	
  of	
  Fabry-­‐
Perot	
  cavity	
  as	
  the	
  cavity	
  now	
  used	
  and	
  set	
  up	
  
a	
  Fabry-­‐Perot	
  Michelson	
  interferometer	
  with	
  
the	
  two	
  cavi<es.	
  

•  With	
  the	
  FPMI,	
  I’m	
  expected	
  to	
  measure	
  
radia<on	
  pressure	
  noise	
  in	
  wide	
  frequency	
  
range.	
  

•  Ader	
  that,	
  I	
  plan	
  to	
  setup	
  the	
  homodyne	
  
detec<on	
  and	
  demonstrate	
  the	
  reduc<on	
  of	
  
radia<on	
  pressure	
  noise!!	


Future	
  plans	



