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Outline	
  	
  

	
  
² Non-­‐Gaussian	
  interferometer	
  at	
  the	
  APC	
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Aim	
  of	
  Non-­‐Gaussian	
  ITF	
  

Realize	
  a	
  table-­‐top	
  interferometer	
  using	
  a	
  non-­‐
Gaussian	
  (LG33)	
  mode	
  

	
  
² LG	
  system	
  feasibility	
  	
  

Ø  Matching	
  and	
  pre-­‐alignment	
  procedures	
  using	
  Gaussian	
  beam	
  
Ø  Control	
  systems	
  (longitudinal	
  and	
  angular)	
  

²  IdenUficaUon	
  of	
  the	
  main	
  limits	
  and	
  constraints	
  
² Comparison	
  between	
  measures	
  and	
  simulaUons	
  

² Test	
  other	
  modes	
  (LG	
  and	
  non-­‐LG)	
  
² Mirror	
  thermal	
  compensaUon	
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OpUcal	
  scheme	
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²  GeneraUon:	
  
Ø  Phase	
  plate	
  
Ø  Linear	
  mode	
  

cleaner	
  	
  
²  Mode	
  matching	
  

telescope	
  
²  Fabry-­‐Perot	
  arm	
  

caviUes	
  (F=200)	
  
²  30-­‐cm	
  long	
  plano-­‐

concave	
  caviUes	
  
²  Gaussian	
  beam	
  

used	
  for	
  
alignment	
  and	
  
matching	
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²  Genera?on	
  [1]:	
  
Ø  Phase	
  plate	
  
Ø  Linear	
  mode	
  

cleaner	
  
²  Mode	
  matching	
  

telescope	
  
²  Fabry-­‐Perot	
  arm	
  

caviUes	
  (F=200)	
  
²  30-­‐cm	
  long	
  plano-­‐

concave	
  caviUes	
  
²  Gaussian	
  beam	
  

used	
  for	
  
alignment	
  and	
  
matching	
  

[1]	
  M.	
  Granata	
  et	
  al.,	
  PRL	
  105,	
  231102	
  (2010)	
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²  GeneraUon:	
  
Ø  Phase	
  plate	
  
Ø  Linear	
  mode	
  

cleaner	
  
²  Mode	
  matching	
  

telescope	
  
²  Fabry-­‐Perot	
  arm	
  

caviUes	
  (F=200)	
  
²  30-­‐cm	
  long	
  plano-­‐

concave	
  caviUes	
  
²  Gaussian	
  beam	
  

used	
  for	
  
alignment	
  and	
  
matching	
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  scheme	
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²  GeneraUon:	
  
Ø  Phase	
  plate	
  
Ø  Linear	
  mode	
  

cleaner	
  	
  
²  Mode	
  matching	
  

telescope	
  
²  Fabry-­‐Perot	
  arm	
  

cavi?es	
  (F=200)	
  
²  30-­‐cm	
  long	
  plano-­‐

concave	
  caviUes	
  
²  Gaussian	
  beam	
  

used	
  for	
  
alignment	
  and	
  
matching	
  



Experimental	
  setup	
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Experimental	
  setup	
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Input	
  beam	
  
² Gaussian	
  and	
  LG33	
  beams	
  superposed	
  before	
  the	
  mode	
  
cleaner	
  input	
  mirror	
  
Ø  Alignment	
  of	
  the	
  Gaussian	
  beam	
  in	
  the	
  MC	
  cavity	
  
Ø  Switching	
  on	
  the	
  LG33	
  beam	
  (only	
  opUmizaUon	
  required)	
  

² LG33	
  purity	
  (evaluated	
  in	
  terms	
  od	
  overlap	
  integrals	
  O.I.)	
  
maintained	
  from	
  mode	
  cleaner	
  to	
  arm	
  caviUes	
  input	
  

18	
  

Mode	
  cleaner	
  
output	
  

O.I.	
  99.2%	
  

Cavity	
  1	
  
input	
  

O.I.	
  98.5%	
  

Cavity	
  2	
  
input	
  

O.I.	
  98.9%	
  



CaviUes	
  characterizaUon	
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Gaussian	
   Tilt	
   Mismatching	
  

0.8%	
  -­‐	
  3%	
   0.2%	
  

LG33	
   Tilt	
   LG43	
   LG23	
  

Cavity	
  1	
   3.6%	
  -­‐	
  2.4%	
   3.1%	
   5%	
  

Cavity	
  2	
   5.5%	
  -­‐	
  4.3%	
   2.4%	
   4.2%	
  

² Cavity	
  characterizaUon	
  
Ø  Mismatching	
  greater	
  by	
  a	
  factor	
  ~40	
  (confirmed	
  by	
  theory	
  
and	
  simulaUons)	
  

Ø  Tilts	
  recovered	
  by	
  a	
  fine	
  tuning	
  of	
  the	
  cavity	
  mirrors	
  
(possible	
  only	
  by	
  piezo	
  actuators)	
  

² Mismatching	
  analyUcal	
  esUmaUon	
  	
  
Ø  4.5%	
  waist	
  size	
  error	
  (only	
  waist	
  size	
  error)	
  
Ø  2.2	
  cm	
  waist	
  posiUon	
  error	
  (only	
  posiUon	
  error)	
  	
  



Interferometer	
  control	
  system	
  

² Digital	
  control	
  system	
  (AdVirgo-­‐like)	
  
² Arm	
  caviUes:	
  standard	
  control	
  system	
  

(PDH)	
  
²  ITF:	
  Schnupp	
  asymmetry	
  between	
  arms	
  

not	
  possible	
  (huge	
  impact	
  on	
  
matching),	
  Michelson	
  error	
  signal	
  
extracted	
  through	
  dithering	
  

² Very	
  fast	
  lock	
  and	
  relock	
  thanks	
  to	
  an	
  
automated	
  system	
  (sofware	
  script)	
  

² Stable	
  locking	
  of	
  both	
  arm	
  caviUes	
  and	
  
Interferometer	
  

² Power	
  fluctuaUon	
  given	
  by	
  acousUc	
  
noise	
  (acousUc	
  insulaUon	
  received	
  and	
  
installed	
  in	
  the	
  next	
  weeks)	
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Cavity	
  1	
  
Cavity	
  2	
  

ITF	
  



Image	
  analysis	
  

² Best	
  visibility	
  74%	
  
	
  
² SimulaUons	
  
carried	
  out	
  for	
  
explaining	
  the	
  
obtained	
  results	
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ψin	
   ψdark	
  fringe	
  

ψref2	
   ψref1	
  

ψtx2	
  

ψtx1	
  

OI=99.2%	
  

OI=82.3%	
  

OI=97.4%	
  

OI=92.3%	
  OI=64.4%	
  

OI=69.2%	
  



Transmihed	
  beams	
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Ca
vi
ty
	
  1
	
  

Ca
vi
ty
	
  2
	
  

² EsUmaUon	
  starUng	
  
from	
  shapes	
  and	
  
the	
  relaUve	
  overlap	
  
integrals	
  

As?gma?sm	
  

Cavity	
  1	
   0.27%	
  

Cavity	
  2	
   0.16%	
  

Measured	
   Simulated	
  



Reflected	
  beams	
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Ca
vi
ty
	
  1
	
  

Ca
vi
ty
	
  2
	
   Tilt	
  ITM	
   Tilt	
  ETM	
  

Cavity	
  1	
   -­‐5	
  µrad	
  (x)	
  	
  
-­‐50	
  µrad	
  (y)	
  

4	
  µrad	
  (x)	
  
5	
  µrad	
  (y)	
  

Cavity	
  2	
   8	
  µrad	
  (x)	
  	
  
65	
  µrad	
  (y)	
  

-­‐2	
  µrad	
  (x)	
  
-­‐12	
  µrad	
  (y)	
  

² Same	
  asUgmaUsm	
  
obtained	
  in	
  the	
  
previous	
  slide	
  	
  

² Tilt	
  esUmaUon	
  made	
  
from	
  overlap	
  integrals	
  
and	
  resonance	
  scans	
  
(amplitude	
  of	
  Ults	
  
modes)	
  

Measured	
   Simulated	
  



Dark	
  fringe	
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Tilt	
  ITM	
   Tilt	
  ETM	
   As?gma?sm	
  

Cavity	
  1	
   -­‐5	
  µrad	
  (x)	
  	
  
-­‐50	
  µrad	
  (y)	
  

4	
  µrad	
  (x)	
  
5	
  µrad	
  (y)	
   0.27%	
  

Cavity	
  2	
   8	
  µrad	
  (x)	
  	
  
65	
  µrad	
  (y)	
  

-­‐2	
  µrad	
  (x)	
  
-­‐12	
  µrad	
  (y)	
   0.16%	
  

Visibility	
  72%	
   Visibility	
  92%	
  Visibility	
  74%	
  
(asUgmaUsm+mismatch	
  

+Ults)	
  
(asUgmaUsm	
  only)	
  

Measured	
   Simulated	
  

² General	
  agreement	
  
between	
  the	
  measured	
  
and	
  simulated	
  images	
  



Dark	
  fringe	
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Tilt	
  ITM	
   Tilt	
  ETM	
   As?gma?sm	
  

Cavity	
  1	
   -­‐5	
  µrad	
  (x)	
  	
  
-­‐50	
  µrad	
  (y)	
  

4	
  µrad	
  (x)	
  
5	
  µrad	
  (y)	
   0.27%	
  

Cavity	
  2	
   8	
  µrad	
  (x)	
  	
  
65	
  µrad	
  (y)	
  

-­‐2	
  µrad	
  (x)	
  
-­‐12	
  µrad	
  (y)	
   0.16%	
  

Visibility	
  72%	
   Visibility	
  92%	
  Visibility	
  74%	
  
(asUgmaUsm+mismatch	
  

+Ults)	
  
(asUgmaUsm	
  only)	
  

Measured	
   Simulated	
  

² General	
  agreement	
  
between	
  the	
  measured	
  
and	
  simulated	
  images	
  



Near-­‐future	
  steps	
  

² Improve	
  the	
  quality	
  of	
  the	
  dark	
  fringe	
  
Ø  Fine	
  tuning	
  of	
  both	
  input	
  and	
  end	
  cavity	
  mirrors	
  
by	
  piezo	
  actuators	
  (planned	
  in	
  the	
  next	
  week)	
  

Ø AutomaUc	
  alignment	
  procedure	
  using	
  a	
  quadrant	
  
photodiode	
  at	
  the	
  dark	
  fringe	
  port	
  (planned	
  in	
  the	
  
next	
  week,	
  Virgo	
  quadrant)	
  

² Measure	
  of	
  cavity	
  mirrors	
  maps	
  
² InstallaUon	
  of	
  acousUc	
  insulaUon	
  for	
  acousUc	
  
noise	
  reducUon	
  



Outline	
  	
  

² Reduc?on	
  of	
  the	
  degeneracy	
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Thermal	
  compensaUon	
  &	
  LG33	
  

² InstallaUon	
  of	
  the	
  CHRAC-­‐like	
  
thermal	
  compensaUon	
  
system	
  	
  
Ø  Setup	
  modified	
  to	
  accomodate	
  
the	
  CHRAC	
  

Ø  BK7	
  cavity	
  mirrors	
  (higher	
  
thermal	
  coefficient)	
  

² CorrecUon	
  of	
  only	
  one	
  cavity	
  	
  
² Simple	
  cavity	
  (transmihed	
  and	
  
reflected	
  beams)	
  

² Asymmetric	
  ITF	
  (1	
  FP	
  cavity	
  
and	
  1	
  simple	
  mirror)	
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Thermal	
  compensaUon	
  &	
  LG33	
  

² InstallaUon	
  of	
  the	
  CHRAC-­‐like	
  
thermal	
  compensaUon	
  
system	
  	
  
Ø  Setup	
  modified	
  to	
  accomodate	
  
the	
  CHRAC	
  

Ø  BK7	
  cavity	
  mirrors	
  (higher	
  
thermal	
  coefficient)	
  

² CorrecUon	
  of	
  only	
  one	
  cavity	
  	
  
² Simple	
  cavity	
  (transmihed	
  and	
  
reflected	
  beams)	
  

² Asymmetric	
  ITF	
  (1	
  FP	
  cavity	
  
and	
  1	
  simple	
  mirror)	
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See Annalisa Allocca 

Friday morning 



Other	
  paths	
  to	
  reduce	
  the	
  degeneracy	
  

	
  
² 10	
  OSCAR	
  simulaUons	
  
² Advanced	
  Virgo	
  configuraUon	
  
² RealisUc	
  mirror	
  maps	
  (generated	
  
by	
  ITM04	
  PSD	
  [5,10])	
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AIM	
  
Improving	
  the	
  contrast	
  defect	
  maintaining	
  the	
  same	
  

thermal	
  noise	
  reducUon	
  of	
  LG33	
  

RMS	
  roughness	
  =	
  0.3	
  

[5]	
  T.	
  Hong	
  et	
  al.,	
  Physical	
  Review	
  D	
  84,	
  102001	
  (2011)	
  
[10]	
  H.	
  Yamamoto,	
  LIGO-­‐T1100353-­‐v1	
  (2011)	
  	
  
	
  



LG09	
  +	
  correcUve	
  coaUng	
  
²  Same	
  order	
  of	
  LG33	
  mode	
  
²  AnUreflecUve	
  coaUng	
  (as	
  in	
  [5]	
  for	
  

reducing	
  the	
  insurgence	
  of	
  other	
  
modes	
  

Helical	
  or	
  sinusoidal	
  
LG09	
  beam	
  

LG09	
  
Sin	
  
LG09	
  

LGo9	
  
hole	
  

Sin	
  LG09	
  
hole	
  

mean	
   1.6	
   1.7	
   4	
   7.8	
  
std	
   0.5	
   0.8	
   2	
   6.4	
   31	
  

[5]	
  T.	
  Hong	
  et	
  al.,	
  Physical	
  Review	
  D	
  84,	
  
102001	
  (2011)	
  



But…	
  

² In	
  order	
  to	
  recover	
  
a	
  feasible	
  contrast	
  
defect	
  a	
  total	
  gain	
  
of	
  at	
  least	
  2	
  order	
  
of	
  magnitude	
  is	
  
needed	
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Other	
  soluUons	
  

² For	
  obtaining	
  an	
  addiUonal	
  reducUon	
  other	
  possible	
  
soluUons	
  have	
  been	
  considered	
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Configura?on	
   Contrast	
  defect	
  

LG33,	
  F=450	
   5.8*10-­‐2	
  

Sin	
  LG09,	
  F=450	
   3.4*10-­‐2	
  

Sin	
  LG09,	
  hole,	
  F=450	
   7.7*10-­‐3	
  

Sin	
  LG09,	
  hole,	
  F=225	
   1.9*10-­‐3	
  

Sin	
  LG09,	
  hole,	
  F=225,	
  
RMS=0.1	
  nm	
   3*10-­‐4	
  

Change	
  of	
  modal	
  shape	
  

CorrecUve	
  coaUng	
  

Finesse	
  reducUon	
  

RMS	
  reducUon	
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