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The	
  idea	
  

•  A	
  fresh	
  approach	
  to	
  
the	
  design	
  of	
   	
   	
  
	
  low	
  thermal	
  noise	
  
mirror	
  suspensions	
  
	
  for	
  KAGRA	
  and	
  ET	
  



Key	
  features:	
  

•  Composite	
  structure	
  
•  Purely	
  Compressive	
  
joints	
  

•  No	
  shear	
  noise	
  
•  No	
  need	
  for	
  bonding	
  
•  Easy	
  replacements	
  
•  Easily	
  scalable	
  to	
  larger	
  
masses	
  



Flexure	
  	
  
Key	
  features:	
  

•  Silicon	
  flexures	
  	
  	
  
•  Intrinsic	
  Q-­‐factor	
  >108	
  
•  Thermo-­‐elas2c	
  	
  	
  	
  	
  >106	
  

•  Diluted	
  Q-­‐factor	
  	
  	
  >109	
  
•  Before	
  cryo	
  gain	
  	
  !	
  

•  Many	
  Machining	
  
op2ons	
  available	
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Flexure	
  structure	
  

•  Ultra-­‐Sound	
  Machined	
  
structure	
  

•  Etching	
  of	
  the	
  flexure	
  
surface	
  

•  Expected	
  to	
  increase	
  the	
  
break	
  point	
  	
  >1GPa	
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Flexure	
  structure	
  

•  Thin,	
  short,	
  
etched	
  flexure	
  

•  smallflexure	
  
aspect	
  ra2o	
  

•  Large	
  thermal	
  
conductance	
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Chao	
  Shiu	
  laboratory,	
  Taiwan	
  
Silicon	
  can2lever	
  with	
  KOH	
  wet	
  etching

4”	
  un-­‐doped	
  double-­‐side	
  polished	
  (001)	
  silicon	
  wafer,	
  	
  
500um	
  thickness	
  etched	
  down	
  to	
  92	
  and	
  52	
  µm	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
0.3	
  10-­‐6	
  loss	
  measured	
  from	
  residual	
  gas	
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  3940.8	
  (s)


Silicon	
  can2lever	
  (d=52um)


Am
pl
itu

de
(V
) 


Original	
  Data


Decay	
  Time	
  =	
  710.1	
  (s)

	
  φmeasurement	
  =	
  4.3*10-­‐6


Frequency	
  =	
  103.20	
  (Hz)


Silicon	
  can2lever	
  (d=92um)




Thermo-­‐elas2c	
  limit	
  

•  @	
  59	
  Hz	
  0.945	
  10-­‐6	
  loss	
  angle	
  predicted	
  (T.E.)	
  
•  1.3	
  10-­‐6	
  measured	
  (-­‐)	
  0.3	
  10-­‐6	
  residual	
  gas	
  
•  1.	
  10-­‐6	
  	
  loss	
  angle	
  	
  measured	
  
•  =>	
  100%	
  Thermoelas2c	
  limited	
  !	
  !	
  !	
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Kenji’s	
  Q-­‐factor	
  measurements	
  

•  Measurement	
  on	
  a	
  mirror	
  substrate	
  

•  108	
  lower	
  limit	
  



Ribbons	
  	
  
Key	
  features:	
  

•  Compression	
  joint	
  
alachment	
  

•  Machined-­‐polished	
  
Sapphire	
  ribbons	
  

•  High	
  quality	
  sapphire	
  
•  High	
  quality	
  surface	
  
finish	
  (sub-­‐phonon	
  
defect	
  size)	
  	
  

•  =	
  >	
  	
  High	
  thermal	
  
conduc2vity	
  !	
  



Conductance	
  budget	
  

•  Preliminary	
  conductance	
  
budget	
  from	
  Sakakibara	
  
with	
  1	
  W	
  load	
  

•  Thin	
  ribbon	
  responsible	
  for	
  
bulk	
  of	
  loss	
  !	
  !	
  !	
  

•  Plenty	
  of	
  space	
  for	
  
parametric	
  op2miza2on	
  



Mirror	
  alachment	
  
Key	
  features:	
  

•  Mini-­‐alcoves	
  (low	
  volume	
  
machining)	
  

•  Machining	
  before	
  coa2ng	
  
deposi2on	
  

•  Minimize	
  substrate	
  
induced	
  stress	
  

•  Recessed	
  alachment,	
  Low	
  
vulnerability	
  

•  No	
  bonding	
  shear	
  noise	
  
•  No	
  flats,	
  100%	
  of	
  mirror	
  
surfaceavailable	
  



Connec2ons	
  
Key	
  features:	
  

•  Purely	
  compressive	
  
joints	
  

•  Sub-­‐µm,	
  Gallium	
  gaskets	
  
+	
  direct	
  contact	
  

•  Complete	
  elimina2on	
  of	
  
s2ck	
  and	
  slip	
  noise	
  

•  Perfect	
  heat	
  
conduc2vity	
  

•  Easy	
  replaceability	
  



Springs	
  	
  
Key	
  features:	
  

•  Silicon	
  springs	
  
•  Defects	
  etched	
  away	
  
•  Allowable	
  surface	
  
stress	
  <	
  1	
  GPa	
  	
  (to	
  be	
  
confirmed)	
  

•  Elimina2on	
  of	
  ver2cal	
  
suspension	
  thermal	
  
noise	
  (necessary	
  due	
  
to	
  KAGRA’s	
  tunnel	
  2lt)	
  



NIKHEF	
  test	
  

•  Produce	
  a	
  number	
  od	
  samples	
  
•  Test	
  	
  and	
  see	
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Etched	
  Silicon	
  can2lever	
  blades	
  

•  Etch	
  the	
  bending	
  area	
  
•  Leave	
  thick	
  sec2on	
  for	
  
clamping	
  and	
  for	
  fiber	
  
connec2on	
  

•  With	
  	
  0.15	
  	
  Gpa	
  Only	
  
limited	
  flexure	
  possible	
  

•  With	
  >1GPa	
  large	
  
deflec2on	
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Larger	
  stresses	
  possible?	
  

•  MEM	
  sensors	
  opera2ng	
  at	
  1.4	
  GPa,	
  ~	
  10	
  2mes	
  
higher	
  limit!	
  

•  Is	
  etching	
  elimina2ng	
  surface	
  defect	
  and	
  
therefore	
  causing	
  the	
  larger	
  strength?	
  

•  	
  if	
  YES,	
  large	
  
bends	
  possible!	
  

•  Lower	
  
frequency	
  
bounce	
  modes	
  



Key	
  technologies:	
  

•  Ultrasound	
  machining	
  
of	
  sapphire	
  and	
  silicon	
  

•  Magneto-­‐rheological	
  
Finishing	
  (QED)	
  

•  Silicon	
  etching	
  to	
  
eliminate	
  defects	
  



Why	
  Gallium	
  

•  Indium	
  proved	
  extremely	
  effec2ve	
  to	
  
eliminate	
  fric2on	
  noise	
  in	
  compression	
  joints	
  
(Vladimir	
  Braginsky)	
  

•  Melts	
  at	
  rela2vely	
  high	
  temperature	
  
•  May	
  need	
  hea2ng	
  mirror	
  to	
  more	
  than	
  160oC	
  
for	
  disassembly	
  



Indium	
  vs.	
  Gallium	
  



Violin	
  mode	
  elimina2on	
  
•  Fiber-­‐fed	
  	
  
Red-­‐shiued	
  	
  
Fabry-­‐Perot	
  
•  Can	
  cool	
  	
  
violin	
  modes	
  	
  
to	
  mK	
  level	
  
•  Same	
  for	
  
Parametric	
  
Instabili2es)	
  



What	
  was	
  done	
  

•  Discussed	
  Ultra-­‐Sound	
  Machining	
  technology	
  
capabili2es	
  and	
  limita2on	
  with	
  Mack	
  

•  Interac2vely	
  advanced	
  design	
  	
  
•  Op2mized	
  machining	
  procedures	
  to	
  physics	
  
requirements	
  

•  Design	
  op2miza2on	
  ongoing	
  



To	
  do	
  list	
   •  FE	
  simula2on	
  
•  GWINC	
  simula2ons	
  
•  Test	
  machining	
  
•  Test	
  assembly	
  
•  Conduc2vity	
  
•  Q-­‐factors	
  
•  Gallium	
  
•  .	
  .	
  .	
  .	
  .	
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•  Test	
  effec2ve	
  break	
  point	
  
– Etched	
  not	
  etched	
  
– doped-­‐not	
  doped	
  
– Different	
  axis	
  orienta2on	
  
–  tension	
  



Development	
  target	
  
•  Going	
  from	
  strawman	
  to	
  final	
  design	
  of	
   	
  
	
  cryo	
  suspensions	
  for	
  KAGRA	
  mirrors	
  

•  NIKHEF	
  volunteered	
  to	
  lead,	
  provide	
  most	
  of	
  
parts	
  for	
  this	
  R&D	
  stage,	
  perform	
  tests	
  

•  Alessandro	
  Bertolini	
  co-­‐ordina2ng	
  this	
  R&D	
  
•  But	
  of	
  course	
  many	
  contribu2ons	
  are	
  needed	
  
– Fracture	
  measurements	
  
– Q-­‐measurements	
  
– Thermal	
  measurements	
  	
  	
  	
  	
  	
  (UTB?)	
  
–  	
  .	
  .	
  .	
  	
  




