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LLO	
  Y	
  Beamtube	
  Leaks	
  Redux	
  

•  Excess	
  air	
  was	
  discovered	
  in	
  the	
  LLO	
  Y	
  arm	
  early	
  2012	
  
–  Likely	
  onset	
  reconstructs	
  to	
  	
  10/2008	
  

•  No	
  known	
  coincident	
  event	
  
•  Undetected/ambiguous	
  due	
  to	
  inadequate	
  instrumentaOon	
  (colocated	
  with	
  pumping)	
  

–  Approximately	
  constant	
  air	
  influx	
  of	
  2.6x10-­‐4	
  Tl/s	
  	
  since	
  onset	
  	
  

•  Combined	
  leak	
  hunt	
  campaign:	
  	
  
–  Visual	
  inspecOon	
  (requiring	
  complete	
  insulaOon	
  removal)	
  
–  Pressure	
  gradient	
  reconstrucOon	
  	
  (T1200263)	
  

•  Modulate	
  valves	
  at	
  ends	
  of	
  tube	
  to	
  change	
  pumping	
  boundary	
  condiOons	
  
•  Monitor	
  pressure	
  gradients,	
  reconstruct	
  source	
  locaOon	
  given	
  tube	
  conductance	
  
•  Typical	
  test	
  duraOon	
  ~	
  1	
  week	
  (tube	
  aperture	
  blocked)	
  
•  ~	
  100m	
  posiOon	
  resoluOon	
  @	
  10-­‐5	
  Tl/s	
  rate	
  

–  Turbo-­‐assisted	
  He	
  mass-­‐spectrometer	
  leak	
  detecOon	
  (T1200375)	
  	
  
•  Brute	
  force;	
  poly	
  bag	
  secOons	
  1	
  to	
  18m	
  long,	
  fill	
  bag	
  with	
  He,	
  monitor	
  tube	
  interior	
  for	
  He	
  
•  Subdivide	
  &	
  retest	
  	
  if	
  zone	
  tests	
  posiOve	
  (cleanup	
  aier	
  a	
  posiOve	
  takes	
  very	
  long)	
  
•  Most	
  “signal”	
  disappears	
  down	
  tube;	
  mass	
  spectrometer	
  only	
  sees	
  small	
  sample	
  
•  Strong	
  alenuaOon	
  with	
  distance	
  (sampling	
  ports	
  @	
  250m	
  intervals;	
  SNR	
  loss	
  ~	
  5:1	
  at	
  250	
  m)	
  
•  Time	
  constants	
  	
  far	
  from	
  “normal”	
  leak	
  tesOng;	
  instrument	
  drii	
  &	
  backgrounds	
  	
  problemaOc	
  
•  With	
  Ome	
  &	
  care,	
  ~	
  cm	
  resoluOon	
  @	
  sensiOvity	
  <	
  10-­‐7	
  Tl/s	
  	
  achieved	
  	
  

•  Pressure	
  gradient	
  implied	
  locaOon	
  “near”	
  tube	
  center	
  (Y	
  ~	
  2km)	
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LLO	
  Y	
  Beamtube	
  Leaks	
  (cont’d)	
  
•  Primary	
  leak	
  located	
  by	
  He	
  MSLD	
  and	
  sealed*	
  December	
  2012	
  

–  Evidence	
  of	
  historical	
  rodent	
  nesOng	
  under	
  insulaOon	
  
–  Evidence	
  of	
  historical	
  rain	
  leakage	
  from	
  enclosure	
  roof	
  (also	
  natural	
  condensaOon)	
  
–  Two	
  smaller	
  	
  (<	
  10-­‐5	
  Tl/s)	
  leaks	
  subsequently	
  also	
  located	
  and	
  sealed-­‐-­‐	
  

•  	
  one	
  nearby	
  	
  (presumably	
  correlated)	
  
•  	
  another	
  300m	
  away	
  (presumed	
  independent)	
  under	
  a	
  mud	
  dauber	
  wasp	
  nest	
  

–  These	
  leaks	
  were	
  all:	
  
•  On	
  welds	
  	
  	
  
•  Associated	
  with	
  evidence	
  of	
  	
  moisture	
  	
  
•  Located	
  near	
  	
  animal	
  excre1on	
  residues	
  (i.e.,	
  chloride	
  contaminaOon)	
  

•  Outside	
  corrosion	
  &	
  welding	
  consultants	
  brought	
  in	
  
–  Inconclusive	
  	
  wrt	
  cause,	
  but	
  confirmed	
  no	
  structural	
  risk	
  to	
  tube	
  integrity	
  
–  Corrosion	
  strongly	
  suggested,	
  but	
  not	
  proven;	
  no	
  direct	
  visual	
  or	
  chemical	
  evidence	
  
–  Stress	
  (or	
  stress-­‐corrosion	
  cracking)	
  is	
  not	
  an	
  apparent	
  factor	
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*with	
  VacSeal	
  silicone-­‐based	
  penetrant	
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Figure 2: Leak detector response to 30 second calibrated injection of helium test gas at z = 250 meters 
(pink circles).  Also plotted is predicted response from diffusion model (solid blue) and approximate 

standard error margins (dash-dot red and green). 

 
Discussion: As shown in Figure 1, the modeled response is down by a factor of five 
between z = 10m and z = 250m, and falls a further factor of two at z = 500m. The added 
systematic delay seen here, if it can’t be eliminated, further degrades the sensitivity of 
tests monitored far from the injection site. 
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Figure 1 shows the expected response to a 30-second injection of the above magnitude, 
with the putative source placed at various distances from the detector.  
 

 
Figure 1: Model leak detector response for He test injections as described in text, assuming different 
injection positions z ranging from 10m (blue) to 1.01 km (purple).  The actual test (Fig. 2) was 
performed at z = 250m (green). 

 
Using this model, Table 1 gives the expected air-equivalent leak detectability limit for 
tests conducted by briefly surrounding a given section of tube with helium. I assume the 
test zone (bag or ambient volume) acquires at least 10% He concentration for at least  of 
30 seconds, and that a positive test requires a minimum of 3 x10-10 Tl/s deflection on the 
leak checker readout.   
 
In reality, the deflection criterion should depend on the MSLD noise and background 
drift over whatever observing duration is required to establish a signal. As a lower bound 
on this duration, the expected peak delay (governed by diffusion) is given in the third 
column of the table.  The MSLD noise may sometimes be the range of a few x 10-11 Tl/s, 
as seen at left in Figure 2, or better; but we’ve found in practice that long-term stability at 
this level is far from typical. The machine isn’t really designed for very long test 
durations. 
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  1-­‐	
  and	
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  Weiss)	
  	
  	
  

500	
  l/s	
  turbo	
  for	
  MSLD	
  
compression	
  boost	
  (K.	
  Ryan)	
  	
  

Y	
  =1980	
  ±	
  40	
  m	
  
(??)	
  



LLO	
  Y	
  Beamtube	
  Leak	
  (Part	
  II)	
  

•  Air	
  sOll	
  coming	
  in	
  
•  4e-­‐5	
  Tl/s	
  	
  source	
  remained	
  “at	
  large”	
  	
  

–  Gradient	
  reconstrucOon	
  repeatedly	
  implicated	
  tube	
  midsecOon	
  
–  Successive	
  refinements	
  to	
  gradient	
  method	
  (R.	
  Weiss,	
  T1300702)	
  

•  Included	
  more	
  sensors	
  	
  
•  Regressed	
  effects	
  of	
  temperature,	
  electrometer	
  zero	
  drii	
  	
  
•  Allowed	
  mulO-­‐leak	
  soluOons	
  
•  Used	
  more	
  robust	
  staOsOcal	
  algorithm	
  

–  Reduced	
  posiOon	
  error	
  to	
  ±50m,	
  solu1ons	
  always	
  included	
  midpoint	
  
however…	
  
–  …exhausOve	
  He	
  MSLD	
  bag	
  tests	
  on	
  middle	
  km	
  (esp.	
  	
  GV7	
  gate	
  valve)	
  showed	
  

no	
  leaks,	
  with	
  high	
  measurement	
  confidence	
  	
  (<	
  10-­‐7	
  Tl/s)	
  
•  Started	
  considering	
  “strange”	
  (delayed,	
  virtual)	
  mechanisms	
  (?)	
  

–  Long	
  Ome	
  constant	
  (to	
  evade	
  MSLD)	
  +	
  known	
  total	
  rate	
  à	
  constrained	
  soluOon	
  
–  Seemed	
  to	
  require	
  hidden	
  storage	
  volume	
  	
  or	
  	
  reservoir	
  of	
  	
  permeable	
  substance	
  
–  Where	
  could	
  gas	
  hide	
  ?	
  	
  gate	
  valve	
  stem?	
  
–  Crazy	
  stuff,	
  	
  but	
  ‘once	
  you	
  have	
  eliminated	
  the	
  impossible…’	
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GV7	
  `Enhanced	
  InterrogaOon’	
  

•  Resorted	
  to	
  aggressive	
  tests	
  on	
  GV7	
  
–  Test	
  1	
  (He):	
  Out-­‐wait	
  the	
  Ome	
  constant(s)	
  

•  Two	
  MSLD	
  sample	
  points,	
  one	
  550m	
  away	
  to	
  
rule	
  out	
  flanking/background	
  sniff	
  

–  Test	
  2	
  (Argon):	
  Replace	
  air	
  around	
  valve	
  and	
  
watch	
  internal	
  composiOon	
  change	
  

•  Look	
  for	
  both	
  	
  presence	
  of	
  test	
  gas	
  and	
  
replacement/reducOon	
  of	
  air	
  inside	
  tube	
  

•  Results	
  both	
  convincing	
  and	
  bizarre:	
  
–  Gas	
  outside	
  the	
  valve	
  stem	
  gets	
  in	
  
–  ComposiOon	
  inside	
  mirrors	
  outside	
  
	
  but…	
  
–  Very	
  long	
  delay	
  for	
  He	
  to	
  enter	
  	
  
–  Delay	
  10-­‐100x	
  longer	
  sOll	
  for	
  Ar	
  

•  Weiss:	
  “The Leak from Hell”!



He	
  Response:	
  “Direct	
  leak”	
  vs.	
  GV7	
  

He	
  MSLD	
  responses	
  measured	
  adjacent	
  to	
  GV7	
  (green)	
  and	
  550m	
  north	
  (blue).	
  For	
  comparison,	
  corresponding	
  responses	
  are	
  also	
  ploCed	
  
(cyan	
  and	
  red,	
  respecEvely)	
  for	
  a	
  direct	
  60-­‐second	
  Emed	
  He	
  injecEon	
  of	
  1.8e-­‐7	
  Tl/s	
  near	
  the	
  valve	
  locaEon.	
  	
  In	
  all	
  cases	
  t=0	
  corresponds	
  to	
  
the	
  start	
  of	
  He	
  flow.	
  	
  The	
  delayed	
  GV7	
  response	
  is	
  unequivocal,	
  but	
  also	
  inconsistent	
  with	
  a	
  simple	
  leak.	
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Air	
  displacement	
  over	
  GV7	
  stem	
  
RGA	
  ion	
  currents	
  for	
  argon	
  and	
  components	
  of	
  air	
  are	
  ploled	
  vs.	
  Ome	
  as	
  a	
  fracOon	
  of	
  the	
  total	
  ion	
  current,	
  which	
  
summed	
  contribuOons	
  from	
  N2	
  (28),	
  O2	
  (32),	
  H2O(18),	
  and	
  Ar(40)	
  (but	
  did	
  not	
  include	
  H2	
  or	
  other	
  species).	
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“Delayed	
  Leak”	
  Models	
  
•  Long	
  thin	
  channel	
  ?	
  

–  	
  	
  τ	
  	
  ~	
  	
  L2/Dv	
  	
  and	
  	
  F	
  ~	
  vD3/L	
  	
  	
  
–  à	
  D	
  ~	
  0.3	
  mm	
  for	
  L	
  ~	
  1m	
  	
  (maybe	
  plausible),	
  but…	
  
–  gas	
  diffusion	
  à	
  τ	
  ~	
  m1/2	
  	
  (only	
  	
  3:1	
  between	
  Ar	
  and	
  He)	
  

•  Discrete	
  series	
  leaks	
  w/	
  dead	
  volume(s)	
  between?	
  
–  e.g.,	
  V	
  ~	
  5	
  l	
  	
  and	
  τ	
  ~	
  1,000	
  s	
  à	
  F1	
  ~	
  F2	
  ~	
  5e-­‐3	
  l/s	
  ,	
  	
  	
  Pmid	
  ~	
  .01	
  Torr	
  
–  If	
  limit	
  is	
  viscous	
  (choked	
  flow),	
  rate	
  ~	
  P,	
  	
  but…	
  
–  molecular	
  mass	
  dependence	
  of	
  τ	
  is	
  even	
  weaker	
  	
  

•  PermeaOon/percolaOon?	
  
–  Weld	
  or	
  gasket	
  fissure	
  which	
  is	
  plugged	
  with	
  liquid,	
  e.g.,	
  
condensate	
  or	
  lubrica1ng	
  grease?	
  	
  

–  àExpect	
  bulk	
  diffusion	
  	
  τ	
  	
  ~	
  	
  a2	
  m1/2	
  	
  	
  (Ar	
  :	
  He	
  ~	
  20:1)	
  
•  Is	
  it	
  important?	
  Maybe…	
  

–  Risk	
  of	
  future	
  “evoluOon”	
  	
  
–  PotenOal	
  failure	
  mode	
  for	
  other	
  valves**	
  
	
  

12	
  **	
  wait	
  for	
  it..	
  



Test	
  of	
  Ar	
  diffusion	
  through	
  a	
  sample	
  of	
  valve	
  mechanism	
  lubricant	
  
From	
  R.	
  Weiss,	
  LIGO-­‐T1400183	
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Valve	
  Repair	
  OpOons	
  
•  Out-­‐pump	
  it	
  ?	
  ✖	
  

–  Conductance	
  limited;	
  only	
  two	
  10”	
  ports	
  available	
  nearby	
  
–  IFO	
  is	
  most	
  sensiOve	
  near	
  this	
  locaOon	
  (laser	
  beam	
  waist)	
  
–  “Grease	
  theory”	
  à	
  leak	
  rate	
  could	
  spontaneously	
  change!	
  

•  Vent	
  and	
  fix	
  it	
  ?	
  ✖	
  
–  Requires	
  re-­‐bakeout	
  of	
  enOre	
  tube	
  
–  Very	
  costly	
  (large	
  %	
  of	
  LIGO	
  annual	
  budget)	
  
–  Too	
  Ome	
  consuming	
  (	
  ~	
  year(s)	
  ?)	
  

•  Pull	
  an	
  external	
  vacuum?	
  	
  ✔ 	
  	
  …but…	
  
–  No	
  cuyng,	
  welding	
  or	
  disassembly	
  allowed	
  
–  “Captured”	
  seals,	
  “as-­‐built”	
  (rough)	
  sealing	
  surfaces	
  
– Weight	
  constraints	
  
–  Trapped	
  grease,	
  plasOcs	
  

à	
  Unique	
  engineering	
  challenge	
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GV7	
  sarcophagus	
  concept	
  

SEAL	
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Figure 4: Upper trunk and stem. The drive housing has been removed to expose the motor, gearbox 

and leadscrew. 

 
Figure 5: Cutaway model of drive mechanism, bellows and top of stem. 

Appendix B: Leak History and Evidence Implicating GV7 
Early in 2012 the Y (South) beamtube at LIGO Livingston was found to be leaking air. In retrospect, 
leakage had probably existed since late 2008; it went unnoticed because in that epoch, vacuum 15	
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Vacuum	
  enclosure	
  for	
  GV7	
  
stem/actuator	
  assembly	
  

	
  
K.	
  Mason	
  5/1/2014	
   ion	
  pump	
  

gate	
  valve	
  

GV7	
  trunk	
  

upper	
  housing	
  	
  

structural	
  support	
  	
  

GV7	
  stem	
  nozzle	
  captured	
  seal	
  gland	
  
(CNC-­‐profiled	
  to	
  conform	
  to	
  exisOng	
  nozzle)	
  	
  

lower	
  housing	
  	
  
captured	
  split	
  housing	
  base	
  

(assembled	
  &	
  bonded	
  together	
  in	
  situ)	
  

actuator	
  leadscrew	
  housing	
  	
  

exisOng	
  valve	
  mechanism	
  



Split	
  plate	
  &	
  captured	
  seal	
  engineering	
  

O-­‐ring	
  field	
  weld	
  &	
  seal	
  gland	
  leak	
  test	
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Plate	
  joint/crossed	
  seal	
  test	
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GV7	
  sarcophagus	
  installaOon	
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GV7	
  sarcophagus	
  installaOon	
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GV7	
  sarcophagus	
  installaOon	
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IT	
  WORKED…	
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LLO	
  Y	
  ARM	
  ACCUMULATION	
  (AFTER	
  GV7	
  CONTAINMENT)	
  

22	
  (LIGO-­‐T1400723)	
  

H2	
  

N2	
  	
  (x	
  20)	
  

H2O	
  	
  (x	
  20)	
  

Q	
  <	
  10-­‐8	
  Tl/s	
  



Some	
  Good	
  Breaks…	
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•  Sarcophagus	
  pumpdown	
  was	
  quick	
  
– Maintained	
  solely	
  on	
  ion	
  pump	
  within	
  2	
  days	
  
–  Steady-­‐state	
  stem	
  P	
  <	
  10-­‐7	
  Torr,	
  despite	
  contaminaOon	
  	
  

•  LOWER	
  residual	
  water	
  vapor	
  desorp1on	
  than	
  
calculated	
  based	
  on	
  leak	
  exposure	
  
– We	
  expected	
  	
  x103	
  increase	
  in	
  water	
  desorpOon	
  due	
  
to	
  4	
  years	
  of	
  air	
  leakage	
  	
  

–  In	
  reality	
  only	
  x100;	
  not	
  a	
  threat	
  to	
  aLIGO	
  sensi1vity	
  
(with	
  added	
  pumps)	
  

–  Part	
  of	
  the	
  answer:	
  we	
  underesOmated	
  the	
  48C	
  “mini-­‐
bake”	
  occurring	
  naturally	
  each	
  summer–	
  poten1ally	
  
cri1cal	
  for	
  future	
  repair	
  scenarios	
  



Modeled	
  desorpOon	
  of	
  water	
  adsorbed	
  from	
  
atmospheric	
  leakage	
  (assuming	
  constant	
  T)	
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!!!!!!!!!!!!!!!!!!!!!!!! !
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!Figure)1!!Vapor!pressure!of!water!vs!temperature!
!

!
!
Figure)2!!Average!water!pressure!vs!time!for!a!variety!of!strategies!described!in!Table)1.!A!humid!air!
leak!at!2000m!from!the!LVEA!opens!at!163days!and!is!closed!at!1536!days.!The!relative!humidity!in!
the!enclosure!is!assumed!to!be!90%!with!35!torr!as!the!average!water!vapor!pressure!over!the!year.!!
The!average!injected!water!is!8!x!10A6!torr!liters/sec.!The!curves!were!drawn!for!a!!62%!smaller!leak!
by!mistake.!!The!numbers!identify!the!pump!down!and!bakeout!cases.!!
!

3

4

5

6

7

8

R.	
  Weiss,	
  T1200399	
  

now	
  

leak	
  fixed	
  



Modeled	
  desorpOon	
  with	
  step-­‐approximated	
  seasonal	
  
temperature	
  profile	
  included	
  (preliminary)	
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R.	
  Weiss,	
  6/9/2015	
  

now	
  

leak	
  fixed	
  

!

The!figure!tells!the!story.!!At!day!1559!December!10,!2012!!the!main!leak!in!the!beamtube!is!

sealed!with!vacseal.!The!leak!had!been!open!since!October!2008!!(assumed!to!be!day!183!for!

the!model)!with!a!total!air!plus!water!value!of!2!x!10H4!torr!liters/sec.!Estimate!that!the!

water!leak!is!8!x!10H6!torr!liters/second.!Over!the!4!years!that!the!leak!is!open!it!deposits!

about!1/5!of!a!monolayer!on!the!inner!wall!of!the!tube.!This!adds!to!the!approximately!5!

monolayers!of!strongly!bound!water!that!remains!on!the!tube!wall!after!the!bakeout!(the!

model!assumes!the!150C!bakeout!takes!place!between!days!45!to!75).!The!red!curve!is!the!

slow!reduction!in!the!average!pressure!of!water!if!the!tube!is!held!at!300K,!this!is!the!curve!

used!in!prior!modeling.!The!only!pumps!on!the!beamtube!in!all!the!plots!are!the!cryo!traps!

at!the!tube!ends,!each!of!which!is!assumed!to!have!a!pumping!speed!of!1!x!105!liters/sec!for!

water.!Violet!curve!is!a!more!accurate!model!of!the!average!water!pressure!in!the!tube!

when!one!uses!the!temperature!profile!given!by!the!green!dashed!curve.!

A!piece!wise!discontinuous!curve!of!the!temperature!running!from!10C!in!the!winter!

to!48C!in!the!summer.!The!change!in!the!water!pressure!is!astonishing!but!understandable!

when!one!considers!that!the!dominant!water!adsorption!sites!are!those!with!high!binding!

energy!and!give!!large!derivatives!of!the!outgassing!rate!with!temperature.!The!

measurements!of!the!water!remaining!in!the!beamtube!were!made!first!at!day!2110!(!<p>!=!

7!x!10H9!torr!,!pmax!=!1.1!x!10H8!!torr!)!and!then!again!at!day!2260!(<p>!=!1!x!10H10!torr,!!pmax=!!

1.6!x!10H10!torr!)!.!The!pmax!values!for!the!two!measurements!are!within!a!factor!of!two!of!the!

model!predictions.!The!pressure!change!with!temperature!is!within!a!factor!of!2!as!well.!

!

Another!run!with!the!model!was!made!to!determine!if!the!additional!pumping!by!a!300!

liter/sec!turbo!pump!placed!at!several!locations!along!the!beam!tube!over!a!500!hour!

period!!had!a!significant!effect!on!the!water!pressure!in!the!tube.!It!has!small!but!almost!

negligible!effect.!The!big!term!one!cannot!neglect!is!the!beamtube!temperature.!

!

!
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Big	
  Picture:	
  Recovery	
  Program	
  So	
  Far	
  

•  Removed	
  old	
  beamtube	
  bakeout	
  insulaOon	
  (both	
  sites)	
  ✓	
  
•  Install	
  temp,	
  RH,	
  pressure	
  sensors	
  &	
  network	
  	
  (LLO) ✓	
  
•  Install	
  AC	
  power	
  along	
  both	
  LLO	
  arms	
  ✓	
  
•  He	
  MSLD	
  test	
  LLO	
  Y	
  tube	
  stopped	
  a]er	
  3200	
  m	
  (leak	
  free)	
  ✓	
  
•  Develop	
  &	
  install	
  BTE	
  DehumidificaOon	
  plant	
  (LLO)	
  ✓	
  
•  Upgrade	
  BTE	
  joint	
  caulking	
  (LLO	
  done	
  ✓,	
  	
  LHO	
  pending)	
  	
  
•  Install	
  ion	
  pumps	
  to	
  miOgate	
  sorbed	
  gas	
  at	
  LLO	
  	
  (in	
  progress)	
  
•  Inspect	
  and	
  clean	
  steel	
  of	
  chlorides	
  (in	
  progress,~	
  75%	
  both	
  sites)	
  
•  Install	
  new	
  insulaOon	
  	
  (both	
  sites)	
  	
  deferred,	
  not	
  req’d.	
  (next	
  slide)	
  
•  Cap	
  &	
  neutralize	
  GV7	
  ✓

Σ (EAC) ~ $M2.8 (vs. $M3.8 budgeted)	
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To	
  Insulate,	
  or	
  Not	
  To	
  Insulate?	
  
•  Original	
  bake	
  insulaOon	
  t=	
  150	
  mm,	
  	
  R	
  =	
  4.3	
  m2	
  K/W,	
  τtherm	
  =	
  15	
  h	
  

–  When	
  new,	
  diurnal	
  ΔT	
  of	
  tube	
  wall	
  alenuated	
  by	
  ~	
  ¼	
  (seasonal	
  ΔT	
  unaffected)	
  	
  
–  Fiberglass,	
  foil	
  &	
  paper;	
  destroyed	
  at	
  both	
  sites	
  by	
  insects,	
  rodents	
  &	
  rain	
  leaks	
  	
  
–  Removed	
  &	
  discarded	
  to	
  allow	
  cleaning	
  and	
  inspecOon	
  
–  Intent	
  (unOl	
  recently)	
  was	
  to	
  replace	
  with	
  something	
  ‘similar,’	
  but	
  vermin-­‐proof	
  
–  Sought	
  to	
  specify	
  its	
  funcOonal	
  requirements…	
  

•  Study	
  undertaken	
  of	
  direct	
  and	
  secondary	
  effects	
  
–  Metal	
  faOgue:	
  No	
  insulaOon	
  needed	
  	
  

•  >	
  300	
  years	
  faOgue	
  life	
  at	
  	
  80C	
  p-­‐p	
  daily	
  (4x	
  actual)	
  
–  Vacuum:	
  InsulaOon	
  doesn’t	
  help	
  (much)	
  

•  Seasonal	
  cycle	
  (28C	
  p-­‐p)	
  dominates	
  gas	
  evoluOon	
  
•  Summer	
  PM	
  H2	
  peak	
  slightly	
  affected;	
  but	
  insulaOon	
  	
  not	
  	
  a	
  cost-­‐effecOve	
  miOgaOon	
  

•  Most	
  important	
  effect	
  studied:	
  opOcal	
  scalering	
  
–  Old	
  insulaOon	
  had	
  side	
  effect	
  of	
  damping	
  some	
  tube	
  wall	
  modes	
  
–  CoaOng	
  defect	
  on	
  early	
  ETM’s	
  enhanced	
  scalering	
  

NEW	
  ETM’S	
  FREE	
  OF	
  THIS	
  DEFECT-­‐	
  	
  
REPLACEMENT	
  CONSIDERED	
  AFTER	
  O1	
  

–  Again,	
  insulaOon	
  would	
  be	
  a	
  weak	
  countermeasure	
  (at	
  best)	
  	
  
•  Dominant	
  14	
  Hz	
  bulk	
  mode	
  is	
  unaffected	
  (need	
  another	
  approach	
  if	
  it’s	
  an	
  issue)	
  
•  30-­‐50	
  Hz	
  modes	
  have	
  safety	
  margin,	
  	
  parOcularly	
  if/when	
  improved	
  	
  ETM’s	
  are	
  installed	
  
•  Local	
  damping	
  at	
  opOcal	
  interacOon	
  zone(s)	
  more	
  effecOve,	
  if	
  needed	
  

•  Replacing	
  original	
  insulaOon	
  (were	
  it	
  deemed	
  appropriate)	
  potenOally	
  very	
  costly	
  
–  	
  >$1M	
  per	
  site	
  (est.)	
  
–  Sites	
  out	
  of	
  acOon	
  >4	
  months	
  
–  Interference	
  with	
  future	
  tube	
  diagnosOcs/leak	
  tesOng/repairs	
  

•  LIGO	
  TRB	
  convened	
  in	
  May	
  2015	
  to	
  weigh	
  risks	
  &	
  benefits	
  
–  Decided	
  to	
  defer	
  acOon,	
  keep	
  tubes	
  bare	
  aier	
  cleaning	
  is	
  completed	
  
–  Directed	
  to	
  consider	
  alternaOves	
  in	
  light	
  of	
  actual	
  performance	
  issues,	
  if	
  any	
  

	
  
About	
  $800k	
  budgeted	
  for	
  insula1on	
  now	
  redirected	
  to	
  Lab	
  staffing	
  and	
  other	
  shorialls	
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WARNING	
  

Material	
  beyond	
  this	
  point	
  may	
  not	
  be	
  suitable	
  
for	
  sensiOve	
  viewers.	
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Some	
  Breaks,	
  Not	
  So	
  Good…	
  
(Just	
  when	
  you	
  think	
  it’s	
  safe…)	
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•  Another	
  valve	
  found	
  leaking	
  (LGV11)	
  	
  
•  Retarded	
  He	
  response,	
  i.e.,	
  another	
  

“diffusion-­‐moderated”	
  stem	
  leak;	
  see	
  
G1500110	
  	
  

•  Slower	
  leak	
  than	
  LGV7,	
  but	
  not	
  stable:	
  	
  
•  Grew	
  x3	
  in	
  1.5	
  years	
  	
  
•  Interval	
  included	
  8	
  strokes;	
  unclear	
  if	
  

correlated,	
  but	
  suspicious	
  
•  Now	
  Qair	
  ~	
  4	
  x	
  10-­‐6	
  Tl/s	
  	
  
•  LGV11	
  bounds	
  a	
  cryo	
  trap–	
  	
  

	
  cannot	
  be	
  abandoned	
  (unlike	
  GV7)	
  	
  



Where	
  it	
  is	
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Apparent	
  change	
  in	
  rate	
  between	
  8/2013	
  and	
  3/2015	
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Figure+1!The!uncorrected!output!of!the!three!cold!cathode!gauges!on!the!y!arm.!The!temperature!
dependence!of!the!hydrogen!outgassing!is!the!primary!source!of!the!deviations!from!a!linear!
dependence!of!the!pressure!with!time.!

Figure+2!The!accumulation!of!hydrogen!(amu!2)!and!nitrogen!(amu28)!measured!on!the!RGA!at!the!x!
end!test!mass!chamber.!The!data!has!been!corrected!for!offset!drifts!by!subtracting!the!signal!at!
amu5.!The!data!has!not!been!corrected!for!temperature!changes.!
!
!
!
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RGA calibration against discharge gauges
N2  1.51e3 torr/amp 
H2  3.33e3 torr/amp

J(H2,23C)=5.7e-14 torr liters/sec/cm^2
Qlk(Air) = 1.6e-6 torr liter/sec

Figure!2!RGA!ion!current.!The!average!rate!for!hydrogen!is!di(2)/dt!=!2.096x10>16!amps/sec!and!for!
nitrogen!di(28)/dt!=!1.709!x!10>16!amps/sec.!The!RGA!sensitivity!for!nitrogen!3.82x103!torr/amp!
derived!from!the!average!of!the!discharge!gauges!correcting!for!the!difference!in!hydrogen!and!
nitrogen!sensitivity.!The!tube!temperature!was!varying!by!10C!peak!to!peak!with!an!average!over!the!
time!of!the!accumulation!of!25.6!C.!(Do!not!worry!about!the!difference!in!origin!of!the!time!axes!
between!Figure!1!and!Figure!2)!
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amu 2

amu 28

amu 5

T1300757	
  (8/29/13)	
  
Included	
  BSC4	
  (EX)	
  ,	
  CP3,	
  CP4	
  	
  
5	
  GV’s	
  open	
  (GV2	
  closed)	
  

Q(air)	
  ~	
  	
  1.5e-­‐6	
  Tl/s	
  

T1500126	
  (3/16/2015)	
  
Included	
  CP3,	
  CP4	
  	
  

3	
  GV’s	
  open	
  (GV5	
  &	
  GV12	
  closed)	
  
Q(air)	
  ~	
  	
  4e-­‐6	
  Tl/s	
  

GV-­‐11	
  STROKES	
  
2013-­‐present:	
  
09-­‐19-­‐13	
  closed	
  
01-­‐13-­‐14	
  open	
  
02-­‐28-­‐14	
  closed	
  
03-­‐01-­‐14	
  open	
  
04-­‐23-­‐14	
  closed	
  
04-­‐25-­‐15	
  open	
  
08-­‐02-­‐14	
  closed	
  
09-­‐02-­‐14	
  open	
  

è	
  4	
  CYCLES	
  BETWEEN	
  
MEASUREMENTS	
  

(63	
  total	
  cycles	
  since	
  
installaHon	
  )	
  

	
  



	
  	
  	
  GNB	
  Valve	
  Anatomy	
  
	
  
bonnet	
  plate	
  
	
  
	
  
bellows	
  
	
  
	
  
ballscrew	
  socket	
  &	
  flange	
  
	
  
	
  
carriage	
  
	
  
	
  
gate	
  (this	
  side	
  to	
  beamtube)	
  
	
  
	
  
trunk	
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Valve	
  ConstrucOon:	
  
Weak	
  Link?	
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Near	
  term	
  impact	
  of	
  GV11	
  leak	
  
•  O1-­‐3	
  noise	
  impact	
  (next	
  page)	
  
•  OperaOons	
  risk	
  

–  CP4	
  cannot	
  be	
  isolated	
  w/out	
  closing	
  GV11	
  
–  UnOl	
  now,	
  this	
  was	
  required	
  in	
  a	
  hurricane	
  emergency	
  (i.e.,	
  possible	
  

extended	
  loss	
  of	
  power	
  &	
  site	
  access;	
  about	
  1	
  per	
  3	
  years,	
  historically)	
  
•  Trap	
  “passive”	
  hold	
  Ome	
  ~	
  days	
  	
  
•  LN2	
  storage	
  can	
  extend	
  to	
  ~	
  month	
  w/	
  manual	
  filling	
  	
  
•  Uncontrolled	
  trap	
  warmup,	
  gate	
  open,	
  would	
  saturate	
  tube	
  with	
  decades	
  of	
  

integrated	
  water	
  and	
  hydrocarbons	
  (probable	
  disaster)	
  
–  For	
  now,	
  we	
  have	
  “adjusted”	
  the	
  risk	
  threshold	
  for	
  CP4	
  

•  If	
  we	
  do	
  close	
  it,	
  not	
  sure	
  how	
  risky	
  to	
  reopen,	
  or	
  how	
  to	
  minimize	
  that	
  risk…	
  
•  “New	
  reality”	
  

–  Revised	
  “Bayesian	
  prior”	
  	
  
•  2	
  of	
  24	
  valves	
  are	
  leaking!	
  

–  Probability/rate	
  appears	
  to	
  increase	
  with	
  age	
  and	
  with	
  each	
  stroke	
  
–  We	
  have	
  started	
  to	
  defer	
  or	
  curtail	
  useful	
  and	
  important	
  work	
  that	
  might	
  

require	
  cycling	
  a	
  large	
  valve	
  (including	
  valve	
  diagnosOcs!)	
  
THIS	
  IS	
  UNACCEPTABLE	
  FOR	
  THE	
  LONG	
  TERM	
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Leak	
  impact	
  in	
  3	
  pumping	
  scenarios	
  	
  
(IP’s	
  at	
  ends	
  disabled	
  due	
  to	
  charging;	
  Y	
  arm	
  slightly	
  wet)	
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Finally, Figure 11 shows phase noise contributions for each gas and arm as a function of 
frequency, plotted for scenario 1 (no added pumps).  
 
 Discussion: Predicted gas noise in the current condition is 1.8x10-20 m Hz-1/2. This is 
only a factor of two below the best recent interferometer noise at 25W laser power (see 
LLO log 17946). According to this model, gas noise is now a significant contributor.  
 
Adding the proposed ion pumps to both arms at 3,750m brings the gas noise contribution 
down to 5.8x10-21 m Hz-1/2. Further addition of pumps at the midpoints makes a further 
reduction to 4.1x10-21 m Hz-1/2. This is still within a factor of 3 of the expected broadband 
aLIGO noise curve, confirming that we should fit and commission the proposed NEG 
pumps at each end. We may also need to introduce additional ion pumps distributed 
along the beamtubes, depending on our success in fixing or containing the air leak(s).  
 
 
 
 

 
Figure 2: Pressure distribution, no added pumps. 
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Figure 3: Pressure distribution,  ion pumps at 3.75km. 

 

 
Figure 4: Pressure distribution, ion pumps at 2km and 3.75km 
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Figure 5: Phase noise integrand, no added pumps. 

 

 
Figure 6: Phase noise integrand, pumps at 3.75km. 
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Figure 5: Phase noise integrand, no added pumps. 
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Figure 7: Phase noise integrand, pumps at 2km and 3.75km. 
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Figure 8: Breakdown of noise by gas type and arm, no added pumps. 

 
Figure 9: Breakdown by gas type and arm, pumps at 3.75km. 
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Figure 8: Breakdown of noise by gas type and arm, no added pumps. 
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Figure 10: Breakdown by gas type and arm, pumps at 2km and 3.75km. 

 
Figure 11: Index noise spectral density for each gas component in each arm, along with quadrature 

sum, for scenario 1 (no added pumps). (Note that H2 curves are identical for X and Y).  
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1/10	
  of	
  ‘100	
  Mpc’	
  bucket	
  minimum	
  	
  
1/10	
  of	
  ‘225	
  Mpc’	
  bucket	
  minimum	
  	
  

è	
  difficult	
  to	
  get	
  gas	
  index	
  noise	
  <	
  1/10	
  of	
  design	
  bucket	
  minimum	
  without	
  fixing	
  
the	
  leak,	
  and/or	
  restoring	
  full	
  pump	
  speed	
  at	
  ends	
  

	
  
(1/3	
  of	
  bucket	
  minimum	
  	
  is	
  achievable,	
  maybe	
  ok)	
  



Index	
  phase	
  noise	
  w/GV11	
  leak	
  
(ion	
  pumps	
  at	
  1.75,	
  2,	
  3.75	
  km	
  +	
  NEGs	
  at	
  ends)	
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Gate	
  Valve	
  Repair	
  OpOons:	
  Rock	
  or	
  Hard	
  Place?	
  

•  29	
  years	
  ago,	
  we	
  chose	
  to	
  risk	
  a	
  “one-­‐off	
  bakeout”	
  design.	
  This	
  means	
  	
  
“LIGO	
  BEAMTUBES	
  MUST	
  REMAIN	
  UNDER	
  HARD	
  VACUUM	
  	
  FOR	
  THE	
  LIFE	
  OF	
  THE	
  FACILITY”	
  

–  Tough	
  choice,	
  but	
  we	
  had	
  	
  to	
  build	
  to	
  cost,	
  or	
  go	
  home!	
  	
  
–  Durable/reusable	
  bake	
  capacity	
  (like,	
  e.g.,	
  Virgo*)	
  was	
  not	
  affordable.	
  
–  OTOH,	
  we	
  (opOmisOcally)	
  expected	
  to	
  need	
  	
  10-­‐10	
  Torr	
  	
  H2O	
  within	
  10	
  years	
  ,	
  so	
  bake	
  was	
  required	
  	
  
–  (also,	
  a	
  specified	
  20-­‐year	
  design	
  life	
  seemed	
  generous	
  …)	
  

•  From	
  an	
  engineering	
  standpoint,	
  best	
  answer	
  is	
  to	
  revisit	
  and	
  break	
  this	
  constraint	
  
–  Capability	
  to	
  repair	
  your	
  mistakes	
  is	
  a	
  ‘fundamental	
  right’	
  for	
  ground-­‐based	
  experiments!	
  
–  It	
  (now)	
  seems	
  reasonable	
  to	
  expect	
  more	
  gate	
  valve	
  stem	
  leaks	
  
–  Based	
  on	
  what	
  lille	
  we	
  know,	
  stem	
  faults	
  could	
  accelerate	
  catastrophically	
  (grease	
  bubble	
  scenario)	
  
–  We	
  also	
  see,	
  and	
  should	
  thus	
  expect,	
  other	
  failure	
  modes	
  (besides	
  bad	
  valves	
  and	
  rodents)…	
  

•  Catastrophic	
  viewport	
  failures	
  at	
  Virgo	
  	
  and	
  HPLF	
  
•  Truck	
  collisions	
  	
  and	
  lightning	
  strikes	
  on	
  our	
  BTE	
  	
  
•  Brush	
  fires	
  and	
  Cat	
  5	
  hurricanes	
  
•  Rifle	
  rounds	
  through	
  	
  buildings	
  &	
  disgruntled	
  employees	
  
•  Safety	
  valve	
  failures	
  and	
  human	
  errors	
  (lots)	
  

•  We	
  also	
  DON’T	
  REALLY	
  KNOW	
  the	
  consequences	
  of	
  air	
  exposure	
  from	
  the	
  current	
  state!	
  
As	
  a	
  marer	
  of	
  principle:	
  

LIGO	
  SHOULD	
  HAVE	
  MEANS	
  TO	
  PERFORM	
  	
  A	
  CONTROLLED	
  TUBE	
  VENT	
  AND	
  RECOVERY	
  
LIGO	
  SHOULD	
  ALSO	
  HAVE	
  A	
  PLAN	
  TO	
  RECOVER	
  FROM	
  AN	
  ACCIDENTAL	
  TUBE	
  VENT	
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Gate	
  Valve	
  Repair	
  OpOons:	
  Rock	
  or	
  Hard	
  Place?	
  (ii)	
  
•  Even	
  if	
  we	
  resolve	
  to	
  proceed,	
  and	
  secure	
  funding	
  and	
  staff,	
  it	
  will	
  take	
  Ome	
  and	
  effort	
  to	
  

develop	
  this	
  missing	
  capability.	
  We	
  may	
  have	
  to	
  act	
  sooner;	
  are	
  there	
  fallbacks?	
  
	
  

•  Plan	
  B:	
  “Living	
  Dead”	
  sarcophagus	
  
–  Encapsulate	
  &	
  evacuate	
  the	
  valve	
  stem	
  while	
  maintaining	
  valve	
  func1on	
  
–  Replace	
  or	
  modify	
  drive	
  components	
  that	
  won’t	
  survive	
  (?)	
  
–  Much	
  more	
  complicated	
  engineering	
  problem	
  than	
  GV7	
  sarcophagus	
  	
  
–  High	
  risk	
  of	
  accidental	
  dump	
  or	
  contaminaOon	
  during	
  procedure	
  	
  
–  ConOnued	
  deterioraOon	
  with	
  future	
  valve	
  operaOon	
  possible	
  (probable?)	
  	
  
–  èrepair	
  likely	
  to	
  fail,	
  contaminate	
  tube	
  with	
  HC,	
  and	
  obstruct	
  future	
  acOon	
  

•  Plan	
  C:	
  “Last	
  Lick,	
  then	
  Kick”	
  	
  	
  
–  Close	
  valve	
  one	
  last	
  Ome;	
  regenerate	
  &	
  vent	
  CP	
  	
  
–  Cut	
  in	
  and	
  install	
  a	
  new	
  valve	
  in	
  series	
  with	
  the	
  failed	
  one	
  
–  Pump	
  out	
  dead	
  space,	
  reopen	
  faulty	
  valve,	
  &	
  encapsulate/disable	
  in	
  open	
  state	
  (a	
  la	
  GV7)	
  
–  Similarly	
  complicated	
  engineering	
  
–  Similar	
  risk	
  of	
  accidental	
  dump	
  or	
  HC	
  contaminaOon	
  (but	
  stable	
  aier	
  it’s	
  open)	
  

	
  
“Some1mes	
  it’s	
  berer	
  to	
  fall	
  flat	
  on	
  your	
  face,	
  than	
  to	
  bend	
  over	
  too	
  far	
  backward…”	
  	
  

-­‐James	
  Thurber	
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  possible	
  series	
  valve	
  posiOon	
  
(TBR)	
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Gate	
  Valve	
  Repair	
  OpOons:	
  Rock	
  or	
  Hard	
  Place?	
  (iii)	
  

Plan	
  A:	
  	
  Develop	
  &	
  test	
  backfill	
  and	
  recovery	
  protocol,	
  THEN	
  :	
  
•  A1:	
  	
  Vent	
  tube	
  and	
  fix	
  the	
  valve	
  

–  Backfill	
  tube,	
  release	
  bonnet	
  ,	
  &	
  crane	
  out	
  mechanism	
  
–  Repair	
  (somehow),	
  reinstall	
  &	
  test	
  
–  Pump	
  down	
  &	
  bake	
  (as	
  required)	
  

+	
  	
  May	
  figure	
  out	
  what	
  is	
  wrong	
  with	
  this	
  (all?)	
  valves	
  
-­‐	
  	
  Extended	
  tube	
  vent	
  (more	
  water	
  	
  adsorbed	
  for	
  a	
  given	
  concentraOon)	
  
-­‐	
  	
  Risk	
  of	
  guessing	
  wrong	
  about	
  how	
  to	
  repair,	
  parts	
  to	
  replace	
  
-­‐	
  	
  SOll	
  the	
  same	
  old	
  	
  shi++y	
  gate	
  valve	
  when	
  you’re	
  done	
  

•  or…	
  A2:	
  Vent	
  tube	
  and	
  replace	
  the	
  valve	
  enOrely	
  
–  Backfill	
  tube	
  &	
  remove	
  bad	
  gate	
  valve	
  	
  
–  Install	
  replacement	
  valve	
  &	
  test	
  
–  Pump	
  down	
  &	
  bake	
  (as	
  required)	
  

+	
  	
  Can	
  probably	
  figure	
  out	
  what	
  is	
  wrong,	
  once	
  it’s	
  out	
  on	
  the	
  test	
  bench	
  
-­‐	
  	
  Extended	
  tube	
  vent	
  (more	
  water	
  	
  adsorbed)	
  

•  or…A3:	
  Close	
  valve	
  once	
  (Plan	
  C	
  style),	
  then	
  gut	
  &	
  cap	
  it,	
  leave	
  empty	
  shell	
  
–  Close	
  bad	
  valve	
  one	
  last	
  Ome;	
  regenerate	
  &	
  vent	
  CP	
  	
  
–  Cut	
  in	
  and	
  install	
  a	
  new	
  valve	
  in	
  series	
  with	
  the	
  failed	
  one	
  (BT	
  sOll	
  under	
  vacuum)	
  
–  Quickly	
  vent	
  beamtube	
  &	
  reopen	
  failed	
  valve	
  
–  Crane	
  	
  out	
  failed	
  mechanism,	
  then	
  cap	
  &	
  reinstall	
  bonnet	
  on	
  empty	
  shell	
  
–  Pump	
  down	
  &	
  bake	
  	
  (as	
  required)	
  

+	
  Can	
  	
  probably	
  figure	
  out	
  what	
  is	
  wrong,	
  once	
  guts	
  are	
  out	
  on	
  the	
  bench	
  
+	
  Very	
  short	
  tube	
  vent	
  required	
  
-­‐	
  	
  Need	
  space	
  for	
  series	
  valve	
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Gate	
  Valve	
  Repair	
  OpOons:	
  Rock	
  or	
  Hard	
  Place?	
  (iv)	
  

How	
  can	
  we	
  buy	
  Ome?	
  
•  Control	
  atmosphere	
  around	
  the	
  valve	
  stem	
  

–  Install	
  “non-­‐vacuum”	
  sealed	
  enclosure	
  	
  
–  Backfill	
  with	
  dry	
  air	
  or	
  other	
  gas	
  

•  TempOng	
  to	
  try	
  gases	
  with	
  less	
  index	
  noise…	
  but	
  they	
  have	
  high	
  
permeaOon	
  rates,	
  maybe	
  lille	
  to	
  gain	
  

–  May	
  use	
  a	
  flexible	
  membrane	
  sealed	
  over	
  valve	
  (	
  “Fothering”	
  in	
  
mariOme	
  parlance)	
  

•  Must	
  reinforce	
  to	
  take	
  atm	
  
–  Could	
  pump	
  in	
  emergency	
  

•  Dangerous,	
  but…	
  
•  If	
  leak	
  accelerates,	
  nothing	
  to	
  lose	
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Refresher:	
  Original	
  I2R	
  Bakeout	
  to	
  Desorb	
  Water	
  

•   Glass wool insulation, R = 4.3 m2K/W, t = 15 cm  
•   IDC = 2,000 A (surplus FNAL magnet supplies)  
•   Soak ~ 4 weeks @ 150ºC 
•   Cryopumps every 250 m; ports later valved off 

 
•  Final  J(H20) < 2e-17 Tl/s/cm  
•  FY97$6.5M for both sites 

 

èOVERKILL 
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Bakeout	
  Results	
  (Hanford)	
  

5/24/99  wea

Beam Tube Bakeout Results

*Goal: maximum outgassing to achieve pressure equivalent to 10-9 torr H2 using only pumps at stations
†Goal for hydrocarbons depends on weight of parent molecule; range given corresponds with 100−300 AMU

Outgassing Rate corrected to 23 °C
torr liters/sec/cm2

(All except H2 are upper limits)

molecule Goal* HY2 HY1 HX1 HX2

H2 4.7 4.8 6.3 5.2 4.6 × 10-14

CH4 48000 < 900 < 220 < 8.8 < 95 × 10-20

H2O 1500 < 4 < 20 < 1.8 < 0.8 × 10-18

CO 650 < 14 < 9 < 5.7 < 2 × 10-18

CO2 2200 < 40 < 18 < 2.9 < 8.5 × 10-19

NO+C2H6 7000 < 2 < 14 < 6.6 < 1.0 × 10-19

HnCpOq 50−2† < 15 < 8.5 < 5.3 < 0.4 × 10-19

air leak 1000 < 20 < 10 < 3.5 < 16 × 10-11 torr liter/sec



RevisiOng	
  the	
  J(H2O)	
  Requirement	
  

45	
  

•  Consider 2- and 15- pump cases  
 + cryopumps at ends 

 
•   Assign Sh

1/2(H20) < 0.1 x min aL curve1 
 

èSh
1/2 (H20) < 2.6 x 10-25  Hz-1/2 

 

Then2, for 2 pumps 

J(H2O)2p < 2.0 x 10-15 T l s-1 cm-2 
 

and for 15 pumps 
 

J(H2O)15p < 4.3 x 10-15 T l s-1 cm-2 

(no leaks, just autogenous water; Fi = 534 l/s) 
 

1	
  T1400177,	
  Fig.	
  3,	
  “BNS	
  Op1mized	
  125W”	
  
2	
  T1500202	
  

 CALIFORNIA INSTITUTE OF TECHNOLOGY Page 3 of 6 

 
Pressure profiles derived in this way for each pumping configuration were then integrated 
with the aLIGO arm cavity beam profile8 according to P940008 eq. (1).9  Five cases were 
evaluated: 
 

1. No additional pumps, only the fixed cryopumps at vertex and end stations. 
2. A single ion pump added at the midstation (MY). 
3. Two ion pumps, one at MY and one at Y1-7 (next adjacent port toward the 

vertex). These straddle the location of the cavity beam waist. 
4. Add to these two more at Y1-6 and Y2-1, the next available ports toward the 

vertex and end, respectively (four, centered over the beam waist). 
5. All possible pumps, using every valve location (a total of 15 ion pumps, in 

addition to the two fixed cryopumps).  
 

 
Figure 1: Pressure profiles for five ion pump arrangements with J(H20) = 1.3 x10-15 Tl/s/cm2. 

 

                                                
8 P1400177 
9 Modified to bring molecular number density ! inside the integral. 

2	
  pumps	
  

15	
  pumps	
  

NB:	
  	
  1	
  T l s-1 cm-2 =	
  1.33	
  x	
  103	
  	
  W	
  m-­‐2 
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Unbaked	
  Water	
  Outgassing	
  
(norm.	
  to	
  1000	
  hours)	
  

66 GAS RELEASE FROM SOLIDS 

Time (s) 
Fig. 4.5 Outgassing measurements for different H20 exposures during venting of a 304 
stainless steel chamber of inner surface area 0.4747 m2. o Ambient air exposed, 7.8 ml 
absorbed; A 600 ml exposed, 16.8 ml absorbed; + 400 ml exposed, 9.2 ml absorbed; x 200 
ml exposed, 7.2 ml absorbed; 0 100 ml exposed, 3.6 ml absorbed; +i 10 ml exposed, 2.3 ml 
absorbed; m N2 gas with 4 0  ppm H 2 0  exposed, 0.7 ml absorbed; 0 dry N2 gas exposed, 
0.017 ml absorbed; Reprinted with permission from J. Vac. Sci. Technol. A, 11, p. 1702, M. 
Li and H. F. Dylla. Copyright 1993, AVS-The Science and Technology Society. 

rise is measured after the chamber has been isolated, is another common 
method. Typical results are displayed in Fig. 4.5 for the outgassing of 304L 
stainless steel with differing initial water vapor exposures [8]. 

Room temperature outgassing data for most gases sorbed on metals, 
including water vapor, show the outgassing rate to vary inversely with 
time, at least for the first 10 h of pumping [8-lo]. This can be expressed as 

4 q =- 
ja’” 

b (4.14) 

where the subscript n denotes the time in hours for which the data apply. 
See Fig. 4.6. The exponent a will range fiom 0.7-2 with 1 the most 
common value. Equation (4.14) is often misinterpreted to be an equation 
by which outgassing data, such as given in Appendixes C.1-4, C.7, can be 
determined for all time. That is not its intent. The values given in the 
appendixes and other publications are points and slopes at discrete times. 
Tabulated experimental data are usually given for one or two 
representative times-for example, 1 and 4 hours, or 1 and 10 hours. To 

Saito	
  et	
  al	
  (KAGRA,	
  2011)	
  
ECB	
  304L,	
  200C	
  condiOoning	
  bake	
  

-­‐40C	
  dewpoint	
  (127	
  ppm)	
  re-­‐exposure 

J(H2O)  ~ 2 x 10-13 T l s-1 cm-2  x (1000 h)/t  
 

Li	
  and	
  Dylla	
  (1993)	
  
Electropolished	
  304L	
  

10 ppm water content air re-exposure	
  
J(H2O)  ~ 4 x 10-12 T l s-1 cm-2  x (1000 h)/t  

LIGO-T970111

page 7 of 24

Figure 6  A plot of the residual pressure (p1) after correcting for the temperature using the cross
correlation determined in Figure 5. The temperature dependence of the pressure is a doubling for
every 6.6K increase in temperature. From this one can solve for the binding energy of the water
on the surface which is equivalent to 9400K (about 1 ev) (also see Table 7). Prior outgassing mea-
surements of beam tube material have given binding energies between 9000 and 10000K. The fit

to the residual gas pressure  is dropping as p(t) =  torr where t is measured from the ini-

tiation of the pumping.  With an estimated  pumping speed for water at ports 1 and 9 of 1000

liters/sec,  the calculated outgassing rate for water becomes,  torr liters/sec cm2

about a factor of 2 smaller than that experienced in the beam tube qualification tests in 1995.

p1 - 4.26 x 10^-8 x t4l fit

2.9 4–×10
t(hrs)---------------------

J(t) 8 9–×10
t(hrs)-----------------≈

Weiss	
  et	
  al,	
  T970111	
  
LHO	
  beamtube	
  

J(H2O)  ~ 8 x 10-12 T l s-1 cm-2  x (1000 h)/t  
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Weiss	
  et	
  al,	
  T940090	
  
BTD	
  at	
  CB&I	
  

J(H2O)  ~ 3 x 10-12 T l s-1 cm-2  x (1000 h)/t 
(~ 10-16  T l s-1 cm-2  post-bake)  

•  Passive desorption @ ambient T too weak (t > 5 yr) 
•  Modest bake probably required 
•  For “controlled backfill” scenarios, can assist by: 

•  Ultra-dry backfill (< 1 ppm, -75C dewpoint) 
•  Minimize atm.  exposure time  

•  Summer heat helps  



Modeled	
  desorpOon	
  with	
  step-­‐approximated	
  seasonal	
  
temperature	
  profile	
  included	
  (preliminary)	
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R.	
  Weiss,	
  6/9/2015	
  

now	
  

leak	
  fixed	
  

!

The!figure!tells!the!story.!!At!day!1559!December!10,!2012!!the!main!leak!in!the!beamtube!is!

sealed!with!vacseal.!The!leak!had!been!open!since!October!2008!!(assumed!to!be!day!183!for!

the!model)!with!a!total!air!plus!water!value!of!2!x!10H4!torr!liters/sec.!Estimate!that!the!

water!leak!is!8!x!10H6!torr!liters/second.!Over!the!4!years!that!the!leak!is!open!it!deposits!

about!1/5!of!a!monolayer!on!the!inner!wall!of!the!tube.!This!adds!to!the!approximately!5!

monolayers!of!strongly!bound!water!that!remains!on!the!tube!wall!after!the!bakeout!(the!

model!assumes!the!150C!bakeout!takes!place!between!days!45!to!75).!The!red!curve!is!the!

slow!reduction!in!the!average!pressure!of!water!if!the!tube!is!held!at!300K,!this!is!the!curve!

used!in!prior!modeling.!The!only!pumps!on!the!beamtube!in!all!the!plots!are!the!cryo!traps!

at!the!tube!ends,!each!of!which!is!assumed!to!have!a!pumping!speed!of!1!x!105!liters/sec!for!

water.!Violet!curve!is!a!more!accurate!model!of!the!average!water!pressure!in!the!tube!

when!one!uses!the!temperature!profile!given!by!the!green!dashed!curve.!

A!piece!wise!discontinuous!curve!of!the!temperature!running!from!10C!in!the!winter!

to!48C!in!the!summer.!The!change!in!the!water!pressure!is!astonishing!but!understandable!

when!one!considers!that!the!dominant!water!adsorption!sites!are!those!with!high!binding!

energy!and!give!!large!derivatives!of!the!outgassing!rate!with!temperature.!The!

measurements!of!the!water!remaining!in!the!beamtube!were!made!first!at!day!2110!(!<p>!=!

7!x!10H9!torr!,!pmax!=!1.1!x!10H8!!torr!)!and!then!again!at!day!2260!(<p>!=!1!x!10H10!torr,!!pmax=!!

1.6!x!10H10!torr!)!.!The!pmax!values!for!the!two!measurements!are!within!a!factor!of!two!of!the!

model!predictions.!The!pressure!change!with!temperature!is!within!a!factor!of!2!as!well.!

!

Another!run!with!the!model!was!made!to!determine!if!the!additional!pumping!by!a!300!

liter/sec!turbo!pump!placed!at!several!locations!along!the!beam!tube!over!a!500!hour!

period!!had!a!significant!effect!on!the!water!pressure!in!the!tube.!It!has!small!but!almost!

negligible!effect.!The!big!term!one!cannot!neglect!is!the!beamtube!temperature.!

!

!
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Constant	
  27C	
  

Seasonal,	
  10C	
  –	
  48C	
  



Easy-­‐Bake	
  A:	
  Opera1on	
  Endless	
  Summer?	
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•  Duct	
  hot	
  air	
  through	
  the	
  BTE	
  &	
  heat	
  tube	
  by	
  convecOon	
  
•  BTE	
  compaOble	
  with	
  >	
  50C	
  internal	
  temperature	
  (60C?	
  80C?)	
  
•  Install	
  pumps	
  in	
  local	
  cooled	
  enclosures	
  at	
  each	
  pump	
  port	
  
•  Relocate	
  network,	
  instruments,	
  electrical	
  outside	
  temporarily	
  
•  Rent	
  LNG	
  space	
  heaters	
  &	
  fans	
  
•  Blanket/electrically	
  heat	
  gates	
  at	
  endpoints	
  

Possible	
  Problems:	
  
•  BTE	
  a	
  poor	
  insulator	
  (R	
  ~	
  1.3	
  M2	
  K/W);	
  only	
  in	
  summer?	
  
•  LLO	
  Y	
  no	
  longer	
  has	
  midpoint	
  valve!	
  	
  :^(	
  	
  	
  (maybe	
  have	
  to	
  replace	
  it)	
  

•  Effect	
  on	
  BTE	
  seam	
  sealants?	
  
•  Maintenance/repair	
  on	
  guided	
  supports	
  &	
  insulators?	
  
•  Max.	
  T	
  too	
  limited	
  to	
  degas	
  in	
  tolerable	
  period?	
  

NEEDS	
  STUDY	
  
	
  
	
  



Easy-­‐Bake	
  B:	
  Opera1on	
  Viscous	
  Breeze?	
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•  Piecewise	
  bake	
  with	
  reusable	
  local	
  heater	
  &	
  blanket	
  sets	
  
•  Flow	
  dry	
  purge	
  from	
  completed	
  toward	
  future	
  secOons	
  
•  Viscous	
  flow	
  entrains	
  	
  vapor	
  w/out	
  (much)	
  redeposiOon	
  (?)	
  	
  
•  Crew	
  “leapfrogs”	
  heated	
  secOon	
  to	
  reposiOon	
  blankets	
  

Possible	
  Problems:	
  
•  Flow	
  gas,	
  while	
  rarified,	
  sOll	
  needs	
  to	
  be	
  very	
  dry	
  
•  Only	
  effecOve	
  (even	
  theoreOcally)	
  in	
  narrow	
  (P,T,v)	
  regime	
  
•  Turbulence	
  in	
  wake	
  of	
  baffles	
  ?	
  
•  Sustainable	
  over	
  module	
  length?	
  
•  ConOnuous	
  high-­‐volume	
  pumping	
  (and	
  producOon)	
  required	
  
•  Total	
  Ome	
  to	
  complete	
  module	
  in	
  steps	
  may	
  be	
  much	
  longer	
  	
  
•  Never	
  been	
  tried	
  

NEEDS	
  STUDY	
  
	
  
	
  



Things	
  to	
  do	
  (i)	
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•  Complete	
  &	
  commission	
  3.75	
  km	
  IP	
  sets	
  @	
  LLO,	
  LHO	
  
•  Procure,	
  build	
  &	
  install	
  2km,	
  1.75km	
  IP	
  sets	
  @	
  LLO	
  
•  Complete	
  &	
  commission	
  D3500	
  NEG’s	
  @	
  LLO,	
  LHO	
  
•  Research	
  &	
  test	
  new	
  air-­‐tolerant	
  “HV	
  Series”	
  NEG’s	
  	
  
•  Develop,	
  procure,	
  fit	
  UV	
  baffles	
  for	
  1200	
  and	
  2500	
  l/s	
  IP’s	
  
•  Develop	
  &	
  deploy	
  GV11	
  environmental	
  enclosure	
  
•  Develop	
  protocol	
  to	
  check	
  all	
  large	
  gates	
  @	
  both	
  sites	
  
•  Survey	
  valve	
  vendors	
  &	
  obtain	
  specs	
  &	
  budgetary	
  quotes	
  
•  Study	
  economical	
  bake	
  scenarios	
  &	
  establish	
  limits	
  
•  Study	
  “industrial	
  scale”	
  dry	
  backfill	
  systems	
  	
  



Things	
  to	
  do	
  (ii)	
  

51	
  

•  Upgrade	
  and	
  extend	
  water	
  ad/desorpOon	
  model	
  
•  Develop	
  failsafe	
  turbopump	
  sets	
  for	
  unalended	
  operaOon	
  
•  Fabricate	
  &	
  condiOon	
  BT-­‐representaOve	
  sample	
  chambers	
  	
  
•  Build	
  &	
  characterize	
  H2O	
  outgassing	
  test	
  system	
  	
  
•  Bench	
  characterize	
  backfill	
  and	
  bakeout	
  protocols	
  
•  Intermediate-­‐scale	
  qualificaOon	
  test	
  
•  Procure	
  &	
  deploy	
  site	
  valve(s),	
  backfill	
  and	
  bake	
  hardware	
  	
  
•  Vent	
  &	
  fix/replace	
  valve(s)	
  
•  Perform	
  forensics	
  on	
  failed	
  GNB	
  valve(s)	
  
•  Recover	
  &	
  bake	
  tube(s)	
  



Troops	
  &	
  Treasure	
  
	
  
	
  
	
  
	
  
?	
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EXTRA	
  SLIDES	
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Squeeze	
  film	
  damping	
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•  Narrow	
  gap	
  between	
  ETM	
  and	
  
ESD	
  reacOon	
  plate	
  enhances	
  
viscous	
  damping	
  by	
  residual	
  gas	
  

•  Increases	
  thermal	
  noise	
  at	
  low	
  
frequencies	
  

•  Exacerbates	
  penalty	
  for	
  any	
  
vacuum	
  problem	
  affecOng	
  
pressure	
  at	
  end	
  chambers	
  

•  Possible	
  miOgaOons	
  
–  Increased	
  pumping	
  	
  
–  Repair	
  leaks,	
  reduce	
  outgassing	
  
–  Redesign	
  ESD	
  for	
  larger	
  gap	
  	
  

LIGO LIGO-T0900582 

 5 

combination house an ESD which is not currently planned to be used for locking, which is the 
major driver behind our ESD range requirement.  As such, we can mitigate gas damping noise from 
the ITM+CP by increasing the gap between them from 5mm to 20mm (accomplished by thinning 
the CP by 30mm while keeping its center-of-mass fixed).  The result is a factor of 2.6 reduction in 
gas damping noise (see figure in section 3, above). 
For the end test-mass + end reaction-mass combination (ETM+ERM), the problem is more difficult 
in that increasing the gap may compromise our ability to acquire lock.  On the other hand, the ERM 
is not located in a resonant cavity and does not act as a thermal compensation plate, and thus there 
is considerably more flexibility its design.  The designs considered here involve replacing some or 
all of the ERM with a dielectric annulus with an OD of 34cm (same as ERM) and ID of 22cm 
(sufficient to support the ESD). 
The following figure shows the nominal configuration, which has no annulus and an ETM-ERM 
gap of 5mm (upper left, lower left is exploded view).  One of the proposed configurations, which 
replaces 2cm of the ERM with an annulus is also shown (upper right, exploded in lower right).  The 
ETM is purple, the ERM yellow, and the annulus is red.  The bounding box provides the green 
backdrop.  The noise curves associated with these configurations are also shown. 

 
 

Continuing along the same lines, we considered a 3cm annulus, and the extreme case in which the 
ERM is simply replaced by the ESD supporting annulus.  Some of these results are redundant to 
those presented in section 3.  This was done to confirm that the new simulation code produces the 
same results as the old one, and to have all of the relevant results in the same format. 

LIGO LIGO-T0900582 

 3 

3 Force Noise 

To compute the force noise associated with residual gas, simulations used in this note follow each 
of 20 thousand particles for 10 seconds.  The molecular mass of the gas used was 2amu (hydrogen), 
and the temperature considered was 293K, giving a characteristic velocity of 1.4km/s.  The results 
were then scaled to a density of 3.3x1014 particles / cubic meter to produce a pressure of 10-8 torr. 

Comparing the result for a test-mass alone in a 2 
meter cubic volume gives 2.6x10-15N/rtHz, 
which matchs [2] for a cylinder in an infinite 
volume of gas. 

Comparing the same result to the approximate 
calculation in T0900509, we find that the force 
noise on the TM similar to the “unconstrained 
noise” given in that document, scaled to the area 
of the TM, 
force_noise_free = sqrt(8 * pi * rho * 0.17^2* 
kBT * sqrt(kBT * mass)) = 1.9e-15 N/rtHz 

where rho is the number density and kBT is the 
Boltzman constant multiplied by temperature. 

Taking the blue curve, which has the nominal 
aLIGO gap of 5mm between the TM and the CP or ERM, each aLIGO test mass is subject to a 
force noise of 
force_noise_5mm = 1.53e-14 N/rtHz, force_noise_2cm = 5.9e-15 N/rtHz, 

We show below that this is about a factor of 2 lower than the force amplitude noise found in 
T0900509. 

4 Diffusion time 

The diffusion time apparent in the above plot, again 
using the 5mm gap case, is about 
tau = 1/(2*pi*200Hz) = 800us 

which is about a factor of 6 less than the value 
computed in T0900509 (tau = 5 ms) using the simple 
analytical model where tau = r2/ dgap vth (r is the test 
mass radius, dgap the gap length, and vth the molecular 
thermal velocity).  Since the noise in the analytical 
model scales with the square-root of the diffusion 
time at low frequency, the noise predictions of the 
analytical model and this simulation, for a given 
diffusion time, are fairly close, though not quite equal 
(i.e., the difference between sqrt(6) and 2). It is worth 
noting that in other Monte Carlo simulations a shorter 
than expected diffusion time was also found [1]. 

from	
  LIGO-­‐T0900582-­‐v6	
  	
  (10-­‐8	
  torr	
  H2)	
  



ElectrostaOc	
  Test	
  Mass	
  Charging	
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•  Correlated	
  w/	
  operaOon	
  of	
  ion	
  pumps	
  nearby	
  	
  
–  Theory:	
  PE	
  due	
  to	
  UV	
  /	
  soi	
  X	
  rays	
  from	
  discharge	
  (no	
  direct	
  line	
  of	
  sight)	
  
–  Induced	
  σ	
  ~	
  10-­‐12	
  coulomb/cm2	
  over	
  hours-­‐days	
  
–  Effect	
  on	
  input	
  TM’s	
  less;	
  probably	
  due	
  to	
  distance	
  from	
  local	
  pumps	
  

•  Wreaks	
  havoc	
  
–  Interferes	
  with	
  electrostaOc	
  force	
  drive	
  operaOon	
  
–  Couples	
  V	
  noise	
  from	
  nearby	
  circuits	
  &	
  ‘groundplanes’	
  
–  Couples	
  mechanical	
  noise	
  from	
  image	
  charges	
  in	
  nearby	
  conductors	
  
–  Intrinsic	
  noise	
  due	
  to	
  spontaneous	
  charge	
  dissipaOon	
  &	
  redistribuOon	
  	
  

•  Interim	
  soluOon:	
  seal	
  off	
  IP’s	
  at	
  ends	
  	
  
–  no	
  pumping	
  of	
  non-­‐condensibles,	
  except	
  via	
  beamtube	
  
–  Almost	
  immediately	
  hit	
  both	
  squeeze-­‐film	
  and	
  gas	
  index	
  noise	
  in	
  rapidly	
  improving	
  noise	
  budget	
  	
  

•  In	
  progress	
  now:	
  	
  
–  Remote	
  IP’s	
  (250m	
  from	
  end,	
  on	
  beamtube	
  pumpout	
  ports)	
  

•  Reduced	
  speed	
  for	
  noncondensibles	
  	
  
–  NEG	
  pumps	
  at	
  ETM	
  chambers	
  

•  Reduced	
  speed,	
  limited	
  life	
  for	
  gases	
  other	
  than	
  H2	
  
•  Poor	
  margin	
  against	
  detector	
  outgassing,	
  leakage	
  

•  Longer	
  term:	
  	
  
–  Chevron	
  UV	
  baffle	
  retrofit	
  to	
  IP	
  nozzles	
  

•  Degrades	
  pump	
  speed	
  
–  Reengineer	
  TMP’s	
  for	
  conOnuous	
  duty	
  	
  

•  ultra-­‐low	
  vibraOon,	
  fault-­‐tolerance,	
  backstreaming	
  safety	
  



Ion	
  Pump	
  UV	
  emission	
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Measurements
Measured integrated emission for Eph>5 eV

Flux in
Photons/s/sr

(Eph>5eV)
P1 P2

3 kV
6.8x107 

(1.6x10-8 Torr) 
(3.3x10-4 Amps)

6.0x107 
(0.8x10-8 Torr) 

(1.6x10-4 Amps)

5 kV
3.8x108 

(2.5x10-8 Torr) 
(6.3x10-4 Amps)

1.8x108 
(1.0x10-8 Torr) 

(2.5x10-4 Amps)

7 kV
7.1x108 

(2.8x10-8 Torr) 
(7.0x10-4 Amps)

3.7x108 
(1.1x10-8 Torr) 

(3.1x10-4 Amps)

• The two columns correspond to two 
measurements, at different pressures. 

• Conversion used:  
-Area Flange/Detector=100000/100  
-Solid angle seen by the set-up is Ω=1.84 sr.

A.	
  Kontos,	
  6/10/2015	
  



IP	
  charging	
  evidence	
  (LHO)	
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Beam Tube Overview 

•  304L SS, 3.2 mm thick with external 
stiffeners 

•  raw coiled stock air baked 36h @ 455C 
to deplete hydrogen 

–  JH2 < 10-13 Tl/s/cm2 

–  process developed by LIGO 
•  prepared coil spiral-welded into 1.2m 

tube on modified culvert mill  
•  16m sections cleaned, leak tested, and 

capped 
•  FTIR analysis to confirm HC-free 
•  Sections butt-welded together in 

travelling clean room at sites 
•  Over 50 linear km of weld; no leaks 
•  Tubes designed never to be vented after 

installation 

58	
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position 

butt weld 

 Field Assembly & welding 

leak check 

field fitup 

next section 

transport 
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I2R	
  Bakeout	
  to	
  Desorb	
  Water	
  (cont’d)	
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Beamtube	
  Gate	
  Valves	
  

•  40”	
  &	
  44”	
  	
  ID	
  	
  
•  Double	
  O-­‐ring	
  gates	
  &	
  

bonnet	
  seals	
  	
  
•  independently	
  

pumped	
  annulus*	
  
•  Two	
  actuator	
  

varieOes:	
  electric	
  
(ballscrew)	
  and	
  
pneuma1c	
  (cylinder)	
  

•  Custom	
  design	
  by	
  GNB	
  
Corp.	
  

*	
  	
  Main	
  volume	
  is	
  connected	
  when	
  gate	
  is	
  
open!	
  

•  44”	
  clear	
  aperture	
  	
  
•  @	
  beamtube	
  ends	
  and	
  midpoints	
  
•  Custom	
  low-­‐shock	
  dual-­‐seal	
  electric	
  design	
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Residual	
  Gas	
  Index	
  FluctuaOon	
  Noise	
  

ρ =  gas number density (~ pressure)
α =  optical polarizability (~ index)
w = beam radius
v0 = most probable thermal speed
L0 = arm length
ΔL = arm optical path difference

StaOsOcal	
  model	
  
verified	
  by	
  40m	
  
interferometer	
  
experiment	
  
	
  

S.	
  Whitcomb	
  and	
  MZ,	
  Proc.	
  7th	
  Marcel	
  Grossmann	
  Mee1ng	
  on	
  GR,	
  R.	
  
Jantzen	
  and	
  G.	
  Keiser,	
  eds.	
  World	
  ScienOfic,	
  Singapore	
  (1996).	
  
	
  



Residual	
  Gas	
  Pressure	
  Limits	
  in	
  Beam	
  Tubes	
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Initial Req

then	
   now	
  


