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Abstract:	  A	  leak	  of	  close	  to	  the	  estimated	  size	  has	  been	  found	  at	  2258	  meters	  from	  the	  
LVEA	  port	  on	  the	  yarm.	  The	  best	  estimate	  for	  the	  location	  of	  the	  leak	  was	  at	  2067	  +-‐	  39	  
meters	  .	  The	  10	  inch	  ports	  in	  the	  mid	  building	  are	  at	  1966	  and	  1972	  meters	  with	  the	  next	  
port	  toward	  the	  Yend	  being	  at	  2284	  meters.	  Based	  on	  the	  initial	  estimate,	  we	  mounted	  the	  
helium	  leak	  detector	  for	  the	  leak	  hunt	  in	  the	  mid	  building.	  The	  leak	  behaves	  as	  though	  it	  is	  
in	  a	  single	  location	  and	  is	  constant	  to	  5%	  at	  2.495+-‐0.03	  x	  10-‐4	  torr	  liters/sec	  from	  August	  
15	  to	  October	  15,	  2012.	  	  The	  report	  gives	  the	  results	  of	  the	  leak	  localization	  and	  its	  
limitations.	  It	  presents	  the	  analysis	  methods	  used	  as	  well	  as	  the	  results	  of	  numerical	  
modeling	  based	  on	  the	  underlying	  diffusion	  process.	  	  
	  
Introduction	  RGA’s	  and	  discharge	  gauges	  were	  used	  at	  the	  LVEA	  and	  yend	  to	  measure	  the	  
pressure	  of	  atmospheric	  gas	  species	  and	  the	  total	  pressure	  change	  in	  two	  methods	  with	  
sensitivity	  to	  the	  location	  of	  the	  leak.	  The	  simplest	  technique	  was	  to	  close	  valves	  at	  the	  ion	  
pumps	  at	  both	  ends	  and	  accumulate	  the	  gas	  –	  the	  dynamic	  method.	  The	  difference	  of	  the	  
ratio	  of	  the	  pressure	  derivative	  with	  time	  to	  the	  pressure	  at	  the	  two	  ends	  allows	  for	  a	  
localization.	  The	  more	  difficult	  but	  potentially	  more	  accurate	  method	  was	  to	  modulate	  the	  
pumps	  with	  valve	  closure	  with	  a	  sequence	  that	  first	  closed	  the	  valve	  at	  the	  LVEA	  leaving	  
the	  yend	  valve	  open	  and	  then,	  after	  the	  system	  had	  come	  to	  equilibrium,	  to	  open	  the	  LVEA	  
valve	  and	  close	  the	  yend	  valve.	  The	  DC	  method	  uses	  the	  pressure	  differences	  to	  solve	  for	  
the	  leak	  position.	  A	  key	  element	  in	  the	  localization	  strategy	  is	  to	  calibrate	  the	  sensors	  by	  
recognizing	  that	  the	  pressure	  derivative	  with	  time,	  when	  the	  system	  is	  not	  being	  pumped,	  
is	  independent	  of	  the	  sensor	  location	  and	  leak	  position	  after	  a	  stationary	  flow	  pattern	  has	  
been	  established	  in	  the	  tube.	  	  
	  
The	  errors	  in	  the	  leak	  location	  are	  not	  Gaussian.	  	  Typical	  random	  error	  for	  any	  several	  day	  
measurement	  as	  determined	  by	  the	  shot	  noise	  in	  the	  ion	  currents	  both	  in	  the	  discharge	  
gauges	  and	  the	  RGA’s	  would	  give	  localization	  errors	  of	  5	  to	  10	  	  meters.	  The	  measurements	  
are	  insensitive	  to	  parameters	  common	  to	  both	  ends	  (ie.,	  uniform	  outgassing,	  common	  
temperature	  changes…).	  The	  measurements	  are	  dominated	  by	  uncontrolled	  (and	  currently	  
unmeasured)	  sources	  of	  systematic	  errors	  such	  as	  temperature	  gradients	  along	  the	  tube	  
and	  differential	  non-‐linearities	  in	  the	  sensors.	  These	  cause	  the	  errors	  to	  be	  larger	  and	  non-‐
Gaussian.	  There	  are	  outliers	  in	  the	  data	  at	  distances	  as	  large	  as	  90	  meters	  from	  the	  most	  
likely	  position.	  Taking	  more	  data	  without	  understanding	  and	  controlling	  or	  measuring	  the	  
systematic	  error	  sources	  in	  the	  system	  would	  have	  been	  unproductive.	  If	  we	  had	  not	  found	  
the	  leak,	  the	  model	  of	  a	  single	  leak	  might	  have	  been	  wrong	  and	  more	  pressure	  sensors	  
would	  have	  been	  needed	  at	  different	  places	  along	  the	  tube	  to	  solve	  for	  the	  leak	  locations.	  If	  
there	  are	  n	  leaks	  in	  the	  tube	  it	  requires	  n+1	  sensors	  to	  uniquely	  solve	  for	  their	  positions.	  In	  
addition,	  further	  efforts	  at	  localization	  would	  have	  hopefully	  gotten	  closer	  to	  the	  random	  
statistical	  errors	  which	  will	  require	  an	  array	  of	  thermometers	  along	  the	  beam	  tube.	  The	  
almost	  200	  meter	  difference	  between	  the	  average	  localization	  position	  and	  the	  actual	  leak	  
is	  not	  yet	  explained.	  	  We	  will	  know	  more	  once	  the	  leak	  is	  covered	  and	  the	  new	  leak	  rate	  into	  
the	  tube	  is	  measured.	  	  
	  



The	  measurements	  used	  the	  RGA	  at	  amu	  2,	  14,	  28,	  32	  and	  40.	  	  	  The	  initial	  localizations	  were	  
made	  with	  amu	  28	  and	  14,	  the	  molecular	  nitrogen	  peaks,	  until	  we	  noticed	  that	  the	  
discharge	  gauges	  mounted	  next	  to	  the	  RGA	  gave	  similar	  results	  and	  that	  the	  noise	  in	  the	  
localization	  was	  not	  dominated	  by	  the	  shot	  noise	  but	  was	  correlated	  between	  the	  discharge	  
gauges	  and	  the	  RGA	  due	  to	  a	  systematic	  we	  were	  not	  controlling.	  	  The	  other	  consideration	  
for	  using	  the	  RGA	  rather	  than	  the	  total	  pressure	  measurements	  of	  the	  discharge	  gauges	  was	  
the	  molecular	  hydrogen,	  	  amu	  2,	  outgassing	  which	  could	  have	  skewed	  the	  results	  if	  it	  was	  
inhomogeneous.	  With	  a	  leak	  as	  large	  as	  the	  current	  one,	  the	  Hydrogen	  outgassing	  is	  a	  few	  
percent	  of	  the	  signal	  and	  the	  inhomogeneity	  a	  factor	  of	  10	  to	  100	  smaller.	  	  
	  
We	  noticed	  non-‐linearity	  in	  the	  RGA	  once	  the	  Faraday	  mode	  ion	  current	  exceeded	  10-‐10	  
amperes	  or	  the	  total	  pressure	  was	  larger	  than	  3	  x	  10-‐6	  torr.	  The	  amu	  40	  peak,	  due	  to	  the	  
argon	  entering	  through	  the	  leak,	  has	  a	  much	  longer	  time	  constant	  than	  the	  nitrogen	  both	  
because	  of	  the	  reduced	  thermal	  velocity	  (reduced	  diffusion	  constant)	  and	  the	  storage	  time	  
of	  Argon	  in	  the	  cryo	  pumps.	  The	  amu	  32	  peak	  from	  molecular	  oxygen	  follows	  the	  nitrogen	  
closely	  but	  is	  not	  at	  the	  atmospheric	  ratio	  to	  nitrogen	  due	  to	  gettering	  by	  the	  tube	  surface.	  
	  
	  

	  
Figure	  1	  Schematic	  of	  the	  yarm.	  The	  measurements	  were	  carried	  out	  with	  gate	  valves	  3,4,mid,9	  and	  10	  open	  
and	  the	  liquid	  nitrogen	  traps	  cold.	  The	  ion	  pump	  at	  the	  left	  (LVEA	  pump	  labeled	  by	  313	  l/s)	  was	  measured	  to	  
have	  a	  pumping	  speed	  of	  215	  liters/sec	  for	  nitrogen	  and	  the	  one	  on	  the	  right	  (Yend	  labeled	  1291	  l/s)	  was	  
measured	  to	  have	  a	  pumping	  speed	  of	  1640	  liters/sec	  for	  nitrogen.	  The	  valves	  modulated	  were	  the	  smaller	  
gate	  valves	  associated	  with	  these	  two	  pumps.	  During	  an	  accumulation	  the	  smaller	  gate	  valves	  were	  both	  shut.	  
The	  RGAs	  and	  discharge	  gauges	  used	  to	  perform	  the	  measurements	  are	  mounted	  on	  10	  inch	  ports	  on	  the	  
beamtube	  adjacent	  to	  the	  gate	  valve	  4	  (the	  LVEA	  pressure	  sensors)	  and	  gate	  valve	  9	  (the	  yend	  pressure	  
sensors).	  
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Calibration	  
A	  critical	  part	  of	  the	  leak	  localization	  is	  to	  establish	  the	  relative	  sensitivity	  of	  the	  discharge	  
gauges	  and	  the	  RGAs	  to	  a	  few	  parts	  in	  a	  thousand.	  The	  absolute	  calibration	  is	  not	  critical	  
except	  to	  estimate	  the	  size	  of	  the	  leak	  which	  is	  determined	  by	  accumulation	  of	  the	  leak	  into	  
the	  known	  volume	  of	  the	  beamtube.	  	  The	  localization	  trades	  on	  pressure	  ratios	  and	  their	  
differences.	  The	  relative	  sensitivity	  of	  the	  RGA’s	  and	  discharge	  gauges	  is	  determined	  during	  
accumulation	  measurements.	  Once	  the	  diffusion	  transients	  have	  damped	  out,	  the	  time	  
derivative	  of	  the	  pressure	  in	  the	  tube	  due	  to	  the	  leak	  and	  outgassing	  is	  independent	  of	  
where	  in	  the	  tube	  the	  pressure	  is	  measured	  (shown	  in	  Appendix	  1)	  .	  	  The	  fact	  that	  dp/dt	  is	  
the	  same	  everywhere	  in	  the	  tube	  allows	  the	  pressure	  sensors	  to	  be	  normalized	  by	  simply	  
dividing	  the	  sensor	  output	  by	  the	  derivative	  of	  the	  sensor	  output	  during	  the	  accumulation	  
after	  the	  transients	  have	  died	  away.	  

Figure	  2	  The	  accumulation	  begins	  at	  5250	  minutes	  and	  is	  ended	  at	  about	  6300	  minutes	  as	  the	  yend	  and	  lvea	  
valves	  are	  open	  in	  sequence.	  The	  steady	  pressure	  derivative	  begins	  at	  5800	  minutes	  and	  shows	  a	  10%	  
difference	  in	  the	  gauge	  sensitivities.	  10	  hours	  is	  typical	  for	  the	  transients	  to	  die	  off.	  	  
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Figure	  3	  A	  complete	  leak	  localization	  sequence	  showing	  both	  the	  initial	  accumulation	  between	  0	  to	  1000	  
minutes	  followed	  by	  a	  valve	  modulation.	  The	  data	  has	  been	  normalized	  to	  remove	  the	  differences	  in	  gauge	  
sensitivity:	  the	  lvea	  discharge	  gauge	  output	  has	  been	  multiplied	  by	  1.051	  while	  the	  yend	  output	  has	  been	  
multiplied	  by	  0.9496.	  The	  values	  are	  determined	  by	  the	  transient	  free	  parts	  of	  the	  accumulations	  at	  the	  
beginning	  and	  end	  of	  the	  sequence.	  In	  the	  time	  between	  1000	  to	  2800	  minutes,	  the	  yend	  and	  lvea	  valves	  are	  	  
open.	  Between	  2800	  minutes	  to	  5200	  minutes,	  the	  yend	  valve	  is	  closed	  and	  the	  lvea	  valve	  is	  open.	  Between	  
5200	  minutes	  and	  6600	  minutes,	  the	  yend	  valve	  is	  open	  and	  the	  lvea	  valve	  is	  closed.	  The	  pumping	  speed	  at	  
the	  lvea	  is	  about	  ¼	  of	  that	  at	  the	  yend	  which	  accounts	  for	  the	  difference	  in	  time	  to	  reach	  steady	  state	  for	  the	  
two	  valve	  configurations.	  As	  shown	  in	  Appendix	  1,	  the	  transient	  solutions	  to	  the	  diffusion	  are	  a	  sum	  of	  
exponentials	  with	  different	  time	  constants	  with	  time	  origin	  at	  the	  moment	  when	  a	  valve	  is	  activated.	  The	  
times	  to	  achieve	  steady	  state	  were	  not	  always	  attained	  in	  the	  data	  taking	  and	  we	  had	  to	  resort	  to	  exponential	  
curve	  fitting	  at	  the	  ends	  of	  a	  valve	  state	  to	  determine	  the	  equilibrium	  pressure	  values	  in	  the	  valve	  modulation	  
method.	  The	  difference	  in	  pressure	  between	  the	  lvea	  and	  yend	  during	  the	  steady	  state	  part	  of	  the	  
accumulation	  carries	  the	  localization	  information.	  
	  
Dynamic	  method	  The	  beamtube	  is	  isolated	  from	  the	  pumps	  and	  the	  pressure	  at	  the	  yend	  
and	  lvea	  as	  a	  function	  time	  is	  recorded.	  In	  the	  steady	  state	  dp/dt	  is	  a	  constant	  independent	  
of	  location	  in	  the	  tube	  and	  the	  pressure	  difference	  between	  the	  gauges	  after	  normalization	  
provides	  the	  leak	  localization.	  As	  is	  shown	  in	  Appendix	  1,	  the	  location	  of	  the	  leak	  is	  given	  
by	  
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L	  is	  the	  length	  of	  the	  beam	  tube	  between	  the	  ports	  at	  the	  LVEA	  and	  the	  yend,	  	  a	  is	  the	  radius	  
of	  the	  beamtube	  and	  v	  the	  thermal	  velocity	  of	  the	  gas	  for	  which	  the	  pressure	  is	  being	  
measured.	  

	  
	  
	  
Figure	  4	  Model	  generated	  by	  the	  FORTRAN	  program	  btleakfind5	  of	  the	  accumulation	  of	  the	  2.5	  x	  10-‐4	  torr	  
liters/sec	  placed	  at	  2089	  meters	  from	  the	  LVEA	  10	  inch	  port	  on	  the	  beamtube.	  The	  pressure	  at	  the	  lvea	  and	  
yend	  are	  plotted	  along	  with	  the	  leak	  location	  estimates	  	  of	  eq.	  1.	  The	  transients	  in	  the	  accumulation	  are	  
damped	  out	  well	  enough	  by	  10	  hours	  after	  the	  accumulation	  was	  started.	  	  
	  
An	  accumulation	  is	  part	  of	  each	  localization	  sequence	  and	  reaches	  steady	  state	  more	  
quickly	  than	  the	  valve	  modulation	  technique.	  More	  than	  2/3	  of	  the	  data	  we	  have	  taken	  used	  
the	  dynamic	  method.	  
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Figure	  5	  The	  model	  pressure	  distribution	  in	  the	  tube	  after	  the	  transients	  have	  decayed	  for	  the	  accumulation	  
of	  a	  2.5	  x	  10-‐4	  torr	  liter/sec	  leak	  at	  	  2089	  meters	  from	  the	  lvea	  10”	  flange	  on	  the	  tube.	  	  
	  
Valve	  modulation	  method	  	  (DC	  method)	  The	  technique	  is	  easier	  to	  understand	  and	  was	  
the	  first	  proposed.	  The	  concept	  is	  a	  straightforward	  application	  of	  the	  linear	  relations	  
between	  the	  pressure	  in	  the	  tube	  and	  the	  pumping	  impedence	  of	  the	  tube	  which	  varies	  
linearly	  with	  the	  length	  (the	  baffles	  and	  bellows	  are	  a	  perturbation	  and	  discussed	  later	  
under	  error	  sources).	  Figure	  6	  shows	  the	  method.	  It	  is	  first	  order	  independent	  of	  the	  
pumping	  speeds	  of	  the	  pumps.	  

Figure	  6	  The	  static	  pressure	  distribution	  of	  nitrogen	  in	  the	  beamtube	  after	  the	  transients	  have	  died	  off	  for	  a	  
leak	  of	  2.5	  x	  10-‐4	  torr	  liters/sec	  located	  2089	  meters	  from	  the	  LVEA	  beamtube	  10	  inch	  pump	  out	  port.	  The	  red	  
curve	  is	  with	  both	  LVEA	  and	  yend	  gate	  valves	  open,	  the	  green	  curve	  is	  with	  the	  lvea	  valve	  closed	  and	  yend	  
open	  while	  the	  violet	  curve	  has	  the	  lvea	  gate	  open	  and	  the	  yend	  closed.	  

Flvea(on),Fyend(on)

Flvea(o! ),Fyend(on)

Flvea(on),Fyend(o! )Flvea=215 l/s  Fyend = 1640 l/s
Qlk = 2.5e-4 torr l/s  Xlk 2089 meters



Figure	  7	  Model	  of	  the	  valve	  modulation	  after	  several	  cycles	  of	  the	  valve	  modulation.	  The	  equilibrium	  values	  
are	  those	  in	  Figure	  6.	  The	  cycle	  times	  are	  longer	  than	  those	  used	  in	  the	  actual	  data	  taking	  shown	  in	  Figure	  8.	  
A	  comparison	  of	  the	  model	  with	  the	  data	  shows	  that	  the	  pumping	  speed	  of	  the	  modulated	  pumps,	  data	  at	  the	  
minimum	  pressures,	  have	  been	  assigned	  correctly	  but	  that	  the	  peak	  pressures,	  which	  involve	  the	  impedence	  
of	  the	  beamtube,	  do	  not	  match	  the	  data;	  the	  tube	  impedence	  is	  about	  25%	  larger	  than	  that	  used	  in	  the	  model.	  
The	  model	  assumes	  a	  tube	  with	  radius	  62cm,	  the	  discrepancy	  is	  most	  likely	  due	  to	  the	  baffles	  and	  bellows	  in	  
the	  tube.	  
	  

Figure	  8	  	  Data	  from	  the	  discharge	  gauges	  at	  the	  LVEA	  and	  yends.	  The	  LVEA	  valve	  is	  closed	  at	  900	  minutes	  
while	  the	  yend	  valve	  is	  open.	  At	  	  2900	  minutes	  the	  LVEA	  valve	  is	  open	  and	  the	  yend	  valve	  is	  closed.	  	  The	  valve	  
modulation	  times	  are	  too	  short	  to	  achieve	  equilibrium	  and	  an	  exponential	  end	  fit	  has	  been	  done	  to	  project	  to	  
the	  equilibrium	  values.	  The	  exponential	  end	  fit	  to	  the	  LVEA	  pressure	  at	  2900	  minutes	  was	  carried	  out	  but	  is	  
not	  shown	  in	  the	  figure.	  The	  pressure	  was	  normalized	  by	  dividing	  by	  the	  transient	  free	  values	  of	  dp/dt:	  the	  
raw	  LVEA	  pressure	  was	  multiplied	  by	  1.0516	  and	  the	  yend	  pressure	  by	  0.95323.	  
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The	  position	  of	  the	  leak	  is	  determined	  from	  
	  

	   xlk = L

Pyend
dPyend
dt

− Plvea
dPlvea
dt

⎛

⎝

⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟
lvea−on

Pyend
dPyend
dt

− Plvea
dPlvea
dt

⎛

⎝

⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟
lvea−on

−
Pyend
dPyend
dt

− Plvea
dPlvea
dt

⎛

⎝

⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟
yend−on

	  	  	  	  	  eq	  2	  

	   	  
where	  the	  pressures	  are	  the	  equilibrium	  values	  after	  the	  valve	  modulation	  has	  taken	  place	  
and	  the	  pressure	  derivatives	  with	  time	  are	  the	  transient	  free	  values	  during	  the	  
accumulations.	  The	  notation	  lvea-‐on	  is	  the	  valve	  state	  with	  the	  lvea	  valve	  open	  and	  the	  yend	  
closed	  while	  yend-‐on	  is	  the	  case	  for	  the	  yend	  valve	  open	  and	  the	  lvea	  valve	  closed.	  The	  
equation	  is	  derived	  in	  Appendix	  1.	  	  
	  
Sensitivity	  and	  Errors	  	  Table	  1	  lists	  the	  sensitivity	  of	  the	  localization	  to	  variations	  in	  the	  
measured	  variables.	  The	  units	  in	  the	  table	  are	  in	  meters	  of	  leak	  position	  for	  a	  1%	  change	  in	  
the	  measured	  variable.	  
	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Table	  1	  Sensitivity	  of	  leak	  position	  to	  1%	  change	  in	  measured	  variable	  
measured	  variable	   	  change	  in	  leak	  

position	  meters	  
measured	  variable	   change	  in	  leak	  

position	  meters	  
dplvea/dt	   13.7	   Plvea(lvea-‐on)	   -‐3.5	  
dpyend/dt	   -‐13.7	   Plvea(yend-‐on)	   -‐10.1	  
dpyend/dt+	  dplvea/dt	   0.08	   Pyend(lvea-‐on)	   13.1	  
sum	  of	  all	  p	   0.38	   Pyend(yend-‐on)	   0.38	  
	  
	  
Table	  2	  shows	  the	  average	  pressure	  values	  derived	  from	  the	  valve	  modulation	  technique,	  
the	  statistical	  errors	  of	  the	  pressures	  are	  all	  about	  5	  x10-‐9	  torr.	  
	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  Table	  2	  Average	  equilibrium	  pressure	  for	  the	  different	  valve	  states	  
location	  and	  state	   pressure	  10-‐6	  torr	   location	  and	  state	   pressure	  10-‐6	  torr	  
lvea	  	  	  (yend-‐on)	   2.991	   yend	  	  (yend-‐on)	   0.1522	  
lvea	  	  	  (lvea-‐on)	   1.161	   yend	  	  (lvea-‐on)	   4.401	  
	  
Uniform	  temperature	  changes	  do	  not	  effect	  the	  localization,	  however,	  temperature	  
gradients	  along	  the	  tube	  are	  significant.	  The	  temperature	  gradients	  cause	  several	  different	  
errors.	  The	  gas	  pressure	  is	  linear	  with	  the	  temperature,	  a	  1K	  temperature	  difference	  
between	  the	  LVEA	  and	  the	  yend	  will	  cause	  a	  3	  meter	  error	  in	  the	  localization	  if	  not	  
corrected	  in	  the	  analysis.	  	  Another	  contribution	  comes	  from	  the	  change	  in	  the	  diffusion	  
constant	  in	  the	  tube	  with	  temperature	  which	  amounts	  to	  about	  1	  meter	  for	  one	  1K	  



difference	  between	  the	  tube	  sections	  between	  the	  lvea	  and	  the	  leak	  and	  the	  yend	  and	  the	  
leak.	  The	  pumping	  speed	  of	  ion	  pumps	  at	  the	  LVEA	  and	  yend	  change	  with	  temperature	  by	  
close	  to	  1%	  for	  1K	  which	  corresponds	  approximately	  to	  a	  10	  meter	  change	  in	  the	  
localization.	  The	  unmeasured	  temperature	  gradients	  in	  the	  beamtube	  could	  account	  for	  
between	  30	  to	  60	  meters	  of	  noise	  in	  the	  localization.	  If	  there	  is	  further	  work	  needed	  to	  
localize	  the	  leak	  or	  other	  leaks	  form,	  it	  would	  be	  valuable	  to	  monitor	  thermometers	  every	  
250	  meters	  along	  the	  beamtube.	  
	  
The	  baffles	  were	  not	  included	  in	  the	  modeling	  which	  assumes	  a	  tube	  with	  constant	  radius	  
of	  62	  cm.	  The	  baffles	  extend	  8	  cm	  into	  the	  tube.	  In	  the	  middle	  of	  the	  arm	  at	  LLO	  there	  is	  
close	  to	  1	  baffle	  per	  20	  meters	  of	  tube	  length.	  This	  reduces	  the	  pumping	  speed	  of	  each	  20	  
meter	  section	  by	  10%	  and	  upto	  30%	  at	  the	  ends	  where	  there	  are	  multiple	  baffles	  per	  20	  
meter	  section.	  The	  leak	  is	  close	  to	  the	  middle	  of	  the	  tube	  and	  the	  reduction	  in	  pumping	  
speed	  is	  symmetric	  about	  the	  leak	  causing	  little	  error	  (less	  than	  1	  meter)	  in	  the	  leak	  
localization.	  If	  the	  leak	  had	  been	  near	  one	  end	  of	  the	  tube	  at	  LLO	  or	  should	  there	  be	  a	  leak	  
at	  either	  end	  of	  the	  tube	  modules	  at	  LHO,	  the	  corrections	  would	  be	  significant	  and	  the	  
model	  would	  need	  to	  be	  modified.	  The	  reduction	  in	  the	  pumping	  speed	  due	  to	  the	  baffles	  
can	  be	  seen	  in	  the	  discrepancy	  between	  the	  modeled	  and	  measured	  pressure	  in	  the	  valve	  
modulation	  method	  where	  the	  measured	  pressures	  are	  higher	  than	  the	  modeled	  ones	  in	  
those	  cases	  when	  the	  pump	  is	  separated	  from	  the	  leak	  by	  a	  long	  section	  of	  tube.	  
	  
	  
Appendix	  1	  :	  One	  dimensional	  diffusion	  in	  a	  tube	  
	  
The	  molecular	  flow	  in	  a	  tube	  when	  the	  pressure	  is	  low	  enough	  so	  that	  the	  transverse	  
dimensions	  of	  the	  tube	  are	  smaller	  than	  the	  mean	  free	  path	  is	  described	  by	  the	  diffusion	  
equation	  for	  the	  molecular	  density	  ρ(x,t) 	  

	   D δ2ρ(x, t)
δx2

= δρ(x, t)
δt

	  

where	  D= 2
3
avth is	  the	  diffusion	  constant,	  a	  the	  radius	  of	  the	  tube,	  vth =

8kT
πm

	  the	  most	  

probable	  thermal	  speed.	  k	  is	  Boltzmann’s	  constant,	  T	  the	  absolute	  temperature	  and	  m	  the	  
mass	  of	  the	  molecule.	  The	  transient	  equation	  is	  solved	  by	  separation	  of	  variables	  
ρ(x,t)=X(x)T(t) 	  which	  yields	  the	  ordinary	  differential	  equations	  
	  

	   d2X(x)
dx2

+ λ2

D
X(x) = 0→ X(x) = Asin(nπx

L
)+Bcos(nπx

L
) 	  

	   dT(t)
dt

+ λ2T(t) = 0→ T(t) = αn
n=1

∞

∑ e
−(nπ)

2 Dt
4L2 	  

	   	  
	  



The	  transients	  die	  off	  exponentially	  with	  the	  longest	  time	  constants,	  n	  =1,	  associated	  with	  

the	  largest	  spatial	  dimensions	  ,	   τ = 6 L2

π2avth

	  about	  8	  hours	  for	  nitrogen	  at	  296K.	  	  

	  
The	  special	  solutions	  associated	  with	  the	  transient	  free	  accumulations	  and	  steady	  state	  
pressure	  distributions,	  are	  determined	  from	  the	  boundary	  conditions	  imposed	  by	  the	  leak	  
and	  the	  pumping.	  A	  useful	  quantity	  is	  the	  diffusive	  particle	  flux	  determined	  by	  the	  
equations	  above	  coupled	  to	  the	  continuity	  equation	  for	  conservation	  of	  the	  molecules	  	  
	  

	   J=D dρ
dx
	  

	  
In	  the	  valve	  modulation	  method	  the	  only	  flow	  is	  from	  the	  leak	  at	  xlk	  through	  the	  beamtube	  
to	  the	  pump	  at	  x	  =0	  or	  x	  =	  L	  depending	  on	  which	  valve	  is	  open.	  J	  is	  constant	  in	  the	  
beamtube	  (as	  long	  as	  the	  radius	  a	  of	  the	  tube	  is	  fixed)	  and	  therefore	  the	  density	  or	  pressure	  
gradient	  is	  constant.	  	  The	  flow	  between	  the	  leak	  to	  the	  open	  valve	  is	  the	  same	  for	  both	  valve	  
modulations	  while	  the	  pressure	  difference	  between	  the	  two	  ends	  of	  the	  tube	  is	  
proportional	  to	  the	  tube	  length	  –	  the	  distance	  between	  the	  leak	  and	  the	  pump.	  The	  
assumption	  made	  is	  that	  the	  quantity	  of	  gas	  leaking	  into	  the	  tube	  is	  independent	  of	  the	  
pressure	  in	  the	  tube,	  valid	  as	  long	  as	  the	  pumping	  speed	  of	  the	  leak	  is	  tiny	  compared	  to	  that	  
of	  the	  beamtube	  or	  pumps.	  The	  flow	  in	  the	  tube	  	  is	  then	  proportional	  to	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Flow ∝
(P2 − P1)1open

xlk

=
(P1 − P2 )2open

L − xlk

	  	  	  

which	  gives	  equation	  1	  when	  the	  individual	  pressure	  readings	  are	  normalized	  for	  the	  gauge	  
constants	  using	  the	  transient	  free	  accumulation	  rates.	  
	  
The	  transient	  free	  accumulation	  is	  most	  easily	  treated	  by	  noting	  that	  J	  decreases	  linearly	  
with	  distance	  from	  the	  leak	  to	  the	  ends	  where	  it	  becomes	  equal	  to	  zero.	  J	  is	  not	  the	  same	  at	  
the	  leak	  into	  the	  two	  regions	  xlk	  to	  x	  =0	  and	  xlk	  	  to	  L	  if	  the	  leak	  is	  not	  exactly	  in	  the	  middle.	  At	  
the	  leak,	  J	  into	  the	  direction	  with	  the	  longer	  tube	  is	  larger	  than	  J	  into	  the	  direction	  with	  the	  
smaller	  tube	  length	  in	  proportion	  to	  the	  length	  (the	  volume	  that	  needs	  to	  be	  filled).	  When	  
the	  transients	  have	  died	  off,	  the	  second	  derivative	  of	  the	  pressure	  with	  distance	  in	  the	  tube	  
becomes	  constant	  and	  the	  first	  derivative	  of	  the	  pressure	  with	  time	  in	  the	  tube	  (as	  
indicated	  by	  the	  diffusion	  equation)	  at	  any	  location	  becomes	  the	  same.	  Combining	  these	  
relations	  with	  the	  need	  to	  have	  the	  total	  J	  into	  the	  two	  sections	  of	  tube	  be	  given	  by	  the	  leak	  
size	  Qlk	  gives	  
	   	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   J1 + J2 =
Qlk

πa2
	  	  	  at	  the	  leak	  and	  	  everywhere	   dP

dt
= Qlk

πa2L
	  

	  
The	  relations	  discussed	  in	  the	  paragraph	  above	  and	  the	  two	  equations	  lead	  to	  equation	  2.	  
	  



Both	  equations	  1	  and	  2	  were	  checked	  in	  detail	  by	  using	  a	  finite	  element	  diffusion	  model	  for	  
the	  tube	  incorporated	  into	  the	  FORTRAN	  program	  btleakfind4	  and	  btleakfind5.	  The	  
programs	  determine	  the	  pressure	  profiles	  for	  different	  pumping	  speeds	  at	  the	  ends	  and	  the	  
leak	  with	  adjustable	  size	  and	  position.	  If	  it	  should	  ever	  become	  necessary	  to	  fit	  to	  the	  full	  
solution	  for	  the	  evolution	  of	  the	  pressure	  in	  space	  and	  time,	  the	  FORTRAN	  programs	  are	  
the	  best	  way	  to	  determine	  the	  solutions.	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  



Appendix	  2:	  The	  data	  	  
	  
The	  table	  on	  the	  next	  and	  following	  page	  show	  the	  reduced	  data	  for	  both	  methods	  as	  well	  
as	  some	  tests	  to	  determine	  the	  effect	  of	  constant	  outgassing	  and	  the	  solutions	  for	  other	  
than	  amu	  14	  and	  28.	  The	  third	  page	  gives	  a	  graphical	  display	  of	  the	  solutions.	  The	  data	  is	  
clearly	  not	  Gaussian	  with	  a	  distribution	  of	  points	  much	  larger	  than	  simply	  due	  to	  random	  
errors	  which	  in	  principle	  have	  an	  rms	  of	  10	  meters.	  Table	  1	  gives	  direct	  estimates	  of	  the	  
localization	  errors	  as	  determined	  by	  running	  the	  FORTRAN	  programs	  with	  a	  range	  of	  
parameters.	  The	  actual	  errors	  are	  about	  three	  times	  larger	  than	  one	  would	  determine	  from	  
the	  variation	  of	  the	  experiment	  parameters,	  especially,	  estimated	  temperature	  gradients.	  It	  
is	  very	  hard	  to	  believe	  that	  temperature	  gradients	  of	  10K	  occur	  along	  the	  north	  and	  south	  
sections	  of	  the	  tube.	  The	  discrepancy	  between	  the	  found	  leak	  position	  and	  the	  various	  
localization	  solutions	  has	  not	  yet	  been	  explained.	  The	  tube	  dimensions	  come	  from	  the	  CB&I	  
table	  in	  Appendix	  3.	  There	  is	  some	  suspicion	  that	  these	  numbers	  are	  not	  the	  as	  built	  values	  
and	  we	  will	  check	  them	  with	  GPS	  in	  the	  near	  future.	  
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Appendix	  4	  The	  FORTRAN	  program	  to	  estimate	  the	  pressure	  in	  the	  tube	  vs	  position	  and	  
time.	  The	  program	  requires	  the	  pumping	  speed	  at	  the	  tube	  ends,	  the	  size	  and	  position	  of	  
the	  leak,	  the	  amu	  and	  temperature	  of	  the	  molecule	  being	  measured.	  
	  
c *******btleakfind4.for ****** August 30, 2012 
c try to fix problem with incorrect results due to number of steps 
c Include writing file of the pressure across the tube at a fixed time 
c iterative and computational intense variables in the Runge-Kutta   
croutines are double 
c precision. Runge - Kutta now has fixed step size 
c Program shows the pressure at the 4km tube ends as one goes through 
c the process of finding a single leak in the module at position x. The 
technique is to 
c close off first the pump at one and and then the pump at the other end 
while observing 
c the pressure at both ends. 
c  
c The program uses the Runge Kutta techniques from Numerical Recipes 
c The calculation is made in cgs units with the pressure in torr 
c 
c  The outgassing is described by: 
c 
c      aj = fixed outgassing rate 
c 
c      a = tube radius 
c 
c      al = length of module/number of sections = section length 
c 
c      fp = pumping speed of the pumps 
c 
c      v = thermal velocity of molecule at 300K 
c 
c      alk = leak at position x along the tube 
c Difference equation to solve 
c 
c Section 1:  dp/dt = ((2*v*a)/(3*al**2))*(p(2)-p(1)) + (2/a)*aj 
c end pt            + (aqlk(1))-fp(1)*p(1))/(pi*al*a**2)  
c 
c Section n: dp/dt = ((2*v*a)/(3*al**2))*2*(p(n-1)-p(n))  
c sym mid pt            + (2/a)*(aj) 
c                       + (aqlk(n)))/(pi*al*a**2)  
c 
c Section k : dp/dt = ((2*v*a)/(3*al**2))*(p(k-1)-2*p(k) +p(k+1))  
c                     + (2/a)*(aj) 
c                     + (aqlk(k))/(pi*al*a**2) 
c 
c section m : dp/dt = ((2*v*a)/(3*al**2))*(p(m-1)-p(m)) +b(2/a)*aj 
c                     +(aqlk(m)-f(m)*p(m))/(pi*al*a**2) 
c  
c  
        use winteracter 
        character fileout*100 
        real*8 ystart,dydx 
        dimension p(1000,8000),ystart(1000),time(8000)  
        dimension fp(1000),alk(1000),dydx(1000) 



        common /deriv/ pstart,aa,bb,cc,dd,ajt,nsec,tbon,tboff,tpon 
        write(unit=*,fmt=601) 
601     format(' enter # of sections :' $) 
         read(unit=*,fmt=602)nsec 
602     format(i6) 
c set pump speeds and leaks in all sections to 0 
         do 620 k=1,nsec 
          fp(k)=0.0 
          alk(k)=0.0 
620      continue 
          write(unit=*,fmt=1) 
1       format(' enter pump speed lit/sec at x=0: ' $) 
          read(unit=*,fmt=2)fpp1 
          fpp1 = fpp1*1000.0 
2        format(e15.6) 
           write(unit=*,fmt=1111) 
1111  format(' enter pump speed lit/sec at x = L:'  $) 
        read(unit=*,fmt=2)fpp2 
        fpp2=fpp2*1000.0 
        write(unit=*,fmt=605) 
605      format(' enter amu of gas : ' $) 
         read(unit=*,fmt=4)amu 
         write(unit=*,fmt=3) 
3        format(' enter J, torr liters/sec/cm^2 : ' $) 
          read(unit=*,fmt=4)ajt 
          ajt=ajt*1000.0 
4       format(e15.6) 
c enter the fixed parameters 
c beam tube radius cm 
       a = 61.91 
c thermal speed of gas in cm/sec 
       v = (5.901e4)*sqrt(18.0/amu) 
c module length cm 
       al0 = 3.94108e5 
c number of sections 
        an = real(nsec) 
c section length cm 
       al = al0/an 
       write(unit=*,fmt=9) 
9        format(' enter starting pressure in torr : '$) 
        read(unit=*,fmt=4)pstart 
         write(unit=*,fmt=1202) 
1202  format(' enter period in hrs to turn pumps at end on/off :' $) 
          read(unit=*,fmt=4)tau 
         tau=tau*3600.0 
          write(unit=*,fmt=1301) 
1301   format(' enter leak size (torr*lit/sec), sec# for leak ' $) 
        read(unit=*,fmt=411)allk,nlksec 
411       format(e15.6,i6) 
        alk(nlksec)=allk*1000.0 
        aa = (2.0*v*a)/(3.0*al**2) 
        bb = 2.0/a 
        dd = 1.0/(3.14159*al*a**2) 
         do 1000 kt = 1,nsec 
         p(kt,1)=pstart 



1000     continue 
9876    write(unit=*,fmt=7) 
7        format(' time(hrs)/step, #steps total, #calsteps/step : '$) 
           read(unit=*,fmt=8)tstep1,mstep,intstep 
8       format(e15.6,2i6) 
c convert time to seconds 
         tstep = tstep1*3600.0 
         x2=0.0 
         nvar = nsec 
         do 100 k=1,mstep 
         x1 = x2 
         x2 = x1 + tstep 
         phase = 2.0*3.14159*x1/tau 
         phase = sin(phase) 
         if(phase.le.0.0)tbon = -1.0 
         if(phase.gt.0.0)tbon = 1.0 
         if(tbon.gt.0.5) then 
         fp(1)=0.0 
         fp(nsec)=fpp2 
          end if 
          if(tbon.lt.-0.5)then 
          fp(1) = fpp1 
          fp(nsec) = 0.0 
          end if 
           if(k.eq.1)then 
           do 1002 n=1,nsec 
            ystart(n)= pstart 
1002     continue 
         time(k)=x1/3600.0 
         p(nsec+1,k)=pstart 
         end if 
         call rkdumb(ystart,x1,x2,dydx,intstep,fp,alk) 
          do 1003 n=1,nsec 
           p(n,k+1)=ystart(n) 
1003    continue 
 time(k+1)=x2/3600.0 
c calculate the average pressure 
          sum = 0.0 
          do 400 n=1,nsec 
           sum  = sum + p(n,k+1)/an 
400     continue 
        p(nsec+1,k+1)=sum 
        write(unit=*,fmt=11)time(k),p(nsec+1,k) 
11      format(' time (hours) = '1pe15.6,  'avg p (torr) = '1pe15.6) 
100      continue 
 
2000    write(unit=*,fmt=77) 
77      format('enter fileout: '$) 
          read(unit=*,fmt=78)fileout 
78      format(a100) 
           open(unit=2,file=fileout) 
           write(unit=*,fmt=4001) 
4001   format(' enter 1 for p vs x, 2 for p vs t : '$) 
            read(unit=*,fmt=4002)ich 
4002   format(i3) 



           if(ich.eq.2)then 
           write(unit=*,fmt=2001)nsec+1 
2001    format(' enter #segment ('i4,' = avg pressure) : '$) 
           read(unit=*,fmt=2002)ks 
2002    format(i6) 
           write(unit=2,fmt=79)mstep+1 
79      format(i5) 
          do 200 k=1,mstep+1 
           write(unit=2,fmt=80)time(k),p(ks,k) 
80      format(1pe15.6,1pe15.6) 
200     continue 
           close (2) 
           end if 
           if(ich.eq.1)then 
           write(unit=2,fmt=4011)nsec 
4011   format(i5) 
          m=mstep+1 
           do 4020 j=1,nsec 
c set to center of section 
           xs = al*(real(j-1)+0.5)/100.0 
          write(unit=2,fmt=4021)xs,p(j,m) 
4021   format(1pe15.6,1pe15.6) 
4020   continue 
          end if 
           write(unit=*,fmt=2003) 
2003    format(' enter 1 to write another file: '$) 
            read(unit=*,fmt=2004)igo 
2004    format(i3) 
            if(igo.eq.1)go to 2000 
3000    continue 
            end 
 
        subroutine derivs(y,dydx,fp,alk) 
                   real*8 y,dydx 
                  dimension y(1000),dydx(1000),fp(1000),alk(1000) 
        common /deriv/ pstart,aa,bb,cc,dd,ajt,nsec,tbon,tboff,tpon 
            do 100 n=2,nsec-1 
            xy = aa*(y(n-1)+y(n+1)-2.0*y(n))+bb*(ajt) 
            dydx(n) = xy + dd*(alk(n)-fp(n)*y(n)) 
100     continue 
            dydx(1) = aa*(y(2)-y(1))+bb*(ajt)+dd*(alk(1)-fp(1)*y(1)) 
            xy = aa*(y(nsec-1)-y(nsec))+bb*(ajt) 
            dydx(nsec) = xy+dd*(alk(nsec)-fp(nsec)*y(nsec)) 
            return 
             end 
 
        SUBROUTINE rk4(v,dydx,x,h,yout,fp,alk) 
        INTEGER nsec,i 
        REAL*8 dydx,yout,ystart,v,dv 
        REAL*8 dym,dyt,yt 
        real*4 x,h6,hh,xh,h 
        dimension fp(1000),alk(1000),dydx(1000) 
        dimension yout(1000),v(1000),dv(1000) 
        dimension dym(1000),dyt(1000),yt(1000) 
        common /deriv/ pstart,aa,bb,cc,dd,ajt,nsec,tbon,tboff,tpon 



        hh=h*0.5 
        h6=h/6. 
        xh=x+hh 
        do 11 i=1,nsec 
        yt(i)=v(i)+hh*dydx(i) 
11      continue 
         call derivs(yt,dyt,fp,alk) 
        do 12 i=1,nsec 
        yt(i)=v(i)+hh*dyt(i) 
12       continue 
         call derivs(yt,dym,fp,alk) 
        do 13 i=1,nsec 
        yt(i)=v(i)+h*dym(i) 
        dym(i)=dyt(i)+dym(i) 
13      continue 
         call derivs(yt,dyt,fp,alk) 
        do 14 i=1,nsec 
        yout(i)=v(i)+h6*(dydx(i)+dyt(i)+2.*dym(i)) 
14      continue 
        return 
        END 
C  (C) Copr. 1986-92 Numerical Recipes Software 7%W3. 
 
 
 
       SUBROUTINE rkdumb(ystart,x1,x2,dydx,intstep,fp,alk) 
       INTEGER nsec,intstep 
        REAL*4 x1,x2,x,h 
        real*8 ystart,v,dydx,dv,yout 
        dimension fp(1000),alk(1000),ystart(1000),dydx(1000) 
        dimension yout(1000),v(1000),dv(1000) 
CU    USES rk4 
        INTEGER i,k 
        common /deriv/ pstart,aa,bb,cc,dd,ajt,nsec,tbon,tboff,tpon 
        do 11 i=1,nsec 
        v(i)=ystart(i) 
11    continue 
        x=x1 
        h=(x2-x1)/real(intstep) 
         do 13 k=1,intstep 
         call derivs(v,dv,fp,alk) 
         call rk4(v,dv,x,h,yout,fp,alk) 
         if(x+h.eq.x)pause 'stepsize not significant in rkdumb' 
          x=x+h 
         do 12 i=1,nsec 
         v(i) = yout(i) 
12      continue 
13      continue 
          do 14 i=1,nsec 
          ystart(i)=yout(i) 
14      continue 
          return 
          END 
C  (C) Copr. 1986-92 Numerical Recipes Software 7%W3. 
 




