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Description 

This  invention  relates  to  optical  time-domain 
reflectometry  (OTDR)  and  is  more  particularly  con- 
cerned  with  an  arrangement  in  which  optical  time- 
domain  reflectometry  is  used  to  interrogate  dif- 
ferent  portions  of  an  optical  fibre  extending  through 
a  region  of  interest.  The  variable  to  be  sensed  (the 
measurand)  may  be  temperature,  but  other  vari- 
ables  could  be  sensed  using  similar  techniques. 
Optical  fibre  sensors  can  offer  the  considerable 
advantages  of  immunity  from  electrical  interference 
and  the  danger  of  sparks  such  as  might  be  pro- 
duced  in  electrical  sensors.  Distributed  optical  fibre 
sensors  are  of  particular  interest  since  they  allow 
the  value  of  the  measurand  to  be  determined  at 
many  separate  points  along  the  entire  length  of  an 
optical  fibre,  thus  enabling  many  independent  mea- 
surements  to  be  made  with  a  single  apparatus. 

Distributed  sensing  in  optical  fibres  is  dis- 
cussed  in  UK  Patent  Application  GB  2  122  337  A 
and  also  in  other  technical  literature  (e.g.  in  Pro- 
ceedings  of  the  8th  European  Conference  on  Op- 
tical  Communication,  Cannes,  1982,  A.H.  Hartog 
and  D.N.  Payne,  and  in  Journal  of  Lightwave  Tech- 
nology,  vol  LT-1,  pp  498-509,  1983,  A.H.  Hartog). 
In  these  disclosures,  the  principle  of  sensing  with 
optical  fibres  using  techniques  of  optical  time-do- 
main  reflectometry  that  had  already  been  estab- 
lished  for  the  detection  of  faults  in  optical  fibre 
communications  links  was  demonstrated.  Essen- 
tially,  it  was  shown  that  light  scattered  during  the 
propagation  of  a  pulse  of  light  launched  into  a  fibre 
at  one  end,  and  returned  to  the  launching  end  by 
guidance  within  the  fibre,  can  contain  information 
concerning  the  distribution  along  the  fibre  of  a 
variable  of  interest  (e.g.  temperature). 

GB  2  122  337  A  is  concerned  mainly  with  a 
liquid-filled  fibre  in  which  the  scattering  loss  coeffi- 
cient  varies  with  temperature,  thus  causing  the 
intensity  of  the  returning  scattered  radiation  to  vary 
in  accordance  with  the  local  temperature.  The  time 
elapsing  between  the  launching  of  the  light  pulse 
and  the  detection  of  a  sample  of  the  scattered  light 
gives  the  location  of  the  measurement  point.  It  has 
been  found,  however,  that  similar  effects  can  be 
observed  in  solids,  and  can  be  obtained  not  only 
from  modulation  of  the  scattering  loss  but  also,  for 
example,  of  the  numerical  aperture  of  the  fibre. 
Modulation  of  the  total  loss  is  considered  in  the 
prior  disclosures,  but  is  not  of  importance  to  the 
present  application. 

Another  prior  specification  (GB  2  140  554  A) 
dealing  with  OTDR  proposes  that  the  central  part  of 
the  spectrum  of  the  scattered  radiation  should  be 
filtered  out  by  means  of  a  so-called  optical  dich- 
rometer  to  leave  only  two  spectral  regions  of  inter- 
est,  namely  the  regions  occupied  by  the  so-called 

Raman  Stokes  lines  and  Raman  Anti-Stokes  lines. 
The  local  temperature  is  said  to  be  obtainable  by 
comparing  the  respective  optical  intensities  of 
back-scattered  light  in  these  two  spectral  regions. 

5  However,  to  obtain  best  results  from  this  method  it 
would  be  necessary  to  correct  the  measurements 
for  the  difference  between  the  fibre  attenuations  at 
the  various  Stokes  and  Anti-Stokes  wavelengths. 

According  to  one  aspect  of  the  present  inven- 
io  tion  (as  defined  in  the  claims)  there  is  provided  an 

optical  time-domain  reflectometry  method  of  sens- 
ing  respective  values  of  a  physical  parameter  at 
different  locations  along  an  optical  fibre,  charac- 
terised  in  that  back-scattered  optical  radiation  used 

75  to  produce  output  signals  dependent  upon  the  val- 
ues  being  sensed  is  restricted  to  a  preselected 
single  spectral  line  resulting  from  inelastic  scatter- 
ing  in  the  fibre,  or  to  two  mutually  adjacent  such 
lines,  and  in  that  measures  of  the  said  values, 

20  compensated  for  propagation  loss  changes  along 
the  fibre,  are  derived  from  first  and  second  such 
output  signals,  the  said  first  such  output  signals 
being  produced  in  dependence  upon  back-scatter- 
ing  of  optical  radiation  travelling  along  the  fibre  in 

25  one  direction,  and  the  said  second  such  output 
signals  being  produced  in  dependence  upon  back- 
scattering  of  optical  radiation  travelling  along  the 
fibre,  non-simultaneously  with  that  used  in  the  pro- 
duction  of  the  said  first  such  output  signals,  in  the 

30  opposite  direction. 
According  to  another  aspect  of  the  invention 

defined  in  the  claims  there  is  provided  optical  time- 
domain  reflectometry  apparatus,  for  sensing  re- 
spective  values  of  a  physical  parameter  at  different 

35  locations  through  a  region  of  interest,  which  ap- 
paratus  comprises:  an  optical  fibre,  adapted  to  be 
deployed  through  the  said  region  of  interest;  a 
source  for  launching  optical  radiation  into  the  op- 
tical  fibre  to  be  back-scattered  therein  at  different 

40  locations  therealong;  and  remote  sensing  means 
operatively  arranged  for  receiving  such  back-scat- 
tered  radiation  and  producing  in  dependence  there- 
on  output  signals  indicative  of  the  values  being 
sensed;  characterised  by  optical  filtering  means  for 

45  restricting  the  back-scattered  optical  radiation  re- 
ceived  by  the  said  remote  sensing  means  to  a 
preselected  single  spectral  line  resulting  from  in- 
elastic  scattering  in  the  fibre,  or  to  two  mutually 
adjacent  such  lines,  and  in  that  the  said  remote 

50  sensing  means  are  operable  to  produce  first  such 
output  signals,  in  dependence  upon  back-scattering 
of  optical  radiation  travelling  along  the  fibre  in  one 
direction,  and  second  such  output  signals,  in  de- 
pendence  upon  back-scattering  of  optical  radiation 

55  travelling  along  the  fibre,  non-simultaneously  with 
that  used  in  the  production  of  the  said  first  such 
output  signals,  in  the  opposite  direction,  and  in- 
clude  processing  means  operable  to  derive  mea- 
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sures  of  the  said  values,  compensated  for  propaga- 
tion  loss  changes  along  the  fibre,  from  the  said  first 
and  second  such  output  signals. 

One  embodiment  of  the  invention  as  defined  in 
the  claims  provides  a  fibre  optic  sensing  arrange- 
ment,  using  optical  reflectometry,  comprising  a 
length  of  optical  fibre  (the  sensing  element);  a 
source  of  optical  pulses  operating  at  a  wavelength 
in  the  ultra-violet,  visible  or  infra-red  regions,  and 
arranged  for  launching  such  pulses  into  a  least  one 
end  of  the  optical  fibre  by  way  of  a  directional 
coupler;  detection  means  for  detecting  back-scat- 
tered  radiation  directed  thereto  from  the  optical 
fibre  by  the  directional  coupler;  means  for  separat- 
ing  individual  spectral  components  of  the  back- 
scattered  radiation  so  as  to  allow  just  a  single  such 
component  to  reach  the  detection  means;  and 
means  for  measuring  and  analyzing  the  signals 
produced  by  the  detection  means  so  as  to  yield  an 
output  signal  related  to  a  variable  being  sensed. 

Commonly,  but  not  necessarily,  the  variable 
being  sensed  will  be  temperature.  Likewise,  the 
spectral  component  detected  will  usually  be  one  of 
the  Anti-Stokes  Raman  lines. 

Reference  will  now  be  made,  by  way  of  exam- 
ple,  to  the  accompanying  drawings,  in  which: 

Fig.  1  is  a  schematic  diagram  illustrating  the 
layout  of  a  distributed  temperature-sensing  ap- 
paratus  embodying  the  present  invention, 
Fig.  2  is  a  graph  showing  a  typical  spectral 
distribution  of  back-scattered  radiation, 
Fig.  3  illustrates  schematically  a  second 
temperature-sensing  apparatus  embodying  the 
present  invention, 
Fig.  4  is  a  graph  showing  variation  of  measured 
power  as  a  function  of  temperature, 
Figs.  5(a)  and  (b)  are  graphs  illustrating  respec- 
tive  temperature  distributions, 
Fig.  6  shows  schematically  a  third  apparatus 
embodying  the  present  invention,  and 
Fig.  7  shows  schematically  a  fourth  apparatus 
embodying  the  present  invention. 
As  illustrated  in  Fig.  1,  a  probe  pulse  of  optical 

radiation  (ultra-violet,  visible  or  infra-red)  is  gen- 
erated  by  an  optical  source  1  and  launched  by 
means  of  appropriate  launching  optics  3,  via  a 
directional  coupler  4,  initially  into  one  end  A  of  a 
sensing  fibre  2.  The  optical  source  1  is  conve- 
niently  but  not  necessarily  a  semiconductor  injec- 
tion  laser.  The  directional  coupler  4  could  be  a 
device  fabricated  from  optical  fibres,  or  a  beam- 
splitter  or  any  other  suitable  means  of  performing 
the  function  of  separating  forward  and  backward- 
propagating  light. 

The  type  of  fibre  2  used  as  the  sensing  me- 
dium  can  be  any  one  of  the  multimode,  single- 
mode  or  single-polarisation  types,  depending  upon 
the  particular  application  concerned. 

Some  of  the  probe  pulse  light  in  the  fibre  2  is 
scattered  in  the  backward  direction  at  angles  from 
the  fibre  axis  such  as  to  be  recaptured  by  the 
waveguide  structure  of  the  fibre  and  guided  back 

5  towards  the  launching  end  A.  On  reaching  the 
directional  coupler  4,  this  returned  scattered  light  is 
directed  to  an  optical  filter  5  which  passes  a  se- 
lected  Anti-Stokes  Raman  line  but  blocks  off  the 
remainder  of  the  spectrum.  The  filtering  element 

io  may  take  the  form  of  any  device  which  selectively 
reflects,  absorbs,  scatters,  deflects,  polarises  or 
otherwise  separates  the  different  spectral  compo- 
nents  of  the  incident  radiation. 

The  portion  of  the  returned  scattered  light  that 
is  is  passed  by  the  filter  5  reaches  an  optical  receiver 

6  which  could  conveniently  comprise  a  detector  7 
followed  by  a  low-noise  preamplifier  8  and  possibly 
further  stages  of  amplification  and  electrical  filter- 
ing.  The  electrical  signal  is  then  sent  to  a  proces- 

20  sor  9  which  produces  therefrom  a  set  of  readings 
representative  of  a  waveform  showing  the  tempera- 
ture  distribution  along  the  fibre  2  from  end  A  to  its 
other  end  B.  This  process  is  preferably  repeated 
and  the  backscatter  waveforms  from  each  set  of 

25  readings  are  averaged,  the  average  values  being 
used  to  calculate  the  temperature  distribution,  until 
the  processor  has  measured  to  sufficient  accuracy 
the  time  dependence  of  the  intensity  of  the  Anti- 
Stokes  Raman  line  concerned.  The  processor  9 

30  may  also  control  other  elements  of  the  apparatus, 
for  example  the  source  1  or  the  optical  filter  5. 

Thus,  for  each  single  pulse  of  light  generated 
by  the  source  1,  the  processor  9  would  cause  a 
series  of  measurements  of  the  back-scattered  light 

35  intensity  to  be  made  at  very  short  time  intervals. 
Ideally,  all  time  samples  needed  should  be  ac- 
quired  following  each  laser  pulse,  in  order  to  en- 
hance  the  speed  of  the  sensing  operation  and  to 
avoid  the  introduction  of  noise  due  to  short-term 

40  fluctuations  in  the  energy  launched  by  the  source. 
Nevertheless  any  other  convenient  method  for  ac- 
quiring  the  time-dependence  of  the  backscattered 
signal  may  be  employed. 

After  averaging  the  results  obtained  by  launch- 
45  ing  pulses  into  end  A  of  the  fibre  2,  the  process  is 

then  repeated,  but  launching  the  probe  pulses  into, 
and  detecting  the  scattered  light  returned  from,  the 
other  end  B  of  the  fibre.  The  changing  of  the 
launching  ends  may  be  accomplished  as  illustrated 

50  in  Figure  1  by  means  of  a  mechanical  actuator  10 
under  the  control  of  the  processor  9  or,  as  illus- 
trated  in  Fig.  3,  by  duplicating  the  measurement 
arrangement  at  each  fibre  end.  Alternatively,  for 
example,  this  function  may  be  implemented  using 

55  a  mechanical  fibre  switch,  or  using  an  electro-optic 
or  acousto-optic  deflector. 

The  ratio  of  the  scattered  power  returning  from 
a  given  section  of  fibre  to  the  energy  of  the  probe 
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pulse  entering  that  section  is  referred  to  as  the 
backscatter  factor.  It  will  be  appreciated  that,  for 
the  selected  portion  of  the  spectrum  returned,  the 
described  sensing  arrangement  operates  in  depen- 
dence  upon  the  backscatter  factor  to  deduce  the 
spatial  distribution  of  the  measurand. 

By  performing  the  measurement  from  each 
end  of  the  fibre  it  is  possible  to  separate  variations 
in  the  signal  caused  by  temperature  fluctuations 
along  the  fibre  from  those  occasioned  by  axial 
changes  of  the  fibre  loss.  By  calculating  the  geo- 
metric  mean  of  the  backscatter  signals  measured 
from  both  ends  of  a  fibre  and  returning  from  a 
particular  location,  the  effect  of  any  propagation 
losses  can  be  eliminated,  leaving,  in  the  length- 
dependence  of  the  processed  signal,  only  the  ef- 
fect  of  changes  in  the  backscatter  factor,  i.e. 
changes  of  numerical  aperture  or  of  the  scattering 
coefficient  for  the  spectral  line  of  interest.  Changes 
in  numerical  apertures  are  not  normally  significant, 
unless  a  fibre  of  special  design  is  used,  and  their 
effects  can  in  any  case  be  eliminated  as  described 
in  the  prior  specification  GB  2  122  337  A. 

Figures  5(a)  and  (b)  show  respective  tempera- 
ture  distributions  obtained  by  an  embodiment  of 
the  invention,  substantially  as  described  above, 
along  a  fibre  longer  than  1km.  In  this  practical 
example  the  source  1  was  a  wide  contact  GaAIAs 
semiconductor  laser  operating  at  about  1.5W.  The 
probe  pulses  had  a  bandwidth  of  a  few  nm,  cen- 
tered  on  a  wavelength  of  854  nm,  the  pulse  width 
being  40  ns  and  the  pulse  repetition  rate  4kHz.  The 
overall  spatial  resolution  of  the  sensing  apparatus 
was  about  7.5  m,  and  the  illustrated  results  were 
achieved  by  averaging  over  105  pulses  in  each 
direction.  In  this  case  the  Anti-Stokes  Raman  line 
used  was  displaced  from  the  incident  wavelength 
of  854  nm  by  about  31  nm  (440  cm-1).  The  optical 
filter  5  used  was  an  interference  filter  having  a  pass 
bandwidth  of  about  10  nm  at  half  peak  values  and 
giving  good  rejection  of  the  probe  pulse 
wavelength  (typically  a  maximum  transmission  at 
the  probe  pulse  wavelength,  854  nm,  of  0.01%  or 
less). 

Fig.  7  illustrates  an  embodiment  of  the  inven- 
tion  in  which  a  plurality  of  optical  fibre  ends  Ai  ,  Bi  , 
A2,  B2  An,  Bn  can  be  addressed  using  just  one 
set  of  terminal  equipment  (processor,  source,  re- 
ceiver,  etc).  To  achieve  this,  mechanical  or  optical 
multiplexing  means  14  for  switching  from  one  fibre 
end  to  another  are  provided  between  the  incoming 
radiation  and  the  plurality  of  fibre  ends  Ai  , 
Bi  An,  Bn.  The  multiplexing  means  14  can  take 
the  form  of  a  fibre  switch,  which  may  comprise  a 
section  15  of  fibre  movable,  under  the  control  of 
the  processor  9,  in  two  transverse  directions  by 
means  of  linear  motors.  Such  a  fibre  switch  is 
available  from  York  Harburg  Sensor  GmbH  of  Ham- 

burg,  West  Germany  under  the  name  of  "MS-1 
Multiposition  Optical  Fibre  Switch".  In  accordance 
with  a  control  signal  MPX  sent  to  the  fibre  switch, 
the  fibre  section  15  may  be  moved  into  abutting 

5  alignment  with  a  selected  fibre  end.  The  fibre  ends 
may  be  anti-reflection  coated,  or  immersed  in 
index-matching  liquid,  to  reduce  reflection.  It  is 
thus  possible  to  share  the  terminal  equipment, 
which  is  expected  to  represent  a  large  proportion 

io  of  the  total  cost  of  such  a  sensing  system,  between 
many  separate  sensing  fibres.  For  example,  it  then 
becomes  conceivable  for  the  sensing  fibres  to  be 
duplicated,  which  gives  additional  reliability  owing 
to  the  redundancy  of  the  sensing  elements.  If  the 

is  processor  is  able  to  detect  failure  of  a  fibre,  such 
an  arrangement  can  afford  a  fail-safe  method  of 
operation. 

Effects  of  built-in  defects  in  the  fibre  such  as 
longitudinal  temperature-independent  variations  ei- 

20  ther  of  the  scattering  coefficient  or  of  the  capture 
fraction  may  also  be  eliminated  by  calibrating  the 
fibre  prior  to  installation  with  a  known  temperature 
distribution.  The  sensor  then  measures  departures 
of  the  backscatter  factor  from  those  determined  at 

25  the  time  of  calibration.  These  departures  may  then 
be  interpreted  by  the  processor  in  terms  of  either  a 
tabulated  variation  of  the  backscatter  factor  with 
temperature  (for  the  spectral  line  of  interest)  or  in 
terms  of  a  theoretical  model  relating  absolute  tem- 

30  perature  to  intensity  via  the  frequency  shift  be- 
tween  the  source  and  the  selected  spectral  line. 
Such  a  calibration  function  for  a  given  point  along 
the  fibre  is  shown  in  Figure  4,  in  which  measured 
back-scatter  power  for  an  Anti-Stokes  line  is  nor- 

35  malised  to  1  at  room  temperature  (297K),  when,  for 
the  conditions  used  in  the  practical  example  out- 
lined  above,  it  is  typically  100  pW. 

The  spatial  resolution,  i.e.  that  length  of  fibre 
over  which  an  abrupt  (step-like)  temperature 

40  change  appears  to  be  spread,  as  measured  be- 
tween  points  corresponding  to  10%  and  90%  of  the 
maximum  amplitude  of  the  temperature  change,  is 
limited  both  by  the  width  of  the  pulse  launched  and 
by  the  bandwidth  of  the  processing  circuitry  em- 

45  ployed.  Additionally,  the  processing  circuitry  must 
be  able  to  sample  the  electrical  signal  generated 
by  the  receiver  at  sufficiently  close  time  intervals, 
corresponding  to  adjacent  points  of  interest  in  the 
fibre.  In  order  to  obtain  independent  readings  from 

50  the  fibre,  distances  corresponding  to  at  least  two 
spatial  resolutions  must  be  allowed  between  adja- 
cent  points  of  interest.  The  effective  spatial  resolu- 
tion  of  a  system  can  be  improved  by  winding  coils 
of  the  fibre  to  monitor  many  individual  points  of 

55  interest.  That  is,  if  a  section  of  the  fibre  is  wound  to 
form  a  coil  having  a  length  of  roughly  twice  the 
spatial  resolution,  or  more,  that  section  will  provide 
an  unambiguous  measurement  of  the  measurand  at 

4 
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that  location  which  is  independent  of  the  value  of 
the  measurand  at  adjacent  sections  of  fibre. 

The  scattering  process  encompasses  a  variety 
of  phenomena,  all  of  which  are  related  to  localised 
fluctuations  of  the  refractive  index,  the  nomencla- 
ture  of  which  has  changed  over  the  years.  For 
clarity,  Rayleigh  scattering  will  be  referred  to  in  this 
application  as  that  spectral  line  of  the  scattered 
spectrum  which  is  at  the  same  wavelength  as  the 
probe  pulse  and  is  caused  by  fluctuations  of  the 
refractive  index  on  a  length  scale  small  compared 
with  the  wavelength  of  the  incident  light.  In  con- 
trast,  Brillouin  and  Raman  spectral  lines  of  the 
scattered  light  are  displaced  with  respect  to  the 
probe  wavelength;  these  lines  result  from  inelastic 
scattering  processes.  The  Brillouin  lines  originate  in 
the  collision  of  the  light  wave  with  a  sound  wave 
whose  acoustic  wavelength  is  similar  to  that  of  the 
optical  wavelength  of  the  probe  pulse.  Two  back- 
scattered  Brillouin  lines  are  normally  observed  in 
optical  fibres  and  these  are  typically  shifted  by 
approximately  27  GHz  (in  silica  for  a  probe  pulse  at 
a  wavelength  of  633nm)  with  respect  to  the  probe 
wavelength.  One  of  the  lines  (the  anti-Stokes  Bril- 
louin  line)  contains  scattered  light  which  has  gained 
energy  in  the  collision  process  and  is  consequently 
at  a  shorter  wavelength.  The  second  Brillouin  line 
(the  Stokes  line)  is  displaced  to  a  longer 
wavelength  by  an  equal  frequency  shift. 

In  contrast,  the  Raman  scattered  lines  are  dis- 
placed  with  respect  to  the  probe  wavelength  by 
much  larger  frequency  shifts  which  are  characteris- 
tic  of  various  molecular  vibrations  existing  in  the 
fibre  material.  These  lines  may  be  separated  from 
the  remainder  of  the  spectrum  using  relatively  sim- 
ple  optical  arrangements.  In  practice,  the  Raman 
scattered  lines  are  generally  broad.  For  example, 
an  Anti-Stokes  Raman  line  in  Si02,  whose  peak  is 
displaced  by  approximately  440cm-1  with  respect 
to  the  incident  radiation,  is  part  of  a  broad  band 
extending  from  approximately  200cm-1  to 
520cm-1.  In  such  a  case  the  effective  position  and 
width  of  the  Raman  line  used  is  determined  more 
by  the  characteristics  of  the  filter  employed  in  the 
sensing  arrangement  than  those  of  the  Raman 
spectrum  itself. 

Fig.  2  shows  an  illustration  of  the  various  spec- 
tral  lines  present  in  the  backscattered  light.  It  has 
been  found  that  the  intensity  of  the  inelastically 
scattered  light  in  solids  is  usually  more  sensitive  to 
temperature  than  the  elastically  scattered  light;  in- 
deed  it  now  seems  possible  that  a  substantial  con- 
tribution  to  the  sensitivity  in  the  prior  art  arrange- 
ment  of  GB  2  122  337  A  may  have  been  due  to 
inelastically  scattered  components. 

The  selected  use  of  just  one  inelastically  scat- 
tered  line,  such  as  the  Anti-Stokes  line,  has  the 
advantage  over  a  prior  arrangement  (in  which  a 

comparison  between  the  intensities  of  Anti-Stokes 
and  Stokes  lines  is  used)  that  the  measurement  is 
no  longer  sensitive  to  any  differential  attenuation 
between  different  wavelengths  being  sensed.  There 

5  is  also  a  useful  gain  in  the  sensitivity  of  the  device 
to  temperature  as  compared  with  a  system  based 
on  measuring  the  ratio  of  the  Anti-Stokes  and 
Stokes  intensities,  since  the  respective  intensities 
of  such  lines  have  been  found  to  vary,  as  a  func- 

io  tion  of  temperature,  in  the  same  sense.  In  addition, 
the  parasitic  sensitivity  of  the  device,  to  drifts  in  the 
emission  wavelength  of  the  source  (which  can  pro- 
vide  a  serious  cause  of  measurement  error),  can 
be  reduced  in  this  way  as  compared  with  the  case 

is  of  both  Stokes  and  Anti-Stokes  lines.  Moreover, 
since  only  one  filtered  wavelength  is  required,  the 
filtering  may  take  the  form  of  a  simple  optical 
bandpass  filter,  which  provides  a  simpler  and  more 
robust  arrangement  than  the  grating  dichrometer 

20  previously  employed. 
In  order  to  detect  and  correct  for  possible  long- 

term  changes  in  the  energy  and  wavelength  of  the 
source  or  sources,  it  is  desirable  to  monitor  both  of 
these  either  directly  or  indirectly.  As  illustrated  in 

25  Fig.  3,  one  possibility  is  to  incorporate  one  or  more 
short  reference  sections  of  fibre  (11  A,  1  1  B)  which 
are  held  at  a  constant  and  known  temperature  in  a 
temperature-controlled  chamber  12. 

Monitoring  of  this  reference  section,  using  the 
30  filters  5A  and  5B,  will  allow  the  processor  9  of  the 

sensing  device  to  check  the  calibration  in  a  quasi- 
continuous  manner  thus  ensuring,  for  example,  that 
changes  in  the  wavelength  of  the  source  (which 
would  alter  the  calibration  of  the  sensing  system) 

35  can  be  detected  and  corrected.  The  reference  fibre 
need  not  be  placed  in  series  with  the  sensing  fibre; 
a  parallel  configuration,  in  which  the  reference  fibre 
is,  for  example,  switched  into  the  measurement 
position  is  also  conceivable. 

40  The  source  wavelength  can  also  be  monitored 
directly,  for  example  by  means  of  a  scanning  spec- 
trometer  arrangement. 

It  will  be  seen  from  Fig.  3  that  provision  has 
been  made  in  this  arrangement  for  removal  of  the 

45  filters  5A  and  5B  (or  replacement  by  an  optical 
attenuator)  so  as  to  permit  measurement  of  the 
total  backscatter  signal  in  all  wavelengths  to  which 
the  detecting  device  is  sensitive.  Measurement  of 
the  total  backscatter  signal  (i.e.  without  filtering)  in 

50  the  reference  section  gives  a  signal  proportional  to 
the  energy  launched  by  the  laser,  which  allows 
subsequent  normalisation.  Indeed,  the  total  back- 
scatter  signal  measured  over  the  entire  fibre  can 
be  used  in  a  normalisation  procedure  to  correct  for 

55  such  effects  as  diameter  changes  or  variations  in 
the  material  composition  along  the  fibre.  Monitoring 
of  the  total  back-scattered  signal  could  alternatively 
be  effected  by  means  of  an  additional  detecting 

5 
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arrangement  into  which  a  sample  of  the  scattered 
signal  is  directed  without  filtering,  such  a  sample 
being  derived,  for  example,  from  a  beam-splitting 
arrangement  or  reflection  from  the  filter. 

The  arrangement  described  so  far  has  pro- 
vided  only  for  a  single  pulse  to  be  launched  for 
each  set  of  readings  made  by  the  processor.  In 
certain  circumstances  (particularly  if  an  extremely 
high  spatial  resolution  is  required)  it  may  be  ad- 
vantageous  to  launch  a  series  of  pulses  whose 
width  or  spacing  or  amplitude  is  varied,  or  coded  in 
some  way.  After  detection,  knowledge  of  the  pulse 
coding  or  modulation  is  used  to  retrieve  the  details 
of  the  time  variation  of  the  scatter  return.  In  the 
limit,  instead  of  using  a  pulsed  source,  it  is  possi- 
ble  to  modulate  the  intensity  of  the  source  with  a 
continuous  wave  signal  whose  frequency  is  varied 
in  a  known  manner.  For  example,  where  the  source 
is  a  semiconductor  laser  diode,  the  intensity  may 
be  modulated  by  varying  driving  current  through 
the  source.  These  approaches  may  be  regarded  as 
analogous  to  techniques  (known  variously  as 
pseudo-random  coding,  pulse-compression  coding, 
optical  frequency-domain  reflectometry  or  FMCW) 
which  are  used  in  the  field  of  radar  and/or  in  the 
field  of  fault-location  in  optical  fibre  links.  They  are 
equivalent  to  the  single-pulse  time-domain  method, 
but  can  in  some  cases  lead  to  an  improvement  in 
the  signal-to-noise  ratio  at  receiver  output  and 
hence  to  improvements  in  measurement  accuracy 
or  measurement  time. 

With  regard  to  measuring  with  pulses  launched 
respectively  into  both  ends  of  the  fibre,  under  cer- 
tain  circumstances  it  will  be  inconvenient  for  the 
two  fibre  ends  to  be  positioned  at  the  same  loca- 
tion.  This  problem  can  be  resolved  by  duplicating  a 
portion  of  the  equipment  sufficient  to  perform  the 
measurement  from  each  end  and  to  cause  each 
part  of  the  equipment  to  be  linked  by  some  form  of 
communication  channel  so  that  information  ob- 
tained  from  each  end  may  be  combined. 

Alternatively,  just  a  single  fibre  end  A  may  be 
employed,  the  other  end  B  being  made  to  be 
highly  reflective  as  illustrated  diagrammatically  at 
13  in  Fig.  6.  In  this  arrangement,  the  signal  re- 
ceived  initially  is  identical  to  that  which  would  have 
been  measured  without  the  reflector  in  position. 
After  a  time  equal  to  a  round  trip  in  the  fibre, 
however,  a  second  backscatter  waveform  will  be 
observed,  whose  time  dependence  is  substantially 
the  same  as  if  it  had  been  measured  directly  from 
the  reflective  end  B  of  the  fibre. 

As  a  result  of  such  reflection  at  the  end  B,  the 
optical  signals  travel  additional  distances  in  the 
fibre  and  are  thus  more  heavily  attenuated.  The 
equipment  is  thus  required  to  have  a  better  dy- 
namic  range  than  if  the  measurement  were  made 
on  both  fibre  ends  directly.  Assuming  that  the 

power  launched  into  the  fibre  and  the  receiver 
sensitivity  cannot  be  improved,  additional  signal- 
averaging  will  be  required  which  would  reduce  the 
rate  at  which  the  sensor  output  can  be  updated. 

5  However,  the  waveforms  measured  from  each  end 
may  be  combined  in  such  a  way  that  the  contribu- 
tion  of  the  remote-end  signal  is  only  to  make  small, 
slowly-varying  corrections  to  the  value  of  the  local 
attenuation  which  is  used  in  the  derivation  of  the 

io  backscatter  factor  from  the  return  signal.  It  should 
then  be  possible  to  average  more  measurements 
from  the  remote  end  than  from  the  launch  end 
measurement  and  thus  not  degrade  substantially 
the  update-rate.  In  other  words  it  may  be  possible 

is  to  process  the  information  from  the  two  ends  in 
such  a  way  that  the  accuracy  required  of  the  re- 
mote  end  measurement  is  less  than  that  of  the 
(now  primary)  near-end  measurement.  Similar  pro- 
cessing  could  also  be  used  to  advantage  in  non- 

20  reflective  arrangements  such  as  those  of  Figs.  1 
and  3. 

A  further  possibility  is  for  two  fibres  to  be 
cabled  alongside  one  another,  in  the  same  jacket 
and  in  close  thermal  contact,  and  spliced  together 

25  (i.e.  fused  end  to  end)  at  the  remote  end.  Such 
methods  of  achieving  measurement  effectively 
from  opposite  ends  of  a  fibre  serve  to  overcome 
restrictions  that  would  otherwise  exist  as  regards 
the  deployment  of  such  sensing  fibres  in  practice. 

30  The  intensity  in  a  given  Anti-Stokes  Raman  line 
will  decrease  with  increasing  frequency  shift,  while 
the  sensitivity  to  temperature  (i.e.  the  derivative  of 
intensity  with  respect  to  temperature,  normalised  to 
the  absolute  temperature)  will  increase.  It  may 

35  therefore  be  possible  and  advantageous,  to  select 
for  operation  of  the  sensing  device  an  Anti-Stokes 
Raman  line  that  is  particularly  appropriate  to  the 
temperature  range  of  interest.  For  example,  in  fi- 
bres  made  from  high-silica  glasses,  one  of  the  Anti- 

40  Stokes  lines  is  displaced  by  approximately  440 
cm-1  with  respect  to  the  incident  radiation;  this  line 
is  particularly  useful  at  temperatures  in  a  broad 
range  around  300  K.  At  very  high  temperatures,  it 
may  be  better  to  select  an  Anti-Stokes  line  having 

45  a  larger  shift,  in  order  to  enhance  the  sensitivity.  If 
such  lines  are  not  naturally  present  in  the  fibre 
Raman  spectrum,  special  additives  may  be  incor- 
porated.  For  example  it  is  known  that  the  addition 
of  P2O5  or  B2O3  to  silica  gives  rise  to  spectral  lines 

50  having  an  increased  Raman  shift.  In  contrast,  at 
extremely  low  temperatures,  the  intensity  in  each 
Raman  Anti-Stokes  line  falls  rapidly,  and  the  selec- 
tion  of  lines  having  smaller  frequency  shifts  will  be 
advantageous  for  operation  at  cryogenic  tempera- 

55  tures. 
It  is  also  possible  to  alter  the  fibre  composition 

so  as  to  enhance  the  strength  of  a  chosen  Raman 
line.  For  example,  Ge02,  which  has  a  large  Raman 

6 
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cross-section  and  an  Anti-Stokes  Raman  line  at  a 
wavelength  very  close  to  that  for  silica,  may  be 
incorporated  in  the  composition  of  the  fibre.  How- 
ever,  the  addition  of  too  much  Ge02  may  result  in 
losses  which  are  unacceptable. 

As  regards  the  basic  structure  of  the  fibre,  in 
particular  of  a  type  known  as  a  multimode  fibre, 
increasing  the  core  diameter  can  enable  higher 
input  power  to  be  used.  Also,  so  as  to  increase  the 
proportion  of  scattered  light  recaptured  by  the  fi- 
bre,  the  fibre  may  be  designed  so  as  to  have  a 
large  numerical  aperture,  but  this  must  be  balanced 
against  the  fact  that  an  increase  in  the  numerical 
aperture  tends  to  be  associated  with  a  decrease  in 
the  effective  optical  bandwidth  of  the  fibre. 

The  Brillouin  scattered  signal  is  also  tempera- 
ture  sensitive.  In  this  case,  both  the  frequency  and 
the  intensity  are  found  to  vary  with  temperature 
and  either  or  both  can  thus  be  used  to  form  the 
basis  of  a  distributed  sensor  embodying  the 
present  invention.  At  room  temperature,  the  Anti- 
Stokes  and  Stokes  Brillouin  lines  are  almost  equal 
in  intensity  and  contain  almost  the  same  informa- 
tion.  Thus,  the  two  lines  could  be  added  together  to 
provide  information  concerning  the  temperature, 
thereby  improving  slightly  the  signal-to-noise  ratio. 

The  Brillouin  scattered  light  is  particularly  use- 
ful  at  cryogenic  temperatures  since  the  Brillouin 
intensity  varies  more  consistently  with  temperature 
in  this  region,  and  the  signal  available  is  higher  in 
this  region,  than  the  Raman  signal  and  thus  can 
provide  the  processor  with  a  better  signal-to-noise 
ratio. 

A  suitable  optical  filter  for  such  purpose  could 
be  a  Fabry-Perot  etalon  or  a  fibre-ring  interfero- 
meter.  In  order  to  gain  useful  information  from  the 
Brillouin  scattered  light  it  is  necessary  to  use  a 
source  with  a  particularly  narrow  linewidth 
(preferably  less  than  5  GHz  FWHM)  and  stable 
operating  frequency.  For  example,  a  Helium-Neon 
laser  with  suitable  external  modulation  could  be 
used,  or  a  narrow  line-width  semiconductor  laser. 

Although  an  embodiment  of  the  invention  will 
most  usually  operate  on  the  basis  of  light  compris- 
ing  just  a  single  Raman  or  Brillouin  line  (either 
Stokes  or  Anti-Stokes)  of  the  back-scattered  light 
spectrum,  in  some  cases  it  may  be  possible  and 
advantageous  to  base  the  measurements,  in  em- 
bodiments  of  the  invention,  upon  two  such  spectral 
lines  that  are  closely  adjacent  to  one  another.  In 
general,  however,  best  results  should  be  obtainable 
with  the  Anti-Stokes  Raman  line.  The  temperature 
sensitivity  obtained  with  this  line  is  found  to  be 
typically  about  650  times  greater  than  that  for  the 
Stokes  Raman  line  at  100°K,  10  times  greater  at 
room  temperature,  and  still  about  3  times  greater  at 
600  °  K. 

Although  potentially  the  use  of  the  Brillouin 

lines  offers  a  far  better  signal-to-noise  ratio,  and  a 
wider  temperature  range,  than  the  Raman  lines,  the 
technology  of  narrow  line-width  lasers  presently 
available  limits  the  use  of  the  Brillouin  lines  since 

5  these  lines  are  generally  inconveniently  close  in 
wavelength  to  the  probe  pulse. 

Embodiments  of  the  invention  as  it  is  defined 
in  the  claims  can  be  used  to  considerable  advan- 
tage  for  monitoring  temperature  distributions  in 

io  electrical  power  transformers  and  cables,  in  liquid 
nitrogen,  along  oil  pipelines,  and  throughout  build- 
ings  (for  example  in  fire-alarm  or  air-conditioning 
systems). 

15  Claims 

1.  An  optical  time-domain  reflectometry  method 
of  sensing  respective  values  of  a  physical  pa- 
rameter  at  different  locations  along  an  optical 

20  fibre  (2),  characterised  in  that  back-scattered 
optical  radiation  used  to  produce  output  sig- 
nals  dependent  upon  the  values  being  sensed 
is  restricted  to  a  preselected  single  spectral 
line  resulting  from  inelastic  scattering  in  the 

25  fibre,  or  to  two  mutually  adjacent  such  lines, 
and  in  that  measures  of  the  said  values,  com- 
pensated  for  propagation  loss  changes  along 
the  fibre,  are  derived  from  first  and  second 
such  output  signals,  the  said  first  such  output 

30  signals  being  produced  in  dependence  upon 
back-scattering  of  optical  radiation  travelling 
along  the  fibre  in  one  direction,  and  the  said 
second  output  signals  being  produced  in  de- 
pendence  upon  back-scattering  of  optical  radi- 

35  ation  travelling  along  the  fibre,  non-simulta- 
neously  with  that  used  in  the  production  of  the 
said  first  such  output  signals,  in  the  opposite 
direction. 

40  2.  A  method  as  claimed  in  claim  1,  wherein  a 
reference  section  (11  A,  1  1  B)  of  optical  fibre, 
arranged  in  series  or  in  parallel  with  the  fibre 
(2)  of  claim  1  ,  is  subjected  to  a  known  constant 
value  of  the  said  parameter  so  as  to  enable 

45  changes  in  the  output  of  a  source  (1)  of  radi- 
ation  launched  into  the  fibres  (11  A,  11B,  2)  to 
be  monitored. 

3.  A  method  as  claimed  in  claim  1  or  2,  wherein, 
50  after  a  set  of  such  output  signals  has  been 

obtained  using  back-scattered  radiation  re- 
stricted  to  a  preselected  single  spectral  line,  a 
set  of  secondary  output  signals  are  obtained 
using  unrestricted  back-scattered  radiation, 

55  and  the  said  set  of  such  output  signals  and  the 
said  set  of  secondary  output  signals  are  then 
used  to  produce  a  final  set  of  normalised  out- 
put  signals. 

7 
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A  method  as  claimed  in  claim  1,  2  or  3, 
wherein  optical  radiation  is  launched  into  the 
fibre  (2)  at  its  two  opposite  ends  (A,  B)  al- 
ternately,  the  said  first  such  output  signals 
resulting  from  back-scattering  of  radiation  laun-  5 
ched  into  the  fibre  at  one  end  thereof  and  the 
said  second  such  output  signals  resulting  from 
back-scattering  of  radiation  launched  into  the 
fibre  at  its  other  end. 

10 
A  method  as  claimed  in  any  one  of  claims  1  to 
4,  wherein  one  end  (13)  of  the  fibre  (2)  is 
reflective,  and  the  said  first  such  output  signals 
result  from  back-scattering  of  radiation  propa- 
gating  towards  the  said  reflective  end  (13)  of  is 
the  fibre,  and  the  said  second  such  output 
signals  result  from  back-scattering  of  radiation 
after  reflection  at  the  said  reflective  end. 

A  method  as  claimed  in  any  preceding  claim,  20 
wherein  the  or  each  said  preselected  spectral 
line  results  from  Anti-Stokes  Raman  scattering 
in  the  said  fibre  (2). 

A  method  as  claimed  in  any  one  of  claims  1  to  25 
5,  wherein  the  or  each  said  preselected  spec- 
tral  line  results  from  Brillouin  scattering  in  the 
said  fibre  (2). 

A  method  as  claimed  in  any  preceding  claim,  30 
wherein  the  said  physical  parameter  is  tem- 
perature. 

Optical  time-domain  reflectometry  apparatus, 
for  sensing  respective  values  of  a  physical  35 
parameter  at  different  locations  through  a  re- 
gion  of  interest,  which  apparatus  comprises:  an 
optical  fibre  (2),  adapted  to  be  deployed 
through  the  said  region  of  interest;  a  source  (1) 
for  launching  optical  radiation  into  the  optical  40 
fibre  (2)  to  be  back-scattered  therein  at  dif- 
ferent  locations  therealong;  and  remote  sens- 
ing  means  (6,  9)  operatively  arranged  for  re- 
ceiving  such  back-scattered  radiation  and  pro- 
ducing  in  dependence  thereon  output  signals  45 
dependent  upon  the  values  being  sensed; 
characterised  by  optical  filtering  means  (5)  for 
restricting  the  back-scattered  optical  radiation 
received  by  the  said  remote  sensing  means  (6, 
9)  to  a  preselected  single  spectral  line  result-  50 
ing  from  inelastic  scattering  in  the  fibre,  or  to 
two  mutually  adjacent  such  lines,  and  in  that 
the  said  remote  sensing  means  (6,  9)  are  op- 
erable  to  produce  first  such  output  signals,  in 
dependence  upon  back-scattering  of  optical  ra-  55 
diation  travelling  along  the  fibre  in  one  direc- 
tion,  and  second  such  output  signals,  in  de- 
pendence  upon  back-scattering  of  optical  radi- 

ation  travelling  along  the  fibre,  non-simulta- 
neously  with  that  used  in  the  production  of  the 
said  first  such  output  signals,  in  the  opposite 
direction,  and  include  processing  means  (9) 
operable  to  derive  measures  of  the  said  val- 
ues,  compensated  for  propagation  loss 
changes  along  the  fibre,  from  the  said  first  and 
second  such  output  signals. 

10.  Apparatus  as  claimed  in  claim  9,  wherein  the 
fibre  (2)  is  doubled  back  on  itself  so  that  its 
two  opposite  ends  (A,  B)  are  arranged  adjacent 
to  one  another  and  facing  the  said  source  (1) 
which  is  controlled  so  as  to  launch  radiation 
into  the  fibre  at  its  two  opposite  ends  alter- 
nately,  the  said  first  such  output  signals  result- 
ing  from  back-scattering  of  radiation  launched 
into  the  fibre  at  one  end  thereof  and  the  said 
second  such  output  signals  resulting  from 
back-scattering  of  radiation  launched  into  the 
fibre  at  its  other  end. 

11.  Apparatus  as  claimed  in  claim  9,  wherein  re- 
spective  sources  (1)  of  optical  radiation  are 
provided  at  the  two  opposite  ends  (A,  B)  of  the 
fibre  (2),  the  said  sources  being  controlled  so 
as  to  launch  radiation  into  the  fibre  at  its  two 
opposite  ends  alternately,  the  said  first  such 
output  signals  resulting  from  back-scattering  of 
radiation  launched  into  the  fibre  at  one  end 
thereof  and  the  said  second  such  output  sig- 
nals  resulting  from  back-scattering  of  radiation 
launched  into  the  fibre  at  its  other  end. 

12.  Apparatus  as  claimed  in  claim  9,  10  or  11, 
wherein  said  optical  fibre  (2)  is  one  of  a  plural- 
ity  of  such  optical  fibres  having  respective 
input  ends  arranged  adjacent  to  one  another, 
and  selection  means  (14)  are  provided  for  en- 
abling  the  said  remote  sensing  means  (6,  9)  to 
operate  selectively  with  different  fibres  at  dif- 
ferent  times. 

13.  Apparatus  as  claimed  in  claim  9,  wherein  one 
end  (13)  of  the  fibre  (2)  is  reflective,  and  the 
said  first  such  output  signals  result  from  back- 
scattering  of  radiation  propagating  towards  the 
said  reflective  end  (13)  of  the  fibre,  and  the 
said  second  such  output  signals  result  from 
back-scattering  of  radiation  after  reflection  at 
the  said  reflective  end. 

14.  Apparatus  as  claimed  in  any  one  of  claims  9  to 
13,  wherein  the  or  each  said  preselected  spec- 
tral  line  results  from  Anti-Stokes  Raman  scat- 
tering  in  the  said  fibre  (2). 

15.  Apparatus  as  claimed  in  any  one  of  claims  9  to 
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13,  wherein  the  or  each  said  preselected  spec- 
tral  line  results  from  Brillouin  scattering  in  the 
said  fibre  (2). 

16.  Apparatus  as  claimed  in  any  one  of  claims  9  to 
15,  wherein  the  said  physical  parameter  is 
temperature. 

Patentanspruche 

1.  Verfahren  zur  Erfassung  von  jeweiligen  Werten 
eines  physikalischen  Parameters  an  verschie- 
denen  Stellen  entlang  einer  optischen  Faser 
(2)  durch  optische  Reflektometrie  im  Zeitbe- 
reich,  dadurch  gekennzeichnet,  dass  eine 
zur  Erzeugung  von  Ausgangssignalen  in  Ab- 
hangigkeit  von  den  erfassten  Werten  verwen- 
dete  ruckgestreute  optische  Strahlung  auf  eine 
einzige  vorbestimmte,  sich  aus  inelastischer 
Streuung  in  der  Faser  ergebende  Spektrallinie 
oder  auf  zwei  einander  benachbarte  solche  Li- 
nien  beschrankt  wird,  und  dass  Messungen, 
die  bezuglich  Anderungen  von  Ausbreitungs- 
verlusten  entlang  der  Faser  kompensiert  sind, 
von  ersten  und  zweiten  solchen  Ausgangssi- 
gnalen  abgeleitet  werden,  wobei  die  genannten 
ersten  solchen  Ausgangssignale  in  Abhangig- 
keit  von  einer  Ruckstreuung  von  in  einer  Rich- 
tung  entlang  der  Faser  laufender  optischer 
Strahlung  und  die  genannten  zweiten  solchen 
Ausgangssignale  in  Abhangigkeit  von  einer 
Ruckstreuung  von  in  der  Gegenrichtung  nicht 
gleichzeitig  mit  derjenigen,  die  zur  Erzeugung 
der  genannten  ersten  solchen  Ausgangssignale 
verwendet  wird,  entlang  der  Faser  laufender 
optischer  Strahlung  erzeugt  werden. 

2.  Verfahren  nach  Anspruch  1,  bei  welchem  ein 
in  Reihen-  oder  Parallelschaltung  mit  der  opti- 
schen  Faser  (2)  des  Anspruchs  1  geschalteter 
Referenzabschnitt  (11  A,  1  1  B)  von  optischer  Fa- 
ser  einem  bekannten  konstanten  Wert  des  ge- 
nannten  Parameters  ausgesetzt  wird,  urn  zu 
ermoglichen,  Anderungen  im  Ausgang  einer 
Quelle  (1)  von  Strahlung  zu  uberwachen. 

3.  Verfahren  nach  Anspruch  1  oder  2,  bei  wel- 
chem,  nachdem  unter  Verwendung  von  auf 
eine  einzige  vorbestimmte  Spektrallinie  be- 
schrankter  ruckgestreuter  Strahlung  ein  Satz 
von  solchen  Ausgangssignalen  erhalten  wor- 
den  ist,  unter  Verwendung  von  nicht  be- 
schrankter  ruckgestreuter  Strahlung  ein  Satz 
von  sekundaren  Ausgangssignalen  erhalten 
wird,  und  der  genannte  Satz  von  solchen  Aus- 
gangssignalen  sowie  der  genannte  Satz  von 
sekundaren  Ausgangssignalen  dann  verwendet 
werden,  urn  einen  endgultigen  Satz  von  nor- 

malisierten  Ausgangssignalen  zu  erzeugen. 

4.  Verfahren  nach  Anspruch  1,  2  oder  3,  bei 
welchem  optische  Strahlung  wechselweise  in 

5  die  Faser  (2)  an  deren  beiden  gegenuberlie- 
genden  Enden  (A,  B)  eingespeist  wird,  wobei 
sich  die  genannten  ersten  solchen  Ausgangssi- 
gnale  aus  der  Ruckstreuung  von  in  die  Faser 
am  einen  Ende  davon  eingespeister  Strahlung 

io  und  die  genannten  zweiten  solchen  Ausgangs- 
signale  aus  der  Ruckstreuung  von  in  die  Faser 
am  anderen  Ende  davon  eingespeister  Strah- 
lung  ergeben. 

is  5.  Verfahren  nach  einem  der  Anspruche  1  bis  4, 
bei  welchem  eines  (13)  der  Enden  der  Faser 
(2)  reflektierend  ist  und  sich  die  genannten 
ersten  solchen  Ausgangssignale  aus  der  Ruck- 
streuung  von  zum  genannten  reflektierenden 

20  Ende  (13)  hin  laufender  Strahlung  ergeben, 
wahrend  sich  die  genannten  zweiten  solchen 
Ausgangssignale  aus  der  Ruckstreuung  von 
Strahlung  nach  deren  Reflektion  am  genannten 
reflektierenden  Ende  ergeben. 

25 
6.  Verfahren  nach  einem  der  vorangehenden  An- 

spruche,  bei  welchem  die  oder  jede  der  ge- 
nannten  vorbestimmten  Spektrallinien  sich  aus 
Anti-Stokes-Raman-Streuung  in  der  genannten 

30  Faser  (2)  ergibt. 

7.  Verfahren  nach  einem  der  Anspruche  1  bis  5, 
bei  welchem  die  oder  jede  der  genannten  vor- 
bestimmten  Spektrallinien  sich  aus  Brillouin- 

35  Streuung  in  der  genannten  Faser  (2)  ergibt. 

8.  Verfahren  nach  einem  der  vorangehenden  An- 
spruche,  bei  welchem  der  genannte  physikali- 
sche  Parameter  die  Temperatur  ist. 

40 
9.  Vorrichtung  zur  optischen  Reflektometrie  im 

Zeitbereich  durch  Erfassung  von  jeweiligen 
Werten  eines  physikalischen  Parameters  an 
verschiedenen  Stellen  eines  zu  untersuchen- 

45  den  Bereichs,  welche  Vorrichtung  umfasst: 
eine  zum  Auslegen  durch  den  genannten  zu 
untersuchenden  Bereich  geeignete  optische 
Faser  (2);  eine  Quelle  (1)  zum  Einspeisen  von 
optischer  Strahlung  in  die  optische  Faser  (2) 

50  zwecks  deren  Ruckstreuung  darin  an  verschie- 
denen  Stellen  entlang  derselben;  und  Mittel  zur 
Fernerfassung  (6,  9),  die  funktionell  zum  Emp- 
fang  von  solcher  ruckgestreuter  Strahlung  und 
zur  Erzeugung,  in  Abhangigkeit  davon,  von  von 

55  den  erfassten  Werten  abhangigen  Ausgangssi- 
gnalen  ausgebildet  sind;  gekennzeichnet 
durch  optische  Filtermittel  (5)  zur  Beschran- 
kung  der  vom  genannten  Mittel  zur  Fernerfas- 
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sung  (6,  9)  empfangenen  ruckgestreuten  opti- 
schen  Strahlung  auf  eine  einzige  vorbestimm- 
te,  sich  aus  inelastischer  Streuung  in  der  Faser 
ergebende  Spektrallinie  oder  auf  zwei  einander 
benachbarte  solche  Linien,  und  dadurch,  dass  5 
die  genannten  Mittel  zur  Fernerfassung  (6,  9) 
betatigbar  sind,  urn  erste  solche  Ausgangssi- 
gnale  in  Abhangigkeit  von  einer  Ruckstreuung 
von  in  einer  Richtung  entlang  der  Faser  laufen- 
der  optischer  Strahlung  und  zweite  solche  Aus-  10 
gangssignale  in  Abhangigkeit  von  einer  Ruck- 
streuung  von  in  der  Gegenrichtung  nicht 
gleichzeitig  mit  derjenigen,  die  zur  Erzeugung 
der  genannten  ersten  solchen  Ausgangssignale 
verwendet  wird,  entlang  der  Faser  laufender  is 
optischer  Strahlung  zu  erzeugen,  und  Verarbei- 
tungsmittel  (9)  umfassen,  welche  betatigbar 
sind,  urn  Messungen  der  genannten  Werte,  die 
bezuglich  Anderungen  von  Ausbreitungsverlu- 
sten  entlang  der  Faser  kompensiert  sind,  von  20 
den  ersten  und  zweiten  solchen  Ausgangssi- 
gnalen  abzuleiten. 

ander  benachbart  angeordnet  sind,  und  Aus- 
wahlmittel  (14)  vorgesehen  sind,  urn  den  ge- 
nannten  Mitteln  zur  Fernerfassung  (6,  9)  zu 
ermoglichen,  wahlweise  zu  verschiedenen  Zei- 
ten  mit  verschiedenen  Fasern  zu  wirken. 

13.  Vorrichtung  nach  Anspruch  9,  bei  welcher  nur 
ein  Ende  (13)  der  Faser  (2)  reflektierend  ist 
und  sich  die  genannten  ersten  solchen  Aus- 
gangssignale  aus  der  Ruckstreuung  von  zum 
genannten  reflektierenden  Ende  (13)  hin  lau- 
fender  Strahlung  ergeben,  wahrend  sich  die 
genannten  zweiten  solchen  Ausgangssignale 
aus  der  Ruckstreuung  von  Strahlung  nach  de- 
ren  Reflektion  am  genannten  reflektierenden 
Ende  ergeben. 

14.  Vorrichtung  nach  einem  der  Anspruche  9  bis 
13,  bei  welcher  die  oder  jede  der  genannten 
vorbestimmten  Spektrallinien  sich  aus  Anti- 
Stokes-Raman-Streuung  in  der  genannten  Fa- 
ser  (2)  ergibt. 

10.  Vorrichtung  nach  Anspruch  9,  bei  welcher  die 
Faser  (2)  im  Doppel  auf  sich  selbst  gelegt  ist, 
so  dass  ihre  beiden  gegenuberliegenden  En- 
den  (A,  B)  einander  benachbart  und  der  ge- 
nannten  Quelle  (1)  gegenuberliegend  angeord- 
net  sind,  wobei  diese  so  gesteuert  ist,  dass  sie 
Strahlung  wechselweise  in  die  Faser  an  deren 
beiden  gegenuberliegenden  Enden  einspeist, 
wobei  sich  die  genannten  ersten  solchen  Aus- 
gangssignale  aus  der  Ruckstreuung  von  in  die 
Faser  am  einen  Ende  davon  eingespeister 
Strahlung  und  die  genannten  zweiten  solchen 
Ausgangssignale  aus  der  Ruckstreuung  von  in 
die  Faser  am  anderen  Ende  davon  eingespei- 
ster  Strahlung  ergeben. 

11.  Vorrichtung  nach  Anspruch  9,  bei  welcher  je- 
weilige  Quellen  (1)  von  optischer  Strahlung  an 
den  beiden  gegenuberliegenden  Enden  (A,  B) 
der  Faser  (2)  vorgesehen  sind,  wobei  die  ge- 
nannten  Quellen  so  gesteuert  sind,  dass  sie 
Strahlung  wechselweise  in  die  Faser  an  deren 
beiden  gegenuberliegenden  Enden  einspeist, 
wobei  sich  die  genannten  ersten  solchen  Aus- 
gangssignale  aus  der  Ruckstreuung  von  in  die 
Faser  am  einen  Ende  davon  eingespeister 
Strahlung  und  die  genannten  zweiten  solchen 
Ausgangssignale  aus  der  Ruckstreuung  von  in 
die  Faser  am  anderen  Ende  davon  eingespei- 
ster  Strahlung  ergeben. 

12.  Vorrichtung  nach  Anspruch  9,  10  oder  11,  bei 
welcher  die  genannte  optische  Faser  (2)  eine 
von  einer  Mehrzahl  von  solchen  optischen  Fa- 
sern  ist,  deren  jeweiligen  Eingangsenden  ein- 

15.  Vorrichtung  nach  einem  der  Anspruche  9  bis 
25  13,  bei  welcher  die  oder  jede  der  genannten 

vorbestimmten  Spektrallinien  sich  aus  Brillouin- 
Streuung  in  der  genannten  Faser  (2)  ergibt. 

16.  Vorrichtung  nach  einem  der  Anspruche  9  bis 
30  15,  bei  welcher  der  genannte  physikalische 

Parameter  die  Temperatur  ist. 

Revendicatlons 

35  1.  Procede  de  reflectometrie  temporelle  optique 
pour  capter  des  valeurs  respectives  d'un  para- 
metre  physique  en  differents  emplacements  le 
long  d'une  fibre  optique  (2),  caracterise  en  ce 
que  le  rayonnement  optique  retrodiffuse  utilise 

40  pour  produire  des  signaux  de  sortie  qui  depen- 
dent  des  valeurs  captees  est  limite  a  une  seule 
raie  spectrale  preselectionnee  resultant  d'une 
diffusion  inelastique  dans  la  fibre,  ou  a  deux 
raies  mutuellement  adjacentes,  et  en  ce  que 

45  les  mesures  desdites  valeurs,  compensees  en 
ce  qui  concerne  les  variations  des  pertes  de 
propagation  le  long  de  la  fibre,  sont  obtenues 
a  partir  de  tels  premiers  et  seconds  signaux 
de  sortie,  les  premiers  de  ces  signaux  de 

50  sortie  etant  produits  en  fonction  de  la  retrodif- 
fusion  du  rayonnement  optique  traversant  la 
fibre  dans  une  premiere  direction,  et  les  se- 
conds  de  ces  signaux  de  sortie  etant  produits 
en  fonction  de  la  retrodiffusion  du  rayonne- 

55  ment  optique  traversant  la  fibre,  non  simultane- 
ment  a  celui  utilise  pour  produire  lesdits  pre- 
miers  de  ces  signaux  de  sortie,  dans  la  direc- 
tion  opposee. 
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2.  Precede  selon  la  revendication  1,  dans  lequel 
une  section  de  reference  (11A.11B)  de  fibre 
optique,  disposee  en  serie  ou  en  parallele  avec 
la  fibre  (2)  de  la  revendication  1  ,  est  soumise  a 
une  valeur  constante  connue  dudit  parametre 
de  maniere  a  permettre  le  controle  des  varia- 
tions  dans  la  sortie  d'une  source  (1)  de  rayon- 
nement  envoye  dans  les  fibres  (11A,11B,2). 

3.  Procede  selon  la  revendication  1  ou  la  revendi- 
cation  2,  dans  lequel,  apres  avoir  obtenu  une 
serie  de  tels  signaux  de  sortie  en  utilisant  un 
rayonnement  retrodiffuse  limite  a  une  seule 
raie  spectrale  preselectionnee,  une  serie  de 
signaux  de  sortie  secondaires  est  obtenue  en 
utilisant  un  rayonnement  retrodiffuse  non  limi- 
te,  et  ladite  serie  de  ces  signaux  de  sortie  ainsi 
que  ladite  serie  des  signaux  de  sortie  secon- 
daires  sont  alors  utilisees  pour  produire  une 
serie  finale  de  signaux  de  sortie  normalises. 

4.  Procede  selon  la  revendication  1  ,  2  ou  3,  dans 
lequel  le  rayonnement  optique  est  envoye 
dans  la  libre  (2)  de  maniere  alternee  a  ses 
deux  extremites  opposees  (A,B),  lesdits  pre- 
miers  signaux  de  sortie  resultant  de  la  retrodif- 
fusion  du  rayonnement  envoye  dans  la  libre  a 
sa  premiere  extremite  et  lesdits  seconds  si- 
gnaux  de  sortie  resultant  de  la  retrodiffusion  du 
rayonnement  envoye  dans  la  libre  a  son  autre 
extremite. 

5.  Procede  selon  I'une  quelconque  des  revendi- 
cations  1  a  4,  dans  lequel  une  extremite  (13) 
de  la  libre  (2)  est  reflechissante  et  lesdits  pre- 
miers  signaux  de  sortie  resultent  de  la  retrodif- 
fusion  du  rayonnement  qui  se  propage  vers 
ladite  extremite  reflechissante  (13)  de  la  libre, 
et  lesdits  seconds  signaux  de  sortie  resultent 
de  la  retrodiffusion  du  rayonnement  apres  re- 
flexion  de  ladite  extremite  reflechissante. 

6.  Procede  selon  I'une  quelconque  des  revendi- 
cations  precedentes,  dans  lequel  la  ou  chaque 
raie  spectrale  preselectionnee  resulte  d'une 
diffusion  de  Raman  anti-Stokes  dans  ladite  fi- 
bre  (2). 

7.  Procede  selon  I'une  quelconque  des  revendi- 
cations  1  a  5,  dans  lequel  la  ou  chaque  raie 
spectrale  preselectionnee  resulte  d'une  diffu- 
sion  de  Brillouin  dans  ladite  fibre  (2). 

8.  Procede  selon  I'une  quelconque  des  revendi- 
cations  precedentes,  dans  lequel  ledit  parame- 
tre  physique  est  la  temperature. 

9.  Appareil  de  reflectometrie  temporelle  optique, 

pour  capter  des  valeurs  respectives  d'un  para- 
metre  physique  en  differents  emplacements 
dans  une  region  consideree,  ledit  appareil 
comprenant:  une  fibre  optique  (2),  adaptee 

5  pour  etre  deployee  dans  ladite  region  conside- 
ree;  une  source  (1)  pour  envoyer  un  rayonne- 
ment  optique  dans  la  fibre  optique  (2),  destine 
a  etre  retrodiffuse  le  long  de  celle-ci  en  diffe- 
rents  emplacements;  et  des  moyens  de  detec- 

io  tion  a  distance  (6,9)  disposes  de  fagon  fonc- 
tionnelle  pour  recevoir  un  tel  rayonnement  re- 
trodiffuse  et  pour  produire  en  fonction  de  celui- 
ci  des  signaux  de  sortie  qui  dependent  des 
valeurs  detectees;  caracterise  par  un  moyen 

is  de  filtrage  optique  (5)  pour  limiter  le  rayonne- 
ment  optique  retrodiffuse  regu  par  lesdits 
moyens  de  detection  a  distance  (6,9)  a  une 
seule  raie  spectrale  preselectionnee  resultant 
de  la  diffusion  inelastique  dans  la  fibre,  ou  a 

20  deux  telles  raies  mutuellement  adjacentes,  et 
en  ce  que  lesdits  moyens  de  detection  a  dis- 
tance  (6,9)  fonctionnent  pour  produire  des  pre- 
miers  signaux  de  sortie,  en  fonction  de  la 
retrodiffusion  du  rayonnement  optique  traver- 

25  sant  la  fibre  dans  une  direction,  et  des  se- 
conds  signaux  de  sortie,  en  fonction  de  la 
retrodiffusion  du  rayonnement  optique  traver- 
sant  la  fibre,  non  simultanement  a  ceux  utilises 
pour  la  production  desdits  premiers  signaux  de 

30  sortie,  dans  la  direction  opposee,  et  compor- 
tent  un  moyen  de  traitement  (9)  fonctionnant 
pour  delivrer  des  mesures  desdites  valeurs, 
compensees  en  ce  qui  concerne  les  variations 
des  pertes  de  propagation  le  long  de  la  fibre,  a 

35  partir  desdits  premiers  et  seconds  signaux  de 
sortie. 

10.  Appareil  selon  la  revendication  9,  dans  lequel 
la  libre  (2)  est  repliee  sur  elle-meme  de  manie- 

40  re  que  ses  deux  extremites  opposees  (A,B) 
soient  adjacentes  I'une  a  I'autre  et  placees  en 
face  de  ladite  source  (1)  qui  est  commandee 
de  maniere  a  envoyer  un  rayonnement  dans  la 
fibre,  de  maniere  alternee,  a  ses  deux  extremi- 

45  tes  opposees,  lesdits  premiers  signaux  de  sor- 
tie  resultant  de  la  retrodiffusion  du  rayonne- 
ment  envoye  dans  la  fibre  a  sa  premiere  extre- 
mite  et  lesdits  seconds  signaux  de  sortie  resul- 
tant  de  la  retrodiffusion  du  rayonnement  en- 

50  voye  dans  la  libre  a  son  autre  extremite. 

11.  Appareil  selon  la  revendication  9,  dans  lequel 
les  sources  respectives  (1)  de  rayonnement 
optique  sont  placees  aux  deux  extremites  op- 

55  posees  (A,B)  de  la  libre  (2),  lesdites  sources 
etant  commandees  de  maniere  a  envoyer  le 
rayonnement  dans  la  libre  de  maniere  alternee 
a  ses  deux  extremites  opposees,  lesdits  pre- 

11 
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miers  signaux  de  sortie  resultant  de  la  retrodif- 
fusion  du  rayonnement  envoye  dans  la  fibre  a 
sa  premiere  extremite  et  lesdits  seconds  si- 
gnaux  de  sortie  resultant  de  la  retrodiffusion  du 
rayonnement  envoye  dans  la  libre  a  son  autre  5 
extremite. 

12.  Appareil  selon  la  revendication  9,  10  ou  11, 
dans  lequel  ladite  libre  optique  (2)  est  I'une  de 
plusieurs  fibres  optiques  dont  les  extremites  10 
d'entree  respectives  sont  adjacentes  les  unes 
aux  autres,  et  des  moyens  de  selection  (14) 
sont  prevus  pour  permettre  auxdits  moyens  de 
detection  a  distance  (6,9)  de  fonctionner  selec- 
tivement  avec  differentes  fibres  a  des  instants  is 
differents. 

13.  Appareil  selon  la  revendication  9,  dans  lequel 
une  extremite  (13)  de  la  fibre  (2)  est  reflechis- 
sante,  et  lesdits  premiers  signaux  de  sortie  20 
resultent  de  la  retrodiffusion  du  rayonnement 
qui  se  propage  vers  I'extremite  reflechissante 
(13)  de  la  fibre,  et  lesdits  seconds  signaux  de 
sortie  resultent  de  la  retrodiffusion  du  rayonne- 
ment  apres  reflexion  a  ladite  extremite  refle-  25 
chissante. 

14.  Appareil  selon  I'une  quelconque  des  revendi- 
cations  9  a  13,  dans  lequel  la  ou  chaque  raie 
spectrale  preselectionnee  resulte  d'une  diffu-  30 
sion  de  Raman  anti-Stokes  dans  ladite  fibre 
(2). 

15.  Appareil  selon  I'une  quelconque  des  revendi- 
cations  9  a  13,  dans  lequel  la  ou  chaque  raie  35 
spectrale  preselectionnee  resulte  d'une  diffu- 
sion  de  Brillouin  dans  ladite  fibre  (2). 

16.  Appareil  selon  I'une  quelconque  des  revendi- 
cations  9  a  15,  dans  lequel  ledit  parametre  40 
physique  est  la  temperature. 

12 
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