
J )  J E u r o p a i s c h e s   

Patentamt 

European  Patent  Office  (jj)  Publication  number:  0   1  0 3   3 8 2  

Office  europeen  des  brevets  B 1  B 1  

©  EUROPEAN  PATENT  SPECIFICATION 

(§)  Date  ofpublication  of  patent  specification:  27.09.89  (jjj)  Int.  CI.4:  H  01  S  3 / 0 6  

(JD  Application  number:  83304334.2 

®  Date  of  filing:  27.07.83 

(54)  Fiber  optic  amplifier. 

CO 

CM 
CO 
c o  
CO 
o  

Qu 
LU 

(§)  Priority:  11.08.82  US  407136  (§)  Proprietor:  THE  BOARD  OF  TRUSTEES  OF  THE 
LELAND  STANFORD  JUNIOR  UNIVERSITY 
Encina  105  Stanford  University 

(43)  Date  of  publication  of  application:  Stanford  California  94305  (US) 
21.03.84  Bulletin  84/12 

(§)  Inventor:  Shaw,  Herbert  John 
(4§)  Publication  of  the  grant  of  the  patent:  719  Alvarado  Row 

27.09.89  Bulletin  89/39  Stanford  California  94305  (US) 
Inventor:  Chodorow,  Marvin 
809  San  Francisco  Terrace 

(H)  Designated  Contracting  States:  Stanford  California  94305  (US) 
ATBECHDEFRGBITLILUNLSE  Inventor:  Digonnet,  Michel  J.F. 

2307  Harvard  Street 
Palo  Alto  California  94306  (US) 

(§)  References  cited: 
EP-A-0  038  023 
DE-A-2  853  800  (74)  Representative:  Rushton,  Ronald  et  al 
US-A-4  136  929  SOMMERVILLE  &  RUSHTON  1  1  Holywell  Hill 

St.  Albans  Hertfordshire  AL1  1  EZ  (GB) '  PATENTS  ABSTRACTS  OF  JAPAN,  vol.  3,  no. 
124  (E-144),  17th  October  1979;  &  JP  -  A  -  54 
101  334  (NIPPON  DENSHIN  DENWA  KOSHA) 
09-08-1979 

Note:  Within  nine  months  from  the  publication  of  the  mention  of  the  grant  of  the  European  patent,  any  person  may 
give  notice  to  the  European  Patent  Office  of  opposition  to  the  European  patent  granted.  Notice  of  opposition  shall 
be  filed  in  a  written  reasoned  statement.  It  shall  not  be  deemed  to  have  been  filed  until  the  opposition  fee  has  been 
paid.  (Art.  99(1)  European  patent  convention). 

Courier  Press,  Leamington  Spa,  England. 



1 EP  0 1 0 3   382  B1 2 

Description 

Background  of  the  invention 
The  concept  of  optical  amplifiers,  based  upon 

the  lasing  capability  of  certain  materials,  particu- 
larly  on  a  macroscopic  level,  is  well  known.  Thus, 
for  example,  it  is  known  to  place  a  pumping  light 
source  and  a  single  crystal  neodymium-yttrium 
aluminum  garnet  (ND:YAG)  rod,  several  milli- 
meters  in  diameter  and  several  centimeters  in 
length,  in  a  tubular  reflective  cavity.  For  example, 
the  light  source  and  ND:YAG  rod  may  be  located, 
respectively,  to  extend  along  the  two  foci  of  a 
cavity  having  an  elliptical  cross-section.  In  such  an 
arrangement,  light  emitted  by  the  light  source  and 
reflected  from  the  cavity  walls  will  impinge  upon 
the  ND:YAG  rod.  The  light  source  is  preferably 
selected  to  emit  wavelengths  corresponding  to  the 
absorption  spectra  of  the  ND:YAG  crystal  so  that 
the  energy  states  of  the  neodymium  ions  of  the 
crystal  are  inverted  to  an  energy  level  above  the 
upper  lasing  level.  After  inversion,  an  initial  relaxa- 
tion  of  the  neodymium  ions  through  phonon 
radiation  yields  an  ion  population  at  the  upper 
lasing  level.  From  the  upper  lasing  level,  the  ions 
will  lase,  to  a  lower  energy  level,  emitting  light  of  a 
wavelength  which  is  characteristic  of  the  ND:YAG 
material.  Advantageously,  this  lower  energy  level 
is  above  the  ground  level  for  the  ions  so  that  a 
rapid,  phonon-emitting  relaxation  will  occur 
between  this  lower  energy  level  and  the  ground 
level,  enabling  a  high  inversion  ratio  to  continue  to 
exist  between  the  upper  lasing  level  and  this  lower 
energy  level  within  the  pumped  ions. 

With  the  population  so  inverted,  as  is  well 
known  from  laser  technology,  the  ND:YAG  will 
also  provide  a  very  slow  fluorescence,  that  is, 
random  emission  of  incoherent  light.  This  spon- 
taneous  radiation,  however,  has  a  minimal  effect 
on  the  amplifying  rod,  since  the  average  lifetime  of 
ions  in  the  inverted  state  is  230  microseconds. 

If,  after  the  neodymium  ions  of  the  ND:YAG  rod 
have  been  inverted,  a  light  signal  at  the  lasing 
frequency  is  transmitted  through  the  rod,  the  light 
signal  will  trigger  the  lasing  transition  of  the 
neodymium  ions,  causing  coherent  emission  of 
stimulated  radiation,  which  will  effectively  add  to 
the  transmitted  signal,  thus  amplifying  this  signal. 

The  absorption  length  of  the  pumping  illumina- 
tion  within  the  ND:YAG  crystal  (i.e.,  the  length  of 
material  through  which  the  illumination  must 
traverse  before  60%  of  the  illumination  is 
absorbed)  is  typically  in  the  range  between  2  and  3 
millimeters,  and  thus  the  ND:YAG  crystals  used  in 
amplifying  structures  have  had  diameters  at  least 
this  large  so  that  the  crystal  could  absorb  a 
substantial  portion  of  the  pumping  radiation  dur- 
ing  the  initial  reflection  from  the  cavity  walls  and 
passage  through  the  crystal.  If,  during  this  initial 
traverse  through  the  crystal,  the  pumping  illumi- 
nation  is  not  absorbed,  it  is  likely  to  be  reflected  by 
the  cavity  walls  back  to  the  light  source,  where  it 
will  be  reabsorbed,  generating  heat  in  the  light 
source  and  reducing  the  overall  efficiency  of  the 
ampilfier. 

When  such  amplifiers  are  used  in  fiber  optic 
systems,  it  has  been  thought  necessary  to  use 
optical  components,  such  as  lenses,  to  focus  light 
from  the  optical  fiber  into  the  ND:  YAG  rod,  and  the 

5  amplified  light  signal  from  the  ND:YAG  rod  back 
into  another  fiber.  Such  optical  systems  require 
careful  alignment  and  are  susceptible  to  environ- 
mental  changes,  such  as  vibration  and  thermal 
effects.  Additionally,  the  optical  components  and 

10  the  size  of  the  ND:YAG  rod  make  the  amplifying 
system  relatively  large,  and  thus  impractical  for 
certain  applications.  Furthermore,  the  relatively 
large  size  of  the  ND:YAG  rod  introduces  beam 
wander  within  the  rod.  Thus,  the  signal  from  the 

15  input  fiber  optic  element  will  traverse  different 
paths  through  the  rod,  a  characteristic  which  is 
temperature  related  and  varies  with  time,  so  that 
the  output  light  may  be  lost  due  to  the  fact  that  the 
output  fiber  will  accept  only  light  within  a  small 

20  acceptance  angle.  Thus,  as  the  beam  within  the 
ND:YAG  rod  wanders,  the  output  signal  may  vary 
in  an  uncontrollable  manner.  Furthermore,  the 
large  size  of  the  ND:YAG  rod  requires  a  large 
amount  of  input  energy  in  order  to  maintain  a  high 

25  energy  density  within  the  rod.  Such  large  pump 
power  requires  high  output  pump  light  sources, 
generating  substantial  heat  which  must  be  dissi- 
pated,  typically  by  liquid  cooling  of  the  cavity. 

While  amplifiers  of  this  type  are  useful  in  many 
30  applications,  such  as  some  communications 

applications,  use  in  a  recirculating  fiber  optic 
gyroscope  puts  severe  restrictions  upon  the 
amplifications  system.  With  such  gyroscopes, 
optical  fiber,  typically  a  kilometer  or  more  in 

35  length,  is  wound  into  a  loop,  and  a  light  signal  is 
recirculated  within  the  loop,  typically  in  both 
directions.  Motion  of  the  loop  causes  a  phase 
difference  between  the  counter-propagating  light 
signals  which  may  be  used  to  measure  gyroscope 

40  rotation.  It  is  advantageous,  because  the  phase 
shift  induced  in  one  rotation  is  relatively  small  and 
because  periodic  outputs  relating  to  rotation  are 
required,  to  recirculate  input  light  within  the  loop 
as  many  times  as  possible. 

45  In  traversing  a  kilometer  of  optical  fiber,  an 
optical  signal  will  typically  lose  30  to  50  percent  of 
its  intensity.  An  amplifier,  if  capable  of  amplifying 
the  bidirectional  counter-propagating  light 
signals,  would  permit  a  light  signal  to  propagate 

so  many  times  within  the  loop,  if  the  amplifier  were 
placed  in  series  with  the  loop,  and  provided  a  gain 
of  2  to  3  db. 

Unfortunately,  the  relatively  large  size,  high 
power  requirements  caused  by  relatively  ineffi- 

55  cient  performance,  beam  wander  effects,  and 
cooling  requirements  of  prior  art  ND:YAG  rod 
amplifiers,  as  described  above,  makes  such  ampli- 
fiers  relatively  impractical  for  high  accuracy  gyros- 
copes.  These  factors,  of  course,  also  limit  the  utility 

60  of  such  amplifiers  in  other  applications,  such  as 
communication  networks. 

Summary  of  the  invention 
These  disadvantages  associated  with  crystal  rod 

65  amplifiers  are  alleviated  in  the  present  invention 
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is  claimed  in  claim  1.  This  invention  permits  both 
he  pumping  source  fiber  and  the  doped  amplify- 
ng  medium  to  be  small  diameter  optical  fibers, 
fheses  fibers  are  positioned  together  in  close 
)roximity  to  form  an  optical  coupler.  The  indices 
)f  refraction  of  the  pump  fiber  and  the  amplifier 
iber  are  as  nearly  as  possible  identical.  With  such 
m  arrangement,  and  with  the  spacing  between 
he  pump  fiber  and  amplifier  fiber  properly 
adjusted,  and  with  a  carefully  selected  interaction 
ength  between  these  fibers,  the  optical  coupler 
will  provide  a  high  coupling  efficiency  at  the 
wavelength  of  the  pumping  source  but  a  low 
:oupling  efficiency  at  the  wavelength  of  the  signal 
:o  be  amplified.  This  results  in  a  coupling  of  the 
Dumping  illumination  into  the  doped  amplifying 
:iber,  but  substantially  eliminates  loss  to  the 
aptical  signal  which  is  to  be  amplified,  since  this 
signal  is  not  coupled  into  the  pumping  fiber. 

Because  the  present  invention  permits  the 
Dumping  wavelength  to  be  coupled  into  the 
signal  fiber  for  guiding  within  the  signal  fiber,  the 
diameter  of  a  ND:YAG  signal  fiber  need  not 
3xceed  the  absorption  length  since  the  pumping 
illumination  is  effectively  absorbed  in  a  direction 
along  the  axis  of  the  ND:YAG  fiber  rather  than 
perpendicular  to  that  axis,  once  the  pumping 
illumination  has  been  coupled  to  this  fiber.  Thus, 
pumping  illumination  can  be  continuously  sup- 
plied  to  the  amplifying  ND:YAG  fiber  without 
interfering  with  its  signal  carrying  characteristics. 
Furthermore,  because  a  four-port  coupler  is  used 
for  coupling  the  pumping  illumination  to  the 
amplifying  fiber,  the  ends  of  the  amplifying  fiber 
are  available  for  direct  signal  coupling  to  the 
optical  fibers  within  the  optical  fiber  system. 

Brief  description  of  the  drawings 
These  and  other  advantages  of  the  present 

invention  are  best  understood  through  reference 
to  the  drawings  in  which: 

Figure  1  is  a  cross-sectional  view  of  the  fiber 
optic  coupler  used  as  a  multiplexer  in  the  present 
invention,  showing  a  pair  of  fiber  optic  strands 
mounted  in  respective  arcuate  grooves  of 
respective  bases; 

Figures  2  and  3  are  cross-sectional  views  of  the 
coupler  of  Figure  1,  taken  along  lines  2  —  2  and 
3  —  3,  respectively; 

Figure  4  is  a  perspective  view  of  the  lower  base 
of  the  coupler  of  Figure  1  separated  from  the 
other  base  to  show  its  associated  fiber  mounting 
and  the  oval-shaped  facing  surface  of  the  fiber; 

Figure  5  is  a  schematic  diagram  showing  the 
evanescent  fields  of  the  pair  of  fibers  overlapping 
at  the  interaction  region; 

Figure  6  is  a  chart  showing  relative  coupled 
power  versus  signal  wavelength  for  a  type  1  fiber 
coupler  having  a  minimum  fiber  spacing  of  4 
microns,  an  offset  of  0  micron,  and  a  fiber  radius 
of  25  centimeters; 

Figure  7  is  a  chart  of  relative  coupled  power 
versus  signal  wavelengths  similar  to  Figure  6  but 
with  a  fiber  radius  of  200  centimeters; 

Figure  8  is  a  chart  of  relative  coupled  power 

versus  signal  waveiengtn  tor  a  type  i  Tmer 
coupler  having  a  minimum  fiber  spacing  of  4 
microns,  a  fiber  radius  of  200  centimeters,  and  a 
selectable  fiber  offset; 

s  Figure  9  is  a  diagram  showing  the  absorption 
spectrum  of  ND:YAG  at  300°K; 

Figure  10  is  a  simplified  energy  level  diagram  of 
a  four-level  laser  using  a  doped  material,  such  as 
ND:YAG;  and 

<o  Figure  11  is  a  sectional  view  of  the  amplifier  of 
the  present  invention. 

Detailed  description  of  the  preferred  embodiment 
In  order  to  gain  a  detailed  understanding  of  the 

'5  operation  of  the  fiber  optic  amplifier  of  this 
invention,  it  is  necessary  to  understand  the 
manner  in  which  a  fiber  optic  coupler  can  be 
constructed  to  selectively  couple  a  first  optical 
frequency  while  not  coupling  a  second  optical 

>o  frequency.  The  apparatus,  as  well  as  methods 
for  constructing  the  apparatus,  required  for 
such  selective  coupling,  are  disclosed  in 
EP  —  A  —  0  079  196  entitled  "Passive  Fiber  Optic 
Multiplexer"  and  forming  state  of  the  art  accord- 

's  ing  to  Article  54(3)  EPC.  That  application  is 
assigned  to  the  assignee  of  the  present  invention. 
That  application  is  hereby  incorporated  herein  by 
reference.  Nonetheless,  the  principal  characteris- 
tics  of  that  device  and  its  method  of  manufacture 

30  are  described  below. 
This  invention  utilizes  a  passive  multiplexer 

which  utilizes  a  fiber  optic  coupler.  This  coupler 
10  is  illustrated  in  Figures  1  —  4,  and  includes  two 
strands  12A  and  12B  of  a  single  mode  fiber  optic 

35  material  mounted  in  longitudinal  arcuate  grooves 
13A  and  13B,  respectively,  formed  in  optically  flat 
confronting  surfaces  14A  and  14B,  respectively,  of 
rectangular  bases  or  blocks  16A  and  16B,  respec- 
tively.  The  block  16A  with  the  strand  12A 

40  mounted  in  the  groove  13A  will  be  referred  to  as 
the  coupler  half  10A  and  the  block  16B  with  the 
strand  12B  mounted  in  the  groove  13B  will  be 
referred  to  as  the  coupler  half  10B. 

Each  of  the  strands  12A  and  12B  comprise  an 
45  optical  fiber  which  is  doped  to  have  a  central  core 

and  an  outer  cladding.  One  of  the  strands  12Afor 
example,  may  comprise  a  commercially  available 
fiber  of  quartz  glass  which  is  doped  to  have  a 
central  core  and  an  outer  cladding.  The  other 

so  strand,  12B  for  example,  may  comprise  ND:YAG 
crystal  which  is  likewise  doped  to  have  a  central 
core  and  an  outer  cladding.  The  index  of  refrac- 
tion  of  the  fibers  12A  and  12B  should  be  as  nearly 
as  possible  identical,  and  both  of  the  strands  12A 

55  and  12B  should  include  a  central  core  which  is 
sufficiently  small  to  provide  single  mode  fibers  at 
the  optical  frequencies  to  be  used.  Thus,  these 
strands  12A  and  12B  typically  have  a  core  dia- 
meter  on  the  order  of  10  microns  or  less  and  a 

60  cladding  diameter  on  the  order  of  125  microns 
(micron=u.m).  In  the  embodiment  disclosed,  the 
diameter  of  the  strands  12  and  their  respective 
cores  are  exaggerated.  As  will  be  understood  in 
more  detail  from  the  description  which  follows, 

65  the  ND:YAG  fiber  12B  is  used  to  transmit  the 

3 
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signal  to  be  amplified  while  the  quartz  fiber  12A  is 
used  to  couple  pumping  illumination  to  the 
ND:YAG  fiber  12B.  For  this  reason,  the  fiber  12B 
will  be  referred  to  as  the  signal  fiber  while  the  fiber 
12A  will  be  referred  to  as  the  pumping  fiber. 

The  arcuate  grooves  13A  and  13B  have  a  radius 
of  curvature  which  is  very  large  compared  to  the 
diameter  of  the  fibers  12,  and  havea  width  slightly 
larger  than  the  fiber  diameter  to  permit  the  fibers 
12,  when  mounted  therein,  to  conform  to  a  path 
defined  by  the  bottom  walls  of  the  grooves  13.  The 
depth  of  the  grooves  13A  and  13B  varies  from  a 
minimum  at  the  center  of  the  blocks  16Aand  16B, 
respectively,  to  a  maximum  at  the  edges  of  the 
blocks  16A  and  16B,  respectively.  This  advan- 
tageously  permits  the  fiber  optic  strands  12A  and 
12B,  when  mounted  in  the  grooves  13A  and  13B, 
respectively,  to  gradually  converge  toward  the 
center  and  diverge  toward  the  edges  of  the  blocks 
16A,  16B,  thereby  eliminating  any  sharp  bends  or 
abrupt  changes  in  direction  of  the  fibers  12  which 
may  cause  power  loss  through  mode  perturbation. 
In  the  embodiment  shown,  the  grooves  13  are 
illustrated  as  being  rectangular  in  cross-section, 
however,  it  will  be  understood  that  other  suitable 
cross-sectional  contours  which  will  accommodate 
the  fibers  12  may  be  used  alternatively,  such  as  a 
U-shaped  cross-section  or  a  V-shaped  cross-sec- 
tion. 

At  the  centers  of  the  blocks  16,  in  the  embodi- 
ment  shown,  the  depth  of  the  grooves  13,  which 
mount  the  strands  12,  is  less  than  the  diameter  of 
the  strands  12,  while  at  the  edges  of  the  blocks  16, 
the  depth  of  the  grooves  13  is  preferably  at  least  as 
great  as  the  diameter  of  the  strands  12.  Fiberoptic 
material  was  removed  from  each  of  the  strands 
12A  and  12B  to  form  the  respective  oval-shaped 
planar  surfaces  18A,  18B,  which  are  coplanarwith 
the  confronting  surfaces  14A,  14B,  respectively. 
These  surfaces  18A,  18B  will  be  referred  to  herein 
as  the  fiber  "facing  surfaces".  Thus,  the  amount  of 
fiber  optic  material  removed  increases  gradually 
from  zero  towards  the  edges  of  the  block  16  to  a 
maximum  towards  the  center  of  the  block  1  6.  This 
tapered  removal  of  the  fiber  optic  material  enables 
the  fibers  to  converge  and  diverge  gradually, 
which  is  advantageous  for  avoiding  backward 
reflection  and  excess  loss  of  light  energy. 

In  the  embodiment  shown,  the  coupler  halves 
10A  and  10B  are  identical,  except  in  regard  to  the 
material  which  forms  the  strands  12A,  12B,andare 
assembled  by  placing  the  confronting  surfaces 
1  4A  and  1  4B  of  the  blocks  1  6A  and  1  6B  together,  so 
that  the  facing  surfaces  18Aand  18B  of  the  strands 
12A  and  12B  are  in  facing  relationship. 

An  index  matching  substance  (not  shown),  such 
as  index  matching  oil,  is  provided  between  the 
confronting  surfaces  14.  This  substance  has  a 
refractive  index  approximately  equal  to  the  refrac- 
tive  index  of  the  cladding,  and  also  functions  to 
prevent  the  optically  flat  surfaces  14  from 
becoming  permanently  locked  together.  The  oil  is 
introduced  between  the  blocks  16  by  capillary 
action. 

An  interaction  region  32  is  formed  atthe  junction 

of  the  strands  12,  in  which  light  is  transferred 
between  the  strands  by  evanescent  field  coupling. 
It  has  been  found  that,  to  insure  proper  evanescent 
field  coupling,  the  amount  of  material  removed 

5  from  the  fibers  12  must  be  carefully  controlled  so 
that  the  spacing  between  the  core  portions  of  the 
strands  12  is  within  a  predetermined  "critical 
zone".  The  evancescent  fields  extend  into  the 
cladding  and  decrease  rapidly  with  distance  out- 

10  side  their  respective  cores.  Thus,  sufficient 
material  should  be  removed  to  permit  each  core  to 
be  positioned  substantially  within  the  evanescent 
field  of  the  other.  If  too  little  material  is  removed, 
the  cores  wil  I  not  be  sufficiently  close  to  permit  the 

15  evanescent  fields  to  cause  the  desired  interaction 
of  the  guided  modes,  and  thus,  insufficient  coup- 
ling  will  result.  Conversely,  if  too  much  material  is 
removed,  the  propagation  characteristics  of  the 
fibers  will  be  altered,  resulting  in  loss  of  light 

20  energy  due  to  mode  perturbation.  However,  when 
the  spacing  between  the  cores  of  the  strands  12  is 
within  the  critical  zone,  each  strand  receives  a 
significant  portion  of  the  evanescent  field  energy 
from  the  other  strand,  and  good  coupling  is 

25  achieved  without  significant  energy  loss.  The 
critical  zone  is  illustrated  schematically  in  Figure  5 
as  including  that  area,  designated  by  the  reference 
numeral  33,  in  which  the  evanescent  fields,  desig- 
nated  by  reference  numerals  34A  and  34B,  of  the 

30  fibers  12A  and  12B,  respectively,  overlap  with 
sufficient  strength  to  provide  coupling,  i.e.,  each 
core  is  within  the  evanescent  field  of  the  other. 

The  blocks  or  bases  1  2  may  be  fabricated  of  any 
suitable  rigid  material.  In  one  presently  preferred 

35  embodiment,  the  bases  12  comprise  generally 
rectangular  blocks  of  fused  quartz  glass  approxi- 
mately  1  inch  long,  1  inch  wide,  and  0.4  inch  thick 
(1  inch=2.54  cm).  In  this  embodiment,  the  fiber 
optic  strands  12  are  secured  in  the  slots  13  by 

40  suitable  cement  38,  such  as  epoxy  glue.  One 
advantage  of  the  fused  quartz  blocks  16  is  that  they 
have  a  coefficient  of  thermal  expansion  similar  to 
that  of  glass  fibers,  and  this  advantage  is  particu- 
larly  important  if  the  blocks  16  and  fibers  12  are 

45  subjected  to  any  heat  treatment  during  the  manu- 
facturing  process.  Another  suitable  material  for 
the  block  16  is  silicon,  which  also  has  excellent 
thermal  properties  for  this  application. 

so  Operation  of  the  coupler  10 
The  coupler  10  includes  four  ports,  labeled  A,  B, 

C  and  D  in  Figure  1.  When  viewed  from  the 
perspective  of  Figure  1,  ports  A  and  C,  which 
correspond  to  strands  12A  and  12B,  respectively, 

55  are  on  the  left-hand  side  of  the  coupler  10,  while 
the  ports  B  and  D,  which  correspond  to  the  strands 
12A  and  12B,  respectively,  are  on  the  right-hand 
side  of  the  coupler  10.  For  the  purposes  of 
discussion,  it  will  be  assumed  that  input  light  is 

60  applied  to  port  A.  This  light  passes  through  the 
coupler  and  is  output  at  port  B  and/or  port  D, 
depending  upon  the  amount  of  power  that  is 
coupled  between  the  strands  12.  In  this  regard,  the 
term  "normalized  coupled  power"  is  defined  as 

65  the  ratio  of  the  coupled  power  to  the  total  output 
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lower.  In  the  above  example,  the  normalized 
oupled  power  would  be  equal  to  the  ratio  of  the 
tower  at  port  D  to  the  sum  of  the  power  output  at 
ions  B  and  D.  This  ratio  is  also  referred  to  as  the 
coupling  efficiency",  and  when  so  used  is 
ypically  expressed  as  a  percent.  Thus,  when  the 
erm  "normalized  coupled  power"  is  used  herein, 
t  should  be  understood  that  the  corresponding 
loupling  efficiency  is  equal  to  the  normalized 
:oupled  power  times  100.  In  this  regard,  tests 
lave  shown  that  the  coupler  10  has  a  coupling 
sfficiency  of  up  to  100%.  However,  it  will  also  be 
ieen  that  the  coupler  10  may  be  "tuned"  to  adjust 
he  coupling  efficiency  to  any  desired  value 
jetween  zero  and  the  maximum. 

Furthermore,  the  coupler  10  is  highly  direc- 
ional,  with  substantially  all  of  the  power  applied 
it  one  side  of  the  coupler  being  delivered  to  the 
3ther  side  of  the  coupler.  The  coupler  directivity  is 
tefined  as  the  ratio  of  the  power  at  port  D  to  the 
jower  at  port  C,  with  the  input  applied  to  port  A. 
rests  have  shown  that  the  directionally  coupled 
jower  (at  port  D)  is  greater  than  60  db  above  the 
xintra-directionally  coupled  power  (at  port  C). 
:urther,  the  coupler  directivity  is  symmetrical, 
rhat  is,  the  coupler  operates  with  the  same 
:haracteristics  regardless  of  which  side  of  the 
:oupler  is  the  input  side  and  which  side  is  the 
jutput  side.  Moreover,  the  coupler  10  achieves 
:hese  results  with  very  low  throughput  losses, 
rhe  throughput  loss  is  defined  as  the  ratio  of  the 
total  output  power  (ports  B  and  D)  to  the  input 
power  (port  A)  subtracted  from  one  (i.e. 
1-(PB+PD)/PA).  Experimental  results  show  that 
throughput  losses  of  0.2  db  have  been  obtained, 
although  losses  of  0.5  db  are  more  common. 
Moreover,  these  tests  indicate  that  the  coupler  10 
operates  substantially  independently  of  the 
polarization  of  the  input  light  applied. 

The  coupler  10  operates  on  evanescent  field 
coupling  principles  in  which  guided  modes  of  the 
strands  12  interact,  through  their  evanescent 
fields,  to  cause  light  to  be  transferred  between  the 
strands  12.  As  previously  indicated,  this  transfer 
of  light  occurs  at  the  interaction  region  32.  The 
amount  of  light  transferred  is  dependent  upon  the 
proximity  and  orientation  of  the  cores,  as  well  as 
the  effective  length  of  the  interaction  region  32. 
As  will  be  described  in  detail  below,  the  amount 
of  light  transferred  is  also  dependent  of  the 
wavelength  of  the  light.  The  length  of  the  inter- 
action  region  32  is,  in  turn,  dependent  upon  the 
radius  of  curvature  of  the  fibers  12,  and,  to  a 
limited  extent,  the  core  spacing,  although  it  has 
been  found  that  the  effective  length  of  the  inter- 
action  region  32  is  substatnially  independent  of 
core  spacing.  However,  the  "coupling  length", 
i.e.,  the  length  within  the  interaction  region  32 
which  is  required  for  a  single,  complete  transfer 
of  a  light  signal  from  one  fiber  1  2  to  the  other,  is  a 
function  of  core  spacing,  as  well  as  wavelength.  In 
one  exemplary  embodiment,  employing  an  edge- 
to-edge  core  spacing  of  about  1.4  microns,  and  a 
radius  of  curvature  on  the  order  of  25  centimeters, 
the  effective  interaction  region  is  approximately 

one  millimeter  long  at  a  ngnt  signal  waveiengm  ot 
633  nm.  Because  the  coupling  length  at  633  nm  is 
also  one  millimeter  in  such  a  coupler,  the  light 
makes  only  one  transfer  between  the  strands  12 

5  as  it  travels  through  the  interaction  region  32. 
However,  if  the  length  of  the  interaction  region  32 
is  increased,  or  core  spacing  decreased,  a 
phenomenon  referred  to  herein  as  "overcoupl- 
ing"  will  occur,  since  the  coupling  length  is 

o  shorter  than  the  effective  interaction  length. 
Under  these  circumstances,  the  light  will  transfer 
back  to  the  strand  from  which  it  originated.  As  the 
interaction  length  is  further  increased,  and/or  the 
core  spacing  further  decreased,  the  effective 

5  interaction  length  becomes  a  greater  multiple  of 
the  coupling  length,  and  the  light  transfers  back  to 
the  other  strand.  Thus,  the  light  may  make 
multiple  transfers  back  and  forth  between  the  two 
strands  12  as  it  travels  through  the  region  32,  the 

»o  number  of  such  transfers  being  dependent  on  the 
length  of  the  interaction  region  32,  the  light 
wavelength  (as  described  below),  and  the  core 
spacing. 

Since  the  coupling  length  in  a  single  mode  fiber 
»5  coupler,  as  described  in  reference  to  Figures  1  —  4, 

shows  a  strong  dependence  on  signal 
wavelength,  as  described  in  detail  in  the  copend- 
ing  application  incorporated  above,  it  is  possible 
with  properly  chosen  geometrical  parameters  for 

?o  the  coupler  10,  to  totally  couple  one  signal 
wavelength  while  a  second  signal  wavelength 
remains  essentially  uncoupled.  This  phenomenon 
permits  the  combination  of  two  signals  fed  into 
the  ports  on  one  side  of  the  coupler  10.  Thus,  as 

?5  shown  in  Figure  1,  if  a  pumping  signal  having  a 
wavelength  ^  is  fed  into  port  A  of  coupler  10,  and 
a  signal  to  be  amplified,  having  a  wavelength  K2  is 
coupled  to  port  C,  and  the  geometry  is  properly 
selected,  both  signals  can  be  combined  at  port  D, 

40  with  virtually  no  light  output  at  port  B. 
To  illustrate  this  wavelength  dependence.  Fig- 

ure  6  provides  a  plot  of  coupled  power  versus 
signal  wavelength  in  the  visible  and  near  infrared 
spectrum  for  a  particular  coupler  geometry. 

45  Because  for  this  coupler  configuration  the  effec- 
tive  interaction  length  of  the  coupler  is  an  odd 
multiple  of  the  coupling  length  for  the  wavelength 
720  nm,  but  an  even  multiple  of  the  coupling 
length  for  the  wavelength  550  nm,  the 

50  wavelength  720  nm  will  be  100%  coupled,  while 
the  wavelength  550  nm  will  be  effectively  uncou- 
pled.  With  different  efficiencies,  different 
wavelengths  may  be  combined  or  separated.  For 
instance,  590  nm  and  650  nm  may  be  separated  or 

55  combined  at  an  80%  efficiency. 
Virtually  any  pair  of  wavelengths  (\1,  X2)  may 

be  efficiently  combined  or  separated  so  long  as 
the  effective  interaction  length  is  an  even  multiple 
of  the  coupling  length  for  one  wavelength  and  an 

eo  odd  muliple  for  the  coupling  length  for  the  other 
wavelength.  As  the  number  of  coupling  lengths 
within  the  effective  interaction  length  increases, 
the  resolution  of  the  multiplexer  is  enhanced.  As 
is  described  in  detail  in  the  incorporated  ref- 

65  erence,  the  multiplexer  resolution  may  be 
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enhanced  by  increasing  the  radius  of  curvature  of 
the  fibers  12A,  12B.  Provided  that  the  interaction 
length  of  the  coupler  is  large  enough,  virtually 
any  two  signals  may  be  exactly  mixed  or 
separated,  regardless  of  how  closely  spaced  their 
wavelengths  are. 

The  interaction  length  is  a  function  of 
wavelength,  and  the  resolution  is  approximately 
proportional  to  (R)_1/2.  As  R  increases,  the  effec- 
tive  interaction  length  increases,  and  becomes  a 
higher  multiple  of  the  coupling  length,  improving 
resolution.  This  result  is  illustrated  in  Figure  7, 
which  is  comparable  to  the  graph  of  Figure  6, 
except  that  the  radius  of  curvature  has  been 
increased  to  200  centimeters.  As  anticipated,  this 
increase  in  radius  improves  the  coupler  resolu- 
tion  near  X=600  nm  from  approximately  170  nm 
in  the  25  centimeter  radius  example  of  Figure  6  to 
approximately  60  nm  in  the  200  centimeter  case. 

The  resolution  of  a  multiplexing  coupler 
depends  on  two  independent  parameters,  H  (fiber 
spacing)  and  R  (radius  of  curvature  of  the  fibers). 
For  a  given  pair  of  signal  wavelengths,  efficient 
mixing  may  be  achieved  by  first  properly  select- 
ing  a  fiber  spacing  H  for  the  coupler  which  yields 
a  large  wavelength  dependence  for  the 
wavelength  of  interest  (choice  of  H),  and  then  by 
selecting  a  radius  of  curvature  which  yields  a 
resolution  equal  to  the  difference  between  the 
wavelength  (choice  of  R). 

After  the  resolution  of  the  coupler  has  been  set 
in  accordance  with  the  wavelengths  to  be 
separated,  the  coupler  may  be  tuned  to  precisely 
adjust  the  coupling  lengths  for  the  wavelengths  of 
interest  so  that  the  effective  interaction  length  is 
an  even  multiple  of  the  coupling  length  of  one 
wavelength  and  an  odd  multiple  of  the  coupling 
length  of  the  other  wavelength.  This  is  accom- 
plished  by  offsetting  the  fibers  by  sliding  the 
blocks  16A,  16B  (Figure  1)  relative  one  another  in 
a  direction  normal  to  the  axis  of  the  fibers  12A, 
12B.  Such  an  offset  has  the  effect  of  increasing 
the  minimum  fiber  spacing  H  and  increasing  the 
effective  radius  of  curvature  of  the  fibers.  If  the 
required  offset  is  small  enough,  it  will  not  upset 
the  multiplexer  resolution.  This  stems  from  the 
fact  that  the  separation  H  of  a  large  radius  coupler 
changes  rapidly  with  fiber  offset  in  comparison  to 
changes  in  the  effective  radius  of  curvature  with 
fiber  offset. 

To  illustrate  this  tunability  of  multiplexing 
couplers.  Figure  8  provides  a  plot  of  relative 
coupled  power  versus  wavelength  for  three 
increasing  values  of  fiber  offset  (0  microns,  .5 
microns,  and  1.0  microns).  The  curve  is  seen  to 
shift  toward  increasing  wavelengths  as  the  offset 
increases,  while  the  period  of  oscillation  (or  resol- 
ution)  remains  virtually  unchanged.  In  this  par- 
ticular  example  (R=200  cm,  H=4  microns),  a  1- 
micron  offset  shifts  the  curve  by  approximately  45 
nm. 

ND:YAG  Amplification 
Referring  now  to  Figure  9,  which  is  a  diagram  of 

the  absorption  spectrum  of  ND:YAG  crystal  at 

300°K,  it  can  be  seen  that  the  ND:YAG  material 
has  a  relatively  high  optical  density,  and  thus  a 
short  absorption  length,  at  selected  wavelengths. 
For  this  reason,  it  is  advisable  to  select  the 

5  wavelength  of  the  pumping  illumination  in  order 
to  (a)  maximize  the  absorption  of  the  pumping 
illumination  in  the  ND:YAG  fiber  12B  as  opposed 
to  the  pumping  fiber  12A,  and  (b)  to  permit  the 
absorption  length  to  be  as  short  as  possible.  This 

io  will  permit  substantially  complete  absorption  of 
the  pumping  illumination  within  a  very  short 
length  of  the  signal  fiber  12B.  As  can  be  seen  from 
Figure  9,  the  wavelength  .58  microns  is  best 
suited  for  pumping  illumination,  although  the 

15  wavelengths  .75  and  .81  microns  are  relatively 
well  suited. 

Referring  now  to  Figure  1  0A,  which  is  an  energy 
level  diagram  for  the  ND:YAG  crystal  from  which 
the  fiber  12B  is  formed,  it  will  be  understood  that, 

20  when  pump  light  at  the  absorption  wavelength, 
described  above,  is  absorbed  by  the  ND:YAG 
crystal,  the  neodymium  ions  are  excited  from  the 
ground  state  to  the  pump  band.  From  the  pump 
band,  the  ions  quickly  relax,  through  phonon 

25  interactions,  to  the  upper  lasing  level.  From  this 
upper  lasing  level,  the  neodymium  ions  will 
undergo  a  relatively  slow  fluorescence  to  the 
lower  energy  level.  From  this  latter  level,  a  final, 
rapid  phonon  relaxation  occurs  to  the  ground 

30  state.  This  latter  rapid  relaxation  in  a  four-level 
laser  system  of  the  type  shown  in  Figure  10A  is 
advantageous,  since  the  rapid  phonon  relaxation 
between  the  lower  energy  level  and  the  ground 
state  provides  a  practically  empty  lower  energy 

35  level.  This  feature  is  shown  in  Figure  10B,  in 
which  the  population  densities  at  the  pump  band, 
upper  lasing  level,  lower  lasing  level,  and  ground 
state  are  shown  for  an  ND:YAG  fiber  during 
continuous  pumping.  Because  the  rate  of 

40  fluorescence  between  the  upper  lasing  level  and 
lower  energy  level  is  relatively  slow  in  compari- 
son  with  the  phonon  relaxation  between  the 
pump  band  and  the  upper  lasing  level,  as  well  as 
between  the  lower  energy  level  and  the  ground 

45  state,  the  population  density  at  the  upper  lasing 
level  is  substantially  higher  than  that  at  the  lower 
energy  level,  yielding  a  high  inversion  ratio.  The 
average  lifetime  of  neodymium  ions  at  the  upper 
lasing  level,  prior  to  spontaneous  fluorescence,  is 

so  230  microseconds. 
An  input  light  signal  at  the  laser  transition 

wavelength  (1.064  microns),  i.e.,  the  wavelength 
of  light  emitted  by  the  ND:YAG  ions  during 
relaxation  between  the  upper  lasing  level  and  the 

55  lower  energy  level,  traveling  through  the  excited 
laser  fiber  12B  (Figure  1)  will  trigger  the  emission 
of  stimulated  photons  at  the  same  frequency, 
coherent  with  the  signal,  and  the  signal  is  thereby 
amplified.  Thus,  the  passage  of  light  at  this 

60  frequency  will  cause  a  photon  emitting  relaxation 
between  the  upper  lasing  level  and  lower  energy 
level  of  Figure  10A,  in  phase  with  the  light  signal 
to  be  amplified,  yielding  an  effective  gain  for  the 
input  light  signal. 

65  The  gain  which  can  be  achieved  in  the  amplifier 
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of  this  invention  is  dependent  upon  the  density  of 
the  inverted  neodymium  ion  population  within 
the  ND:YAG  crystal.  Initially,  the  ultimate  inver- 
sion  population  is  limited  by  the  lattice  structure 
of  the  YAG  material  itself.  Since  the  ND:YAG 
material  replaces  yttrium  atoms  with  neodymium 
atoms  in  the  crystal  lattice.  Only  approximately  1 
yttrium  atom  in  each  100  yttrium  atoms  may  be 
replaced  by  a  neodymium  ion  without  distorting 
the  lattice  structure  of  the  ND:YAG  material. 

Theoretical  calculations  of  the  small  gain  signal 
g0  of  the  amplifier  of  this  invention  can  be  made, 
using  the  relation  g0=oAN,  where  a  is  the  stimu- 
lated  emission  cross-section,  for  ND:YAG, 
8.8x1  019cm2,  and  AN  is  the  population  inversion 
density  given  by: 

PP  n-ilatsp 
AN=  (1) 

V  hv 

where  Pp  is  the  absorbed  pump  power,  V  is  the 
crystal  volume  and  thus,  Pp/V  is  the  absorbed 

|  pump  power  per  unit  of  fiber  volume,  tsp  is  the 
spontaneous  radiative  lifetime,  that  is,  the  230- 
microsecond  fluorescence  relaxation  time  of  the 
neodymium  ions,  n,i  is  the  effective  spectral  over- 
lap  of  pump  output  with  an  ND:YAG  absorption 
line,  as  shown  in  Figure  9,  r\2  is  equal  to  the 
quantum  efficiency  of  1.06-micron  fluorescence, 
namely  0.63,  and  hv  is  equal  to  the  energy  of  one 
pump  photon. 

Combining  the  above  relationship  provides: 

Pp  1ll2tSp 
g„=a  (2) 

V  hv 

for  the  dependence  of  gain  on  pump  power.  It 
should  be  recognized  that  the  value  Pp  is  the 
absorbed  pump  power  and  that  an  increase  in  the 
length  of  the  fibers  does  not  necessarily  increase 
the  gain.  Thus,  if  the  pumping  radiation  is 
coupled  completely  to  the  ND:YAG  fiber  12B,  and 
travels  in  the  fiber  12B  a  distance  which  is 
sufficient  to  permit  this  fiber  12B  to  completely 
absorb  the  pumping  radiation,  then  the  value  Pp 
in  this  equation  may  be  replaced  by  the  input 
power  level.  To  obtain  the  net  gain,  however,  one 
must  substract  from  g0  the  fiber  propagation 
losses  at  1.06  microns.  A  fiber  loss  of  100  db  per 
kilometer  would  reduce  the  gain  by  only  0.001  db 
per  centimeter.  Thus,  if  the  overall  length  of  the 
fiber  12B  can  be  maintained  relatively  short,  while 
still  absorbing  substantially  all  of  the  input  pump 
power,  the  propagation  losses  within  the  ampli- 
fier  can  be  maintained  at  a  low  level. 

Operation  of  the  amplifier 
Referring  now  to  Figure  11,  the  manner  in 

which  the  amplifier  of  the  present  invention 
utilizes  the  wavelength  mutiplexing  properties  of 
the  coupler  10  to  provide  pumping  illumination  to 
energize  the  ND:YAG  fiber  12B  will  be  described. 

A  pair  of  pump  sources  101,  103  are  coupled  to 

the  opposite  ends  ot  tne  pumping  TiDer  i^a. 
These  pump  sources  101,  103  may  be,  for 
example,  long  life  LEDs,  such  as  those  currently 
available  which  operate  at  a  current  density  of 

5  approximately  1,000  amps  per  centimeter 
squared,  and  have  a  radiance  of  approximately  5 
watts/sr.cm2.  In  fact,  some  LEDs  have  been 
reported  with  a  radiance  of  approximately  50 
watts/sr.cm2.  Because  of  the  size  differential 

to  between  the  single  mode  fiber  12A  and  these 
LEDs  101,  103,  lenses  105,  107  may  be  useful  in 
focusing  the  output  of  the  LED  source  into  the 
fiber  12A. 

Alternatively,  the  pump  sources  101,  103  may 
15  be  laser  diodes  which  permit  even  higher  concen- 

trations  of  pump  power  in  the  fiber  12A. 
Regardless  of  the  type  of  pumping  sources  101, 

103  utilized,  the  efficiency  of  the  system  will  be 
enhanced  if  the  wavelength  of  the  radiation  from 

w  these  sources  101,  103  corresponds  with  a  peak  in 
the  absorption  spectrum  of  the  ND:YAG  fiber  12B, 
shown  in  Figure  9.  Electro-luminescent  diodes  are 
commercially  available  with  appropriate  dopings 
to  emit  spectra  in  the  .8-micron  range  which 

25  match  quite  well  the  absorption  spectrum  of 
room  temperature  ND:YAG  material.  For 
example,  commercially  available  GaAIAs  LEDs 
provide  radiation  spectra  which  are  strong  at  the 
.8-micron  region.  Similarly,  laser  diode  structures 

jo  are  commercially  available  which  emit  energy 
over  the  .8-  to  .85-micron  range. 

It  will  be  recalled  that  the  lasing  frequency  of 
the  ND:YAG  material  of  the  fiber  12B  is  1.06 
microns.  The  multiplexing  coupler  10  is  thus 

35  fabricated  for  use  in  this  invention  to  provide 
virtually  complete  coupling  at  the  wavelength  of 
the  pumping  sources  101,  103,  .8  microns  in  the 
above  example,  while  providing  substantially  no 
coupling  at  the  lasing  frequency  of  the  signal  fiber 

40  12B,  1.06  microns  in  this  same  example. 
This  selective  coupling  is  accomplished,  in 

accordance  with  the  techniques  described  above, 
for  properly  selecting  the  fiber  spacing  H  to  yield 
a  large  wavelength  dependence  for  wavelengths 

45  between  .8  microns  and  1.06  microns,  and  then 
by  selecting  a  radius  of  curvature  for  the  fibers 
12A,  12B  which  yields  a  resolution  equal  to  the 
difference  between  1.06  and  .8  microns,  or  .26 
microns.  After  the  resolution  of  the  coupler  has 

so  been  set  in  this  manner,  the  coupler  may  be 
tuned,  as  previously  described,  to  adjust  the 
coupling  length  for  the  wavelength  .8  microns 
and  1.06  microns  so  that  the  effective  interaction 
length  is  an  even  multiple  of  the  coupling  length 

55  for  one  of  these  pair  of  wavelengths  and  an  odd 
multiple  of  the  coupling  length  of  the  remaining 
wavelengths.  In  the  example  shown  in  Figure  11, 
since  it  is  desired  to  couple  the  output  of  the 
pump  sources  101,  103  into  the  fiber  12B,  the 

60  effective  interaction  length  for  the  coupler  should 
be  adjusted  to  be  an  odd  multple  of  the  coupling 
length  at  the  wavelength  of  the  pump  sources 
101,  103,  i.e.,  .8  microns,  and  to  be  an  even 
multiple  of  the  signal  frequency  1.06  microns. 

65  This  will  result  in  a  complete  coupling  of  the 
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illumination  from  the  pump  sources  101,  103, 
from  the  fiber  12A  into  the  fiber  12B,  with  essen- 
tially  no  coupling  of  the  signal  to  be  amplified 
from  the  fiber  12B  to  the  fiber  12A.  It  will  be 
understood,  of  course,  that  no  coupling  in  this 
instance  means  an  even  number  of  complete 
couplings  so  that,  for  example,  if  the  effective 
interaction  length  at  the  region  32  is  twice  the 
coupling  length  at  1.06  microns,  the  signal  to  be 
amplified  will  be  coupled  two  complete  times, 
once  from  the  fiber  12B  to  the  fiber  12A,  and  then 
from  the  fiber  12A  to  the  fiber  12B.  If  this  signal 
fiber  enters  the  coupler  at  port  C,  as  shown  on  the 
left  of  Figure  11,  it  will  exit  uncoupled  at  port  D. 
However,  at  port  D,  this  signal  to  be  amplified  will 
coexist  with  light  from  the  pumping  source  101, 
which  will  be  completely  coupled  from  the  fiber 
12A  to  the  fiber  12B. 

Since  light  from  the  pumping  sources  101,  103 
will  be  transmitted  along  the  fiber  12B,  after 
coupling,  in  the  direction  of  the  output  ports  D 
and  C,  respectively,  this  pumping  illumination  will 
invert  the  neodymium  ions  in  the  ND:YAG 
material  which  forms  the  fiber  12B.  Thus,  a  signal, 
which  is  injected  at  either  port  C  or  port  D,  will  be 
amplified  in  the  manner  previously  described  as  it 
passes  through  the  fiber  12B,  since  this  signal  will 
excite  spontaneous  lasing  relaxation  of  the 
ND:YAG  material  of  the  fiber  12B,  which  lasing 
relaxation  will  provide  light  coherent  with  the 
signal  to  be  amplified. 

The  amplifier  of  the  present  invention  therefore 
provides  a  convenient  means  to  transfer  pumping 
illumination  from  the  pump  sources  101,  103  by 
wavelength  dependent  coupling  to  the  ND:YAG 
fiber  12B,  while  prohibiting  coupling  of  the  signal 
to  be  amplified  from  the  fiber  1  2B  to  the  fiber  12A. 

In  order  to  make  the  amplifier  symmetrically 
bidirectional,  the  pump  sources  101,  103  should 
both  be  utilized,  although  it  will  be  understood 
that,  if  such  bidirectional  symmetry  is  not 
necessary,  either  of  the  pump  sources  101,  103 
will  invert  ions  within  the  ND:YAG  material  at  one 
side  of  the  coupler  10  and  will  thus  yield  gain  for 
signals  transmitted  in  either  direction  in  the  fiber 
12B. 

If  only  one  of  the  pump  sources  101,  103  is 
utilized,  it  should  be  recognized  that  the  ND:YAG 
Fiber  12B  will  not  be  uniformly  illuminated.  Thus, 
the  inverted  population  of  neodymium  ions  will 
not  be  uniformly  distributed  along  the  length  of 
the  fiber  12B.  Because  this  non-uniform  or  non- 
symmetrical  state  within  the  amplifier  will  yield 
different  gain  for  signals  input  at  the  port  C,  then 
For  signals  input  at  the  port  D  (particularly  when 
these  signals  occur  simultaneously),  it  is  advan- 
tageous  to  utilize  the  pair  of  sources  101,  103. 

The  phenomenon  of  dissimilar  gain  for  signals 
traversing  the  fiber  12B  in  different  directions 
/vith  a  non-symmetrical  inversion  population  of 
leodymium  ions  occurs  as  follows.  It  will  be 
■ecognized  that,  as  a  signal  to  be  amplified  propa- 
gates  from  the  port  C  of  the  fiber  12B  toward  the 
DOrt  D,  it  will  trigger  the  emission  of  stimulated 
Drotons  within  the  ND:YAG  fiber.  Such  triggering 

emission,  of  course,  lowers  the  inversion  popula- 
tion  within  the  fiber  12B.  If,  for  example,  in  a 
gyroscope,  a  pair  of  waves  propagate  simul- 
taneously  through  the  fiber  12B  in  opposite  direc- 

5  tions  from  the  ports  C  and  D,  the  signal  input  at 
the  port  C  will  deplete  the  inversion  population 
adjacent  to  the  port  C  before  the  signal  input  at 
the  port  D  arrives  at  the  left  end  of  the  fiber  12B, 
as  viewed  in  Figure  11.  If  the  inversion  population 

10  is  higher  at  the  left  end  of  the  fiber  14,  then  at  the 
right  end,  as  would  be  the  case  if  only  the  pump 
source  103  were  utilized,  the  signal  input  at  port  C 
will  undergo  a  greater  amplification,  since  it  will 
deplete  the  inversion  population  before  the  signal 

15  which  is  input  at  the  port  D  arrives  at  the  high 
density  left  end. 

It  should  also  be  recognized  that  the  pumping 
illumination  supplied  by  the  pump  sources  101, 
103  should  be  sufficient,  on  a  continuing  basis,  to 

20  replace  the  depleted  population  within  the  fiber 
12B  which  occurs  when  the  signals  are  amplified. 
Thus,  for  example,  in  a  gyroscope  where  a  pulse 
signal  circulates  through  a  kilometer  of  fiber,  a 
counter-propagating  signal  will  traverse  the 

25  amplifier,  shown  in  Figure  11,  approximately 
once  each  5  microseconds.  If  continuous  pump 
sources  101,  103  are  used,  they  should  provide 
sufficient  output  so  that,  during  each  5-microsec- 
ond  period,  they  are  capable  of  reinverting  the 

30  neodymium  ion  population  which  is  relaxed  dur- 
ing  each  successive  traverse  of  the  signals  to 
reinvert  a  population  equal  to  that  which  has 
relaxed,  such  that  the  amplification  factor  or  gain 
of  the  amplifier  will  remain  relatively  constant. 

35  As  will  be  recognized  from  the  above-descrip- 
tion,  a  proper  selection  of  fiber  spacing  and  radius 
of  curvature  will  yield  a  coupler  which  permits 
pumping  sources  101,  103  to  illuminate  the  fiber 
12A  and  which  permits  this  illumination  to  be 

40  coupled  to  the  ND:YAG  fiber  12B  to  invert  the 
neodymium  population  therein.  With  a  proper 
selection  of  the  coupler  parameters,  the  signal  to 
be  amplified  is  not  coupled  from  the  fiber  12B  to 
the  fiber  12A,  and  thus  traverses  the  fiber  12B  to 

45  be  amplified  by  stimulating  lasing  relaxation  of 
neodymium  ions  in  the  fiber  12B  which  produces 
light  coherent  with  the  signal  to  be  amplified. 

It  should  also  be  recognized  that  the  apparatus 
of  Figure  11  will  operate  as  a  fiber  optic  laser 

so  source  or  oscillator,  as  well  as  an  amplifier.  For 
use  as  a  source,  the  fiber  1  2B  is  terminated  at  port 
C  with  a  fully  reflective  mirror  and  at  port  D  with  a 
mirror  which  reflects  most,  but  not  all,  of  the  light 
traveling  in  the  fiber  12B.  When  the  apparatus  is 

55  pumped,  by  the  sources  101,  103,  spontaneous 
lasing  emission  within  the  fiber  12B  will  initiate  a 
coherent  wavefront  which  will  be  reflected  back 
and  forth  through  the  length  of  the  fiber  12B,  with 
a  portion  of  the  coherent  wavefront  exiting  port  D 

so  through  the  partially  reflective  end  surface  in  the 
manner  well  known  in  laser  technology. 

If  symmetrical  pumping  is  not  required,  in  a 
system,  for  example,  where  uniform  amplification 
in  two  directions  is  not  critical,  it  is  possible  to 

55  place  the  pumping  source  101  at  the  port  C  so  that 

5 
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:he  pumping  source  101  directly  illuminates  the 
MD-.YAG  fiber  12B  at  the  port  C.  In  this  situation, 
tie  input  signal  to  be  amplified  is  supplied  to  port 
\,  and  the  coupler  10  is  configured  such  that  the 
nteraction  length  is  an  even  multiple  of  the 
;oupling  length  at  the  wavelength  of  the  pumping 
source  101,  but  an  odd  multiple  of  the  coupling 
ength  at  the  frequency  of  the  signal  to  be 
amplified,  which  is  also  the  lasing  frequency  of 
tie  ND:YAG  material.  In  this  configuration,  the 
:oupler  10  will  combine  both  the  pumping  signal 
and  the  signal  to  be  amplified  for  transmission 
through  the  right-hand  side  of  the  fiber  12B  of 
Figure  11  for  propagation  toward  the  port  D,  and 
amplification  of  the  signal  would  occur  in  the 
right-hand  portion  of  the  fiber  12B  where  both  the 
signal  to  be  amplified  and  the  pumping  illumina- 
tion  are  combined. 

It  will  also  be  recognized  that,  when  the  ampli- 
fier  of  Figure  11  is  to  be  incorporated  into  a  fiber 
optic  system,  the  ends  of  the  fiber  12B  at  ports  C 
and  D  will  be  polished  and  butted,  or  otherwise 
connected  to  a  fiber  optic  member  within  the  fiber 
optic  system  so  that  signals  to  be  amplified  can 
be  supplied  at  one  of  the  ports  C,  D  and,  after 
amplification,  removed  from  the  alternate  port  C 
or  D. 

Claims 

1.  A  fiber  optic  device,  comprising: 
a  pair  of  optical  fibers  (12a,  12b),  juxtaposed  at 

an  interaction  region  (32)  having  an  effective 
interaction  length,  one  of  said  fibers  (12b)  doped 
with  material  which  will  lase  to  produce  light  at  a 
first  light  wavelength; 

means  (101,  103)  for  supplying  pumping  illumi- 
nation  to  the  other  (12a)  of  said  pair  of  fibers  (12a, 
12b)  at  a  second  light  wavelength;  and 

said  pair  of  fibers  (12a,  12b)  having  a 
wavelength-dependent  coupling  length  at  said 
interaction  region  (32),  said  effective  interaction 
length  being  an  even  multiple  of  the  coupling 
length  at  one  of  said  first  and  second  wavelengths 
and  an  odd  multiple  of  the  coupling  length  at  the 
other  of  said  first  and  second  wavelengths. 

2.  A  fiber  optic  device,  as  defined  in  Claim  1, 
wherein  said  device  operates  as  a  fiber  optic 
amplifier,  said  one  of  said  fibers  (12b)  doped  with 
material  which  will  lase  transmitting  a  signal  to  be 
amplified. 

3.  A  fiber  optic  device,  as  defined  in  Claim  2, 
wherein  said  effective  interaction  length  is  an 
even  multiple  of  the  coupling  length  at  the 
wavelength  of  said  signal  to  be  amplified  and  an 
odd  multiple  of  the  coupling  length  at  the 
wavelength  of  said  pumping  illumination. 

4.  A  fiber  optic  device,  as  defined  in  Claim  1, 
wherein  said  interaction  region  (32)  provides 
evanescent  field  coupling  between  said  pair  of 
optical  fibers  (12a,  12b). 

5.  A  fiber  optic  device,  as  defined  in  Claim  1, 
wherein  said  one  of  said  fibers  (12b)  comprises 
ND:YAG  material. 

6.  A  fiber  optic  device,  as  defined  in  Claim  5, 

wherein  said  pumping  illumination  is  ax  a 
wavelength  at  which  said  ND:YAG  material 
exhibits  high  energy  absorption. 

7.  A  fiber  optic  device,  as  defined  in  Claim  1, 
5  wherein  said  pair  of  optical  fibers  (12a,  12b)  are 

arcuately  curved,  and  wherein  said  effective  inter- 
action  length  is  a  function  of  the  radius  of  curva- 
ture  of  said  arcuate  fibers  (12a,  12b). 

8.  A  fiber  optic  device,  as  defined  in  Claim  1, 
10  wherein  said  pair  of  juxtaposed  optical  fibers 

(12a,  12b)  are  laterally  offset  from  one  another  to 
select  said  first  and  second  optical  wavelengths. 

9.  A  fiber  optic  device,  as  defined  in  Claim  1, 
wherein  said  pair  of  optical  fibers  (12a,  12b)  are 

15  arcuate  and  wherein  the  radius  of  said  arcuate 
optical  fibers  (12a,  12b)  is  selected  to  define  the 
frequency  difference  between  said  first  and 
second  optical  wavelengths. 

10.  A  fiber  optic  device,  as  defined  in  Claim  1, 
20  wherein  said  fibers  (12a,  12b)  are  arcuate  and 

wherein  said  effective  interaction  length  is  a 
function  of  the  square  root  of  the  radius  of  said 
arcuate  fibers  (12a,  12b). 

11.  A  method  of  amplifying  an  optical  signal, 
25  comprising: 

providing  first  and  second  optical  fibers  (12a, 
12b),  said  first  and  second  fibers  (12a,  12b)  juxta- 
posed  to  form  an  interaction  region  (32),  both  of 
said  fibers  (12a,  12b)  being  arcuate  and  said 

30  second  fiber  (12b)  being  doped  with  a  material 
which  will  lase  to  produce  light; 

selecting  the  wavelength  of  said  optical  signal 
such  that  it  is  transmitted  by  said  lasing  material; 

selecting  the  wavelength  of  a  pump  optical 
35  signal  such  that  it  is  at  least  proximate  to  a  peak  of 

the  absorption  spectrum  of  said  lasing  material  to 
cause  absorption  of  said  pump  optical  signal  by 
said  lasing  material; 

selecting  the  radius  of  curvature  of  said  arcuate 
40  fibers  (12a,  12b),  the  proximity  of  the  cores  of  said 

fibers  and  said  wavelengths  to  provide  an  effec- 
tive  length  for  said  interaction  region  (32)  and  a 
coupling  length  for  said  juxtaposed  fibers  (12a, 
12b)  such  that  the  effective  interaction  length  is 

45  equal  to  an  even  multiple  of  the  coupling  length  at 
one  of  said  wavelengths  and  an  odd  multiple  of 
the  coupling  length  at  the  other  of  said 
wavelengths; 

inputting  said  pump  optical  signal  to  said  first 
so  fiber  (12a)  to  populate  the  upper  lasing  level  of 

atoms  in  said  lasing  material;  and 
inputting  said  optical  signal  to  said  second  fiber 

(12b)  to  stimulate  emission  of  photons  from  said 
lasing  material  at  the  wavelength  of  said  optical 

55  signal  to  cause  amplification  of  said  optical 
signal. 

Patentanspruche 

60  1.  Faseroptische  Vorrichtung,  umfassend: 
Ein  Paar  optischer  Fasern  (12a,  12b),  die  in 

einem  Wechselwirkungsbereich  (32)  nebeneinan- 
der  angeordnet  sind,  der  eine  wirksame  Wechsel- 
wirkungslange  aufweist,  wobei  eine  der  Fasern 

65  (12b)  mit  einem  Material  dotiert  ist,  das  zur 

9 



17 EP  0 1 0 3   382  B1 18 

Erzeugung  von  Licht  mit  einer  ersten  Lichtwellen- 
lange  eine  Laserfunktion  ausfuhrt; 

Einrichtungen  (101,  103)  zur  Zufuhr  einer  Pump- 
beleuchtung  zur  anderen  (12a)  des  Paars  von 
Fasern  (12a,  12b)  mit  einer  zweiten  Wellenlange; 
und 

wobei  das  Paar  von  Fasern  (12a,  12b)  eine 
wellenlangenabhangige  Kopplungslange  in  dem 
Wechselwirkungsbereich  (32)  aufweist  und  die 
wirksame  Wechselwirkungslange  ein  gerades 
Vielfaches  der  Kopplungslange  bei  der  einen  der 
ersten  und  zweiten  Wellenlangen  ist  und  ein 
ungerades  Vielfaches  der  Kopplungslange  bei  der 
anderen  der  ersten  und  zweiten  Wellenlange. 

2.  Faseroptische  Vorrichtung  nach  Anspruch  1, 
bei  der  die  Vorrichtung  als  faseroptischer  Verstar- 
ker  arbeitet,  wobei  die  eine  der  Fasern  (12b)  mit 
Material  dotiert  ist,  das  ein  zu  verstarkendes 
Signal  laser-transmittiert. 

3.  Faseroptische  Vorrichtung  nach  Anspruch  2, 
bei  der  die  wirksame  Wechselwirkungslange  ein 
gerades  Vielfaches  der  Kopplungslange  bei  der 
Wellenlange  des  zu  verstarkenden  Signals  ist  und 
ein  ungerades  Vielfaches  der  Kopplungslangs  bei 
der  Wellenlange  der  Pumpbeleuchtung. 

4.  Faseroptische  Vorrichtung  nach  Anspruch  1, 
bei  der  der  Wechselwirkungsbereich  (32)  eine 
Dampfungsfeldkoppiung  zwischen  dem  Paar  von 
optischen  Fasern  (12a,  12b)  bildet. 

5.  Faseroptische  Vorrichtung  nach  Anspruch  1, 
bei  der  die  eine  der  Fasern  (12b)  ein  ND:YAG- 
Material  umfalSt. 

6.  Faseroptische  Vorrichtung  nach  Anspruch  5, 
bei  der  die  Pumpbeleuchtung  mit  einer  Wellen- 
lange  erfolgt,  bei  welcher  das  ND:YAG-Material 
eine  hohe  Energieabsorption  zeigt. 

7.  Faseroptische  Vorrichtung  nach  Anspruch  1, 
bei  der  das  Paar  optischer  Fasern  (12a,  12b) 
bogenformig  gekrummt  ist,  und  wobei  die  Wirk- 
same  Wechselwirkungslange  eine  Funktion  des 
Krummungsradius  der  bogenformigen  Fasern 
(12a,  12b)  ist. 

8.  Faseroptische  Vorrichtung  nach  Anspruch  1, 
bei  der  die  beiden  nebeneinanderliegenden  opti- 
schen  Fasern  (12a,  12b)  seitlich  voneinander  ver- 
setzt  sind,  um  die  erste  und  die  zweite  optische 
Wellenlange  auszuwahlen. 

9.  Faseroptische  Vorrichtung  nach  Anspruch  1, 
bei  der  die  beiden  optischen  Fasern  (12a,  12b) 
bogenformig  sind,  und  wobei  der  Radius  der 
bogenformigen  optischen  Fasern  (12a,  12b)  der- 
art  gewahlt  ist,  dal5  die  Frequenzdifferenz 
zwischen  der  ersten  und  der  zweiten  optischen 
Wellenlange  definiert  wird. 

10.  Faseroptische  Vorrichtung  nach  Anspruch  1, 
bei  der  die  Fasern  (12a,  12b)  bogenformig  sind 
und  wobei  die  wirksame  Wechselwirkungslange 
eine  Funktion  der  Quadratwurzel  des  Radius  der 
bogenformigen  Fasern  (12a,  12b)  ist. 

11.  Verfahren  zur  Verstarkung  eines  optischen 
Signals,  umfassend  die  folgenden  Verfahren- 
schritte: 

Bereitstellen  einer  ersten  und  zweiten  opti- 
schen  Faser  (12a,  12b),  wobei  die  erste  und  die 
zweite  Faser  (12a,  12b)  nebeneinander  ange- 

ordnet  sind,  um  einen  Wechselwirkungsbereich 
(32)  zu  formen,  wobei  ferner  beide  Fasern  (12a, 
12b)  bogenformig  sind  und  die  zweite  Faser  (12b) 
mit  einem  Material  dotiert  ist,  das  zur  Erzeugung 

5  von  Licht  eine  Laserfunktion  ausiibt; 
Auswahlen  der  Wellenlange  des  optischen 

Signals  derail,  dalS  es  durch  das  die  Laserfunktion 
ausiibende  Material  ubertragen  wird; 

Auswahlen  der  Wellenlange  des  optischen 
10  Pumpsignals  derart,  da(5  sie  wenigstens  in  der 

Nahe  des  Spitzenwerts  des  Absorptionsspek- 
trums  des  Lasermaterials  liegt,  um  eine  Absorp- 
tion  des  optischen  Pumpsignals  durch  das  Laser- 
material  zu  bewirken; 

15  Auswahlen  der  Krummungsradius  der  geboge- 
nen  Fasern  (12a,  12b),  der  Annaherung  der  Kerne 
der  Fasern  und  der  Wellenlangen,  um  eine  wirk- 
same  Lange  fur  den  Wechselwirkungsbereich  (32) 
zu  schaffen,  sowie  eine  Kopplungslange  fur  die 

20  nebeneinander  angeordneten  Fasern  (12a,  12b) 
derart,  dalS  die  wirksame  Wechselwirkungslange 
gleich  einem  geraden  Vielfachen  der  Kopplungs- 
lange  bei  der  einen  der  Wellenlangen  ist  und  ein 
ungerades  Vielfaches  der  Kopplungslange  bei  der 

25  anderen  der  Wellenlangen; 
Einfiihren  des  optischen  Pumpsignals  in  die 

erste  Faser  (12a)  zur  Besetzung  des  oberen  Laser- 
pegels  von  Atomen  in  dem  Lasermaterial;  und 

Eingeben  des  optischen  Signals  in  die  zweite 
30  Faser  (12b),  um  die  Emission  von  Photonen  aus 

dem  Lasermaterial  zu  stimulieren,  und  zwar  bei 
der  Wellenlange  des  optischen  Signals,  um  eine 
Verstarkung  des  optischen  Signals  herbeizufuh- 
ren. 

35 
Revendications 

1.  Dispositif  a  fibres  optiques  comprenant: 
une  paire  de  fibres  optiques  (12a,  12b),  juxtapo- 

40  sees  dans  une  zone  d'interaction  (32)  ayant  une 
longueur  d'interaction  utile,  I'une  desdites  fibres 
(12b)  etant  dopee  d'une  substance  qui  emet  un 
rayon  laser  a  une  premiere  longueur  d'onde; 

des  moyens  (101,  103)  pourfournir  une  illumi- 
45  nation  de  pompage  a  I'autre  (12a)  de  ladite  paire 

de  fibres  (12a,  12b)  a  une  seconde  longueur 
d'onde;  et 

ladite  paire  de  fibres  (12a,  12b)  ayant  une 
longueur  de  couplage  dependant  de  la  longueur 

so  d'onde  dans  ladite  zone  d'interaction  (32),  ladite 
longueur  d'interaction  utile  etant  un  multiple  pair 
de  la  longueur  de  couplage  a  I'une  desdites 
premiere  et  seconde  longueurs  d'onde  et  un 
multiple  impair  de  la  longueur  de  couplage  a 

55  I'autre  desdites  premiere  et  seconde  longueurs 
d'onde. 

2.  Dispositif  a  fibres  optiques  selon  la  revendi- 
cation  1,  dans  lequel  ledit  dispositif  fonctionne  en 
tant  qu'amplificateur  a  fibres  optiques,  ladtie  fibre 

so  (12b)  dopee  d'une  substance  qui  emet  un  rayon 
laser  transmettant  un  signal  a  amplifier. 

3.  Dispositif  a  fibres  optiques  selon  la  revendi- 
cation  2,  dans  lequel  ladite  longueur  d'interaction 
utile  est  un  multiple  pair  de  la  longueur  de 

55  couplage  a  la  longueur  d'onde  dudit  signal  a 

10 
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mplifier  et  un  multiple  impair  de  la  longueur 
e  couplage  a  la  longueur  d'onde  de  I'illumina- 
on  de  pompage. 
4.  Dispositif  a  fibres  optiques  selon  la  reven- 

lication  1,  dans  lequel  ladite  zone  d'interaction  5 
32)  provoque  un  couplage  par  champ  evanes- 
ent  entre  lesdites  fibres  optiques  de  ladite 
laire  de  fibres  optiques  (12a,  12b). 

5.  Dispositif  a  fibres  optiques  selon  la  reven- 
lication  1,  dans  lequel  ladite  fibre  (12b)  com-  10 
irend  la  substance  Nd:YAG. 

6.  Dispositif  a  fibres  optiques  selon  la  reven- 
lication  5,  dans  lequel  ladite  illumination  de 
lompage  est  a  une  longueur  d'onde  a  laquelle 
3  substance  Nd:YAG  a  une  absorption  de  75 
laute  energie. 

7.  Dispositif  a  fibres  optiques  selon  la  reven- 
lication  1,  dans  lequel  lesdites  fibres  de  ladite 
>aire  de  fibres  optiques  (12a,  12b)  sont  incur- 
'ees  en  forme  d'arc,  et  dans  lequel  ladite  Ion-  20 
jueur  d'interaction  utile  est  fonction  du  rayon 
ie  courbure  desdites  fibres  en  forme  d'arc. 

8.  Dispositif  a  fibres  optiques  selon  la  reven- 
lication  1,  dans  lequel  lesdites  fibres  de  ladite 
jaire  de  fibres  optiques  juxtaposees  (12a,  12b)  25 
sont  lateralement  decalees  I'une  par  rapport  a 
'autre  de  facon  a  selectionner  lesdites  premiere 
3t  seconde  longueurs  d'onde  optiques. 

9.  Dispositif  a  fibres  optiques  selon  la  reven- 
iication  1,  dans  lequel  lesdites  fibres  optiques  30 
12a,  12b)  de  ladite  paire  sont  en  forme  d'arc  et 
Jans  lequel  le  rayon  desdites  fibres  optiques  en 
:orme  d'arc  (12a,  12b)  est  selectionne  de  facon 
a  definir  la  difference  de  frequence  entre  les- 
dites  premiere  et  seconde  longueur  d'onde  35 
aptiques. 

10.  Dispositif  a  fibres  optiques  selon  la  reven- 
dication  1,  dans  lequel  lesdites  fibres  sont  en 
forme  d'arc  et  dans  lequel  ladite  longueur  d'in- 
teraction  utile  est  fonction  de  la  racine  carree  40 
du  rayon  desdites  fibres  en  forme  d'arc. 

I  I.  ivietnoae  a  ampimcauun  ue  siyncii  win- 
renant: 
I'utilisation  d'une  premiere  et  d'une  seconde 

bres  optiques  (12a,  12b),  lesdites  premiere  et 
econde  fibres  (12a,  12b)  etant  juxtaposees 
our  former  une  zone  d'interaction  (32),  les 
eux  fibres  (12a,  12b)  etant  en  forme  d'arc  et 
adite  seconde  fibre  (12b)  etant  dopee  d'une 
ubstance  qui  emet  un  rayon  laser; 
la  selection  de  la  longueur  d'onde  dudit 

ignal  optique  de  telle  sorte  qu'il  est  transmis 
lar  ladite  substance  emettrice  de  rayon  laser; 

la  selection  de  la  longueur  d'onde  d'un  signal 
iptique  de  pompage  de  telle  sorte  qu'elle  est 
iroche  d'un  maximum  du  spectre  d'absorption 
le  ladite  substance  emettrice  de  rayon  laser 
ifin  de  provoquer  I'absorption  dudit  signal  opti- 
|ue  de  pompage  par  ladite  substance  emettrice 
le  rayon  laser; 

la  selection  du  rayon  de  courbure  desdites 
ibres  en  forme  d'arc  (12a,  12b),  de  la  distance 
intre  les  ames  desdites  fibres  et  desdites  lon- 
jueurs  d'onde  de  facon  a  etablir  une  longueur 
itile  pour  ladite  zone  d'interaction  (32)  et  une 
ongueur  de  couplage  pour  lesdites  fibres  juxat- 
)osees  (12a,  12b)  de  telle  sorte  que  la  longueur 
1'interaction  utile  est  egale  a  un  multiple  pair 
Je  la  longueur  de  couplage  a  I'une  desdites 
ongueurs  d'onde  et  un  multiple  impair  de  la 
ongueur  de  couplage  a  I'autre  desdites  lon- 
gueurs  d'onde; 

I'injection  dudit  signal  optique  de  pompage 
dans  ladite  premiere  fibre  (12a)  afin  de  peupler 
es  niveaux  laser  superieurs  des  atomes  dans 
adite  substance  emettrice  de  rayon  laser;  et 

I'injection  dudit  signal  optique  dans  ladite 
seconde  fibre  (12b)  afin  de  stimuler  remission 
de  photons  a  partir  de  ladite  substance  emet- 
:rice  de  rayon  laser  a  la  longueur  d'onde  dudit 
signal  optique  afin  de  provoquer  I'amplification 
dudit  signal  optique. 
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