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Description 

BACKGROUND  OF  THE  INVENTION 

5  1.  Field  of  the  invention: 

The  present  invention  relates  to  a  light  wavelength  converter  used  for  information  processors,  such  as 
an  optical  memory  disc  system  or  a  laser  beam  printer,  and  optical  measuring  instruments  where  it  is 
required  to  convert  a  wavelength  of  laser  beams  into  a  short  wavelength  zone. 

70 
2.  Description  of  the  prior  art: 

An  information  processor,  such  as  an  optical  memory  disc  system  or  a  laser  beam  printer,  and  an 
optical  measuring  instrument  use  laser  beams  emitted  from  a  semiconductor  laser  device  that  has  a  good 

75  quality  in  the  focusing  spot  and  directivity.  In  general,  a  laser  beam  emitted  from  a  semiconductor  laser 
device  is  a  near  infrared  beam  having  an  oscillation  wavelength  of  780  nm  or  830  nm. 

In  recent  years,  in  order  to  increase  the  amount  of  information  to  be  processed  in  the  information 
processors,  or  to  enhance  the  measuring  accuracy  in  the  optical  measuring  instruments,  short  wavelength 
laser  beams  are  required.  In  the  information  processor,  the  laser  beam  emitted  from  the  semiconductor 

20  laser  device  is  condensed  at  a  predetermined  place  so  as  to  write  the  information  or  images.  The 
wavelength  of  the  laser  beam  and  the  diameter  of  the  focusing  spot  are  usually  proportional,  so  that,  as  the 
wavelength  of  a  laser  beam  becomes  shorter,  the  diameter  of  the  focusing  spot  is  reduced.  As  the  diameter 
of  the  focusing  spot  is  reduced,  the  amount  of  information  (i.e.,  the  recording  density)  to  be  written  into  the 
optical  memory  disc  system  is  increased. 

25  In  the  laser  beam  printer,  the  size  of  images  to  be  printed  can  be  reduced  in  proportion  to  the  reduction 
in  the  wavelength  of  the  laser  beam,  which  means  that  the  recording  density  is  increased  and  that  the 
resolution  is  increased.  Moreover,  if  green  and  blue  laser  beams  are  easily  obtained,  a  high  speed  and  high 
resolution  color  printer  can  be  achieved  by  combining  a  commonly  used  red  laser  beam.  In  optical 
measuring  instruments,  the  measuring  precision  is  enhanced  by  shortening  the  wavelength  of  the  laser 

30  beam. 
Recently,  it  is  known  that  a  semiconductor  laser  device  using  lll-V  semiconductor  materials  emits  laser 

beams  having  oscillation  wavelengths  in  the  600  nm  level  (for  example,  680  nm),  but  so  long  as  group  lll-V 
semiconductor  materials  are  used,  it  is  difficult  to  obtain  laser  beams  having  much  shorter  wavelengths. 
Therefore,  efforts  are  made  to  develop  semiconductor  laser  devices  using  ZnSe,  ZnS  and  other  group  ll-VI 

35  semiconductor  materials,  but  at  present  even  p-n  junctions  have  not  yet  been  realized.  As  is  evident  from 
this  fact,  no  semiconductor  laser  devices  capable  of  oscillating  shortwave  green  and  blue  laser  beams  are 
available  because  of  the  unavailability  of  suitable  materials.  As  a  substitute,  a  large-scaled  laser  device  such 
as  an  argon  ion  laser  device  and  other  gas  lasers  are  used  to  obtain  green,  blue  and  other  shortwave  laser 
beams. 

40  To  solve  this  problem,  methods  for  obtaining  green  and  blue  shortwave  laser  beams  have  been 
proposed  without  using  large-scaled  gas  lasers  but  with  the  wavelength  of  laser  beams  oscillated  by  solid- 
state  lasers  and  semiconductor  laser  devices.  One  method  proposes  sum  frequency  generation,  that  is,  a 
plurality  of  optical  frequencies  are  mixed  to  change  the  wavelengths  of  a  laser  beam.  A  typical  example  is 
the  generation  of  second  harmonics  or  third  harmonics  where  two  or  three  waves  having  the  same 

45  frequency  are  mixed.  Currently,  by  the  second  harmonic  generating  method,  green  laser  beams  with  a 
wavelength  of  0.53  urn  are  generated  using  a  YAG  (yttrium  aluminum  garnet)  laser  with  a  wavelength  of 
1.06  urn.  Blue  laser  beams  with  a  wavelength  of  0.415  -  0.42  urn  are  also  generated  by  using  a 
semiconductor  laser  with  a  wavelength  of  0.83  -  0.84  urn. 

An  example  of  the  generation  of  second  harmonics  using  semiconductor  laser  beams  with  a  wavelength 
50  of  0.84  urn  is  reported  in  "Oyo  Buturi"  (vol.  56,  No.  12,  pages  1637-1641  (1987)).  According  to  the  report, 

an  optical  waveguide  is  formed  on  a  LiNb03  substrate  by  a  proton-exchange  method  so  as  to  generate 
second  harmonics  with  an  optical  output  of  0.4  mW  at  a  conversion  efficiency  of  1  %  by  using  semiconduc- 
tor  laser  beams  having  a  wavelength  of  0.84  urn  and  an  optical  output  of  40  mW.  When  the  semiconductor 
laser  beams  are  introduced  into  the  optical  waveguide,  which  is  2.0  urn  wide  and  0.4  urn  deep,  second 

55  harmonics  are  emanated  into  the  substrate  at  an  incline  of  approximately  16.2°  thereto.  At  this  point,  the 
second  harmonics  and  the  fundamental  waves  are  automatically  phase-matched,  thereby  providing  no 
restriction  on  the  angle  between  the  beam  and  the  crystal  and  the  temperature  of  the  crystal.  However,  the 
output  of  the  second  harmonics,  0.4  mW,  is  too  small  to  be  utilized,  for  example,  for  an  optical  memory 

2 
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disc  system  which  requires  at  least  ten  times  this  amount  of  output. 
Since  the  wavelength  conversion  efficiency  increases  in  proportion  to  the  density  of  fundamental  waves, 

the  output  of  harmonics  is  proportional  to  the  second  power  of  the  density  of  the  fundamental  waves.  "IEEE 
Journal  of  Quantum  Electronics"  (vol.  24,  No.  6,  pages  913-919  (1988))  discloses  a  method  of  using  an 

5  optical  resonator  in  order  to  increase  the  density  of  fundamental  waves.  In  the  light  wavelength  converter 
proposed  in  this  literature,  as  shown  in  Figure  8,  fundamental  waves  emanated  from  a  YAG  laser  91  are 
introduced  into  an  MgO  doped  LiNb03  crystal  92  from  one  of  the  end  faces.  The  crystal  92  is  a  non-linear 
optical  crystal  with  the  opposite  end  faces  being  precisely  finished  and  coated  with  a  reflecting  film.  The 
crystal  92  is  placed  in  an  oven  96,  and  heated  to  a  predetermined  temperature.  The  fundamental  waves 

io  introduced  into  the  LiNb03  crystal  92  reflect  on  the  end  and  side  faces  thereof  and  circulate  along  the  same 
optical  paths  with  the  crystal  92.  Because  of  the  reduced  optical  loss  in  the  optical  path  of  the  fundamental 
waves,  if  the  optical  resonance  conditions  are  satisfied,  the  intensity  of  the  fundamental  waves  circulating 
along  the  optical  paths  amounts  to  be  about  ten  times  that  of  the  incident  light  beams.  The  portion  of  the 
harmonics  that  is  phase-matched  with  the  fundamental  waves  is  emitted  from  the  end  face  of  the  crystal  92 

is  opposite  to  one  from  which  the  fundamental  waves  are  introduced,  which  is  indicated  by  the  broken  lines  in 
Figure  8.  The  crystal  92  is  sandwiched  between  a  pair  of  electrodes  93a  and  93b.  A  voltage  is  applied  to 
the  crystal  92  through  the  electrodes  93a  and  93b,  thereby  controlling  the  optical  resonance  inside  the 
crystal  92.  The  voltage  applied  between  the  electrodes  93a  and  93b  is  controlled  by  the  reflection  of  the 
fundamental  waves  on  the  end  face  of  the  crystal  92  when  it  receives  the  fundamental  waves.  More 

20  specifically,  the  reflected  light  received  by  a  detecting  device  94  is  converted  to  a  predetermined  electric 
signal  that  is  transmitted  to  a  control  circuit  95,  where  the  voltage  applied  between  the  electrodes  93a  and 
93b  is  controlled  so  as  to  minimize  the  reflected  light.  In  this  way,  with  the  use  of  the  wavelength  converter 
mentioned  above,  by  inputting  52.6  mW  YAG  laser  beams  to  the  crystal  92,  high  harmonics  having  a  large 
output  of  29.7  mW  is  obtained  with  the  conversion  efficiency  of  56%. 

25  To  put  the  above-mentioned  light  wavelength  converter  into  practical  use,  there  are  problems: 
First,  both  end  faces  of  the  non-linear  optical  crystal  92  must  be  carefully  ground  so  as  to  achieve  a 

desired  delicate  curvature  and,  then,  be  covered  with  a  dielectric  reflection  film,  which  involves  a  difficult 
process.  Second,  it  is  difficult  to  satisfy  the  phase-matching  conditions  between  the  fundamental  waves  and 
the  harmonics  because  of  the  susceptibility  thereof  to  any  disaccord  in  position  between  the  incident  light 

30  and  the  non-linear  optical  crystal.  To  achieve  this,  highly  precise  positioning  between  light  and  the  non- 
linear  optical  crystal  is  required.  Furthermore,  in  order  to  satisfy  the  phase-matching  conditions,  the  non- 
linear  optical  crystal  92  must  be  strictly  controlled  to  maintain  a  predetermined  temperature  (e.g.,  107°C), 
which,  for  example,  requires  that  the  crystal  92  be  heated  in  the  oven  96. 

A  practical  light  wavelength  converter  designed  to  overcome  the  above-discussed  disadvantages  uses  a 
35  waveguide  type  optical  resonator.  The  Inventors  have  proposed  a  light  wavelength  converter,  where  a 

waveguide  functions  as  a  loop-shaped  optical  resonator,  impinging  harmonics  upon  a  substrate,  which  is 
disclosed  in  Japanese  Patent  Application  No.  1-77823  corresponding  to  EP-A-0  390  524  published  after  the 
filing  date  of  the  present  application.  As  shown  in  Figure  9,  this  light  wavelength  converter  comprises  a 
loop-shaped  optical  waveguide  82  formed  on  a  crystalline  substrate  81  (e.g.,  Y-cut  MgO  doped  LiNbOs) 

40  producing  non-linear  optical  effects.  Laser  beams  (fundamental  waves)  generated  from  a  laser  beam  source 
84  are  introduced  to  the  optical  waveguide  82  through  an  optical  system  85  and  are  circulated  in  the  optical 
waveguide  82.  While  the  fundamental  waves  spread  within  the  linear  harmonics  generating  part  82a,  they 
are  converted  into  second  harmonics  A,  which  are  emitted  into  the  substrate  81  and  output  from  an  end 
face  thereof.  The  fundamental  waves  spreading  within  a  monitor  wave  generating  part  82d,  which  is  located 

45  opposite  to  the  linear  harmonics  generating  part  82a  and  roughly  in  parallel  thereto,  are  converted  into 
second  harmonics  B,  which  are  emanated  toward  a  detector  86  from  the  end  face  of  the  substrate  81  into 
which  the  fundamental  waves  are  introduced.  The  detector  86  converts  the  received  second  harmonics  B 
into  a  predetermined  electric  signal  and  sends  it  to  a  control  circuit  87.  The  control  circuit  87  controls  a 
voltage  applied  to  a  pair  of  electrodes  83  and  83  placed  on  each  side  of  an  initial  portion  of  the  monitor 

50  wave  generating  part  82d  in  the  optical  waveguide  82,  thereby  changing  the  light  wavelength  of  the 
fundamental  waves  spreading  within  the  monitor  wave  generating  part  82d,  thus  obtaining  a  maximum 
output  of  the  second  harmonics  received  from  the  detector  86  so  as  to  satisfy  the  resonance  conditions  in 
the  light  waveguide  82.  The  fundamental  waves  which  have  passed  through  the  monitor  wave  generating 
part  82d  are  returned  to  the  harmonics  generating  part  82a  through  an  non-symmetrical  linked  part  82f. 

55  In  the  light  wavelength  converter  of  the  previous  invention,  the  fundamental  waves  are  likely  to  cause  a 
coupling  loss  of  approximately  1.0  dB  (20%)  when  they  are  returned  to  the  harmonics  generating  part  82a 
through  the  non-symmetrical  linked  part  82f.  If  this  loss  is  combined  with  a  spreading  loss  of  10%  or  more 
occurring  in  other  parts  of  the  loop-shaped  light  waveguide  82,  the  three  or  more  times  amplification  of  the 

3 
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fundamental  wave  will  be  impossible. 
Another  disadvantage  of  the  previous  invention  is  that  the  fundamental  waves  converted  into  the  second 

harmonics  in  the  phase-adjusting  method  according  to  Cerenkov  radiation,  in  which  harmonics  are 
generated  from  the  whole  area  of  the  optical  waveguide.  Consequently,  the  shape  of  the  irradiated  beams  of 

5  the  harmonics  are  axially  non-symmetrical.  In  this  way  the  usable  harmonics  are  limited  to  those  generated 
in  one  direction  from  the  optical  waveguide  in  spite  of  being  generated  from  the  whole  area  of  the  optical 
waveguide  with  the  remaining  harmonics  left  unused,  thereby  reducing  the  utilization  of  the  fundamental 
waves.  In  addition,  the  irradiation  beams  of  the  harmonics  cannot  be  focused  to  the  diffraction  limit  because 
they  have  no  axially  symmetrical  shape,  thereby  limiting  the  range  of  application. 

10 
SUMMARY  OF  THE  INVENTION 

The  light  wavelength  converter  of  this  invention,  which  overcomes  the  above-discussed  and  numerous 
other  disadvantages  and  deficiencies  of  the  prior  art,  comprises  a  laser  beam  source  for  emanating 

is  fundamental  waves  with  a  predetermined  wavelength,  a  loop-shaped  main  optical  waveguide  formed  on  an 
optically  non-linear  substrate  and  adapted  to  allow  fundamental  waves  to  propagate  and  to  convert  them 
into  harmonics  or  sum  waves  under  the  phase-adjusted  conditions,  an  input  optical  waveguide  for  receiving 
the  fundamental  waves  from  said  laser  beam  source  and  introducing  them  to  said  main  optical  waveguide, 
said  input  optical  waveguide  having  a  part  positioned  in  parallel  to  the  part  of  said  main  optical  waveguide, 

20  the  two  adjacent  parts  forming  a  directional  optical  coupler,  through  which  the  fundamental  waves  are 
propagated. 

In  one  embodiment,  the  input  optical  waveguide  is  linear  without  the  two  ends  linked  so  that  the 
fundamental  waves  propagating  therein  can  be  emitted  outside  the  substrate. 

In  a  preferred  embodiment,  the  laser  beam  source  is  controlled  by  the  fundamental  waves  emanated 
25  from  said  input  optical  waveguide. 

In  another  preferred  embodiment,  the  input  optical  waveguide  has  its  two  ends  located  on  the  same 
side  face  of  the  substrate  and  has  curved  parts  so  as  to  embrace  said  loop-shaped  main  optical  waveguide. 

In  a  still  further  preferred  embodiment,  each  end  of  the  input  optical  waveguide  is  linked  with  an  optical 
grating  coupler. 

30  In  another  preferred  embodiment,  a  pair  of  electrodes  are  provided,  one  of  the  electrodes  being  placed 
on  either  side  of  part  of  said  main  optical  waveguide,  and  wherein  a  voltage  can  be  applied  between  the 
electrodes,  thereby  changing  a  refractive  index  of  the  fundamental  waves. 

In  a  further  preferred  embodiment,  the  voltage  to  be  applied  between  said  pair  of  electrodes  can  be 
controlled  according  to  the  fundamental  waves  emitted  from  the  input  optical  waveguide. 

35  In  a  still  further  preferred  embodiment,  a  part  of  said  main  optical  waveguide  forms  a  phase  adjusting 
part  which  adjusts  a  phase  of  the  fundamental  waves  and  generates  harmonics  or  sum  frequency  waves, 
and  another  part  of  said  main  optical  waveguide  forms  a  directional  optical  coupler  with  a  part  of  an  output 
optical  waveguide  so  that  said  harmonics  or  sum  frequency  waves  are  transmitted  to  and  propagate  within 
said  output  optical  waveguide. 

40  In  a  preferred  embodiment,  the  phase-adjusting  part  in  said  main  optical  waveguide  is  formed  on  a  part 
of  the  substrate  where  a  non-linear  optical  constant  is  inverted  in  the  propagating  direction  of  the 
fundamental  waves. 

Thus,  in  the  light  wavelength  converter  of  this  invention,  the  fundamental  waves  introduced  in  the  input 
optical  waveguide  formed  on  the  substrate  are  transmitted,  with  a  minimum  loss,  to  the  loop-shaped  main 

45  optical  waveguide  through  a  directional  optical  coupler,  thereby  enabling  a  high  amplification  index  of  the 
fundamental  waves  propagating  in  the  main  optical  waveguide  to  be  obtained.  As  a  result,  the  fundamental 
waves  are  effectively  converted  into  harmonics  or  sum  frequency  waves,  thereby  obtaining  a  high  output  of 
harmonics  or  sum  waves.  In  addition,  the  fundamental  waves  propagating  in  the  main  optical  waveguide  are 
free  from  wavelength  conversion  by  Cerenkov  radiation.  The  phase-adjusting  conditions  are  approximately 

50  satisfied  at  the  phase-adjusting  part,  and  harmonics  or  sum  frequency  waves  are  generated.  Thus,  the 
fundamental  waves  can  be  effectively  amplified  and  converted  into  harmonics  or  sum  frequency  waves, 
which  can  be  emanated  in  a  predetermined  direction  without  being  diversified. 

BRIEF  DESCRIPTION  OF  THE  DRAWINGS 
55 

This  invention  may  be  better  understood  and  its  numerous  advantages  will  become  apparent  to  those 
skilled  in  the  art  by  reference  to  the  accompanying  drawings  as  follows: 

Figure  1  is  a  plan  view  showing  the  first  example  of  a  light  wavelength  converter  of  the  present  invention; 

4 
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Figure  2  is  a  graph  showing  the  calculation  result  of  the  amplification  index  of  the  fundamental  wave  in 
the  loop-shaped  main  optical  waveguide  when  the  phase  thereof  is  controlled; 
Figure  3  is  a  graph  showing  the  calculation  result  of  the  amplification  index  of  the  fundamental  wave  in 
the  loop-shaped  main  optical  waveguide  when  the  length  of  the  directional  optical  coupler  is  changed; 

5  Figure  4  is  a  plan  view  showing  the  second  example  of  a  light  wavelength  converter  of  the  present 
invention; 
Figure  5  is  a  plan  view  showing  the  third  example  of  a  light  wavelength  converter  of  the  present 
invention; 
Figure  6  is  a  graph  showing  the  relation  between  the  depth  of  the  optical  waveguide  and  the  effective 

io  refractive  index  in  the  third  example; 
Figure  7  is  a  view  to  describe  the  structure  of  the  optical  waveguide  in  the  fourth  example  of  this 
invention;  and 
Figures  8  and  9  are  brief  views  respectively  showing  conventional  light  wavelength  converters. 

75  DESCRIPTION  OF  PREFERRED  EMBODIMENTS 

(Example  1) 

Referring  to  Figure  1,  a  light  wavelength  converter  of  this  invention  comprises  a  rectangular-shaped 
20  crystalline  substrate  11  having  a  non-linear  optical  effect,  an  input  optical  waveguide  12  which  is  also  called 

incident  optical  waveguide  formed  on  said  substrate  11  and  a  loop-shaped  main  optical  waveguide  13 
formed  on  said  substrate  11  separately  from  said  incident  optical  waveguide  12.  Said  crystalline  substrate 
11  is  made  of,  for  example,  Z-cut  MgO  doped  LiNb03. 

The  loop-shaped  main  optical  waveguide  13,  which  is  formed  in  an  oval  shape  extending  along  one 
25  length  side  face  11a  of  the  substrate  11,  comprises  a  pair  of  linear  parts  13a  and  13b,  both  running  in 

parallel  to  said  side  face  11a  of  the  substrate  11,  positioned  adjacent  to  and  apart  from  said  side  face  11a 
respectively,  and  semicircle-shaped  curved  parts  13c  and  13d  linking  each  one  end  of  said  linear  parts  13a 
and  13b.  The  incident  optical  waveguide  12  is  formed  in  a  U  shape  embracing  the  main  optical  waveguide 
13.  One  end  of  the  incident  optical  waveguide  12  is  flush  with  the  side  face  11a  of  the  substrate  11, 

30  continuing  to  an  incident  part  12a  extending  linearly  in  the  vertical  direction  from  the  side  face  11a.  The 
incident  part  12a  is  linked  via  an  arc-shaped  curved  part  12b  to  a  connecting  part  12c  which  extends 
approximately  vertically  from  said  incident  part  12a.  The  initial  portion  of  said  connecting  part  12c  adjacent 
to  the  curved  part  12b  runs  closely  in  parallel  to  the  linear  part  13b  of  the  loop-shaped  main  optical 
waveguide  13  located  apart  from  the  side  face  11a  of  the  substrate  11,  for  a  predetermined  length  of  L  at 

35  the  end  portion  of  the  linear  part  13b.  This  area  of  the  two  optical  waveguides  12  and  13  closely  running  in 
parallel  forms  a  directional  optical  coupler  12f  where  energy  is  gradually  transmitted.  Thus,  the  fundamental 
waves  propagating  within  the  incident  optical  waveguide  12  are  gradually  transmitted  into  the  loop-shaped 
main  waveguide  13.  The  other  portion  of  the  connecting  part  12c  than  that  forming  the  directional  optical 
coupler  12f  extends  in  parallel  to  the  linear  part  13b  of  the  main  waveguide  13  but  with  a  wider  distance 

40  between  them  than  that  at  the  directional  optical  coupler  12f.  The  connecting  part  12c  is  linked  via  an  arc- 
shaped  curved  part  1  2d  to  a  linear  output  part  12e  which  extends  in  the  vertical  direction  to  the  side  face 
11a  of  the  substrate  11  with  its  other  end  being  flush  with  said  side  face  11a. 

Near  one  side  of  the  length  side  face  11a  where  both  ends  of  the  incident  optical  waveguide  12  are 
located,  an  optical  system  15  is  disposed  facing  the  end  of  the  incident  part  12a  of  the  incident  optical 

45  waveguide  12.  Laser  beams  oscillated  from  a  laser  source  14  are  focused  to  said  end  of  the  incident  part 
12a  through  the  optical  system  15.  The  laser  beam  (fundamental  wave)  thus  introduced  to  the  incident  part 
12a  propagates  in  the  incident  optical  waveguide  12.  Near  the  opposite  side  of  the  length  side  face  11a  of 
the  substrate  11  is  disposed  a  detector  16  facing  the  end  of  the  output  part  12e.  The  detector  16  receives 
laser  beams  emitted  from  said  output  part  12e  after  passing  through  the  incident  optical  waveguide  12.  The 

50  detector  16,  then,  sends  an  electric  signal  corresponding  to  the  output  of  the  received  laser  beams  to  a 
control  circuit  17.  Based  on  the  signal  sent  from  the  detector  16,  the  control  circuit  17  controls  the  output  of 
laser  beams  oscillated  from  the  laser  source  14  so  that  the  output  of  laser  beams  received  by  the  detector 
16  is  minimized. 

In  the  light  wavelength  converter  of  this  configuration,  laser  beams  oscillated  from  the  laser  beam 
55  source  14  is  introduced  as  fundamental  waves  to  the  incident  optical  waveguide  12  on  the  substrate  11 

through  the  optical  system  15.  Since  the  substrate  11  is  made  of  a  Z-cut  LiNb03  crystal,  the  fundamental 
waves,  while  propagating  within  the  connecting  part  12c  of  the  incident  optical  waveguide  12,  are  partly 
transmitted  to  the  loop-shaped  main  optical  waveguide  13  at  the  directional  optical  coupler  12f.  At  the 
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directional  optional  coupler  12f,  energy  transmission  is  performed  in  a  gradual  way  between  the  adjacent 
waveguides  12  and  13,  and  therefore  the  fundamental  waves  transmitted  from  the  first  waveguide  12  to  the 
second  waveguide  13  are  not  subjected  to  an  abrupt  mode  change,  reducing  the  coupling  loss  within 
several  percent. 

5  The  fundamental  waves  propagating  within  the  incident  optical  waveguide  12  but  not  transmitted  to  the 
main  waveguide  13  at  the  directional  optical  coupler  12f  is  emitted  from  the  end  of  the  output  part  12e  of 
the  incident  optical  waveguide  12  to  be  received  by  the  detector  16.  The  detector  16  sends  an  electric 
signal  corresponding  to  the  output  of  the  received  light  beams  to  the  control  circuit  17.  The  control  circuit 
17,  then,  by  controlling  the  input  current  of  the  laser  beam  source  14,  changes  the  oscillation  wavelength  so 

io  as  to  minimize  the  output  of  light  beams  received  by  the  detector  16.  The  resonance  conditions  of  the 
fundamental  waves  propagating  within  the  main  optical  waveguide  13  are  thus  satisfied. 

As  described  above,  the  fundamental  waves  transmitted  to  the  main  optical  waveguide  13  satisfies  the 
resonance  conditions  while  passing  therethrough  and  are  emanated  as  harmonics  to  the  substrate  11. 

In  this  example,  the  harmonics  emanating  to  the  substrate  11  from  the  linear  part  13b  of  the  main 
is  waveguide  13  located  apart  from  the  length  side  face  11a  of  the  substrate  11  is  put  out  from  an  end  face  of 

the  substrate  11  and  converted  into  parallel  beams  through  a  lens  18. 
In  the  light  wavelength  converter  of  this  example  where  a  Z-cut  MgO  doped  LiNb03  substrate  11  is 

used,  the  optical  waveguides  12  and  13  are  formed,  for  example,  by  immersing  into  220  °C  phosphoric  acid 
for  25  minutes  to  form  a  0.4  urn  deep  proton-exchange  layer.  In  this  example,  the  width  of  the  optical 

20  waveguides  12  and  13  was  1.0  urn  each,  the  length  of  the  linear  parts  13a  and  13b  of  the  main  optical 
waveguide  13  was  2.0  mm  each  and  the  curved  parts  13c  and  13d  were  made  into  an  arc  of  a  radius  0.5 
mm  each.  As  a  result,  the  propagating  loss  index  of  the  main  optical  waveguide  was  0.8  dB/cm.  In  the 
proton-exchange  optical  waveguide,  since  the  increase  of  the  refractive  index  in  the  optical  waveguides  is 
as  large  as  approximately  0.13,  a  curving  loss  at  the  curved  parts  13c  and  13d  with  a  radius  of  curvature  of 

25  0.5  mm  can  be  neglected,  thus  eliminating  losses  in  the  main  optical  waveguide  13  except  the  propagating 
loss.  The  suitable  length  of  the  directional  optical  coupler  (the  length  of  the  area  where  the  first  and  second 
optical  waveguides  run  closely  in  parallel)  was  found  between  20  to  2000  urn,  and  the  suitable  distance  of 
the  two  waveguides  was  from  0.5  to  5.0  urn. 

The  length  side  face  where  each  end  of  the  incident  part  12a  and  the  output  part  12e  of  the  incident 
30  optical  waveguide  12  is  located  and  the  end  side  face  from  which  harmonics  are  emitted  was  optically 

ground  and  coated  with  a  reflection  protecting  film  suitable  to  a  light  wavelength  passing  through  each  side 
face.  In  this  way,  since  the  side  face  to  which  the  fundamental  waves  are  introduced  and  that  from  which 
the  harmonics  are  emitted  out  are  set  differently,  (1)  the  two  side  faces  can  be  coated  with  a  different 
reflection  protecting  film  suitable  to  each  wavelength,  and  (2)  the  fundamental  waves  not  introduced  into  the 

35  incident  optical  waveguide  12  but  directly  emanated  to  the  substrate  11  are  not  mixed  to  the  harmonics. 
In  this  example,  to  satisfy  the  resonance  conditions  of  the  fundamental  waves  propagating  within  the 

loop-shaped  main  optical  waveguide  13,  the  wavelength  of  the  semiconductor  laser  beam  source  14  is 
changed  by  controlling  the  input  current  by  the  control  circuit  17.  In  this  method,  however,  unstable  control 
may  be  observed  due  to  mode  hopping  of  the  semiconductor  laser  device.  This  problem  can  be  overcome 

40  by  stabilizing  the  temperature  of  the  semiconductor  laser  device.  Or,  an  alternative  method  to  satisfy  the 
resonance  conditions  of  the  fundamental  waves  is,  where  the  change  of  the  wavelength  of  the  laser  beams 
is  made  by  controlling  the  temperature  of  the  semiconductor  laser  device  while  setting  the  current  thereof 
as  completely  stable. 

In  the  light  wavelength  converter  thus  obtained,  when  the  output  of  the  fundamental  waves  was  100  mW 
45  and  the  coupling  output  to  the  incident  optical  waveguide  12  was  approximately  35  mW,  the  intensity  of 

harmonics  obtained  after  passing  through  the  lens  18  was  approximately  3  mW.  From  this  result,  the  total 
output  of  harmonics  generating  from  the  main  optical  waveguide  13  is  considered  to  reach  approximately 
10  mW. 

The  resonance  conditions  at  the  main  optical  waveguide  13  of  this  example  are  described  in  the  form  of 
50  the  following  equation,  which  is  based  on  the  assumption  that  no  loss  is  observed  in  the  directional  optical 

coupler  12f: 

55 
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s i n 2 (   A  / 2 )  

P1  ( l - c o s (   A / 2 ) t ) 2 + 4 t - c o s (   A / 2 ) s i n 2 ( 6 / 2 ) ,  

wherein  Pi  is  an  intensity  of  the  fundamental  waves  introduced  to  the  directional  optical  coupler  12f,  and 
io  is  an  incident  intensity  of  the  fundamental  waves  transmitted  to  the  main  optical  waveguide  13  as  shown  in 

Figure  1  : 
A  is  a  constant  proportional  to  the  length  L  of  the  directional  optical  coupler,  which  is  shown  in  the 

following  equation, 

15  A  =  (/3e  -  j8o)  L, 

wherein  /3e  and  /3o  are  propagating  constants  of  the  directional  optical  coupler  in  the  even  and  odd  modes 
respectively.  Incidentally,  the  complete  coupling  length  Lc  (the  minimum  length  to  allow  the  light  to  be 
completely  transferred  to  the  main  optical  waveguide  when  only  the  incident  optical  waveguide  is  excited)  is 

20  obtained  when  A  =  +  -n; 
t  is  a  parameter  indicating  the  amplitude  of  the  light  having  circulated  once  the  loop-shaped  main 

optical  waveguide,  which  is  represented  in  the  form  of  (P2/P+)1'2,  wherein  P2  is  an  intensity  of  the  light 
having  circulated  once  said  waveguide: 

S  is  a  phase  of  the  main  optical  waveguide  (resonator)  obtained  in  the  following  equation, 
25 

8  =  (2tt'N'\\/\)  +  (,80  +  /3e)  L/2, 

wherein  N  is  an  effective  refractive  index,  h  is  a  circumferential  length  of  the  loop-shaped  main  optical 
waveguide  substrated  by  the  length  L  and  X  is  a  wavelength. 

30  The  optimal  coupling  condition  where  all  of  the  incident  beams  introduced  to  the  incident  optical 
waveguide  are  transmitted  to  the  main  optical  waveguide  is  obtained  in  the  following  equation, 

cos(A/  2)  =  t. 

35  Figure  2  shows  the  calculation  result  of  the  relation  between  the  phase  S  of  the  loop-shaped  main 
optical  waveguide  and  the  amplification  index  of  the  fundamental  wave.  In  the  calculation,  the  loss  of  10% 
at  one  circulation  of  light  around  the  main  optical  waveguide  was  assumed.  The  graph  indicates  that  the 
resonance  conditions  are  satisfied  when  the  phase  S  is  near  0  0  . 

Figure  3  shows  the  calculation  result  of  the  amplification  index  of  the  fundamental  wave  at  the 
40  respective  resonance  conditions  of  optical  waveguides.  In  the  calculation,  the  loss  of  10%  at  one  circulation 

of  light  around  the  main  optical  waveguide  was  assumed.  Given  Lc  as  the  complete  coupling  length,  the 
minimum  optimal  coupling  length  is  approximately  0.2  Lc.  A  shorter  minimum  optimal  coupling  length  is 
possible  when  the  loss  in  the  loop-shaped  main  optical  waveguide  is  reduced. 

The  laser  light  beam  source  may  be  a  multi-mode  semiconductor  laser,  not  limited  to  a  single  mode 
45  one.  In  particular,  when  the  interval  of  resonant  wavelengths  of  the  loop-shaped  main  optical  waveguide 

(resonator)  multiplied  by  an  integer  equals  to  the  interval  of  the  longitudinal  mode  of  the  semiconductor 
laser,  the  output  from  the  multi-mode  semiconductor  laser  is  mostly  transmitted  to  the  main  optical 
waveguide,  enabling  highly  efficient  generation  of  second  harmonics.  In  this  case,  in  a  strict  sense,  kinds  of 
sum  frequency  waves  are  also  generated,  where  semiconductor  laser  beams  of  different  longitudinal  mode 

50  frequencies  are  combined  to  generate  harmonics. 

(Example  2) 

Figure  4  shows  the  second  example  of  this  invention.  The  light  wavelength  converter  of  this  example 
55  comprises  an  oval-shaped  loop  main  optical  waveguide  23  formed  on  a  Y-cut  MgO  doped  LiNb03  substrate 

21  and  a  linear-shaped  incident  optical  waveguide  22  formed  in  one  side  of  said  main  waveguide  23.  One 
linear  part  of  the  main  waveguide  23  has  a  pair  of  electrodes  29a  and  29b  placed  on  each  side.  These 
electrodes  29a  and  29b,  deposited  on  the  substrate  21,  apply  a  predetermined  voltage  to  light  beams 

7 



EP  0  416  935  B1 

propagating  the  linear  part  of  the  main  optical  waveguide  23. 
The  linear-shaped  incident  optical  waveguide  22  runs  closely  to  the  main  optical  waveguide  23  in 

parallel  for  a  predetermined  length,  forming  a  directional  optical  coupler  22d.  The  ends  of  the  linear-shaped 
incident  optical  waveguide  22  are  connected  to  grating  couplers  22a  and  22b  formed  on  the  substrate  21, 

5  respectively.  One  grating  coupler  22a  receives  laser  beams  emitted  from  a  YAG  laser  beam  source  24  and 
transmits  them  to  the  incident  optical  waveguide  22.  The  other  grating  coupler  22b  emanates  the  light 
beams  having  propagated  through  said  incident  optical  waveguide  22,  which  are  received  by  a  detector  26 
disposed  against  facing  said  grating  coupler  22b.  The  detector  26  then  sends  an  electrical  signal 
corresponding  to  the  output  of  the  received  light  to  a  control  circuit  27,  which  controls  a  voltage  applied 

io  between  the  above-mentioned  pair  of  electrodes  29a  and  29b.  The  light  beams  passing  through  the  part 
where  the  pair  of  the  electrodes  29a  and  29b  is  placed  are  subjected  to  a  change  of  the  refractive  index 
according  to  an  electrooptical  effect  caused  by  the  voltage  applied  between  the  electrodes  29a  and  29b, 
resulting  in  the  phase  adjustment  so  as  to  satisfy  the  resonance  conditions.  With  the  resonance  conditions 
thus  satisfied  in  the  main  optical  waveguide  23,  harmonics  are  emanated  from  said  waveguide  23  to  the 

is  substrate  21.  The  harmonics  emanated  from  the  other  linear  part  of  said  waveguide  23  than  the  one  having 
the  electrodes  29a  and  29b  on  each  side  are  taken  out  and  converted  into  parallel  beams  through  a  lens 
28. 

In  this  example,  since  a  Y-cut  LiNb03  substrate  is  used,  the  electrodes  29a  and  29b  can  be  formed 
directly  on  the  substrate  21,  not  interposing  a  buffer  layer.  Also,  in  this  example,  since  YAG  laser  beams  are 

20  used  as  the  fundamental  waves,  the  depth  of  the  first  and  second  optical  waveguides  22  and  23  is  for 
example  0.55  urn,  different  from  that  for  semiconductor  laser  beams.  Furthermore,  the  fundamental  waves 
are  introduced  to  and  emitted  from  the  incident  optical  waveguide  22  by  means  of  the  grating  couplers  22a 
and  22b  respectively,  not  directly  on  side  faces  of  the  substrate,  which  means  that  grinding  of  the  side 
faces  of  the  substrate  21  is  not  required,  thereby  promising  cost  reduction  and  possibility  of  mass 

25  production. 
In  this  example,  when  the  output  of  the  fundamental  waves  was  100  mW  and  the  coupling  output  to  the 

incident  optical  waveguide  22  was  15  mW,  the  intensity  of  harmonics  obtained  after  passing  through  the 
lens  28  was  approximately  1  mW. 

30  (Example  3) 

Figure  5  shows  the  third  example  of  this  invention.  The  light  wavelength  converter  of  this  example 
comprises  a  rectangular-shaped  crystalline  substrate  41  with  a  non-linear  optical  effect  and  a  loop-shaped 
main  optical  waveguide  42  formed  on  said  substrate  41.  The  crystalline  substrate  41  is  made  of,  for 

35  example,  a  +Z-plate  LiNb03  with  large  non-linear  optical  constants. 
The  oval-shaped  main  optical  waveguide  42  formed  on  the  substrate  41  includes  a  pair  of  linear 

incident-side  and  output-side  coupling  parts  42a  and  42b  extending  in  parallel  along  a  length  side  of  said 
substrate  41.  On  the  substrate  41  are  also  formed  an  incident  optical  waveguide  43  with  one  end  part 
running  parallel  to  the  incident-side  coupling  part  42a  and  an  output  optical  waveguide  44  with  one  end  part 

40  running  parallel  to  the  output-side  coupling  part  42b.  The  incident  optical  waveguide  43,  after  its  end  part 
adjacent  to  the  incident-side  coupling  part  42a,  deviates  its  route  away  from  the  main  optical  waveguide  42 
and  extends  to  an  end  face  41a  of  the  substrate  41.  Facing  the  end  of  the  incident  optical  waveguide  43  is 
an  optical  system  47  positioned  opposite  one  side  of  the  end  face  41a.  Laser  beams  oscillated  from  a  laser 
source  48  illuminate  the  end  of  the  incident  optical  waveguide  43  through  said  optical  system  47.  The 

45  fundamental  waves  introduced  in  this  way  propagate  within  the  incident  optical  waveguide  43. 
The  two  adjacent  parallel  parts,  the  end  part  of  the  incident  optical  waveguide  43  and  the  incident-side 

coupling  part  42a  of  the  main  optical  waveguide  42,  form  a  directional  optical  coupler,  allowing  the  light 
beams  passing  through  the  incident  optical  waveguide  43  to  be  gradually  transmitted  to  the  main  optical 
waveguide  42  through  its  incident-side  coupling  part  42a  by  means  of  optical  coupling.  The  transmitted 

50  fundamental  waves  then  propagate  the  main  optical  waveguide  42. 
The  output  optical  waveguide  44  forms  a  symmetry  with  the  incident  optical  waveguide  43  across  the 

loop-shaped  main  optical  waveguide  42.  After  its  end  part  adjacent  to  the  output-side  coupling  part  42b,  the 
output  optical  waveguide  44  deviates  its  route  away  from  the  main  optical  waveguide  42  and  extends  to  an 
end  face  41a  of  the  substrate  41. 

55  The  two  adjacent  parallel  parts,  the  end  part  of  the  output  optical  waveguide  44  and  the  output-side 
coupling  part  42b  of  the  main  optical  waveguide  42,  form  a  directional  optical  coupler,  allowing  the  light 
beams  passing  through  the  main  optical  waveguide  42  to  be  gradually  transmitted  to  the  output  optical 
waveguide  44  through  the  output-side  coupling  part  42b  by  means  of  optical  coupling. 
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Each  end  of  the  incident-side  and  output-side  coupling  parts  42a  and  42b  near  to  the  end  face  41a  of 
the  substrate  41  is  linked  through  a  curved  part  42c. 

The  other  end  of  the  incident-side  coupling  part  42a  is  followed  by  a  linear  control  part  42e  where  a 
pair  of  electrodes  45a  and  45b  are  placed  to  control  the  refractive  index.  Between  the  electrodes  45a  and 

5  45b  is  provided  a  power  source  46  which  supplies  predetermined  voltage  between  said  two  electrodes. 
Thus,  the  phase  of  the  fundamental  waves  propagating  within  the  main  optical  waveguide  42  is  changed  so 
as  to  satisfy  the  resonance  conditions  in  said  main  optical  waveguide  42  which  works  as  a  resonator. 

The  control  part  42e  of  the  main  optical  waveguide  42  is  connected  through  a  curved  part  42d  to  a 
linear  phase-adjusting  part  42f  which  is  linked  to  the  output-side  coupling  part  42b.  This  phase-adjusting 

io  part  42f  is  placed  on  a  corresponding  non-linear  optical  constant  inverting  part  41b  formed  on  the  substrate 
41  in  order  to  approximately  adjust  the  fundamental  waves  and  the  harmonics,  where  the  non-linear  optical 
constant  on  the  substrate  41  is  inverted  at  fixed  intervals  along  the  propagating  direction  of  the  fundamental 
waves  by  diffusing  Ti  over  the  corresponding  area.  As  reported  by  E.J.  Rim  et  al.  in  Electric  Letters,  vol.  25, 
No.  3,  page  174,  this  non-linear  optical  constant  inverting  part  41b,  which  approximately  adjusts  the  phases 

is  of  the  fundamental  waves  and  the  second  harmonics,  is  formed,  for  example,  in  a  manner  that  Ti  in  the 
pattern  of  stripes  vertical  to  the  phase-adjusting  part  42f  is  deposited  at  fixed  intervals  in  the  direction  of 
said  phase-adjusting  part  42f  and  then  diffused  at  1100°C.  This  causes  inversion  of  crystal  polarization  at 
fixed  intervals  and  therefore  inversion  of  the  non-linear  optical  constant.  Thus,  the  fundamental  waves 
propagating  within  the  phase-adjusting  part  42f  of  the  main  optical  waveguide  42  are  approximately  phase- 

20  adjusted  and  converted  into  second  harmonics.  Incidentally,  the  non-linear  optical  constant  may  be  inverted 
periodically  at  the  part  of  the  Ti  diffused  part  corresponding  to  the  phase-adjusting  part  42f. 

The  optical  waveguides  42,  43  and  44  on  the  substrate  41  are  formed  as  described  below.  First, 
molybdenum  (Mo)  or  other  metal  thin  film  for  masking  is  deposited  on  the  Z-cut  LiNb03  crystalline 
substrate  41  with  electron  beam  deposition.  Next,  the  patterns  corresponding  to  the  three  optical 

25  waveguides  42,  43  and  44  are  formed  with  normal  photolithography  in  association  with  the  non-linear  optical 
inverting  part  41b  formed  by  the  before-mentioned  Ti  diffusion  with  a  photoresist.  Using  this  photo-resist 
pattern  as  a  mask,  the  Mo  or  other  metal  film  is  etched  and  then  subjected  to  a  proton-exchange  treatment 
in  200°  pyrophosphoric  acid. 

Figure  6  shows  an  effective  refractive  index  varying  depending  on  the  depth  of  the  optical  waveguides 
30  42,  43  and  44  (dispersion  curve),  indicating  that  if  the  depth  of  the  optical  waveguides  is  set  within  0.30  to 

0.88  urn  only  a  single  mode  of  the  fundamental  waves  is  transmitted,  thereby  contributing  to  reducing  the 
light  loss  and  increasing  the  effect  of  light  amplification. 

It  is  known  that,  in  the  phase-adjusting  method  according  to  Cerenkov  radiation,  most  of  the  fundamen- 
tal  waves  which  do  not  meet  the  depth  range  of  0.35  to  0.45  urn  are  not  converted  into  the  second 

35  harmonics.  Using  this  feature,  in  this  example,  the  depth  of  the  optical  waveguides  is  set  to  approximately 
0.33  urn  so  that  the  fundamental  waves  in  the  main  optical  waveguide  42  are  not  converted  into  the  second 
harmonics  according  to  Cerenkov  radiation  but  are  subjected  to  the  light  amplification  effect.  Thus,  the 
conversion  to  the  second  harmonics  is  only  made  by  the  approximate  phase-adjusting  between  the 
fundamental  waves  and  the  second  harmonics  at  the  phase-adjusting  part  42f  of  the  main  optical  waveguide 

40  42. 
In  the  light  wavelength  converter  of  this  configuration,  the  laser  beams  oscillated  from  the  laser  beam 

source  48  are  introduced  as  fundamental  waves  into  the  incident  optical  waveguide  43  on  the  substrate  41 
through  the  optical  system  47.  The  fundamental  waves  thus  introduced  propagate  in  the  incident  optical 
waveguide  43  and  are  transmitted  from  the  end  part  thereof  to  the  incident-side  coupling  part  42a  of  the 

45  main  optical  waveguide  42  through  the  directional  optical  coupler  formed  with  said  two  parts  closely  placed 
each  other  in  parallel.  The  transmitted  fundamental  waves  then  propagate  in  the  main  optical  waveguide  42. 

Since  the  incident  optical  waveguide  43  and  the  incident-side  coupling  part  42a  of  the  main  optical 
waveguide  42  are  closely  positioned,  the  light  beams  (fundamental  waves)  passing  through  the  incident 
optical  waveguide  43  are  transmitted  little  by  little  to  the  main  optical  waveguide  42  so  as  not  to  cause  an 

50  abrupt  mode  change,  thereby  greatly  reducing  the  coupling  loss. 
As  mentioned  above,  the  fundamental  wave  passing  through  the  main  optical  waveguide  42  is  mostly 

free  from  the  conversion  to  the  second  harmonics  made  according  to  Cerenkov  radiation. 
The  fundamental  wave  passing  through  the  main  optical  waveguide  42  receives  a  predetermined 

voltage  applied  between  the  electrodes  45a  and  45b  at  the  control  part  42e  and  the  refractive  index  is 
55  controlled  according  to  the  electrooptical  effect,  thereby  satisfying  the  resonance  conditions  and  being 

amplified.  Then,  the  fundamental  waves,  while  passing  through  the  phase-adjusting  part  42f,  receive 
approximate  phase-adjustment  and  are  consequently  converted  into  the  second  harmonics  by  the  influence 
of  the  non-linear  optical  constant  inverting  part  41b  on  the  substrate  41.  The  second  harmonics  generated 
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at  the  phase-adjusting  part  42f  are  transmitted  from  the  output-side  coupling  part  42b  to  the  end  part  of  the 
output  optical  waveguide  44  through  the  directional  optical  coupler  formed  with  said  two  parts  closely 
placed  in  parallel  to  each  other.  The  transmitted  harmonics  are  then  emitted  from  the  other  end  of  the 
output  optical  waveguide  44  located  on  the  end  face  41a  of  the  substrate  41. 

5  In  this  example,  semiconductor  laser  beams  with  the  wavelength  of  830  nm  and  the  output  of 
approximately  3  mW  were  introduced  from  the  end  of  the  incident  optical  waveguide  43  located  on  the  end 
face  41a  of  the  substrate  41.  The  fundamental  wave  transmitted  to  the  main  optical  waveguide  42  was 
amplified  with  a  voltage  applied  between  the  electrodes  45a  and  45b  by  the  control  of  the  refractive  index. 
At  the  phase-adjusting  part  42f,  blue  laser  beams  with  a  wavelength  of  415  nm  were  generated  by  the 

io  conversion  through  the  non-linear  optical  constant  inverting  part  41b.  These  blue  laser  beams  were  then 
transmitted  to  the  output  optical  waveguide  44  and  emanated  from  the  end  thereof  located  on  the  end  face 
41a  of  the  substrate  41.  The  output  blue  laser  beams  diverged  in  an  oval  shape  having  a  larger  angle  in  the 
vertical  direction  to  the  substrate  41  than  that  in  the  horizontal  direction  thereto,  but  was  able  to  be 
converged  to  the  maximum  within  the  diffraction  limit. 

is  In  this  example,  both  the  introduction  of  fundamental  wave  to  the  incident  optical  waveguide  43  and  the 
output  of  second  harmonics  from  the  output  optical  waveguide  44  are  performed  on  the  same  end  face  41a 
of  the  substrate  41.  However,  prism  optical  couplers  or  diffraction  gratings  can  be  used  for  these  purposes. 

As  the  material  for  main  and  incident  optical  waveguides,  an  organic  material  having  the  non-linear 
optical  effect  can  be  used.  Figure  7  is  a  perspective  view  showing  the  structure  of  an  optical  waveguide 

20  using  MNA  (2-methyl-4-nitroaniline)  with  the  large  non-linear  optical  effect  as  a  material  for  the  waveguide. 
On  a  glass  substrate  31  is  laminated  a  thin  MNA  layer  32  approximately  1-10  urn  thick,  with  a  ZnO  thin  film 
layer  33  intruded  thereinto  as  illustrated  in  Figure  7.  Then  the  ZnO  thin  film  layer  33  and  the  MNA  layer  32 
are  covered  with  a  glass  substrate  34.  The  ZnO  thin  film  layer  33  forms  a  first  or  main  optical  waveguide  in 
a  similar  shape  to,  for  example,  the  incident  optical  waveguide  12  or  the  main  optical  waveguide  13  in 

25  Figure  1  .  In  the  structure  illustrated  in  Figure  7,  fundamental  waves  propagate  along  the  ZnO  thin  film  layer 
33  while  the  MNA  layer  32  having  the  non-linear  optical  effect  works  as  a  clad  layer.  The  satisfaction  of  the 
resonance  conditions  depends  on  the  relation  of  the  refractive  index  between  the  ZnO  thin  film  layer  33  and 
the  MNA  layer  32. 

The  optical  waveguide  described  above  is  formed  in  the  following  manner.  One  glass  substrate  34  on 
30  which  the  ZnO  thin  film  layer  33  is  laminated  is  placed  facing  the  other  glass  substrate  31,  keeping  a 

predetermined  width  of  space  therebetween.  Into  the  space  is  injected  liquid  MNA  with  a  temperature  above 
the  melting  point,  which  is  then  cooled  to  the  solid  state. 

In  this  example,  YAG  laser  beams  are  used  as  fundamental  waves,  and  control  of  the  fundamental 
waves  with  an  electrooptical  effect  is  not  available  due  to  the  nature  of  the  material  used.  In  this  case,  it  is 

35  possible  to  generate  second  harmonics  by  adjusting  the  whole  temperature  so  as  to  utilize  the  change  of 
the  optical  path  length  liable  to  that  of  the  refractive  index  with  temperature.  Since  the  MNA  has  a  large 
non-linear  optical  constant,  the  generation  of  second  harmonics  with  excellent  efficiency  is  achieved  by 
reducing  the  loss  within  the  waveguide  and  improving  the  orientation  of  MNA. 

Non-linear  materials  used  for  the  optical  wavelength  converters  in  the  above-described  examples  can 
40  be  those  that  satisfy  the  condition  of  radiating  harmonics  to  a  substrate  (Cerenkov  radiation),  including  non- 

organic  materials  such  as  LiNb03,  KNb03,  /3-BaB20+,  BNN  (Ba2NaNb50i5),  KDP  (KH2PO+),  KTP 
(KTiOPO+)  and  KTA  (KTiOAsO+)  and  organic  materials  such  as  MNA,  MAP  (3-methyl  2,  4- 
dinitrophenylaminopropanate),  m-NA  (metanitroaniline),  LAP  (L-algininphosphatemonohydrate),  DLAP 
(deuterated  LAP),  urea  and  so  on.  These  non-linear  optical  materials  can  be  used  directly  as  a  substrate  or 

45  can  be  layered  on  a  substrate  made  of  glass,  sapphire,  MgO,  silicon,  GaAs  and  the  like. 
The  laser  light  beam  source  may  be  a  multi-mode  semiconductor  laser,  not  limited  to  a  single  mode 

one.  In  particular,  when  the  interval  of  resonant  wavelengths  of  the  loop-shaped  main  optical  waveguide 
(resonator)  multiplied  by  an  integer  equals  to  the  interval  of  the  longitudinal  mode  of  the  semiconductor 
laser,  the  output  from  the  multi-mode  semiconductor  laser  is  mostly  transmitted  to  the  main  optical 

50  waveguide,  enabling  efficient  generation  of  second  harmonics.  In  this  case,  in  a  strict  sense,  kinds  of  sum 
frequency  waves  are  also  generated,  where  semiconductor  laser  beams  of  different  longitudinal  mode 
frequencies  are  combined  to  generate  harmonics. 

Claims 
55 

1.  A  light  wavelength  converter  comprising  a  laser  beam  source  (14)  for  emanating  fundamental  waves 
with  a  predetermined  wavelength,  a  loop-shaped  main  optical  waveguide  (13)  formed  on  an  optically 
non-linear  substrate  (11)  and  adapted  to  allow  fundamental  waves  to  propagate  and  to  convert  them 
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into  harmonics  or  sum  frequency  waves  under  phase-adjusted  conditions,  an  input  optical  waveguide 
(12)  for  receiving  the  fundamental  waves  from  said  laser  beam  source  (14)  and  introducing  them  to  said 
main  optical  waveguide  (13),  said  input  optical  waveguide  (12)  having  a  linear  part  (12f)  positioned 
adjacent  and  in  parallel  to  a  part  (13b)  of  said  main  optical  waveguide  (13),  both  adjacent  parts  (12f, 

5  13b)  forming  a  directional  optical  coupler,  through  which  the  fundamental  waves  are  propagated. 

2.  A  light  wavelength  converter  according  to  claim  1,  wherein  said  input  optical  waveguide  (12)  has  an 
outlet  (12e)  so  as  to  emit  the  fundamental  waves  propagating  therein  outside  the  substrate  (11). 

io  3.  A  light  wavelength  converter  according  to  claim  2,  wherein  said  laser  beam  source  (14)  is  controlled 
according  to  the  fundamental  waves  emitted  from  said  input  optical  waveguide  (12). 

4.  A  light  wavelength  converter  according  to  claim  2  or  3,  wherein  said  input  optical  waveguide  (12)  has 
its  two  ends  (12a,  12e)  located  on  the  same  side  face  (11a)  of  the  substrate  (11)  and  has  curved  parts 

is  (12b,  12d)  so  as  to  embrace  said  loop-shaped  main  optical  waveguide  (13). 

5.  A  light  wavelength  converter  according  to  claim  2,  3  or  4,  wherein  each  end  of  said  input  optical 
waveguide  (22)  is  linked  with  an  optical  grating  coupler  (22a,  22b). 

20  6.  A  light  wavelength  converter  according  to  claim  2,  3  or  4,  wherein  a  pair  of  electrodes  (29a,  29b)  are 
provided,  one  of  the  electrodes  being  placed  on  either  side  of  part  of  said  main  optical  waveguide  (23), 
and  wherein  a  voltage  can  be  applied  between  the  electrodes  thereby  changing  a  refractive  index  of  the 
main  waveguide  (23)  and  so  changing  the  phase  of  the  fundamental  waves. 

25  7.  A  light  wavelength  converter  according  to  claim  6,  wherein  the  voltage  to  be  applied  between  said  pair 
of  electrodes  (29a,  29b)  can  be  controlled  according  to  the  fundamental  waves  emitted  from  the  input 
optical  waveguide  (22). 

8.  A  light  wavelength  converter  according  to  claim  1  ,  wherein  a  part  (42f)  of  said  main  optical  waveguide 
30  (42)  forms  a  phase-adjusting  part  (42f)  adapted  to  adjust  the  phase  between  the  fundamental  waves 

and  second  harmonics  or  sum  frequency  waves  so  as  to  convert  the  fundamental  waves  to  harmonics 
or  sum  frequency  waves,  and  wherein  another  part  (42b)  of  the  main  optical  waveguide  (42)  forms  a 
directional  optical  coupler  with  a  part  of  an  output  optical  waveguide  (44)  so  that  said  harmonics  or  sum 
waves  are  transmitted  to  and  propagate  within  said  output  optical  waveguide  (44). 

35 
9.  A  light  wavelength  converter  according  to  claim  8,  wherein  said  phase-adjusting  part  (42f)  in  said  main 

optical  waveguide  (42)  is  formed  on  a  part  of  the  substrate  (41)  where  a  non-linear  optical  constant  is 
periodically  inverted  in  the  propagating  direction  of  the  fundamental  waves. 

40  Patentanspruche 

1.  Lichtwellenlangenwandler  mit  einer  Laserstrahlquelle  (14)  zum  Abstrahlen  von  Grundwellen  vorgegebe- 
ner  Wellenlange,  einem  schleifenformigen  optischen  Hauptwellenleiter  (13),  der  auf  einem  optisch 
nichtlinearen  Substrat  (11)  ausgebildet  ist  und  so  beschaffen  ist,  dal3  er  die  Ausbreitung  von  Grundwel- 

45  len  zulaBt  und  diese  bei  phaseneingestellten  Bedingungen  in  Harmonische  oder  Summenfrequenzwel- 
len  umwandelt,  einem  optischen  Eingangswellenleiter  (12)  zum  Empfangen  der  Grundwellen  von  der 
Laserstrahlquelle  (14)  und  zum  Einleiten  derselben  in  den  optischen  Hauptwellenleiter  (13),  wobei  der 
optische  Eingangswellenleiter  (12)  einen  geraden  Teil  (12f)  aufweist,  der  benachbart  parallel  zu  einem 
Teil  (13b)  des  optischen  Hauptwellenleiters  (13)  liegt,  wobei  beide  benachbarte  Teile  (12f,  13b)  einen 

50  optischen  Richtungskoppler  bilden,  durch  den  sich  die  Grundwellen  ausbreiten. 

2.  Lichtwellenlangenwandler  nach  Anspruch  1,  bei  dem  der  optische  Eingangswellenleiter  (12)  einen 
AuslaB  (12e)  aufweist,  urn  die  sich  in  ihm  ausbreitenden  Grundwellen  nach  auBerhalb  des  Substrats 
(1  1)  zu  emittieren. 

55 
3.  Lichtwellenlangenwandler  nach  Anspruch  2,  nach  dem  die  Laserstrahlquelle  (14)  abhangig  von  den 

vom  optischen  Eingangswellenleiter  (12)  abgestrahlten  Grundwellen  eingestellt  wird. 
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4.  Lichtwellenlangenwandler  nach  Anspruch  2  oder  Anspruch  3,  bei  dem  die  zwei  Enden  (12a,  12e)  des 
optischen  Eingangswellenleiters  (12)  an  derselben  Seitenflache  (11a)  des  Substrats  (11)  liegen  und  er 
gekrummte  Teile  (12b,  12d)  aufweist,  urn  den  schleifenformigen  optischen  Hauptwellenleiter  (13)  zu 
umfassen. 

5 
5.  Lichtwellenlangenwandler  nach  einem  der  Anspruche  2,  3  oder  4,  bei  dem  jedes  Endes  des  optischen 

Eingangswellenleiters  (22)  mit  einem  optischen  Gitterkoppler  (22a,  22b)  verbunden  ist. 

6.  Lichtwellenlangenwandler  nach  einem  der  Anspruche  2,  3  oder  4,  bei  dem  ein  Paar  Elektroden  (29a, 
io  29b)  zu  jeder  Seite  eines  Teils  des  optischen  Hauptwellenleiters  (33)  angeordnet  ist,  zwischen  welche 

Elektroden  (29a,  29b)  eine  Spannung  anlegbar  ist,  urn  dadurch  den  Brechungsindex  des  Hauptwellen- 
leiters  (23)  zu  verandern  und  so  die  Phase  der  Grundwellen  zu  verandern. 

7.  Lichtwellenlangenwandler  nach  Anspruch  6,  bei  dem  die  an  das  Paar  Elektroden  (29a,  29b)  anzulegen- 
15  de  Spannung  abhangig  von  den  vom  optischen  Eintrittswellenleiter  (22)  emittierten  Grundwellen 

eingestellt  werden  kann. 

8.  Lichtwellenlangenwandler  nach  Anspruch  1,  bei  dem  ein  Teil  (42f)  des  optischen  Hauptwellenleiters 
(42)  einen  Phaseneinstellteil  (42f)  bildet,  der  so  beschaffen  ist,  dal3  er  die  Phase  zwischen  den 

20  Grundwellen  und  den  zweiten  Harmonischen  oder  den  Summenfrequenzwellen  einstellt,  urn  die 
Grundwellen  in  Harmonische  oder  Summenfrequenzwellen  umzuwandeln,  und  zwar  zusammen  mit 
einem  Teil  eines  optischen  Ausgangswellenleiters  (44),  so  dal3  erzeugte  Harmonische  oder  Summen- 
wellen  an  den  optischen  Ausgangswellenleiter  (44)  ubertragen  werden  und  sich  in  diesem  ausbreiten. 

25  9.  Lichtwellenlangenwandler  nach  Anspruch  8,  bei  dem  der  Phaseneinstellteil  (42f)  im  optischen  Haupt- 
wellenleiter  (42)  auf  einem  Teil  des  Substrats  (41)  ausgebildet  ist,  in  dem  die  nichtlineare  optische 
Konstante  periodisch  in  Ausbreitungsrichtung  der  Grundwellen  umgekehrt  ist. 

Revendicatlons 
30 

1.  Convertisseur  de  longueur  d'onde  optique  comprenant  une  source  de  rayon  laser  (14)  pour  produire 
des  ondes  fondamentales  avec  une  longueur  d'onde  predetermined,  un  guide  d'ondes  optiques 
principal  en  forme  de  boucle  (13)  forme  sur  un  substrat  optiquement  non  lineaire  (11)  et  congu  de 
fagon  a  permettre  aux  ondes  fondamentales  de  se  propager  et  a  les  convertir  en  harmoniques  ou  en 

35  ondes  de  frequences  additionnees  dans  des  conditions  d'ajustement  de  phase,  un  guide  d'ondes 
optiques  d'entree  (12)  pour  recevoir  les  ondes  fondamentales  provenant  de  ladite  source  de  rayon  laser 
(14)  et  les  introduire  dans  ledit  guide  d'ondes  optiques  principal  (13),  ledit  guide  d'ondes  optiques 
d'entree  (12)  ayant  une  piece  lineaire  (12f)  positionnee  de  maniere  adjacente  et  parallele  a  une  piece 
(13b)  dudit  guide  d'ondes  optiques  principal  (13),  ces  deux  pieces  adjacentes  (12f,  13b)  formant  un 

40  coupleur  optique  directionnel,  grace  auquel  les  ondes  fondamentales  se  propagent. 

2.  Convertisseur  de  longueur  d'onde  optique  selon  la  revendication  1,  dans  lequel  ledit  guide  d'ondes 
optiques  d'entree  (12)  a  une  sortie  (12e)  de  fagon  a  emettre  les  ondes  fondamentales  se  propageant  a 
I'interieur,  en  dehors  du  substrat  (11). 

45 
3.  Convertisseur  de  longueur  d'onde  optique  selon  la  revendication  2,  dans  lequel  ladite  source  de  rayon 

laser  (14)  est  commandee  en  fonction  des  ondes  fondamentales  emises  a  partir  dudit  guide  d'ondes 
optiques  d'entree  (12). 

50  4.  Convertisseur  de  longueur  d'onde  optique  selon  la  revendication  2  ou  3,  dans  lequel  ledit  guide 
d'ondes  optiques  d'entree  (12)  a  ses  deux  extremites  (12a,  12e)  situees  du  meme  cote  (11a)  que  le 
substrat  (11)  et  a  des  pieces  courbes  (12b,  12d)  de  fagon  a  englober  ledit  guide  d'ondes  optiques 
principal  en  forme  de  boucle  (13). 

55  5.  Convertisseur  de  longueur  d'onde  optique  selon  la  revendication  2,  3  ou  4,  dans  lequel  chaque 
extremite  dudit  guide  d'ondes  optiques  d'entree  (22)  est  reliee  a  un  coupleur  de  reseau  optique  (22a, 
22b). 
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Convertisseur  de  longueur  d'onde  optique  selon  la  revendication  2,  3  ou  4,  dans  lequel  une  paire 
d'electrodes  (29a,  29b)  sont  placees  sur  un  des  cotes  de  la  piece  dudit  guide  d'ondes  optiques 
principal  (23),  entre  ces  electrodes  (29a,  29b)  une  tension  peut  etre  appliquee,  en  changeant  de  ce  fait 
un  indice  de  refraction  du  guide  d'ondes  principal  (23)  et  en  changeant  ainsi  la  phase  des  ondes 
fondamentales. 

Convertisseur  de  longueur  d'onde  optique  selon  la  revendication  6,  dans  lequel  la  tension  a  appliquer 
entre  ladite  paire  d'electrodes  (29a,  29b)  peut  etre  commandee  en  fonction  des  ondes  fondamentales 
emises  a  partir  du  guide  d'ondes  optiques  incidentes  (22). 

Convertisseur  de  longueur  d'onde  optique  selon  la  revendication  1,  dans  lequel  une  piece  (42f)  dudit 
guide  d'ondes  optiques  principal  (42)  forme  une  piece  d'ajustement  de  phase  (42f)  congue  pour  ajuster 
la  phase  entre  les  ondes  fondamentales  et  les  seconds  harmoniques  ou  ondes  de  frequence  addition- 
nees  de  fagon  a  convertir  les  ondes  fondamentales  en  harmoniques  ou  ondes  de  frequences 
additionnees,  ainsi  qu'une  piece  d'un  guide  d'ondes  optiques  de  sortie  (44)  de  sorte  que  lesdits 
harmoniques  generes  ou  ondes  de  frequences  additionnees  soient  transmis  et  se  propagent  a 
I'interieur  dudit  guide  d'ondes  optiques  de  sortie  (44). 

Convertisseur  de  longueur  d'onde  optique  selon  la  revendication  8,  dans  lequel  ladite  piece  d'ajuste- 
ment  de  phase  (42f)  dudit  guide  d'ondes  optiques  principal  (42)  est  formee  sur  une  piece  du  substrat 
(41)  ou  une  constante  optique  non  lineaire  est  periodiquement  inversee  suivant  le  sens  de  propagation 
des  ondes  fondamentales. 
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