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SUMMARY 


Severa l  samples o f  i ron- ,  copper-, and magnesium-doped l i t h i u m  n ioba te  were 
t e s t e d  t o  determine t h e i r  o p t i c a l  and holographic  s to rage  p r o p e r t i e s  which would 
be app l i cab le  t o  an o p t i c a l  d a t a  s t o r a g e  system and an i n t e g r a t e d  o p t i c s  data 
preprocessor  which makes use of  holographic  s t o r a g e  techniques.  The parameters 
of i n t e r e s t  are t h e  d i f f r a c t i o n  e f f i c i e n c y ,  write power, write time, erase time, 
erase energy, and write s e n s i t i v i t y .  Resul t s  of  t hese  parameters are presented .  

It was found t h a t  iron-doped l i t h i u m  n ioba te  samples y i e lded  t h e  b e s t  
r e s u l t s  i n  a l l  parameters  except  f o r  a f e w  percent  higher  d i f f r a c t i o n  eff i ­
c iency  i n  copper-doped samples. The magnesium-doped samples were extremely 
i n s e n s i t i v e  and are not  recommended f o r  use i n  holographic  o p t i c a l  d a t a  s t o r a g e  
and process ing  systems. 

INTRODUCTION 

The u s e  o f  s a t e l l i t e s  t o  record Ear th  r e sources ,  meteoro logica l ,  and envi­
ronmental p o l l u t i o n  data r e q u i r e s  the  management of  l a r g e  q u a n t i t i e s  of data 
( 1 O 1 O  t o  10l2 b i t s  of data per  o r b i t ) .  I n  o rde r  t o  have greater s p a t i a l  and 
s p e c t r a l  r e s o l u t i o n ,  t he  data ra tes  w i l l  consequently inc rease .  It w i l l  be 
necessary not  only t o  process  t h e s e  large amounts of  d a t a ,  but  a l s o  t o  s t o r e  
v a s t  amounts o f  da t a  f o r  subsequent t ransmiss ion  t o  the  Earth.  

Op t i ca l  p a r a l l e l  p rocess ing  ( r e f .  1 )  and holographic  data s t o r a g e  ( refs .  2 
and 3)  a r e  a t t r a c t i v e  approaches t o  these  data management problems. However, 
o p t i c a l  p reprocessors  and o p t i c a l  s to rage  systems r e q u i r e  t h e  use of  a material 
which can be r e a d i l y  recorded,  read, and erased o p t i c a l l y .  Prel iminary i n v e s t i ­
g a t i o n s  have i d e n t i f i e d  l i t h ium n ioba te  as a l i k e l y  material f o r  use  i n  t h e s e  
systems. This paper is concerned with t h e  l abora to ry  measurement of  va r ious  
parameters  of l i t h i u m  n ioba te  c r i t i c a l  t o  t h e  success fu l  ope ra t ion  of  o p t i c a l  
p reprocessors  and s t o r a g e  systems. 
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SYMBOLS 

i n c i d e n t  energy dens i ty ,  J/cm2 

r e c i p r o c a l  o f  g r a t i n g  spac ing ,  l ines/" 

index o f  r e f r a c t i o n  

change i n  index o f  r e f r a c t i o n  

write s e n s i t i v i t y ,  cm2/J 

v i s i b i l i t y  



rl d i f f r a c t i o n  e f f i c i e n c y  

rl m a x  maximum d i f f r a c t i o n  e f f i c i e n c y  

e ang le  from normal t o  sample su r face ,  deg 

n g r a t i n g  spacing,  "/ l ine 

x wavelength, nm 

cp read beam angle  o f  inc idence  from normal, deg 

Notat ions : 

cu copper 

Fe i r o n  

LiNb03 l i t h ium n ioba te  

Mg m a g  ne sium 

THEORY 

An ideal holographic  s t o r a g e  material w i l l  experience a large r a p i d  change 
i n  its d i f f r a c t i o n  e f f i c i e n c y  11 under i l l umina t ion  by laser l i g h t .  It w i l l  
a l s o  r e t a i n  t h i s  change i n  d i f f r a c t i o n  e f f i c i e n c y  u n t i l  it is d e l i b e r a t e l y  
erased. 

The d i f f r a c t i o n  e f f i c i e n c y  ?li n  a material depends on the modulation of  
the  index of  r e f r a c t i o n  n.  The change i n  t h e  index of  r e f r a c t i o n  An of  an  
e l e c t r o - o p t i c  material depends on the e l e c t r o - o p t i c  c o e f f i c i e n t  of  the  material 
and t h e  i n t e n s i t y  of  the  f i e l d  p a t t e r n  s to red .  The i n t e r n a l  e lectr ic  f i e l d  pat­
t e r n  has a magnitude tha t  is dependent on t h e  number o f  e l e c t r o n  t r a p s  and the  
energy depth of  the  traps. It is be l ieved  t h a t  t h i s  f i e l d  p a t t e r n  generated by 
the  migrat ion o f  photo-excited e l e c t r o n s  from t r a p s  w i l l  r e s u l t  i n  o p t i c a l  s t o r ­
age i n  t he  form of thick-phase holograms i n  s i n g l e - c r y s t a l  e l e c t r o - o p t i c  materi­
als. (See ref. 4.) 

The l i t h ium n ioba te  material used i n  t he  s tudy r epor t ed  i n  t h i s  paper has 
large e l e c t r o - o p t i c  c o e f f i c i e n t s  w i t h  l o c a l i z e d  concen t r a t ions  o f  traps having 
e l e c t r o n s  t h a t  can be e x c i t e d  by l i g h t  of appropr i a t e  wavelength. A c e r t a i n  
percentage o f  these t r a p s  must be empty or the t r a p  must have the  p o t e n t i a l  of  
t r app ing  an a d d i t i o n a l  e l e c t r o n .  (See f ig .  l ( a > . >  I n  the  process  o f  w r i t i n g  
a hologram, a l i gh t  i n t e r f e r e n c e  p a t t e r n  e x i s t s  i n  the  material, and e l e c t r o n s  
are exc i t ed  from t h e  traps t o  the  conduction band a t  rates dependent on t h e  
i n t e n s i t y  o f  the l i g h t  a t  a given po in t .  This  condi t ion  produces an inhomoge­
neous concent ra t ion  of free carriers tha t  e i ther  d i f f u s e  thermal ly ,  d r i f t  under 
app l i ed  o r  i n t e r n a l  electric f ie lds ,  or become re t rapped  p r imar i ly  i n  r eg ions  
o f  low l i g h t  i n t e n s i t y .  These processes  r e s u l t  i n  a n e t  space-charge p a t t e r n  
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t h a t  is p o s i t i v e  i n  reg ions  o f  high i n t e n s i t y  and negat ive  i n  r eg ions  o f  low 
i n t e n s i t y  ( f ig .  l ( b ) ) .  A f i e l d  is generated by the  space charge t h a t  modulates 
the  index o f  r e f r a c t i o n  producing a phase hologram. The amount of  i n c i d e n t  
l i g h t  energy pe r  u n i t  area requi red  t o  produce a des i r ed  d i f f r a c t i o n  e f f i c i e n c y  
is a measure o f  the s e n s i t i v i t y  o f  t h e  material. The s e n s i t i v i t y  determines 
t h e  exposure t i m e  r equ i r ed  t o  s t o r e  a hologram a t  a c e r t a i n  power dens i ty .  

When the  image s t o r e d  i n  the hologram is e rased ,  the  e l e c t r o n s  are uni­
formly r eexc i t ed  from t h e  t r a p s  and rear range  themselves evenly throughout the  
bulk o f  the material. This  r e d i s t r i b u t i o n  o f  e l e c t r o n s  removes the  f i e l d  and 
erases the  hologram. Readout o f  t h e  hologram is accomplished by i l l u m i n a t i n g  
the hologram wi th  a laser beam of  longer  wavelength than was used t o  w r i t e .  A 
major problem related t o  the u t i l i z a t i o n  o f  f e r r o e l e c t r i c  materials as an  o p t i ­
cal s to rage  medium is some o p t i c a l  e r a su re  of  the hologram dur ing  readout ;  how­
eve r ,  thermal f i x i n g  can reduce t h e  amount of  e r a su re .  

Impuri ty  doping o f  f e r r o e l e c t r i c  materials in t roduces  a new se t  o f  traps 
and changes material p r o p e r t i e s  i n  many cases. If t h e  dopant concen t r a t ion  is 
inc reased ,  t he  o p t i c a l  absorp t ion  and s e n s i t i v i t y  w i l l  i nc rease  i f  a d d i t i o n a l  
free e l e c t r o n s  are produced. Also,  bulk p r o p e r t i e s  such as t r a n s p o r t  p r o p e r t i e s  
may be modified and can affect  the  s to rage  time and e ra su re  process .  The t r an ­
s i t i o n  metals are good choices  f o r  dopants s i n c e  they e n t e r  t he  f e r r o e l e c t r i c  
LiNb03 l a t t i c e  s u b s t i t u t i o n a l l y  and have p o t e n t i a l  t o  g ive  up a d d i t i o n a l  elec­
t r o n s  under v i s i b l e  l i g h t  e x c i t a t i o n .  

EXPERIMENTAL DESCRIPTION 

The holographic  record ing  behavior  o f  doped LiNb03 was examined by w r i t i n g  
a d i f f r a c t i o n  g r a t i n g  i n  s e v e r a l  LiNb03 samples w i t h  a v a r i a b l e  wavelength argon 
laser and s imultaneously determining t h e  g r a t i n g  d i f f r a c t i o n  e f f i c i e n c y  w i t h  a 
cont inuous wave He-Ne  laser ( A  = 632.8 nm). The argon laser has two high energy 
l i n e s  a t  514.5 nm (green)  and 488 nm (b lue-green) .  However, i l l umina t ion  of t he  
LiNb03 f o r  d i f f r a c t i o n  e f f i c i e n c y  determinat ion a t  these wavelengths causes  
e ra su re  or d e s t r u c t i o n  o f  t h e  g r a t i n g s ;  t h e r e f o r e ,  t he  632.8-nm l i n e  from the  
He-Ne laser was necessary  s i n c e  i t  w i l l  not  erase the  hologram. Gra t ings  were 
w r i t t e n  i n  i ron- ,  copper-, and magnesium-doped samples a t  va r ious  argon laser 
beam energy l e v e l s  a t  488 nm. An iron-doped sample was tested a t  va r ious  
record ing  beam wavelengths. All the samples were doped a t  t h e  same concentra­
t i o n  l e v e l .  

The o p t i c a l  arrangement used t o  write d i f f r a c t i o n  g r a t i n g s  and determine 
d i f f r a c t i o n  e f f i c i e n c i e s  i n  doped LiNb03 is  shown i n  f i g u r e  2 .  A photograph of 
t h e  se tup  is  shown i n  f i g u r e  3. Both t h e  argon and helium-neon laser beams i n  
f i g u r e  2 are v e r t i c a l l y  po la r i zed  and t h e  c-axis  o f  t h e  material is pos i t ioned  
perpendicular  t o  both t h e  beam p o l a r i z a t i o n  and beam pa th .  Beam s p l i t t e r  1 is 
used t o  a t t e n u a t e  the  w r i t e  beam i n t e n s i t y .  The o b j e c t  and r e fe rence  beams 
have equal  pa th  l e n g t h s  and beam s p l i t t e r  2 is set  t o  provide beams of equa l
i n t e n s i t y .  Both t h e  zero-order and f i r s t - o r d e r  diffracted beam i n t e n s i t i e s  are 
monitored during the  w r i t e  p rocess  by o p t i c a l  power meters and a s t r i p  chart 
r eco rde r .  
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For both the tests where the  w r i t e  beam i n t e n s i t y  and wavelength are 
va r i ed ,  the  o b j e c t  and r e fe rence  beams impinge on the material s u r f a c e  a t  a n  
a n g l e  o f  15O from the  normal t o  the sample s u r f a c e  8. Information about  the 
s i n u s o i d a l  grating produced i n  the sample at t h i s  angle is  found from the 
formula : 

2 s i n  8
N =  x 


where N is the r e c i p r o c a l  o f  t he  g r a t i n g  spac ing  and has the  dimensions of 
lines/". 

For a write wavelength o f  488 nm used i n  t h e  v a r i a b l e  write i n t e n s i t y  t es t ,  
N f o r  the r e s u l t i n g  g r a t i n g  is 1060 lines/mm. The read beam ang le  o f  inc idence  
from t h e  normal @ is es tab l i shed  from the  formula: 

where 

X r  read beam wavelength, 632.8 nm 

A g r a t i n g  spac ing ,  1/N 

A read angle o f  19.60 is necessary  t o  read ou t  the  1060 l inedmm d i f f r a c t i o n  
g r a t i n g .  

Mir rors  4 and 5 o f  f i g u r e  2 are used t o  make f i n e  adjustments  i n  @. 
because of  t h e  c r i t i c a l  na tu re  o f  the  read beam ang le  o f  inc idence  d e s c r i b e d  
by the  formula: 

where 

A@ 1/2 read beam angular  half-power bandwidth 

d g r a t i n g  th i ckness  

This  formula (ref.  5) is  appl icable  t o  t h i c k ,  l o s s l e s s  t ransmiss ion  holograms. 
For t h e  1060 l ines/"  g r a t i n g  which is  1 mm t h i c k ,  A@l/2 is  1.62 minutes.  

To begin the experiment,  a l l  three beams were a l i n e d  so t h a t  they were 
i n c i d e n t  on the  same s p o t  on t h e  material su r face .  With t h e  write beam power 
ad jus t ed  t o  about  40 mW, the  w r i t e  wavelength ad jus t ed  t o  488 nm, and the  read 
beam i n t e n s i t y  se t  t o  10 mW; a d i f f r a c t i o n  g r a t i n g  was w r i t t e n  i n  t h e  sample. 
Then, us ing  mi r ro r s  4 and 5 ,  @ was ad jus t ed  t o  o b t a i n  t h e  maximum i n t e n s i t y  
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of  t h e  diffracted or f i r s t - o r d e r  beam. This  f i r s t - o r d e r  beam i n t e n s i t y  is 
related t o  the  d i f f r a c t i o n  e f f i c i e n c y  17 by t h e  formula: 

F i r s t -o rde r  i n t e n s i t y  
~~I 7 =  

Zero-order i n t e n s i t y  .I- Fi r s t -o rde r  i n t e n s i t y  

After acqu i r ing  the  maximum p o s s i b l e  17, the  g r a t i n g  was erased by us ing  the  
514.5-nm wavelength l i n e  o f  the argon laser. The e r a s u r e  involved blocking t h e  
o b j e c t  beam pa th  and a l lowing  the  f u l l  i n t e n s i t y  (about  270 mW) o f  the  514.5-nm 
wavelength r e fe rence  beam t o  be i n c i d e n t  upon t h e  material. Then, a new g r a t i n g  
w a s  w r i t t e n  by unblocking the o b j e c t  beam and r e t u r n i n g  the  write beam i n t e n s i t y  
and wavelength t o  40 mW and 488 nm, r e s p e c t i v e l y .  This  new g r a t i n g  was w r i t t e n  
s o ' t h a t  f u r t h e r  adjustments  i n  could be made, and thus  i n s u r e  t h a t  the  maxi-

I 	 mum d i f f r a c t i o n  e f f i c i e n c y  was being recorded.  There were no no t i ceab le  effects 
from read-write-erase cyc l ing .  

With a l l  the beams proper ly  a l i n e d  and the c o r r e c t  ang le s  e s t a b l i s h e d ,  the  
v a r i a b l e  write energy tes t  was performed. During t h e  t es t ,  t he  wavelength of 
the  w r i t e  beam was l e f t  a t  488 nm and d i f f r a c t i o n  g r a t i n g s  were w r i t t e n  i n  t h e  
doped LiNb03 samples by us ing  i n c i d e n t  powers ranging from 10 t o  100 mW. After 
record ing  information from each g r a t i n g  about t h e  und i f f r ac t ed  or zero-order 
beam and t h e  f i r s t - o r d e r  diffracted beam, t h e  readout  angle  was r ead jus t ed  
s l i g h t l y  t o  see whether t h e  diffracted beam i n t e n s i t y  could be increased .  Rep­
e t i t i o n s  o f  t h e  t es t  a t  t h e  i n d i v i d u a l  power l e v e l s  were made t o  e s t a b l i s h  pre­
d i c t a b l e  data t r e n d s .  Each g r a t i n g  was once aga in  e rased  by t h e  high i n t e n s i t y  
514.5-nm wavelength l i n e  o f  the  argon laser.  

I n  the  v a r i a b l e  wavelength tes t ,  an iron-doped sample was tested wi th  
write wavelengths o f  476.5 nm, 496.5 nm, and 501.7 nm t o  compare w i t h  t h e  
r e s u l t s  obtained a t  488 nm. The w r i t e  i nc iden t  power f o r  a l l  the runs  was 
30 mW, which was found t o  be  a moderate power l e v e l .  S ince  a change i n  t h e  
w r i t e  beam wavelength is related t o  a change i n  the read beam ang le ,  a great 
deal o f  readout  angle  adjustment  and f i n e  tun ing  w a s  necessary f o r  each d i f f e r ­
e n t  wavelength tes t .  The s e l e c t i o n  of  wavelengths f o r  the v a r i a b l e  wavelength 
experiment depended upon t h e i r  a v a i l a b i l i t y  from t h e  argon laser ,  t h e i r  maximum 
power l e v e l s ,  and the  c a p a b i l i t y  o f  the  experimental  s e tup  t o  accommodate the  
r e s u l t i n g  readout  angle .  

RESULTS AND D I S C U S S I O N  

The r e s u l t s  o f  t h e  experiments  are presented  i n  f i g u r e s  4 t o  7 and i n  
table I f o r  va r ious  c h a r a c t e r i s t i c s  o f  l i t h i u m  n ioba te  (LiNb03) doped with 
chemical impur i t i e s .  F igure  4 is a p l o t  o f  t he  d i f f r a c t i o n  e f f i c i e n c y  a g a i n s t  
w r i t e  t i m e  f o r  Fe-, Cu-, and Mg-doped LiNb03. The w r i t e  wavelength was 488 nm 
and the  power dens i ty  was 0.231 W/cm2. The Mg-doped samples had an extremely
low d i f f r a c t i o n  e f f i c i e n c y  q and are e l imina ted  from f u r t h e r  d i scuss ion .  The 
Fe-doped LiNbO3 sample reached maximum q i n  about  50 seconds,  whereas t h e  
Cu-doped sample had a s l i g h t l y  higher q, b u t  requi red  approximately a f a c t o r  
o f  10 longer  write time t o  reach maximum q. 
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Figure 5 is a p l o t  o f  w r i t e  power d e n s i t y  a g a i n s t  time t o  o b t a i n  
11 = 10 percen t  f o r  t h e  b e s t  samples o f  Fe- and Cu-doped LiNb03. T h i s  type  
of curve is meaningful because the po in t  on the  curve where 17 = 10 percen t  
is on t h e  l i n e a r  p o r t i o n  o f  the  curve f o r  11 a g a i n s t  write t i m e .  It a l s o  
is a t  a p o i n t  where thermal effects, e tc . ,  due t o  the  write process  have no t  
produced any f l u c t u a t i o n s .  For a power d e n s i t y  below approximately 0.3 W/cm2, 
t h e  Fe-doped samples r e q u i r e  much less time f o r  w r i t i n g  the  d i f f r a c t i o n  g r a t i n g  
than do the  Cu-doped samples. For a h igher  power d e n s i t y  (>0.3 W/cm2) ,  t h e  
w r i t e  time f o r  Fe-doped samples is s l i g h t l y  less  than t h a t  f o r  Cu-doped 
samples. 

Figure 6 is a p l o t  o f  d i f f r a c t i o n  e f f i c i e n c y  as a func t ion  of  the  elapsed 
e ra su re  time f o r  t h e  d i f f r a c t i o n  g r a t i n g  i n  LiNb03.  The power dens i ty  is  
2.15 W/cm2 and the  erase beam wavelength is 514.5 nm. The rl f o r  the  samples 
was 60 percent  before  the  erase procedure was i n i t i a t e d .  The Fe-doped samples 
were r a p i d l y  erased and reached 50 percent  e r a su re  i n  about  10 seconds,  and 
e s s e n t i a l l y  t o t a l  e r a s u r e  i n  about  40 seconds.  The Cu-doped samples r e q u i r e  
more than twice t h e  time t o  erase than the  Fe-doped samples do. To ta l  e r a s u r e  
of  t h e  Cu-doped samples was no t  f u l l y  achieved u n t i l  after s e v e r a l  minutes o f  
e r a su re .  T h i s  condi t ion  could pose a problem i n  t h e  cont inuous formation and 
e r a s u r e  of  holograms i n  the  material s i n c e  a bui ldup o f  background no i se  could 
cause e r r o r s  i n  data formation and readout .  

Figure 7 is a p l o t  o f  maximum rl i n  Fe-doped LiNb03 as a func t ion  o f  
w r i t e  time where va r ious  wavelengths of  an argon ion laser have been used t o  
write t h e  d i f f r a c t i o n  g r a t i n g s .  The write power dens i ty  w a s  kept  a t  a cons t an t  
0.231 W/cm2. The w r i t e  X of  496.5 nm requi red  about  40 seconds t o  produce 
the  maximum 0 ,  whereas write wavelengths o f  476.5, 488, and 501.7 nm r equ i r ed  
about  55 seconds t o  produce t h e  maximum T l  w i t h  very l i t t l e  d i f f e r e n c e  between 
them. T h i s  r e s u l t  shows some wavelength dependence i n  t h e  Fe-doped samples.  
O f  the wavelengths examined, a wavelength o f  496.5 nm is the  most e f f e c t i v e  
wavelength f o r  w r i t i n g  a hologram. However, t he  488-nm l i n e  of  t h e  argon i o n  
laser is t h e  most powerful and was chosen as the w r i t e  wavelength f o r  t h e  tes ts  
previous ly  d iscussed .  

CONCLUDING REMARKS 

Severa l  samples o f  i ron- ,  copper-, and magnesium-doped l i t h i u m  n ioba te  
were tested t o  determine t h e i r  o p t i c a l  and holographic  s t o r a g e  p r o p e r t i e s  which 
would be a p p l i c a b l e  t o  an o p t i c a l  data s to rage  system and an  i n t e g r a t e d  o p t i c s  
data preprocessor  which makes use of holographic  s to rage  techniques.  Both Fe­
and Cu-doped samples had high d i f f r a c t i o n  e f f i c i e n c i e s  Tl. The Mg-doped LiNb03 
exh ib i t ed  extremely low rl (25 pe rcen t )  and extremely large w r i t e  and erase 
times. Even though T l  f o r  Cu-doped LiNb03 is s l i g h t l y  higher  than f o r  
Fe-doped, the  Cu-doped LiNb03 requi red  s i g n i f i c a n t l y  longer  w r i t e  and erase 
times. The Cu-doped samples showed a write time which was longer  by a f a c t o r  
of fou r  and an erase t i m e  which was longer  by a f a c t o r  o f  t h r e e .  Most impor­
t a n t  was the need o f  about  f i v e  times t h e  write power d e n s i t y  f o r  Cu-doped sam­
p l e s  t o  reach an T l  of  10 percent .  The w r i t e  s e n s i t i v i t y  of Cu-doped samples 
was more than an o rde r  o f  magnitude lower than  Fe-doped samples. 
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Iron-doped LiNb03 was b e t t e r  than t h e  copper doped i n  every area except  
t h e  maximum d i f f r a c t i o n  e f f i c i e n c y  a t t a i n e d  where only  a f e w  pe rcen t  d i f f e r e n c e  
was noted.  From t h e  improvements noted i n  the  doping o f  LiNb03 i n  t h e s e  tests, 
it is be l ieved  t h a t  f u r t h e r  r e sea rch  with doped LiNbO w i l l  produce a f e r ro ­
electric material t h a t  w i l l  be u s e f u l  i n  holographic- zype memories and in t e ­
g r a t e d  o p t i c s  process ing  devices  which employ holography. 
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Hampton, VA 23665 

January 26, 1978 
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TABLE I.- RESULTS OF HOLOGRAPHICALLY STORED DIFFRACTION GRATINGS I N  DOPED LITHIUM NIOBATE 

Typical  Maximum 
d i f f r a c t i o n  d i f f r a c t i o n  Write Material 
e f f i c i e n c y ,  e f f i c i e n c y ,  power abso rp t ion  

dopant r l ,  qmax 9 

percen t  pe rcen t  

( a )  

Fe 60 67 0.231 63 

cu 65 70 .231 75 

M g  25 28 .231 26 

aFor 30 mW write power. 
b A t  i n c i d e n t  su r face .  
CX = 488 nm. 

I 

Write time f o r  Write energy 
q = 10 p e r c e n t ,  d e n s i t y  f o r  

sec = 10 pe rcen t ,  
J/cm2 sec ~ l / e ,  

J/cm2
I (d)  ( e )  (d )  
I, 

7 1 .o 10 14 

28 5 .O 32 48 

1120 67 1530 859 

( f )  

0.20 

.049 

.0012 

dWrite and e r a s e  energy inc ludes  only t h a t  absorbed by the  samples ( r e f l e c t e d  and 
t r ansmi t t ed  energy is not  i n c l u d e d ) .  

e l / e  	 is 36.8 percent  o f  qmax where e is t h e  exponent ia l .  
.I IF1.. I / L

I I  ~

fS  - where V is the  v i s i b i l i t y  ( 1 . 0  f o r  beams of equal  i n t e n s i t y )  and 
EOV 

Eo is the  i n c i d e n t  energy d e n s i t y .  



( a )  Trap d i s t r i b u t i o n  b e f o r e  exposure t o  l i g h t .  
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Figure 4.- Write characteristics of doped LiNb03. Power density = 0.231 W/cm2; X = 488 nm. 
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doped LiNb03. Write X = 488 nm. 
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Figure 6.- Erase characteristics of doped LiNb03. Power density 2.15 W/cm2; A = 514.5 nm. 
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