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A b s t r a c t  

The o c u l a r  e f f e c t s  Of l a s e r  r a d i a t i o n  a r e  d i s c u s s e d .  R e t i n a l  b u r n s  
were produced in t h e  r a b b i t  by e x p o s u r e s  from normal  laser p u l s e s  of 
2 0 0 H e c  and by Q-switched l a s e r  p u l s e s  of 30 nanoseconds.  These  are 
compared t o  b u r n s  produced by p u l s e d  w h i t e  l i g h t  f rom a Xenon lamp. 
The t h r e s h o l d  e n e r g i e s  and a p p a r e n t  b i o l o g i c a l  e f f e c t s  are s i m i l a r  f o r  
200 A r s e c  p u l s e s ,  w h e t h e r  from a laser or Xenon lamp. The Q-switched 
laser p u l s e  of 30 n sec, however ,  p r o d u c e s  a d i f f e r e n t  t y p e  of l e s i o n  
and less e n e r g y  is r e q u i r e d .  The t h r e s h o l d s  (energy  r e q u i r e d  for 
minimal  bu rn )  are about  0.85 J/Cmz f o r  laser or Xenon lamp p u l s e s  of 
ZOO Asec, and o n l y  0.07 J/Cinz f o r  t h e  30 N sec laser p u l s e .  
damage c a u s e d  by t h e  l o n g e r  p u l s e s  can  be e x p l a i n e d  a d e q u a t e l y  i n  t e r m s  
of t h e r m a l  i n j u r y  us ing  a p h y s i c a l  model and classical l a w s  of h e a t  
c o n d u c t i o n .  
may be r e s p o n s i b l e  f o r  the  damage c a u s e d  by t h e  Q-switched laser. 

The r e t i n a l  

The a u t h o r s  p o s t u l a t e  t h a t  o t h e r  mechanisms of e n e r g y  t r a n s f e r  
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Ocular  E f f e c t s  of Laser  Rad ia t ion  

P a r t  I 

from t h e  

Department of Biophys ics  

W i l l i a m  T.  Ham, Jr. ,  Phd. ,  R .  C. Wi l l iams ,  Haro ld  A.  Muel l e r  
R. S .  R u f f i n ,  F. H. Schmidt ,  M.S., and A.  M. C l a r k e ,  Ph.D. 

and 

Department of Ophthalmology 

Walter  J. Geeraets, M.D. 

Medical  Co l l ege  of V i r g i n i a  

I n t r o d u c t i o n  

Although t h i s  paper  is conf ined  p r i m a r i l y  t o  t h e  b i o l o g i c a l  e f f e c t s  
of l a s e r  r a d i a t i o n  on t h e  mammalian r e t i n a  t h e  r e s u l t s  should  be  a p p l i c a b l e  
t o  o t h e r  o rgans  and o t h e r  tissues. 

o c u l a r  l e s i o n s  by ruby l a s e r s  has  been d e s c r i b e d  by Zare t  ( 3 ) ,  ( 4 ) ,  and,  
more r e c e n t l y ,  by and Geerae t s (6 ) .  For  convenience ,  r e t i n a l  l e s i o n s  
produced by l a s e r s  w i l l  be d i s c u s s e d  under  3 s e p a r a t e  t y p e s  of o p e r a t i o n ;  
s t e a d y  s ta te  o p e r a t i o n ,  normal pulsed  o p e r a t i o n ,  and Q-switched o p e r a t i o n .  
Before proceeding  t o  a d e t a i l e d  d i s c u s s i o n  of laser e f f e c t s ,  i t  w i l l  be 
h e l p f u l  t o  summarize some of t h e  d a t a  about  r e t i n a l  damage a s  produced by 
more c o n v e n t i o n a l  s o u r c e s  i n  o r d e r  t o  provide  a background which can  be  
ex tended  t o  h i g h  power d e n s i t i e s  and s h o r t  exposure  times. 

Background In fo rma t ion  

The phys io lo  ical  i m p l i c a t i o n s  f o r  t h e  
e y e  of l a s e r  beams have been d i s c u s s e d  by So lon(  B 1, t h e  product ion  of 

Previous  r e s e a r c h  from t h e s e  l a b o r a t o r i e s  on t h e  p roduc t ion  of mi ld  o r  
minimal lesions t o  t h e  r e t i n a  by means of r e l a t i v e l y  s h o r t  t i m e  exposures  t o  
w h i t e  l i g h t  s o u r c e s  (nuc lea r  f i r e b a l l s ,  h i g h  d e n s i t y  carbon arc, xenon a r c  
under  con t inuous  and pulsed  o p e r a t i o n )  provide  a w e a l t h  of d a t a  which a r e  
a p p l i c a b l e  t o  t h e  assessment  of o c u l a r  haza rds  from l a s e r  r a d i a t i o n .  For  
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example,  H a m  et a l .  (') h a v e  d i s c u s s e d  t h e  effects  of p u l s e  shape ,  exposure  
t ime, dose  r a t e ,  r a d i a t i o n  d o s e ,  and i m a g e  s i z e  on the  p roduc t ion  of minimal 
l e s i o n s  i n  t h e  r a b b i t  r e t i n a .  O t h e r  exper iments  have f u r n i s h e d  d a t a  on 
t r a n s m i s s i o n  and s c a t t e r i n g  i n  t h e  o c u l a r  media ('1 the  a b s o r p t i o n  and 
s c a t t e r i n g  of l i g h t  i n  t h e  r e t i n a  and choro id  [lo), t h e  effect of blood 
f low i n  the c h o r o i d  on t h e  conduct ion  Of h e a t ( l l ) ,  t h e  p a t h o l o g i c a l  and 
h i s t o l o g i c a l  c h a r a c t e r i s t i c s  of mi ld  r e t i n a l  l e s i o n s  (12), t h e  effects of 
thermal  conduc t ion  on enzyme a c t i v i t y  (12)* (13), and t h e  e f f e c t s  of t he rma l  
i n j u r y  on r e t i n a l  p r o t e i n s  (14). 
t o  l a s e r  r a d i a t i o n  a r e  summarized i n  a p u b l i c a t i o n  (15), which a l s o  d i s c u s s e s  
t h e  e f f e c t  of s p e c t r a l  q u a l i t y  on r e t i n a l  damage and d e s c r i b e s  an o p t i c a l  
s y s t e m  whereby laser exposures  of known S i z e  c a n  be p laced  on t h e  r e t i n a .  

Most of t h e s e  d a t a  i n s o f a r  as a p p l i c a b l e  

P e r t i n e n t  d a t a  on power d e n s i t y ,  exposure time and i m a g e  s ize f o r  t h e  
product ion  of ex t r eme ly  mi ld  l e s i o n s  i n  t h e  r a b b i t  r e t i n a  a r e  i l l u s t r a t e d  in 
Figure  I ,  a log- log  p l o t  of power d e n s i t y  i n  w a t t s / c m 2  v s  exposure  t i m e  i n  
seconds .  The c u r v e  of best  f i t  by r e g r e s s i o n  a n a l y s i s  f o r  a l l  a v a i l a b l e  d a t a  
from s e v e r a l  hundred m i l l i s e c o n d s  down t o  175 microseconds f o r  a s ing le  image 
diameter of 0.8 mm is t h e  s t r a i g h t  l i n e  shown i n  F i g u r e  I .  Most of t he  d a t a  
f o r  exposure  times g r e a t e r  t han  15 m i l l i s e c o n d s  (ms) come from e a r l  e x p e r i -  

maximum power d e n s i t y  o b t a i n a b l e  on t h e  r a b b i t  r e t i n a  w i t h  t h i s  s o u r c e  w a s  
approximate ly  300 watts/cm2. 
s i z e s  0 .2  mm o r  less i n  diameter it  was n o t  p o s s i b l e  a t  t h i s  paver  d e n s i t y  
t o  produce an o b s e r v a b l e  l e s i o n  on t h e  r a b b i t  retina.  Exposure times i n  t h e  
range  15 m s  down t o  175 microseconds (lis) Were o b t a i n e d  subsequen t ly  e i t h e r  
by u s i n g  a Zeiss l i g h t  c o a g u l a t o r  (16) o p e r a t i n g  under  s t e a d y  s ta te  c o n d i t i o n s  
or by means of an e l e c t r o n i c a l l y  pulsed  xenon s o u r c e  (17). Exposure t i m e s  
for  l a s e r  p u l s e s  from ruby under  normal pumping c o n d i t i o n s  range  from 
approximate ly  1 m s  down t o  Z O O A I S ,  t h u s  ove r l app ing  the d a t a  o b t a i n e d  from 
whi t e  l i g h t  s o u r c e s  a t  t h e  s h o r t  exposure  times. To t h e  b e s t  of t h e  a u t h o r s '  
knowledge, no d a t a  f o r  mild l e s i o n s  in t h e  r a b b i t  r e t i n a  are a v a i l a b l e  between 
approximate ly  200,rs and t h e  nanosecond (ns) r e g i o n  which co r re sponds  t o  l a s e r  
p u l s e s  produced by Q - s w i t c h i n g  t echn iques .  T h i s  r e g i o n  ( 2 0 0 j . t ~  t o  25 n s )  is 
being  i n v e s t i g a t e d  c u r r e n t l y  by t h e  a u t h o r s ,  u s i n g  a K e r r  C e l l  as an o p t i c a l  
s h u t t e r .  

ments on r a b b i t s ,  u t i l i z i n g  a h igh  d e n s i t y  carbon arc a s  a s o u r c e  (6 . The 

For  exposure times less t h a n  15 m s  or for i m a g e  

An examina t ion  of F i g u r e  I r e v e a l s  some i n t e r e s t i n g  f e a t u r e s .  S ince  
t h e  s l o p e  of t h e  log- log  p l o t  of power d e n s i t y ,  4, , v s  exposure  t i m e ,  t ,  is 
less than  450 (it is 33.2O) r e c i p r o c i t y  is not  i n d i c a t e d  f o r  t h i s  p a r t i c u l a r  
b i o l o g i c a l  e n d p o i n t ,  namely mi ld  i n j u r y  t o  r a b b i t  r e t i n a .  S t a t i n g  it a n o t h e r  
way, h a l v i n g  t h e  exposure  time does  not  double  t h e  power d e n s i t y  r e q u i r e d  t o  
produce a t y p i c a l l y  mi ld  l e s i o n .  On t h e  c o n t r a r y ,  t h e  power d e n s i t y  increases 
by less t h a n  t h e  r e c i p r o c a l  of t h e  exposure  time, t h u s  d e f i n i n g  a r a d i a t i o n  
d o s e ,  D = b t ,  which d e c r e a s e s  w i t h  a d e c r e a s e  in exposure  t i m e .  mese d a t a  i n -  
d i c a t e  no a p p r e c i a b l e  change i n  s l o p e  over  an e x t e n s i v e  range  of exposure  t i m e s ,  
from s e v e r a l  hundred m i l l i s e c o n d s  down t o  175 microseconds.  Another f e a t u r e  is t h a t  
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LOG-LOG PLOT IN WATTS/crn2 VS. TIME FOR MINIMAL 

F i g u r e  I 

Log-log p l o t  of power d e n s i t y  i n  wat t s /cm2 v s  e x p o s u r e  t i m e  i n  
s e c o n d s  f o r  t h e  p r o d u c t i o n  of v e r y  mi ld  l e s i o n s  i n  t h e  r a b b i t  
r e t i n a .  The s t r a i g h t  l i n e  r e p r e s e n t s  d a t a  for r e t i n a l  image 
d i a m e t e r s  of 0 . 8  mm. Some d a t a  p o i n t s  f o r  i m a g e  d i a m e t e r s  of 
1.0 mm ( c i r c l e s )  and 0.54  mm ( c r o s s e s )  are p l o t t e d  f o r  t h e  l o n g e r  
e x p o s u r e  times. The d a t a  p o i n t  a t  t h e  e x t r a p o l a t e d  end of t h e  
c u r v e  r e p r e s e n t s  a Q-switched p u l s e .  

3 
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r a d i a t i o n  dose  depends t o  Some e x t e n t  on i m a g e  size f o r  t h e  longe r  exposure  
t imes .  T h i s  is i l l u s t r a t e d  i n  F igu re  I by p l o t t i n g  some of the d a t a  p o i n t s  
f o r  i m ; a g e  diameters of 1.0 mm ( c i r c l e s )  and 0.52 mm ( c r o s s e s )  at  t h e  longe r  
exposure  times. For Shor t  exposures  below 1 m s  t h e  d a t a  do not  i n d i c a t e  an 
a p p r e c i a b l e  r e l a t i o n s h i p  between image size and r a d i a t i o n  dose.  More i n t e r -  
e s t i n g  i s  t h e  o b s e r v a t i o n  t h a t  mild l e s i o n s  produced by laser p u l s e s  (200 A s )  
r e q u i r e  approximate ly  t h e  Same r a d i a t i o n  dose  (0.85 J/cm2) a s  t h o s e  produced 
by t h e  more c o n v e n t i o n a l  wh i t e  l i g h t  s o u r c e s .  F i n a l l y ,  t h e  d o t t e d  p o r t i o n  of 
t h e  c u r v e  r e p r e s e n t s  an e x t r a p o l a t i o n  t o  t h e  nanosecond r e g i o n  where some 
d a t a  o b t a i n e d  r e c e n t l y  f o r  Q-switched p u l s e s  from ruby lasers have been 
p l o t t e d .  The f a c t  t h a t  t h e s e  d a t a  p o i n t s  f o r  Q-switched p u l s e s  seem t o  f a l l  
near  t h e  e x t r a p o l a t e d  p o r t i o n  of t h e  cu rve  i s  not  regarded  as s i g n i f i c a n t  
by t h e  a u t h o r s  s i n c e  i n  what f o l l o w s  it w i l l  be  s e e n  t h a t  b o t h  t h e  p h y s i c a l  
phenomena accompanying Q-switched p u l s e s  and t h e  n a t u r e  of t h e  l e s i o n s  produced 
i n  t h e  r e t i n a  by t h e s e  p u l s e s  d i f f e r  from those  produced at lower power d e n s i t i e s  
and longer  exposure  times. 

Exper imenta l  Appara tus :  

The  o p t i c a l  system used t o  produce l e s i o n s  of known size on t h e  r a b b i t  
r e t i n a  by means of l a s e r  p u l s e s  has  been d e s c r i b e d  i n  a p rev ious  p u b 1 i c a t i o n ( l 5 ) .  
A block  d iagram of t h e  appa ra tus  w i t h  a s s o c i a t e d  e l e c t r o n i c  equipment is g i v e n  
i n  F igu re  11. The complete  o p t i c a l  sys t em,  i n c l u d i n g  l a s e r  head is mounted 
r i g i d l y  on a maneuverable o p t i c a l  bench which h a s  5 degrees  of freedom (3 of 
t r a n s l a t i o n  and 2 of r o t a t i o n ) ,  t h u s  p rov id ing  t h e  oph tha lmolog i s t  w i t h  a 
f l e x i b l e  sys tem f o r  t h e  p roduc t ion  of l e s i o n s  on t h e  r e t ina .  A Keeler 
ophthalmoscope ( " P r a c t i t i o n e r " )  is a t t a c h e d  t o  t h e  exposure end of t h e  o p t i c a l  
system. T h i s  i n s t rumen t  has  been modif ied by t h e  i n s e r t i o n  of a reticle which 
is p r o j e c t e d  on t h e  r e t i n a .  The in s t rumen t  is mounted i n  such  a manner t h a t  
t h e  p r o j e c t e d  re t ic le  i s  always c o a x i a l  w i t h  t h e  l a s e r  beam. 

The l a s e r  head c o n t a i n s  a ruby  c y l i n d e r * ,  3" x 1/4", w i t h  ground o u t s i d e  
d i a m e t e r ,  t h e  € a c e s  o p t i c a l l y  f l a t  and p a r a l l e l  bu t  uncoated ,  o p t i c  axis cu t  
a t  900 t o  c y l i n d e r  a x i s .  Pumping is accomplished by 8 EG&G FX-100 l a m p s ,  
connec ted  s e p a r a t e l y  i n t o  2 sets of 4 lamps i n  series. each set be ing  
d i s c h a r g e d  s e p a r a t e l y  but  s i m u l t a n e o u s l y  by a h i g h  v o l t a g e  t r i g g e r .  The lamps 
a r e  spaced  a t  45O around t h e  ruby ,  c l o s e  but  no t  t o u c h i n g ;  a c y l i n d r i c a l  
aluminum r e f l e c t o r  su r rounds  t h e  lamps. A i r  c o o l i n g  h a s  been used u n t i l  r e c e n t l y  
but  t h e  l a t e s t  d e s i g n  employs a l i q u i d  cooled  head i n  which a CuSOq s o l u t i o n  
can be c i r c u l a t e d  w i t h i n  a g l a s s  t u b e  su r round ing  the ruby. The pumping 

+ A  Nd-glass c y l i n d e r  of i d e n t i c a l  d imens ions  can  b e  s u b s t i t u t e d  for t h e  
ruby i n  t h e  laser head.  
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c i r c u i t  can  s t o r e  as much a s  800 j o u l e s  of e n e r g y  and is matched t o  t he  lamp 
b y  means of  a c o n % , e n t i o n a l  p u l s e  forming and impedance matching network.  
The  i npu t  e n e r g y  is  r e p r o d u c i b l e  t o  w i t h i n  0 .2  pe rcen t  by means of an 
e l e c t r o n i c a l l y  c o n t r o l l e d  s e r v o  mechanical  cha rg ing  sys tem.  
and impedance matching network has  been inc luded  t o  l eng then  t h e  l i f e  o f  t h e  
lamps and i n c r e a s e  t h e  pumping e f f i c i e n c y .  A Q-switched p u l s e  approximate ly  
30 n s  i n  exposure  t i m e  c a n  be s e e n  on t h e  t a i l  end of t h e  pumping p u l s e  shown 
i n  F igu re  111. 

The p u l s e  forming  

P r o v i s i o n s  f o r  both normal and Q-swi tched  o p e r a t i o n  a r e  inc luded  i n  t h e  
d e s i g n  of t h e  l a s e r  head .*  
i n t e r n a l  r e f l e c t i n g  (TIR) pr ism a t  13 ,200  r p m ;  an o p t i c a l l y  f l a t  d i e l e c t r i c  
r e f l e c t o r  of e i t h e r  95% 
path  which has  a t o t a l  l e n g t h  of 19 c m .  A clamp w i t h  micrometer screw 
adjus tment  allows t h e  r o t a t i n g  pr i sm t o  be f i x e d  p a r a l l e l  t o  t h e  ruby  face 
for normal l aser  o p e r a t i o n .  

Q-swi tch ing  i s  accomplished by r o t a t i n g  a t o t a l l y  

r e f l e c t i v i t y  is used  t o  comple te  t h e  o p t i c a l  or  60% 

P u l s e  o u t p u t s  are d i s p l a y e d  on a T e k t r o n i x  585 o s c i l l o s c o p e ,  u s i n g  a 
f a s t  photodiode  ( I n t e r n a t i o n a l  Telephone and Te leg raph  FW 4000). A sample 
of approx ima te ly  one pe rcen t  of the beam i s  t a k e n  w i t h  a beam s p l i t t e r ,  and 
i s  conducted  t o  t h e  photodiode  by means  of a l i g h t  p ipe .  The sys tem has  a 
r ise t i m e  of less t h a n  L n s ,  and is c a l i b r a t e d  u s i n g  a cone  r ad iomete r .  (15) 
A 30 ns  d e l a y  i n  t h e  v e r t i c a l  a m p l i f i e r  of t h e  o s c i l l o s c o p e  f a c i l i t a t e s  
i n t e r n a l  t r i g g e r i n g  and o b s e r v a t i o n  ( v i s u a l  o r  pho tograph ic )  of t h e  trace of 
t h e  e n t i r e  p u l s e .  Th i s  sys tem a l lows  a permanent r e c o r d  t o  be made of t h e  
p u l s e  d u r a t i o n  and energy  f o r  each  exposure  of t h e  r a b b i t  r e t i n a .  However, 
i t  i s  no t  a conven ien t  method f o r  normal l a s e r  p u l s e s  which ex tend  ove r  
hundreds of microseconds and c o n t a i n  a l a r g e  number of i n d i v i d u a l  s p i k e s .  
Under t h e s e  c o n d i t i o n s  i t  is more conven ien t  t o  i n t e g r a t e  t h e  photodiode  
o u t p u t  by c h a r g i n g  a condenser  and r e c o r d i n g  t h e  v o l t a g e  rise by means of 
a X e i t h l e y  e l e c t r o m e t e r  f e e d i n g  i n t o  an x-y r e c o r d e r .  T h i s  is t h e  method of 
c h o i c e  f o r  mon i to r ing  both  normal  and Q-switched p u l s e s .  

,2lthough a t t e n u a t i o n  of t h e  laser beam i n  t h e  o p t i c a l  sys tem is not 
n e g l i g i b l e ,  t h e  power d e n s i t y  impinging on t h e  r a b b i t  eye  is s u f f i c i e n t  to 
produce s e v e r e  b i o l o g i c a l  damage; a l l  exposures  f o r  mild damage t o  t h e  r a b b i t  
r e t i n a  r e q u i r e  t h e  i n t r o d u c t i o n  of n e u t r a l  f i l t e r s  i n  t h e  r a d i a t i o n  beam. 

The sequence  of e v e n t s  l e a d i n g  t o  an exposure  of t h e  r a b b i t  r e t i n a  is 
under  t h e  c o n t r o l  of t h e  expe r imen te r  ( o p h t h a l m o l o g i s t ) .  R e f e r r i n g  t o  t h e  
b lock  d iagram i n  F i g u r e  11, t h e  f o l l o w i n g  sequence  i s  f o r  Q-switched 
exposures :  Depress ion  of a f o o t  p e d a l  starts t h e  h i g h  speed  motor, r o t a t i n g  

*Mart in  Or l ando  f u r n i s h e d  t h e  d e s i g n  f o r  normal and Q-switched o p e r a t i o n  under  a 
c o n t r a c t  w i t h  t h e  O f f i c e  of  t h e  Surgeon G e n e r a l ,  U. S. Army. 

6 



F i g u r e  111 

Oscillosco?c t r i c e  of iJun!ping pilsf produced Iiy p u l s e  fo rming  network. 
A $-swi tcLed p d l s e  of a i ) ; r c x i r , a t e l y  2 0 . ~  s d u r a t i o n  c a n  be seen on t h e  
last p a r t  of tl:e t i- i iCC'.  Time sca l e  L O  ,q,.(s/cin. 
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t n e  T I R :  when t h e  oph tha lmolog i s t  h a s  s e l e c t e d  t h e  exposure  s i t e  he  d e p r e s s e s  
a b u t t o n  on t h e  shank of t h e  ophthalmoscope;  t h i s  i n t e r p o s e s  a m i r r o r  between 
h i s  eye  and t h e  l a s e r  beam, r e f l e c t i n g  t h e  beam i n t o  t h e  r a b b i t  e y e ;  t h e  
mi r ro r  a t  t h e  end of its t r a v e l  closes a microswi tch  which a c t u a t e s  t h e  opening  
of a camera s h u t t e r  c o n t r o l l i n g  exposures  t o  t h e  p o l a r o i d  camera; when t h i s  
s h u t t e r  h a s  opened comple t e ly  t h e  pumping c i r c u i t  is t r i g g e r e d ,  i n i t i a t i n g  t h e  
l a s e r  p u l s e .  The photodiode  t r i g g e r s  t h e  o s c i l l o s c o p e  sweep and a p i c t u r e  of 
t h e  p u l s e  trace is r e g i s t e r e d  on t h e  p o l a r o i d  camera a t  t h e  same i n s t a n t  t h a t  
t h e  r a b b i t  r e t i n a  i s  exposed.  

S t eady  S t a t e  Laser  Hazard 

A t  t h e  p r e s e n t  s t a t e  Of development t h e  power o u t p u t  from t h e  CW or  
s t e a d y  s t a t e  o p e r a t i o n  of gas lasers (He-Ne) and semiconductor  d i o d e s  ( G a A s ) ,  
e t c . ,  r a r e l y  exceed  one w a t t .  Under normal c o n d i t i o n s  t h e  ou tpu t  beam may be 
ex t r eme ly  monochromatic and p a r a l l e l .  The hazard  t o  t h e  e y e  c o n s i s t s  p r i m a r i l y  
i n  v iewing  a CW l a s e r  beam o v e r  ex tended  p e r i o d s  of t i m e ,  seconds  or even  
minutes .  The problem is e s s e n t i a l l y  one of a s t e a d y  s t a t e  t empera tu re  
e q u i l i b r i u m  on t h e  r e t i n a  of the o b s e r v e r .  

Jones  and Montan (18) have d i s c u s s e d  t h e  eye  r i s k  f o r  con t inuous  exposure  
t o  a CW laser such  as t h e  He-Ne gas dev ice .  Assuming t h a t  t h e  r e t i n a  of t h e  
human e y e  w i l l  t o l e r a t e  a l0C t empera tu re  r ise f o r  c o n s i d e r a b l e  p e r i o d s  of  
time wi thou t  s u s t a i n i n g  i r r e v e r s i b l e  damage t h e y  have calculated t h a t  lob6 
watts is a s a f e  power l e v e l  f o r  t h e  r e t i n a  even when t h e  ene rgy  i n p u t  is 
c o n s i d e r e d  t o  be c o n f i n e d  t o  a 10 micron ( / A )  d i a m e t e r  of t h e  r e t i n a .  Although 
most (19) estimates of t h e  minimum l i g h t  s p r e a d  on t h e  fundus after c o r r e c t i o n s  
for  a b e r r a t i o n s ,  d i f f r a c t i o n ,  e t c . ,  a r e  g r e a t e r  t h a n  1 0 ~  , t h i s  seems t o  be a 
r e a s o n a b l e  assumpt ion  i n  v i e w  of t h e  l a c k  of e x p e r i m e n t a l  d a t a .  An under-  
estimate of image s i z e  p rov ides  a f a c t o r  of s a f e t y  i n s o f a r  as t h e  ene rgy  
d e n s i t y  i s  concerned but  i t  should  be po in ted  o u t  a l so  t h a t  expe r imen t s  on 
r a b b i t s  u s i n g  r e l a t i v e l y  long p u l s e s  (100 - 250 ms) i n d i c a t e  t h a t  t h e  minimum 
dose  f o r  mild i n j u r y  v a r i e s  w i t h  t h e  d i ame te r  of t h e  i r r a d i a t e d  image ( 7 ) .  
I t  was found t h a t  t h e  s m a l l e r  t he  image  s i z e  t h e  larger t h e  r a d i a t i o n  d o s e  
r e q u i r e d  to produce mi ld  i n j u r y ,  T h i s  c a n  be a t t r i b u t e d  t o  t h e  f a c t  t h a t  t h e  
r a t e  of ene rgy  d i s s i p a t i o n  b y  conduc t ion  from t h e  i r r a d i a t e d  i m a g e  t o  t h e  
s u r r o u n d i n g  u n i r r a d i a t e d  t i s s u e  i n c r e a s e s  i n  p r o p o r t i o n  t o  t h e  t empera tu re  
g r a d i e n t  which ,  i n  t u r n ,  is an i n v e r s e  f u n c t i o n  of t h e  image d iame te r .  Thus,  
t h e  assumpt ion  o f  a n  image d i a m e t e r  of lo& , w h i l e  o v e r e s t i m a t i n g  t h e  e n e r g y  
d e n s i t y  may a l so  overestimate t h e  r a t e  of ene rgy  d i s s i p a t i o n  from the 
i r r a d i a t e d  image, so t h a t  t h e  two f a c t o r s  t e n d  t o  oppose each  o t h e r .  A c t u a l l y  

d i ame te r  produces a power d e n s i t y  of 1.33 watts/  
cm2 on t h e  r e t i n a .  
t h a t  300 watts/cm2 focussed  on a ZOO,,. d i a m e t e r  of t h e  r a b b i t  r e t i n a  for 
s e v e r a l  s econds  f a i l e d  t o  produce an oph tha lmoscop ica l ly  v i s i b l e  l e s i o n .  A 
power d e n s i t y  of 1.33 watts/cm2 on t h e  human r e t i n a  for l i m i t e d  exposure  times 
shou ld  not produce i r r e v e r s i b l e  e f f ec t s  acco rd ing  t o  p r e s e n t  i n fo rma t ion .  

w a t t s  i n c i d e n t  on a lop 
Experiments  conducted by t h e  a u t h o r s  ( 7 )  demonst ra ted  
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Thermal damage t o  the  r e t i n a l  p r o t e i n s  i s  prohably  t h e  l i m i t i n g  f a c t o r  
i n  c o n s i d e r i n g  t h e  hazard  ui CW l a s e r s .  
i n  m i n d  t h e  p o s s i b l e  e f f e c t s  upon the p r o t e i n s  of t h e  c r y s t a l l i n e  
Continued exposures  a t  i n t e r v a l s  O v e r  an extended pe r iod  of t i m e  cou ld  r e s u l t  
conce ivab ly  i n  damage t o  t h e  l e n s  p r o t e i n s  w i t h  consequent  o p a c i f i c a t i o n .  
The c l i n i c a l  u s e  of l a s e r  beams t o  c o a g u l a t e  t h e  r e t i n a  is t o o  r e c e n t  t o  r u l e  
o u t  comple t e ly  t h e  development of long term e f f e c t s .  
t h a t  t h e  eye  can  accept  w i t h  impunity low l e v e l s  of l a s e r  r a d i a t i o n  over  an 
i n d e f i n i t e  pe r iod  of time. 
hours  of an enzyme s o l u t i o n  t o  a one m i l l i w e t  beam of unfocussed r a d i a t i o n  
from a He-Ne l a s e r  f a i l e d  t o  produce s i g n i f i c a n t  d e a c t i v a t i o n  of t h e  enzyme 
i n  q u e s t i o n .  

N e v e r t h e l e s s ,  it seems w i s e  t o  keep 
l e n s .  

I t  should  not  be assumed 

I n  t h i s  l a b o r a t o r y  con t inuous  exposure  over  48 

While c o m f o r t i n g , t h i s  ev idence  is not  conc lus ive .  

The Ocular  Hazard from Normal Laser  Pulses 

The i n e v i t a b l e  t r e n d  Of l a s e r  technology toward h i g h e r  ou tpu t  e n e r g i e s  
and g r e a t e r  power d e n s i t i e s  has  i n c r e a s e d  t h e  Ocular  hazard  i n  t h e  l a b o r a t o r y  
and i n  t h e  f i e l d .  
j o u l e s  a r e  commonplace, s o  t h a t  even d i f f u s e  r e f l e c t a n c e  from su r round ing  
o b j e c t s  may prove hazardous t o  t h e  eye .  
e s t a b l i s h e d  on a s c i e n t i f i c  b a s i s  i t  is necessa ry  t o  d e f i n e  c a r e f u l l y  t h e  
minimum r a d i a t i o n  dose  and exposure time which c a n  be t o l e r a t e d  by t h e  human 
e y e  wi thou t  undergoing i r r e v e r s i b l e  b i o l o g i c a l  damage. F o r t u n a t e l y ,  some 
backgwound in fo rma t ion  on s a f e  exposure  leve ls  t o  t h e  eye  is a v a i l a b l e  from 
t h e  p r e v i o u s l y  mentioned r e s e a r c h  on t h e  r e t i n a l  burn hazard  from n u c l e a r  
weapons. C l i n i c a l  e x p e r i e n c e  h a s  shown t h a t  t h e  r a b b i t  r e t i n a  p rov ides  a 
v a l i d  and u s e f u l  model for e s t i m a t i n g  s a f e  l e v e l s  of human exposure .  

Ruby and Nd-glass p u l s e  t r a i n s  c o n t a i n i n g  more than  100 

Before s a f e t y  c r i t e r i a  can  be 

Exposures  were made w i t h  a 4.5' d i v e r g e n t  cone o f  laser r a d i a t i o n  
s t r i k i n g  t h e  r a b b i t  c o r n e a  t o  produce a beam d iame te r  on t h e  r e t i n a  of 
approximate ly  0.8 mm. 
be fo re  t h e  exper iment .  
f o r  each  p u l s e  by methods e x p l a i n e d  above. 
on e a c h  r a b b i t  involved  p l a c i n g  i n i t i a l l y  a modera te ly  s e v e r e  l e s i o n  on 
t h e  r e t i n a ,  t h e n  a t t e n u a t i n g  subsequent  exposures  by means of c a l i b r a t e d  
f i l t e r s  u n t i l  t h e  l e s i o n  was no l onge r  v i s i b l e  5 minutes  a f t e r  exposure .  
Thus,  a series of l e s i o n s ,  d e c r e a s i n g  i n  s e v e r i t y  u n t i l  t h e y  were no longer  
v i s i b l e  were p laced  on a p o r t i o n  of t h e  r a b b i t  fundus which had been chosen 
c a r e f u l l y  f o r  u n i f o r m i t y  of p igmenta t ion .  
and lack  of uniform fundus  p igmenta t ion  were major s o u r c e s  of e r r o r  i n  
de t e rmin ing  an e m p i r i c a l  " threshold" .  

The r a b b i t  p u p i l  was d i l a t e d  t o  approximate ly  8 mm 
Energy and t i m e  d u r a t i o n  were measured a c c u r a t e l y  

S tandard  o p e r a t i o n a l  procedure  

',Hot s p o t s "  i n  t h e  l a s e r  beam 

The d a t a  p o i n t s  p l o t t e d  i n  F i g u r e  I f o r  monochromatic laser p u l s e s  
200 .>LS in d u r a t i o n  a r e  markedly s i m i l a r  t o  t h e  " th re sho ld"  d a t a  f o r  pu l sed  
w h i t e  l i g h t  s o u r c e s  w i t h  t h e  xenon lamp. Within expe r imen ta l  accu racy  a 
r a d i a t i o n  dose  of approximate ly  0.65 J / c m 2  d e l i v e r e d  i n  2 0 0 ~ ~ 2 3  produces a 
mi ld  l e s i o n  on t h e  r a b b i t  r e t ina .  H i s t o l o g i c a l  examinat ion  Of minimal 
l e s i o n s ,  whether  produced by monochromatic ruby r a d i a t i o n  o r  by t h e  pulsed  
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xenon lamp, f a i l s  t o  d i s c l o s e  any marked b i o l o g i c a l  d i f f e r e n c e s  i n  t h e  n a t u r e  
of t h e  l e s i o n s .  Thus,  bo th  p h y s i c a l  and b i o l o g i c a l  d a t a  i n d i c a t e  t h a t  the 
n a t u r e  of t h e  damage i s  s i m i l a r .  

The  Ocular  Hazard from Q-switched Laser P u l s e s  

The d i s t i n g u i s h i n g  f e a t u r e  for b i o l o g i c a l  damage from Q-switched p u l s e s  
is t h e  r a t e  of ene rgy  d e l i v e r y  o r  power d e n s i t y  i n  watts/cmz. 
p u l s e s ,  w h i l e  e n e r g e t i c ,  r e q u i r e  an a p p r e c i a b l e  time f o r  d e l i v e r y ,  from 
s e v e r a l  hundred microseconds t o  s e v e r a l  m i l l i s e c o n d s .  Q-switched p u l s e s ,  on 
t h e  o t h e r  hand ,  may c o n t a i n  less ene rgy  hut  t h e  p u l s e  d u r a t i o n  i s  o r d e r s  of 
magnitude less t h a n  f o r  normal l a s e r  p u l s e s .  Power d e n s i t i e s  f o r  Q-switched 
l a s e r  p u l s e s  r ange  from 1 t o  I00  megaWattS/cm2 and can  even ex tend  i n t o  t h e  
gigawatt/cm' range  f o r  S p e c i a l  d e v i c e s .  Time d u r a t i o n  f o r  Q-switched p u l s e s  
r a n g e  from about  5 t o  100 nanoseconds. I n  F i g u r e  IV, a ruby  Q-switched p u l s e  
of approx ima te ly  30 n s  i s  shown. 

Normal laser 

P rocedures  for de te rmin ing  power d e n s i t y  and p u l s e  t i n e  for  Q-switched 
r w l i ~ t i o n  exposures  of the  r a b h i t  r e t i n a  are i d e n t i c a l  w i t h  t h o s e  o u t l i n e d  
i n  the l a s t  s e c t i o n  for normal l a s e r  a c t i o n .  There seem t o  be t w o  o u t s t a n d i n g  
expe r imen ta l  f e a t u r e s  w h i c h  d i s t i n g u i s h  a minimal &-Switched l e s i o n  from a l l  
o t h e r s :  (1) t h e  r a d i a t i o n  dose  (0 .07  J/cm2) r e q u i r e d  t o  produce an obse rvab le  
l e s i o n  on t h e  r a b b i t  r e t i n a  i n  30 l is  i s  lower by more t h a n  a f a c t o r  of 10 
from tha t  needed t o  produce minimal damage a t  2 0 0 ~ ~ s .  (2) t h e  c l i n i c a l  
appearance  and h i s t o l o g i c  ev idence  i n d i c a t e  t h a t  t h e  minimal Q-switched 
l e s i o n  on t h e  r a b b i t  r e t i n a  d i f f e r s  m a t e r i a l l y  from minimal l e s i o n s  produced 
a t  t h e  r e l a t i v e l y  low power d e n s i t y  l e v e l s  rncoun te red  fo r  normal laser 
p u l s e s .  S p e c i f i c a l l y ,  i t  is found t h a t  t h e  r e l a t i v e l y  mi ld  Q-switched l e s i o n  
is  accompanied by c h u r o i d a l  hemorrhages 
A s imi la r  c l i n i c a l  or h i s t o l o g i c a l  p i c t u r e  is no t  observed  for minimal exposure  
t n  normal l a s e r  p u l s e s  and xenon lump p u l s e s  of r e l a t i v e l y  low power d e n s i t y .  

Tliermal I n j u r y  a s  a Model f o r  Rad ia t ion  Damage t o  t h e  R a t i n a  

ex tend ing  i n t o  t h e  s u b r e t i n a l  space  ( 6 ) .  

- 
Henr iques  (20) has  proposed an e x p l a n a t i o n  of t h e r m a l  i n j u r y  t o  b i o l o g i c a l  

sys tems i n  terms of ra te  p rocess  theo ry .  T h i s  is a s t a t i s t i ca l  mechanica l  
approach t o  i r r e v e r s i b l e  damage a t  t h e  molecu la r  l e v e l ,  based on chemica l  
k i n e t i c s  as a f u n c t i o n  of t ime- tempera ture  h i s t o r y .  The a p p l i c a t i o n  of r a t e  
p rocess  t h e o r y  t o  the rma l  i n j u r y  demands, among o t h e r  t h i n g s ,  a knowledge of 
t h e  t ime- t empera tu re  h i s t o r y  of t h e  exposed b i o l o g i c a l  sys tem;  t o  a c q u i r e  
t h i s  knowledge, it becomes necessa ry  t o  e i t h e r  c a l c u l a t e  t h e  t ime- tempera ture  
h i s t o r y  i n  t h e  i r r a d i a t e d  sys tem i n  terms of a mathemat ica l  model ( d i f f e r e n t i a l  
e q u a t i o n  of h e a t  f l o w ,  fo r  example) or t o  measure e x p e r i m e n t a l l y  t h e  tempera-  
t u r e  as a f u n c t i o n  of space and t i m e .  
C z 2 )  9 C z 3 )  9 (24) .  Davis  (25) h a s  d i s c u s s e d  t h e  measurement of transient 
t e m p e r a t u r e s  i n  b i o l o g i c a l  sys tems and commented c r i t i c a l l y  on t h e  d i f f i c u l t i e s  
involved .  Another and perhaps  more p r a c t i c a l  approach t o  t h e  d e t e r m i n a t i o n  of 
time v s  t e m p e r a t u r e  i n  b i o l o g i c a l  s y s t e m s  i n v o l v e s  the  u s e  of e l e c t r i c a l  
ana logues  t o  s i m u l a t e  t h e  i r r a d i a t i o n  program (26). 

B o t h  approaches have been t r i e d  ( ' l ) '  

Whatever t h e  approach ,  a 
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F i g u r e  IV 

g - s w i t c h e d  t race  of t y p i c a l  r u b y  p u l s e  l a s t i n g  a p p r o x i m a t e l y  30 ns. 
Time scale  50 ns/cm. 
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knowledge of t h e  t ime- t empera tu re  h i s t o r y  f o r  a b i o l o g i c a l  system is 
n e c e s s a r y  b e f o r e  chemical k i n e t i c s  can be employed i n  a model t o  d e s c r i b e  
t h e r m a l  damage at t h e  molecu la r  l e v e l .  

Most of t h e s e  approaches towards s o l v i n g  t h e  t ime- t empera iu re  h i s t o r y  
r e q u i r e  a p h y s i c a l  model which w i l l  p rov ide  a r e a s o n a b l e  approximation t o  
t h e  b i o l o g i c a l  system under  i n v e s t i g a t i o n .  I n  t h e  case of t h e  mammalian 
r e t i n a ,  enough d a t a  has  accumulated t o  c o n s t r u c t  a c r u d e  model. I t  h a s  been 
demons t r a t ed  by h i s t o c h e m i c a l  s t a i n i n g  t e c h n i q u e s  (12) t h a t  minimal l e s i o n s  
i n  t h e  r a b b i t  fundus i n v o l v e  p r i m a r i l y  t h e  pigment e p i t h e l i u m  and t h e  a d j a c e n t  
s t r u c t u r a l  l a y e r s ,  i n c l u d i n g  t h e  o u t e r  r e t i n a l  layers  which c o n t a i n  t h e  v i s u a l  
r e c e p t o r s .  

I n  2 4  human e y e s ,  a b s o r p t i o n  and s c a t t e r i n g  d a t a  i n d i c a t e  t h a t  for t h e  ruby 
l a s e r  wavelength (694 .3  m , i  ) about 10 pe rcen t  of t h e  r a d i a t i o n  is absorbed or 
s c a t t e r e d  i n  t h e  o c u l a r  media (OM), w h i l e  a b s o r p t i o n  and/or s c a t t e r i n g  i n  t h e  
PE v a r i e s  from 15 t o  10 p e r c e n t  depending on t h e  i n d i v i d u a l ;  a b s o r p t i o n  and/or 
s c a t t e r i n g  i n  t h e  c h o r o i d  var ies  from 10 t o  80 p e r c e n t .  Maximum a b s o r p t i o n  
i n  t h e  PE would r e p r e s e n t  t h e  moat hazardous case. Accordingly,  it seems 
r e a s o n a b l e  t o  assume t h a t  10 percen t  of t h e  ruby r a d i a t i o n  i n c i d e n t  on  the  PE 
is  absorbed i n  a t h i c k n e s s  of 10 microns w h i l e  t h e  remaining 60 pe rcen t  i s  
absorbed i n  t h e  100 - 150 micron t h i c k n e s s  of t h e  c h o r o i d .  Absorp t ion  of  
r a d i a t i o n  t a k e s  p l a c e  p r i m a r i l y  i n  t h e  melanin g r a n u l e s  d i s p e r s e d  w i t h i n  t h e  
s i n g l e  c e l l  l a y e r  of t h e  PE,  and w i t h i n  t h e  pigmented c h o r o i d a l  cells .  The 
s ize  and d i s p e r s i o n  nf t h e s e  pigment g r a n u l e s  v a r i e s  w i d e l y  among i n d i v i d u a l s ,  
and t h e  d i s t r i b u t i o n  of t h e  pigmented cel ls  is much more i r r e g u l a r  i n  t h e  
c h o r o i d .  V a s c u l a r i z a t i o n  of t h e  c h o r o i d  p r o v i d e s  an a d d i t i o n a l  s o u r c e  of 
a b s o r p t i o n .  

Taking t h e  above f a c t o r s  i n t o  account  and c o n s i d e r i n g  t h e  t h e r m a l  
p r o p e r t i e s  of water as a f i r s t  approximation t o  t h o s e  of ocular t i s s u e ,  a 
c r u d e  model of t h e  o c u l a r  fundus is i l l u s t r a t e d  i n  F i g u r e  V. According t o  
t h i s  model,  s i g n i f i c a n t  a b s o r p t i o n  of r a d i a n t  e n e r g y  b e g i n s  a t  t h e  PE where 
4 0  percen t  is absorbed e x p o n e n t i a l l :  i n  p a s s i n g  th rough  a l o a  t h i c k n e s s ,  
and t h e  remaining 60 pe rcen t  is absorbed e x p o n e n t i a l l y  i n  t h e  c h o r o i d .  The 
assumption of  e x p o n e n t i a l  a b s o r p t i o n  i n  PE and c h o r o i d  i m p l i e s  a uniform 
but d i f f e r e n t  c o n c e n t r a t i o n  of abso rb ing  mater ia l  (melanin g r a n u l e s )  i n  each  
s t r u c t u r e .  I n  view of t h e  wide v a r i a t i o n  i n  bo th  d i s t r i b u t i o n  and s ize  of 
pigment mater ia l  among i n d i v i d u a l s  t h i s  assumption seems war ran ted .  

S e v e r a l  f e a t u r e s  of t h i s  c r u d e  model are worthy of d i s c u s s i o n .  During 
t h e  e a r l y  stages of exposure  t h e  t e m p e r a t u r e  g r a d i e n t  w i l l  be approx ima te ly  
t h e  same on b o t h  s i d e s  of t h e  PE. S i n c e  t h e  c h o r o i d  abso rbs  s i m u l t a n e o u s l y  
w i t h  t h e  PE, t h e  temperature g r a d i e n t  between t h e  i n t e r f a c e  of t h e  PE and 
c h o r o i d  w i l l  v a r y  w i t h  exposure  t ime, be ing  l a r g e  d u r i n g  t h e  i n i t i a l  stages 
of e x p o s u r e  but  g r a d u a l l y  d i m i n i s h i n g  a s  t h e  c h o r o i d  c o n t i n u e s  t o  abso rb  
ene rgy  and t h e  PE conduc t s  more ene rgy  i n t o  t h e  c h o r o i d .  T h i s  model does 
n o t  i n c l u d e  t h e r m a l  d i s s i p a t i o n  by c h o r o i d a l  blood f l o w  because t h e  l a t t e r  
is slow i n  comparison t o  t h e r m a l  conduc t ion .  The f a c t  t h a t  damage is f i r s t  
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V. Schematic diagram of crude physical ncdcl of ocular fundus. 

Figure V 

Schematic diagram of crude phys ica l  model of ocular  f m d u s .  
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seen i n  the PE and i n  t h e  o u t e r  l a y e r s  o f  the r e t i n a  seems r e a s o n a b l e  when 
i t  is  c o n s i d e r e d  t h a t :  (1) t h e  ene rgy  d e n s i t y  and t h e r e b y  t h e  t e m p e r a t u r e  
a i l 1  be h i g h e s t  i n  t h e  PE; ( 2 )  t h e  o u t e r  r e t i n a  c o n t a i n s  h i g h l y  developed 
and s e n s i t i v e  b i o l o g i c a l  s t r u c t u r e s  and s u b s t a n c e s .  

t i E  
:> f 

A maximum t e m p e r a t u r e  i n  t h e  PE c a n  be  e s t i m a t e d  by comple t e ly  n e g l e c t i n g  
!rmal c o n d u c t i o n  and c o n s i d e r i n g  t h e  PE as a p i l l  box hav ing  a t h i c k n e s s  
l o _ - (  , f i l l e d  w i t h  a n o l e c u l u r  s u b s t a n c e  d i s s o l v e d  i n  water which w i l l  

.tbsorb 10 p e r c e n t  of t h e  rn:liant ene rgy  i n c i d e n t  on i t s  s u r f a c e .  T h i s  
s i m p l i f i e d  model,  f o r  a l l  i t s  c r u d i t y ,  can h e l p  i n  d e l i n e a t i n g  t h e  problem. 
For  example ,  a r a d i a t i o n  dose  of 0 . S 5  J/cm2 d e l i v e r e d  i n  200 , s by a 
w ~ n n a l  Laser  p u l s e  produces minimal damage t o  t h e  r a b b i t  r e t i n a .  A c a l c u l a -  
t i o n  of t h e  inavimun t empera tu re  r i se  under  t h e s e  c o n d i t i o n s  y i e l d s  81% 
t b ~ v e  ambient .  
l i v e r e d  i n  30 nanoseconds,  t h e  c o n d i t i o n s  f o r  minimal damage t o  t h e  r a b b i t  
r e t i n a  from a r'13y Q-switched p u l s e ,  y i e l d s  o n l y  a r ise  of 6 . P C  above ambient.  
Th? mode1 seems reasonnl ) le  for t:ie 2 0 0  ,I( s laser  p u l s e  when it  is  remenbered 
t h a t  t h e  mauimum t? ,np?ra ture  above ambient i n  t h e  PE i s  c o n s i d e r a b l y  below 
81'": i)oiA.1se of h-a t  condi tc t ion  t o  t h e  su r round ing  environment.  On t h e  other 
Iiiind a r i se  of o n l y  5.7":: 1'1 t5.r ?E dose  not Seem compa t ib l e  w i t h  t h e  
s p h t h a l m o s c o p i c a l l y  : ' isi1>1~ : ? s i g n  which appea r s  soon a f t e r  exposure  t o  t h e  
Q-switched p u l s e .  

The same c a l c u l a t i o n  i o r  a r a d i a t i o n  dose  of 0 .07 J/cm2 de- 

Temperatures  v s  time a t  t h e  c e n t e r  of t h e  PE f o r  s q u a r e  wave i n p u t s  of 
r a d i a n t  e n e r g y  of v a r i o u s  d u r a t i o n s  i n  t h e  microsecond r e g i o n  a r e  shown i n  
'izdre VI. These c u r v e s  a r e  t a k e n  from t h e  unpub l i shed  d a t a  of Schmidt (z6) 
itsing nil e l e c t r i c a l  ana log  which r educes  t h e  s t u d y  of t r a j m i s n t  r e t i n a l  
t - r r e r z t u r e s  t u  the r e c o r d i n g  of v o l t a g e s  1's time i n  a r e s i s t a n c e - c a p a c i t a n c e  
n*>t 'A@rk c o n s t r u c t e d  t u  s i m u l a t e  h e a t  conduc t ion  w i t h i n  t h e  o c u l a r  fundus .  
T!ie p h y s i c a l  model upon 'which t h i s  zna log  i s  based assumes a PE which is 
lo,,- 1:) t h i c k n e s s  and composed of a s u b s t a n c e  hav ing  the  t h e r m a l  p r o p e r t i e s  
of 'water and c a p a b l e  of abso rb ing  un i fo rmly  throughout  i t s  volume a norma l ly  
i n c i d e n t  power d e n s i t y  of . % . I 8  watts/cm2. The s t r a i g h t  l i n e  i n  F i g u r e  VI 
r e p r e s e n t s  the r ise  i n  t empera tu re  w i t h i n  a PE which i s  comple t e ly  i n s u l a t e d ,  
i . e . ,  no conduc t ion .  For s q u a r e  wave or c o n s t a n t  ene rgy  i n p u t s  up t o  2 5 1 . ~  S 

i n  d u r a t i o n ,  conduc t ion  p l a y s  no p a r t  i n  de t e rmin ing  t h e  f i n a l  t empera tu re  
of t h e  PE; f o r  c o n s t a n t  I n e r g y  i n p u t s  beyond 25/.4s i n  d u r a t i o n  conduc t ion  
bag ins  t o  p l a y  an i n c r e a s i n g l y  impor t an t  r o l e  i n  de t e rmin ing  t h e  peak 
t empera tu re  a t t a i n e d  by t h e  PE. The c u r v e s  i l l u s t r a t e d  i n  F i g u r e  VI and 
s i m i l a r  ones  d e r i v e d  by ana log  t e c h n i q u e s  f o r  l o n g e r  exposure  times c a n  be 
used t o  estimate t h e  maximum t e m p e r a t u r e  a t t a i n e d  i n  t h e  PE. The r e s u l t s  
a r e  shown i n  T a b l e  I i n  w h i c h  maximum t e m p e r a t u r e s  f o r  v a r i o u s  exposure  
times are l i s t e d ,  The r a d i a t i o n  doses  l i s t e d  i n  column 2 were t a k e n  from 
t h e  log - log  p l o t  of F i g u r e  I for image d i a m e t e r s  of 0.8 mm. The s imul t aneous  
a b s o r p t i o n  of r a d i a n t  ene rgy  i n  t h e  c h o r o i d  h a s  been t a k e n  i!itn account i n  
c a l c u l a t i n g  t h e s e  maximum t e m p e r a t u r e s  i n  t h e  PE. 
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TABLE I 

Maximum tempera tu res  i n  t h e  PE f o r  d i f f e r e n t  exposure  t imes  as  e s t i m a t e d  on 
t h e  b a s i s  of t h e  c rude  model i l l u s t r a t e d  i n  F igu re  V. An e l e c t r i c a l  ana log  
h a s  been used t o  t a k e  account  of h e a t  conduct ion  i n  t h e  model. 

Exposure Time 
i n  

.I1 s 

0.030 
200.0 
500.0 

1000.0 
2000.0 
5000.0 

100fl0. 0 
20000.0 

Radia t ion  
Dose i n  

J / c m 2  

0.07 
0.85 
1.10 
1.38 
1.72 
2 .11  
3.07 
3.90 

“ T e n p r n t u r e s  a r e  OC above ambient.  

Max. Temp.* i n  
PE, n e g l e c t i n g  

conduc t ion  

6 .7  
81.0 

105.0 
132.0 
165 .0  
230.0 
29.1.0 
373.0 

Max. Temp.* i n  
PE, c o r r e c t i n g  
f o r  conduct  i o n  

6.7 
52.8 
5 0 . 5  
55.0 
53.5 
49.3 
-17.3 
46.8 



Discuss ion :  

The Convent iona l  Thermal I n j u r y  Model f o r  Exposure Times of 200 B S  or 
G r e a t e r  

Reference  t o  t h e  l a s t  column of Tab le  I shows t h a t  r e t i n a l  l e s i o n s  
produced by exposure  t o  Q-switched l a s e r  p u l s e s  cannot  be d i s c u s s e d  i n  t e r m s  
of t h e  model developed above f o r  t h e  examina t ion  of r e t i n a l  l e s i o n s  r e s u l t i n g  
from exposures  t o  lower power d e n s i t i e s .  F u r t h e r  d i s c u s s i o n  of Q-switched 
phenomena i s  postponed u n t i l  t h e  more c o n v e n t i o n a l l y  produced l e s i o n s  have 
been examined i n  terms of  t h e  the rma l  model p r e v i o u s l y  developed.  

The e s t i m a t e s  of maximum t e m p e r a t u r e  above ambient i n  t h e  PE (column 4 ,  
Tab le  I )  may be s u b j e c t  t o  c o n s i d e r a b l e  error,  due t o  t h e  assumpt ions  i m p l i c i t  
i n  t h e  model,  and s h o u l d  be r ega rded  as approximat ions  probably  t o  w i t h i n  
20 p e r c e n t .  However, t h e  u n i f o r m i t y  of maximum tempera tu res  i n  t h e  PE o v e r  
a wide range  of power d e n s i t i e s  and exposure  times cannot  be ignored .  A 
p l a t e a u  o r  t h r e s h o l d  e f fec t  seems e v i d e n t .  The h y p o t h e s i s  of an “ a l l  o r  none“ 
phenomenon f o r  thermal  i n j u r y  a t  a p a r t i c u l a r  t empera tu re  can  be d i s c a r d e d  
immediately i n  v i e w  of t h e  exper iments  of Geeraets ( 1 2 ) ,  who h a s  shown by 
h i s t o c h e m i c a l  t e c h n i q u e s  t h a t  enzyme damage ex tends  w e l l  i n t o  t h e  o u t e r  r e t i n a  
as w e l l  as r a d i a l l y  i n t o  t h e  u n i r r a d i a t e d  PE where t h e  maximum t e m p e r a t u r e s  
a t t a i n e d  d u r i n g  an exposure  a r e  c o n s i d e r a b l y  lower t h a n  at t h e  c e n t e r  of t h e  
PE. A p r a c t i c a l  e x p l a n a t i o n  may  be t h a t  a t empera tu re  close t o  or perhaps  
a t  lOOOC i n  t h e  PE is r e q u i r e d  t o  c o a g u l a t e  r e t i n a l  t i s s u e  t o  t h e  p o i n t  where 
t h e  r e l a t i v e  r e f l e c t a n c e  of l i g h t  from t h e  PE can  be d i s t i n g u i s h e d  by 
ophtha lmoscopic  o b s e r v a t i o n .  The f a c t  t h a t  t h i s  maximum tempera tu re  is 
r e l a t i v e l y  i n v a r i a n t  o v e r  t h e  range  of power d e n s i t i e s  and exposure  times 
shown i n  Tab le  I c a n  be t a k e n  as e x c e l l e n t  ev idence  f o r  t h e  u n i f o r m i t y  and 
r e p r o d u c i b i l i t y  of t h e  b i o l o g i c a l  endpo in t  chosen  t o  d e f i n e  a minimal  r e t i n a l  
l e s i o n ,  I t  shou ld  be emphasized a g a i n  t h a t  t h e  c r i t e r i o n  of t h e  appearance  
of  an oph tha lmoscop ica l ly  v i s i b l e  l e s i o n  w i t h i n  5 minutes  a f t e r  r a d i a n t  
exposure  i s ,  a t  b e s t ,  a c r u d e  method f o r  de t e rmin ing  a p r a c t i c a l  “ t h r e s h o l d “  
which can  be used t o  d e f i n e  o c u l a r  s a f e t y .  

Vos (‘l) sugges t ed  a f t e r  an a n a l y s i s  of t h e  ear l ier  d a t a  of t h e  a u t h o r s  
t h a t  s team p roduc t ion  might account  for  t h e  l e s i o n s  observed  i n  t h e  r a b b i t  
r e t i n a .  Undoubtedly,  t h i s  e x p l a n a t i o n  h a s  v a l i d i t y  f o r  t h e  more s e v e r e  
les ions of  t h e  r a b b i t  r e t i n a ,  but  i t  does  n o t  ho ld  for  t h e  mi ld  l e s i o n s  
d e s c r i b e d  by Ceeraets (12) o r  t h o s e  i l l u s t r a t e d  i n  F i g u r e  I o f  t h i s  r e p o r t .  
Al though t e m p e r a t u r e s  i n  t h e  PE above ambient cou ld  e a s i l y  a t t a i n  t h e  steam 
p o i n t  and s t i l l  be w i t h i n  t h e  e s t i m a t e d  accuracy  acco rd ing  t o  t h e  model 
used  i n  t h i s  pape r ,  t h e  e x p e r i m e n t a l  ev idence  i n d i c a t e s  t h a t  t h e  r a d i a n t  
exposures  a r e  t e r m i n a t e d  b e f o r e  t h e  g e n e r a t i o n  of steam produces a gross 
d i sa r r angemen t  of t h e  s t r u c t u r e  of t h e  o u t e r  r e t i n a .  P o s s i b l y ,  t h e  observed  
p l a t e a u  i n  t e m p e r a t u r e  is  due  t o  t h e  conve r s ion  of e n e r g y  t o  t h e  l a t e n t  h e a t  
of v a p o r i z a t i o n  of water. I n  a l l  e v e n t s ,  t h e  c o n s t a n t  s l o p e  i n  F i g u r e  I f o r  
minimal  observed  l e s i o n s  over  an e x t e n s i v e  range  of power d e n s i t i e s  and 
exposure  t i m e s  s u g g e s t s  t h a t  t h e  b i o l o g i c a l  endpo in t  chosen  as a c r i t e r i o n  
remains  approx ima te ly  c o n s t a n t .  T h i s  may r e p r e s e n t  a maximum t e m p e r a t u r e  i n  
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the PE nuedcd t o  c o a g u l a t e  t i s s u e  t r i  the  p i n t  where  r e l a t i v e  reflectance 
from t h e  o c u l a r  fundus c a n  be used t o  d e f i n e  a r e t i n a l  l e s i o n .  

T h e s e  c a l c u l a t i o n s  of an approximate t empera tu re  p l a t e a u  i n  t h e  PE f o r  
t h e  o b s e r v a t i o n  of a minimal r e t i n a l  l e s i o n  do not  i n v a l i d a t e  r a t e  p rocess  
t h e o r y  as a p o s s i b l e  model f o r  t he rma l  damage a t  t h e  molecular  l e v e l .  The 
minimal l e s i o n  r e p o r t e d  here and i l l u s t r a t e d  i n  F igu re  I is a g r o s s  estimate 
of * ‘ o v e r k i l l ”  which should  not  he  used t o  test  t h e  v a l i d i t y  of ra te  p r o c e s s  
theo ry .  For  t h e  longe r  r a d i a n t  exposures ,  t h e r e  is a tendency  f o r  t h e  
maximum temperature i n  t h e  PE t o  d e c r e a s e .  T h i s  is 3n i n d i c a t i o n  t h a t  lower 
t empera tu res  i n  t h e  PE, i f  main ta ined  ove r  a s u f f i c i e n t  t i m e ,  c an  account  for  
t h e  same degree  of r e t i n a l  damage. More r e f i n e d  expe r imen t s  are needed t o  
tes t  t h e  e f f e c t  of t ime- t empera tu re  h i s t o r y  on macromolecules of h i o l o g i c  
i n t e re s t .  Thermal d e n a t u r a t i o n  of r e t i n a l  p r o t e i n s  by t h e  t e c h n i q u e s  a v a i l a b l e  
t o  molecular  b io logy  a r e  c u r r e n t l y  under i n v e s t i g a t i o n .  

Sr i lu t ions  of the d i f f e r e n t i a l  e q u a t i o n  of h e a t  f l ow f o r  p a r t i c u l a r  
houndary c o n d i t i o n s  conforming t o  t h o s e  for r a d i a t i o n  exposures  of t h e  mammalian 
r e t i n a  have b e e n  provided  by Schmidt and VosI. 
a f u n c t i o n  of t i m e  and space c o o r d i n a t e s  have been c a l c u l a t e d  on t h e  assumption 
t h a t  the o c u l a r  fundus may he t rea ted  as a s u b s t a n c e  having  Lhe the rma l  prop- 
e r t i e s  01 water. The r a d i a t i o n  i n c i d e n t  normal ly  t o  t h e  s u r f a c e  of t h e  PE 
is  cons ide red  t o  be absorbed un i fo rmly  throughout  a f i n i t e  depth .  For t h e  
case of an  i n f i n i t e l y  l a r g e  r e t i n a l  image ( i n f i n i t e  p l ane )  t h e  s o l u t i o n  i n  
terms of t i m e  and d e p t h  can  be o b t a i n e d  by a n a l y t i c a l  i n t e g r a t i o n .  The more 
p e r t i n e n t  s o l u t i o n  f o r  f i n i t e  r e t i n a l  images has  been o b t a i n e d  by numer ica l  
i n t e g r a t i o n  u s i n g  a d i g i t a l  computer.  I n  F i g u r e  V I I ,  t empera tu re  rise i n  
t h e  PE per u n i t  of i n c i d e n t  r a d i a t i o n  absorbed is p l o t t e d  l o g a r i t h m i c a l l y  
a g a i n s t  time f o r  s q u a r e  p a r a l l e l e p i p e d o n s  having  dimensions of 632 and 20 
microns on a s i d e  r e s p e c t i v e l y .  The t empera tu re  at  t h e  c e n t e r  of t h e  PE 
c o n t i n u e s  t o  r i s e  even  a f t e r  an exposure  time of 100 m s  f o r  t h e  l a r g e r  image 
whi le  i t  l e v e l s  o f f  at approximate ly  2 0 0 ) ~ s  f o r  t h e  s m a l l e r  i m a g e .  F o r  a 
g iven  r a d i a t i o n  i n p u t  t h e  t empera tu re  i n  t h e  PIS r eaches  s a t u r a t i o n  q u i c k l y  
and a t  a much lower v a l u e  f o r  t h e  small  image as compared t o  t h e  l a r g e  image. 

(27) Tempera tures  i n  t h e  PE as 

Heat conduc t ion  a t  t h e  b o r d e r s  of t h e  image beg ins  t o  have an a p r e c i a b l e  
e f f e c t  on t h e  t empera tu re  a t  t h e  c e n t e r  of t h e  PE a f t e r  a time t e Z 8 /?K 
w h e r e  Z is  t h e  h a l f  t h i c k n e s s  of t h e  PE (assuming t h a t  t h e  t h i c k n e s s  of t h e  
PE i s  c o n s i d e r a b l y  less than  t h e  dimensions of t h e  Square  i m a g e )  and K i s  
t h e  t h e r m a l  d i f f u s i v i t y  ( t aken  as about  1:4 x 
Taking 2 as 5 ~ 4  f o r  t h e  PE, h e a t  d i s s i p a t i o n  a t  t h e  b o r d e r s  of t h e  PE w i l l  

cmZ/sec for  water.). 

*J.J. Vos, t e m p o r a r i l y  on l e a v e  from I n s t i t u t e  f o r  P e r c e p t i o n  RVO - TNO, 
S o e s t e r b e - g ,  The Ne the r l ands ,  unde r  a NATO f e l l o w s h i p  g r a n t e d  by t h e  

Ne the r l ands  O r g a n i z a t i o n  f o r  t h e  Advancement of Pure  Research  ( Z . W . O . ) .  
Ur. Vas r e t u r n e d  t o  t h e  Ne the r l ands  i n  J u l y  1964. 
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and 20 mic rons  ( f i g u r e  on n e x t  p a g e )  on a side. Taken f rom the 
d a t a  of Schmidt  and Vos. (27)  
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become a p p r e c i a b l e  a f t e r  approximate ly  io,,,,. s .  Thus,  f o r  t h e  f i r s t  10 . o s  
t h e  t empera tu re  a t  t h e  c e n t e r  of t h e  PE w i l l  r i se  almost l i n e a r l y  w i t h  t i m e .  
R e f e r r i n g  back  t o  F i g u r e  V I ,  i t  can be s e e n  t h a t  t h e  e lec t r ica l  ana log  
p r e d i c t s  about the same behav io r .  During t h e  next  phase ,  t h e  t empera tu re  
i n  t h e  PE w i l l  r ise a s  t h e  s q u a r e  r o o t  of t ;  i n  t h i s  phase h e a t  d i s s i p a t e d  
from both f a c e s  of t h e  PE a f f e c t s  a p p r e c i a b l y  t h e  t empera tu re  a t  t h e  c e n t e r  
but h e a t  from t h e  b o r d e r s  o f  t h e  p a r a l l e l e p i p e d o n  does not  have t i m e  t o  
a f f e c t  t h e  t empera tu re  a t  t h e  c e n t e r  of t h e  PE. F i n a l l y ,  h e a t  d i s s i p a t i o n  
by  conduc t ion  a t  t h e  image b o r d e r s  w i l l  have an a p p r e c i a b l e  e f f e c t  on t h e  
t empera tu re  a t  t h e  c e n t e r  of t h e  20  micron image i n  approximate ly  1 8 0 ~ 4  s 
and f o r  t h e  632 micron image i n  approximate ly  200 m s .  A t  t h i s  t i m e ,  
t C X 2 / . 4 K ,  where X is t h e  h a l f  w id th  of t h e  image, s a t u r a t i o n  e f f e c t s  become 
n o t i c e a b l e  and t h e  t empera tu re  at t h e  c e n t e r  of t h e  PE t e n d s  toward a maximum 
v a l u e .  From t h i s  po in t  on h e a t  is d i s s i p a t e d  as f a s t  a s  it is g e n e r a t e d  and 
t h e  t empera tu re  of  t h e  PE remains c o n s t a n t .  

T h i s  t y p e  of behav io r  accounts  q u i t e  w e l l  f o r  t h e  i n c r e a s e  i n  the rma l  
dose  w i t h  d e c r e a s e  i n  image s i z e  needed f o r  minimal t he rma l  i n j u r y  a t  t h e  
long exposure  t i m e s  r e p r e s e n t e d  by t h e  c i r c l e s  and c r o s s e s  i n  F i g u r e  I .  I t  
a l so  demons t r a t e s  f o r  a g i v e n  s t e a d y  s ta te  inpu t  of ene rgy  t b a t  bo th  t h e  
magnitude of t h e  e q u i l i b r i u m  t empera tu re  a t t a i n e d  a t  t h e  c e n t e r  of t h e  PE 
and t h e  time t a k e n  t o  a t t a i n  t h i s  e q u i l i b r i u m  a r e  s t r o n g  f u n c t i o n s  of t h e  
image s i z e .  I t  would t a k e  approximate ly  1 m s  t o  a t t a i n  t empera tu re  
e q u i l i b r i u m  i n  t h e  human r e t i n a  when viewing a H e - N e  CW laser beam which 
produced an image having  a d iame te r  of 20 microns.  For small  images on t h e  
r e t i n a ,  t empera tu re  e q u i l i b r i u m  is a t t a i n e d  s o  r a p i d l y  t h a t  it seems 
d o u b t f u l  whether  b lood  f low i n  t h e  c h o r o i d  cou ld  be e f f e c t i v e  i n  de t e rmin ing  
t h e  f i n a l  t empera tu re .  

The a u t h o r s  are of t h e  op in ion  t h a t  mi ld  r e t i n a l  l e s i o n s  produced by 
both  laser sources and w h i t e  l i g h t  s o u r c e s  f o r  exposure  times r a n g i n g  from 
175 microseconds t o  s t e a d y  s t a t e  c o n d i t i o n s  c a n  be a t t r i b u t e d  t o  t h e r m a l  
damage i n  t h e  PE and t h e  r e g i o n s  immediately a d j a c e n t  t o  t h e  PE,  e s p e c i a l l y  
t h e  o u t e r  layers of t h e  r e t i n a .  The g r o s s  phenomena a s s o c i a t e d  w i t h  t h e  
p roduc t ion  of t h e s e  the rma l  l e s i o n s  can  be e x p l a i n e d  adequa te ly  i n  terms 
of t h e  d i f f e r e n t i a l  e q u a t i o n  of h e a t  f low.  as a p p l i e d  t o  r e l a t i v e l y  c r u d e  
p h y s i c a l  models which approximate c o n d i t i o n s  i n  t h e  o c u l a r  fundus  d u r i n g  
r a d i a t i o n  exposure .  Fo r  r e t i n a l  l e s i o n s  produced by h i g h  power d e n s i t i e s  
and s h o r t  exposure  times (8-switched p u l s e s )  t h e  concept  of t h e r m a l  i n j u r y  
t o  t h e  r e t i n a  as  o u t l i n e d  above is no t  c o n s i d e r e d  adequate  t o  e x p l a i n  e i t h e r  
t h e  p h y s i c a l  phenomena o r  t h e  b i o l o g i c a l  e f f e c t s .  

R e t i n a l  Les ions  Produced b y  Q-switched Laser  Beams 

As mentioned P r e v i o u s l y  t h e  r e t i n a l  l e s i o n s  r e s u l t i n g  from exposure  
t o  Q-switched l a s e r  beams cannot  be e x p l a i n e d  i n  terms of c o n v e n t i o n a l  
t he rma l  i n j u r y .  Heat f low from t h e  i r r a d i a t e d  i m a g e  t o  t h e  su r round ing  
t i s s u e  is comple t e ly  n e g l i g i b l e  d u r i n g  a p u l s e  of 30 nanoseconds. The 
e f f e c t i v e  d i s t a n c e  over which h e a t  f low can  t a k e  p l a c e  w i t h i n  a g i v e n  t i m e  
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may be e s t l m a t c ~ l  by s o l v i n g  X = (4Kt)1'2, u s i n g  1 . , l  x 
thermal  d i I f u s l v i t y  of water and s u h s t i t u t l n g  3 I: lo-" sec I o r  t .  
c i i e c t i v e  r a d i u s  f o r  h e a t  f low i n  30 n s  i s  approximate ly  0 .13  mic rons ,  a 
r a d i u s  w h i c h  w o u l d  be comparable  t o  t h e  s i z e  of t h e  melanin g r a n u l e s  
d i spe r sed  w i t h i n  t h e  c e l l s  of t h e  PE. T h i s  s u g g e s t s  t h a t  t h e  abso rb ing  
volume w i t h i n  t h e  PE du r ing  a 30 ns p u l s e  might be conf ined  t o  t h e  immediate 
r e g i o n  su r round ing  t h e  pigment g r a n u l e s .  Tinder t h e s e  c i r cums tances  tempera-  
t u r e s  w i t h i n  t h i s  r e g i o n  would be expec ted  t o  r e a c h  v e r y  h i g h  v a l u e s  s i n c e  
e l e c t r o n i c  a b s o r p t i o n  of photons w i t h i n  t h e  absorb ing  medium (presumably 
 elani in i n  a polymerized form) would be e f f e c t i v e l y  i n s t a n t a n e o u s  f o r  t h e  
y r p o s e s  of t h i s  d i s c u s s i o n ,  and t h e  quantum mechanical  exchange f r o a  
e l e c t r o n i c  ene rgy  s t a t e s  t o  v i b r a t i o n a l  and r o t a t i o n a l  ene rgy  s ta tes  ( u s u a l l y  
i n  aqueous media b y  t h e  s o - c a l l e d  mechanism of i n t e r n a l  conve r s ion )  would be 
i 'ery r a p i d  a l s o .  

cm2/sec as t h e  
The 

How t h i s  r c l a t i v e l y  i n s t a n t a n e o u s  d e p o s i t i o n  of ene rgy  w i t h i n  a r e s t r i c t e d  
I~cl!itie ,izy bc d i s s i p a t e d  i s  a m a t t e r  f o r  I u t u r c  r e s e a r c h .  There  i s  expe r imen ta l  
e i ' idence t o  i n d i c a t e  t h a t  an a p p r e c i a b l e  amount of ene rgy  i s  r a d i a t e d  acco rd ing  
t u  t h e  S te fan -Bu l t zmann  law ( ? T I ) *  and a lso v i a  shock  waves induced i n  t h e  
media by  t h e  i n t e n s e  t empera tu re  g r a d i e n t s  Other  mechanisms i n v o l v i n g  
two photon p r o c e s s e s  and non- l inea r  e f f e c t s  a r e  not exc luded .  A f t e r  exposure  
of t h e  r a b b i t  r e t i n a  t o  r e l a t i v e l y  h igh  power d e n s i t i e s  a plume of d a r k  
n a t c r i a l  can be seen oph tha lmoscop ica l ly  i n  t h e  v i t r e o u s .  T h i s  may be  s i m i l a r  
t o  t h e  v a p o r i z a t i o n  vbserved when a b lackened  s u r f a c e  is i r r a d i a t e d  w i t h  a 
focussed  l a s e r  p u l s e ;  a l s o ,  t he rmion ic  emis s ion  h a s  been r e p o r t e d  from metal  
s u r f a c e s  i r r a d i a t e d  w i t h  f ocussed  2-swi tched  beams (29). 
nut  t h a t  e l ec t r i c  f i e l d  i n t e n s i t i e s  w i t h i n  such a focussed  beam a r e  s u f f i c i e n t  
t o  i o n i z e  a d i e l e c t r i c  subs t ance  and produce a plasma ( 3 0 ) .  

I t  has  been po in ted  

E x p l o r a t i o n  of power d e n s i t i e s  and exposure  t i m e s  i n  t h e  i n t e r v a l  
r e p r c s c n t e d  by t h e  e x t r a p o l a t e d  p o r t i o n  of F i g u r e  I shou ld  be h e l p f u l  i n  
de t e rmin ing  e x p e r i m e n t a l l y  what t y p e s  of ene rgy  t r a n s f e r  become predominant 
f o r  sub-microsecond exposures .  A p p l i c a t i o n  of t h e  c l a s s i c a l  e q u a t i o n  of 
h e a t  f l ow h a s  a l r e a d y  i n d i c a t e d  t h a t  conduc t ion  phenomena shou ld  become 
unimpor tan t  for p u l s e s  of 40 .I,.s o r  less. The a u t h o r s  p o s t u l a t e  t h a t  o t h e r  
mechanisms of ene rgy  t r a n s f e r  ( a c o u s t i c  w a v e s ,  c T 4  r a d i a t i o n ,  i o n i c  e m i s s i o n ,  
no l i - l i nea r  e f f e c t s ,  e t c . )  become impor tan t  a s  t h e  power d e n s i t y  increases 
from ki lowat t s /cm2 megawatts/cm2. 
f a c i l i t a t e  t h e  unde r s t and ing  of t h e  p h y s i c a l  phenomena invo lved  i n  t h e  

A s t u d y  of t h i s  r e g i o n  of  t r a n s i t i o n  w i l l  

*The a u t h o r s  have i r r a d i a t e d  t h e  e n u c l e a t e d  r a b b i t  eye  w i t h  ruby Q-switched 
p u l s e s  w e l l  above t h e  power d e n s i t y  needed t o  produce minimal  damage t o  t h e  
r e t i n a  and observed  t h e  l i g h t  s c a t t e r e d  from t h e  r e t i n a  th rough  a t r e p h i n e d  
h o l e  i n  t h e  sc le ra  by means of a p h o t o m u l t i p l i e r  p laced  w e l l  t o  t h e  s i d e  of 
t h e  t r a n s m i t t e d  l a s e r  beam. S c a t t e r e d  l i g h t  r e a c h i n g  t h e  p h o t o m u l t i p l i e r  
passed  through a f i l t e r  having an o p t i c a l  d e n s i t y  of 1 f o r  wavelength 694.3 ~ L J  . 
P h o t o m u l t i p l i e r  r e sponse  i n d i c a t e d  a l i g h t  p u l s e  of s e v e r a l  ~ 4 . 5  i n  d u r a t i o n .  
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produc t ion  of r e t i n a l  l e s i o n s  by Q-switched laser beams. Meanwhile, ex-  
p e r i m e n t a l  o b s e r v a t i o n  i n d i c a t e s  t h a t  f o r  exposures  t o  power d e n s i t i e s  
between 2 and 3 megawatts/cm’, t h e  r a b b i t  r e t i n a  undergoes i r r e v e r s i b l e  
damage of a n a t u r e  which cannot  be i n t e r p r e t e d  i n  t e r m s  of c o n v e n t i o n a l  
t he rma l  i n j u r y .  

Conclus ions  

1. There  is a fundamenta l  d i f f e r e n c e  i n  t h e  p h y s i c a l  phenomena and 
b i o l o g i c a l  consequences accompanying exposure  of t h e  mammalian r e t i n a  t o  
h i g h  power d e n s i t y  beams (megawatts/cm2 from Q-switched lasers) as compared 
t o  moderate  power d e n s i t y  beams (ki lowatts /cm2 from normal laser p u l s e s  and 
pulsed  xenon lamps). 

2. A r a d i a t i o n  dose  of approximate ly  0.07 J/cm2 produces i r r e v e r s i b l e  
damage t o  t h e  r a b b i t  r e t i n a  from a Q-switched ruby  l a s e r  (exposure  t i m e  
30 1)s) whereas  approximate ly  0.85 J/cm2 is needed t o  produce ophthalmoscopic  
v i s i b l e  damage from d l a s e r  p u l s e  l a s t i n g  f o r  200 ,us o r  longer .  

3.  N o  d e f i n i t e  p h y s i c a l  or b i o l o g i c a l  d i f f e r e n c e s  between ruby l a s e r  
p u l s e s  and pulsed  w h i t e  l i g h t  s o u r c e s  of comparable power d e n s i t y  have been 
d e t e c t e d  f o r  minimal damage t o  t h e  r a b b i t  r e t i n a .  Both t y p e s  of exposure  
c a n  be e x p l a i n e d  adequa te ly  i n  terms of the rma l  i n j u r y  us ing  a s i m p l i f i e d  
p h y s i c a l  model and t h e  c l a s s i c a l  l a w  of h e a t  conduct ion .  

,4. Ophtha lmoscopica l ly  v i s i b l e  damage t o  t h e  r a b b i t  r e t i n a  for ex-  
posure  t imes r a n g i n g  from ZOO&, s t o  20  m s  r e q u i r e s  a remarkably uni form 
t empera tu re  i n  t h e  PE which i s  e s t i m a t e d  t o  be c l o s e  t o  100°C. 

5 .  For s t e a d y  s t a t e  exposure  t o  a laser beam t h e  maximum tempera tu re  
and time t a k e n  t o  a t t a i n  e q u i l i b r i u m  depends p r i m a r i l y  on t h e  r e t i n a l  
i m a g e  s i z e .  For  an image whose d i ame te r  is 20 microns ,  e q u i l i b r i u m  is 
a t t a i n e d  i n  approximate ly  10 m i l l i s e c o n d s .  T h i s  t i m e  is  t o o  s h o r t  t o  a l low 
s i g n i f i c a n t  c o o l i n g  from blood f low i n  t h e  c h o r o i d .  
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31, U. S .  Naval M I s s i l e  C e n t e r ,  Po in t  Mugu, C a l i f o r n i a  (1 copy)  
D r .  E a r l  Miller, U .  S .  Naval School of A v i a t i o n  Medic ine ,  U. S. Naval A v i a t i o n  

Medical Center -54 ,  P e n s a c o l a ,  F l o r i d a  32512 (1 copy)  
CAPT J. P. P o l l a r d ,  USN, MSC, O f f i c e  of Naval  Resea rch ,  Code 107 ,  Navy Depart-  

ment ,  Washington,  DC (1 copy)  
CDR N .  D. Sanborn,  MC, USN, Head, A v i a t i o n  P h y s i c a l  Q u a l i f i c a t i o n  Branch, 

A v i a t i o n  Medical Opera t ion  D i v i s i o n ,  BuMed, Navy Dept ,  Washington, DC 20390 

BuWcps, Department of the Navy, Washington, DC ( 1  copy)  

A v i a t i o n  Medical  Cen te r -54 ,  Pensaco la ,  F l o r i d a  (1 copy)  

(1  C O P Y )  

i n g t o n ,  DC 20390 (1 copy)  

ATTN: Amos R. David,  Washington, DC 20360 (1 copy)  

20390 (1 copy)  

D i v i s i o n ,  BuPers,  Department of t h e  Navy, Washington, DC (1 copy)  

Lab, J o h n s v i l l e ,  Pennsylvania  (1 copy) 

Device C e n t e r ,  Po r t  Washington,  N e w  York (1 copy)  

(1 COPY) 
D r .  R .  Tousey,  Code 7140,  U.S. Naval i lesearch Lab, Washington, DC (1 copy)  
U.S. Naval School  of A v i a t i o n  Medicine,  U.S. Naval A v i a t i o n  Medical  C e n t e r ,  

C ~ T  R .  L. Vasa,  USN, MSC, code 3121,  BuMed, Washington, DC (1 copy)  
CAPT H. G. Wagner, MC, USN, D i r e c t o r ,  Aerospace C r e w  Equipment Labora to ry ,  

Naval A i r  Eng inee r ing  Center,  P h i l a d e l p h i a ,  Penna 19112 ( 1 copy)  
D r .  C. W h i t e ,  U . S .  Naval E l e c t r o n i c s  Lab, San Diego,  C a l i f  (1 copy)  
D r .  M. L. Wolbarsh t ,  Naval Medica l  Research I n s t i t u t e ,  Bethesda ,  Md, 20014 

ATTN: D i r e c t o r  of Research ,  Pensaco la ,  F l o r i d a  (1 copy)  

(1 COPY) 

FAA 

D r .  W i l l i a m  C o l l i n s ,  C i v i l  Aeromedical Research  I n s t i t u t e ,  F e d e r a l  A v i a t i o n  

F e d e r a l  A v i a t i o n  Agency, ATTN: C i v i l  A i r  Surgeon,  1711 New York Avenue, NW. 
Agency, A e r o n a u t i c a l  C e n t e r ,  P.O. Box 1082,  Oklahoma C i t y ,  Oklahoma (1 c y )  

Washington, DC 20553 (1 copy)  
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D r .  Wal te r  Gogel ,  C i v i l  Aeromedical Research I n s t i t u t e ,  F e d e r a l  A v i a t i o n  Agency, 
Aeronau t i ca l  C e n t e r ,  P.O. Box 1082,  Oklahoma C i t y ,  Oklahoma (1 copy)  

NASA 

1Y. H.  A l l e n ,  Code RBB, NASA HQ,  Washington,  DC (1 copy) 
D i r e c t o r ,  HQ, NASA, 1520 B S t r e e t  NW, Washington, DC (1 copy) 
D r .  W .  E .  Haymaker, NASA Ames Research C t r ,  Mof fe t t  F i e l d ,  C a l i f  ( 1  copy)  
Cap ta in  Walton L. J o n e s ,  Code R E I ,  NASA HQ, Washington,  DC 20546 ( 1 copy)  
O f f i c e  of Manned Space F l i g h t ,  NASA H Q ,  1520 H S t r e e t  NW, Washington, DC 

D r .  G. Dale Smi th ,  NASA A m e s  Research  C e n t e r ,  Mof fe t t  F i e l d ,  Mountain V i e w ,  

Robert  W, T a y l o r ,  E l e c t r o n i c s  and Con t ro l  D i v i s l o n ,  O f f i c e  of Advanced Research 

(1 COPY) 

C a l i f o r n i a  ( 1  copy)  

and Technology,  NASA, 1520 H S t r e e t  NV, Washington, DC ( 1  copy)  

OTHER 

LtColonel  Ralph A l l e n ,  AFSOR, 2436, Tempo D ,  Washington, DC (1 copy)  
D r .  Mathew Alpe rn ,  3536 Kresge Medical  Research Bldg, U n i v e r s i t y  of Michigan, 

D r .  H. D. Baker ,  Department of Psychology,  F l o r i d a  S t a t e  U n i v e r s i t y ,  T a l l a -  

Dr. S t a n l e y  S .  B a l l a r d ,  Department of P h y s i c s ,  U n i v e r s i t y  of F l o r i d a ,  

Edgerton,  Germeshausen & Grier,  I n c . ,  S a n t a  Barbara  Labora tory ,  Bldg 226, 

U n i v e r s i t y  of C a l i f o r n i a ,  Lawrence R a d i a t i o n  Labora tory ,  P.O. Box 808, 

Dr. H .  Richard B lackwe l l ,  I n s t i t u t e  f o r  Research i n  Vi s ion ,  1314 Kinnear  

D r .  Rober t  M.  Boynton, Department of Psychology,  U n i v e r s i t y  of Roches t e r ,  

Dr. Goodwin B r e i n i n ,  New York U n i v e r s i t y  School of Medicine,  550 F i r s t  Avenue, 

Dr. John L .  Brown, Department of Phys io logy ,  School of Medicine,  U n i v e r s i t y  

D r .  Victor A .  Byrnes ,  234 Beach Dr ive ,  N .  E . ,  S t .  P e t e r s b u r g ,  F l o r i d a  (1 copy) 
Dr. C h a r l e s  3. Campbell ,  Eye I n s t i t u t e ,  635 West 165th  S t r e e t ,  New York 32, 

D r .  Glor ia  Chism,Aviat ion Medical  A c c e l e r a t i o n  Labora tory ,  J o h n s v i l l e ,  

M r .  Tom Cook, Sandia  Corpora t ion ;  Sandia  Base, Albuquerque, New Mexico 87115 ( 1  cy)  
D r .  Tom N. Cornsweet ,  Department of Phychology, U n i v e r s i t y  of C a l i f o r n i a ,  

LtCol James C u l v e r ,  USAFSAM, Brooks AFB Tex 78235 (1 copy) 

Ann Arbor ,  Michigan ( 1  copy)  

h a s s e e ,  F l o r i d a  (1 copy)  

G a i n e s v i l l e ,  F l o r i d a  ( 1  copy) 

S a n t a  Barbara  A i r p o r t ,  G a l e t a ,  C a l i f o r n i a ,  ATTN: Don Barnes  (1 copy) 

Livermore,  C a l i f o r n i a ,  ATTN: George B i n g  (1 copy) 

Road, Columbus, Ohio ( 1  copy)  

R o c h e s t e r ,  New York (1 copy) 

New York 16 ,  New York (1 copy)  

of Pennsy lvan ia ,  P h i l a d e l p h i a ,  Pennsy lvan ia  (1 copy)  

New York (1 copy) 

Pennsy lvan ia  15901 (1 copy) 

Berke ley ,  C a l i f o r n i a  (1 copy) 
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C h i e f ,  Defense Atomic Support  Agency, ATTN: Document L i b r a r y ,  

Commander, F i e l d  Command, Defense Atomic Support  Agency, Albuquerque, New 

C h i e f ,  Weapons Tests Div i s ion ,  DAM, Sandia  Base ,  Albuquerque, Nhlex 87115 (1 c y )  
Commander, F i e l d  Command, Defense Atomic Support  Agency, ATTN: FCTG, 

M r .  Wi l l a rd  Derksen, Naval Applied Sc ience  Labora tory ,  New York Naval 

D E ,  Cameron S t a t i o n ,  A lexandr i a ,  V i r g i n i a  22314 (10  c o p i e s )  
D i r e c t o r  of Defense Research 6: Enginee r ing ,  ATI'N: C h i e f ,  hledical  S e r v i c e s  

D i r e c t o r  of Defense Research 8: Eng inee r ing ,  ATI 'N:  Tech L i b r a r y ,  Washington, 

D r .  D.  F .  Downing, Defence Research S t a f f ,  B r i t i s h  Embassy, 3100 hlassachusetts 
Avenue, N .  W., Washington, D. C .  (1 conv)  

D r .  J a y  hl. Enoch, Department of Ophtha lmolo~:y ,  School 01 hledicine,  l fashington 
U n i v e r s i t y ,  640 SoutI1,KingS Highway, S t .  Louis  10 ,  hlissouri  (1 copy)  

D r .  W .  G. F a s t i e ,  Applied P h y s i c s  Labora tory ,  Johns Ilopkins U n i v e r s i t y ,  
Deaartment of P h y s i c s ,  8621 Georgia  Avenue, S i l v e r  Spr ing ,  hlarylsnd 

Washington, D. C .  20301 (1 copy) 

Mexico 87115 (1 copy)  

Albuquerque, New Mexico 87115 (1 copy) 

Shipyard ,  Brooklyn,  New York (1 copy)  

D i v i s i o n ,  O f f i c e  of Sc ience ,  Washington, D. C .  20301 (I copy) 

D.  C .  20301 ( 1  copy)  

20018 ( 1  copy)  
D r .  R ichard  Fe inbe rg ,  Ahl-12, C l i n i c a l  Research Branch,  F e d e r a l  Av ia t ion  

D r .  Benjamin F i n c ,  George Washington U n i v e r s i t y ,  Washington, D.  C .  ( 1  copy)  
Dr. Samuel F i n e ,  N o r t h e a s t e r n  U n i v e r s i t y ,  Boston,  Rlassachuset ts  (1 copy)  
h l r .  Robert  M .  F rank ,  E .  H .  P l e s s e t  Associates, 2444 Wilshirc Boulevard ,  

D r .  Glenn A .  F ry ,  School 01 Optometry,  Ohio S t a t e  U n i v e r s i t y ,  Columbus, 

D r .  J .  1V. Gebbard, Applied P h y s i c s  Labora to ry ,  Johns Ifopltins U n i v e r s i t y ,  

h l r .  F .  C .  G i l b e r t ,  U n i v e r s i t y  of Ca l . i fo rn ia ,  Lawrence R a d i a t i o n  Labora to ry ,  

h l r .  S y l v e s t e r  K .  Guth ,  Radiant  Enerzy E f f e c t s  Labora to ry ,  Lamp D i v i s i o n ,  

D r .  W i l l i a m  T. Ham, Department of B iophys ic s  & Biometry,  Medical College 

D r .  J e r r y  Hank, New York Eye and E a r  I n I i r m a r y ,  New York, New York (1 copy)  
Mi-. Don Hansen, Edger ton ,  Genneshausen & C r i e r ,  Inc  . , San ta  Barbara  

Labora to ry ,  Bldg 226, Santa  Barbara  Airport . ,  Galeta, C a l i f o r n i a  (1 copy) 
LtCol Wil l iam Ilausman, U. S .  Army hledical RPrD Command, O f f i c e  of t h e  

Surgeon G e n e r a l ,  Department of the Army, Washington, D.  C.  20315 (1 copy)  
D r .  Herman U o e r l i n ,  Los Alamos S c i e n t i f i c  Labora to ry ,  P . O .  Box 1663,  Los 

Alamos, New Mexico (1 copy) 
D r .  Henry H o f s t e t t e r ,  D i v i s i o n  of Optometry,  Ind iana  U n i v e r s i t y ,  

Bloomington, I n d i a n a  (1 copy)  

Agency, Washington, D.  C .  20449 (1 copy)  

s a n t a  hlonica, C a l i f o r n i a  ( 1  copy)  

Ohio (1 copy)  

8621 Georgia  Avenue, S i l v e r  Spr ing ,  Maryland ( 1  copy) 

P. 0. Box 808,  Livermore,  C a l i f o r n i a  (1 copy)  

Genera l  E lec t r ic  Company, l i e la  Pa rk ,  C leve land ,  Ohio (1 copy) 

of V i r g i n i a ,  Richmond, V i r g i n i a  (20 c o p i e s )  
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Dr. Michael J. Hogan, Department Of i P?.thaiioinlry, U n i v e r s i t y  of C a l i f o r n i a  

D r .  A r t h u r  Jampolsky,  Deputy Chairman, D i r e c t o r ,  Eye Research I n s t i t u t e ,  

O r .  I 'nrker E .  Johnson,  Dean of the F a c u l t y ,  Colby C o l l e g e ,  W a t e r v i l l e ,  Maine ( 1  c y )  
Cnpt Walton L. J o n e s ,  Code R U H ,  N a t i o n a l  Aeronau t i c s  and Space A d m i n i s t r a t i o n ,  

Co lone l  Leo K i l e y ,  L G Hanscom F l d ,  Bedford Mass 01731 ( 1  copy)  
IJr. Edmond K l e i n ,  Rosswel l  Pa rk  Memorial I n s t i t u t e ,  B u f f a l o ,  New York (1 copy)  
Mr. !.:organ Kramm, S a n d i a  C o r p o r a t i o n ,  Snndia  Base, Albuquerque,  New Mexico 

Dr. John Krauskope, Department of Sensory  Psychology,  Walter Reed A r m y  

hledical  C e n t e r ,  San F r a n c i s c o ,  C a l i i o r n i a  (1 copy) 

P r e s b y t e r i a n  Medical  C e n t e r ,  S m  F r a n c i s c o ,  C a l i f o r n i a  (1 copy) 

6tlh and Independence Avenue, S.W., Washington, D. C. 205 16 (1 copy)  

87115 (1 copy)  

I n s t i t u t e  of Resea rch ,  Wal te r  Reed Army Medical  C e n t e r ,  Washington, D. C.  
20315 (1 copy)  

ATTN: Helen  F .  Reriman, Repor t  L i b r a r y  (3  c o p i e s )  

Document L i b r a r y  ( 1  copy)  

Los  Alamos S c i e n t i f i c  LTboratory,  P.O. Box 1663, Los Alamos, New Mexico, 

Lawrence R a d i a t i o n  Labora tory ,  P.O. Box 808, Livermore,  C a l i f o r n i a ,  A'ITN: 

Colonel  E l l i o t  L i f t o n ,  AFSC (SCTB), Andrews AFB, Wash Dc 20331 (1 copy)  
Dr. I E O  E. L i p e t z ,  I n s t i t u t e  f o r  Research i n  V i s i o n ,  1314 Kinnear  Road, 

I r e n e  E .  Loewenfeld,  Ph.D.,  Department of @ilht:laoulOgy, College of P h y s i c i a n s  

Lovelace Foundat ion  fo r  Medical  Educat ion  g, Research ,  1800 Gibson Avenue, S.E. 

Norman H .  Mackworth, PhD, Harvard School  of P u b l i c  H e a l t h ,  C e n t e r  for 

D r .  Elwin Marg, PhD, School  of Optometry,  U n i v e r s i t y  of C a l i f o r n i a ,  Be rke ley ,  

h l r .  Harris L. Mayer, E .  H. P l e s s e t  A s s o c i a t e s ,  I n c . ,  2241  W i l s h i r e  Boulevard,  

D r .  Roland Meyero t t ,  Lackheed Missiles and Space Company, T e c h n i c a l  In fo rma t ion  

D r .  James W. M i l l e r ,  C o n t r a c t  Moni tor ,  Office of Naval Resea rch ,  Code 154, 

Dr. Conrad M u e l l e r ,  S c i e n t i f i c  Advisory ,  Department Of Psychology,  Columbia 

Major Robert  N e i d l i n g e r ,  Wal t e r  Reed Army I n s t i t u t e  of Research ,  Walter Reed 

D r .  Thomas Nelson ,  Department of Psychology,  Michigan S t a t e  U n i v e r s i t y ,  

The N e w  York Eye and Ea r  I n f i r m a r y ,  N e w  York, N e w  York, ATTN: Blossom Cooper ( Icy)  
D r .  Kenneth N. Ogle, S e c t i o n  of B iophys ic s ,  Mayo C l i n i c ,  Roches t e r ,  Minnesota ( Icy)  
Department of Ophthalmology, O h i o  S t a t e  U n i v e r s i t y ,  Columbus, O h i o  (1 copy)  
D r .  James P a r k e r ,  Bio technology,  I n c . ,  3219 Columbia P i k e ,  A r l i n g t o n ,  

E. H .  P l e s s e t  A s s o c i a t e s ,  I n c . ,  2 14,2 W i l s h i r e  Boulevard ,  Santa  Monica,  

Culurnbus, O h i o  ( 1  Cop: 

and Surgeons ,  Columbia U n i v e r s i t y ,  635 West 165th  Street ,  New York, N e w  York ( I c y )  

Albuquerque,  New Mexico, ATTN: D r .  C lay ton  S .  W h i t e ,  D i r e c t o r  of Research  (1 c y )  

Aerospace I l ea l th  & S a f e t y ,  665 Huntington Avenue, Bos ton ,  Massachuse t t s  (1 copy)  

C a l i f u r n i a  ( copy)  

S a n t a  Monica,  C a l i f o r n i a  ( 1  copy)  

C e n t e r ,  3251 Hanover S t r e e t ,  P a l o  Alto,  C a l i f o r n i a  ( 1  copy) 

Navy Department ,  1Ynshington, D. C .  20390 (1 copy)  

U n i v e r s i t y ,  N e w  York, New York (1 copy)  

Army H o s p i t a l ,  Washington,  D. C. 20315 (1 copy)  

East  I a n s i n g ,  Michigan ( 1  copy) 

V i r g i n i a  ( 1  copy)  

C a l i f o r n i a  (1 copy)  
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D r .  A l b e r t  P o t t s ,  Department of Ophthalmology, U n i v e r s i t y  of Chicago,  

The RAND C o r p o r a t i o n ,  1700 Main S t r e e t ,  San ta  Monica, C a l i f o r n i a  (1 copy) 
F rances  R i c h e y ,  E. H. P l e s s e t  A s s o c i a t e s ,  I n c . ,  2444  Wilsh i r e  Boulevard,  

S a n t a  Monica, C a l i f o r n i a  (1 copy) 
D r .  I D r r i n  A. R iggs ,  Department of Psychology,  Brown U n i v e r s i t y ,  Providence ,  

Rhode I s l a n d  (1 copy) 
H e i n r i c h  Rose,  MD, Lockheed A i r c r a f t  Corpora t ion ,  Department 5323, Bldg 202, 

3251 Hanover S t r e e t ,  P a l o  A l t o ,  C a l i f o r n i a  (1 copy) 
D r .  Donald Rounds, Pasadena Foundat ion f o r  Medical  Research,  Pasadena,  

C a l i f o r n i a  (1 copy) 
P r e s i d e n t ,  Sand ia  C o r p o r a t i o n ,  Sandia  Base,  Albuquerque, New Mexico 87115. 

A W N :  Report  L i b r a r y  (1 copy) 
D r .  Sanford  L. S e v e r i n ,  U n i v e r s i t y  of C a l i f o r n i a  Medical  C e n t e r ,  San 

F r a n c i s c o ,  C a l i f o r n i a  (1 copy)  
D r .  Thorne S h i p l e y ,  Department o f  Ophthalmology, U n i v e r s i t y  of M i a m i  School  

of Medicine,  1638 NW T e n t h  Avenue, Miami 36 ,  F l o r i d a  (1 copy) 
Mr. Don S h u s t e r ,  Sand ia  C o r p o r a t i o n ,  Sand ia  Base ,  Albuquerque, New 

Mexico 87115 (1 copy) 
D r .  Harry G. S p e r l i n g ,  Minneapol is  Honeywell Regu la to r  Company, M i l i t a r y  

P roduc t s  Group, 2600  Ridgway Road, Minneapol i s ,  Minnesota (1 copy)  
M r .  F rank  S t r a b a l a ,  Edger ton ,  Germeshausen & C r i e r ,  I n c . ,  S a n t a  Barbara  

Labora to ry ,  Bldg 226,  San ta  Barbara  A i r p o r t ,  G a l e t a ,  C a l i f o r n i a  (1 copy) 
D r .  John  H. T a y l o r ,  V i s i b i l i t y  Labora tory ,  S c r i p p s  I n s t i t u t i o n  of Oceanography, 

U n i v e r s i t y  of C a l i f o r n i a ,  La J o l l a ,  C a l i f o r n i a  (1 copy) 
D r .  R ichard  Trumbull ,  Chairman, O f f i c e  of Naval Research ,  Code 454, Navy 

Department ,  Washington, D. C. 20390 (1 copy)  
Western Development L a b o r a t o r i e s ,  P h i I c o  C o r p o r a t i o n ,  Pa lo  A l t o ,  C a l i f o r n i a ,  

ATTN: C h i e f ,  B i o a s t r o n a u t i c s  (1 copy) 
D i r e c t o r ,  Weapons Systems Eva lua t ion  Group, Room 1E880, The Pentagon,  

Washington, D. C. 20301 ( 1  copy)  
D r .  Ge ra ld  Westhe imer ,  School  of Optometry,  U n i v e r s i t y  of C a l i f o r n i a ,  

Berke ley ,  C a l i f o r n i a  ( 1  copy)  
M r .  Dean W i l l i a m s ,  Bio-Dynamics, I n c . ,  One Main S t r e e t ,  Cambridge, 

Massachuse t t s  (1 copy)  
Wg/CDR T. C. D.  Whi t e s ide ,  I n s t i t u t e  of A v i a t i o n  Medicine,  Farnborough,  

Hampshire,  England (1 copy)  
D r .  E r n e s t  Wolf,  Re t ina  Foundat ion ,  20 S t a n f o r d  S t r e e t ,  Boston,  

Massachuse t t s  (1 copy)  
D r .  Benjamin J. Wolpaw, 2323 P rospec t  Avenue, C leve land ,  Ohio ( 1  copy)  
M r .  John L. Wray, General E l e c t r i c ,  Bu i ld ing  93 ,  San Jose, C a l i f o r n i a  (1 COPY) 

Chicago 37 ,  I l l i n o i s  (1 copy) 
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9s. ORIGINAlDR’S REPORT NUMBER(5): Enlo  l h e  ofn- 
=iaI  rcpott number b y  whlch the document  will be Idenf i l ied  
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