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

Although t h i s  paper  i s  confined 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  organs  and 

o t h e r  t issues .  

d i scussed  by Solon (‘I’ (’I; t h e  product ion of o c u l a r  les ions by ruby l a s e r s  has  been 

desc r ibed  by Zare t  ( 3 ) ’  ( 4 ) ,  and,  more r e c e n t l y ,  by Ham ( 5 )  and Geeraets  (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 scussed  under 3 s e p a r a t e  types  

of o p e r a t i o n ,  s t e a d y  s t a t e  o p e r a t i o n ,  normal pulsed  o p e r a t i o n ,  and Q-switched ope ra t ion .  

Before proceeding t o  a d e t a i l e d  d i scuss ion  of l a s e r  e f f e c t s ,  it 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 as produced by more convent iona l  sources  

i n  o r d e r  t o  provide  a background which can be extended t o  high power d e n s i t i e s  and 

s h o r t  exposure t imes.  

Background Information:  

The p h y s i o l o g i c a l  i m p l i c a t i o n s  f o r  t h e  eye of l a s e r  beams have been 

Previous  r e s e a r c h e s  from t h e s e  l a b o r a t o r i e s  on t h e  product ion  o f  mild or 

minimal l e s i o n s  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 ime exposures  t o  wh i t e  

l i g h t  sou rces  ( n u c l e a r  f i r e b a l l s ,  h igh d e n s i t y  carbon arc, xenon arc under cont inuous 

and pu l sed  o p e r a t i o n )  provide  a weal th  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  

:. 
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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 example, Ham e t  a l .  “’ have d i s c u s s e d  

t h e  e f f e c t s  of p u l s e  shape ,  exposure time, dose r a t e ,  r a d i a t i o n  dose,  and image s i z e  

on t h e  product 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 .  

fu rn i shed  d a t a  on t r ansmiss ion  and s c a t t e r i n g  i n  t h e  o c u l a r  media ( 8 ) ,  t h e  abso rp t ion  

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  e f fec t  o f  blood flow 

i n  t h e  choro id  on t h e  conduction of h e a t  (11), 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 mild r e t i n a l  l e s i o n s  ( 1 2 ) ,  t h e  effects  o f  t he rma l  conduction 

on enzyme a c t i v i t y  ( ” ) ’  ( I 3 ) ,  and t h e  e f f e c t s  o f  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  

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  t o  l aser  r a d i a t i o n  are summarized i n  a 

p u b l i c a t i o n  ( I5) ,  which a l s o  d i s c u s s e s  t h e  e f fec 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  system whereby laser  exposures  of known s i z e  can be p l aced  on 

t h e  r e t i n a .  

O t h e r  experiments  have 

(14) 

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 image s i z e  f o r  t h e  p roduc t ion  

of extremely 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  are i l l u s t r a t e d  i n  F igu re  I ,  a log-log 

p l o t  of power d e n s i t y  i n  watts/cm 

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 for a s i n g l e  image d i ame te r  o f  0.8 mm i s  t h e  s t r a i g h t  l i n e  shown 

i n  F igu re  I.  

from e a r l y  experiments  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 as a source  

The 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  was approximate- 

l y  300 watts/cm . 
i n  d i ame te r  i t  was n o t  p o s s i b l e  a t  t h i s  power d e n s i t y  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 .  Exposure times i n  t h e  range 15  m s  down t o  175 microseconds ( u s )  were 

ob ta ined  subsequen t ly  e i t h e r  by us ing  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 t a t e  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  pu l sed  xenon source  

Exposure t imes  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 

2 vs exposure time i n  seconds.  The curve o f  b e s t  fit 

Most of t h e  d a t a  f o r  exposure t imes  greater  than  1 5  m i l l i s e c o n d s  ( m s )  come 

( 7 )  . 

2 For exposure t i m e s  less than  1 5  m s  or f o r  image sizes 0.2 mm or less 

(17 )  
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approximately 1 m s  down t o  200 u s ,  t h u s  ove r l app ing  t h e  d a t a  o b t a i n e d  from white  

l i g h t  s o u r c e s  a t  t h e  s h o r t  exposure t imes .  

no d a t a  f o r  mild 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  a v a i l a b l e  between approximately 200 US 

and t h e  nanosecond ( n s )  r e g i o n  which corresponds t o  l a s e r  p u l s e s  produced by Q-switching 

t echn iques .  

u s ing  a Kerr c e l l  as an  o p t i c a l  s h u t t e r .  

To t h e  b e s t  of t h e  a u t h o r s '  knowledge, 

This r eg ion  (200 IJS t o  25 n s )  i s  be ing  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 ,  

An examinat ion o f  Figure I r e v e a l s  some i n t e r e s t i n g  features. S ince  t h e  s l o p e  o f  t h e  

log-log p l o t  of power d e n s i t y ,  0, v s  exposure time, t ,  is l e s s  t han  45O (it  is 3 3 . 2 O )  

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  endpo in t ,  namely mild i n j u r y  

t o  t h e  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, ha lv ing  t h e  exposure time does n o t  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  mild l e s i o n .  

d e n s i t y  i n c r e a s e s  by l ess  than t h e  r e c i p r o c a l  o f  t h e  exposure t ime, t h u s  d e f i n i n g  a 

r a d i a t i o n  dose ,  D +t ,  which dec reases  w i t h  a dec rease  i n  exposure time. These 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  o v e r  an e x t e n s i v e  r ange  o f  exposure times, 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  r a d i a t i o n  

dose depends t o  some e x t e n t  on image s ize  for t h e  l o n g e r  exposure times. 

i l l u s t r a t e d  i n  Figure I by p l o t t i n g  some of t h e  d a t a  p o i n t s  f o r  image d iame te r s  of 1 .0  mm 

(c i rc les)  and 0.52 mm ( c r o s s e s )  a t  t h e  l o n g e r  exposure times. For s h o r t  exposures  beiow 

1 m s  t h e  d a t a  do n o t  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 s i z e  and r a d i a t i o n  

dose. More i n t e r e s t i n g  is 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 us)  r e q u i r e  approximately t h e  same r a d i a t i o n  dose (0.85 J/cm ) as t h o s e  produced by t h e  

more conven t iona l  white  l i g h t  sou rces .  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  curve 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 eg ion  where some d a t a  ob ta ined  r e c e n t l y  for Q-switched 

p u l s e s  from ruby lasers have been p l o t t e d .  The fact 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  n e a r  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  is n o t  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  seen  t h a t  bo th  t h e  p h y s i c a l  phenomena 

On t h e  c o n t r a r y ,  t h e  power 

T h i s  is 

2 
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accompanying Q-switched p u l s e s  and t h e  n a t u r e  o f  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 a t  lower power d e n s i t i e s  and longe r  exposure 

t imes.  

Experimental  Apparatus:  

The o p t i c a l  system used t o  produce l e s i o n s  of known s i z e  on t h e  r a b b i t  r e t i n a  

(15). A by means of l a s e r  p u l s e s  has been desc r ibed  i n  a p rev ious  p u b l i c a t i o n  

block diagram of t h e  appa ra tus  with a s s o c i a t e d  e l e c t r o n i c  equipment is given 

i n  Figure 11. 

on a maneuverable o p t i c a l  bench which has  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  provid ing  t h e  ophtha lmologis t  wi th  a f l e x i b l e  system 

f o r  t h e  product ion  of l e s i o n s  on t h e  r e t i n a .  

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. 

modif ied by t h e  i n s e r t i o n  of a r e t i c l e  which is p r o j e c t e d  on t h e  r e t i n a .  

is mounted i n  such a manner t h a t  t h e  p r o j e c t e d  reticle i s  always c o a x i a l  w i th  t h e  

l a s e r  beam. 

The complete o p t i c a l  system, i n c l u d i n g  l a s e r  head i s  mounted r i g i d l y  

A Keeler  ophthalmoscope ( " P r a c t i t i o n e r " )  

Th i s  ins t rument  has been 

The ins t rument  

The l a s e r  head c o n t a i n s  a ruby cyl inder" ' ,  3" x 1/4", w i t h  ground o u t s i d e  d iameter ,  

t h e  f 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  a x i s  c u t  a t  90° t o  c y l i n d e r  

a x i s .  

of 4 lamps i n  s e r i e s ,  each s e t  be ing  d ischarged  s e p a r a t e l y  b u t  s imul taneous ly  by a 

high v o l t a g e  t r i g g e r .  

touching;  a c y l i n d r i c a l  aluminum r e f l e c t o r  sur rounds  t h e  lamps. 

been used u n t i l  r e c e n t l y  b u t  t h e  l a t e s t  des ign  employs a l i q u i d  cooled  head i n  

which a CuS04 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 glass tube  sur rounding  t h e  ruby. 

The pumping c i r c u i t  can s t o r e  a s  much a s  800 j o u l e s  of energy and i s  matched 

t o  t h e  lamp by means o f  a convent iona l  p u l s e  forming and impedance matching network. 

Pumping is accomplished by 8 EG&G FX-100 lamps, connected s e p a r a t e l y  i n t o  2 sets 

The lamps  a r e  spaced a t  45O around t h e  ruby,  c l o s e  bu t  no t  

A i r  cool ing  has  

:? A Nd-glass c y l i n d e r  of  i d e n t i c a l  dimensions can be s u b s t i t u t e d  f o r  t h e  ruby i n  
t h e  l a s e r  head. 
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The  i n p u t  energy is rep roduc ib le  t o  wi th in  0.2 pe rcen t  by means o f  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 charg ing  system. 

network has  been inc luded  t o  lengthen  t h e  l i f e  of 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 .  

on t h e  t a i l  end of t h e  pumping p u l s e  shown i n  F igure  111. 

The p u l s e  forming and impedance matching 

A Q-switched p u l s e  approximate ly  30 n s  i n  exposure time can be seen 

Prov i s ions  f o r  bo th  normal and Q-switched o p e r a t i o n  are inc luded  i n  t he  des ign  

o f  t h e  l a s e r  head.* 

r e f l e c t i n g  ( T I R )  pr ism a t  13,200 rpm; an o p t i c a l l y  f l a t  d i e l e c t r i c  ref lector  of e i t h e r  

95% or 60% r e f l e c t i v i t y  i s  used t o  complete t h e  o p t i c a l  pa th  which has  a t o t a l  l e n g t h  

o f  19  cm. 

f i x e d  p a r a l l e l  t o  t h e  ruby f a c e  for  normal l a s e r  o p e r a t i o n .  

Q-switching i s  accomplished by r o t a t i n g  a t o t a l l y  i n t e r n a l  

A clamp w i t h  micrometer screw adjus tment  allows t h e  r o t a t i n g  pr ism t o  be  

Pu l se  o u t p u t s  are d i sp layed  on a Tektronix 585 o s c i l l o s c o p e ,  u s ing  a fast  

photodiode ( I n t e r n a t i o n a l  Telephone and Telegraph FW 4000) .  

one p e r c e n t  o f  t h e  beam i s  t aken  wi th  a beam s p l i t t e r ,  and i s  conducted t o  t h e  photo- 

d iode  by means of a l i g h t  p ipe .  

i s  c a l i b r a t e d  us ing  a cone radiometer .  (15) A 30 n s  de l ay  i n  t h e  v e r t i c a l  a m p l i f i e r  

o f  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 obse rva t ion  ( v i s u a l  or 

photographic)  of t h e  trace o f  t h e  e n t i r e  p u l s e .  This  system a l lows  a permanent r eco rd  

t o  be made of t h e  pu l se  d u r a t i o n  and energy f o r  each exposure o f  t h e  r a b b i t  r e t i n a .  

However, i t  is no t  a convenient  method f o r  normal laser p u l s e s  which ex tend  o v e r  

hundreds of microseconds and con ta in  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  it i s  more convenient  t o  i n t e g r a t e  t h e  photodiode o u t p u t  by charg ing  a 

condenser  and r e c o r d i n g  t h e  v o l t a g e  r i s e  by means of a Ke i th l ey  e l e c t r o m e t e r  f eed ing  

i n t o  an x-y r e c o r d e r .  

A sample of approximately 

The system has  a r i se  time of less than  4 n s ,  and 

T h i s  i s  t h e  method o f  choice  for moni tor ing  bo th  normal 

*Martin Orlando f u r n i s h e d  t h e  des ign  for normal and Q-switched o p e r a t i o n  under  a 
c o n t r a c t  wi th  t h e  Office of t h e  Surgeon General, U. S. Army. 
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and Q-switched pu l ses .  

Although a t t e n u a t i o n  of t h e  l a s e r  beam i n  t h e  o p t i c a l  system i s  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 i s  s u f f i c i e n t  t o  produce s e v e r e  

b i o l o g i c a l  damage; all 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  

the  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 even 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  i s  under t h e  

c o n t r o l  of t h e  exper imenter  (oph tha lmolog i s t ) .  

Figure 11, t h e  fo l lowing  sequence is f o r  Q-switched exposures:  

f o o t  p e d a l  s t a r t s  t h e  h i g h  speed motor,  r o t a t i n g  t h e  T I R ;  when t h e  ophtha lmologis t  

has s e l e c t e d  t h e  exposure s i t e  he dep res ses  a bu t ton  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  eye ;  t h e  m i r r o r  a t  t h e  end of i t s  t rave l  c l o s e s  a microswitch 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  Po la ro id  camera; 

when t h i s  s h u t t e r  h a s  opened completely 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  

the  laser pu l se .  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  o f  

t h e  p u l s e  t r a c e  is r e g i s t e r e d  on t h e  Po la ro id  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  is exposed. 

Steady S t a t e  Laser  Hazard 

Refe r r ing  t o  t h e  block diagram i n  

Depression o f  a 

A t  t h e  p r e s e n t  s t a t e  of development t h e  power ou tpu t  from t h e  CW o r  s t eady  

s t a t e  o p e r a t i o n  of gas  l a s e r s  (He-Ne) and semi-conductor d iodes  (GaAs), e t c .  r a r e l y  

exceeds one w a t t .  

and p a r a l l e l .  

over  extended pe r iods  of t ime ,  seconds o r  even minutes.  

one of a s t e a d y  s t a t e  tempera ture  equ i l ib r ium on t h e  r e t i n a  o f  t h e  observer .  

Under normal c o n d i t i o n s  t h e  ou tpu t  beam may be  ex t remely  monochromatic 

The hazard t o  t h e  eye c o n s i s t s  p r i m a r i l y  i n  viewing a CW l a s e r  beam 

The problem is e s s e n t i a l l y  
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Jones  and Yontan have d i scussed  t h e  eye r i s k  f o r  cont inuous  exposure t o  a CW 

l a s e r  such  a s  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 eye w i l l  

t o l e r a t e  a l0C t empera ture  r i s e  f o r  cons ide rab le  p e r i o d s  o f  time wi thout  s u s t a i n i n g  

i r r e v e r s i b l e  damage they  have c a l c u l a t e d  t h a t  

t h e  r e t i n a  even when t h e  energy i n p u t  is cons idered  t o  be conf ined  t o  a 10 micron ( u )  

d i ame te r  of t h e  r e t i n a .  

fundus a f t e r  c o r r e c t i o n s  f o r  a b e r r a t i o n s ,  d i f f r a c t i o n ,  etc.  a r e  g r e a t e r  t han  10 u, 

t h i s  seems t o  be  a r easonab le  assumption i n  view o f  t h e  lack o f  exper imenta l  d a t a .  An 

unde res t ima te  of image s i z e  p rov ides  a factor  o f  s a f e t y  i n s o f a r  as t h e  energy d e n s i t y  is 

concerned b u t  it should  be po in ted  o u t  a l s o  t h a t  exper iments  on r a b b i t s  u s ing  r e l a t i v e l y  

long  p u l s e s  (100  - 250 m s )  i n d i c a t e  t h a t  t h e  minimum dose f o r  mi ld  i n j u r y  v a r i e s  wi th  

t h e  d i ame te r  o f  t h e  i r r a d i a t e d  image . I t  was found t h a t  t h e  smaller t h e  image s i z e  

t h e  l a r g e r  t h e  r a d i a t i o n  dose r e q u i r e d  t o  produce mild i n j u r y .  

t o  t h e  f a c t  t h a t  t h e  r a t e  of energy d i s s i p a t i o n  by conduct ion from t h e  i r r a d i a t e d  image 

t o  t h e  su r round ing  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 ropor t ion  t o  t h e  tempera ture  

g r a d i e n t  which, i n  t u r n ,  i s  an i n v e r s e  func t ion  o f  t h e  image d iameter .  Thus, t h e  

assumption of an image d i ame te r  of 10  u ,  wh i l e  o v e r e s t i m a t i n g  t h e  energy  d e n s i t y  may 

a l s o  ove res t ima te  t h e  r a t e  of energy d i s s i p a t i o n  from t h e  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 .  Ac tua l ly ,  1 0  watts i n c i d e n t  on a 1Ou diameter  

produces a power d e n s i t y  o f  1.33 watts/cm Experiments conducted by t h e  

a u t h o r s  ( 7 )  demonstrated t h a t  300 watts/cm2 focussed  on a 2 0 0 ~  d iame te r  of t h e  r a b b i t  

r e t i n a  f o r  s e v e r a l  seconds f a i l e d  t o  produce an ophtha lmoscopica l ly  v i s i b l e  l e s i o n .  

A power d e n s i t y  o f  1 . 3 3  watts/cm2 on t h e  human r e t i n a  f o r  l i m i t e d  exposure times should  

n o t  produce i r r e v e r s i b l e  e f f e c t s  accord ing  t o  p r e s e n t  information.  

watts i s  a s a f e  power l e v e l  f o r  

Although most (19)estimates of t h e  minimum l i g h t  sp read  on t h e  

( 7 )  

This  can be  a t t r i b u t e d  

-6 

,2 2 on t h e  r e t i n a .  
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Thermal damage t o  t h e  r e t i n a l  p r o t e i n s  i s  probably t h e  l i m i t i n g  f a c t o r  i n  cons ide r ing  

Never the l e s s ,  i t  seems wise t o  keep i n  mind t h e  p o s s i b l e  e f f e c t s  t he  hazard of CW l a s e r s .  

upon t h e  p r o t e i n s  of t h e  c r y s t a l l i n e  l e n s .  Continued exposures  a t  i n t e r v a l s  ove r  an 

extended pe r iod  of t ime could r e s u l t  conceivably 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 .  

t o o  r e c e n t  t o  r u l e  o u t  completely t h e  development of long term e f f e c t s .  I t  should n o t  

be assumed 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  ove r  an 

i n d e f i n i t e  pe r iod  of time. I n  t h i s  l a b o r a t o r y  cont inuous  exposure ove r  48 hours  of an 

enzyme s o l u t i o n  t o  a one m i l l i w a t t  beam o f  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  ques t ion .  

evidence is n o t  conclus ive .  

The Ocular  Hazard from Normal Laser Pu l ses  

The c l i n i c a l  use of l a s e r  beams t o  coagula te  t h e  r e t i n a  is 

While comfort ing t h i s  

The i n e v i t a b l e  t r e n d  o f  l a s e r  technology toward h ighe 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  inc reased  t h e  o c u l a r  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 .  

and Nd-glass p u l s e  t r a i n s  con ta in ing  more than  100 j o u l e s  a r e  commonplace, so t h a t  even 

d i f f u s e  r e f l e c t a n c e  from sur roundine  o b j e c t s  may prove hazardous t o  t h e  eye.  

s a f e t y  c r i t e r i a  can be 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  it i s  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 can be  t o l e r a t e d  by t h e  

human eye wi thout  undergoing i r r e v e r s i b l e  b i o l o g i c a l  damage. 

in format ion  on s a f e  exposure l e v e l s  t o  t h e  eye i s  a v a i l a b l e  from t h e  p rev ious ly  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. 

shorn 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 f o r  e s t i m a t i n g  s a f e  l e v e l s  

of human exposure.  

Ruby 

Before 

F o r t u n a t e l y ,  some background 

C l i n i c a l  expe r i ence  has  

Exposures were made wi th  a 4.50 d ive rgen t  cone of l a s e r  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  

cornea t o  produce a beam diameter  on t h e  r e t i n a  of approximately 0.8 mm. The 
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r a b b i t  p u p i l  was d i l a t e d  t o  approximately 8 nun be fo re  t h e  experiment.  Energy and 

time d u r a t i o n  were measured a c c u r a t e l y  for each p u l s e  by methods expla ined  above. 

Standard o p e r a t i o n a l  procedure on each r a b b i t  involved  p l ac ing  i n i t i a l l y  a moderately 

severe  l e s i o n  on t h e  r e t i n a ,  then  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 longe r  v i s i b l e  5 minutes a f t e r  exposure.  

T h u s ,  a s e r i e s  of l e s i o n s ,  dec reas ing  i n  s e v e r i t y  u n t i l  they  were no longe r  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  

uni formi ty  of pigmentat ion.  "Hot spo t s "  i n  t h e  l a s e r  beam and l a c k  of uniform 

fundus p igmenta t ion  were major sources  of e r r o r  i n  de te rmining  an e m p i r i c a l  " threshold" .  

The d a t a  p o i n t s  p l o t t e d  i n  F igure  I f o r  monochromatic l a s e r  p u l s e s  200 us 

i n  d u r a t i o n  a r e  markedly s i m i l a r  t o  t h e  " threshold"  d a t a  for  pulsed  white  l i g h t  

sou rces  w i t h  t h e  xenon lamp. 

approximately 0.85 J/cm2 d e l i v e r e d  i n  200 us produces a mi ld  l e s i o n  on t h e  r a b b i t  

r e t i n a ,  

ruby r a d i a t i o n  or by t h e  pulsed  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 .  

i n d i c a t e  t h a t  t h e  n a t u r e  o f  t h e  damage i s  similar. 

The Ocular  Hazard from Q-switched Laser  Pu l ses  

Wi th in  exper imenta l  accuracy  a r a d i a t i o n  dose of 

H i s t o l o g i c a l  examination of minimal  l e s i o n s ,  whether  produced by monochromatic 

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  

The d i s t i n g u i s h i n g  f e a t u r e  f o r  b i o l o g i c a l  damage from Q-switched p u l s e s  is t h e  

2 
r a t e  of energy d e l i v e r y  or power d e n s i t y  i n  watts/cm . 
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  t ime f o r  d e l i v e r y ,  from s e v e r a l  hundred micm- 

seconds 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  l e s s  energy  b u t  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 l e s s  than  

f o r  normal l a s e r  p u l s e s ,  

Normal l a s e r  p u l s e s ,  w h i l e  

Power d e n s i t i e s  f o r  Q-switched laser p u l s e s  range from 
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1 t o  100 megawatts/cm2 and can even extend i n t o  t h e  gigawatt/cm 2 range f o r  s p e c i a l  

dev ices ,  

I n  F igure  I V ,  a ruby Q-switched p u l s e  of approximately 30 n s  is shown. 

Time d u r a t i o n  f o r  Q-switched p u l s e s  range from about  5 t o  100  nanoseconds. 

Procedures  f o r  de te rmining  power d e n s i t y  and p u l s e  time f o r  Q-switched r a d i a t i o n  

exposures  of t h e  r a b b i t  r e t ina  a r e  i d e n t i c a l  w i t h  t hose  o u t l i n e d  i n  t h e  l a s t  s e c t i o n  f o r  

normal l a s e r  a c t i o n .  

d i s t i n g u i s h  a m i n i m a l  Q-switched l e s i o n  from a l l  o t h e r s :  

(0.07 J/cm ) r e q u i r e d  t o  produce an observable  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 n s  

is lower by more than a f a c t o r  of 10  from t h a t  needed t o  produce minimal damage a t  200 

us. 

9-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  encountered f o r  normal laser  pu l ses .  

S p e c i f i c a l l y ,  it 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 o r o i d a l  hemorrhages ex tending  i n t o  t h e  s u b r e t i n a l  space (6). 

h i s t o l o g i c a l  p i c t u r e  is n o t  observed f o r  minimal exposure t o  normal l a s e r  p u l s e s  and 

xenon lamp p u l s e s  of r e l a t i v e l y  low power dens i ty .  

Thermal I n j u r y  as a Model f o r  Radia t ion  Damage t o  t h e  Ret ina  

There seem t o  be two o u t s t a n d i n g  exper imenta l  f e a t u r e s  which 

(1) t h e  r a d i a t i o n  dose 
2 

( 2 )  t h e  c l in ica l  appearance and h i s t o l o g i c  evidence i n d i c a t e  t h a t  t h e  m i n i m a l  

A s i m i l a r  c l i n i c a l  or 

Henriques (20) h a s  proposed an exp lana t ion  o f  thermal  i n j u r y  t o  b i o l o g i c a l  systems 

i n  terms of r a t e  p rocess  theo ry .  

i r r e v e r s i b l e  damage at  t h e  molecular  l e v e l ,  based on chemical k i n e t i c s  as a func t ion  

of t ime-temperature  h i s t o r y ,  

demands, among o t h e r  t h i n g s ,  a knowledge of t h e  t ime-temperature  h i s t o r y  of t h e  exposed 

b i o l o g i c a l  system; 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-temperature  h i s t o r y  i n  t h e  i r r a d i a t e d  system i n  terms o f  a mathematical  model 

( d i f f e r e n t i a l  equat ion  of hea t  flow, for example) or t o  measure exper imenta l ly  t h e  

tempera ture  a s  a f u n c t i o n  o f  space and t ime. 

T h i s  is a s t a t i s t i c a l  mechanical approach t o  

The a p p l i c a t i o n  of r a t e  process  theory  t o  thermal  i n j u r y  

Both approaches have been t r i e d  
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( ” ) ’  ( 2 2 ) *  ( 2 3 ) *  (24), Davis ( 2 5 )  has  d i scussed  t h e  measurement of t r a n s i e n t  tempera tures  

i n  b i o l o g i c a l  systems 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 ,  

and perhaps  more P r a c t i c a l  approach t o  t h e  de t e rmina t ion  of time vS t empera ture  in 

b i o l o g i c a l  s y s t e m s  invo lves  t h e  use of e l e c t r i c a l  analogues t o  simulate t h e  i r r a d i a t i o n  

program ( 2 6 ) .  Whatever t h e  approach,  a knowledge of t h e  time- tempera ture  h i s t o r y  f o r  

a b i o l o g i c a l  system is necessa ry  b e f o r e  chemical  k i n e t i c s  can b e  employed i n  a model 

t o  d e s c r i b e  thermal  damage a t  t h e  molecular  l e v e l .  

Another 

Most of t h e s e  approaches towards s o l v i n g  t h e  t ime-temperature  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  c a s e  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 rude  model. I t  has  been demonstrated by h i s tochemica l  s t a i n i n g  

t echn iques  (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 involve  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 nc lud ing  t h e  outer 

r e t i n a l  l a y e r s  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  24 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  f o r  t h e  ruby l a s e r  

wavelength (694.3 mu) about  1 0  p e r  c e n t  o f  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 ( O M ) ,  w h i l e  abso rp t ion  and /o r  s c a t t e r i n g  i n  t h e  PE varies from 

1 5  t o  40 p e r  c e n t  depending on t h e  i n d i v i d u a l ;  abso rp t ion  and/or  s c a t t e r i n g  i n  

t h e  choro id  v a r i e s  from 10 t o  90 p e r  cent.  Maximum abso rp t ion  i n  t h e  PE would 

r e p r e s e n t  t h e  most hazardous case .  Accordingly,  it seems r e a s o n a b l e  t o  assume 

t h a t  40 p e r  c e n t  of t h e  ruby r a d i a t i o n  i n c i d e n t  on t h e  PE i s  absorbed i n  a 

t h i c k n e s s  of 10 microns wh i l e  t h e  remaining G O  p e r  c e n t  is absorbed  i n  t h e  

100 - 150 micron t h i c k n e s s  of t h e  choro id .  Absorpt ion of r a d i a t i o n  takes p l ace  

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  ce l l  layer 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  c e l l s .  The s ize  and d i s p e r s i o n  of t h e s e  

pigment g r a n u l e s  v a r i e s  wide ly  amonF: 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  
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pigmented c e l l s  is much more i r r e g u l a r  i n  t h e  choro id .  

p rov ides  a n  a d d i t i o n a l  sou rce  of abso rp t ion .  

Vascu la r i za t ion  of t h e  choroid 

Taking t h e  above f a c t o r s  i n t o  account  and cons ide r ing  t h e  the rma l  p r o p e r t i e s  of 

water as a f i rs t  approximation t o  t h o s e  of o c u l a r  t i s s u e ,  a c rude  model of t h e  o c u l a r  

fundus i s  i l l u s t r a t e d  i n  F igure  V .  According t o  t h i s  model, s i g n i f i c a n t  abso rp t ion  of 

r a d i a n t  energy  beg ins  at  t h e  PE where 4 0  p e r  c e n t  i s  absorbed e x p o n e n t i a l l y  i n  pas s ing  

through a 1Ou t h i c k n e s s ,  and t h e  remaining 60 p e r  c e n t  is absorbed e x p o n e n t i a l l y  i n  t h e  

choro id .  

bu t  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  m a t e r i a 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  both  d i s t r i b u t i o n  and s i ze  of pigment m a t e r i a l  among 

i n d i v i d u a l s  t h i s  assumption seems warranted.  

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 choro id  i m p l i e s  a uniform 

S e v e r a l  f e a t u r e s  of t h i s  c rude  model are worthy of d i scuss ion .  During t h e  

e a r l y  s t a g e s  o f  exposure  t h e  tempera ture  g r a d i e n t  w i l l  be  approximate ly  t h e  same 

on bo th  s i d e s  of t h e  PE. S ince  the  choro id  absorbs  s imul t aneous ly  w i t h  t h e  PE ,  

t h e  t empera tu re  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 choro id  w i l l  vary 

wi th  exposure time, be ing  l a r g e  du r ing  t h e  i n i t i a l  s t a g e s  of exposure b u t  g r a d u a l l y  

d imin i sh ing  as t h e  choro id  con t inues  t o  abso rb  energy and t h e  PE conducts  more energy 

i n t o  t h e  choroid.  Th i s  model does n o t  i nc lude  thermal  d i s s i p a t i o n  by c h o r o i d a l  blood 

f low because  t h e  l a t t e r  i s  slow i n  comparison t o  thermal  conduct ion ,  

damage i s  f irst  seen i n  t h e  PI: and i n  t h e  o u t e r  l a y e r s  of t h e  r e t i n a  seems reasonab le  

when it  is cons ide red  t h a t :  (1) t h e  energy d e n s i t y  and the reby  t h e  tempera ture  w i l l  

be  h i g h e s t  i n  t h e  PI:; 

b i o l o g i c a l  s t r u c t u r e s  and subs t ances .  

The f ac t  t h a t  

( 2 )  The o u t e r  r e t i n a  c o n t a i n s  h igh ly  developed and s e n s i t i v e  

A maximum tempera ture  i n  t h e  PE can b e  e s t ima ted  by completely n e g l e c t i n g  thermal  

conduct ion and c o n s i d e r i n g  t h e  PE a s  a p i l l  box having a t h i c k n e s s  of 1Ou , f i l l e d  wi th  

a molecu la r  subs t ance  d i s s o l v e d  i n  water which w i l l  abso rb  40 p e r  c e n t  of t h e  

r a d i a n t  energy  i n c i d e n t  on its 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 
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, 

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 o f  0.85 J/cm 2 

d e l i v e r e d  i n  200 us  by a normal l a se r  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 .  

8 1 O C  above ambient.  

i n  30 nanoseconds,  t h e  c o n d i t i o n s  for minimal damage t o  t h e  r a b b i t  r e t i n a  from a ruby 

Q-switched p u l s e ,  y i e l d s  on ly  a r ise  of 6.7OC above ambient.  The model seems 

reasonab le  f o r  t h e  200 us l a se r  p u l s e  when it i s  remembered t h a t  t h e  maximum temperature  

A c a l c u l a t i o n  of t h e  maximurn t empera tu re  r i s e  under  t h e s e  c o n d i t i o n s  y i e l d s  

The same c a l c u l a t i o n  f o r  a r a d i a t i o n  dose  of 0.07 J/cm 2 d e l i v e r e d  

above ambient i n  t h e  PE is  c o n s i d e r a b l y  below 81OC because o f  h e a t  conduct ion t o  t h e  

su r round ing  environment.  On t h e  o t h e r  hand a rise o f  on ly  6.7OC i n  t h e  PE does 

no t  seem compatible  w i t h  t h e  ophthalmoscopical ly  v i s i b l e  l e s i o n  which appea r s  soon 

a f t e r  exposure t o  t h e  Q-switched pu l se .  

Temperatures v s  time a t  t h e  c e n t e r  o f  t h e  PE f o r  squa re  wave i n p u t s  of r a d i a n t  

energy o f  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  are shown i n  F igu re  V I ,  

cu rves  are t aken  from t h e  unpubl ished d a t a  of Schmidt ( 2 6 )  u s ing  an e l ec t r i ca l  analog 

These 

which r educes  t h e  s t u d y  o f  t r a n s i e n t  r e t i n a l  t empera tu res  t o  t h e  r e c o r d i n g  of v o l t a g e s  

vs  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  network c o n s t r u c t e d  t o  s i m u l a t e  h e a t  conduct ion w i t h i n  

t h e  o c u l a r  fundus.  The p h y s i c a l  model upon which t h i s  ana log  is based assumes a PE 

which is  l o p  i n  t h i c k n e s s  and composed o f  a subs t ance  having t h e  the rma l  p r o p e r t i e s  

o f  water and c a p a b l e  of abso rb ing  uniformly throughout  i t s  volume a normally i n c i d e n t  

power d e n s i t y  o f  4.18 watts/cm . 2 The s t r a i g h t  l i n e  i n  F igu re  V I  r e p r e s e n t s  t h e  r i s e  

i n  t empera tu re  w i t h i n  a PE which is  completely i n s u l a t e d ,  i. e. no conduct ion.  For 

squa re  wave o r  c o n s t a n t  energy i n p u t s  up t o  25 PS i n  d u r a t i o n ,  conduction 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  energy i n p u t s  beyond 

25 IJS i n  d u r a t i o n  conduct ion beg ins  t o  p l a y  an i n c r e a s i n g l y  important  r o l e  i n  determining 

t h e  peak t empera tu re  a t t a i n e d  by t h e  PE. 

ones d e r i v e d  by ana log  t echn iques  f o r  l o n g e r  exposure times can be used t o  estimate 

The cu rves  i l l u s t r a t e d  i n  Fig.  V I  and similar 
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the  maximum tempera ture  a t t a i n e d  i n  t h e  PE. 

i n  which maximum tempera tu res  f o r  v a r i o u s  exposure times a r e  l i s t e d .  

doses  l i s t e d  i n  column 2 were taken  from t h e  log-log p l o t  o f  Figure I f o r  image 

d i ame te r s  of 0.0 nun. 

has been t aken  i n t o  account  i n  c a l c u l a t i n g  t h e s e  maximum tempera tures  i n  t h e  PE. 

Discussion : 

The r e s u l t s  are shown i n  Table  I 

The r a d i a t i o n  

The s imul taneous  a b s o r p t i o n  of r a d i a n t  energy i n  t h e  choro id  

The  Convent ional  Thermal  I n j u r y  Model f o r  Exposure T i m e s  of 200 p s  or Greater 

Reference t o  t h e  l a s t  column o f  Table 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 laser  p u l s e s  cannot  be  d i scussed  i n  terms of t h e  model developed 

above f o r  t h e  examinat 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 .  

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  thermal  model p rev ious ly  

developed. 

F u r t h e r  d i s c u s s i o n  of ()-switched phenomena is postponed u n t i l  t h e  more con- 

The estimates of maximum tempera ture  above ambient i n  t h e  PE (column 4 ,  Table  I )  

may b e  subject t o  cons ide rab le  e r r o r ,  due t o  t h e  assumptions i m p l i c i t  i n  t h e  model, and 

shou ld  be r ega rded  a s  approximations probably  t o  wi th in  20 p e r  c e n t .  

un i fo rmi ty  of maximum tempera tures  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 b e  ignored.  A p l a t e a u  or t h r e s h o l d  effect  seems ev iden t .  The 

hypo thes i s  of an " a l l  or none" phenomenon for thermal  i n j u r y  a t  a p a r t i c u l a r  tempera ture  

can be  d i s c a r d e d  immediately i n  view of t h e  experiments  of Geeraets (12) ,  who has  shown 

by h i s t o c h e m i c a l  t echn iques  t h a t  enzyme damage ex tends  wel l  i n t o  t h e  o u t e r  r e t i n a  as 

well 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 tempera tu res  a t t a i n e d  du r ing  

an exposure  a r e  cons ide rab ly  lower than  a t  t h e  c e n t e r  of t h e  PE. A p r a c t i c a l  exp lana t ion  

may b e  t h a t  a tempera ture  c l o s e  t o  or perhaps  a t  100°C i n  t h e  PE is r e q u i r e d  t o  coagu la 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 ophthalmoscopic  obse rva t ion .  

However, t h e  

The f ac t  t h a t  t h i s  maximum tempera ture  is 
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r e l a t i v e l y  i n v a r i a n t  ove r  t h e  range of power d e n s i t i e s  and exposure times shown i n  Table I 

can be t aken  a s  e x c e l l e n t  evidence for t h e  uni formi ty  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  endpoin 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 .  

aga in  t h a t  t h e  c r i t e r i o n  o f  t h e  appearance of an ophtha lmoscopica l ly  v i s i b l e  l e s i o n  wi th in  

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 rude  method f o r  de te rmining  a p r a c t i c a l  

" threshold"  which can be used t o  d e f i n e  o c u l a r  s a f e t y ,  

I t  should  be  emphasized 

vos (21) sugges t ed  a f t e r  an a n a l y s i s  of t h e  e a r l i e r  d a t a  of t h e  a u t h o r s  t h a t  steam 

product ion  might account  f o r  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  exp lana t ion  has  v a l i d i t y  f o r  t h e  more s e v e r e  l e s i o n s  of t h e  r a b b i t  r e t i n a ,  bu t  it does 

n o t  ho ld  f o r  t h e  mi ld  l e s i o n s  d e s c r i b e d  by Geeraets 

t h i s  r e p o r t .  

p o i n t  and s t i l l  be wi th in  t h e  e s t ima ted  accuracy accord ing  t o  t h e  model used i n  t h i s  

paper ,  t h e  expe r imen ta l  evidence i n d i c a t e s  t h a t  t h e  r a d i a n t  exposures  are te rmina ted  

b e f o r e  t h e  g e n e r a t i o n  of  steam produces a g r o s s  disarrangement  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  tempera ture  is due t o  t h e  conversion 

o f  energy  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  F igure  I for 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 times 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  endpoin t  chosen as a c r i t e r i o n  remains 

approximate ly  c o n s t a n t .  

coagu la t e  t i s s u e  t o  t h e  p o i n t  where r e l a t i v e  r e f l e c t a n c e  from t h e  o c u l a r  fundus can be  

used t o  d e f i n e  a r e t i n a l  l e s i o n .  

or t h o s e  i l l u s t r a t e d  i n  F igure  I of (12) 

Although tempera tures  i n  t h e  PE above ambient could  e a s i l y  a t t a in  t h e  steam 

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  

This  may r e p r e s e n t  a maximum tempera ture  i n  t h e  PE needed t o  

These c a l c u l a t i o n s  of  an approximate tempera ture  p l a t e a u  i n  t h e  PE for t h e  

o b s e r v a t i o n  o f  a minimal r e t i n a l  l e s i o n  do n o t  i n v a l i d a t e  rate p rocess  theo ry  a s  a 

p o s s i b l e  model f o r  thermal  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  

he re  and i l l u s t r a t e d  i n  F igure  I is  a g r o s s  estimate of " o v e r k i l l "  which should  not  be 

used t o  t e s t  t h e  v a l i d i t y  o f  ra te  p rocess  theory .  For t h e  l o n g e r  r a d i a n t  exposures ,  
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t h e r e  is a tendency f o r  t h e  maximum tempera ture  i n  t h e  PE t o  dec rease .  

i n d i c a t i o n  t h a t  lower t empera tu res  i n  t h e  P E ,  if maintained o v e r  a s u f f i c i e n t  t i m e ,  can 

account  for t h e  same degree  o f  r e t i n a l  damage. 

t e s t  t h e  e f f e c t  of t ime- tempera ture  h i s t o r y  on macromolecules of b i o l o g i c  i n t e r e 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 echn iques  a v a i l a b l e  t o  molecular  

biology 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 .  

Th i s  is an 

More r e f i n e d  exper iments  a r e  needed t o  

S o l u t i o n s  of t h e  d i f f e r e n t i a l  equat ion  of h e a t  flow for p a r t i c u l a r  boundary 

c o n d i t i o n s  conforming t o  t h o s e  f o r  r a d i a t i o n  exposures  of t h e  mammalian re t ina have been 

provided by Schmidt and Vos':. ( 2 7 )  Temperatures i n  t h e  PE as a func t ion  of time and space 

coord ina te s  have been c a l c u l a t e d  on t h e  assumption t h a t  t h e  o c u l a r  fundus may be t r e a t e d  

as a subs t ance  having  t h e  thermal  p r o p e r t i e s  of water. 

t o  t h e  surface of t h e  PE i s  cons idered  t o  be  absorbed uniformly throughout  a f i n i t e  

depth ,  

i n  terms o f  time and depth can be  ob ta ined  by a n a l y t i c a l  i n t e g r a t i o n .  

p e r t i n e n t  so lu t ion  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 numerical  i n t e g r a t i o n  

us ing  a d i g i t a l  computer. 

i n c i d e n t  r a d i a t i o n  absorbed i s  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  square  

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 .  

t empera ture  a t  t h e  c e n t e r  of t h e  PE con t inues  t o  r i se  even after an exposure time of 

100 m s  f o r  t h e  l a r g e r  image w h i l e  i t  l e v e l s  o f f  a t  approximately 200 us f o r  t h e  smaller 

image. For a given r a d i a t i o n  inpu t  t h e  tempera ture  i n  t h e  PE r eaches  s a t u r a t i o n  

qu ick ly  and a t  a much lower va lue  f o r  t h e  s m a l l  image as compared t o  t h e  l a r g e  image. 

Heat conduct 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 p r e c i a b l e  e f f e c t  

The r a d i a t i o n  i n c i d e n t  normally 

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  

The more 

I n  Figure VII, tempera ture  r ise i n  t h e  PE p e r  u n i t  o f  

The 

2 
on t h e  tempera ture  a t  t h e  center of t h e  PI: a f ter  a time t= Z /4K where Z i s  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  cons ide rab ly  less  than  

*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  Pe rcep t ion  RVO - TNO, Soes t e rbe rg ,  
The Nether lands ,  under  a NATO f e l l o w s h i p  g r a n t e d  by t h e  Nether lands  Organiza t ion  f o r  t h e  
Advancement of Pure Research (Z.W.0). Dr. Vos r e t u r n e d  t u  The Nether lands  i n  J u l y  1964. 
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t h e  dimensions of the square  image) and K is t h e  the rma l  d i f f u s i v i t y  ( t a k e n  as about  

1 . 4  x 10  

borders  o f  t h e  PE w i l l  become a p p r e c i a b l e  a f t e r  approximately 40 u s .  

40 us t he  tempera ture  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  time. 

Refer r ing  back t o  F igure  V I ,  i t  can be seen  t h a t  t h e  e l e c t r i c a l  ana log  p r e d i c t s  about  

t h e  same behavior .  During t h e  nex t  phase ,  t h e  tempera ture  i n  t h e  PE w i l l  r ise as t h e  

square  r o o t  o f  t ;  i n  t h i s  phase h e a t  d i s s i p a t e d  from both faces o f  t h e  PE a f f e c t s  

apprec i ab ly  the  tempera ture  a t  t h e  c e n t e r  b u t  h e a t  from t h e  bo rde r s  of t h e  

p a r a l l e l e p i p e d o n  does n o t  have time t o  a f f e c t  t h e  tempera ture  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 conduction a t  t h e  image bo rde r s  w i l l  have an a p p r e c i a b l e  

-3 2 cm / s e c  for w a t e r ) .  Taking Z as 5 u f o r  t h e  PE,  hea t  d i s s i p a t i o n  a t  t h e  

Thus, f o r  t h e  first 

effect  on t h e  tempera ture  a t  t h e  c e n t e r  of t h e  20 micron image i n  approximate ly  180 us 

and f o r  t h e  632 micron image i n  approximately 200 m s .  A t  t h i s  time, t= X /4K, where X 

is t h e  h a l f  wid th  of t h e  image, s a t u r a t i o n  effects  become n o t i c e a b l e  and t h e  tempera ture  

a t  t h e  c e n t e r  o f  t h e  PE t ends  toward a maximum value .  

d i s s i p a t e d  as fas t  as i t  is gene ra t ed  and t h e  tempera ture  o f  t h e  PE remains cons t an t .  

2 

From t h i s  p o i n t  on h e a t  is 

T h i s  t ype  of behav io r  accounts  q u i t e  we l l  f o r  t h e  i n c r e a s e  i n  thermal  dose wi th  

dec rease  i n  image s i z e  needed f o r  minimal thermal  i n j u r y  a t  t h e  long  exposure times 

r e p r e s e n t e d  by t h e  circles and c r o s s e s  i n  F igure  I. 

s t e a d y  s t a t e  i n p u t  of energy  t h a t  bo th  t h e  magnitude of t h e  e q u i l i b r i u m  tempera ture  

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 taken t o  a t t a i n  t h i s  equ i l ib r ium 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 ,  

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 He-Ne C W  laser  beam which produced an image 

having a d i ame te r  of 20 microns.  

is a t t a i n e d  so  r a p i d l y  t h a t  i t  seems doub t fu l  whether  blood f low i n  t h e  choro id  could be  

e f f e c t i v e  i n  de te rmining  t h e  f i n a l  t empera ture .  

I t  also demonst ra tes  f o r  a g iven  

I t  would t a k e  approximately 1 m s  t o  a t t a i n  tempera ture  

For  small images on t h e  r e t i n a ,  t empera ture  equ i l ib r ium 

The a u t h o r s  a r e  o f  t h e  opin ion  t h a t  mild r e t i n a l  l e s i o n s  produced by bo th  l a s e r  

sou rces  and whi te  l i g h t  sou rces  f o r  exposure times ranging  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  can be  a t t r i b u t e d  t o  the rma l  damage i n  t h e  PE and t h e  r e g i o n s  
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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  l a y e r s  of t h e  r e t i n a .  

phenomena a s s o c i a t e d  w i t h  t h e  product ion of t h e s e  the rma l  l e s i o n s  can be exp la ined  

adequa te ly  i n  terms of t h e  d i f f e r e n t i a l  equa t ion  o f  heat flow, as a p p l i e d  t o  r e l a t i v e l y  

crude 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 du r ing  r a d i a t i o n  

exposure.  For r e t i n a l  l e s i o n s  produced by high power d e n s i t i e s  and s h o r t  exposure times 

(Q-switched p u l s e s )  t h e  concept of thermal  i n j u r y  t o  t h e  re t ina  as o u t l i n e d  above i s  no t  

cons ide red  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 or t h e  b i o l o g i c a l  effects .  

R e t i n a l  Lesions Produced by Q-Switched Lase r  Beams 

The gross 

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 conven t iona l  thermal i n j u r y .  

t h e  i r r a d i a t e d  image t o  t h e  surrounding t i s s u e  is  completely n e g l i c i b l e  du r ing  a p u l s e  

of 30 nanoseconds.  

a given time may b e  e s t i m a t e d  by s o l v i n g  X = ( 4 K t ) l ” .  u s i n g  1 .4  x 10 

thermal  d i f f u s i v i t y  of wa te r  and s u b s t i t u t i n g  3 x lo-’ sec f o r  t. 

f o r  h e a t  f low i n  30 n s  is approximately 0.13 microns,  a r a d i u s  which would be comparable 

t o  t h e  s i z e  o f  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  ce l l s  of t h e  PE. This  s u g g e s t s  

t h a t  t h e  abso rb ing  volume wi th in  t h e  PE d u r i n g  a 30 n s  p u l s e  might be conf ined  t o  t h e  

immediate r eg ion  surrounding t h e  pigment g r a n u l e s .  Under t h e s e  circumstances t empera tu res  

w i t h i n  t h i s  r eg ion  would be expected t o  reach ve ry  h igh  v a l u e s  since e l e c t r o n i c  abso rp t ion  

of photons w i t h i n  t h e  abso rb ing  medium (presumably melanin 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  purposes  o f  t h i s  d i s c u s s i o n ,  and t h e  quantum 

mechanical exchange from e l e c t r o n i c  energy 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  energy 

s t a t e s  ( u s u a l l y  i n  aqueous media by t h e  s o - c a l l e d  mechanism o f  i n t e r n a l  conve r s ion )  

would be very r a p i d  a l s o .  

Heat f low from 

The e f f e c t i v e  d i s t a n c e  o v e r  which h e a t  f low can t a k e  p l a c e  w i t h i n  

-3 2 cm /sec as t h e  

The e f f e c t i v e  r a d i u s  

How t h i s  r e 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 energy w i t h i n  a r e s t r i c t e d  volume 

may b e  d i s s i p a t e d  i s  a matter f o r  f u t u r e  r e s e a r c h .  There is expe r imen ta l  evidence t o  

Washington National Record Center 
Oflice of the Army Surgeon General 
Record Group 112 
ticcession #: 6 ;FA - 4- Ij-13 

4% Box #: 
File: Tr.At-3.. b.h+l T. th-7, - T c .  mi.3-zzcy 



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 enerey  i s  r a d i a t e d  accord ing  t o  t h e  S tefan-  

Boltzmann l a w  (UT )$< and a l s o  v i a  shock waves induced i n  t h e  media by t h e  i n t e n s e  

temperature  g r a d i e n t s  ( 2 a ) .  

non- l inea r  e f f e c t s  a r e  n o t  excluded. 

h igh  power d e n s i t i e s  a plume of dark  material can be  seen ophtha lmoscopica 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  observed when a blackened surface 

is i r r a d i a t e d  wi th  a focussed  laser  p u l s e ;  a l s o ,  thermionic  emission has  been r e p o r t e d  

from meta l  s u r f a c e s  i r r a d i a t e d  w i t h  focussed Q-switched beams (29). 

po in ted  o u t  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 th in  such a focussed beam are 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 

4 

Other  mechanisms invo lv ing  two photon p rocesses  and 

Af ter  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  

I t  has  been 

(30) 

Explo ra t ion  of power d e n s i t i e s  and exposure times i n  t h e  i n t e r v a l  r e p r e s e 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 igure  I shou ld  be  h e l p f u l  i n  de te rmining  exper imenta l ly  what 

types  o f  energy  t ransfer  become predominant f o r  sub-microsecond exposures .  

o f  t h e  c lass ical  equa t ion  o f  h e a t  f low has  a l r e a d y  i n d i c a t e d  t h a t  conduct ion phenomena 

should  become unimpor tan t  f o r  p u l s e s  of 40 !JS o r  less. 

o t h e r  mechanisms of energy  transfer ( a c o u s t i c  waves, UT r a d i a t i o n ,  i on ic  emiss ion ,  

non- l inea r  effects, e t c . )  become impor tan t  as t h e  power d e n s i t y  increases from 

ki lowat t s /cm2 t o  megawatts/cm , 

t h e  unde r s t and ing  of t h e  p h y s i c a l  phenomena involved  i n  t h e  product ion  o f  r e t i n a l  

l e s i o n s  by Q-switched laser  beams, Meanwhile, exper imenta l  obse rva t ion  i n d i c a t e s  t h a t  

fo 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  terms of 

conven t iona l  t he rma l  i n j u r y .  

*The a u t h o r s  have i r r a d i a t e d  t h e  enuc lea t ed  r a b b i t  eye wi th  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  re t ina 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  through a t r eph ined  hole  i n  t h e  sclera by means 
of a p h o t o m u l t i p l i e r  p l aced  wel 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  laser beam. 
l i g h t  r each ing  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 
4 f o r  wavelength 694.3 mp. 
i n  d u r a t i o n .  

Appl ica t ion  

The a u t h o r s  p o s t u l a t e  t h a t  

4 

2 A s tudy  of t h i s  r eg ion  o f  t r a n s i t i o n  w i l l  f a c i l i t a t e  

S c a t t e r e d  

P h o t o m u l t i p l i e r  response  i n d i c a t e d  a l i g h t  p u l s e  o f  s e v e r a l  us 
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Conclusions 

1) There is a fundamental  d i f f e r e n c e  i r i  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 e h  power d e n s i t y  beams (mepawatts/cm 2 

from 0-switched l a s e r s )  a s  compared t o  moderate power d e n s i t y  beams ( kilowatts/crn2 from 

normal l a s e r  p u l s e s  and pu l sed  xenon lamps.) 

2 )  

r a b b i t  r e t i n a  from a 0-switched ruby l a s e r  (exposure time 30 n s )  whereas approximately 

0.85 J/cm 

200 us or l o n g e r .  

3 )  

w h i t e  l i g h t  cources  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  o f  exposure can be exp la ined  adequa te ly  i n  terms of 

thermal i n j u r y  u s i n 8  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  law of h e a t  conduction. 

4 )  Ophthalmoscopically 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  f o r  exposure times rang ing  

from 200 us t o  2 0  rns r e q u i r e  a remarkably uniform temperature  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  100OC. 

5 )  

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  image s ize .  

d i a m e t e r  is 20 microns,  e q u i l i b r i u m  i s  a t t a i n e d  i n  approximately 10 m i l l i s e c o n d s .  

time i s  t o o  s h o r t  t o  a l low s i g n i f i c a n t  coo l ing  from blood flow i n  t h e  choro id .  

2 
A r a d i a t i o n  dose of approximately 0.07 J/cm produces i r r e v e r s i b l e  damage t o  t h e  

2 .  
is needed t o  produce ophthalmoscopic v i s i b l e  damage from a l a s e r  p u l s e  l a s t i n g  f o r  

llo d e f i n i t e  p h y s i c a l  o r  b i o l o g i c a l  d i f f e r e n c e s  between ruby laser  p u l s e s  and pulsed 

ror 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 aken  

For an image whose 

This  
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TABLE I 

llaximum tempera tures  i n  t h e  PE f o r  d i f f e r e n t  exposure times as e s t ima ted  on t h e  
b a s i s  of the crude  model i l l u s t r a t e d  i n  F igure  V. 
used t o  take  account  of hea t  conduct ion i n  t h e  model, 

An electr ical  ana log  has  been 

Exposure Time 
i n  
us 

0.030 
200.0 
500.0 

1000.0 
2000.0 
5000.0 

10000 .o 
20000.0 

Radia t ion  
Dose i n  
J/cm2 

.07 

.85 
1.10 
1.38 
1.72 
2.41 
3.07 
3.90 

Max. Temp." i n  
PC, n e g l e c t i n g  

conduct ion 

6.7 
8 1  

10 5 
132 
lG5 
230 
294 
373 

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

conduct ion 

6.7 
52.8 
50.5 
55.0 
53.5 
49.3 
47.3 
46.8 

"Temperatures are O C  above ambient.  
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Figure I11 Osc i l lo scope  trace  of pumping pu l se  produced by p u l s e  forming network. 
A Q-switched pu l se  of approximately 30 ns  duration can be seen on the  
last  part of t h e  trace. T i m e  s c a l e  50 us/cm. 

Figure IV Q-switched trace  of t y p i c a l  ruby pulse  l a s t i n g  approximately 30 n s .  
Time s c a l e  50 ns/cm. 
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Schematic diagram of crude phys ica l  model of ocu lar  fundus. 
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Figure VI Temperature i n  O C  vs t ine  i n  microseconds a t  t h e  c e n t e r  of t h e  PE 
for square wave inputs of radiant energy of various durations.  
Curves are based upon t h e  uniform absorption of q.18 J/cmZ/Sec 
in PE. 
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Figure  VI1 A log-log p l o t  of tempera ture  r i s e  i n  t h e  PE p e r  u n i t  of absorbed 
r a d i a t i o n  vs time i n  seconds for squa re  p a r a l l e l e p i p e d o n s  of 632 
and 20 microns on a s i d e .  Taken from t h e  d a t a  of Schmidt and Vos. 
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