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I. A s'IU131' O F  CF:ORIOKETIlvAJ. B U R N S  Pr',OD::-'CED I?; RP,,BBITS 

AXD PnmiAi -Es  BY A RUBY LASER 

bY 

Kenneth R. Kay and h l a r g a r c t  G .  Sniith 

1. INTRODUCTION 

I n  a long s e r i e s  of expe r imen t s ,  re t ina l  b u r n  th rc sho lds  w e r e  

de tc rn i incd  fo r  rabbits and p r i m a t e s  rising a modi f ied  Z c i s s  pholocoagu. 

l a to r  

s e c  for the rabbi t  study m d  2 i n s e c  for  the p r i m a t e  study. In o r d e r  to 

extend the r ange  of exposure  dura t ions  to s h o r t e r  t in ics ,  a M a s e r  Optics 

Model 868 R&y L a s e r  \vas used. 

1-3 . The min in iun ' e spus i i r e  dura t ion  resu l t ing  in a l e s i o n  w a s  165" 

The l a s e r  i s  capable of a nomina! 

output of 100 joules in a half-inch d i a m e t e r  beam.  The l a s e r  was  inco rpora t ed  

into a n  optical sys tem pro\Gding independent control of the re t ina l  expo- 

2 
s u r e  and the d iamelcr  of tile re t ina l  a r e a  exposed . 

The l a s e r  pTcuided a sufficicxtly high enc rgy  lcvc l  to p'.aduce 

r e t i n a l  l es ions  fo r  exposures  fron? 30 nanosccolids to  1 .  45 mi l l i s econds .  

Rabbits and prirnatcs weye  uscd f o r  l h e  determina t ion  of re t ina l  b u r n  

th re sho lds  fo r  long  pu l se  riiby l a s e r  exposures .  

Q- s\vitched l a se r  e s p o s u r c s  \vcrc used  to de t e rmine  burn thresholds  

in  p r i m a t e s .  Image iIi~.iiicti.xs of 1. 0;' and 0. 52 IiIrr1 xve re  csecl 

IZ-s\vitched and serni-  

~. 

I f T d  D.+w R&Wd 
1 HS4X 

(A#? k&44 
su;//.knnd 
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f o r  the r abb i t s  and 1 .  20,  0. 5 9  and 0. 29 n ~ n l  for  the p r i m a t e s .  

d c v e l o p ~ n e n t  of bu rns  of s i m i l a r  appea rance  was observed  in  both 

spec ies .  

The 

2. A P P A R A T U S  

The opt ical  s y s t e m  fo r  the control  of the l a s e r  b e a m  i s  shown 

schemat ica l ly  in  F i g u r e  1. 

control led by the i r i s  djaphragni  a t  the focal point of lens  $ 3 .  

re t ina l  i r r a d i a n c e  is control lcd b y  moving the  biconcave lens (#1)  along 

the optical  axis. 

b e a m  sp l i t t e r  a s sembly .  

The d i a m e t e r  of the i r r a d i a t e d  area i s  

The 

E a c h  exposure  was moni tored  by a photodiode and 

P r i o r  to e a c h  exper imenta l  sess ion ,  the monitor ing photodiode 

was c r o s s - c a l i b r a t e d  against  the p r i m a r y  cal ibrat ion s tandard  desc r ibed  

in  Section 3. The block d i a g r a m  of the monitor ing ar.d c ros s -ca l ib ra t ion  

s y s t e m  i s  shown in  F igu re  2. 

bea in  sp l i t t e r  i r r a d i a t e s  a r e f l ec to r  coated with magnes ium os jde  paint,  

and the diffusely ref lected l ight  is  sampled  by the photodiode. 

technique i n s u r e s  that  the level  of i r r a d i a n c e  on the photodiode i s  such  that the 

output of the ?hotodiode i s  l i nea r .  

i n t eg ra t e s  the photodiode c u r r e n t  ar.d the resul t ing signal i s  displayed 

on a C R T  and rccorcled on Polaro id  film by an  osci l loscope 

The port ion of the beam refl'ected f r o m  the 

This 

The phntodiode c i rcu i t  shovm i n  Fig*.re  3 

c a m e r a .  

2 
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F i g u r e  3. Photodiode c i r cu i t  
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2. 1 Se1lJi-Q ail? C-S\\jt~.hiii; of thc  Laser  

The operation of a l a s e r  in the C-s\vitchcd mode i s  aptly desc r ibed  

"Oscillation by analogy hvitk a n  an7pliiier ivith a positive f ccd  back  loop. 

s tar ts  when the gain i s  sidficient to ove rcome  llir l o s s e s .  

back  loop is  in t e r rup ted  by a shut le r ,  osc i l la t ion  will be prevented  and 

the quantiiy of ene rgy  s to red  in  the l a s e r  imatcrjal  will i n c r e a s e  until 

equi l ibr ium is r ~ ~ a c l i c d  behveen  pumping and f luo rescen t  loss.  

t h e  shu t t e r  i s  opened, the fccd back loop i s  opcned and the Q of the 

r e s o n a t o r  goes  f rom a v e r y  low value to  a v e r y  high one ,  and a portion 

of the s t o r e d  ene rgy  i s  r c l eascd  i n  one giant pulse. " 

If the feed 

Once 

2 

It was der ided  to iisc a pass ive  blcachable f i l t e r  to oblain a- 

swi tch  and semi -Q-swi t ch  l a s e r  emis s ions  in  this p rogram.  

devices ,  the f luo rescence  emi t ted  by the l a s e r  r o d  bl.caches the pas s ive  

f i l t e r  ins ta l led  between a n  an t i - re i lec t ion  coated end of the c r y s t a l  and 

a 100?0 re f lec t ion  back m i r r o r  \vhen the light intensity r eaches  a th reshold  

value depending LIFOI? the absorp t ion  of the bleachable f i l t e r ,  

m a t e r i a l s  r eve r s ib ly  b leach  out, alloiving a s e r i e s  of p d s e c  to be  obtained 

with a v e r y  s h o r t  period, of the o r d e r  of 1OOqsec between p d  ses .  

Q- switch sys t em used in t h i s  program i s  sho\\n scheriiatically in  F igu re  

4. A Korao  s tandard  g rad?  ruby roc: w a s  used for the l a s e r  m a t e r i a l .  

A Korad dye  ce l l  with a 109:'~ reflectinz d i e l ec t r i c  coating on i t s  rcai. 

In these  

These  

The 

I 

i 
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s u r f a c e  and a sapphirc eta1011 \\‘ere used for tho resonator cavity. 

E s p e r i ~ n c n t s  \ V C X C  p c r f o r n ~ e d  using d i f fe ren t  dye  sulutions lo d e t e r r n j n c  

the stabil i ty and rcproducjbil i iy of pulses.  

w a s  cryptocyanine mixed with methanol. 

relati\rc to pure methanol w a s  dctciniined to be 50:; a t  6 9 4 3  .A. 

par t i cu la r  methanol  dye solution, i t  \vas found that a - swi t ch ing  and s e m i -  

Q- s\vit.ching could be attained simply by lowering o r  raising the f l a s h  

l a m p  e n e r  gy levels I respectively.  

T h e  final soluiion chosen 

Thc t r ansmiss ion  of the solution 

0 
M’itli this 

I The Q- SLvitch pulscs  were  dctected with a SGD- 100 photodiode 

with a 91 oh1n load r e s i s t o r .  

was passed  into a Tcktronix 555 oscil loscvpc through a 50 ohm t e rmina to r .  

The waveform appearing on the CRT was photographed with an osc i l lo -  

scope caniera .  

photograph siiiizble fo r  reproduction conld n o t  be  obtained due to t hc  high 

s w c c p  spccd  Qf the C R T  beam.  

anip!i:ude c o d d  be dc!ennined quite readily f r o m  the original photographs. 

The pulse  \T-idth of the c - s ~ ~ i t c h  pulsc a t  the  5070 power points was 

de te rmined  to be 30  nanoscconds. 

The signal f rom the photodiode c i r c u i t  

Unfortunately, even using Polaro id  10, 000 ASA f i lm,  a 

Never the less ,  thc pulse width and 

As stalcd e a r l i e r ,  senii-Q-s\vitching can be obtained siinply by  

raising the piunping energy  rclativc to that needed fo r  C- slvitcliing. 

raising the piu:ipin; r n e r g y  above  the Q-s\.,itclii:ig threshold leve l ,  t11~. 

Ry 

E 



dye solution is fo rced  to behavc a s  a f r e c  r u i n i n g  on..oif switch. 

s y s t e m  will continue to e m i t  pu lses  a s  long as a sufficienL1y high le\.el 

of pumping ene rgy  i s  available to the ruby rod  so  that equilibrium iiiay 

be  r e a c h e d  between pumping and the Loss due to las ing  action, 

it w a s  found tha t  e a c h  pulse in the semi -Q-  switched t r a in  was 30 nano- 

seconds  a t  the 50% power  points, and the pulses  w e r e  sepa ra t ed  by 30 

to 150 m i c r o s e c o n d s .  

The 

Typically, 

! 

I 
The number  of pulses in the \vave t r a in  could be  

v a r i e d  f r o m  2 to 50 individual pu lscs .  

p u l s e s  w e r e  unequa.1 and va r i ed  o v e r  a range of 6:1 f o r  a given wave t ra in .  

The aniiAitudes of the individual 

i 

3.  C,ALIBRATION 

A Korad  K -  J2 liquid c a l o r i m e t e r  was used a s  the p r i m a r y  

s t a n d a r d  f o r  ca l ibra t ing  the ruby l a s e r .  

the c a l o r i m e t e r  r e sponse  hzs  an accu racy  o f f  370 and is  t r aceab le  to 

The manufac tu re r  stated tha t  

a National Bureau  of Standards ca l ibra ted  de tec tor .  The c a l o r i m e t e r  

contains a iluid absorption cell which conver t s  the incident radi?.tion into 

h e a t  and  a thermopi le  \vhich responds  to the consequent tempe r a lu re  

r ise Xvith a voltage signal ( s e e  F i g u r e  5). 

was  continuously r eco rded  with a E r u s h  h-iark 260 s i r ip  c h a r t  r e c o r d e r  

coupled to tlie output of a Keithley 150B niicrovo!tineter. 

was ca l ibra ted  aga ins t  the voltage r anges  on the microvol’imeter. 

The output of the c a l o r i m e t e r  

The r c c o r d e r  

Thus,  

Ti>r  an accuTate v~ . Iuc  0: t h e  pa!< c a l o r i m e t e r  respoiisc v a s  o’blained. _L 

14C-d &# R e u ~  
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a r r a n g e m e n t  of thc calibration equipment  is  shown i n  F igure  6 .  

The c a l o r i m c t r r  syste:n was  c r o s s  ca l ibra ted  against  a B a r n e s  
~ 

t he rmop i l e  using the Ze i s s  photocoagulato:. a s  a light sou rce .  The I #  

thermopi le  calibration i s  a l so  t r aceab le  to a NES s tandard  de tec tor .  

The compar i son  between the t\vo s tandard  de tec to r s  showed a 570 difference.  
' ,  
j !  j 
/ I  

I 

is obtained by multiplying the 'n' The value of the l a s e r  ene rgy ,  

i 
i 

peak r e c o r d c r  reading, V by the  spec i f ic  r e s p o n s e ,  R ,  of the c a l o r i m e t e r .  

Hence, 

P' 

U = R . V  (1 )  B P' 

w-he r e  

U i s  beam energy in jou les ,  B 

V P is peak  voltage in  m i c r o v o l t s ,  and I .  
R i s  specific r e sponse  i n  jou le s /mic rovo l t  = 0 . 3 5 5  j igv .  

3 .  1 C r o s s  Calibration of the hlonitoring Photodiode 

3.  1 .  1 Long Pu l se  Mode 

The monitoring photodiode w a s  crozs ca l ibra ted  aga ins t  

the c a l o r i m e t e r  by m e a n s  of the  s y s t e m  shown in  the block d i a g r a m  of 

F i g u r e  2. 

to the beam i r r ad iance  at  the en t r ance  p o r t  of the c a l o r i m e t e r  by: 

With this a r r a n g e m e n t ,  the photodiode r e sponse  i s  re la ted  



1 2  

I 
! 

.. 



where 

2 
H(t)  = t i m e  varying Lcam i r r ad ia i : r c  (jovles/cin - F C C ) ,  

V (H, f )  = inslantancous photodiode r e sponse  to bearn i r r a d i a n c e  I3 

(Ill\,) I 

C , C = proportionali ty cons tan ts ,  and 1 2  

t = time. 

The re1atio:iship bet\veen the photodiode r e sponse  and the CR’I 

t r a c e  recorded  011 film i; given by: 

1 
v. = c 3 j v~(I-1, t )d t  1 

0 
wh e re 

V. = t r ace  peak on film ( v o l t .  s e c ) ,  and 

C 3  = proportiona.l.ity constant.  

1 

Substituting VD(TI, t )  f r o m  equatiox ( 2 )  into equation ( 3 )  y i e lds :  

c 3  : 
C 1 ;  

Vi = -- ~ [H(1) - C 1 clt 2 

T C C  T c 3  ’ . 
2 3 I d t  v .  = 7 I, (H(t)clt  - - 

1 1 0  c 1  I I  
T,  H ( t )  d t  - -- c 3  T c , zc3  

V .  = c- 
1 1 ;  c 1  

where 

T = pulsewidth in  seconds.  

F r o m  the definition of rad ian t  e x p o s u r c ,  ( a ) :  

13 

( 3 )  

(4 )  

I i  

I 
I 

I 



T 
0;- H ( t )  d t .  

J 
0 

Rearranging equaiion (8)  f o r  Q g ives :  

c ,  
1 

Q = -  V. t C T .  2 
c 3  

Thc total  beain cnergy is  defined by 

U B =  Q * A ,  

where  

A = a r e a  of the beam entering the  c a l o r i ~ n e t e r .  
B 

Substitnting equation (9)  into equation ( 1 0 )  fo r  Q produces:  

c 1  U = [ -Vi t C 2 T ] A B  
3 

B C. 

By cquating the right s i d c s  of equat ion ( I  1 )  and ( 1 ) :  

c1 
R . V  = [ - v .  c 1  c 2 T ] A  u 

3 P 

o r  

If a constan: beam a r e a  and a fixcd p u l s c \ ~ i d t h  a r e  a s s u m e d ,  then 

equation ( 1 3 )  becomes: 

5 v = c4v; t c 
P 

14 



\vhe r e  

Thus,  a l i n e a r  r c l a t ions l~ ip  ex is t s  bcl\veen the in tegra ted  photodiode r e sponse  

and the peak voltage f r o m  the ca lo r imc te r .  Substituting equation i l 4 )  

into equation (1)  yields:  

U B = R [C,Vi t C5]. (15) 

A s s u n i n g  that the whole b e a m  e n t e r s  the a n i m a l ' s  eye dur ing  an  exposure ,  

the re t ina l  iricidcnt energy ,  UR, i s  de te rmined  by: 

u = u  x T  R B  e '  

xvhere 

T = transm.ission o f  the animal's eye. e 

Substi tuting eqnation (15) into equation (16) g ives :  

UR = Te R [C V t. C5]. (17)  4 i  

Equation ( 1 7 )  i s  the b a s i c  equation used  to de t e rmine  the incident, re t ina l  

energy .  The constants  C and C \yere e x p e r i ~ ~ ? e n t a l l y  de te rmined  p r i o r  

to c a c h  e s p e r i m e ~ l t a l  sess ion ,  and C - w a s  found to b e  = 0. . P O T  a given 

esper i lnenl ,  both the bca in  divergence and pulsewidth w e r e  held constant.  

4 5 
_ _  

3 

Once the re t ina l  energy  ( U  ) h a s  been  de termined ,  R 

a straightforu'arcl  calculation yields the corresponding ret inal  i r r ad iance  

(HR).  The a l e r a g e  ret inal  i r r ad iance  fo r  +n e sposu re  i s  given by: 

1 5  



whe r e 

UR = incident re t ina l  energy  (mj)  de te rmined  f rom ( lG) ,  

T = total exposure  durat ion ( s e c )  d e t e r ~ n i n c d  f r o m  pulsc\\r.idth, 

1 .0  ca l  s 10-3 C = convers ion  constant ,  , and 4. 185 m j  

A = re t ina l  a r e a  exposed. Defined by R 
2 A = r r f2  ( tan  0 / 2 )  , R 

where  

f = 1. 0 cm f o r  rabbi t ,  1. 3 5  cm fo r  p r ima te ,  and 

0 = b e a m  divergence  (deg rees ) .  

3. 1. 2 Q-Switched and Semi-Q-Switched Mode 

The total  ene rgy  in e i the r  mode was deter&ned by 

c ross -ca l ib ra t ing  a photodiode aga ins t  the Korad c a l o r i m e t e r  s y s t e m ,  In 

these  two m o d e s ,  s e m i - Q  and Q-switched,  the s u m  of the peak photodiode 

r e s p o n s e ( s )  %-as found to be proport ional  to the total energy  m e a s u r e d  

by the ca lo r ime te r .  

the incident re t ina l  ene rgy  of each  exposure  could be ascei. tained. 

Once the proport ional i ty  constant w a s  de t e rmined ,  

3.  2 B e a m  Divergence Cal ibrat ion 

In o r d e r  to ca lcu la te  the ave rage  i r r ad iance ,  the b e a m  d ive r -  

gence 8, m u s t  be kno\vn. The b e a m  divergence i s  changed in  the 

l a s e r  s y s t e m  by varying the s i z e  of a n  adjustable i r i s  d iaphragm 

which \-;as ca l ibra ted  in ternis of the beam divergence a-ngle. 

16 



Cal ibra t ion  \vas  accomplished using an osc i l loscope  camcrz \\it11 t;,, 

l e n s  rcinoved. This  call icra \viis positioned lo in te rcept  the bean1 50 

that photographs of the beam could be made  at  va r ious  i r is  se:tiligs, 

M e a s u r e m e n t s  of the b e a m  d i a m c t e r ,  d, w e r e  m a d e  f r o m  the pholozraphs.  

Using the g e o m e t r y  and designations of F igu re  7, the bean1 divergence e 

w a s  calculated.  A g r a p h  of the b e a m  divergence ,  8, v e r s u s  the i r is  set.- 

ting w a s  m a d e  and a l e a s t  s q u a r e s  f i t  of the d a t a  yielded the equation 

0 
e = 2.97  F t o. 39 , ( 2 0 )  

where  P = a uni t less  n u m b e r  indicating ir is  position. 

shown in F i g u r e  8. 

The r e s u l t s  a r e  

3. 3 Dependance of Pulsewidth on F la sh lamp  Energy  

The pulsewidth i s  dependent upon the ene rgy  de l ivered  by the 

f l a sh lamps  and absorbed  by the  ruby rod, F l a s h l a m p  ene rgy  leyels a r e  

dependcnt upon the cha rge  voltage of the capac i tor  bank accord ing  to the 

equation: 

2 
E = 112 C V  

where  

E = s t o r e d  ene rgy  ( jou le s )  

C = total  capacitance ( f a r a d s )  

and 

V = cha rge  voltage (vol t s ) .  

1 7  

1. 

. .. 



I as c IL L OSC4P E 
CAME324 

i 

Figure  ?. Schemat j c  of beam g e o m e t r y  



17 

IG - 

15 - 

14 - 

13 

12 - 

I1 

10 

- 

- 

- 

8 = 2.97'F t0.39' 

P = ( e -  0 . 3 3 ~  2 . 9 7 ~  

= EXFCRIMENTAL POINTS 

0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 

IRIS SETTING IP)  ._.. . _. 

F i g u r e  8. Ir is  se t t i ng  v e r s u s  b e a m  divergence.  Llcsur 

I ?  



The capaci tor  bank i s  c o : ~ i p o ~ c d  of i+ lolal  of six, 375L,f ,  oil 

f i l lcd capac i tors  in  parallel. F o r  long pulse ca l ibra t ion  and threshold 

de te rmina t ion ,  a l l  s ix  capac i to i s  \\ 'ere avai lable ,  Therefore ,  C = 2250 

x 10 
- 6  f a r a d s ,  and the f lash lamp energy  cquation becomes  

2 E = 1 .  125V x jou les .  

F l a s h l a m p  ene rg ie s  between 2700 joules  and 4960 joules  w e r e  de l ivered  

to the ruby  rod. The corresponding pudsc width range  was between 0.46 

m s e c  and 1. 45 msec .  

F o r  the  Q- zxyitched and s e m i - Q -  switched modes ,  one capac i tor  

v:as r emoved .  The re fo re ,  C equals  1875 x 10 f a r a d s ,  and the f lash-  

l a m p  ene rgy  equation becomes:  

- 6  

2 E = 0.9375 V x joules .  

The semi-Q- sivitched flas!ilanp ene rgy ,  E,  equaled 3380 joules. F o r  

the Q-s\vitched m o d e ,  the f l a sh lamp  ene rgy  cqnaled 2630 joules.  A 

single Q-sxvitched l a s e r  pulse, and each  of the pu l ses  in the semi-Q-  

s u i t c h e d  p d s e  t r a in ,  were approximately 30 nanoseconds long a t  the 50 74 

power points.  

', 

4. EXPERlh!EXT,4L P R O C , E D U R E  AND RESULTS 

Five  - I- inut e t h r e  s hol d s v.-e r e  de t e r 11- ine  d by s u c c e s s ive ir r adia  tic:? 

of the fundus  with pulses  dec reas ing  in  5?0 to 1070 energy  s teps  until the "no- 

burn"  stz.ge \\.as rrac?>ed. The thres . l ioldle\~els  r e p o r t e d  r ep resen t  t!:? ; ( V I  1 , ' 

2 0  
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of thc min i i r~a l  enc rgy  value (nij)  requi rcd  f o r  the production of a burn  

and the next lower  exposure in  the sequence  \vhich did not produce a burn.  

A period of at l c a s t  5 minu tes  e laFsed  between success ive  exposures .  

La.ser exposures  with success ive ly  dec reas ing  ene rgy  produced 

a s e r i e s  of l e s ions  each  of which was l e s s  s e v e r e  and r equ i r ed  m o r e  t ime 

fo r  development than the preceding  onc. However, the maxiinun exposure  

producing no burn  within 5 minu tes  a lmos t  always produced a b u r n  within 

about a n  hour. 

and p r i m a t e  fundi were  s i iu i l a r .  An immedia t e  burn ,  wel l  above threshold ,  

appeared  to be  a homogencous white c i r c u l a r  spot the same s i z e  o r  slightly 

l a r g e r  than the i r r a d i a t e d  a r e a .  

b u r n s  developed a s  collections of i r r e g u l a r  darkened a r e a s ,  each  having 

a definite white cen te r .  With f u r t h e r  energy  d e c r e m e n t s  these  darkened 

a r e a s  becaine s m a l l e r  and fewer ,  requi r ing  m o r e  t ime  f o r  development.  

The relative s i ze  of the ivh i t e  cen te r  of zach d a r k  area became  p r o g r e s -  

sively sma l l e r .  The "no-burn" was reached  vvhen the on].)- ev isence  of 

exposure a f te r  five niiniites of observation \vas one o r  two sma l l  a r e a s  

of darkening. 

of exposure.  

Manifestations of s u p r a  threshold exposures  i n  both rabbi t  

A s  thc ene rgy  leve ls  d e c r e a s e d ,  the  

N o  white o r  gre)--\i-hite \vas obse rved  in  the no-burn a r e a  

It was obse rved  i n  the prin1ate :\-kite l ight study \vith the Ze i s s  

photocoagulator that if a burr. developcd x.iihin 5 minu tes ,  i t  d c ~ c l o p c t l  

2 1  



Gradual  d e v c l o p i c n t  x i th in  t h c  five niinutcs \vas seldoril obser\red. 

did not hold t rue  in thc  l a s e r  investigation. 

This 

4. 1 Long Pu l se  Rabbit and P r i m a t e  Extrafoveal Thresholds  

Ophthalmoscopic observation pe rmi t t ed  the  base l ine  se lcc i ion  of 

- - 

rabbi t s  having uniform choroidal pigment and c l e a r  med ia .  

weighing l e s s  than 2. 3 kg, w e r e  not used  since t h e r e  was some  indication 

f r o m  p a s t  observa t ions  that young rabbi t s  have significantly lower  r e t ina l  

th resholds  than adult rabbi t s .  

an ima l ' s  eyes  were  dilated v..it.h 1% a t ropine  sulfate ophthalmic solution, 

and about half an hour b e f o r e  the experinlent,  the an ima l  was anes the t i zed  

\vith 75-150 nig sodium Nembutal. 

m e n t  to avoid cornea l  dehydration by f requent  lavage  with n o r m a l  sa l ine  

Rabbits 

About one hour  p r i o r  to exposure  the 

C a r e  was taken throughout the exper i -  

o r  simulated t e a r s .  

Twenty rabbi t  e y e s  w e r e  exposcd to  no rma l  mode  l a s e r  pu l se s  

0 0 
(1. 3 m s e c ) .  E e a m  divergences  of 6 .  1 and 3 .  0 , corresponding  to image  

d i a m e t e r s  of 1. 07 and 0. 5 2  :nm, \%-ere investigated.  Table I s u m m a r i z e s  

the threshoid da ta  fo r  rabbi t s  exposed to n o r m a l  mode  ruby l a s e r  pu l se s .  

The s tandard  deviation is given in pa ren thes i s  a f t e r  e a c h  threshold  

va lue .  Tables A - i  and A-11 i n  Appendix A l i s t  the individual data.  

Approximately 3 - p u n d  X'lacacch mula t i a s  \yere used  fo r  : )IC 
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Table I .  Rabbit and pr iniatc  re t inal  burn t h ~ c s h o l c i s ,  using 
long p~i1sr l a se r  csposurcs. 
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pr ima te  study. 

the an ima l s  and any  exhibiting defective c o r n e a s ,  o r  opaci t ies  in the 

ocu la r  med ia  w e r e  not used. 

injectir,ii of approsimately 4 mg of Sernyl2.n w c s  followed by i r r i d a l  dil i tat jon 

v;i!h !TO atropine sulfate ophthalmic solution. A 17-gauge in t raveneous  

ca the te r  was introduced into a pos t e r io r  s ’ u y r f i c i a l  l e g  vein,  and a f t e r  

the attainincnt of maximal  m y d r i a s i s ,  the p r i i n a f e  was anesthet ized with 

SO ing sodium Ncinbutal via the intracatl i .  

by the  adminis t ra t ion  of additional s m a l l  amounts  of Neinbutal  a s  needed. 

Cornea l  dehydrat ion was prevented using the s a m e  technique a s  that  u sed  

with rabbi t s .  

Opllthalmoscopic examinat ion provicled a 111ei~ns of srrre:,ing 

P r e l i m i n a r y  sedat ion with an iniramuscLllar- 

Deep anes thes i a  \‘:as main ta ined  

Seventeen p r ima te  eyes  w e r e  exposed  with b e a m  divergcnces  of 

3 0 0 5. 0 9  , 2. SO and  1. 23  , corresponding to i m a g e  d i a m e t e r s  of 1. 20 ,  0. 59 

and 0. 29  mn. 

exposed to the no rma l  ruby l a s e r  pu lses  (0. 9 6  to 1. 4 Trlscc). 

Table I a l so  s u m m a r i z e s  thc  threshold  da t a  fo r  pr imates  

The s t anda rd  

deviation is given in parenthes is  a f te r  each  threshold  value.  

ihrough A-V in Appendix -4 list the individual data .  

Tables  A-111 

4. 2 P r i m a t e  Thresholds  f o r  Q-S\citchcd and Semi-Q-Sxj tchcd  Exposures - 

During esposure  to the Q- s\:,itched and  semi-Q-sivitclled l a s e r  

I 

pidsrs ,  the pyimate e y e s  \vert dilated with Xfydriacyl, 1 ” ; .  Mydriacyl 

is  not a s  long acling a s  a t ropine,  but s e e m s  to d e c r e a s e  t h c  s c . . - r ~ ~ - i l . .  , c, I 

c o rile a1 d i l q  r! r a t ion. 

. 
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Thresholds f o r  thc Q-switched pulses w e r e  de t e rmined  f o r  3 eyes ,  

' 0  a t  a beam divergence of 5 .  08  . 
pu l ses  w e r e  de te rmined  in 4 eyes  a t  5 .08  

Q-switched pulses used the thrcshold  de te rmina t ions  cons is ted  of 4 to 

8 individual pulses.  

Table 11. 

i n  Appendix A. 

Thresholds  f o r  the semi-Q-s\vitched 

0 
and 3 eyes  a t  2. 50°. The s e m i -  

The r e su l t s  of the exper iment  a r e  summa' r ized  in  

The individual da ta  a r e  l i s t ed  in  Tables A - V I  through A-VI11 

5 .  CONCLUSIONS 

The compar ison  of Ze i s s  photocoagulator (white l igh t )  and l a s e r  

th resholds  f o r  rabbits and f o r  p r i m a t e s  is  s u m m a r i z e d  in  Table I11 in 

t e r m s  of average  re t ina l  exposure ,  QR. 

a r e  taken f r o m  the F ina l  Repor t  f o r  Cont rac t  A F  41(609)-3099.2 The 

white light data f o r  p r i m a t e s  a r e  taken f rom P a r t  I1 of this r epor t .  

pe r fo rming  the calculations of the re t ina l  exposures ,  t r ansmi t t ance  

- 
The white l ight da ta  f o r  r abb i t s  

In 

values of 0. 59 for the p r ima te  eye and 0.89 f o r  the rabbi t  e y e  x e r e  used. 

This value fo r  the p r ima te  eye was obtained using the m e a s u r e m e n t s  of 

the d i r e c t  spec t r a l  t r ansmiss ion  m a d e  by Boettner 

the xenon source.  

m e a s u r e m e n t s  n a d e  b y  Gcerae t s ,  e t  al. 

the rabbi t  eye. 

b 
and the d is t r ibu t ion  of 

The rabbi t  eye t r ansmiss ion  value was  obtained f r o m  

of the total l ight t r a n s m i t t e d  by 
? 

This value w a s  used throughout the Z e i s s  photocoa:ulato+ 

2 
study of rabbit  thresholds.  

25 



Image  Diameter I  yes p e r  
h i m )  } Point 

1. 2c 

1,20 

0. 59 

3 

-1 

3 

N u m b e r  of 
Ful s e  s 

1 1  

4- b 

5- 8 

t Q-switched exposure 
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Table I I r .  Cornps i i son  of l a se r  long pulse a n d  Z c i s s  
photo to ag a1 at o T (\:.bile l i g h t  ) burn I h r  e shold s , 

LASER ZEISS 
A v e rag  e Av e 1' a.6 e 

(mm) ( i n s e c )  ( c a l / c i n  QR 2 ! ( ~ n s e c )  

Image  I 

[ Rabbit 

1 . 3  0. 2 7  ( t O . O 5 ) ) /  1. 07  

27 

0. 21 ( + O ,  03) 

0. 2 3  (fO. 05)  

0 .  10 ( % 0 . 0 0 3 ;  

0.07 ( k 0 . 0 0 3 )  

0. 1 7  (+O.  01) 

c 
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Inspectior> of l a b l e  111 ind ica tcs  that the  thres!lo!ds fo r  l a s e r  

and \rhite light r l p o s u r c s  do not appea r  to be d i f fe ren t  f o r  the  ~ X Y O  so1:rce~ 

for e i the r  spec ies .  

Compar ison  of the r e su l t s  shown in  Table I1 with those of Table 

- 
1U indica tes  that  the average  threshold retinal exposure.  Q R ,  f o r  the 

s e m i - Q -  ~ \ - . i t ched ,  and normal ly  pulsed  l a s e r  %re in  reasonable  a g r e e -  

m e n t  fo r  the !. 20  mill image  d i ame te r  fo r  p r i m a t e s .  The da ta  f o r  the 

0 .  57 nini iniage d i ame te r  a r e  m o r e  divergent u ~ i t h  a Q 

cm 

of 0. 062 c a l /  R 
2 2 fo r  the long pulse and 0. 1 2  c21/cm f o r  the (2-switched c a s e .  

The Q-su i t ched  p r ima te  da ta  sho\:.ed more than a f ac to r  of 
! 

3 l ower  threshold exposure than the semi-Q-swi tched  c a s e  fo r  the i 

1. 20  mni imagc  d iameter .  This r e su l t  could be indicativc of a 

thermal - inechanica l  damage p r o c e s s  a s  opposed t o  a t h e r m a l  damage  

in  the scmi -Q-  s\\.itclled and long pulse l a s e r  exposures .  Ho,,vever, 

the p r o b l e m s  inhe ren t  in calibration of exposures  a s  shor t  a s  30 

nanoseconds m u s t  be considered i n  making any d i r e c t  co!nparisons. 

Eve ry  e f for t  \vas made  Lo reduce the t ime constants of the record ing  

c i r cu i t s  to i n s u r e  valid measuremcn:s  of the pulse e n e r g i e s ,  bu t  

the poss ib i l i ty  r ema ins  that the low threshold found f o r  the Q- 

s\x.-itched c a s e  may bc  the r e su l t  of i naccura t e  calibration. 

2 s  
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11. RETINAL BURN THRESHOLDS IX P R I L I A T E S  

by 

N o r m a  D, Mil ler ,  William R.  B r u c e  and M a r g a r e t  G.  Smith 

1. INTRODUCTION 

A l a r g e  amount of da ta  on ret inal  b u r n  thresholds  in  rabbi t s  has  

Under Cont rac t  A F  41(609)-3099 with the been previonsly reported.  

USAF School of Aerospace Medicine,  the Life Sciences Division of 

Technology Incorporated per formed a long s e r i e s  of exper iments  in which 

615 thresholds  were  de te rmined  f o r  s ix ty-s ix  combinations of exposure  

dura t ions  and image  d i ame te r s .  The rabbi t  data ,  however,  do not 

allow valid ext~rapolation f o r  human threshold predictions due 'to the spec ies  

d i f fe rences  in anatomical  s t r u c t u r e ,  and in the quality of the optical  

image  a t  the re t ina .  

to rep l ica te  some of the threshold conditions investigated i n  the rabbi t  

s tudy in o r d c r  to compare  the thresholds  for the two species .  

p r i m a t e s  used were  approximately 8- 10 pound Macacca mulat ta .  

e n t i r e  visual  s t r u c t u r e  of this  spec ies  i s  morphologically c l o s e r  to that 

o f  the human than i s  the rabbit .  

The p r e s e n t  study, using p r ima tes ,  w a s  undertaken 

The 

The 

Man s h a r e s  with the spec ies  investigated 

c e r t a i n  c h a r a c t e r i s t i c  re t inal  s t r u c t u r e s  such  as: 

s e l s  a n t e r i o r  to the receptor  l a y e r ,  ( 2 )  both rod  and cone r e c e p t o r s  n<th 

(1) re t ina l  blood v e s -  



a wrell-defined foveal a r e a ,  and a l a r g e r  m a c u l a r  a r c a .  These  c h a r a c t e r -  

i s t i c s  a r e  not p r e s e n t  in the rabbit .  

i s  about 3570 l onge r  than the rabbi t  eye,  but only 80% a s  long a s  the ave rage  

human eye;  however ,  the optical  s t r u c t u r e  of the monkey ' s  image  fo rming  

med ia  i s  scaled proportionally so  that the en t i re  image  quality i s  close 

to that of the human. 

The focal  length of Lhe monkey eye 

Throughout the rabbi t  retinal burn threshold ir.vcstigation, a 5 

minute c r i t e r ion  was used. 

les ion  appeared  within 5 minutes ,  the next exposure  was reduced  by a 

few p e r c e n t  until a point was  r eached  where  no les ion  appeared  within 

5 minutes .  The threshold i r r ad iance  recorded  was  the a v e r a g e  of the 

exposures  producing B visible les ion  and the next l ower  producing no 

The eye was  i r r ad ia t ed  and if a vis ible  

vis ible  les ion  i n  5 minutes .  

of the monkey because  it was found that  i f  a les ion  was to appea r  in  5 

minu tes ,  it  appeared  a lmos t  instantaneously a f te r  the exposure .  I t  was  

a l s o  observed  that  the 5 minute no-burn  exposures  became  v e r y  notice- 

ab le  les ions  within a few hours  following the i r rad ia t ion ,  and that the 

5 minute  no-burn  exposure  lef t  v e r y  noticeable s c a r s  in  a n i m a l s  re turned  

f o r  reuse .  

i r r ad ia t ion  w e r e  observed  o v e r  long per iods  of time. 

w e r e  m a d e  hourly up to 5 hours  and again a t  24 hours .  

If a les ion did not develop within 5 hour s ,  i t  r a r e l y  appeared  +t a l a t e ?  

This c r i t e r ion  was abandoned in the c a s e  

An exper iment  was p e r f o r m e d  in  which dec reas ing  leve ls  of 

The observa t ions  

I t  was found tha t  

I .  



time. 

threshold  bu rn  study, 

A s  J. result of this,  a 5 hour c r i t e r i o n  w a s  adopted f o r  the prilnate 

In the c u r r e n t  investigation, two d i f fe ren t  types of thresholds  w e r e  

de t e rmined  f o r  the monkey eyes ,  the e x t r a m a c u l a r  thresholds  and the 

foveal th resholds .  

for  both types o f  thresholds .  

Exposure  dura t ions  from 2 m s e c  to 1 s e c  w e r e  used  

The image  d i a m e t e r s  ranged f r o m  0. 12  mm 

to 1 .  46 mm in d i a m e t e r ,  a s suming  a focal lengih of 1. 3 5  c m  2 . 

2. EXPERIMENTAL P R O C E D U R E  

The an ima l s  were  sc reened  by  ca re fu l  ophthalmoscopic examinat ion.  

Animals with defec ts  o r  opacities in  any port ion of the med ia ,  including 

the co rnea ,  w e r e  not used. 

ophthalmoscopic  cor rec t ion  w e r e  not used. 

mic o in tment  was introduced into the conjunctival s a c  on the evening pre-  

ceding the threshold determinat ions.  

iris di la t ion u i th  l e s s  corneal  t r a u m a  than adminis t ra t ion  of e i ther  a t ropine ,  

Cyclogel o r  neosynepherine d rops  p r i o r  to i r radiat ion.  

of the  c o r n e a  was  carefully avoided. 

except during 2ctual aiming, i r r ad ia t ion  an6 observat ion.  

deep  anes thes i a ,  tear ing i s  usually suppres sed ,  the eyes  were  f requent ly  

flooded with "nionkcy t ea r s "  p r e p a r e d  to simulate the l ach rymal  sec re t ion  

Animals  requi r ing  more than i 1 diopter  

A 1% a t ropine  sulfate ophthal-  

This produced maximally s tab le  

The dehydration 

The an ima l ' s  eyes  w e r e  kept c losed  

Since under  
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of the p r ima te .  

The p r ima tes  were  init ially seda ted  with appros imate ly  4. 0 mg 

of Sernylan I. M. 

the p o s t e r i o r  super f ic ia l  vein in the leg. 

c c  Nembutal was adminis te red  by way of the in t raca the ter .  

w e r e  begun 45 minutes  a f t e r  adminis t ra t ion  of the Nembutal. The waiting 

per iod  was  carefully controlled a f t e r  pilot studies indicated that the e f f e c t  

of init ial  anes thes ia  i n  many  an imals  was  to produce a f a l se ly  high 5 

minute threshold.  L a t e r  w j r k  indicated that it s e e m e d  to have no o b s e r -  

vable effect on the 5 hour thresholds  which w e r e  adopted a s  the c r i t e r i o n ;  

however,  the 45 minute  delay before  s t a r t i ng  exposures  was continued. 

Additional Nembutal was  admin i s t e red  in sma l l  i nc remen t s  as needed 

to mainta in  deep anes thes ia .  A total of 3 to 5 c c ' s  were  r equ i r ed  pe r  

an imal  pe r  day. 

A 17-gauge intraveneous ca'theter was introduced in to  

Approximately 1 c c  of 50 mg/  

I r r ad ia t ions  

The f lash  sou rce  used in  the p r ima te  study was identical  to t h a t  

3 
used  i n  the rabbi t  study, and h a s  bzen previously descr ibed  in  detail .  

The s o u r c e  was a Meyer-Schwickeraph photocoagulator, which had been  

modified for controlled pulsed operation. 

the power fo r  the Ze i s s  coagulator fo r  the pulse durations of 2 m s e c  

through 1 sec  used in this investigation. The s o u r c e  was ca l ib ra t ed  

by an Epplcy thcrniopile ca l ibra ted  by the National Bureau  of S tandards .  

A i rc ra f t  ba t t e r i e s  provided  



1 

? 
I 

1 

The thermopile  w a s  used LO de t e rmine  the total i r rad :ance  out?ut of the 

Ze i s s  coagulator.  

w e r e  used s imultaneously to r e c o r d  the i r r a d i a n c e  output of the coagulator  

f o r  a 1 0  s e c  pulse.  

of the photodiode was recorded  for pulse  widths l e s s  than 10 s e c  and c r o s s  

ca l ibra ted  aga ins t  the thermopile .  

The therniopile and an  EG%G SD-  100 photodiode 

Once the 10 s e c  bGseline was  es tab l i shed ,  the output 

Be fo re  e a c h  esper in ien ta l  sess ion ,  a fundus photograph of the 

an ima l ' s  eye was  m z d e  onPo la ro id  film using a Z e i s s  fundus c a m e r a .  

This provided a photographic m a p  of the a n i m a l ' s  fundus as an  a id  in  

locat ing the var ious  exposures  f o r  subsequent  observa t ion  of the develop- 

m e n t  of the burn les ion.  

in  a res t ra in ing  cha i r ,  and aligned i n  f ron t  of the Z e i s s  b e a m  d i r e c t o r  

where  the eye could b e  examined using a modif ied Kee le r  ophthalmoscope.  

Initially, an e s t ima te  was m a d e  of a n  appropr ia te  i r r a d i a n c e  to produce 

a 5 minute  burn  based  on the data f r o m  the rabbi t  study, and pilot  s tudies  

on the monkeys.  If an  immedia te  les ion  was fo rmed ,  additional exposures  

w e r e  m a d e  reducing the i r r ad iance  by 5 to 1370 i n c r e m e n t s  and hour ly  

observat ions of the filndus w e r e  m a d e  to de t e rmine  the 5 hour  threshold.  

F o r  the ac tua l  exposures ,  the an imal  was p laced  

3. E X P E R I h l E X T A L  RESULTS 

3.  1 Time of Deve-ent of a .Visible Lesion 
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E a r l y  in  the p r i m a t e  threshold  burn s tud ie s ,  a n  e f f o r t  made  

to follow the cour se  of development of bu rns  to d e t e r m i n e  the lowes t  

leve l  of re t ina l  exposure  tha t  would eventually develop into a vis ib le  

lesion. Observations w e r e  m a d e  hour ly  fo r  5 h o u r s  and again a t  24 

hours  in many  cases .  

about 57’0 f r o m  the 5 minu tes  b u r n  thresholds  to 60 or  70% of tha t  threshold.  

The g raphs  in F i g u r e  9 show the results of hour ly  obse rva t ions  following 

the exposures.  

exposure ,  and the o rd ina te s  are  the percentage  of the  exposures  showing 

as a v is ib le  lesion at each  of the observation t imes .  

numbers  indicate the number  of exposures  at  the va r ious  iGradiance 

leve ls .  

The i r r a d i a n c e s  were  reduced by i n c r e m e n t s  of 

The a b s c i s s a e  a r e  the e lapsed  t ime  in  hour s  a f t e r  

The enc i r c l ed  

The graph  on the le f t  ind ica tes  that  the 5 minu te  b u r n  c r i t e r i o n  

i s  a f a l s e  c r i t e r ion  in  terms of predicting the appea rance  of a v is ib le  

les ion ,  inasmuch a s  1 0 0 ~ 0  of the five minute no -burn  exposures  h a 3  

converted into visible l e s ions  in  4 h o u r s .  It i s  even  m o r e  s t a r t l i ng  

that 11. 57’0 of exposures  a t  a leve l  60-6970 of the 5 minute  threshold 

developed into visible l e s ions  in  5 hours .  

Ten a r i rna l s  w e r e  examined  24 hou-s a f t e r  i r r a d i a t i o n  and in  

no ins tance  was a les ion  found that had not developed 5 hour s  af ter  

exposure .  The da ta  for the ten an ima l s  a r e  l i s ted  in Table IV. The 
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F i g u r e  9 .  The  t ime course of development of visible les ions in p HSUZ 
following exposures  to various i r radiance  levels. 
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Table IV. Exposure i r r ad iance  in t e r m s  of the percent  of the 5 minute 
threshold r e su l t i ng  in the 5 houi- t h r r s l lo ld  fo r  10 monkeys.  
All  eyes w e r e  examined 24 hours l a t e r  and in no c a s e  did the 
5 hour no burn  exposure r e s u l t  i n  a vis ible  les ion  the next  day. 

Animal  
5 hour  no - 5 hour  

visible les ion  .vis ible  lesion 

08E R 
L 

-_ 
78D R 

L 

44D R 
L 

67 
6 7  

82 78 
82 78 

80 75 
74 67 

65 
63 

72D R 
L 

32D R 
L 

80 75 
7 5  74 

34D R 
L 

8 2 D  R 
L 

9OV R 
L 

76 
76 

81 74 
81 74 

77 73 
81 77 

71 
71 

7 P 1  R 
L 

77 73 
89 84 

-- I I 

46D R 
L 

78 
80 

74 
75 

70 

difference 

4 
4 

4 
4 

5 
7 

4 
5 

5 
4 

7 
7 

4 
4 

4 



i r r a d i a n c e  l eve l  fo r  the 5 hour bu rn  and 5 hour  no-burn condition is  

in t e r m s  of the percentage Of the 5 minu te  bu rn  threshold.  The last  

column shows the p r r ccn tage  d i f f e rence  between the two exposures  

resu l t ing  in  visible lesion and no v is ib le  les ion  in 5 hours .  

in ene rgy  to 7 5 %  of the 5 minute  threshold  i s  a significant reduction in 

terms of predicting visible damage  f r o m  radiation. 

cri terion w a s  used  in  the threshold  de te rmina t ions  fo r  the p r i m a t e  study. 

It i s  f e l t  that  it is a meaningful c r i t e r i o n  i n  the s e n s e  that i f  no l e s i o n  

develops in  5 hours ,  t he re  is  a v e r y  l o w  probabili ty tha t  one will  deve lop  

at  a l a t e r  period. 

The reduct ion  

The 5 h o u r  b u r n  

3. 2 E x t r a m a c u l a r  Burn  Thresholds  

Thresholds  w e r e  de t e rmined  f o r  24 d i f f e ren t  combinations of 

exposure  t ime and image  d i a m e t e r  with a min imum of 12 eyes  p e r  

th reshold  determination. The i m a g e  d i a m e t e r s  w e r e  1.46, 0. 72,  0. 35,  

0 ,  25 and 0. 1 2  m, on the monkey re t ina .  The exposure  t i m e s  w e r e  2,  

10, 40, 100  and 1000 m s e c ,  except  f o r  the 1 . 4 6  mm d i a m e t e r  i m a g e  

w h e r e  the 2 m s e c  e sposu re  t ime did not  produce a burn  with the 

available energy. The r e s u l t s  a r e  s u m m a r i z e d  in  Table V, showing 

the r e t ina l  i r r ad iance  f o r  e a c h  of the threshold  conditions in ca l /cm - s e c  

at the r e t ina .  

n u m b e r  of eyes  used in  the threshold  de te rmina t ions  and the n u m b e r s  

in the l a r g e r  box on the l e f t  give th'e s t anda rd  deviations. 

2 

The numbers  in  the sma l l  box a t  the r igh t  gi1.e the 

A t r a n s m i s s i o n  
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... 

2 m a g e  d i a m e t e r  
mm 

Table V .  Five  hour  e s t r a m a c u l a r  burn  th re sho lds  f o r  .Ciacacca h t d a t t a .  
The va lues  a r e  the  r e t ina l  i r r a d i a n c e  in  c a l / c m 2 - s e c .  

10 40 

I Exposure time (msec) 

2 1 . 3  12 0.34  12 

10 
0. 72 1 47 I 34 I - I 

1. 3 (12 1 5 . 0  114 ( 0.68112 
I I I 

12 
0. 35 I 33 I 23 I 

I I 

I 
1.2 ( 1 2 1  1 . 7  1121 0.71112 

I I 
20 

0. 25 

I I 
1.3 (121  2.5 (121  0.99112 

5 . 7  1 1 . 8  

7. 8 I 3.5 

0 . 8 7  20 0 . 4 8  12 - 
0 . 6 3  I 2  0 .44  1 2  * 

I l 8  
31 

I 
1.1 112 1 0 . 7 2  ( 1 2  

NOTE: The n u m b e r s  in  the sma l l  boxes give the number  of 
monkey e y e s  used in  obtaining the a v e r a g e  r e t ina l  
i r r a d i a n c e  l isted.  

The n u m b e r s  in  the med ium s i z e  boxes give the s t anda rd  
deviation (0). 
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f a c t o r  of 0. 59 was used for  the ocular  media  in calculating these  values.  

3.  3 Foveal  B u r n  Thresholds  

The a r e a  of the fovea is  so  sma l l  that a new technique had to be 

developed to define a burn  threshold.  

one eye was exposed well above the est imated 5 hour threshold and one 

eye exposed weil below the es t imate .  

a t t empt  was made  to n a r r o w  this range based on the observat ions made  

on the f i r s t  an imals .  The average  da ta  a r e  f o r  a l l  t h ree  s e t s  of points,  

or al l  th ree  an ima l s .  The threshold so determined is actually an in te r -  

ocu la r  threshold,  that  i s ,  the threshold value i s  the ave rage  i r r a d i a n c e  

f o r  the condition of one eye showing a burn  les ion whereas  the o ther  

eye exposed to a l eve l  s o m e  10% to 2070 below showing no burn  les ion ,  

The in t e rocu la r  th resholds  a r e  recorded  in Table V I  f o r  the var ious  

In the f i r s t  pa i r  of eyes  i r r ad ia t ed ,  

In the next pa i r  of an imals ,  an 

combinations of image  s i z e  and exposure durations used, 

57  an imals  w e r e  used to es tab l i sh  the in te rocular  th resholds  f o r  5 image  

d i a m e t e r s  and 4 exposure  dura t ions ,  

A total of 

4. DISCUSSION O F  EXPERIMENTAL DATA 

The i r i m a t e  ex t r amacu la r  threshcld data fo r  the 0. 25 mm imabz 

d i ame te r  is shown in the upper curve of F igure  10; and the lower curve 

shows the foveal i n t c rocu la r  burn thresholds  f o r  the same image  s ize .  
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Table VI .  Mean re t ina l  i r r a d i a n c e  Hkh ( c a l / c m 2 - s e c )  f o r  
production of " in te rocular  foveal th reshold"  bu rns  
i n  r h e s u s  monkeys.  
to the n u m b e r  of an ima l s  included i n  the  mean .  

The n u m b e r s  i n  b r a c k e t s  r e f e r  

6. 2 O  

(1 .46  mm) 

3. 07' 
(0. 72 mm) 

1.47O 
(0. 35  mm) 

1. 05O 
(0. 25 mm) 

0. 52O 
(0 ,12  rm)  

-_ Average  - 

2 m s e c  

.35 
( 3 )  

24 
(3) 

65 
( 3 )  

6 2  
( 3 )  

1 .o 

- m e a l  i n t e r  dlsr th re sho lds  

c___r_l_ 
1000 I 

20 
( 3 )  

2 5  
( 3 )  

17 
(3)  

3 2  
( 3 )  

34 
( 3 )  

41 



EXPOSURE DUQAT/ON (SEC) 

Figure  10. Comparison of foveal  and ex t r amacu la r  th resholds  
f o r  the 0. 25 mm image  d i ame te r .  
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The significant point in the comparison of the two curves  i s  the consis tent  

drop  in threshold for the fovea a s  opposed to the ex t ramacular  portion 

of the pr imate  eye.  F o r  a l l  conditions of exposure duration and image  

s i z e  tes ted,  the foveal threshold i r r a d i e ~ r e  averaged 0. 76 of the ex t r a -  

m a c u l a r  threshold leve l  with a s tandard  deviation of 0. 044. 

The p r ima te  ex t r amacu la r  burn thresholds  a r e  shown in F igu re  

11 for the 0. 25 mm image  d i ame te r  f o r  comparison with the rabbi t  burn  

thresholds  f o r  0. 26 m m  image.  

Final Report  f o r  A i r  Force  Contract  AF41(609)-3099 of July 1967. 

The rabbit  data a r e  taken from the 

The 

conditions a s  r epor t ed  for  the two spec ies  a r e  not d i rec t ly  comparable  

so the data plotted in F igure  11 have been adjusted to provide a m o r e  

valid comparison. The 5 minute  burn c r i t e r ion  was used throughout 

the rabbit  siudy and the 5 hour  c r i t e r ion  was used in the p r ima te  study. 

The resu l t s  l i s ted  in  Table IV indicate that the 5 hour  threshold i r r ad iance  

i s  approximately 7570 of the 5 minute threshold level  f o r  the p r ima tes .  

This value has  been used to ad jus t  the \ralues in Table V to r e f e r  to a 

5 minute c r i t e r ion ,  s imi l a r  to that used fo r  the rabbi t  thresholds.  

The ave rage  t r ansmiss ion  fo r  the rabbi t  eye was assumed to be 

0. 89 in perfor-ing the calcuiations of re t inz l  i r r ad iance  throughout the 

rabbi t  study. The t ransmi t tance  value \vas based on work by Geerae t s ,  

4 
e t  a l . ,  L a t e r  work by who m e a s u r e d  the total t ransmiss ion  of the eye. 
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Figure  11. Comparison of rabbi t  and p r ima te  burn thresholds  for  
0 . 2 6  and 0 . 2 5  mm image  d i a m e t e r s  respect ively.  
p r imate  data have been reca lcu la ted  to r e p r e s e n t  the 
5 minute burn  c r i te r ion .  

The 
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5 
Boettner 

On lhe b a s i s  of h i s  work ,  a n  ave rage  t r ansmi t t ance  of 0. 59 l o r  the xellon 

s o u r c e  of the Ze i s s  was adopted fo r  the p r i m a t e  study. 

plotted in  F igu re  11 r e f e r s  to a t r ansmi t t ance  of 0. 89 because  this i s  the 

value used in  a l l  p rev ious  r abb i t  studies.  

provided s p e c t r a l  t r a n s m i s s i o n  va lues  fo r  the d i r c c t  image. 

The rabbi t  da ta  

4. 1 Beam Distribution fo r  Z e i s s  Photocoagulator 

A su rp r i s ing  inve r s ion  i s  apparent  in the threshold  da ta  l i s t e d  

in  Table V. 

assumpt ion  of uniform b e a m  dis t r ibu t ion  a c r o s s  the i r r a d i a t e d  a r e a .  

In fact, the en t i r e  calibration p rocedure  i s  a l s o  based  on the  same 

assumption. 

w e r e  m a d e  with a 135 mm l e n s  on a 35 mm c a m e r a  to de t e rmine  the 

The calculations of the re t ina l  i r r a d i a n c e  a r e  based  on the 

Photographs  of the b e a m  f o r  v a r i o u s  exposing conditions 

deg ree  of uniformity of the beam.  

reproduction of the in tens i ty  distribution at t h e  plane of the field s i z e  

cone and s i m i l a r  to that fo rmed  on the re t ina  by the  eye. The m a j o r  

The i m a g e  o n  the f i lm w a s  a faithful 

d i f fe rences  in  the tu:o c a s e s  a r e :  

times l a r g e r  than the r e t ina l  image  due to the long foca l  length of the 

c a m e r a  l ens ,  and ( 2 )  the c a m e r a  lens  focuses  all wavelengths i n  n e a r l y  

the s a m e  plane,  whereas  t h e r e  i s  s t rong  longitudinal ch romat i c  abe r ra t ion  

in  the eye. 

( 1 )  the f i lm  i m a g e  was m o r e  than 10 

The p i c tu re s  w e r e  exposed through a s e r i e s  of n e u t r a l  density 
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f i l t e r s ,  each photographic exposure was reduced by an i pc remcn t  of 0. 1 

densi ty  frcjm the previous esposure .  

under controlled conditions to  i n su re  uniform development.  

w a s  then contact-printed onto high con t r a s t  Kodalith film under carefu l ly  

controlled exposure and development conditions to  produce i so-dens i ty  

contour p ic tures .  

was m e a s u r e d  and the re la t ive  intensity level  calculated from the exposure 

data .  

3" cone size f o r  s teady s t a t e  and pulsed operat ion.  

shown on the f igure  

total  i r r ad iance .  

The ro l l  of fi lm was developed 

The f i lm 

The extent of the a r e a  within the iso-densi ty  contours  

The resul t ing beam dis t r ibut ions are shown in F igu re  12  f o r  the 

The re la t ive  in tens i t ies  

have been found by normalizing to the s a m e  ave rage  

The m a r k e d  lack of uniformity i n  the pulsed condition a s  com- 

pa red  with the s teady s ta te  condition provides  poss ib le  explanation f o r  

the apparent  incofis is tencies  in the threshold  data.  The ca i ibra t ion  of 

the monitoring photodiode i s  pe r fo rmed  by comparing i t s  response  f o r  

the steady s ta te  b e a m  agains t  a ca l ibra ted  thermopile  placed a t  the 

cen te r  of the b e a m ,  

within the lens mount  tube and hence m e a s u r e s  the ave rage  b e a m  

i r rad iance .  

cen t r a l  portion of the 3' beam has nea r ly  the s a m e  cent ra l  intensi ty  

for  the s a m e  average  value ( a s  read  by the monitor ing photodiode) f o r  

The monitor ing photodiode r ece ives  l ight s ca t t e r ed  

The b e a m  dis t r ibut ions shown in F igu re  12 show that the 
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3 O  CONE - STEAD)' STATE 

30 CONE -4 MSEC 

.... . F i g u r e  12. Relat ive intensi iy  dis t r ibut ion 
across source image .  
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both the pulsed and steady s ta te  conditions.  

i s  much  m o r e  uniforni for the s teady  s ta te  than f o r  the pulsed condition. 

H o w e v e r ,  the  dis t r ibut ion 

Inspection of the data in Table V s h o k s  that the threshold  i r r a d i a n c e s  

f o r  the long pulses inc reases  a s  the image d i a m e t e r s  d e c r e a s e .  

uniform beam distribution in su res  that the c r o s s  ca l ibra t ion  of the 

photodiode with the thermopile will provide accu ra t e  values  of the i r r a -  

diance for each  cone size.  

i n  the sho r t  pulses,  will cause the photodiode cal ibrat ion to v a r y  a s  

different  port ions of the beam a r e  sampled with the var ious  cone s i zes .  

The dotted c i r c l e s  in F igure  1 2  show the portion of the b e a m s  tha t  w e r e  

sampled fo r  calibration and for  actual  exposures  fo r  the 1' (0 .  25 mm) 

image  d iameter .  

between the e lec t rodes  of the xenon a r c  f o r  any pulse  durat ion.  

making the an imal  exposures ,  the e lec t rodes  a r e  posit ioned to provide 

the m o s t  uniform steady s ta te  beam for  bo,  and a r e  reposit ioned f o r  

b e a m  uniformity for  the 3 

A n e a r l y  

A non-uniform dis t r ibut ion such a s  i s  obtained 

The beam dis t r ibut ion i s  dependent upon the dis tance 

In 

0 0 cone when images  s m a l l e r  than 6 a r e  used. 

5 .  A P P E A R A N C E  OF THE BURN LESICNS A T  

VARIOUS TIXIES FOLLO\VING T H E  E X P O S U R E S  

A few monkeys that had received ex t r amacu la r  5 minute  bu rn  

exposures  were  kept f o r  a period of a y e a r  providing information on the  
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appea rance  of the burned a r e a  over  a long period of t ime ,  Some of the 

a Polaroid camera .  The s a m e  a r e a s  were  local ized i n  the formal in  

and the i r  nuclei;  the outer  nuclear  layer .  In the sect ions through the 

l a r g e s t  d i ame te r  of the les ion,  the inner  l imiting membrank  exhibits 

a cen t r a l  disruption that i s  an ar t i fact .  The extent of the les ion  in the 

ou te r  plexiform l aye r  i s  difficult  to a s s e s 5  and no definite changes a r e  

tU*e wish to express our  appreciat ion to hl /sgt .  VaSys for the e x t r e r ~ ~ i l y  
skil lful  per formance  of the t issue processing.  
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obse rved  in the inner  nuc lear  an2 supe r io r  l a y e r s  of the retina.  

second histological cha rac t e r i s t i c  of the l e s ion  o c c u r s  in  the re t ina l  

p igment  epithelium. 

benea th  the re t ina l  defect contains a m a r k e d  i n c r e a s e  in  the n u m b e r  of 

p igment  granules .  

area of hypopigmentation. 

a s  concent r ic  l ight and d a r k  r ings ,  but a s  ye t ,  the va r i a t ions  in  pigment 

dens i ty  i n  the pigment epithelium cannot be  c o r r e l a t e d  with funduscopic 

observa t ions .  

a p p e a r  abnormal ly  l a r g e  and spher ica l ,  the cells of p igment  epithelium 

The 

A portion of the pigment epithelium immedia t e ly  

On e i the r  s ide  of this hyperpigmented region is  a n  

Ophthalmoscopically the  l e s ions  a r e  obse rved  

Although in the hyperpigmented a r e a s  the pigment g ranu le s  

do not  appea r  to be  damaged. 

On ophthalmoscopic examination immedia t e ly  a f t e r  exposure ,  the 

5 minu te  burn  appea r s  bleached and mot t led  in  the i r r a d i a t e d  a r e a ,  

F ive  minu tes  l a t e r ,  according to the definition of the 5 minute  bu rn ,  a 

white a r e a  appea r s  and the a r e a  of white i s  sha rp ly  defined and r a r e l y  

l a r g e r  than the a r e a  i r r ad ia t ed .  

f r o m  a cen t r a l  coalescing of sma l l  spots of bleaching o r  mottling. 

the end of 5 hours ,  the en t i r e  i r r ad ia t ed  a r e a  is white and the les ion  

a p p e a r s  to grow l a r g e r  than the i r r a d i a t e d  a r e a ;  however ,  the edge i s  

m o r e  diffuse than at the 5 minute period. 

i ng  the lesion. 

The white a r e a  often s e e m s  to develop 

At 

A fa in t  halo i s  seen  su r round-  

Twenty-four hours  l a t e r ,  a r ing  format ion  has  developed 



in the f o r m  of fa int  concentr ic  r ings.  

g r a y ,  and  the re  is stili a faint  halo p r e s e n t  sur rounded by a well-defined 

outer dark  ring. A t  the end of two months,  the outer ring i s  well- 

defined, the white a r e a  h a s  become v e r y  dull g ray ,  the halo usually has  

d isappeared ,  and often, t h ree  o r  four r ings a r e  seen  concentr ical ly  

p laced  within the i r r a d i a t e d  a r e a .  A t  the end of one year ,  t he re  is a 

The white a r e a  turns  to a dull 

definite s e t  of concent r ic  l ight and da rk  r ings  with a well-defined cen te r ,  

and the total a r e a  involved s e e m s  to be l a r g e r  even than a t  two months,  

The appearance  of the 5 hour burn i s  en t i re ly  different f r o m  the 

5 minute burn. The re  i s  no change immedia te ly ,  i n  fact ,  the fundus photo- 

graphs  a r e  r equ i r ed  e s  a m a p  in o r d e r  to find. the i r r ad ia t ed  a r e a .  The re  

i s  s t i l l  no vis ible  change a t  the end of 5 minutes .  A t  the end of 5 hours ,  

however,  ' a  white cen te r  appea r s  and is always much s m a l l e r  than the 

i r r ad ia t ed  a r e a ,  bat  i s  v e r y  well-defined, The re  s e e m s  to be a smal l  

fa in t  halo around the les ion  but the total  a r e a  of the les ion  and the halo 

is l e s s  than the i r r a d i a t e d  a r e a ,  At the end of 24 hours ,  the white les ion  

is dull g r a y  in  color, and is surrounded by a d a r k e r  r ing.  

halo i s  s t i l l  usual ly  seen.  

any well-defined r ings .  

co lo r .  

burn.  

The faint  

At the end of 2 months ,  t he re  a r e  no longer  

The center  white a r e a  becomes  a reddish-brown 

No ali imals have been examined a s  long a s  a y e a r  a f t e r  a 5 hour  
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5. 1 Histopathology of Retinal Burns 

Through the generous cooperation of D r .  Phi l ip  S. Coogan of the 

School of Aerospace  Medicine, histological sect ions of i r r ad ia t ed  re t ina l  

a r e a s  w e r e  prepared .  Dr .  Coogan examined the sect ions and descr ibed  

the pathology of the re t ina l  les ions observed,  

in the following Sections 5.  1. 1 and 5. 1. 2.  

m a d e  possible  by improvisat ions in t issue prepara t ion  and sectioning 

p rocedures .  Staff Sargeant  F r e d  Mor r i s ,  SMBC, was in l a r g e  pa r t ,  

His r epor t  i s  reproduced 

This histological study w a s  

responsible  fo r  these improvisat ions.  M r .  Orville V .  Anderson, SMSP, 

took the photographs. 

5. 1. 1 Acute Retinal Burns 

The re t ina l  burns a r e  sharp ly  c i r cumscr ibed  bands of 

n e c r o s i s  a n d / o r  edema involving the receptor  ce l l s ,  pigment epithelium 

and underlying choroid (F igure  14). 

with f ibr in  i s  p r e s e n t  within the band of nec ros i s  and, a t  t i m e s ,  extends 

P ro te in  r i ch  edema fluid mixed 

beyond, especial ly  along the planes of the outer  plexiform l a y e r  and the 

junction of the o u t e r  segments  with the pigment epithelium. The nuclei  

of the rods  and cones in the outer  nuclear  l aye r  a r e  pyknotic and f rag-  

mented .  

nec ros i s .  

irregu!ar in outline and pale  staining. The outer  segments  

The ex terna l  l imit ing membrane  i s  not detected in the band of 

The inner  segments  of the rods and cones a r e  enlarged,  foamy,  
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a r e  m o r e  separa ted  f r o m  one another  than no rma l  by edema fluid.  

ou te r  segments  a r e  thickened and the l ame l l ae  clumped, c rea t ing  the 

appearance of a stack of d i scs .  

a r e  shrunken, having clumped d a r k  cytoplasm and sma l l ,  homogeneous,  

pale nuclei. 

epithelium, the ce l l s  r ema in  in tac t  and at tached to Bruch ' s  m e m b r a n e .  

The 

The coagulated pigment  epi thel ium ce l l s  

In the m o r e  cen t r a l  port ions of the coagulated pigment 

At the l a t e r a l  m a r g i n s ,  the pigment  epi thel ia l  ce l l s  f r agmen t  and a r e  

displaced fo rward  by edema fluid. 

between apparent ly  n o r m a l  outer  segments  and pigment epi thel ia l  ce l l s  

a t  the marg in  of the burn.  

pigment granules  appear  n o r m a l  and a r e  not displaced,  but a s  the 

pigment  epi thel ium f r agmen t s  a t  the bu rn  m a r g i n s ,  they l o s e  the i r  

pal isaded or ientat ion and a r e  randomly sca t t e red  i n  the nec ro t i c  debr i s .  

T h i s  fluid often d i s rup t s  the junction 

In the center  of the burn ,  the spindle shaped 

Bruch ' s  m e m b r a n e  r e m a i n s  intact .  

necro t ic  pigment  epithelium i s  occluded by both swollen endothelial  

ce l l s  and thrombus.  Often the th romboses  extend into l a r g e  

veins .  

l aye r ,  axons of the nec ro t i c  rods  and cones undergo degenerat ion.  

degenerat ion i s  evidenced by in t e r s t i t i a l  edema,  swel l ing,  vesiculat ion 

and hyperchromasia  of axons, rod t e rmina l  knobs and cone foot p r o c e s s e s .  

Since the axons often cour se  oblique to the ax is  of the rods  and cones 

f o r  a considerable  d is tance ,  the n e c r o s i s  and edema  extend beyond t h e  

The chor iocapi l la r i s  beneath the 

The choroid beneath the bu rn  i s  edematous.  In the outer  plexiform 

This  
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the a r e a  of thermal  coagulation. 

one could mis in t e rp re t  the a r e a  of t h e r m a l  coagulation and the m o s t  

sensi t ive portion of the receptor-epi thel ia l  ce l l  complex. 

or edema i s  noted in  the inner  portion of the ou te r  plexiform l a y e r  

compr i sed  of the p r o c e s s e s  of the horizontal  ce l l s  and f ibe r s  of Muller .  

The inne r  nuclear  l aye r  and a l l  l a y e r s  inner  to i t  appear  normal .  

This should be c l ea r ly  understood,  o r  

No n e c r o s i s  

0 Measurements  a t  the m a x i m u m  d iame te r  of the 3 (720p)burns  produced 

2 
by 9 .6  

the outer  nuclear  l aye r ,  6 0 0 ~ ;  edema,  6501.1; occlusion of chor iocapi l la r i s ,  

560 Q. 

c a l / c m - s e c ,  100 m s e c  exposures ,  a r e  a s  follows: n e c r o s i s  of 

0 Measurements  a t  the m a x i m u m  d iame te r  of the 3 b u r n s  produced 

2 
by exposures  of 8 . 3  

of the outer  nuclear  l a y e r ,  4 

cap i l l a r i s ,  3 4 0 ~ .  

c a l / c m - s e c  'for 100 m s e c ,  a r e  a s  follows: n e c r o s i s  

p; edema,  4 5 0 ~ ;  occlusion of the chorio-  

0 
A few sect ions of one 3 

2 

burn  was  examined which resu l ted  f r o m  

an exposure  of 6. 1 

to  de te rmine  if  the sect ions examined w e r e  f r o m  the m a x i m u m  d iame te r  

of the burn.  

and the edema 380 U. No occlusion of the chor iocapi l la r i s  was  noted. 

The average  threshold i r r a d i a n c e  for a 3 O ,  100 m s e c  exposure i s  7. 8 

c a l / c m  - s e c  based on the appearance  of a visible les ion in 5 hours .  

c a l / c m - s e c  for  100 m s e c .  Ma te r i a l  w a s  insuff ic ient  

The nec ros i s  of the outer  nuc lear  l a y e r  m e a s u r e d  170 p 

2 
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The histological examination shows that  t he re  i s  a s i m i l a r  pathology, 

though s m a l l e r  in a r e a ,  for  exposurss  to i r r a d i a n c e  leve ls  only 80% of 

the threshold level.  

5. 1 .  2 Healed Retinal Burns 

Two months a f t e r  exposure,  a p r i m a t e  was sacr i f iced  

and histological sections of the i r r ad ia t ed  a r e a s  w e r e  p repa red .  

old 3 burns were  examined. 

of 7 .6 ,  8. 3 and 6. 1 c a i / c m  - s e c .  F igu re  1 5  shows the sect ion 

through the 8. 3 

defect of r ecep to r  ce l l s  and a l a r g e r  a r e a  of re t ina l  epi thel ia l  d,epigmen- 

tation. No damage  can be demonstrated in the outer  portion of the ou te r  

plexiform l aye r .  

v i d e r  base a t  the junction of the outer  segments  and the pigment  epi thel ium, 

and i t s  n a r r o w e r  base  a t  the junction of the inne r  and ou te r  port ions of 

the outer  plexiform layer .  

approximately 2 / 3  of the base  a t  the cen te r  of the healed burn.  However, 

in l a r g e r  "marke r"  bu rns ,  s ca r r ing  extends into the i n n e r  nuc lea r  l a y e r .  

Three  

0 
The burns  r e su l t ed  from 100 m s e c  exposures  

2 

2 
c a l / c m  - s e c  exposure.  The b u r n  cons i s t s  of a cen t r a l  

In genera l ,  the receptor  de fec t  i s  t runca te ,  with i t s  

The re t ina l  defect  a t  the top m e a s u r e d  

The receptor  defect between the outer  l imit ing m e m b r a n e  and the inner  

portion of the outer  nuclear  l a y e r  i s  filled with ace l lu la r ,  f i b r i l i a r  s c a r  

which appea r s  glia! i n  or ig in  (F igu re  16) .  The defect between the outer  

l imiting m e m b r a n e  and the pigment epi thel ium contains M u l l e r ' s  f i be r s  
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project ing froin the outer  l imit ing m e m b r a n e  and microvi l l i  from the 

pigment epithelium. 

a r e a s .  

the r ecep to r  defect a r e  macrophages  f i l l ed  with fus i form pigment  granules .  

This i s  the pigment from the mic rov i l l i  of the pigment epithelium and 

i s  wel l  p r e s e r v e d  in the macrophages  which suggests  that i t  is r e s i s t an t  

to digestion by these ce l l s .  There  a r e  a150 pigment laden macrophages  

around re t ina l  v e s s e l s  i nne r  to  the r ecep to r  defect. P re sumab ly ,  these  

ce l l s  phagocytized the pigment while within the burn  and mig ra t ed  to  

sur round the r e t ina l  ves se l s .  

t o r  defect  has  nuclei  which a r e  n o r m a l  in s ize ,  appearance and location. 

There is a substant ia l  l o s s  of spindle pigment from the microvi l l i .  

the apical  cytoplasm a r e  a few l a r g e  sphe r i ca l  pigment granules .  

l ipofaschin pigment i s  substant ia l ly  reduced.  

have l a r g e  amounts  of pigment clumped in the basa l  port ions of t he i r  

cytoplasm. 

minimal  i n c r e a s e  in collagen f ibe r s .  

able  a s  is the deeper  port ion of choroid.  

to the receptor  defect a r e  depleted and those p re sen t  a r e  abnormal .  

Because of the dec reased  population, thr in te rs t i t ium between the ou te r  

segments  i s  conspicuous. Thei r  nuclei  a r e  outside of the o u t e r  l imi t ing  

memSrane  and the i r  ou ter  scgrnents a r e  hypertrophied and often appear  

These two types of p r o c e s s e s  intertwine in some  

No change was noted i n  the Muller  ce l l  nuclei. Sca t te red  \Yitkin 

The pigment  epithelium beneath the r ecep -  

In 

The 

A few ce l l s  a r e  noted to  

Bruch ' s  m e m b r a n e  beneath the receptor  defect  has  only a 

The chor iocapi l la r i s  is u n r e m a r k -  

The r ecep to r s  continguous 
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fus sd  to contiguous r ecep to r s .  

composed of cen t r a l  vacuoles  sepa ra t ed  f r o m  one another  by dark staining 

d i sc s .  

Thei r  ou te r  s egmen t s  a re  widened and 

Measuremen t s  could not  be made  a t  the g r e a t e s t  d i a m e t e r  of 

2 the les ion  produced by the 9 , 6  c a l / c m  - s e c ,  100 m s e c  exposure .  The 

m e a s u r e m e n t s  a t  approximate ly  the g r e a t e s t  d i a m e t e r  of a s tep-sec t ion  

sampling of the les ion  produced by a 8. 3 c a l / c m  - s e c ,  100 m s e c  

exposure ,  a r e  a s  follows: 

l imit ing m e m b r a n e  is 2301.1, depigmented r e t ina l  e p i t h e l i a ,  650 0. 

2 

r ecep to r  cell  defect  a t  the leve l  of the outer 

2 The l e s ion  produced by 6 .  1 c a l / c m  - s e c ,  100 m'sec exposure ,  

is different  f r o m  the two l e s ions  produced by h igher  dose  exposures  

in that  it has  no r ecep to r  cell  defect p e r  s e  ( F i g u r e s  17 and 18). There  is a 

depletion of r e c e p t o r  ce l l s  i n  the cen te r  of the exposcd a r e a ,  but no 

cavity i s  fo rmed .  

to those s e e n  a t  the m a r g i n s  of the l e s ions  produced by higher  dose 

exposures .  

The r e c e p t o r  ce l l s  i n  this area have changes ident ical  

The g r e a t e s t  d i ame te r  of the depigmented epi thel ium i s  

5 .  1. 3 Abbreviations used in labeling the i l lus t ra t ions :  

n e r v e  f ibe r  l a y e r  nf i n n e r  s egmen t  is 

ou te r  s egmen t  os ganglion g 

(continued) 
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i nne r  plexiform l a y e r  i p  pigment epithelium 

inner  nuc lea r  l a y e r  in Bruch ' s  membrane  

outer plexiform l a y e r  OP choriocapilia r i s  

o u t e r  nuc lear  layer on choroid 

outer  l imiting 
m e m b r a n e  

olm s c i e r a  
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III. MCIDIFIGA'TIOi'I OF THE ZEISS PHOTOCOAGUJ , A T ~ R .  

TO PRODUCE SIMULATED NUCLEAR. DETONP,TIONS 

by 

Norma  D.  M i l l e r ,  Kenneth R: Kay, and 

C h a r l e s  E.  Bryson ,  111 

1. INTRODUCTION 

Alrnoi a l l  re t inai  burn threshold de te r in ina l ions  have  been m a d e  

with squa re  pulses of light. 

a function of the exposure  h i s t o r y  and not  of the total  0 , i t  i s  d e s i r a b l e  

to  invest igate  the burn threshold f o r  s imulated nuc lea r  detonat ions.  

Since the maximum re t ina l  t e m p e r a t u r e  i s  

r 

A 

! 

I 
I 
! 
i 

! 

! 2.  SIMULATION GUIDELINES 

When it becomes  des i r ab le  o r  n e c e s s a r y  to s imulate  a phenomenon 

of the physicdl world in  the l abora to ry ,  a 1ew points of $uidance should 

a lways  be considered:  

A .  Determine  the bas ic  quest ions o r  p rob lems  assoc ia ted  with . .. i 
the phenomenon that warran ted  the attention. l / G N  3P.V R<.,dd 
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B. Determine  a s  many p rope r t i e s  as  possible of the real w o r l d  

phenomenon. 

Then  decide f r o m  a need to  know bas i s  which of the physical  

p rope r t i e s  i s  the m o s t  impor tan t  in  re ia t ion to the quest ions 

o r  problems that warran ted  the attention to the phenomenon. 

C. 

D. Once the decis ion In C. h a s  been m a d e ,  i t  should then be 

decided which of the relat ive p rope r t i e s  can  be r ea i i s t i ca l ly  

and feas ib ly  siitiulated - not n e c e s s a r i l y  dupl icated - in  the 

labora tory  and provide a n s w e r s  f o r  the ques t ions  asked 

about the phenom, p n c n .  

T h e s e  giiidelines were  appiied to the p rob lem of providing a nuc lea r  

detonation s imula to r  that could be used for  the de te rmina t ion  of r e t ina l  

burn th re sho lds .  

emi t tance  prof i les ,  (see F i g u r e  19)  and f i r eba l l  d i a m e t e r s  emerged  as 

the bas i s  for the exper imenta l  guidelines.  

would be manifested in  s imulat ion by time dependent i r r a d i a n c e  prof i les  

and r e t ina l  image  d i a m e t e r s .  Once re t ina l  burn  da t a  and i r r a d i a n c e  and 

image  h i s t o r i e s  a r e  de te rmined  in  the labora tory ,  predict ions can be 

m a d e  with the t empera tu re  model concerning the effects  of exposure  to 

the r e a [  worid phenomena of nuc lea r  detonat ions.  

The  p rope r t i e s  of t ime  dependent s o u r c e  r ad ian t  

These  expe r imen ta l  guidel ines  

, 
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Figure 19. N o r m a l i z e d  radiant emit tance for a 1 M T  
nuc lea r  d e t o n a ~ o n .  
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3.  A P P A R A T U S  

A modified Zeiss  photocoagulator provides  the f i rs t ,  rap id  pulse 

of the double pulse simulation, and a Schoeffel 2500 wa t t  xenon arc  system 

is used  f o r  the slow second pulse.  

shown in F i g u r e  20). 

photocoagulator that h a s  been extensiveiy a l t e r e d  under prev ious  cont rac ts .  

The i n s t r u m e n t  i s  descr ibed  i n  de ta i l  i n  prev ious  r e p o r t s .  

f ica t ions  p e r m i t  reliable pulsed opera t ion  of the s o u r c e  by m e a n s  of 

( A  biock d i ag ram of the  s y s t e m  is 

The modified Zeiss . source  i s  a Meyer  Schwickerath 

1- 3 The modi- 

power  supplied e i ther  by a i r c r a f t  ba t t e r i e s  or  by a bank of capac i tors .  

3. 1 Optical System 

A schemat i c  d i a g r a m  of the optical  s y s t e m  is shown in F i g u r e  

Light f r o m  the Ze i s s  photocoagulator a r c  2 is reflected f r o m  the 

The condenser  l e n s  5 

21. 

concave m i r r o r  1 back in  the plane of the a r c .  

i m a g e s  the a r c  onto the image  field d iaphragm 9. 

7 i s  used  to cont ro l  the attenuation of l igh t  in the i m a g e  at 9.  

The iris d iaphragm 

T h r e e  &nun thick KG-3 f i l t e r s  are  i n s e r t e d  a t  6 and 13  to remove  

the i n f r a r e d  portion of the beams  above approximate ly  800 mi l l imic rons .  

The a r c  i m a g e  in  the field diaphragm is a t  the focal point of the objective 

l ens  10, and the para l le l  r a y s  emerging  f r o m  10 a r e  brought  to a focus 

on  the re t ina  by  the an imal ' s  eye. Lens 10 a l so  p roduces  a reduced 

image  of the condenser lens  5 at  the plane of the a n i m a l ' s  en t rance  pupil. 

- . 

t 
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The Schoeffel a r c  s o u r c e  17 is imaged  by a s i m i l a r  condenser l ens  

s y s t e m  14 onto the i m a g e  field d i sphragm a f t e r  reflection from the 

mirror 19, which is swilng into place a t  the end of the f i rs t  pulse. 

3 . 2  The First P u l s e  I r r ad iance  P ro f i l e  

The time to the minimiwn between the two pulses for the 10 KT 

detonation is about 7. 5 m s e c  and about 75 m s e c  f o r  the 1 MT detonation. 

For s imula t ion  of the 10 K T  first pulse,  the Ze i s s  photocoagulator i s  

o p e r a t e d  on the capac i tor  bank ,  

u s e d  to in i t ia te  the d i scha rge ,  and the time constants of the s y s t e m  

results in an f (e  

r e q u i r e s  approximate ly  3 0 0 ~  sec .  

of peak)  is 6 m s e c .  

2 The SCR solid s ta te  switches are  

- t  
) decay  of the g a s  d ischarge .  The rise to peak  rad iance  

The d i scha rge  time cons tan t  (to I / e  

This provides  a c c u r a t e  simulation of the f i r s t  pulse 

i r r a d i a n c e  prof i le .  

the light f o r  the second pillse at  about 6 m s e c .  

The m i r r o r ,  17, i s  swung into the b e a m  to r e f l ec t  

The first pu lse  of the 1 M T  simulation is  accor ip l i shed  by operating 

the Z e i s s  photocoagulator on ba t t e r i e s .  

in the n o r m a l  m a n n e r  fo r  a 100 m s e c  pulsewidth. 

SCR i s  mounted behind a beam sp l i t t e r  in  the b a r r e l  of the pbotocoagulator, 

The s igna l  from the SCR p a s s e s  through a de lay  l ine and ac t iva t e s  a 

stepping m o t o r  which swings the m i r r o r  19, into position f o r  the second 

pulse.  

The photocoagulator i s  ope ra t ed  

A l ight ac t iva ted  

A s  the m i r r o r  swings into position, i t  blocks the l ight from the 

I 
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ower  supply which i s  var iab le  up to 200 a m p s  a t  40vol t s .  

r igh tness  of the a r c  o v e r  an a r e a  3 x 6 n x m  a t  max imum power  is 250 

2 
a n d l e s j m m  , 

The ave rage  

The second pulse i s  shaped by a novel e l ec t romechan ica l  

levice ( s e e  F i g u r e  20) .  

.he knob of a n  in t eg ra t ed  c i r cu i t  speeZ cont ro l le r .  

One shaft  of a high speed  m o t o r  i s  coupled to 

In opera t ing  the pulse  

5~ : ,) ' . :I-< e ,  <ui:trulling the duration of the f i rs t  pulse.  

. 3  The Second P u l s e  I r rad iance  P ro f i l e  

The senon  l a m p  in the second s o u r c e  is  opera ted  by a Schoeffel 

s h a p e r ,  the  m tor speed  i s  s e t  to a p rede te rmined  level by the  speed  

con t ro l l e r  be fo re  s t a r t i ng  the m o t o r .  

d r i v e s  the  knob of the speed con t ro l l e r ,  i nc reas ing  the speed  of the m o t o r .  

The san ie  rotational speed wave f o r m  is produced in the opposite o r  falling 

d i rec t ion  by r eve r s ing  the d i rec t ion  of rotation of the knob through a 

l i m i t  switch.  

p ropor t iona l  to f:e ) ,  

As the m o t o r  t u rns ,  the  shaft 

The r e s u l t  is  a r i s e  and fall in  moto r  speed  which is 

- t  

The second shaft  of the va r i ab le  speed  m o t o r  i s  coupled to the 

c u r r e n t  control knob of the 'Schoeffel power  supply through a g e a r  box 

providing 1: 1 and 1:4 g e a r  ratios.  

supply c u r r e n t  is  s e t  to a min imum.  

cycle, the supply c u r r e n t  r i s e s  to 200 i m p s  before hitting the l i m i t  

s \ ~ ~ t c l i - n ? i c r o s \ ~ i t c h  r e v e r s e  c i r cu i t ,  

Before  s ta r t ing  the m o t o r ,  the power 

During the second pulse shaping 

The 1:4 g e a r  ra t io  is used f o r  

-!+CO/ 
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s imula t ing  the one megaton detonation and the 1 :  1 provides  good s i r n d a t i o n  

of the ten kiloton detonation. 

of the motor speed ,  the c u r r e n t  cont ro l  knob is  d r iven  a t  a continuously 

inc reas ing  rate during the rising portion of the waveform. 

i r r a d i a n c e  p ro f i l e  is  s i m i l a r  i n  shape  to the ac tua l  detonation e rof i le .  

Af t e r  the limit switch r e v e r s e s  the c i rcu i t ,  the control knob is tu rned  

at a continuously dec reas ing  r a t e  providing a f(e 

DUE to the rapid!y increas ing  ra te  of change 

The resu l t ing  

- t  
) fall off in  i r r a d i a n c e .  

3. 4 The Var ia t ion  in  Retinal Image Size 

The i m a g e  s i z e  is va r i ed  by a s y s t e m  r a t h e r  s i m i l a r  to the pu l se  

A min ia tu re  iris d iaphragm 3 ( F i g u r e  2 J ) ,  cont ro ls  the shaping s y s t e m .  

r e t ina l  i m a g e  d i a m e t e r ,  

mm i n  d i a m e t e r .  

knob of i ts  in t eg ra t ed  c i r cu i t  speed  con t ro l l e r  and the o ther  shaf t  to the 

i r is  diaphragn; control ring ( s e e  F i g u r e  20).  

the m o t o r  speed  is  i n c r e a s e d ,  the i r i s  d iaphragm opens a t  an inc reas ing ly  

r ap id  ra te .  

r a t e  of g rowth  of the f i reba l l  f r o m  a nuc lea r  detonation. 

The i r is  d iaphragm can be  va r i ed  f r o m  1 to 9 

In operation, one shaf t  of a motor  i s  coupled to the 

A s  the r a t e  of change of 

The r e su l t  i s  a var ia t ion  in i m a g e  s i z e  that s imula tes  the 

. 

At the end of the t r ave l  of the i r i s  cont ro l  r ing,  a limit swLtch 

c loses  a cirrhuit which r e s e t s  the d iaphragm to min imum size.  

one megaton simulation, the m o t o r  i s  s t a r t e d  a t  a fa i r ly  low speed ,  and 

as a resu!t, the t ime to fully open the i r is  diaphragn-, i s  about 10 zeconds. 

F o r  thc 



This can be reduced to the o r d e r  of one second f o r  the 10 kilcton siimda. 

tion by s ta r t ing  the m o l a r  a t  a highcr speed. 

4. S U M M A R Y  

The re t ina l  i r r a d i a n c e  profile and the image  d i a m e t e r  profile 

The p i c tu re s  a r e  produced by the s imula to r  a r e  slioxn i n  F igu re  22. 

t r ac ings  of Polaro id  photograplis of a C R T  r e c o r d  of the  exposures .  

two t r a c e s  in the upper p i c tu re  r e p r e s e n t  the t ime h i s t o r y  of the r e t ina l  

i r r a d i a n c e  a s  recorded  by a photodiode placed at  the  ex i t  pupil of the 

appara tus .  During the e q o s u r e ,  the field d iaphragm was  kept cons tan t  

in  s i ze .  

and co r re sponds  c lose ly  to the ac tua l  rad ian t  emi t t ance  prof i le  f o r  a 1 

M T  detonation a s  shoY,m in  F i g u r e  19. 

exposure  conditions but r eco rded  a t  a s\veep r a t e  of 0. 2 sec /d iv is ion  

in  o r d e r  to examine the leading edge of the second pulse in g r e a t e r  

detail .  

hvo t r aces .  

The 

The upper  t r a c e  was recorded  at a sweep r a t e  of 1. 0 sec /d iv i s ion  

The lower  t r a c e  shows the s a m e  

The first pulse shows only a s  a sma l l  p ip  a t  the beginning of the 

The lo\ver pic:ure ai F i g u r e  2 2  shoxvs the f o r m  of the i m a g e  

d i a m e t e r  prnfile for  the 1 hiT detonation. 

by a photodiode placed to  r ece ive  a s t r i p  of l ight a c r o s s  the maximum 

d i a m e t e r  of the bean? a s  the f lc ld-d ia?hragm \-.-as dr iven  by  the 3yFtc :n  

The C R T  t r a c t  \!as pruci:.<fpi 
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Upper t r a c e  - 1. 0 sec ld iv is ion ,  l o w e r  
t r a c e  - 0. 2 sec ld iv is ion .  

Horizontal  sweep - 0, 5 sec jd iv i s ion  

F i g u r e  2 2 ,  Oscil loscope t r a c e s  showing the r e t ina l  i r r a d i a n c e  
prof i lc  [upper  p ic ture)  and image  d i a m e t e r  prof i le  
(lower p i c tu re )  produced by the 1 M T  simulation. 
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desc r ibed  in Scction 3.  A:. 

during the e sposu re .  

In the a i t u a l  1 MT nuc lea r  detonation that was adopted f o r  s imula t ion  

the f i r e  ba l l  d i ame te r  r eached  8 5 %  of i t s  max imum s i z e  in  approximate ly  

1 sec .  

of the ac tua l  detonation conditions. 

The beam was  maintained a t  cons t an t  in tens i ty  

The hor izonta l  sweep r a t e  \vas 0. 5 sec /d iv is ion .  

The r eco rded  i m a g e  d i a m e t e r  profile is an exce l len t  s imula t ion  
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IV. FLASHBLINDNESS RECOVERY TILIES FOR HUMAN S U B J Z C T S  

by 

N o r n a  D. LMiller and William H. Bowie 

I. .INTRODUCTION 

A cons iderable  amount of work  h a s  been  accomplished in  the 

past  few y e a r s  in  measu r ing  flashblindness r e c o v e r y  t imes  fo r  human 

subjec ts .  In gene ra l ,  however, the r e c o v e r y  t a rge t s  have been  

acuity l e t t e r s  o r  gra t ings ,  and the r e su l t s  a r e  not d i r ec t ly  applicable 

to the operational situation. 

times f o r  pilots who may be  subjected to n u c l e a r  detonations, it i s  

n e c e s s a r y  to know the effect  of the s i ze  of the f l a s h  field on r ecove ry .  

R e s e a r c h  was  pe r fo rmed  under  this con t r ac t  to de t e rmine  the effect  

of the f l a sh  field s i z e  on the r ecove ry  fo r  v a r i o u s  t a rge t  configurations,  

and to de t e rmine  the cour se  of r ecove ry  f o r  t a r g e t  configurations that 

m o r e  nea r ly  m a t c h  the p r i m a r y  flight i n s t rumen t s  

1-6 

In o r d e r  to p r e d i c t  f lashblindness r e c o v e r y  

The subjec ts  participating in  the expe r imen t s  were  college s tudents  

and all w e r e  sc reened  with simple acuity tests to i n s u r e  that they f e l l  

within the no;mal range of v i sua l  pe r fo rmance .  

appa ra tus  was  built  by the Life Sciences Division under a previous  con- 

The flashblindness 

7 
t r a c t  v.ith the A i r  F o r c e ,  and i s  fully d e s c r i b e d  elsexvhere. The p r i m a r y  
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a i m  of the invcstigation -.vas to de te rmine  f lashbl indness  recovery  t imes  

f o r  conditions s i m i l a r  to operat ional  s i tuat ions.  

2 .  APPARATUS 

A schemat ic  d i ag ram of the opt ical  s y s t e m  f o r  the f lashbl indness  

appara tus  i s  shown in  F igure  23. 

the plane of the subject ' s  pupil to provide a Maxu,ellian view s y s t e m  f o r  

the f lash  field.  

f l a sh  field s top by m e a n s  of i t s  optical  s y s t e m ,  shown a t  the le f t  of the 

schemat ic .  

600 mic roseconds ,  with a re la t ively f l a t  rad iance  prof i le  f o r  the next  

500 mic roseconds ,  and then an exponential decay  of s e v e r a l  mi l l i seconds  

to the 10 pe rcen t  power point. A shut te r  was  in te rposed  in the f l a sh iamp  

opt ical  s y s t e m  in  o r d e r  to chop a control led t rapezoida l  waveform out  

of the f lash  d ischarge .  The shut te r  i s  a rad ia l ly  slotted d isc  dr iven  at 

a high speed of rotakion in  the f l a sh  beam.  An additional s lot  i s  provided 

at a d i f fe ren t  radial  posit ion fo r  t r igger ing  the f l a sh  tube in  synchroniza-  

t ion s-ith the rotating shut ter .  

by the second s lot  and s t r ikes  a photo SCR. 

m o t o r  d r ive  for  the d isc  and turns  on the l ight  exposing the SCR.  A 

s;r.itch c loses  the S C R  power supply c i r c a i t  providing t r igge r  voltage f o r  

The xenon f lash lamp is focused i n  

The recovery  t a rge t  i s  p re sen ted  a t  the center  of the 

The f lash lamp provides  a r i s e  t ime  to peak radiance of about 

h sma l l  focused l ight  spot  i s  t r ansmi t t ed  

A r e s e t  switch s t a r t s  the 

I i  ! 
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the f!ash s o u r c e .  

f l a s h  d i s c h a r g e  has  reached its maximum radiance .  

t r i g g e r s  ihe f lash ,  a re lay  opens,  stopping the m a t o r  dr ive ,  and extin. 

guishing the  l ight sou rce .  

m s e c  at the 5970 power points, 

in  F i g u r e  2 4, to provide a m e a n s  of m e a s u r i n g  the equivalent background 

luminance  f o r  e a c h  of the t a r g e t s  used i n  the r e c o v e r y  time measure- 

m e n t s .  A tungsten field l a m p  was focused  by m e a n s  of a Maxsvellian 

v iew s y s t e n ~  on the subjec t ' s  pupil in o r d e r  to provide  a continuously 

i l lumina ted  field of va r i ab le  angular subtense .  

p r e s e n t e d  i n  the center  of the field s top  by m e a n s  of a b e a m  sp l i t t e r .  

A pair of c r o s s e d  c i r c u l a r  neu t r a l  dens i ty  wedges w e r e  placed in  the 

f ie ld  l a m p  optical  s y s t e m  to provide continuously controlled attenuation 

o i  the veil ing f ie ld .  

The f l a s h  p a s s e s  through the shut te r  s lo t  >"hen the 

When the SCR 

The resu l t ing  pulse has  a dura t ion  of 0. 6 

The appa ra tus  was  modified,  a s  shown 

The v i sua l  t a s k  was  

The subjec t  s e e s  a br ight  f ield of 8 O  subtense  with a s t i l l  b r i g h t e r  

r e c o v e r y  r a t g e t  in  the center  of the field.  Rotation of the c i r c u l a r  

n e u t r a l  dens i ty  f i l t e r s  i s  controlled by a r o c k e r  switch, which the subjec t  

o p e r a t e s  vrith his r igh t  hand. 

the luminance  of the 8' field to such  a leve l  that the t a r g e t  i s  a t  detection 

threshold .  

the subjec t  p r e s s e s  a button, and a new visua l  task  i s  brought into the 

c e n t e r  of the ficld a t  a l o \ r e r  lunlinance.  

He is t h e r e f o r e  able to d e c r e a s e  o r  i n c r e a s e  

'.Then the background i s  a t  jusL threshold  l eve l  f o r  the task ,  

The subject aga in  ad jus t s  the 





neut ra l  v e d g e s  for  threshold of the new t a rge t  configuration. The 

wedges a r e  ca l ibra ted  aga ins t  a vol tage readout  controlled by a poten- 

t i ome te r  mounted on one of the gearbox shaf ts .  

3. CALLBRATION. 

One of the m o s t  difficult absolute  calibration problems is the 

As a r e su l t ,  i t  has  been relat ively r ad iomet ry  of a f lash  sou rce .  

difficult  to compare  data  issuing f r o m  di f fe ren t  labora tor ies .  The f lash  

s o u r c e  used in the f lashbl indness  appara tus  was czl ibrated by two 

completely independent p rocedures .  In one experiment ,  the radiance 

of the f lash  tube f o r  n a r r o w  wavelength in t e rva l s  was compared against  

a s tandard ized  tungsten ribbon f i lament  l a m p  fo r  the same  wavelength 

in t e rva l s .  In the second procedure ,  the l ight  a t  the plane of the subjec t ' s  

en t r ance  pupil \vas m e a s u r e d  d i rec t ly  with a cal ibrated photodiode during 

a s ingle  f lash.  

cal ibrat ing the Z e i s s  photocoagulator ior  the animal  burn studies.  

The cal ibrated photodiode i s  the same  a s  i s  used i n  

3 .  1 M e a s u r e m e n t  of the Steradiancy of the F la sh  Tube 

Ribbon l i la inent  l amps  \Yere s tandardized against  250  watt coiled 

f i lament  l amps  t raceable . to  the National Bureau  of Standards. 

wat t  l amps  .,vere purchased f ro in  the E lec t r i ca l  Testing Labora tor ies ,  

and had been previously cal ibrated f o r  candle po\ver and color t empera?ure  

The 250 
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F i g u r e  27. Tungsten ribbon f i lament  luminance  
as a function of color  t e m p e r a t u r e  
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a s  a function of applied voltage. 

compared with the s tandard  l a m p s  on a Leeds and Northrup 3 m e t e r  

photometer  bench. 

The ribbon fi lament lamps  w e r e  

The c h a r a c t e r i s t i c s  of tungsten ribbon f i lament  has  been  careful ly  

es tab l i shed  in  a long s e r i e s  of studies.  

u remen t  on f i lament  s te rad iancy  a s  a function of color  t empera tu re  

was  m a d e  by Barnes  and Forsy the .  In the published work on their  

m e a s u r e m e n t s ,  they neglected to s t a t e  the waveIength in te rva l  used. 

In o r d e r  to de t e rmine  th i s  impor t an t  quantity, t he i r  m e a s u r e m e n t s  were  

compared  with calculated values  of s teradiancy.  P lanck ' s  l a w  was  used 

to calculate  the va lues  of spec t r a l  radiant  emit tance of black body rad ia-  

tors, and the s p e c t r a l  emiss iv i ty  values  of tungsten f r o m  deVos w e r e  

used to obtain the spec t r a l  s t e r ad iance  of tungsten for  2000 , 2200°, 

2400 , 2800°, and 3000OK. 

rncasu remen t s  c l e a r l y  show that  the i r  values  r e fe r  to a 1 5  nm wavelength 

interval .  

One of the b e s t  s e r i e s  of m e a s -  

0 

0 Compar ison  with Barnes '  and For sy the ' s  

2 
The graphs  in F igu re  2 5  show the spec t r a l  emittance in \va t t s /cm 

radiated in  a unit sol id  angle f o r  a 10 n m  wavelength in te rva l  f o r  tung- 

s ten  t e m p e r a t u r e s  betweeq 2000 K and 3300 K with wavelength a s  a 0 0 

I 
p a r a m e t e r .  The do t s  a r e  the calculated values  and the c r o s s e s  a r e  

i the adjusted values  f r o m  Barnes  and Forsythe.  The reduced I 
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emi t t ance  in the l o n g e r  wavelengths i n  the m e a s u r e d  va lues  is  probably 

due to absorp t ion  by the g lass  envelope of the ribbon f i l amen t  lamp.  

F i g u r e  26 shows the relationship 

the f i lament  and the color t empera tu re .  

f i l a m e n t  in c a n d l e s / c m  

in F i g u r e  27. 

the s p e c t r a l  s te rad iancy  using the lunlinosity f a c t o r s  f o r  the 1931 CIE 

Standard  Obse rve r .  The equation: 

between the absolute t e m p e r a t u r e  of 

The luminance  of the tungsten 

2 a s  a function of the color t e m p e r a t u r e  i s  shown 

The luminance va lues  i n  F i g u r e  27 w e r e  ca lcu la ted  f r o m  

2 10 ,870  
log ( c l c m  1 = 6 . 6 3  - co lo r  t emp  

y ie lds  values within 570 of Barnes '  and F o r s y t h e ' s  m e a s u r e m e n t s  fo r  

t h e i r  full r ange  of color t e m p e r a t u r e s  f r o m  2200°K to 3300 K.  0 

The g raphs  in F igure  2 5 p e r m i t  rapid de te rmina t ion  of the 

absolute s p e c t r a l  s te rad iance  of ribbon filarLents when the  co lo r  t e m p e r a t u r e  

is known. Thus,  the f lash  tube w a s  spec t r a l ly  ca l ibra ted  aga ins t  a s t anda rd  

ribbon f i lament  l a m p  operated a t  1 8 . 0  a m p s .  

with the l abora to ry  color t e m p e r a t u r e  s t anda rd  l a m p  and w a s  found to 

have a co lo r  t empera tu re  of 2950 K when ope ra t ed  a t  18 a m p s .  

l igh t  f r o m  the s tandard  l a m p  w a s  p a s s e d  through a B and L gra t ing  

monochromato r  and a photodiode w a s  placed a t  the exit  slit of the 

monochromato r .  

c i r cu i t  ~ 2 5  i e ?  . L . . . ~  a ;e!-tronix 531 A osc i l loscope .  

The l a m p  was  compared  

0 The 

The voltage a c r o s s  the load  r e s i s t o r  in  the photodiode 

.. The CRT t r a c e  
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C O L O R  TEMPERATURE O K  

Figure  2 5 .  Calculhted and measu red  values  of tungsten 
s teradiancy a t  var ious  fi lament t e m p e r a t u r e s  
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w a s  photographcd f o r  each  10 n m  wavelength in te rva l  f r o m  4 2 0 - 7 2 0  nin. 

The bandpass  of the monochromato r  was  5 . 6  mi ( a t  the 5 0 ? ~  points).  

The f l a s h  tube was  imaged at  the s a m e  position that the s t anda rd  f i l a -  

m e n t  had occupied and the s a m e  wavelength i n t e r v a l s  w e r e  used  f o r  

m e a s u r e m e n t  of the photodiode s igna l .  

f r o m  xenon to that f r o m  tungsten w e r e  us'ed with t h e  va lues  f r o m  F i g u r e  

25 to ca lcu la te  the xenon s p e c t r a l  s t e r ad iance .  

The r a t io  of the photodiode signal 

The compar i son  with the s t anda rd  l a m p  provides  a v e r y  p r e c i s e  

de t e rmina t ion  of the i-elative s p e c t r a l  d i s t r ibu t ion  of the  xenon flash 

l amp .  However, cons iderable  difficulty was  exper ienced  in  aligning the 

f l a s h  tube i n  p rec i se ly  the s a m e  position a s  the s t anda rd  l a m p  re l a t ive  

to the  en t rance  s l i t  of the monochromato r .  

u s e d  to i n s u r e  that the two l a m p s  w e r e  compared  in  such  a way as to 

provide  a n  absolute ca l ibra t ion ,  The f l a s h  l a m p  was  r e tu rned  to  the 

f lashbl indness  appara tus  and positioned so  that the b r igh te s t  portion of 

one tu rn  of the helix was focused  on the a p e r t u r e  adjacent to the shu t t e r  

( F i g u r e  23) .  The photodiode was  placed aga ins t  the a p e r t u r e ,  blocking 

all ambient  l ight f r o m  its  su r face  and the f lash  tube was  f i r ed  through a 

600 nm in te r f e rence  and a 3. 0 n e u t r a l  density f i l t e r .  

l a m p  was mdunted to one s ide  and a f i r s t  s u r f a c e  m i r r o r  was  posit ioned 

so that the image  of the f i l amen t  was  fo rmed  a t  the a p e r t u r e  in  p rec i se ly  

An additional p rocedure  was  

The s tandard  
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t h e  plane of  the i m q e  of the f i a s h  tube helix. 

aga in  r eco rdcd  f o r  the tungsten through the 600:1m f i l t e r .  

compar i son ,  the xenon \vas found to be 1410 t imcs  b r igh te r  than tungsten 

a t  2950 K co lor  t empera lu re  f o r  600  nm.  

.?he photodiode signal was  

F r o m  this 

0 

During the exper imenta l  s e s s i o n s ,  the f l a s h  l a m p  is always used  

u i t h  a 3-mm thick K C - 3  and a {'{ratten 2B filter to block the infrared 

and u l t rav io le t  spec t r a l  regions.  The spec t r a l  rad iance  values found 

f r o m  the compar i son  with tungsten w e r e  multiplied by the f i l t e r  f a c t o r s  

and the  r e s u l t s  a r e  shown in  the g r a p h  of F i g u r e  28. 

luminance  ( f o r  the 1931 Standard O b s e r v e r )  of the f l a sh  l a m p  i s  1. 3 3  x 

. l o  c / c m  through the blocking f i l t e r s .  

The c a l c d a t e d  

6 2 

The luminance of the field in  a Manvel l ian  view s y s t e m  is given 

by the s o u r c e  luminance t imes  the t r ansmi t t ance  of the optical sys t em.  

The t r a n s m i t t a n c e  of the optical  s y s t e m  was m e a s u r e d  by placing a 

tungsten l a m p  a t  the plane of the en t r ance  pupil of the subject 's  eye 

( F i g u r e  2 3 )  and measu r inz  the ir:-ad iance a t  the a p e r t u r e  n e a r  the shu t t e r  

u i t h  a photodiode. The photodiode was  then moved to  the flash l a m p  sur- 

f a c e  and the i r r a d i a n c e  a t  that point r eco rded .  

m e a s u r e m e n t  to the f i r s t  i s  the t r ansmi t t ance  of the sys tem f r o m  the 

f l a sh  l a m p  to the ape r tu re .  

l a m p  and the t r ansmi t t ance  of the s y s t e m  b e h - e e n  the ape r tu re  and the eye 

The ra t io  of the second 

The f l a s h  lamp was rep laced  by a tungsten 
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F i g u r e  28. Spectral  s te rad iance  of t he  xenon flash 
lamp f i l t e r e d  th rough  K G - 5  and 2B f i l t e r s .  
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was de te rmined  in the s a m e  manner .  

s y s t e m  is the product of the hr'o m e a s u r e d  ra t ios .  

5 2 w a s  IS.  5'5 ,  giving a f lash  field luminance of 2 .46  x 10 c / c m  , 

The t r a n s m i t l m c e  of the comple te  

The total t ransni i t t ance  

The total in tegra ted  ene rgy  under the cu rve  of F i g u r e  2 2  gives  

2 
a steradLance a t  peak d i scha rge  of 5350 w a t t s / c m  . s r  for  the flash tube 

f i l t e r ed  through the KC-3 and 2B f i l t e r s .  

is given b y  the product  of the t r ansmi t t ance  of the s y s t e m  and the s t e r a -  

d iance  and the solid angle subtended by the exit  pupil of the s y s t e m  a t  the 

image. 

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

F o r  a Maswellian view sys t em,  the soiid angle subtended by the 

2 exit pupil is given by rrsin Q,  where  a i s  the half angle  of the field. 

a n  So field,  the i r r a d i a n c e  a t  the c o r n e a  is 1 5 .  1 w a t t s / c m  

For 

or 3.61 c a l /  
2 

2 
c m  asec. 

3. 2 Di rec t  Measuremen t  of I r r ad iance  at Cornea 

An E G & G  SGD-100 photodiode was  ca l ibra ted  aga ins t  a B a r n e s  

thermopi le  with light f r o m  a xenon a r c .  

pile w a s  t r aceab le  to the National Bureau  of S tandards ,  

was f i l t e r ed  through a 3 - m m  K G - 3  f i l t e r  so the s p e c t r a l  d i s t r ibu t ion  

c lose ly  approximated  that of the f l a sh  tube in the f lashbl indness  appa ra tus .  

The ca l ibra ted  photodiode was placed in  the c e n t e r  of the f l a s h  tube 

i m a g e  fo rmed  by the optical  sys t em,  a t  the plane of the sub jec t ' s  en t r ance  

pupil. 

The ca l ibra t ion  of the t h e r m o -  

The a r c  s o u r c e  

The m e a s u r e d  i r r a d i a n c e  a t  the peak of the flash tube d i scha rge  
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2 0 w a s  3. 25  c a l / c m  . s f c  f o r  an  8 f lash  field d i a m e t e r ,  

The hlaxLvcl1ian beam of the f l a sh  blindness appa ra tus  i s  4 x 4 mill 

From the i r r a d i a n c e  a t  the photodiode, a t  the plane of the sub jec t ' s  pupil. 

the power en ter ing  the eye  at  the peak of the tube d i scha rge  is  0. 5 2  c a l / s e c  

f o r  a n  8O field. 

so an 8 

t r ansmi t t ance  of 0. 59 f o r  the ocu la r  med ia  of the eye ,  the r e t ina l  i r ra-  

d iance  at the peak of the f lash  i s  7. 1 c a l / c m  I s e c .  

0 
A v i sua l  angle of 3 . 4  cor re sponds  to 1 mm on the r e t ina  

0 2 c i r c u l a r  f ield covers  a retinal a r e a  of 0. 043 c m  . Assuming a 

2 

3.  3 Calibration of F l a s h  Duration 

The speed  of the rotating shut te r  d i s c  w a s  m e a s u r e d  with a 

G e n e r a l  Radio s t robotac  and found to be  1742 r p m .  

was 23. 0 c m  at the c e n t e r  of the rad ia l  exposure  slot. 

1 . 2  c m  long at the center .  

to the d i s c ,  i s  4 mm wide. 

given by the speed  of rotation of the d i sc  and the d i a m e t e r ,  i s  2. 1 x 10  

m / s e c .  

i s  completely open fo r  380 psec .  

pu lse  of 570psec .  

The d i s c  d i a m e t e r  

The s lo t  was  

The s o u r c e  a p e r t u r e ,  i n  c lose  proximi ty  

The l i nea r  velocity of the c e n t e r  of the s lo t ,  

4 

The r i s e  t ime  of the f l a sh  i s  the re fo re  190 p s e c  and the shu t t e r  

This provides  a!i equivalent s q u a r e  

The calculations of pulsewidth w e r e  checked by d i r e c t  m e a s u r e -  

m e n t  f r o m  a CRT t r a c e  fo r  a photodiode p laced  a t  the s o u r c e  a p e r t u r e .  

The CRT t r a c e  i s  reproduced in FiEure 29. 
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3 .  4 Calibration of Recol-ery Ta rge t  Luminances  

A P r i t c h a r d  Spec t r a  photometer was used fo r  m e a s u r i n g  the  

The P r i t c h a r d  h a s  a t e lescope  opiical  r ecove ry  t a rge t  l uminances .  

sys t em and the emerg ing  beam f r o m  the f lashbl indness  appara tus  h a s  a 

s m a l l e r  d i a m e t e r  than the telescope objective.  A ca l ibra t ion  cu rve  w a s  

constructed f o r  the P r i t c h a r d  fo r  different a p e r t u r e  s i z e s  by r eco rd ing  

h e  readout  f o r  a known field luminance when d i f f e ren t  s i zes  of annular  

stops w e r e  placed o v e r  the objective. 

then be found \+.hen the d i a m e t e r  of the beam enter ing  the F r i t c h a r d  w a s  

The t r u e  luminance  va lue  could 

.ao\ml. 

In m e a s u r i n g  the t a r g e t  luminances ,  the photometer  objective 

lens  was placed at the plane of the sub jec t ' s  en t r ance  pupil. 

i i a m e t e r  was m e a s u r e d  and a field stop m i r r o r  w a s  se lec ted  f o r  the 

Zhotometer to i n s u r e  tha t  the m e a s u r e m e n t  w a s  m a d e  at the d e s i r e d  

3osition in  the tz rge t .  

ingle tha t  the a v e r a g e  luminance o v e r  a 15'  a r e a  was  m e a s u r e d  r a t h e r  than 

rhe b r igh t  line. 

ance m e a s u r e m e n t  r e f l ec t s  the luminance of the br igh t  wing configuration, 

:vhich \vas l a r g e  enough to cover the 6' f i e ld  s top  of the  photometer.  

The b e a m  

The grating t a rge t  l i nes  subtended such  a small 

For the photograph of the a r t i f ic ia l  horizon, the lumin- 
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Sloan-Siielleii l e t t e r s  and gratin25 w r e  used f o r  r ecove ry  t a r g e t s  

. d e r  to compare  the reslglts of c!?e C ' J Y ~ ~  i j '  : -c 

. shed  v ,ork  i r o c i  ot!:er labora tor ies .  

-uinent panel a r t i f i c i a l  horizon were used  in  the l a t t e r  port icn of 

.tudy for  tlie recovery  t a rge t .  The use  of the photograph allowed 

.vestigation of tlie c r i t i c a l  s i z e  of the flzsb. field in t e r m s  of a r ea l i s t i c  

atioiial si luntion. 

c.:,rcli ' .it11 previously 

Photographs of a n  ac tua l  

Effect  of F l a s h  Field Size on Reco:ery T i m e s  using Sloan-Sne!len 
Let t  e rs . -- 

Five subjec ts  par t ic ipated i n  an exper iment  to de t e rmine  r ecove ry  

s 'for Sloan-Snel!eii l e t t e r s  subtending 19 min  of a r c  v isua l  angle f o r  

,us  s i z e s  of centyally fisated f lash Iields.  

' 

The range  of angular  sub- 

0 0 
of tlie c i r c u l a r  f i e l d s  \vas 0 .  5 to 1 0  . The ret inal  l u ~ x i n o u s  energy  

f t ~ s h e s  \..-as 2 .  3 s 10 
7 2 

t d .  s e c  (7 .  5 c a l l c i n  s c c  a t  the retina! for  

f l a s h ,  

2 t e r  i s  s11o\<n i n  7aI;le Vir .  'The :?lean r ecovc ry  t i m e s  f o r  each  sub-  

oi- a number  of repl iczt ions a r c  listed i n  TJb le s  B - I  - B-VI1 in 

i d i s  E. 

The mean  rec9l-ei.y t imes  f o r  a l l  s u b j e c t s  f o r  each  f lash f i e l d  

'The 11icaii reco \ -c ry  tiinrs f o r  a l l  su1;jects a r e  shown in  F igu re  30 
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Table V11. \!e211 r c c o v e r y  tii:i:s iii sccc,ncls of 5 sn!>jecJs us ing  
1 9 '  Sloan-Sncl len  l c t t c r s  follo\x-ing 2. 3 x 10 I td. s e c  

f l a shes  of v a r y i n g  a n g u l a r  s u b t c n s c .  

lash 
ield 
g rees )  

1. 5O 

. oo 
- 
0 

,o  

0 

0 

.- 

> 

.____ 

38 .0  4. 5 3. 8 
- 

2. 52 4. 4 2  6. 20 

3 .22  5. 16  7. 23 

5 . 2 4  8. 52 11. 70 

5 . 7 8  8. 51 IO. 26 

- - 

5. 70 7.96 10. 20 

~. 

6 .66  6 . 5 0  11.36 

6.88 G - F  
- -- -----__.-- 

Le tt c r I ~ n i  i n q  

10. 88 

0 . 1 8  11 .18  

16. 76 2 4 . 1 0  

15.82 25.40 

29. 20 

16. 36 25. 06 

L9. 56 2 7 . 1 4  

2 (mL)  

0 . 1 2  
-__ 

14. 22 

-__ --__ 
14. 13 

40. 26 

___ 
40. 2 1  

55.44 

____ 

4 7 .  86 

4 2 . 1 0  

_.__ 

0. 076 

1 8 . 3 8  21. 50  

58. 56 69. 24 

60. 82 7 3 . 4 6  

60 .08  78. 32 

65. 32 79 .78  

6 3 . 1 0  77. 26 
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0 0 0 f o r  the 0 .  5 , 2 .  0 a n d  10. 0 flash f i c l d s .  The  curve  fo r  l h e  0. 5' f l a s h  

field ind ica l r s  the sig1:ificant d e c r e a s e  in r ecovc ry  t i m e  fo r  the s m a l l e r  

a f t e r imagc .  but thc da ta  f o r  the  2 

d i f f e rence  i n  reco\ ' c ry .  

0 0 .  
l o  10 f l e l d s  s h o n  no  prac l ica l  

4.  2 Recovery  T imes  u:i:?$ a Gratin: Tes t  Object and Various F l a s h  F ie ld  
S izes  

The effect  of f l a sh  field s i z e  on the r ecove ry  t imes  for  a 

gra t ing  t a r g e t  with a per iod of 1 '30 "  visua l  angle  was tes ted  on f ive subjec ts  

The v isua l  acu i ty  reqUired f o r  the f ine t e s t  g ra t ing  was 2 m o r e  demanding 

task  than Lhat f o r  the Sloan-Snellen l e t t e r s .  

r e c o v e r y  t i m e s  fo r  the s a m e  luminance of the b r igh t  l ines 'compared  with 

the  l e t t e r s .  

in  Table  VIII, for a 2' and 4' field.  

i n  r e c o v e r y  t imes  f o r  the two f lash  f ie lds .  

once the foveal a r e a  i s  f lashed,  the gra t ings  can  not  be seen  by the p a r a -  

foveal  re t ina  becaiise i t  does  not  p o s s e s s  this deg ree  of visbal  acui ty .  

This  f ac t  r e su l t ed  in  longe r  

The m e a n  r ecove ry  t imes fo r  the five subjec ts  a r e  l i s t e d  

T h e r e  i s  no significant d i f fe rence  

This c l ea r ly  ind ica tes  tha t  

A second experinlent  \vas  p e r f o r m e d  by four of the s a m e  

0 
group of subjec ts  to de t e rmine  r ecove ry  t imes  fo r  f l a sh  f ie lds  f r o m  0. 5 

to IO0. 

i n  Table  1:; 'L~: se:c : il:ld s i z e s .  

between the 1 and the 2 field s i ze ,  The r e s u l t s  of the Zrat inc and 

Thei r  m e a n  r ecove ry  t imes fo r  s eve ra l  repl icat ions a r e  l i s t ed  

T h e r e  i s  a mar!:ed change i n  recovexy 

0 0 .  
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Tablc \'111. 1:can r e c o v c r y  t inics  i n  s c c o n d s  of 5 

subjects for  a g ra t ing  t e s t  o 's jcci t  f o r  a 
20 a n d  A @  flas!l f ie ld  s i z e .  A l l  f l a shes  
1vei.r 2 .  i s 15 7 Id .  5 c c .  

.4v e r a g  e gra t ing  
luminance  (mL) 2' Field 

778 

75. 5 

13 .  8 

8. 64 

6. 48 

2 .  16 

1. 3 8  

1. 06  

0. 54  

0 .35  

4 . 1 2  

8. 16 

15. 02  

1 6 . 9 2  

19. 8 2  

2 5 . 4 1  

32. 5 1  

34. 64 

42. 51  

52. 75 

4'Field 

5 .00  

7.7? 

12 .09  

15 .38  

19 .08  

25. 96 

32. 17  

37. 15 

4 5 . 5 9  

52 .50  

t The spacing betwcen the l ines  of the gra t ing  subtended  
1 ' 3 0 "  of v i s u a l  angle.  
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Table IX. Alean recovery  i n  s econds  fo r  a gratin:: tes t  object t 
f o r  v a r i o u s  f l a s h  f i e ld  :izes. 
IiuLiinancc .,%-as a!. 1 m L .  and  a l i  i l a shcs  :vere 2. 7 x 
10 ' td * s e c .  

Thc average  grat ing 

7 
17.44  

15.12 

20 .53  

16.59 

17.42 

11 .20  

12 .85  

20 .00  

10.92 

13. 74 

oo--- 8' 

1 8 - 8 0  25 .58  

18.16 19 .54  

22.97 22.43 

17 .55  19 .68  

19.  37 21.81 

l . o o  

10 .10  

13 .30  

17 .70  

11 .18  

13. 0 7  

21 .81  

14.88 

21.87 

16.52 

'lash Fie ld  Diair + 
19.21  

16 .75  

24 .53  

19.90 

----t-- 
18.77  I 20 .10  

t The spac ing  between the l ines  of the grat ing subtended 
1'30" of visual  angle. 



]e:ter r ecove ry  t a rge t s  a r e  suinm;riz.ed i n  F i g u r e  3 1 .  

show a c l c a r l y  m a r k e d  dec re incn t  behvecn 0.  5 

past  2 

The l c t t e r  t a rge t s  

0 and 2' with no change 

0 f o r  the 9. 5 mL t a r g e t  and a s ina l lc r  slope f o r  the 38 mL t a r g e t  

0 
p a s t  2 . However ,  the  gra t ing  da ta  could be reasonably  fi t ted with a 

l i ne  indicating a continual i n c r e a s e  in r ecove ry  t ime a s  the f ie ld  s i z e  

i n c r e a s e s ,  

4. 3 Recovery  T i m e s  using a P l ~ o t o ~ ~ a p h  of a ? r i m a r y  Fl ixht  I n s t r ~ u ~ i e n t  

The r e c o v e r y  t ime da ta  fo r  acui ty  t a rge t s  such  as letters 

and g ra t ings  are  uscful  i n  de te rmining  some  p a r a m e t e r s  of f lashbl indness ,  

but they a re  not d i r ec t ly  ap;slicable to pred ic t ions  f o r  opera t iona l  conditions. 

A photograph w a s  m a d e  of an  in5 t rumen t  panel a r t i f ic ia l  hor izon  and i t  

was  p r e s e n t e d  a s  a r e c o v e r y  t a r g e t  i n  the f lashbl indness  appara tus .  

The photograph w a s  sca led  so the v isua l  angle subtended was equivalent 

to that  subtended by the i n s t r u m e n t  in ac tua l  use.  

~ r a ~ ~ s i l l u m i n a t e c l  and i t s  l u n ~ i n a n c e  v;as va r i ed  by  in se r t ing  the usual  

r i l ter  s e r i e s  in  the i l luminat ing beam.  

The photograph was 

T h r e e  subjec ts  par t ic ipated in  a n  expe r imen t  to de t e rmine  

:he e f f e c t  of f l a s h  ene rgy  on r e c o v e r y  t i m e s  f o r  va r ious  t a rge t  luminances  

f o r  the a r t i f ic ia l  hor i son .  The f l a sh  f ie ld  d i a m e t c r  \vis 8 , The mean 

r ecovc ry  times f o r  the t h r e e  subjects  f o r  s e v e r a l  repl icat ions each  a r e  

l i s ted  in Table ;i f o r  se\ 'cn f l a sh  ene rg ie s .  

0 

The dura t ion  of a l l  f lashes 
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Tablc !<. Alean recovery t imes  of 3 subjec ls  for a pl io(ograph 
of an .ar t i f ic ia l  horizon Iollo\viiig So f l a shcs  of 
var ious e n e r g y  levc ls .  

Ish 

-set 

7 

7 

b 

6 

6 

6 

6 

30x 10 

15 x !O 

2 0 x  10 

80 x 10 

60x 10 

30 x 10 

4 5  x 10 

1 .62 

1 . 7  

1 .5  

1.. 5 

1.. 6 

1 . 3  

1.05 

1.2 

0.081 

2. 8 

2 . 4  

2. 3 

2. 2 

2 . 1  

1 . 9  

1 ,  8 

0.016 

7. 8 

5 .9  

6. 1 

5.4  

4. 8 

4. 6 

4 . 4  

Task  Lumii ia i~ce (mL) 

0.010 

1.2. 9 

1.0.4 

1 0 . 5  

8 .3  

6 . 4  

5.9 

5 . 4  

0.041 

4. 3 

3 . 4  

3. 3 

3. 3 

2. 9 

2.7 

2 . 6  
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0.026 

5. 6 

4. 6 

4. 8 

4 . 4  

3. 8 

3. 6 

3. 5 

0.002 

23. 7 

16. 5 

13. 2 

1 .1 .5  

9 . 4  

7 . 4  

7 .1  



I 
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.vas 0. 57 m s e c ,  and the f lash  Iiuiiinaiice \vas dec reased  by  neut ra l  f i l t e r s  

fo r  the v a r i o u s  c s p o s u r e  leve ls .  

the luminance of the c e n t e r  "c , ing"  configuration and r e p r e s e n t  a > p r o r i -  

m a t e l y  85% of the cockpit illumination va lues  in  foot  candles.  

The t a r c e t  luniinance values r e f e r  to 

The m e a n  r ecove ry  t imes  f o r  the th ree  subjects a r e  shown I 

a s  a function of f l a sh  exposure i n  F igure  3 2  fo r  six l eve l s  of t a rge t  

I luminance ,  

indicating a p o u e r  relationship between the reco-gery t ime  and the f l a sh  

exposure .  The 

de ta i l  of the a r t i f i c i a l  horizon is v e r y  g r o r s  compared  with the acuity 

t a r g e t s  tha t  have been previously used in  r ecove ry  m e a s u r e m e n t s  and 

the resu l t ing  lower  v isua l  per formance  r equ i r ed  i s  re f lec ted  i n  the s h o r t  

r e c o v e r y  p e r i o d s .  

The da ta  points can be fi t ted with a s t r a i g h t  l ine on the g r a p h s ,  i 

There  is a different ex>onent fo r  the v e r y  d im t a rge t s .  

5. CONCLUSIOrS  

The r e c o v e r y  t imes  n i easu remen t s  fo r  operationally signifi- 

can t  v i sua l  t a r g e t s  resu l ted  in m u c h  s h o r t e r  r e c o v e r y  than was predic ted  

on the b a s i s  of zcuity ta rge ts .  

iir::leters n r z s t  be l e s s  than 2 

looking arouAid I::? z..f1c;.i::.2=~. . . ~ . .  . . .  r :? :o the fac t  that 

F o r  l e t t e r s  and g ra t ings ,  the f lash  field 

to 0 effect m y  d e c r e a s e  in  r ecove ry  by 

. .  :.= ~ ~ , . .  . 1 ~ .  . -. 

. .  acuity rsclmired f o r  dctcction 5 : '  ' ~ ' :  ~; :i- . . , ' ..... i,; ::..<' iovezl 2 r e 3 .  
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For a p r i m a r y  flight i n s t rumen t ,  ho\vever, the c r i t i ca l  t ask  de ta i l  can 

be observed  even i n  the p re sence  of a ve ry  br ight  af ter image.  

The  r e s e a r c h  per formed under th i s  cont rac t  has c lear ly  shown 

the complexi t ies  i n  the prob lem of predicting flashblindness r e c o v e r y  t imes  

f o r  operat ional  si tuations.  

the c r i t i c a l  physical  effect  i s  that  of t empera tu re  r i s e  due to varying 

amounts  of e n e r g y  and the r a t e  of del ivery of the energy. In addition 

to t h e s e  v a r i a b l e s ,  the f lashsl indness  problem i s  coinplicated by the 

posit ion of the f l a s h  on  the r e t ina  relat ive to the fovea and by  the  s i ze  

of the c r i t i c a l  de ta i l  i n  the visual  display. 

It i s  unlike the ret inal  bu rn  p rob lem where  

1. 

2. 

3 .  

4 . 

~ 'ET 
Ri 

/ " /  , ; 
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V. MODEL FOR PREDICTION O F  RETINAL TE?,lPERATURES 

by 
I 

Thomas J. White, Mar t in  A.. Ma ins t e r ,  
J a m e s  H. Tips,  and P a t r i c k  W. Wilson, Jr .  

Of the two approaches  suggested in  the work  s t a t emen t  f o r  develop- 

m e n t  of an improved  mathemat ica l  model  f o r  r e t ina l  b u r n  predic t ion ,  

i t  was  decided tha t  a digital computer  solution of the equation of heat  

conduction was  the only p rac t i ca l  approach  to a flexible,  comprehens ive  

and a c c u r a t e  descr ip t ion  of the the rma l  in ju ry  p r o c e s s .  Neve r the l e s s ,  

a deta i led  study was made  of s e v e r a l  poss ib l e  analog s imula t ions  with 

the conclus ion  that this approach  was not economica l ly  feas ib le .  The 

r e s u l t s  of th i s  study w e r e  given in  an i n t e r i m  r e p o r t  and  a r e  a l s o  v 
i 

included a s  Appendix C to this  r epor t .  

The digital  t e m p e r a t u r e  r i s e  model  e f for t  m u s t  be  r ega rded  a s  

comple te ly  successfu l .  

applications have been given in  a s e r i e s  of p a p e r s  submi t ted  f o r  publica- 

tion in the open l i t e r a tu re .  

to the Cont rac t  Xoni tor  and t o  the Contracting Officer. 

thcse  p a p e r s ,  journa ls  to which submitted and c u r r e n t  publication s t a tus  

Details of i ts  development and  examples  of spec i f ic  

Copies of these  p a p e r s  have been furn ished  

Abs t r ac t s  of 

. .  
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r e  given in Appendix  D. 

Severa l  v e r s i o n s  o f  the digital p r o g r a m  have been a s sembled  f o r  

le v a r i o u s  computations repor ted  in the p a p e r s  mentioned above. 

i f f e r e n c e s  r e l a t e  to the s i z e  and configuration of the gr id ,  the type of 

o u r c e  t e r m  used, the specification of the rma l  p a r a m e t e r s  and the 

hys i ca l  d imens ions  of the model.  

nachine  t ime  by c lose ly  matching model  complexity with min imum 

These  

This approach  r e s u l t s  in  a saving of 

.e qui r ed  output . 

The a l te rna t ing  d i rec t ion  impl ic i t  difference equations a r e  solved 

'iy an a lgor i thm which r e q u i r e s  no m o r e  than 4 to 6 mi l l i seconds  p e r  t ime  

jtep per g r i d  point. Thus, calculation of r e t ina l  t empera tu re  r i s e  h i s t o r y  

:or a n u c l e a r  weapon detonation can be made  in l e s s  than 10 minutes when 

iource  t e r m s  and a tmosphe r i c  t r ansmiss ions  a r e  precalculated.  

he o t h e r  hand, v e r s i o n s  with reduced g r ids  have been a s sembled  which 

.vi11 ca lcu la te  s o u r c e  t e r m s  and t empera tu re  r i s e  in  l e s s  than 2 minutes .  

The addition of air and wa te r  m a s s  subroutines \\\ill add only a few 

seconds  to the running t ime .  

that i t  \<il l  be b e s t  to wr i t e  as many ve r s ions  of the source  prepara t ion  

subrout ines  a s  t he re  a r e  different k iys :  cf input data:  

t e s t  r e s u l t s .  A F i V L  tlieoretical descr ip t ions ,  black body, etc. 

On 

Exper ience  with use  of the p r o g r a m  indica tes  

sca led  Dominic 



i ;  
*~ I?& 

1 .  
The b a s i c  g r i d  v h i c h  has bcen used i s  sliouii in Y i g u r e  1 .  A z  and A r  

i i  

\ -.. 
lenote ax ia l  and rndiLx1 :. c . ! >  ',:- Y '  i ~<--, . , t : :! i . :c-l \-  i ! ~  (!..e vxifor?:> niesh 

.egion. 

ively. 

R and R ,  a r e  C O I ~ S ~ S I I ~  axial and rad ia l  stretcl.:ng ra t ios  respcc- 
1 I 

Dis tances  between adjacent g r id  points a r e  given by the express ions :  

( M / 2 ) - M  I i 5 (h4/2)t lvl  - 1  
1 I 2. - 2 .  = { A z  

I t 1  1 

'4t1 i s  the n u m b e r  of g r i d  points on the 5 ax i s  2M $1 is the number  of 

;rid points with un i fo rm spacing on the ax i s ,  Si-1 i s  the number  of grid 

mints  on the r axis,  and S $1 is  the n u m b e r  of gr id  points u<th uniform 

;pacing cii the r axis. 

1 

1 

F o r  p r o b l e m s  ha\.i!ig cylindrical syminetry,  the heat conduction 

,quation h a s  the f o r m :  

.xhcre v ( z ,  r ,  t )  i s  temperalure;  A(z ,  r ,  t )  i s  s o u r c e  s t r e n g t h ,  p ( z )  is  

I ens i ty ,  c ( z )  is spec i f ic  hea t ,  and K ( z )  i s  thermal conductivity. 

Iollowinz approximat ions  a r c  ciiiployed to obtain ihe finite difference 

rcpresznta t io i i  of cquation ( I ) .  

The 

F o r  i = 1 ,  2 , .  . . , 31-1 and  k = 0,  1, 2,. , . : 
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nd 
2p .c .  

I 1  
[ v .  - v. 1 ( j  = 0 , 1 , 2 , .  . . ,N), ( 5 )  - -  - 

At I ,  j , k t +  1, j , k  k 

here  

at = t  - t  k ki-1  k' 

In equations (2 ! - (5 ) ,  the indices  i , j  a n d  !c a r e  in tegers  lvliich denote 

-spect ively the axial  position of a g r i d  po in t ,  the  radial  position of a 

r id  point,  and the t ime stcp.  No  at tempt  h a s  been macle to  s c l e c t  weighting 

~ c t o r s  f o r  equations (2! - (5)  in o r d e r  to account f o r  higher o r d e r  differences 

i. t he  s t re tched g r id .  

:,nations i s  a l r eady  qcite adeqiiatc f o r  physiological problems,  and the 

The accu racy  of solutions obtai1ic.d with these 
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nia l l  p o ~ s i b l e  i n c r c a s c  i n  accuracy  docs not jiistily the a t id i t i ona~  

om pl cxity. 

R o w  half s t ep  and colcnin half s l cp  di i ferencc approxiinations 

o tlie h e a t  conduction equation a r e  conipuled by substi tuting equations ( 2 )  

5 )  into equat ion (1). 
2 

For the ro\v half  step: 

- 1  -[E. t2Pici(Dtk) 1.. . 
( 6 )  

E. 1 . 1  v.  i - l , j , k t $  i , 2  1, j ,  kt$tEi, 3vi+l, j ,  k t s  

= - [ K . B .  v .  . - K . B .  v .  . t I < . B .  v .  t2p.c .v .  . (A\)-’tA. . ,]. 
I j , l  i , j - 1 , k  1 j , 2  i , j , k  1 j , 3  i , j + l , k  1 1  1, j .k  I ,  J .  k t s  

For tlie column half  s tep :  

-[K.B. - t Z p . ~ . ( A t ~ ) - ~ ] v .  . i K . B .  v. . 
(7) 

i , ~ , k t l  I j , 3  l , j t l , k t l  K.B. v .  . 
I 3.1 i , j - l , k t l  1 j . 2  1 1  

- v .  . , tZp.c .v .  . l (Atk)-’ tA.  , ,]. 
[Ei, lV i -1 ,  j ,  k t+ -E i ,  2 1, j ,k+St”i ,  3 v i t l ,  j ,  k t s  1 1 I ,  J ,  k+, I ,  J ,  kt-5 

- -  

‘he va lues  of B a n d  E a r e  l i s t cd  in Table XI,  

Equat ions (6) and (7 )  m u s t  be u s e d  xvith a rcasmiable s e t  of ini t ia l  

0 
c~ncllit;ons and boundary conditions. 

i i t ia l  and. boundary  conditiolis s o  that computed t empera tu res  d i rec t ly  

e p r c s c n t  the te inpera turc  i n c r e a s e  above ambient tcmpcra ture .  

haiige i n  t e m p e r a t u r e  r c l a t ive  to this  choice of initial and boundary 

onciitions is  calculated by so l i ing  equations ( 6 )  and (7)  with the m a t r i x  

edoct ion  a l g o ~ i t l n ~ ~  given in  Table XII. 

I t  is  convcnient to s e l ec t  0 C f o r  

The 

1 1 1  



1 1 2  

,.- 
I z 
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1 ir:.atliance i s  csponcntially a i lcnuatcd by t i s sucs  v.liich a r c  thcrlll;llly 

nio:,cncous. Sincc the only significant l i gh t  a l z o r p l i o n  p e r  unit length 

oducing chor iorc t ina l  heating occ i i r s  in the rcti i lal  p igment  epithcliuin 

. E. ) and the chorojd,  t h e s e  regions conti-ibute the m o s t  significant 

a t  s o u r c e s .  

JWI i n  F i g u r e  34. Source s t rengths  f o r  the P. E. and  choroid a r e  

spec t ivc ly  

Thi. sou rce  regions and  the geoimeiry of the problem a r e  

AI = h€IO al exp[ -a  1 z ]  (P. E. ) (8 1 

1 

e.;p[d 1 2 1  (a -a ) - a , z ]  L. . (Choroid) ,  ( 9  1 0 a2 A = h H  2 

e r e  d is the depth 01 the P. E. , a arid o. a r e  the abso rp t ion  coefficients 1 1 2 

the P. E. and the choroid respec t ive ly ,  H is  the r e t ina l  i r r a d i a n c e  

( r ,  z) = (0,O) and h ( r )  i s  the radial  d i s t r ibu t ion  of re t ina l  i r r ad iance .  

C 

Absorpt ion  cocif ic icnts  iii equations ( 8 )  and ( 9 )  m a y  b c  expres sed  

'he form 

- 1  
a, = -d1  In [ l  - mf] (1.0) 

( 1 1 )  
- 1  

In [ ( I  - mi) (1 - f )  1, - 1  
O 2  = dZ. 

'i-2 f is  the f rac t ion  of l ight  en ter ing  the P. E. that  i s  abso rbed  in 

h the P. E. and the choroid,  1111 is  thc f r ac t ion  of l ight  incident 011 

p. E. that  is  absorbed in  the P. E. , and d is  the depth  of the. choroid.  2 
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F i g u r e  34 .  C h o r i ~ r e t i n a l  heat scurce .  

115 



: spe r imen ta l  da t a  \ \ .ere used to solvc eqnations ( I O )  and ( I  1 ) .  and tlic 

b so rp t ion  coeff ic ients  then u s e d  in eqiialions ( 8 )  and ( 9 )  to compute 

. o u r c e  s t r eng ths  f o r  the P. E. and choroid.  3 , 4  

Calculat ions have been  executed assiuni:ig that the the rma l  p rope r -  

:ies of o c u l a r  m e d i a  a r e  approximatcd  by the t h e r m a l  p rope r t i e s  of 

water :  K = 1.5  x 10-3ca l  C s e c  cm , c = 1 ca l  C g m  and 

3 = 1 gm cin The chor iore t ina l  t h c r m a l  r e sponse  to the following 

r ad ia l  d i s t r ibu t ions  of re t ina l  i r r a d i a n c e  has been examined:  

0 - 1  - I  - 1  0 - 1  - 1  

- 3  . 

-I 
( r  a )  !? (Un i fo rm 1, (12) 

h ( r )  = 1 

h( r )  = 0 ( r  > a )  
J 

and 

h ( r )  = exp [ - r  2 2  /ZJ ] (Gaussian) ,  (13) 

where a and  c c h a r a c t e r i z e  the uniform and Gauss ian  dj.stributions 

respec t ive ly ,  

abso rp t ion  coeff ic ients  h a s  been  studied. 

A broad  range  of image  s i zes ,  exposure t imes  and 

iz-.. i 

No de ta i led  calculation of sa fe  o b s e r v e r  d i s tances  have a s  ye t  

been  m a d e  with this model  using Dominic sca led  weapon data .  

s e v e r a l  calculat ions using ave raged  va lues  f o r  t ransni i ss ions  and ab-  

sorp t ions  and using total  po;ver have been  *made. 

q p e  i s  sho\vn in  F igu re  3 5 .  

Mo\x.-rver, 

An esample  of this 





All  a s p c c t s  of use of the inodcl  z r c  kvell uiiderstuod \*:it11 two possible  

the f o r m  o f  the encrgy dis t r ibut ion in  the e y e  fo r  sma l l  except ions:  

i m a g e  s i z e s  f r o m  nuc lea r  sourci ' s  and the therrnal c r i t e r ion  for damage.  

The f irst  quest ion will  r equ i r e  cons iderable  e f for t  and should be made a 

p a r t  of future  developiiient of the m o d e l  par t icula  rly fo r  application to high 

al t i tude b u r s t s .  

ind ica te  tha t  a s imple  t e m p e r a t u r e  r ise  i s  adequate,  but this  is  by no 

m e a n s  ce r t a in ,  and until we have adequate  understanding of the chemica l  

p r o c e s s e s  which o c c u r  i n  the format ion  of obscrvable  bu rns ,  the p r o p e r  

t h e r m a l  c r i t e r i o n  fo r  t ime varying s o u r c e s  r e m a i n s  in doubt. 

The evidencc regard ing  the second quest ion s e e m s  to 
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Animal 9 

9F7L 

9F3L 

9F3R 

OK6L 

OH8R 

9F7R 

6 U b L  

TI5L 

3TOL 

3 TOR I 

It) B u r n  

Tsble A - I .  Rabbit threshold da ta  f o r  6 .  I @  beam divergence .  1 F 
1 
I 

(Calculated 1.07 mm i m a g e  diameter .  ) 

. .  

( - 1  No Burn  

Retinal Exposure  
Energy  (mj! 

13 
11 

12 

9. a 
. 13 

1 1  

12 
10 

12 
10 

.l3 
12 

9.3 
8. 5 

8. 1 
7 .  8 

6 .  2 
7. 2 

9. 2 
8 .  2 

Retinal Thresh01 
Energy  - UR(mj: 

12 

11 

12 

11 

1 1  

1 2  

8 . 9  

7 . 9  

9 
I . ?  

8 . 7  

Average  Threshold  10 f 1.7 

I 
/ j ,  



Animal  # 

9T8R 

2E1L 

2E1R 

9 TBR 

9 T4L 

bU6R 

6U6L 

None 

Retinal Threshold  

None 

T l b R  

Tatile A-11. Rabbit  threshold data f o r  3.  0 0 bean1 divergence..  
(Calculated 0. 52 mm image  d ia rne t r i .  ) 

t) B u r n  
- )  S o  Burn  

Retinal Exposure  
Ene rgy  (mj) 

4.0 
3 .9  

5 . 4  
5 .  0 

4 . 6  
4 .  @ 

4 . 7  
4. 6 

3.6 
3 .  'I 

3. 9 
3 . 6  

3.  3 
3. 0 

2. 9 
2. 8 

3.  0 
2 .  8 

1. 8 
1. 6 

4. 0 

5.2 

4. 3 

4.7 

3. 5 

3 . 8  

3.2 

2.9 

2. 9 

1.7  

. .  

Average  Threshold 3 . 6  t 1. 1 I 
This th reshold  ene rgy  co r re sponds  to a n  ave rage  re t ina l  exposure, QR3 
of 0.41 cal/cm 2 .  v-Lth 5 = 0. 11. 



h i m a l  # 

0 Table A-111. T r i m a t e  long pulse threshold  ditta f o r  5. 08 
divergence.  

beam 
(Calculated 1. 2 0  mln image  d i a m e t e r .  j 

CR2R 

CR2L. 

CR6R 

CR6L 

11NR 

11NL 

(t) Burn  
( - )  No Burn  

~ 

B u r n /  
No Burn  

Retinal Exposure  
Ene rgy  ( m j )  

3. 8 
3 .  3 

3 .  5 
3.  2 

3 .  4 
3.  1 

3.  5 
2 .  9 

3. 2 
2. 4 

2.  7 
2 . 3  

Retinal Threshold 
Ene rgy  - U,(mj) 

3 . 6  

3.4 

3.  1 

3.2 

2 . 8  

2 .  5 

Average Threshold 3.1 i 0. 

‘This threshold ene rgy  cor responds  to an ave rage  ret inal  exposure ,  QR,  of 
’ 0.066 c a l / c m 2  with c = 0.0087. 

ae 

f 



Table A-1V.Primate threshold data f o r  2. 5 0 b e a m  di\rergence. 

(Calculated 0. 59 mm image  d iameter .  ) 

9nimal # 

O l N L  

OlNR 

CROL 

03NR 

0 3 N L  

(t) B u r n  
( - )  No Burn  

Burn /  
No Burn  

Retinal Exposure 
Ene rgy  ( m j )  

0 . 6 9  
0 .  6 6  

0.  6 9  
0 . 6 6  

. 0 . 7 2  
0 .  66  

0. 75 
0 . 6 6  

0 .  6 9  
0 .  63  

Retinal Threshold 
Ene rgy  - UR(mj)  

0 . 6 8  

0 .  6 8  

0. 69 

0. 71 

0 .  6 6  

' Average Threshold 0. 6 8 ,  u = 0.01 

This threshold ene rgy  cor responds  to an average  r e r i n a l  exposure ,  Q R 7  of 
t 

0. 060 ca l /cm2-wi th  o = 0. 0 0 1 6 .  



Table A-V.  Primate threshold data  f o r  1. 23' beam divergence.  
(Calculated 0. 29 min image  d iameter .  ) 

Animal # 

ZINR 

2 l N L  

23NR 

Z3NL 

CL4R 

c L4L 

t) Burn  

Burn /  
No B u r n  

i-) No B u r n  

Retinal Exposure  
Ene rgy  ( m j )  

0. 5 2  
0 . 4 4  

0 . 4 1  
0. 3 a  

0. 3 8 
0. 3 4  

0. 36 
0.34 

0. 55 
0. 48 

0. 50 
0. 46 

Average Threshold 

Retinal Threshold 
Energy  - U,(mj)  

0 . 4 8  

0 .41  

0. 36 

0.35 

0. 52 

0 .48  

0.43 . o = 0.070 

'This threshold ene rgy  cor responds  to a n  a v e r a g e  ret inal  exposure ,  QR,  of 
0. 16  c a l / c m 2  with 0 = 0. 02.5. 

//<o/ D.- R&&d 
awJ- 

J u ; f / A d  

/ecodJs 

-~ , / - - . '  



*- 

B u r n /  
No Burn  

Table  A-VI. P r ima te  Q-slyitched ( 1  ?u lse)  thresliold dz t a  ;or 
1 .  2 niin image  d iameter .  

Retinal Exposure  Retinal Threshold  
Ene rgy  - UR (mj) Energy  (mj) 

Animal # 1L-I- (+ ) 
( - )  

(+ 1 
( - )  

(+) 
( -  1 

I 

OX2R 

OX2L 

1 .4  
1.4 

1 .2  
0.51 

0 .75  
0.85 

I I 

(t) B u r n  

1.4 

0. 85 

0. 80 

Average  Threshold 1.  0 

Table  A-VII.  Primate Q-switched (4 pu l ses )  th reshold  da t a  f c r  
1. 2 mrn image  d i ame te r .  

(+ ! 
( - )  

(+ ) 
( - 1  

Retinal Expo E u r e  
No 6 u r n  Energy  (mj! 

5 3 .1  
5 2.9 

6 3.3 
6 2.9 

3X1R 1 
3x1 L 

IX2R 

JXZL 

4.4 

Retinal Threshold  
Energy  - UR (mj) 

4.0 

3.4 

3.0 

3.1 

B u r n  I Averaze  Threshold 3 . 4  
No Burn  

i 
: j  



Table A-VIII .  Pr imate .  $2-switched ( 5 - 8  pulses)  threshcld data  f o r  
0. 5 9  mm image diameter .  

Retinal Exposupe 
Energy  (mj) 

# 
I 

Retinal  Threshold 
Energy  - U (mj) R 

Burn /  I NO Burn  
Animal i: 

(t) E u r n  
( - )  No Burn  I Average Threshold I .  

i !  
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L 1_1 .- 

GG 

TD 

LS 

K M  

Table B-I .  Mean r ccovc ry  t inies  i n  seconds for tach 
s u b j e c t  f o r  19 '  Sloan-Sncllcn l c t t c r s  follo\ving 
2. 3 x IO7 t d . s cc  f lashes  s u b t e n d i n g  0.  5O 
visual  angle. 

i. 4 

3. 6 

4 .2  

2 . 7  

T: 
3. 4 

K M  2. 3 

9 . 5  

3.5 

3 . 8  

4. 8 

5 . 7  

4 . 3  

Task  Luminance IinLl 

3. 8 

5. 1 

5. 5 

6. 5 

7. 9 

6. 0 

0. 76 

6. 7 

7. 5 

8 .6  

1 0 . 2  

7. 9 

0. 38 

8. 3 

9 . 6  

13 .0  

1 3 . 7  

9. 8 

0 .122  

1 0 . 2  

11 .5  

15 .3  

17 .6  

13. 5 
- 
X 2. 52 4. 42 6. 20 8.  18 10 .56  14.22 

1 4 . 5  

33.1. 

15. 7 

18. 38 21 .50  

Table B-11. Mean  r ecove ry  t imes in seconds  for  each 
subject fo r  19 '  Sloan-Snellen l e t t e r s  following 
2. 3 x I O 7  tdesec f lashes  subtending 1. 0' 
visual  angle. 

I Task  Luminance ( m 5 )  

Subject 38. 0 A- 

I 
x 3. 22 
- 

9 . 5  

4. 0 

5. 2 

6.  2 

5 . 3  

5. 18 

3.8 

5 . 5  

7 .0  

8. 6 

7. 8 

7. 23 

0.76 1 0 . 3 8  1 0 .  122 I 0 . 0 7 6  I 0.0606 

! O .  3 12 .0  

10 .6  1 2 . 9  15. 7 

1.0. 2 1 12.2  I 1 6 . 5  

9. 18 11.!8 1 4 . 1 3  

13 .6  

18. 9 

23. 7 25. 4 

17. 5, 20.9  

__ 



Table B -11. klean r ecove ry  tiiiics i n  s e c o ~ i d ~  f3r e a c h  
subject  f o r  1 9 '  Sloan-Sncllen le t t c  r s  follov.ing 
2. 7 x 1 0 '  td . sec  flaslics subtending 20 visua l  
angle. 

-, 

I Task Luminance ( m L )  

ibject  38. 0 9. 5 3. 8 

TO (5)  2. 8 4.  3 6. 3 

;G (11) 3 . 6  7. 7 12. 7 

TG (8)  8. 3 !1.1 15. 3 

:V ( 3 )  6. 2 1 1 . 4  14. 1 

CM (5)  5 . 2  8. 1 10.1  

- 
5.24 8 . 5 2  11.70 

0. 76 I 0.  38 I 0.122 

i o .  7 

19. 4 

20. 6 

18. 5 

14.6 

13 .7  21. s 

33. 4 57. 6 

26 .5  52. 6 

25.4 3 0 . 4  

21 .  5 38. 8 

16 .76  24. 10 40.26 

85. 2 9 9 . 3  

80. 8 94.1 

45. 0 52, 7 

52. 2 64. 5 

58. 52 69.24 

Table  B -111. MeaE r e c o v e r y  times i n  seconds f o r  e a c h  
subject  f o r  19 '  Sloan-Snellen l e t t e r s  folloxving 
2 .7  x 107 td . sec  f l a shes  subtending 4 O  visua l  
angle.  

Task Luminance (inL) 

3. 8 

7. 6 

11 .5  

9. 8 

11. 6 

10. 9 

10. 28 

0.  38 

18. 2 

20. 6 

18. 8 2 4 . 9  

17.4 3 2 . 4  j 

0.122 0 . 0 7 0  0 .0605  

29. 2 38. 6 41.4 

51 .5  85. 5 111.1 

32 .4  48.  6 63 .1  

41 .6  59. 0 63. 6 

46. 5 7 2 . 3  68. 1 



Tablc B - I!?. M c a n  r ecovc ry  t imes  in scco:ids for  c a c h  
subject f o r  19' Sloan-Snellcn l e t t e r s  follor\ing 

angle. 

2. 7 x 10 7 td .scc  f l a shes  subtending 6' v i s u a l  

Task  Luminance (mL) I 
38. 0 

3.4 

5. 6 

4. 7 

6. 3 

8.5 

5. 70 

_I 

9. 5 

5.3 

9. 9 

6. 2 

8. 7 

9 . 7  

7. 96 

3. 8 

7. 0 

10. 8 

10. 8 

11. 3 

1 1 . 1  

10 .20  

0. 76 

!O. 5 

2 1 . 4  

13. 8 

I ? .  8 

16 .4  

15.98 

- - 
0. 38 0. 122 0.076 0.0605 

16. 0 23. 8 31. 7 40. 1 

24. 2 91. 1 98. 8 109.1  

53. 1 65. 2 88. 0 104.8 

22. 6 4 3 . 0  61. 6 64. 9 

30. 1 54. 1 57. 3 72. 7 

29.20 55.44 6 8 . 0 8  78. 32 

Table B - V. Mean r ecove ry  t imes  i n  seconds f o r  each  
subject f o r  19'  Sloan-Snellen l e t t e r s  following 
2 . 7  x I O 7  ids s ec  f lashes  subtending 8 O  visua l  
angle. 

Task  Luminance h L )  I-- 1 
3 8 . 0 1  9 . 5 1  3.8 

6. 66 8. 50 11. 38 

0. 0605, 

70 .  1 

59.  3 74.0 110.0 

1.4. 1 50. 8 63. 6 83. 0 

20.0 24 .1  46. 3 55. 9 57. 7 

11 .2  2 1 . 7  41. 7 74.7 78. 1 
2 

I t .  36 25.05 47.86 65. 3 2  79.76 



ibject 

I 

- x 

i .  

Table B - V I .  hfean recovery t i m e s  i n  seconds f o r  cach 
subjec t  f o r  19' Sloan-Snellen letters follo\ving 
2. 7 x 107 td .scc flashes subtending loo visual  
angle. 

- 
38. 0 - 
5 . 9  

6. 9 

E. 4 

6. 7 

6. 5 
I_ 

6 .  88 

9 .5  

8 . 6  

9 .  5 

9. 8 

7. 8 

7. 8 

Task Luminance (mL) 

8. 70  10. 54 19. 58 27. 14 

0.060I 

55.6 94. 0 lo? .  6 

51. 3 67.  6 85. 8 

36. 8 51 .6  6 5 . 2  

3 5 .  8 63. 5 80. 2 
I I 

42.10 63 .10  77.28 

t Nlrrnbers i n  pa ren theses  r e f e r  to the number  of f l a s h e s  f o r  each  subject.  
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AFPENDIX C 

FEASIBILITY OF ANALOG CCULOTHERMAL SIMULATION 



This  r e p o r t  is  \vrittcn to  satisfy- the rcquireiments of P h r a g r a p ! ~  4 .  2 ( f ) ,  

cont rac t  F41609-48-C-@023 ,  which c o n c e r n s  the "fe? sibility of construct ing 

a txo-d imens iona l  analog cotnputer c i r cu i t  to  pred ic t  t empera ture  le\,els 

\\ith;n t h e  exposed retina".  

Two previous communicat i ,xis  on this cubject have been issiTed. 

Report  Nuniher  2 f o r  the  per iod  of  2 0  F c b r u a r y  1968 to  2 0  May 1968 contained 

n s u m m a r y  of ou r  ini t ia l  assessiment of the practicabili ty of a n  analog de\.ice. 

A l a t e r  oral  con~~i-nunication on 14 August 1963 Xvitn MI-. E. 0. Richey, the 

cont rac t  moni tor ,  contained the r e s u l t s  of a n inre  dctai l rd  2:;alysis of th i s  

'matter by T. J. l:'hite, P. W .  Wilson, D. E. J u n g b a u e r ,  D. Hegedus, and 0.  

;olden of the Life Sciences Division. This  i a t e r  study indicated that alth-ough 

he construct iox of a n  analog computcr  uas  conceptually feasible,  t he  r e s u l t ?  

.'auld not warrant t h e  effort requi red  b c c a i i ~ e  of c r r t a i n  pr"ctica1 considerat ions.  

P r o g r e s s  

3 the follo\ving d iscuss ion ,  we shal l  use  t h e  t e r m  "simple e y e  m u k l "  t o  

enote a physical d c s c r j p t i o n  of the ocular  s)-siern which posses ses :  

1. l amina r  s t r u c t u r e ,  

2 .  l aminar  boundaries  constant i n  t h e  coordinate s y s t e m .  and 

3 .  t h e r m & l  conductivity and difiusivity ,vhic\i a r e  inriep.?ndcnt of t i m r ,  
t c l n p e r a t u r c ,  a i ~ d  l amina r  region. 

1 

' 
I '  I, I 

j 



2 .  1 The  Tncrm2.1 P r o b l e m  _-___ -_ 
Tneore t ica l  diff i rul t ies  a r e  not i.ncou:itcred i n  the constri lction of a tXv, 

d imensional  r e s i s to r - capzc i to r  ne twork  to s imula te  the lh<>rn,zl beha,.: 

of a s imple  e y e  model .  Indeed,  techniques for simulat ing much mol- 

genc ra l  s i tuat ions a r e  \vel1 known. It i s  t h e  p rac t i ca l  cons idera t ions  i. 

thc  dcvelopment of an analog device which p r e s e n t  the pr inc ipa l  difficu] 

The range of values  avai lable  fo r  p a s s i v e  e l ec t r i ca l  cc~mpor,cnts and  t h e  

rcquireii?eilts of r eco rd ing  node voltages l imit  the r a n g e  of t h e r m a l  

va r i ab le s  \vhjch can  b e  adequately desc r ibed .  Time scal ing i:id t h e  

a c c u r a t e  s imulat ion of a s o u r c e  which is vary ing  in  both spacc and t ime 

m'ust be pe r fo rmed  if the e l ec t r i ca l  s n z l o g  i s  t o  be capable  of sirnulatin: 

nuc lear  weapon t h e r m a l  pulses .  

1-3 

4 

Techniques for the s imulat ion of heat conduction in sol ids  arc b:tscd 

upon a d i f fc rencc  equation approximation to  t h e  p z r t i j l  diffc:c.. '-- ..#.dl equa 

t ion which dc , scr ibcs  heat flo\v. The h e a t  s o u r c ~ s  ivhich ;\ill k~c> co11:ide: 

ha\-e azimuthal s ) -mmctry .  Therefore ,  thc diffcrt .nti?. l  cqx: t idx \ v ; i i L h  

m u s t  be solved h a s  thc fo rm:  

2 a2+ 1 3E 3 ; - i 3.: A - + _ _  + - _ _ _  - - 
a r 2  r 3r az2 3~ E; 

2 



K i s  t h e r n ~ a l  c o i ; d u c i i v i t y  ~ I I  c a 1 I 0 ~  cn> scC,  

.4(r, z ,  t! i s  source  strrngLh i n  c a l / c m  3 sec ,  

F(r, z ,  t )  is  t e m p e r a t u r e  in  0 C, and 

T i s  t i ine in seconds.  

Since w e  a r e  in t e re s t ed  only in the changes of init ial  t e m p e r a t u r e  values ,  

we will employ the  iilitial condition 

Since regions of the e y e  xvhich absorb  the m o s t  f n e r g y  and  i l iercfore 

have  the  l a r g e s t  sou rcc  s t rengths  consti tute only a s ina l l  p a r t  of the 

to ta l  oculzr  s t r u c t u r e ,  \\e wiil u s e  the boundary conditions, 

F ( r ,  z ,  T )  = 0 lim 
rd- 

and 

2 T h e r m a l - E l c c t r i c a l  C o r r c s p ? n d c n c c  -- - 

Rrp lac ing  t i e  t e r m s  in t h r  lef t  h:ind :ncmber  of Equation ( I !  by d i f f e r -  

e n c e s  centered  a: ( r o ,  z0). w e  obtain 

Ar 



thcii be coinbined in thc following m a n n e r :  

i 

hlultiplying Equation (2 )  b y  2Er0h-LzK, c.c obtain 

4 

Equatioi-1 ( 1 )  m a y  t h e r e f o r e  be put in the for in :  

N o t e  that  d i f fe rence  expressions a r e  not uscd  on thc r ight  hand s ide  of 

Equation ( 2 ) .  

t e m p e r a t u r e  and  continuous t h e r m a l  input -,vhich \vi11 in  t u r n  L e  seen to  

co r re spond  to  continuous r eco rd ing  of da ta  and continuous e l e c t r i c a l  

inpxt in  the e l e c t r i c a l  analog.  

These t e r m s  then r e p r c s c n t  continuous var ia t ion  of 

In Table I ,  w e  !lave detai led the correspondc:icc b e t v e c n  e l e c t r i c a l  and 

t h e r m a l  quant i t ies  which f o r m s  the b a s i s  f o r  sirnulaling hea t  condtictioi 

p r o b l e m s  by a n  e l ec t r i ca l  analog. 



41 Quantity of Heat  

T T h e r m a l  Time 

' P T h e r m a l  Power 

R e  T h e r m a l  
R e s i s t  an ce 

ca l i °C 
I 
I Ca T h e r m a l  

Capacitance 

cal  q Charge 

sec t Elec t r i ca l  Time 

cal!sec i Cur ren t  

C C s e c l c a l  p Resislance 

C Capacitance 

I 

5 

volts 

couloms 

seconds 

a m p e r e s  

o h m  

fa rad  

I 



Each t e r m  in Equation ( 3 )  has the units of t h e r m a l  power,  c a l / s e c .  Thc 

t e r m s  on the right hand side have the r e spec t ive  f o r m s .  ( t e m p e r a t u r e ) .  

( t h e r m a l  capac i tancc j t ime)  and ( t h e r m a l  po\s.er!unit vo lume)’  (volume) .  

This sugges ts  a n  e lec t r ica l  analog in which each t e r m  is a c u r r e n t  

( s ee .Tab le  I ) .  

r e s i s t ance .  

times capacitance divided b y  t ime.  

p e r  unit volume t imes  volume. 

The t e r m s  on the left  s ide  will be voltage divided by  

The t e r m  involving the  t i m e  der iva t ive  will be voltage 

The source  t e r m  w i l l  be c u r r e n t  

F igu re  1A s h o n s  how the denominator of each t e r m  irt the left hand side 

of Equation ( 3 )  may be in te rpre ted  (- is  t h e r m a l  r e s i s t i v i ty ) .  

0-1 direction \i.hich cor responds  to  the  f i rs t  t e r m  of Equztior. ( 3 ) .  path 

3 length is A r  and ave rage  axial  a r e a  is ( l / Z )  2 7  [ roC(ro+?.’:) ] 51- = Zr( r  I- 
0 2  

T h e r m a l  r e s i s t ance  in this d i rec t ion  is then ( t h e r m a l  r e s i s t i v i ty )  (lengt 

ave rage  a r e a ) ,  o r  

1 .  
K 

I n  the 

RBr = br 
KZn( rotfr  l 2 ) ~ z  . 

6 
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Simi lar ly  in thr  (1-2 d i rec t ion ,  

Note that Equation (4') r educes  to Equation ( 4 )  Lvhen r, is r ep laced  by  

r0 i- L r .  

de t e rmine  appropr i a t e  r e s i s t ances .  

The re fo re ,  w e  need only cons ider  Equation ( 4 )  in o r d e r  t o  

In the 0--3 and 0-4 d i rec t ions ,  path length i s  !.z and area  is  

Ti(ro t t r / 2 ) '  - n ( r  - 4 r / 2 ) 2  = 2 7 r o ~ r ,  0 

Thils  

and  

Az 
KZnr,Ar . Re,  = 

The qllantity 

vo = 2~1r,Arhz 

i n  the right s ide of Equation ( 3 )  is the volume e lement  a s soc ia t ed  with 

the  point Po. 

m n s t  be respec t ive ly  modified t o  obtain 

For those points along the z axis  (ro=O). t h e s e  expres s ion  

1 
R e r  = K;r5z , 

Raz = 
4 Az 

K r ( L r ) *  ' 



deyice cons i s t s  of 211 elc.c:ric:il circuit  u!?ich ! : a s  the f o r m  of a gr id  (ne t )  

in which c & c h  gr id  pojnt (node) i s  t!,c comhiliatiun of e l e c t r i c a l  compo1,ents 

i l l u s t r a t ed  in F igure  1D.  

t h e r m a l  r e s i s t ances  in Equalions (4) and ( 5 )  or Equations ( 7 )  and ( 8 ) .  

T h e r m a l  capaci tance is  simtilated by  an  e l ec t r i ca l  capaci tance which  

leads  to ground at each node. 

product  of - and the nodal volume Vo, 

R f s i s t o r s  ha1.e values proport ional  t o  t!ie 

Since thcr ina l  capacitance is equal to  the 

I( 
k 

and on the z a x i s  

K r r  2 c = - - (!h) LZ. e k 4  

The cu r rcn t  supplied t o  each node r ep resen t s  the sou rce  t e r m ,  

A x v,. 
I’o.zo 

Assigning s c a l e  f a c t o r s  as suggested by Karplus’ fo r  voltage, t i m e  and 

capaci tance,  we have 

v =  j R ,  

t = n T .  

and c =  c a l m .  

Kence, p = m n  RE and i = mn P. 

where  F; is . e s i s t ance ,  i i s  cu r ren t  and 7 is  t he rma l  power ( s e e  Tabl t  I ) .  

Equation ( 3 )  ma). Le t r ans fo rmed  i n t o  e l ec t r i ca l  var iables  if each side 

of the equation is  multiplied by j /mn.  Thus ,  

9 



- i s  I roo.% 
i + i2 t i j  t i4 = ic 1 

tliem. 

known steady s t a t e  solution of the heat conduction p rob iem.  

e l ec t r i ca l  nquivalent of the boundary coi-Sition ( a = O )  is  the grounding 

of the edges of the xetbvork. 

This  c o r r e c t i v e  network is bes t  de t e rmined  by ad jus tment  to a 

5 The 

The init ial  condition ( g = G j  is  obtained by 

w h e r e  i 

t e r m  at the node. 

i s  the  c u r r e n t  in  the capac i tor  and  is is the sou rce  
c l ro , zo  l r o 2 ~ o  

! 



2 .  3 P r a c t i c a l  Ci rcu i t  Cons idera t ions  ___ 
In o r d e r  t o  dc t c rmine  the numer i ca l  range of t h c r n a l  resiztanccs sild 

capac i tances  r equ i r ed ,  we m u s t  consider the  eye model  being simulated.  

F i g u r e  2 i l l u s t r a t e s  t h e  approximate  dirnciisions a s s u m e d  f o r  each l aye r  

of the model  and the percentage  of energy incident on the c o r n e a  wliich 

e a c h  l aye r  abso rbs .  F o r  these  o c d a r  dimensions,  a n  ax ia l  i nc remen t  

( L z )  of no m o r e  than 111 m u s t  be employed if accu ra t e  t e m p e r a t u r e  

d is t r ibu t ions  within the pigmented epit!ieliuni a r e  to be  obtained. 

incre inent  would a l s o  be adcquate for investigations of the t h e r m a l  

behavior of the re t ina  and the fo rward  pa r t  of the choroid.  

i nc remen t  ( t r )  of l o p  n e a r  the z ax i s  is  f ine  enough to  d e s c r i b e  rad ia l  

t e m p e r a t u r e  distributions,  s ince  calculations of sa fe  separa t ion  d is tances  

f r o m  nuclear  weapons using an imal  exposure da ta  heve shown that image 

d i a m e t e r s  a t  c r i t i ca l  exposure  leve ls  a r e  betweem 0. 1 m m  and 1 :nm. 

For  a max imum image r ad ius  of 0. 5 m m ,  extension of the r e s i s t a n c e -  

capac i tance  network to an equivalent model radius oi 5 m m  i s  assiinied 

to be enough to s imula te  an iniinite mediuin. 

This 

A raclial 

Thus ro 5 0. 5 cm.  

The  range  of e l ec t r i ca l  capac i tances  used to sirnulate t h e r m a l  capac i tance  

must be r e s t r i c t e d  to avoid extensive circuit  tuning for  s m a l l  capac i tances  

and  excess ive  leakage c u r r e n t  for l a rge  capacitances.  

of capac i to r s  ir,ould be 

A suitable r ange  

lOOpf s c 5 I O i & l f .  

1 1  





C,, the minimum value of C -  n c c r s s a r y  to achieve  the desired s c c n r a c y  

n e a r  lhe ax is !  m a y  bc calculatcd f r o m  Equ;Ltioil ( 1 1 ) .  

c 

For  :1.r = 1011 and 

bz = I &  

c, = - - - ( 1 0 - 3 )  n K  2 10-  4 - n K  - - -  10-10. 
4 k  4 k  

- 
For a max imum the rma l  capacitance,  C e ,  corresponding  to  the d e s i r e d  

e l ec t r i ca l  capacitance range ,  

F r o m  Equation ( l o ) ,  

and 

At the outer edges  of the network where  the m e s h  size will be  the 

l a r g e s t ,  r = 0. 5 c m  and 
L 

0 

T h e  re fore ,  

Thus ,  with a minimurn ;z  of 1 ~ ,  the maximum Ai- for the network will f 
! 

b e  2 5 0 0 p  

be expected to occur  i n  the rad ia l  and a s i a l  d i rec t ions  because  of the 

The l a r g e s t  and smallest  values of t h e r m a l  r e s i s t a n c e  can 

physical d imens ions  of the regions of in te res t  in the s imple  e y e  model.  ! ’  

1 - - 1 - _ _  104 ._i L. 
. ,  i p  

Using Equat ion ( 7 ) .  wc find t h a t  

- -  
R .  I R -  = 

Ii:\ 
l # < o /  P#* A!!..dd 
usur 
<isr/n /eco.t& 

Su ;+ /Ad  

I in  s 10-4 c r  Krrmin ( .?z)  c 

13 
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F r o m  Equation ( 5 ) .  

If ex t r eme  values of Az, Ar, and ro a r e  now used in lhe expres s ion  fo r  

R , (Az = 10- 4 cin,  O r  = 0 . 2 5  c m ,  ro = 0 .5  cm), 3 

1 10-4 - 4 10-4 - RJ 5 -  
2nK 0 . 5  x 0 . 2 5  nK 

The range crf  thermal r e s i s t a n c e s  would then be 

103 - _  - R-cJ -10 Kn 
Ra Kn 4 i: 10-4- 4 

This t he rma l  r e s i s t ance  r ange  could cor respond to  a range  of e l ec t r i c  

r e s i s t ances  f r o m  1 ohm t o  2 5  megohms. 

If w e  a s sume  that I( = 1.4 x 

fo r  a l l  l a y e r s  ( the  va lues  fo r  w a t e r ) ,  then 

cal/’C cm sec  and k = 1 . 4  x ci 

If C - = 100 pi  = 

r e s i s t ance  of 1 ohm and fo r  F& ?Z lo - ’ ,  

fz t rad ,  m i s  approx ixa le ly  1. For a rninimuni 

mn 2 10 and n ^3’ 10. 

Thus, t ime in  the e l ec t r i ca l  analog is  10 t imes the equivalent therm: 

t ime. 

The masin.um Xralue of thcr ina l  power a .  any  node d e t e r m i n e s  the  m: 

m u n ,  cu r ren t  which must be suppl ied to t h e  node and fo r  a gi\.en c i r i  

14 



E xp e 1' i m en! a 1 data o : ) ~  -i i n  e d by T e c 1111 o 1 o gy I n  c o r p  ora  I i' d ti 5 i n  g rabbit s 

can  be d e s c r i h c d  by the  relationship,  

w h e r e  H, is the threshold  re t ina l  i r r ad iance ,  di  i s  the  image d i ame te r  

and the qcantit ies Po(?') and Ho(T) a r e  adjusted to  obtain the  bes t  

descr ip t ion  of the da ta  for  exposure  t i m e  T.  

annular  vo lume  for  any image  s i ze  has  a thickness Ar = d i / i @ ,  the  

max imum nodal power a t  a pa r l i cu la r  (ro,;ro) may  be e s t ima ted  in  the 

following manner:  

Assuming that the outer 

= H I  To,"O 1 ro, zo 
x (annular a r c a )  P 

x 2rrroAr 
= I-II r,,zo 

5  RH, x m a s  {roLr] 

i - m a s  n ( [m t H,(T;) diz  J .  
20  di2 

The maximum value of th? l a s t  exp res s ion  occur s  a t  the max imum 

value of d (0. 1 cm in our  model).  

t ime of I O u  s c c ,  s ince  rabbit  expcr imenta l  data gi\res a n  I-I r of l o 4  

c a l l c i n  sec  at d i  = 0.1 rm and T = 101.1 s e t ,  

If we wi sh  t o  simulate a n  exposure 
1 

2 

15 



Hence, 

m a s  Plro,zo = m a r  {A2;1roirLz3 1 6 ,  

and  

m a x i  = J  x 16 = I . 6 j .  
m n 

. The se lec t ion  of j i s  t h e r e f o r e  dependent upon the c u r r e n t  s o u r c e s  

available and the  voltage r ange  chosen to r e p r e s e n t  t e m p e r a t u r e s .  

2. 4 P r a c t i c a l  Difficult ies - 

A s  we have noted e a r l i e r ,  t i m e  scaling in  the  simulation of nuc lea r  

t h e r m a l  pulses  is  a p rob lem w i t h  res i s tance-capac i tance  ne tworks .  

T h e r m a l  t ime  in t e rva l s  a s  s h o r t  a s  10p sec o r  as long a s  32 seconds  

( t e n  t i m e s  the  t i m e  to  t h e r m a l  maximum for a 10 MT weapon a t  sea 

leve l )  a r e  of i n t e re s t .  

would r e q u i r e  a t i m e  r ange  

Thus  with n = 10, a n  e lec t r ica l  analog device 

10Opsec t S 320 sec ,  

It i s  t he re fo re  n e c e s s a r y  to u s e  a n  oscil losc@pe to  display the s h o r t  

in te rva l  output of the  device .  

plotter mus t  be  employed. 

F o r  long r u n s  an e lec t romechanica l  

An additional p rob lem is encountered in the simulation of nuc lcar  the1 

m a l  pulses.  Eac!i node of the network m u s t  be  supplied u,it!i a t i m e  i 

vary ing  cu r ren t  given b y  t h e  las t  t e r m  in Equation ( 1 2 ) .  The nodal 
' 

cur rcn t  i s  z e r o  until the  f i r eba l l  rad ius  r eaches  t!ie eqliivalent r ad i i (#  
- 2  

I f C /  D#. 
t 2 S M r  

su;1C/A?nd 
16 5 4 -  PercM(, 

-- fl. /--,, 



- . . . 

a5IQx 
fd! /e&<& 

la- 
correspo:Iding lo the node. 

r i n g  in the f iyeba l l  s o u r c e  w!iich co r re sponds  to  thr voiurnr a s soc ia t ed  

with the r ad ia l  d i s tance  of the  node f r o m  thc cen te r  of the image .  

F u r t h e r m o r e ,  nodal c u r r e n t s  mus t  d e c r e a s e  exponentially ill the  z d i rec t ion  

to account fo r  absorpt ion of radiat ion in ocular  media  w h i c h a r e  a s s u m e d  

t.o b e  homogeneous. A network sat isfying the c r i t e r i a  p re sen ted  above 

would r equ i r e  approxi:nately 2000 nodes, and half of t hese  nodes would 

r e p r e s e n t  ocular  s i t e s  a t  which significant source  s t rengths  a r e  proddced 

by absorbed  light ( s i t e s  i n  the  choroid and the pigrmcnted epi thel ium).  

The  provis ion of lOO0 individual p rogrammable  c u r r e n t  suppl ies  f o r  

t h e s e  nodes i s  ex t r eme ly  expensive.  

a r g u m e n t s  aga ins t  fu r the r  development of e lec t r ic21  analog devices fo r  

this  problem.  

It tlien :@lIu\vs L!ic l i l r ~ r  Iiistory of 2.11 a1:1,~2Iar 

This  high cos t  is one of the p r inc ipa l  

2. 5 Solution fo r  t h e  Cur ren t  Supply P rob lem 

D,  Ffegedus of Technology Incorporated has  suggested a poss ib le  solution 

to  the multiple c u r r e n t  supply problem. 

be used a s  c u r r e n t  gene ra to r s  and  would b e  a r r a n g e d  i n  r o w s  and 

co lumns  cor responding  to  the z and r nodal coordinates .  

r ep resen t ing  the ='capon f i r eba l l  could then be d i rec ted  upon the array- 

t o  s imula tL  f i r eba l l  r ad ius  ( image  d i amt . e r )  and weapon t h e r m a l  pulsc  

An a r r a y  of photodifides would 

A light s o u r c e  
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1- i gur e 3 i 11:i s t I' n t E s 2 p o s s i b 1 e cl i od c - f il t e r R r r a i i  g c in e n t . Uli f o r t unz t c 1 ?, 

photodiodes of good l inear i t ) .  a r e  quite e s p r n s i v c  (apprus i rna te ly  $lo per  

diode). 

mi l l iamperes .  

descr ibed  above would r e q u i r e  

Fur the rn io re ,  they a r e  l imi ted  to s teady c u r r e n t s  of a f ew 

T h u s  for a ~nax iznum c u r r e n t  of 10 ma, the c i r cu i t  

i = 1 . 6 j  a m p e r e s  

or 

j = 6 >I voltz/°C.  

A 20' t en ipera ture  r i s e  would the re fo re  lx r ep resen ted  by a 120 niilli- 

volt  change in  nodal sol tage.  

F igure  4 i s  a compar i son  of the v a r i o u s  choices  ava i lab le  f o r  r e s i s t ance  

capacitance analog of the s imple  eye model .  

We noted in  an  e a r l i e r  p r o g r e s s  r e p o r t  for th i s  cont rac t  that  a low 

resolut ion c l cc t r i ca l  a:ialog device can  be built w'ith app ros ima le ly  300 j 
8 

18 

nodes. Ho\r.cver, expcriniental  data  un monkeys  no\? ind ica tes  that the 

re t ina  m a y  b e  m o r e  sens i t ivc  t o  i n c r e a s e s  in t r n i p e r a t u r r  than e i ther  

the  pigmented epithelium or the choroid.  T h e r e f o r e ,  i t  is d e - i r a b l e  

t o  have good resolut ion of i s o t h e r m s  in the f i r s t  1OOP of the  re t ina l  

s t ruc tu re  neh res t  the pigmented epi thel ium a s  well a s  in the pigmented 

epithelium and forv:ard pa r t  of the  choroid. The a c c u r a c y  rcqui red  fo 

useful  in\.estigation of the  t hc rma l  damage  p r o c e s s i n  the eye could br 

. 

2%. &,.d 
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High Resolution 

L a r g e  range of weapon 
yield simulation 

Low resolut ion 

L a r g e  rapge 0: weapon 

Very low resolut ion 

Res t r ic ted  t h e r m a l  
t i m e  range  

High construct ion cos t  

High cos t  of s o u r c e  t e r m  
simulat ion 

Var ie ty  of readout  devices  
re qui r ed 

Reasonable  construct ion cost 

High cos t  of s o u r c e  t e r m  
simulat ion 

Variety of readout  devices  
r equ i r ed  

Reasonable  construct ion cost  

High cos t  of sou rce  t e r m  
simulat ion 

Single readout device 

F igure  4 .  Resis tance-capaci tance analog cha rac t e r i s t i c s  for 
s imple  eye model .  
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ob!ained only by a l a r g e  e l cc f r i ca l  n ~ t w o r l i  \ ~ h o s e  coct \vv:11d I ~ C  qitjtc 

Iiigh becau-i. cl thc  l a rgc  n u m b e r  of c u r r e n t  s o u r c e s  n e e d c d  fo r  t1:rrl;~al 

sou rce  sitnliilation. 

generat ion of l a rge  number  of s o u r c e  c u r r e n t s  is  p rec i se ly  the s a m e  

problem which is  encountered in the application of a commerc iz l  ana log  

computer  to the descr ipt ion of the s imple eye model. Thus ,  an eccno- 

mica1 method of s imulat ing the weapon source  t e r m  does  not s e e m  to  

be present ly  avai lable .  

It should bc noted :ha: the problem of the si:iiultaiieous 

3 .  OTHER ANALOG DEVICES 

One metltod of avoiding th i s  high cost  h a s  been  proposed by M. A. Mains ter  

of Technology Incorporated.  

p las t ic  or gelatinous m a t e r i a l  which h a w  been  suitably colored and provide  

a descr ip t ion  of the d i f ie ren t  light absorpt ion p ropc r t i e s  posses sed  by  

differe:lt ocular  iiiedia. An intcnse light sou rce  \vhich is spat ia l ly  a n d  

tempora l ly  progrz inmed would be  used  to  desc r ibe  a n u c l e a r  weapon t l lc rmal  

pulse .  Ten;pera lures  a t  locations throughout t h e  m.oclel could t h c n  be  

d i r ec t ly  mon i to red  by the rmis to r s .  

This,suggestion entai ls  the u s e  of l aye r s  of 

Unfortunately,  t h e  t he r tn i s to r s  themselves  would bchaue a s  local  heat  

s o u r c e s .  

be u s e d  i n 5 t c a d  of thcrmis to ;s .  

re:-pr,nir t ime of ir i F \ v  mil1isecoi:dr and would :-ield iniorniation :<bout 

Liqi-:d c r y s t a l  s e n s o r s  o r  t emper -  t u r e  sensi t ive paints  might 

B.JL t e m p e r a t u r e  sensiti1.e paints  have a 

! !  
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a d i r e c t  t11rt'e-din:ensional display of thcr ina l  behavior would r e q u i r c  a 

continuous photographic record ing  because  o f  the revers ib i l i ty  of t h e  c rys t a l  

react ion.  F u r t h e r m o r e ,  problems would be encountered in achieving good 

the rma l  ronducti:,ity a t  ti;e interface of two reg ions  having different  absorpt i l  

char  a c t  e r  i s t i  c s . 

P r a c t i c a l  difficulties a r e  associated \\.it11 both the d i r e c t  t he rma l  analog and 

thc res i s fance-capac i tance  e l ec t r i cz l  analog. 

l o  the construct ion of e i the r  inexpensive devices  of unsa t i s fac tory  accuracy ,  

o r  accu ra t e  devices  of unsat isfactory cost .  

resolut ion analog is nGt acceptable because flexible,  comparat ively inex-  

pensive digital mcthods for  solving Equation ( 2 j  a r e  available.  

i s u n  with a digital solution i s  t h e  only rel iable  means of a s s a r i n g  thal a n  

ana log  s imula tor  is  operkting correct ly .  

tinwise t o  expend f u r t h e r  effort in the deve lop~nent  of ana log  devices  t o  

s imulate  the the rma l  charac te r i s t ics  of t he  s imple  eye model .  

These  d i f f icu l t ies  l imi t  u s  

The g r e a t  expense of the high 

Indeed, comp 

Therefore ,  we conclude t h 2 t  i t  i s  
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I1 i 
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The hea t  coi~ilucfioii equation i s  u s e d  to desc r ibe  re t ina l  t empera t .ure  
1 

i n c r e x s e s  produced by the exponcnlial absorption of in tense  l igh t  in  tlle 

re i jna  and the choroid. Tcmpora l ,  rad ia l  and axial t e m p e r a t u r e  d i s t r i -  1 
I but ions  a r e  presented  l o r  both conlinuous and pulsed light s o u r c e s .  

point s p r e a 2  di str ib~iljoii  of retinal i r r a d i a n c e  is  cons idered  in  addition 

A I 1  
i l  

I 

I 

to a wide range of uniiorm and gauss ian  distributions.  

of coinpuled t empera tu res  to the prediction of retinal damage  i s  d i s c u s s e d  

in t e r m s  of a maximui:i t empera tu re  damage  c r i t e r ion ,  and dependence 
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The application 
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1 
I 
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Po\ver distribution in  the l z s r r  h e a n  and a conducting 

I lp 
/ 

It i s  i@und that the radial  

distribution of tcn>?era ture  i n c r c a s c s  produced b y  a gauss ian  b e a m  i s  a l s o  .. 
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l ight  s o u r c e  s y s t e m  fo r  producing s imula ted  nuc lear  detonations is 
desc r ibed .  
is developed. 
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eighteen months.  
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